
HAL Id: tel-03738141
https://theses.hal.science/tel-03738141v2

Submitted on 25 Jul 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Fabrication and characterization of flexible strain
sensors based on 1D nanostructures with cross-linked

gold nanoparticles
Aarushee Rangra

To cite this version:
Aarushee Rangra. Fabrication and characterization of flexible strain sensors based on 1D nanostruc-
tures with cross-linked gold nanoparticles. Micro and nanotechnologies/Microelectronics. INSA de
Toulouse, 2021. English. �NNT : 2021ISAT0030�. �tel-03738141v2�

https://theses.hal.science/tel-03738141v2
https://hal.archives-ouvertes.fr


 

THÈSE 
En vue de l’obtention du 

DOCTORAT DE L’UNIVERSITÉ DE TOULOUSE 

Délivré par l'Institut National des Sciences Appliquées de 

Toulouse 

 
 

 
Présentée et soutenue par 

Aarushee RANGRA 
 

Le 25 novembre 2021 
 

Fabrication et caractérisation de capteurs de déformation 

flexibles à base dassemblage de nanoparticules d'or greffées sur 

des nanostructures 1D 

 
Ecole doctorale : GEETS - Génie Electrique Electronique,Télécommunications et 

Santé : du système au nanosystème 

Spécialité : MicroNano Systèmes 

Unité de recherche : 

LAAS - Laboratoire d'Analyse et d'Architecture des Systèmes 

Thèse dirigée par 

Christian BERGAUD 
 

Jury 

M. Lionel BUCHAILLOT, Rapporteur 

M. Lionel ROUSSEAU, Rapporteur 

Mme Reiko ODA, Examinatrice 

Mme Marie-Hélène DELVILLE, Examinatrice 

M. Fabrice SEVERAC, Examinateur 

M. Frédéric MORANCHO, Examinateur 

M. Christian BERGAUD, Directeur de thèse 



  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To Kamaljit & Bittu 

 

 

 

 

  



 

 

Acknowledgements  
 

This work has been achieved thanks to the collaboration of many people and 

different institutions mention as follows: Institut de Chimie de la Matière Condensée de 

Bordeaux (ICMCB), Institute of Chemistry & Biology of Membranes & Nano-objects 

(CBMN), Nanomade and the Laboratory of Analysis and Architecture of Systems 

(LAAS). I am deeply grateful with all the members of the jury: Frédéric MORANCHO 

(President), Reiko ODA, Marie-Hélène DELVILLE, Fabrice SEVERAC, Lionel 

BUCHAILLOT, Lionel ROUSSEAU, Christian BERGAUD (Supervisor) for agreeing to 

read the manuscript and to participate in the defense process of this thesis.  

I would like to thank my supervisor Christian BERGAUD for sharing with me his 

expertise and scientific knowledge through discussions and ideas to enrich this work 

all along my thesis. I have benefited greatly from his thorough editing. I am extremely 

grateful that he took me on as an internship student and continued to have faith in me 

over the years of my PhD.  

I want to thank the engineer Fabrice MATHIEU at LAAS who helped in improving 

the characterization set-up. His expertise made him an essential part of this thesis and 

results harvested from it. I would thank Fabrice SEVERAC and Estelle MAZALEYRAT 

at Nanomade for helping to test sensors at their company. I thank them for their time 

and valuable insights to experimental results. I warmly thank various participants of 

this project Christina VILLENEUVE-FAURE, Emmanuel FLAHAUT, Richard 

MONFLIER, Nicolas MAURAN & Elodie VIEU for following this project very closely and 

always giving time for discussions. It was an honor for me to share with them not only 

their scientific knowledge, but also their extraordinary human qualities which helped 

me a lot to lead this project with confidence. I want to thank all the members from the 

clean room in LAAS, especially my responsible Adrian LABORDE for all his guidance 

on the microfabrication process. I also thank Daisuke SAYA for walking me through 

each step of fabrication in the beginning of my thesis.  

If I enjoyed these three years of thesis, it was in big part due to the atmosphere 

in LAAS, for this reason I want to thank all my colleagues and friends from research 

teams MEMS, ELIA & MILE. Gratitude to people I had endless hours of soulful talking 

with. Thanks to my numerous office mates, the neighbors in next offices and lunch 



 

 

team for sharing a little part of their everyday life. I want to thank all my Hindi-speaking 

friends who made me feel closer to my home and made me miss it a little less all along 

these years. To Brazilian, Mexican, Spanish, Italian, Turkish, French, Czechia, 

Serbian, Portuguese, basically everyone at LAAS who didn’t help in learning French, I 

thank you! I want to thank members of many artistic community I have been a part of. 

They made this journey more colorful and theatrical. Thanks to the LAAS choral team 

members. As well to Julien Marocco and Matthieu Joly, the music gurus.    

I would also thank the Joly family for their overwhelming generosity. Also not 

forgetting to mention my Jojo and little Sophie who has been the rare blessing of year 

2020. I thank Dolores who has been my constant since I joined LAAS. And thanking 

back people who mentioned me in their thesis manuscript.  

Finally, I would thank my support system, my brother. He gave me the courage, 

motivation and strength to take up this PhD project at the first place. He has made my 

stay at France painless. I thank my father, his understanding not only emotional but 

also scientific which inspired me. He introduced me to MEMS community at the first 

place and made sure I had every skill set required to achieving my goals. And I dedicate 

all my tiny victories to my mommy who taught me how to live & love.  

Lastly, I would express my gratitude towards Almighty and my younger self.  

This thesis is partially dedicated to the research and engineering community, 

the reference list of this manuscript is a testimony to their groundwork upon which this 

work is built.  

 

 

 

 

 

 

 

I do not thank you, who has opened this manuscript only to read acknowledgements.



 

 

Table of Contents 
ACKNOWLEDGEMENTS .............................................................................................................................................. IV 
TABLE OF CONTENTS ................................................................................................................................................ VI 
ABBREVIATIONS ..................................................................................................................................................... VIII 
TABLE OF FIGURES ................................................................................................................................................... IX 

GENERAL INTRODUCTION .............................................................................................................................. 17 

BIBLIOGRAPHY ...................................................................................................................................................... 20 

1. CHAPTER 1: FLEXIBLE STRAIN SENSORS: STATE-OF-THE-ART .................................................................. 22 

INTRODUCTION ..................................................................................................................................................... 23 
1.1 STRAIN SENSING DEVICES ........................................................................................................................... 26 

1.1.1 Stretchable devices .......................................................................................................................... 28 
1.1.2 Flexible devices ................................................................................................................................ 31 
1.1.3 Conclusion ....................................................................................................................................... 32 

1.2 FLEXIBLE STRAIN SENSOR ........................................................................................................................... 34 
1.2.1 Transduction mechanism ................................................................................................................ 34 
1.2.2 Responsive Mechanism ................................................................................................................... 38 
1.2.3 Sensing Materials ............................................................................................................................ 41 

1.3 NANOMATERIAL ASSEMBLY FOR NANOPARTICLES AND NANOWIRES ..................................................................... 45 
1.3.1 Chemically Driven ............................................................................................................................ 46 
1.3.2 Flow fields ........................................................................................................................................ 47 
1.3.3 Shear force ...................................................................................................................................... 47 
1.3.4 Electric and Magnetic field .............................................................................................................. 47 

1.4 CHARACTERIZATION PLATFORM ................................................................................................................... 48 
1.4.1 Performance parameters ................................................................................................................ 48 
1.4.2 Sensitivity ........................................................................................................................................ 48 
1.4.3 Non-Linearity ................................................................................................................................... 54 
1.4.4 Hysteresis ........................................................................................................................................ 55 
1.4.5 Reproducibility and Dynamic Durability .......................................................................................... 56 
1.4.6 Characterization Set-up ................................................................................................................... 57 

1.5 CONCLUSION ........................................................................................................................................... 62 
BIBLIOGRAPHY ...................................................................................................................................................... 63 

2. CHAPTER 2: FABRICATION OF FLEXIBLE STRAIN SENSORS ...................................................................... 84 

INTRODUCTION ..................................................................................................................................................... 85 
2.1 TECHNIQUES FOR NANOPARTICLES DEPOSITION ............................................................................................... 86 

2.1.1 Drop cast method ............................................................................................................................ 88 
2.1.2 Inkjet Printing .................................................................................................................................. 90 
2.1.3 Spin Coating .................................................................................................................................... 93 
2.1.4 Vacuum filtration ............................................................................................................................ 94 

2.2 TECHNIQUES TO ALIGNING 1D NANOSTRUCTURES ........................................................................................... 96 
2.2.1 Contact printing ............................................................................................................................... 97 
2.2.2 Convective flow/Dip coating ........................................................................................................... 99 
2.2.3 Langmuir Blodgett ......................................................................................................................... 100 
2.2.4 Magnetic Field Induction ............................................................................................................... 102 
2.2.5 Nanoimprint lithography ............................................................................................................... 105 
2.2.6 Spray alignment ............................................................................................................................ 106 
2.2.7 Electric field induced alignment .................................................................................................... 108 
Conclusion. ................................................................................................................................................. 110 

2.3 DIELECTROPHORESIS ............................................................................................................................... 111 
2.3.1 Dielectrophoresis Force ................................................................................................................. 112 



 

vii 
 

2.3.2 Clausius-Mossotti factor K (ω) ....................................................................................................... 113 
2.3.3 Electrode configurations ............................................................................................................... 115 
2.3.4 Operating modes ........................................................................................................................... 116 
2.3.5 External Impact factor of Dielectrophoresis .................................................................................. 117 
2.3.6 Synthesis of 1D nanohelices with grafted nanoparticles ............................................................... 121 

2.4 DEVICE FABRICATION .............................................................................................................................. 125 
2.4.1 Fabrication process for the interdigitated electrodes ................................................................... 126 
2.4.2 Fabrication process for the ‘active area’ ....................................................................................... 134 

2.5 DISCUSSION ........................................................................................................................................... 138 
2.5.1 Dielectrophoresis comparison with Drop-Casting ......................................................................... 138 
2.5.2 Helical nanostructures ................................................................................................................... 140 

2.6 DIELECTROPHORESIS BOUNDARY CONDITIONS............................................................................................... 141 
2.6.2 Dielectrophoresis Challenges......................................................................................................... 144 

2.7 CONCLUSION ......................................................................................................................................... 146 
BIBLIOGRAPHY .................................................................................................................................................... 148 

3. CHAPTER 3: MECHANICAL CHARACTERIZATION ................................................................................... 156 

INTRODUCTION ................................................................................................................................................... 157 
3.1. MEASUREMENT PROTOCOLS ..................................................................................................................... 157 

3.1.1. Flexural Test Setup .................................................................................................................... 157 
3.1.2. Sample Preparation .................................................................................................................. 159 

3.2. CALIBRATION PROTOCOL .......................................................................................................................... 160 
3.2.1. Strain Calculation ...................................................................................................................... 164 
3.2.2. Electrical connection and encapsulation layer .......................................................................... 166 

3.3. PERFORMANCE CHARACTERISTICS .............................................................................................................. 168 
3.3.1. Sensitivity .................................................................................................................................. 169 
3.3.2. Linearity .................................................................................................................................... 179 
3.3.3. Durability and Stability.............................................................................................................. 181 
3.3.4. Hysteresis .................................................................................................................................. 183 
3.3.5. Response Time .......................................................................................................................... 185 
3.3.6. Vibration test ............................................................................................................................ 187 

3.4. CONCLUSION ......................................................................................................................................... 190 
BIBLIOGRAPHY .................................................................................................................................................... 191 

4. CHAPTER 4: TEMPERATURE AND HUMIDITY TESTS, PRELIMINARY RESULTS FOR WEARABLE STRAIN 

SENSORS ...................................................................................................................................................... 194 

INTRODUCTION ................................................................................................................................................... 195 
4.1 TEMPERATURE & HUMIDITY RESPONSE ...................................................................................................... 195 

4.1.1 Temperature Tests......................................................................................................................... 197 
4.1.2 Humidity Tests ............................................................................................................................... 201 

4.2 BIOLOGICAL SIGNAL MEASUREMENTS .......................................................................................................... 206 
4.2.1 Cardiac Pulse Measurement .......................................................................................................... 206 
4.2.2 Hand movements .......................................................................................................................... 211 

4.3 CONCLUSION ......................................................................................................................................... 220 
BIBLIOGRAPHY .................................................................................................................................................... 221 

GENERAL CONCLUSIONS & FUTURE DIRECTIONS.......................................................................................... 227 

APPENDIX ..................................................................................................................................................... 230 

BIBLIOGRAPHY .................................................................................................................................................... 232 

 



 

 

Abbreviations 
 

1D : One-Dimension 

DEP : Dielectrophoresis 

CVD : Chemical Vapor Deposition 

PET : Polyethylene terephthalate 

SHM : Structural health monitoring 

CNT : Carbon nanotube 

NP : Nanoparticle  

GF : Gauge Factor 

CNT : Carbon Nanotube 

IDE : Interdigitate Electrode  

NP : Nanoparticle 

PI : Polyimide  

SiP : Silicon wafer 

PDMS : Polydimethylsiloxane 

PR : Photoresist 

DEP : Dielectrophoresis 

AuNP : Gold Nanoparticle 

NS : Nanostructure  

HNS : Helical Nanostructure 

R0 : Baseline Resistance of the sensor 

 

 

 

 

 

 

 

 



 

ix 
 

 

Table of Figures  
 

Figure 1.1: Flexible and stretchable strain sensors application................................................... 23 

Figure 1.2: The illustration of top-down and bottom-up fabrication. In top down fabrication [20], 

materials with micron and centimeter dimensions, are cut into nanostructures via  

photolithography, including nanoimprint lithography, electron beam lithography, helium ion 

beam lithography [21], and chemical oxidation. The bottom-up approach fabricates large-scale 

nanomaterials from the nanoscale to micron and even centimeter size. It mainly involves of in 

situ growth [22], chemical vapor deposition (CVD) [23], and self-assembly. ............................ 25 

Figure 1.3: (a) Illustration shows classical, transparent, and stretchable regimes, Flexible 

electronics is subset of the stretchable electronics, and textile electronics is subset of the 

flexible electronics [27]. (b) Classification based on substrates type: Solid substrates, flexible 

substrates, and stretchable substrates [28]. ................................................................................... 27 

Figure 1.4: Examples of flexible electronics on bendable substrate (a) Photograph of flexible 

integrated sensing array for the purpose of perspiration analysis. Sensor fabricated on 

mechanically flexible polyethylene terephthalate (PET) [29]. (b) Schematics of multiplexed 

fingerprint sensor with multifunctional detection of finger pressure and skin temperature using 

AgNF–AgNW hybrid [30]. (c) Image flexible temperature sensor based on reduced graphene 

oxide and its possible application for robot skin [31]. (d) 3D schematics (top) and photograph 

(bottom) of a flexible hydrophilic polytetrafluoroethylene (H-PTEF) humidity sensor. To 

enhance mechanical stability of sensors, polyethylene terephthalate film (70 µm) is laminated 

beneath the thin H-PTFE film [32]. ................................................................................................... 28 

Figure 1.5: Structural stretchability examples: (a) Schematic illustration of wavy structures with 

two different bonding strategies on the elastomeric PDMS substrate, that are fully and 

selectively bonded onto the substrate [33]. (b) Atomic force micrographs  of the 1D and 2D 

wavy ribbons fully bonded onto PDMS substrate [34]. (c) Response of 3D buckled nanoribbons 

to stretching and compressing (top). SEM image of a sample formed (below) [35]. (d) Design 

optimization of the 2nd order serpentine interconnects in an island–bridge structure [36]. (e) 

structure of stretchable battery, stretchable current collectors with an island-bridge structure 

[37]. ....................................................................................................................................................... 29 

Figure 1.6: Various stretchable structure configuration on scale of increasing stretchability with 

respect to the scale of structure size [47][48]................................................................................. 31 

Figure 1.7: (a) Diagram of a bent strain device (b) Compression and tension zone created 

during the bending. ............................................................................................................................. 31 

Figure 1.8: (a) Stress vs strain graph (b) Web chart summarizing various properties of 

stretchable and flexible strain sensor. In the four level of each property, higher/more marking 

corresponds to higher point. Example: The ease of fabrication scores 1point for stretchable 

strain sensor representing very low flexibility in fabrication. ........................................................ 34 

Figure 1.9: Schematics illustrating the different modalities of electromechanical sensors. (a) 

Piezoresistivity, (b) capacitance, (c) piezoelectricity. [51] ............................................................ 35 

Figure 1.10: Capacitive sensing with (a) parallel plate configuration (b) interdigitated 

configuration  [52] ............................................................................................................................... 36 

Figure 1.11: (a) Series of optical images of the CNT films/PDMS composites stretched from 

0% to 60%. (b) Simulation using Chinese paper cuttings show the change of crack morphology 

from unstrained to strained states. (c) Average gap width versus strain loading (d) the 

resistance model of a sensing unit [61]. .......................................................................................... 39 

Figure 1.12 : Characteristics of the nanoparticles ......................................................................... 42 



 

 

Figure 1.13 : Illustration of size distribution of nanoparticle – 0D, 1D, 2D, 3D. (a) TEM images 

of gold nanoparticle samples [87]. (b) Diagram of strain sensing measurement where inter-

particle distance increased as the sensor is bending [88]. (c)  SEM image of higher density 

aligned 1D AgNWs [89].  (d) Stretchable electric nanomaterial consisting of aligned single-

walled carbon nanotube (SWCNT) thin films for the application of human motion detection[62]. 

(e) AFM image shows two-dimensional structure of lead iodide nanosheet. (f)  Diagram 

showing the electricity generation process of a 2D piezoelectric device [90]. (g) Cross-sectional 

SEM images of flexible resistive pressure sensor based on a CNT network-coated thin porous 

PDMS sponge at compressions of 0% and 80%, showing the formation of overlapped CNT 

layers upon compression [91]. (h) Schematic showing application mechanical pressure to 3D 

porous device [92]. ............................................................................................................................. 43 

Figure 1.14 : Nanomaterial alignment on different dimensions [104]. ........................................ 46 

Figure 1.15: Gauge factor is the ratio of resistance variation to the length deformation ......... 49 

Figure 1.16: (a) Basic tensile electromechanical response of CNT/TPU sensor. Relative 

resistance changes of strain sensor with high sensitivity and linear response in three strain 

ranges [163]. (b) Relative resistance change of CNT-CB/PDMS strain sensor as a function of 

applied tensile strain shows a non-linear response [168]. (c) Measured sensor response under 

one cycle strain for 100% strain amplitude. As seen capacitive type exhibited linear sensor 

response (R2 = 0.9995), while the resistive type exhibited nonlinearity and variable gauge 

factor. Sensors consist of a carbon black‐filled elastomer composite [81]. ............................... 55 

Figure 1.17 : (a-b) Long-term relative variation in resistance of the MWCNT/PDMS strain 

sensor when subjected to the 1000 cycles of stretching/releasing (from 0–10% strain) [174]. 

(c) Hysteresis loops of a Ti3C2Tx–AgNW–poly (dopamine)/Ni2+ strain sensor subjected to 

5000 stretching and releasing cycles [175]. ................................................................................... 56 

Figure 1.18 : Overview of strain measuring system ...................................................................... 58 

Figure 1.19 : Schematics of stretching ............................................................................................ 59 

Figure 1.20 : Schematic set-up used for the tensile testing. In red is the zoom image of sensor 

closer to the clamp. ............................................................................................................................ 60 

Figure 1.21 : (a) Cantilever beam or two-point bending (b) Three-point-bending (c) Four-point 

bending ................................................................................................................................................. 60 

Figure 1.22 : Illustration of deformation by the 3-point bending load ......................................... 61 

Figure 2.1 : Material overview for flexible and stretchable strain sensors. ................................ 86 

Figure 2.2 : Advantages and limitations of geometrically different nanomaterials  [17]. ......... 87 

Figure 2.3: Schematic diagram of drop cast method. Step 1: A drop is poured onto a substrate; 

Step 2: the solution spreads spontaneously on the substrate and dries naturally or by using 

elevated temperature; Step 3: Resultant thin film. SEM image shows gold nanoparticle 

assemblies formed. reprinted from Ref.[24]. The scale bar is 100 nm. ..................................... 89 

Figure 2.4: Schematic illustration of drop casting: ((a) - top line) vs the sweeping ((e) bottom 

line) techniques, (b) Microscopic image of AuNP after five-drop cast cycles. Corresponding 

SEM images of nano gap at (c) 130 nm and (d) 500 nm (f) Microscopic image of AuNP drop 

casted, followed by sweeping procedures. Corresponding SEM images of nano gap at (g) 130 

nm (h) 500 nm, (i) Calculated AuNP ratio is nano gap by two techniques [27]. ....................... 90 

Figure 2.5: (a) Inkjet printing working principle (b) Processing steps for silver nanoparticle 

colloidal solutions (TEM image of nanoparticles on the carbon/copper grid). (c) SEM images: 

dried for 15 min. at 80 °C [32]. .......................................................................................................... 92 

Figure 2.6 : (a) Coffee ring effect appears to be darker as the size of the drop increases. 

Smallest drop (R = 1.5 μm), medium sized drop (R = 5 μm), largest drop size (R = 25 μm). The 

critical diameter Dc for the transition between ring formation and no ring formation. [34] (b) Jet 

of ink emerging from a drop on-demand nozzle, along with unwanted secondary droplets called 

satellite drops. [35] ............................................................................................................................. 93 



 

xi 
 

Figure 2.7: Schematic diagram of spin coating .............................................................................. 94 

Figure 2.8 : (a-c) Schematic representation of the vacuum filtration procedure, (b) SEM image 

shows surface morphology of tin nanoparticle (having particle size ~50 nm) composite film 

prepared by vacuum filtration method [39]. .................................................................................... 95 

Figure 2.9: (a) Schematic of the process flow for Contact Printing. (b) SEM image of a wafer-

scale nanowire printing. Large area and highly uniform parallel arrays of aligned NWs were 

assembled on a 4 in. Si/SiO2 wafer by contact printing. [45] ....................................................... 97 

Figure 2.10 : Sequential stages of dip-coating techniques: (1) Substrate is dipped in the sol 

precursor, (2) Substrate is withdrawn at a constant speed, (3) To yield the gelation layer, and 

solvent is let to dry. (a, b) SEM image of silver nanowire monofilm generated from one dip 

coating at water-bath temperature of room temperature (a) and 90°c (b). (c-d) SEM image of 

ordered multilayer silver nanowire of two(c) and three (d) orthogonal dip coating at water bath 

of 80°C [33]. ......................................................................................................................................... 99 

Figure 2.11: Schematic diagram of Langmuir–Blodgett technique ........................................... 101 

Figure 2.12 :  (a) Photographs of Langmuir–Blodgett nanowire assembly process at different 

compression stages. SEM images (b, c) of a parallel nanowire array, and (c) crossed nanowire 

array. (d) SEM image at different magnifications for crossed nanowire array. [32] ............... 102 

Figure 2.13:  Schematic diagram of Magnetic induced .............................................................. 103 

Figure 2.14: Fabrication of aligned network of nanowires: (a) Magnet is placed under the 

substrate and the inhomogeneous magnetic field directs nanowires towards the substrate. The 

tangential component of the magnetic field aligns nanowires (b) the second layer is deposited 

when the magnet is rotated 90° degrees; (c-d) Show the corresponding SEM images. [48] 104 

Figure 2.15: (a-d) Schematic diagram of nanoimprint lithography. (e, f) SEM images showing 

the resist structures after the imprint, sub-micrometer features of top and side surfaces of CNT 

[51]. ..................................................................................................................................................... 105 

Figure 2.16 : (a) Schematically depiction of a spray jet in which the central axis of the spray 

cone is parallel to the surface normal. As a consequence, there is almost no macroscopically 

directed shear flow induced when spraying at a 90° angle against the receiving surface, 

especially when using small droplet speeds and when spraying from large distances. (b) The 

angle between the center of the spray jet and the surface is typically less than 20° (red lines), 

this technique is called Grazing incidence spraying. Spraying at this geometry produces a liquid 

flow on the surface in the spraying direction (away from the nozzle). [53] (d) surface coverage 

measured on SEM pictures as a function of the spraying time (d-f) SEM pictures of AgNW 

monolayers deposited for 10 s , 50 s and 800 s. [54] ................................................................. 107 

Figure 2.17:  Schematic diagram of Electric field induction ....................................................... 108 

Figure 2.18 : (a) Schematic illustration of test pattern that comprised (a) two electrodes, (b) 

four electrodes, (c) six electrodes, (d-f) corresponding dark-field microscope graphs showing 

alignment of nanofibers.  [56] ......................................................................................................... 109 

Figure 2.19 : Diagram of a positive dielectrophoresis (a) In uniform electric field, particle is 

symmetrically polarized resulting in zero amplitude net DEP force (b) In non-uniform electric 

field, particle is asymmetrically polarized, resulting in motion of  the particle to an area with 

maximum electric field amplitude. [58] .......................................................................................... 112 

Figure 2.20 : Schematic representation of DEP alignment of 1D nanostructure. ................... 113 

Figure 2.21 : Variation in Real part of Clausius-Mossotti factor, Re [K(ω)] with frequency when: 

(a) εm < εp  and σm >> σp  (b) εm  >  εp  and σm << σp ..................................................................... 114 

Figure 2.22: Examples for 2D electrode: (a) parallel or interdigitated, (b) crenellated, (c) 

oblique, (d) quadrupole, (e) curved, and (f) matrix ...................................................................... 116 

Figure 2.23: Examples for 3D electrode: (a) extruded, (b) insulator-based or electrodeless and 

(c) contactless ................................................................................................................................... 116 



 

 

Figure 2.24 : Scanning electron micrographs of structures fabricated at two different voltage 

(a, b) using solutions 0.2 mg/ml of CNFs in water. The gap between the electrodes is 3 μm.

 ............................................................................................................................................................. 118 

Figure 2.25 : Scanning electron micrographs of structures fabricated at two different frequency 

10 kHz and 1000 kHz (c, d) Using solution of 0.01 mg/ml of gold nanoparticle grafter over 

inorganic silica nano helices. The gap between the electrodes is 3 μm. ................................. 119 

Figure 2.26 : SEM images of aligned nanofibers with the 3 μm-wide castellated electrode, 

solutions have two different concentrations: (a) 0.02 mg/ml, (b) 0.002 mg/ml. DEP boundary 

conditions: 5 Vp-p, 1 kHz, 6 s. .......................................................................................................... 119 

Figure 2.27 : (a) Influence on the nanowire orientation as a function of direction of electric field 

gradient. (b) Clausius-Mossotti factor according to the long and short axis as a function of 

frequency, for InAs wires suspended in deionized water. .......................................................... 121 

Figure 2.28 : Reaction scheme of the manufacturing process of silica nanohelices. ............ 122 

Figure 2.29 : (a) Schematic of gold nanoparticles functionalized with different ratios of 

mercaptopropionic acid (MPA) and SH-PEG-COOH (PEG)...................................................... 124 

Figure 2.30 : (a) Reaction scheme for the fabrication of nano-helices @Au-NPs. (b) TEM image 

of a nano-helices @Au-NPs............................................................................................................ 125 

Figure 2.31 : Diagram of flexible strain sensor labeled with the techniques of fabrication and 

material used in this study. .............................................................................................................. 126 

Figure 2.32 : (a) 10-alignment site design with three different castellated shapes, (b) 720-

alignment site design to use for strain sensing purposes .......................................................... 127 

Figure 2.33 : Step-by-step fabrication process for interdigitated electrodes on polyimide: (a) 

Top view, (b) Cross-sectional view; In the cross-sectional view: (I) 4’’ p-type silicon wafer, (II) 

PDMS layer spin-coated on the silicon wafer, (III) Polyimide (PI) lamination, (IV) Deposition of 

a negative photoresist (PR) layer (nLOF) and transfer of the mask pattern onto the PR layer, 

(V) Development for 30 seconds (VI) Sputtering of a bilayer of Ti/Au (50 nm/20 0nm), (VII) Lift-

off and (VIII) Delamination and cutting of the PI layer. ............................................................... 128 

Figure 2.34: (a) Labeled image Spin coater for PDMS deposition (b) Manual laminator model 

ML 360 is designed to provide reliable lamination ...................................................................... 130 

Figure 2.35 : (a) PI substrate with IDE (b) Dimensions of individual chip (c) IDE over (1) Silicon 

Dioxide substrate (2) Glass Substrate (3) polyimide substrate. ................................................ 132 

Figure 2.36: (a) Interdigitated part is lost during lift-off because of over-development (b) 

structures after process optimization (c) Magnified SEM image of well-resolved   interdigitated 

part. ..................................................................................................................................................... 133 

Figure 2.37 : Output of a 4-inch wafer with proper 3 µm gap separation between IDE is never 

100%. .................................................................................................................................................. 134 

Figure 2.38 : Image showing the placement of connecting probe on IDE ............................... 134 

Figure 2.39 : (a) Schematic of Dielectrophoresis: Step 1. Droplet of solution placed over IDE, 

Step.2 10 Vp-p applied between the IDE, Step.3 Sample is cleaned off the excess solution, Step 

4. SEM picture of aligned gold helices across the electrode gap, Sample (Sensor chip) is now 

ready for electrical and mechanical characterization (b) Impedance analyzing system. ...... 136 

Figure 2.40 : Multiple dielectrophoresis is performed to tune the resistance within the 

appropriate range for the strain sensor. ........................................................................................ 137 

Figure 2.41 : SEM image show the deposition of Gold Helices between 3 µm gaps (1) Initial 

state of DEP showing dispersed Gold Helices around the electrode (2) In later state of DEP, 

earlier scattered particles are now well aligned and forming a bridge between the electrode.

 ............................................................................................................................................................. 138 

Figure 2.42 : Dielectrophoresis vs Drop-Cast; (a-c) Results of DEP deposition; (d-f) Results of 

Drop-Cast. .......................................................................................................................................... 139 



 

xiii 
 

Figure 2.43 : SEM image of various nanoparticles deposition using DEP at same boundary 

condition. (a) Dense deposition of helical nanostructure made with only PEG ligand attached 

to AuNP, (b) Clustered deposition of helical nanostructure made with only MPA ligand attached 

to AuNP. ............................................................................................................................................. 140 

Figure 2.44: (a) Schematic diagram and SEM image of IDE with 10 castellation (b) Deposition 

morphology at three frequency regimes: (1) Aggregated and scattered deposition observed at 

lower frequencies (2) Uniform deposition at frequency range 10 -100 kHz (3) Very low and 

almost no deposition observed at higher frequencies ................................................................ 142 

Figure 2.45: Resulting device resistance vs input DEP frequency relation is almost linear. 143 

Figure 2.46 : SEM images of deposition made at: (a) 10 kHz frequency (b) 50 kHz frequency 

(c) 300 kHz frequency. ..................................................................................................................... 143 

Figure 2.47 : Scanning electron microscope image of DEP process at (a) t seconds and (b) t 

+ Δt seconds, density increased because of longer time during which the DEP force is applied

 ............................................................................................................................................................. 144 

Figure 2.48 : SEM image of (a) Uniform DEP deposition (b) Incomplete DEP process hindered 

in presence of aggregate. ................................................................................................................ 145 

Figure 3.1: Three point bending setup: HNS sensors are place over two supporting points by 

use of an additional base-substrate under HNS Kapton sensors. Electrical connections are 

made via alligator clips to the Sourcemeter and output data is observed and recorded through 

LabVIEW software. ........................................................................................................................... 158 

Figure 3.2 : (a) Strain sensor placed facing downwards on a three-point bending machine. (b) 

Graph shows input parameter i.e., speed of the probe and dwell time for three-point bending.

 ............................................................................................................................................................. 159 

Figure 3.3: Sample preparation: 4inch wafer sized Kapton film, with many individual IDE is first 

cut. One fabricated IDE sample is 18 mm long and 8 mm wide, with an active area of 

interdigitated electrode of 16 mm2. Single IDE is glued to glass or PVC base-substrate and 

later placed over two supporting points on three-point bending setup. .................................... 160 

Figure 3.4 : LabVIEW software interface showing eight complete loading and unloading cycles.

 ............................................................................................................................................................. 161 

Figure 3.5: Inconsistency in applied uniform (a) Force (N) and the resulting (b) Deformation 

(mm). .................................................................................................................................................. 162 

Figure 3.6 : (a) Force, length vs number of points recorded. (b) Image showing the three-point 

bending set-up, force probe moves in downward direction to approach the sensor sample.164 

Figure 3.7: (a) Schematic explanation of proportionality factor ‘m’ between applied force and 

generated strain. (b)Value of slope m for different support substrate. (c) Strain and Force 

relation for three different substrates established using commercial sensor. ......................... 165 

Figure 3.8: Possible ways to connect sensor to Keithley 2450 Source Meter by (a) crocodile 

clamps and (b) soldering wires on commercial sensors where adding clamps is not possible. 

(c) Comparison between two different means for the electrical connection of the sensor. ... 167 

Figure 3.9: Calibration Figure: Relative resistance variation as a function of induced strain ε 

(%) for bare strain sensor (red) and same sensor after encapsulation (blue), where the points 

and lines show the experimental and linear data fit respectively. ............................................. 168 

Figure 3.10: The features of HNS-based strain sensors that need to be evaluated. ............. 169 

Figure 3.11: Gauge factors for various materials used for strain sensors. .............................. 170 

Figure 3.12: (a) Graph showing the significance of deposition via DEP, Resistance, and Gauge 

Factor. (b) Schematic illustration of the conductive mechanism. (c) SEM image of HNS 

between two gold electrodes separated by a 3 µm gap (bottom). ............................................ 171 

Figure 3.13: Schematic of Multiple depositions. .......................................................................... 172 



 

 

Figure 3.14: Influence of the nanoparticle density on the strain sensitivity. (a) relative resistance 

change as a function of strain of nanoparticle films of various platinum nanoparticle densities 

(b) the gauge factor as a function of surface coverage [13]. ..................................................... 173 

Figure 3.15: (a) Set of sensors at different resistance value and their resistance variation 

response to strain. (b) Change in Gauge Factor value obtained from sensors at different 

resistances (k Ω). .............................................................................................................................. 173 

Figure 3.16: Resistance cycles of Sensor (1) with initial resistance of 70 kΩ, i.e., smaller 

amount of HNS present between the electrode. The calculated gauge factor of 115. Blue line 

represents the resistance variation and red represents the strain variation. ........................... 174 

Figure 3.17: Resistance cycles of Sensor (2) with initial resistance of 2.5 kΩ and calculated 

gauge factor of 119. Device with optimized amount of deposition show no drift during the 

cycling response. Blue line represents the resistance variation and red represents the strain 

variation. ............................................................................................................................................. 175 

Figure 3.18: Resistance cycles of Sensor (3) with initial resistance of 58 Ω. The extremely 

dense deposition is the reason device is not able to detect small strain values accurately. 

Substrate straining is not enough to induce modification to the inter-particle distances. Blue 

line represents the resistance variation and red represents the strain variation. ................... 176 

Figure 3.19: The significant relation between deposition via DEP, device resistance and Gauge 

Factor. ................................................................................................................................................ 176 

Figure 3.20: Two sensors with resistance ~70 kΩ and ~400 kΩ having a similar gauge factor 

40. ....................................................................................................................................................... 177 

Figure 3.21: Comparison of HNS sensors (red) to commercial sensors (black) and strain 

sensors fabricated by Nanomade (blue). Two curves on HNS sensor and Nanomade sensor 

represents two trials to measure the resistance variation over similar sensor. ...................... 178 

Figure 3.22: Resistance response of the strain sensor to the cycle of bending/releasing with 

low strain variation (0.01 - 0.05%). ................................................................................................ 179 

Figure 3.23: Relative variation of the resistance ∆R/R0 as a function of the applied strain for 

HNS based strain sensors, (a) Glass as base-substrate, the sensor shows linear response at 

low strain. (b) PVC as base-substrate, the sensor shows non-linear trend seen at higher strain 

[19]. ..................................................................................................................................................... 180 

Figure 3.24: Durability of HNS under 2200 cycles with low tensile deformation. ∆R/R0 as a 

function of multiple bending and releasing cycles with 0.06% strain. ∆R/R0 refers to the relative 

resistance variation under bending and release, R0 is the resistance in the relaxed state. 

Resistance variation shifts by 3% in the second half of the bending cycle; however, the ratio 

remains the same. ............................................................................................................................ 182 

Figure 3.25: (a) Equipment to test measurement for mechanical aging: Key Life Test Machine 

(ZL – 2806). (b) Relative resistance variation as a function of applied force after different 

pulsing strain cycles of 0.03%. Init refers to measurement before subjecting to cycling test. ΔR 

refers to the resistance differences under bending and release (Picture and figure from 

Nanomade). ....................................................................................................................................... 183 

Figure 3.26: Resistive change at 10 bending cycles for HNS based strain sensor. .............. 184 

Figure 3.27: Comparison of hysteresis between HNS sensor (blue) and Nanomade (red) 

fabricated sensor that clearly show the advantage of using HNS to reduce or even suppress 

the hysteresis (Figure from Nanomade). ...................................................................................... 185 

Figure 3.28 : Response (16.1 ms) and recovery time (23.5 ms) test for AuNPs–TEG network 

based strain sensor [29]. ................................................................................................................. 186 

Figure 3.29: (a) Illustration of ‘Response time’ setup. (b) Response time measurement when a 

pressure is suddenly applied and then removed. ........................................................................ 187 

Figure 3.30: Illustration of the vibration test setup. ...................................................................... 187 



 

xv 
 

Figure 3.31: (a) Current response to vibration signal (b) Magnification of the signals in the red 

square in (b) ...................................................................................................................................... 188 

Figure 3.32: (a) Electrical response to vibration signal. (b) Magnification of the damping signals 

in the red square in (a) [29]. ............................................................................................................ 189 

Figure 5.1: (a) Image of the fabricated polyimide network (10 × 10 array, scale bar: 5 mm). (b) 

SEM image of the polyimide network. (c) Schematic layout of an integrated sensor array with 

eight functions[13]. (d) Multifunctional Electronic Tattoos based on Silk and Graphene. (e) 

Temperature sensor performance of the corresponding tattoo-based sensor. (f) Real-time 

relative humidity sensing at several specific relative values [14]. ............................................. 196 

Figure 5.2: (a) Climatic chamber. (b) Sensor connection inside climatic chamber via PCB. (c) 

Three-point bending set-up. ............................................................................................................ 198 

Figure 5.3: Resistance variations of encapsulated (green curve) and non-encapsulated 

sensors (blue curve) at elevated temperature from room temperature to 85°C (Figure from 

Nanomade). ....................................................................................................................................... 199 

Figure 5.4: Resistance variations of encapsulated (green curve) and non-encapsulated 

sensors (blue curve) at low temperature (Figure from Nanomade). ......................................... 200 

Figure 5.5: Stability over high temperature and low temperature cycles – Resistance variation 

as function of strain. Graph presents two HNS sensor samples encapsulated N8 (black) and 

non-encapsulated N10 (green). ‘Inti’ refers to measurement before temperature cycle. HT 

refers to High Temperature, LT refers to Low Temperature (Figure from Nanomade). ........ 201 

Figure 5.6: (a) Resistance variations of encapsulated (blue) and non-encapsulated sensors 

(pink) during the humidity cycle (red). The temperature is constant and equal to 35°C 

throughout the whole cycle. (b) Resistance variations with (blue) and w/o encapsulate (pink), 

zoomed on the beginning of the humidity cycle (Figures from Nanomade). ........................... 202 

Figure 5.7: Resistance vs Relative humidity of AuNPs TEG and HEG based humidity sensors.

 ............................................................................................................................................................. 203 

Figure 5.8: The relative resistance and capacitance changes with respect to relative humidity 

(RH%) [17]. ........................................................................................................................................ 204 

Figure 5.9: Illustration of sensing mechanism (a) the first and (b) the second physiosorbed 

layer of the H2O molecules. (c) Resistance of Graphene Quantum Dots(GQD) /AgNPs as a 

function of RH, the inset shows a humidity response of GQD/AgNPs sensor in comparison to 

a  commercial humidity sensor [19]. .............................................................................................. 205 

Figure 5.10: (a) Photographs of Graphene/Silver nanowire nanocomposite strain sensor 

attached onto the wrist, with an adhesive tape. (b) Real-time monitoring of radial artery pulse 

[24]. (c) Current variation of the Thermoplastic polyurethane/graphene strain sensor, with an 

intertwined-coil configuration, in response to the pulse [22]. (d) Resistance response of 

biocompatible gold nanoparticle/polyurethane (GNP/PU) strain sensor to the radial artery pulse 

[25]. (e) Wearable strain sensors together with a head mounted VR system. (f) The measured 

arterial pulse wave for 8 seconds. A close-up view of one cycle showing 3 peaks: systolic (Ps), 

inflection (Pi), dicrotic (Pd) peaks [23]. .......................................................................................... 208 

Figure 5.11: (a) Photograph images of a HNS strain sensor attached to wrist using adhesive 

tape to monitor pulse. (b) Electronic circuit diagram for measuring the resistance change of the 

HNS sensor due to geometrical deformation of the microchannel. .......................................... 209 

Figure 5.12: (a) Real-time pulse wave and small strain sensing performance, original signals 

measured (a) with and (b) without pulse detection. (c) A close-up view of one cycle showing 

three peaks: systolic (Ps), inflection (Pi), dicrotic (Pd) peaks. ................................................... 210 

Figure 5.13: An interactive electronic system with five nanowire-microfluidic hybrid sensors 

using a multichannel data-glove to control a robotic hand through a wireless communication. 

(Right) Controlling different configurations of robotic fingers by a human hand wearing the data-

glove [41]. .......................................................................................................................................... 212 



 

 

Figure 5.14 : (a) Design of uSkin for a fingertip (b) 3D printed fingertip with flexible PCB 

attached to it [33]. (c) Photographs showing experiment settings how Shimmers is used to 

measure wrist and forearm motion [36]. (d) Integrated rosette-shaped Graphite/Silk Fiber strain 

senor for multidirectional motion detection and Responsive signals during cyclic bending-

unbending motion of the wrist [49]. (e) Photographs of wearable sensor attached to the knee 

marked in the red box. (f) Responsive curves of wearable sensor on the knee, shows various 

motions as labeled [50]. ................................................................................................................... 214 

Figure 5.15: (a) Three-point bending set-up (b) Representative calibration curve. Sensor is 

calibrated before being installed on the subject. Force output in Newton was synchronized with 

resistance variation to produce a calibration equation, which was used subsequently to convert 

the resistance variation data from all trials on finger/hand into units of force. The fit for this 

sensor was linear with an R2 value of 0.9. .................................................................................... 215 

Figure 5.16: Relative resistance changes versus time of the finger motion on the tensile strain 

region. ................................................................................................................................................. 216 

Figure 5.17: (a) Diagram showing the placement of the sensors as well alphabet ‘I’ and ‘L’ on 

each peak represents which finger is bent at each region. (b) Real-time output of the sensor 

glove showing individual finger response. .................................................................................... 217 

Figure 5.18: (a) Photograph and (b) the layout of the sensors on the glove. .......................... 217 

Figure 5.19: (a) Demonstration of real time tracking of the bending by the HNS stretch sensor 

glove at two different configurations. (b) Resistance response of Configuration 1 and 

Configuration 2. The particular case, Configuration 2, showing here tracks the ultralow sliding 

effect between the electrodes. ........................................................................................................ 218 

Figure 5.20: Real-time resistance responses of the strain sensor for monitoring hand motion 

for 10 minutes, the fatigue response after 6 minutes has been well recorded by the HNS 

sensor. ................................................................................................................................................ 219 

Figure 0.1: Symmetrical Three-point bend loading ..................................................................... 231 

 

 

 



 

17 
 

General introduction 

This work was carried out in the framework of a research project funded by the 

French National Research Agency (ANR) (Nanoheliflex) between the Laboratory of 

Analysis and Architecture of Systems (LAAS), an industrial partner Nanomade Lab, the 

Bordeaux Institute of Condensed Matter Chemistry (ICMCB), the Institute of Chemistry & 

Biology of Membranes & Nano-objects (CBMN), and the European Institute of Chemistry 

and Biology (IECB).  

Necessity of the project. In the last few decades, the advancement of science 

and technology has greatly influenced health and medical applications. And the 

improvement in medical facilities has helped to improve the quality of life. In recent years, 

the nanotechnology-based devices have greatly assisted in medical field. Nanomaterial 

based devices has been used in medical field for e-skins, drug delivery, pressure sensing, 

physiological parameter monitoring, etc. [1]. 

It is estimated that in next 20 years the amount of elderly people will increase. Over 

23% people are estimated to reach an age of 65 by 2035. This alarmingly calls for medical 

facilities, which are available in low cost and easily accessible manner for monitoring 

various health related problems. It is predicted that in next few years, there will be a 

considerable increase in medical market of around 500 billion USD. In addition, in the next 

5 years the compound annual growth rate is estimated to increase by 14% investing in 

market for cancer diagnostic and cardiovascular problems [2].  

Wearables are one popular choice for health care monitoring. Wearable devices 

can provide advantages in monitoring patient from a remote location, they are easy to use 

and their comfortable integration makes them strikingly attractive. This demands for future 

electronics to integrate the attributes of flexibility, in order to realize a more comfortable 

and efficient device. The ability to imitate and cover movable objects could be exploited 

in the development of wearable devices.  

Scope of this project. The work on development of a flexible strain sensor for 

possible application of wearable device is based on various parameters like material 

availability, properties of the materials processed, the fabrication process and 



 

 

characterization of the response output. This is essentially realized through a rational 

sensor design process i.e., properly selecting the hybrid material and treating through a 

fabrication recipe matching with a desired application with the objective to enhance the 

sensitivity response and strength.  

Focus of this project. In this thesis, the focus is on the use of nanomaterials. 

Nanoparticles-based resistive strain sensors usually respond with an increase in 

resistance to force straining the material. The response is mainly due to changing 

tunneling distances between conductive nanoparticles placed on an insulating substrate. 

Such flexible sensors contain a nanoscale percolating conductive network elaborated into 

a non-conductive substrate. These percolation networks can be fabricated in the forms of 

1D NP, 2D thin films, or 3D self-sensing structures.  

For fabrication of these kinds of networks in this thesis, we make use of the 

dielectrophoresis technique. It is simple and versatile method, which has proven to be 

very effective in aligning and deposition. Overall, the electromechanical performance of 

the piezoresistive sensors can be adjusted by manipulating the deformation mechanism 

of the conductive network in micro or nanoscales.  

The objective of this work is to develop strain sensors based on the use of 

assemblies of a novel nanomaterial consisting in 1D nanohelices coated with gold 

nanoparticles connected by ligands to achieve critical features such as high sensitivity to 

very low strain forces, high Gauge Factor values, reproducibility, stability and zero-

hysteresis response. 
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Thesis layout. This thesis is organized into four sections:  

Chapter 1: We start by introducing the strain sensing devices, their transduction and 

response mechanisms considering nanomaterials as strain sensing material and the 

reason behind the choice of 1D nanomaterial for strain sensing purposes. An overview of 

deposition techniques and more specifically alignment technique is presented. The 

chapter is completed with introduction on the performances and the characterization 

parameters of strain sensors.  

Chapter 2: We presents unique property of 1D nanomaterials, designing approaches to 

develop interdigitated electrodes (IDE) on flexible substrates and their micro-fabrication 

strategies to improve the production output. Finally, the boundary conditions of 1D helical 

- nanomaterial alignment via dielectrophoresis on IDE is discussed.  

Chapter 3: We demonstrate the sensing output of flexible electro-mechanical strain 

sensors using three-point bending setup. Further, to avoid rapid aging and increase the 

shelf life, devices are encapsulated. Effect of encapsulation on the response is examined. 

The strain sensors are characterized through various parameters such as sensitivity, 

linearity and dynamic stability. 

Chapter 4: Finally, we demonstrate the relevance of our strain sensor as a biomedical 

device. An overview of the mechanical and electrical behaviors of the sensor is presented 

in order to validate their usefulness and readiness in wearable systems. The HNS sensors 

are tested for: (1) monitoring of human pulse waves (2) finger-lifting pressure analysis (3) 

angular motion detection.  
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Introduction 
Object of interest. In the last decade, flexible devices have shown great potential 

in various fields. For future applications, such as electronic skin, flexible touch screens 

[1], etc. developed in soft electronics, flexible and biocompatible strain sensors are of 

supreme importance. The advancement in manufacturing and development of material 

science has kept up with the innovation in robotics [2][3], wearable electronics [4][5][6], 

epidermal electronic systems, human-machine interfaces, other biomedical devices[7], 

and the related systems. Associated with the rapid growth of intelligent robots and 

wearable equipment, various new-type devices based on flexible pressure sensors are in 

high-speed development, for applications in entertainment, games, cars, consumer 

electronics, industries, and health care fields, among others. 

 

Figure 1.1: Flexible and stretchable strain sensors application 
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Strength. The flexible pressure sensors have a wide range of applications because 

they have excellent mechanical and electrical properties, such as high flexibility, high 

sensitivity, high resolution ratio, and rapid response [8][9][10][11]. The perception 

mechanisms of flexible pressure sensors can simply be divided into piezoresistivity, 

capacitance, and piezoelectricity. Flexible electronic skin (E-skin) sensing features with 

high sensitivity, high-resolution ratio, and fast response to temperature and pressure. The 

miniaturization of sensors and electronic circuits based on microelectronics has played a 

vital role in the development of wearable devices. The use of nanomaterials in electronics 

has enabled the development from today's rigid to flexible electronics and suggests the 

possibility of creating scalable electronic devices [12][13][11][14][15]. 

Material. Flexible sensing devices typically consist of active elements and a 

substrate. Many nanomaterials have been studied for the fabrication of flexible electronic 

devices. The electrically conductive/active materials widely used are metallic 

nanoparticles, nanowires [16], liquid metal, and carbonaceous components like carbon 

nanotubes, graphene, and other conductive polymers [17]. Among these materials, one-

dimension nanomaterials exhibit unique benefits due to their inherent structural 

characteristics of their aspect ratio resulting in unique mechanical and electrical 

properties. Their morphology permits the assembly of a conductive percolation network, 

even with a small amount of material while still maintaining their performance. 

Simultaneously, 1D nanostructures can exhibit better mechanical properties, higher 

aspect ratio than corresponding spherical nanoparticles or massive materials, which is a 

key parameter for material design and allows better stability against material delamination 

or cracking problems [18]. 

Method of fabrication. The fact that flexible technology demands devices that are 

able to maintain their functional performance in both the original and the deformed states 

calls for flexible device configurations that can deliver the complex geometries and 

precisely scribed designs. Moreover, the array, including the alignment and 

predetermined location of nanomaterials, plays a crucial role in the fabrication of high-

performance devices. The advantage of controlling the orientation of nanomaterials is to 

take advantage of their anisotropy, which is positively linked with the charge carrier 
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mobility. In contrast, electron transport may be adversely affected by disordered 

nanomaterial orientation. Therefore, assembling nanomaterials as desired to manufacture 

more promising devices [19]. However, to date, generating highly ordered alignment of 

nanomaterials at a large scale remains a major challenge that has restricted the 

applications of nanomaterials in advanced devices. Two techniques have been 

established to integrate nanomaterials, top-down and bottom-up fabrication, illustrated in 

Figure 1.2(b-c). Miniaturized devices such as mobile computers and cellular phones, are 

dependent on silicon-based nanotechnology and sophisticated ‘top-down’ type fabrication 

methods. However, this solid-state technology is likely to encounter size restrictions. 

Thus, more novel ‘bottom-up’ type nanofabrication techniques have recently been of 

interest as alternative manufacturing strategies. Bottom-up nanofabrication is driven by 

the self-assembling processes of constituent molecules. This approach is more moderate 

and fabricates large-scale nanomaterials from the nanoscale to micron to even centimeter 

size. One such bottom-up assembly technique is based on the mobility and interactions 

of particles caused by alternating electric fields, commonly referred to as 

Dielectrophoresis (DEP). The alternating current field allows manipulation and assembly 

of the particles. DEP has been used as a tool in the fabrication of complex particles, 

manipulation of living cells and microscopic sensors. 

 

Figure 1.2: The illustration of top-down and bottom-up fabrication. In top down fabrication 

[20], materials with micron and centimeter dimensions, are cut into nanostructures via  
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photolithography, including nanoimprint lithography, electron beam lithography, helium ion 

beam lithography [21], and chemical oxidation. The bottom-up approach fabricates large-

scale nanomaterials from the nanoscale to micron and even centimeter size. It mainly 

involves of in situ growth [22], chemical vapor deposition (CVD) [23], and self-assembly. 

1.1  Strain Sensing Devices 
 

Introduction. Sensor is a device that measures or detects an external physical 

stimulus, such as heat, pressure, light, motion or sound and converts it into an electrical 

signal. A strain sensor measures the applied strain on an object. In the latest years, many 

efforts are focused on flexible sensor fabrication. It has been useful in areas where 

sensors often need to work under high strain conditions and demand flexibility or 

stretchability. Conventional strain sensors are usually made of metals, metal alloys or 

piezoresistors. Due to limitation of material elasticity modulus, they tend to have reduced 

flexibility that have an impact when interfacing with nonplanar or deformable substrate. 

The advances in flexible and stretchable electronics expanded the capability of traditional 

rigid electronics [24][25][26]. Flexible electronics are classically composed of a thin inert 

substrate topped with a layer of active electronic components. In some applications, an 

additional layer is used for encapsulation and packaging. If the substrate is flexible as well 

as stretchable for better conformal fit to highly curved surfaces, the system would belong 

to the broader class of ‘stretchable electronics’ [27], Figure 1.3(a).  
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Figure 1.3: (a) Illustration shows classical, transparent, and stretchable regimes, Flexible 

electronics is subset of the stretchable electronics, and textile electronics is subset of the 

flexible electronics [27]. (b) Classification based on substrates type: Solid substrates, 

flexible substrates, and stretchable substrates [28].  

The models of common substrates are as seen in Figure 1.3(b). Traditional 

electronic devices use solid substrates. Among the three substrates because of their 

high strength against bending, they tend to be most reliable. Flexible substrates show 

limited bendability and low stretchability. However, the stretchable property is not 

generally considered as their performance features. Hence, their lifetime will decrease 

drastically if subjected to prolong tensile or compressive strain. Stretchable circuits are 

divided generally into three types. They can sustain large bending and stretching 

movements, and have different applications from the other two. They can be placed on a 

non-planar surface. Because they are bent and stretched continually, their lifetime is low. 
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Figure 1.4: Examples of flexible electronics on bendable substrate (a) Photograph of 

flexible integrated sensing array for the purpose of perspiration analysis. Sensor 

fabricated on mechanically flexible polyethylene terephthalate (PET) [29]. (b) Schematics 

of multiplexed fingerprint sensor with multifunctional detection of finger pressure and skin 

temperature using AgNF–AgNW hybrid [30]. (c) Image flexible temperature sensor based 

on reduced graphene oxide and its possible application for robot skin [31]. (d) 3D 

schematics (top) and photograph (bottom) of a flexible hydrophilic polytetrafluoroethylene 

(H-PTEF) humidity sensor. To enhance mechanical stability of sensors, polyethylene 

terephthalate film (70 µm) is laminated beneath the thin H-PTFE film [32]. 

1.1.1 Stretchable devices 

Introduction. Many strategies are used to make the electronic devices stretchable, 

including the direct use of intrinsically stretchable materials or constructing structure 

design strategies. Application. Soft stretchable strain sensors are in demand to measure 

movement on stretchable and curved surfaces, such as human motion detection, and 

blood pressure monitoring. Only a few stretchable strain sensors have been explored 

which can be placed in contact with human skin and of measuring high signal quality.  



Section. Strain Sensing Devices 

29 
 

 

Figure 1.5: Structural stretchability examples: (a) Schematic illustration of wavy structures 

with two different bonding strategies on the elastomeric PDMS substrate, that are fully 

and selectively bonded onto the substrate [33]. (b) Atomic force micrographs  of the 1D 

and 2D wavy ribbons fully bonded onto PDMS substrate [34]. (c) Response of 3D buckled 

nanoribbons to stretching and compressing (top). SEM image of a sample formed (below) 

[35]. (d) Design optimization of the 2nd order serpentine interconnects in an island–bridge 

structure [36]. (e) structure of stretchable battery, stretchable current collectors with an 

island-bridge structure [37]. 

Physical parameter. The required strain sensitivity does not need to be high to 

detect large strains. Though, such strain sensors must possess high stretchability along 

with a good stability [38]. It is extremely difficult to develop intrinsically elastic active 

materials. However, a possible way to obtain stretchable sensor is to use a stretchable 

structural design, which can sustain large elastic deformations [39]. Following are some 

examples:  

• Wavy structural configuration, Figure 1.5(a-c). Unidirectional stretched 

configuration. The key of this strategy is to introduce an initial strain difference in the 

soft substrate (e.g., PDMS or ecoflex) and hard thin films (e.g., metal or 

semiconductor), either by thermally induced mismatch [40] or mechanical pre-strain 

[41][42]. 
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• Island-interconnect configuration, Figure 1.5(d-e). It avoids the limitation 

of unidirectionality. The fabrication process of such a structure involves the transfer 

printing of ‘island-like’ semiconductor devices (e.g., silicon), connected with each other 

by planar ‘bridge-like’ metal interconnects, onto a biaxial pre-strained elastomeric 

substrate (e.g., PDMS), and the release of pre-strain which causes the bridges to lift 

vertically off the substrate and forms the arc-shaped structures. However, assembly 

process is complicated and the stability obtained is unsatisfactory. 

• Coiled fiber structure. Unidirectional stretched configuration. Due to the 

simple structure, first coil fibers have reported less than 400% stretchability. Helical 

coil fibers are reported to be stretchable up to 800% [43][44].  

Material. The fabrication of stretchable devices is the more challenging. 

Stretchable elastomers are often used as soft substrates in many electronic devices, such 

as predominant poly(dimethylsiloxane) natural rubber, styrene butadiene rubber, 

ethylene-propylene-diene monomer, polyurethane, thermoplastic polyurethane, etc., 

which can reversibly tolerate high deformations [45] [46]. However, this often results in 

high electrical resistivity of electronic devices but low electrical mobility. To overcome that 

various structure design strategies enable, as already mentioned, the use of common 

conductive bulk metals in stretchable electronic devices. It includes wavy structures, 

island-interconnect configuration, mesh structure, fractal design approach, origami and 

kirigami structural configurations, Figure 1.6. 
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Figure 1.6: Various stretchable structure configuration on scale of increasing stretchability 

with respect to the scale of structure size [47][48]. 

1.1.2 Flexible devices 

Introduction. Flexible electronics in comparison with conventional electronics use 

material component with wide range of response to bending or twisting. It is important in 

flexible electronics to work with sensor that has high sensitivity. Application. The flexible 

strain sensors have attracted significant attention for applications like wearable 

electronics, smart textiles as well as other applications concerning structural health 

monitoring of critical infrastructures highways, buildings, bridges, ships, aircraft, pipelines, 

particularly during hurricanes, earthquakes, and other natural disasters [38]. 

 

Figure 1.7: (a) Diagram of a bent strain device (b) Compression and tension zone created 

during the bending. 
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Physical parameter. Through an external bending moment, strain is generated in 

the film. The inner surface is in compression and the outer surface is in tension, Figure 

1.7. The neutral plane is a surface within film, where the material is not under stress, either 

compressive or tensile. Flexible electronics relies on the basic idea that a substrate of 

thickness 2h can be bent with the radius of curvature (𝜌) as long the strain, 𝜀 =
ℎ

𝜌
 , 

developed does not exceed the yield strain (𝜀𝑐) of the film. Substrates of such devices 

should be comparatively inexpensive, mechanically robust and resist to creep, free from 

structural defects like pits and pinholes and electrically passive.   

Material. Typical substrates for flexible electronics include polymers, thin foils of 

metal, fabrics, and even paper. Polymer substrates such as Kapton polyimide, 

Polyethylene terephthalate, Polytetrafluoroethylene  and Polyethylene naphtholate used 

in various applications [27].  

1.1.3 Conclusion 

The following rapid prototyping addresses the crucial aspects toward the 

advancement of stretchable devices and flexible devices; summarized in Figure 1.8(b).  

Deformation. In materials science, mechanical deformation due to external forces, 

categorized into (1) elastic or (2) plastic deformation, Figure 1.8(a). (1) Elastic deformation 

is recoverable change in shape of material after the stress is removed. (2) When the stress 

permanently deforms the material, it is plastic deformation. Therefore, only completely 

reversible mechanical and electrochemical behavior is acceptable, because any minor 

irreversible mechanical or electrochemical performance will eventually degrade the 

device. Consequently, stretching-deformation is more challenging than bending-

deformation. Mainly due to the limited elastic – strain extensibility of the conventional 

electrode materials, these materials cannot accommodate large strain. Stretching leads 

to damage in flexible electrodes due to two processes: (1) the inorganic active material 

has an extremely low elastic strain, a slight stretching can break the electrode; (2) due to 

repeated deformation, and the active materials may lose electronic contact.  

Thickness. To achieve remarkable bendability/flexibility, the thickness of the 

substrate can be sufficiently reduced. However, this approach is restricted only to near 
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flat substrates. In contrast, stretchable electronics are proficient in adhering to uneven 

surfaces, similar to human skin. To achieve more flexible, there are two other methods: 

(1) they must become ultrathin and ultra-light. An ultrathin structure can also expand 

flexibility range; (2) or they must be molded into different shapes to imitate various curved 

surfaces. Among these features, reversible elastic flexibility remains the main constraint. 

Fabrication. Until now two main classes of materials often used for electrodes in 

electronic devices; one is well-known inorganic metals (Al, Au, Mo, Ti, and Ag) and metal 

oxide (ITO), and the other is organic conductive polymers (such as PEDOT: PSS). The 

realization of flexible, stretchable devices using conventional metal or semiconducting 

materials is challenging because they sustain very small strain value. However, from the 

perspective of fabrication the construction of a flexible device is easier than stretchable 

devices [49]. For the designed shape of the device to remain intact under bending or 

stretching conditions the substrate needs to be sufficiently elastic and the device must 

keep their performance during deformations [50]. 

One of the main objectives of this project is not in achieving highly stretchable 

devices with very large deformation. However, to integrate and test the nanomaterial with 

helical morphology over an adequately bendable substrate like PET, the focus lies on 

building a sensor with maximum sensitivity. Another objective of this project is to build a 

sensor with low or no hysteresis and long-term stability in their response, with cost efficient 

fabrication process and minimal material wastage. For flexible sensor, thickness is not a 

major constrain and therefore, the fabrication process becomes comparatively simpler.  
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Figure 1.8: (a) Stress vs strain graph (b) Web chart summarizing various properties of 

stretchable and flexible strain sensor. In the four level of each property, higher/more 

marking corresponds to higher point. Example: The ease of fabrication scores 1point for 

stretchable strain sensor representing very low flexibility in fabrication.   

1.2 Flexible Strain Sensor 

1.2.1 Transduction mechanism  

The current trend toward smart textiles and structural composites demonstrates 

that the embedded sensor platforms will be playing a key role in shaping the future of 

smart technologies. Strain sensors have been used for applications in machine learning 

(e.g., in soft robotics), as well as real-time structural health monitoring (SHM). The 

transduction mechanism of such sensors relies on the piezoelectric effect, a change in 

capacitance, or a change in resistance (piezoresistive effect). Based on working 

mechanisms it is categorized into: piezoresistive, capacitive and piezoelectric sensor, as 

seen in Figure 1.9.  
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Figure 1.9: Schematics illustrating the different modalities of electromechanical sensors. 

(a) Piezoresistivity, (b) capacitance, (c) piezoelectricity. [51]  

1.2.1.1  Capacitive pressure sensors 

As for capacitive sensing, it relies on the charge storage and the capacitance 

change upon deformation. It measures changes in electrical capacitance by detecting 

changes in electrical capacitance caused by the movement of a deformable surface. A 

capacitor typically consists of two parallel conducting plates separated by a small gap. 

The capacitance is inversely related to the distance between plates. Changing the gap 

will cause a corresponding change in the capacitance. A mechanical deformation brings 

the electrodes closer and induces changes in the capacitance of the dielectric medium. 

Apart from the traditional parallel plate configuration, an interdigital configuration is widely 

used in capacitive sensors, Figure 1.10.  
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Figure 1.10: Capacitive sensing with (a) parallel plate configuration (b) interdigitated 

configuration  [52] 

Advantage. The capacitance-based sensors are advantageous in various aspects 

such as high strain sensitivity, temperature independence, low power consumption, and 

low signal to noise ratio. Sensitivities of these types of sensors can be improved by 

addressing the compressibility of the materials by using low modulus materials. Likewise, 

altering the surface of the electrode or dielectric layer with patterns and microstructures 

like dome-shaped, pyramidal, or interconnected hollow-spheres shows improved 

sensitivity [48]. Disadvantage. Cross talk between the taxels and complex circuity is the 

disadvantageous characteristics of capacitance-based sensors. 

1.2.1.2  Piezoelectric sensors 

It uses materials, such as quartz crystals or specially formulated ceramics, which 

generate a charge across the faces when a pressure is applied. Dipole moments are 

observed from the deformation of the oriented crystalline structures. A charge amplifier 

converts this created charge to an output voltage proportional to the pressure. A given 

force results in a corresponding charge across the sensing element. Inorganic 

piezoelectric materials, such as ZnO, GaN and PZT, have been widely investigated to 

construct flexible strain/pressure sensors by coating or embedding them to flexible 

polymers. Piezoelectric nanomaterials, especially nanowires, feature excellent 

piezoelectricity and have been used in nanosensors, piezotronic devices and 

nanogenerators [53][54][55]. 
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Advantage. This type of sensors shows rapid response, high sensitivity, low power 

consumption, and self-powering/energy harvesting characteristics. Conventional 

piezoelectric materials such as inorganic ceramics, single crystals, and lead zirconate 

titanate (PZT) possess high sensitivity  

Disadvantage. Conventional piezoelectric materials are too brittle for the 

flexible/stretchable tactile sensors. The utilization of inorganic materials has inherent 

disadvantages, such as high processing cost and potential high toxicity (presence of lead 

in certain piezoelectric materials). Thus, the utilization of piezoelectric polymer materials 

in flexible sensors has attracted increasing interests. The drift of sensor output over time 

and its susceptibility to temperature are the major disadvantages in this type of sensors. 

However, this charge can leak away over time meaning that the sensor cannot be used 

to measure static pressure but can be of interest in dynamic mode.  

1.2.1.3 Piezoresistive strain sensor  

It relies on the piezoresistive effect, which occurs when the electrical resistance of 

a material changes in response to an applied mechanical strain. The change in resistance 

is directly proportional to the change in geometry and in resistivity of the sensing material 

with the applied strain. A significant variation of the resistivity can be induced because of 

the strain dependence on mobility and density of the charge carriers. Except for a metallic 

piezoresistance, the change in geometry is usually negligible.  

Piezoresistivity is caused by a mechanical stress that modifies the band-gap, which 

in turn alters the mobility of the charge carriers. It is implemented either by (1) modifying 

the contract state of the conductive materials or (2) through tunneling effect. The former 

is observed in silicon, carbon nanotubes, and graphene-based piezoresistive sensors. 

While the latter is observed in conductive composite materials based on conductive 

nanoparticles, nanowires, nanotubes, and flakes as current tunneling through nanogap 

[48]. The crack-based sensors have super high sensitivity in tiny deformations. They 

trigger a great resistance variation to the film. Comparatively, the cracks cannot sustain 

large strains, and the measuring performance and device robustness will dramatically 

decline if the applied strain is out of a reasonable range.  
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Advantage. It is the common transduction principle, due to its high sensitivity, 

uncomplicated structure, and low cost. It has a wide range of detection, low energy 

consumption, and manageable readout mechanism. Disadvantage. The disadvantages 

associated with these types of sensors are their dependence on temperature, stability 

issues, and hysteresis effect. 

Table 1:  In the table ‘0’ being neutral and ‘++’ being maximum value or most positive for 

the corresponding category 

 

1.2.2 Responsive Mechanism  

Depending on the type of material and fabrication process, each strain gauge 

sensor responds to the applied strain with different mechanism. Traditionally the response 

to the strain gauge originates from the geometrical effects and piezoresistivity of material 
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themselves [56][57]. Unlike common strain gauges, mechanisms such as disconnection 

between sensing elements, crack propagation in thin films, and tunneling effect have been 

utilized to develop flexible strain sensors. 

1.2.2.1  Crack Propagation 

Under very large strain, microcracks were generated in CNT, silver nanoparticle, 

gold nanowire, and graphene thin films coated on flexible substrates [58][59][60]. The size 

of microcracks and the density is increased by applied strain and upon the release of thin 

films, it would recover their initial states. Due to the separation of several microcrack 

edges, it creates limitation the electrical conduction passing through thin films. Moreover, 

the resistance of thin films is drastically increased by the applied strain. Upon release of 

the applied strain microcrack edges is reconnected, ensuring complete recovery of the 

electrical resistance. 

 

Figure 1.11: (a) Series of optical images of the CNT films/PDMS composites stretched 

from 0% to 60%. (b) Simulation using Chinese paper cuttings show the change of crack 

morphology from unstrained to strained states. (c) Average gap width versus strain 

loading (d) the resistance model of a sensing unit [61]. 
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1.2.2.2  Disconnection Mechanism 

In thin films made of nanomaterial conductive assembly within a percolation 

network, electrons can pass through overlapped nanomaterials. Bending/Stretching of 

thin films causes some connected nanomaterials to lose their overlapped area and 

electrical connection and, consequently, increases the electrical resistance [62][63][64]. 

Based on the disconnection mechanism, strain sensors have been reported of thin films 

formed of nanowire and graphene flakes coated on flexible support materials. When 

composite films are stretched, graphene flakes slid in the direction of the elongation which 

decreases the overlapped area between connected flakes and increases the contact 

resistance in the flake-flake junctions [57].  

1.2.2.3  Geometrical Effect 

Resistance of a conductor increases upon elongation in length and shrinkage in 

cross-sectional area. Dimensional change is the piezoresistive mechanism of 

commercially available metal-based resistive-type. In these conventional sensors, it is 

known that the resistance of the metallic film varies with induced strain by the generated 

geometry change. However, because of limited stretchability of metal thin film-based 

devices they are not suited for certain applications like in wearable and body motion 

monitoring applications. Moreover, their sensitivity is limited to gauge factor between 2 

and 5. 

1.2.2.4  Piezoresistive Effect 

Change in the resistance of materials caused by the structural deformations is 

known as piezoresistivity. Piezoresistivity of some metals and metal alloys may increase 

the resistance of strain gauges by small order. Whereas, semiconductor materials such 

as silicon and germanium can improve the resistance change of sensors to several orders 

of magnitudes, induced by the change of the bandgap on inter-atomic spacing 

[65][66][67]. Therefore, semiconductors or nanoscale materials can be used to achieve a 

highly sensitive strain sensor. Nanomaterials such as individual CNT and nanowire 

(ZnONW) owning to their chirality and change in barrier height, respectively, showed 

ultrahigh piezoresistivity. Moreover, inhomogeneous electromechanical properties, and 

poor stretchability have prevented the extensive use of single nanowire, nanotube as 
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strain sensors. To overcome these shortcomings, several new approaches have been 

proposed i.e. by forming composites of functional nanomaterials and polymers 

[16][68][69].  

1.2.2.5  Tunneling Effect 

Crossing of electrons through a classically forbidden potential energy barrier is 

called tunneling. Electrons can tunnel through closely spaced adjacent nanomaterials. 

Under a certain cut-off distance between neighboring nanomaterials, electrons can path 

through thin layers and form quantum tunneling junctions. The cut-off tunneling distance 

depends on numerous factors such as type of conductive materials, insulating media, and 

processing parameters [70]. For example, cut-off distances of the AgNW–PDMS–AgNW 

and CNT–polymer–CNT channels were reported to be about 0.58 and 1–1.8 nm, 

respectively [71][72][73]. The tunneling cut-off distance was determined to be 2-3nm for 

two parallel graphene sheets insulated with polymers. Owing to highly crumpled nature of 

graphene sheets, this value is larger than the cut-off distances for AgNWs or CNTs.  When 

an external strain is applied, it is more probable that entangled elastic nanomaterials will 

unfold rather than sliding in their axial directions, changing the tunneling resistance. This 

mechanism is unlike the disconnection mechanism where several connected junctions are 

separated due to the sliding of nanomaterials inside the polymer matrices [74]. 

1.2.3 Sensing Materials 

Conventional strain sensors are generally made using piezoresistive materials, 

most commonly metals [75]. Rigid bulk materials like solid metals, semiconductors and 

polymers, can be used as films designed into special bendable structures or ultrathin films 

with thickness ranging from tens of nanometers to tens of micrometers [76]. Advances in 

materials science and micro-nanotechnology have transformed commercial brittle strain 

to soft sensors and robust strain sensors. Various flexible materials with excellent 

electrically conductive property such as liquid metals, metal nanowires/nanostructures 

[16][77][78][79], carbon black [80][81], CNT, graphene [56][82][83], ionic liquids [84] and 

hydrogels [85][86] have been used. An emerging approach for robust real-world 

applications of flexible sensors relies on nanoparticles (NPs) with diameters that range 

from 10 to 100 nm. Among the many reasons to exploiting NPs for flexible sensors is the 
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ability to control the NPs type, ability to vary the NPs' size, ability to cap the NPs, Figure 

1.12. Their electromagnetic properties can be tuned readily by adjusting the NP size, 

shape, and separation. 

 

Figure 1.12 : Characteristics of the nanoparticles 

1.2.3.1 Nanomaterial  

Nanostructures range between 1 and 100 nm and can be organic, inorganic, 

composite, and carbon-based. Nanostructures have different shapes, sizes, structures 

and origins. They can be spherical, conical, spiral, cylindrical, tubular, flat, hollow, or 

irregular in shape. Classified depending on their dimensions into one of four categories, 

Figure 1.13 : 

• 0D: with a single characteristic nanoscale size, such as nanoparticles. Where length, 

height, and breadth parameters are fixed at a single point, for instance at a dot. 
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• 1D: with a nanometric diameter and a high aspect ratio (nanotubes, nanowires). Where 

only one the parameter exists. 

• 2D: with only nanometric thickness (thin films, graphene), where parameters of length 

and breadth exist, for instance nanosheets. 

• 3D: this category includes all nanostructures that do not meet the previous 

classification because they have more complex geometries. In these structures all 

three parameters exist. 

 

Figure 1.13 : Illustration of size distribution of nanoparticle – 0D, 1D, 2D, 3D. (a) TEM 

images of gold nanoparticle samples [87]. (b) Diagram of strain sensing measurement 

where inter-particle distance increased as the sensor is bending [88]. (c)  SEM image of 

higher density aligned 1D AgNWs [89].  (d) Stretchable electric nanomaterial consisting 
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of aligned single-walled carbon nanotube (SWCNT) thin films for the application of human 

motion detection[62]. (e) AFM image shows two-dimensional structure of lead iodide 

nanosheet. (f)  Diagram showing the electricity generation process of a 2D piezoelectric 

device [90]. (g) Cross-sectional SEM images of flexible resistive pressure sensor based 

on a CNT network-coated thin porous PDMS sponge at compressions of 0% and 80%, 

showing the formation of overlapped CNT layers upon compression [91]. (h) Schematic 

showing application mechanical pressure to 3D porous device [92]. 

The chemistry of metal NPs, particularly gold NPs, has been exploited for use in 

highly selective sensors [93][94][95][96]. The ability of preparing films of NPs with 

controllable porous properties has been explored extensively [97].  The presumed ability 

of NPs to allow easier, faster, more cost-effective fabrication of flexible sensors compared 

to those currently in use, which mostly rely on complicated, multistep processes makes 

their use very attractive [98]. The distance between the encapsulated NPs is controlled by 

choosing the encapsulating molecules or the assembly/deposition procedure. This allows 

a very good control over the interparticle distance. As example, two commonly used thiols 

capping agents are thioglycolic acid (TGA) and 3-mercaptopropionic acid (MPA). These 

two agents impart a negative surface charge and create nanoparticles with an extremely 

high colloidal stability [99][100]. NSs can either be deposited on flexible substrates at low 

temperatures as sensing cap-layers or they can be integrated into the composite of a 

flexible material. For sensing applications, one can obtain NPs with a hybrid combination 

of chemical and physical functions, which would have a great effect on the sensitivity and 

selectivity of the sensors [48].  

1.2.3.2  One-dimension Nanomaterial 

One-dimensional nanostructures have a particular aspect factor, as their diameter 

is very small compared to their length.  1D materials have the potential to be the building 

blocks for nano electronic devices. 1D nanostructures possess superior properties 

because of their facile and large-scale synthesis, and electronic tunability by molecular 

design. Several other advantages, such as good uniformity and dispersion, predefined 

electrical conductivity and high impact resistance. 1D-NS such as nanowires, nanofibers, 

nanorods, nanobelts and nanotubes, have attracted much attention in recent years. 
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Different categories of 1D nanostructures, includes polymeric, small molecule and 

inorganic species, have a prominent role due to their importance in terms of both 

fundamental studies in mesoscopic physics and technological applications in nanoscale 

device generation, summarized in Table 2.  

Table 2 : One dimensional nanostructure characteristic 

 

Helical nanostructures. The objective of this study is to utilize one dimensional, 

helical nanostructure for building flexible strain sensor. The significance to use helical 

structure from a purely geometric point of view is that the helical geometry enables many 

possible applications through utilizing its unique nanoscale properties. For example, 

nanohelices resembling the shape of macroscopic springs will have improved mechanical 

properties under strain. Therefore, nanohelices with adjusted geometric parameters will 

fulfil the designs required from different device configurations depending on the target 

applications. The helical nanostructures with precise control over the geometric feature 

and artificially added multiple functionalities will find promising applications for next 

generation sensing and actuating units, optical and magnetic devices, energy conversion, 

robotics, biomedical diagnostics and therapy. 

1.3 Nanomaterial assembly for nanoparticles and 

nanowires 

Alignment of nanomaterial building blocks into ordered layer by bottom-up 

approaches, it is one of the key steps towards the fabrication of strain sensor 

[101][102][103]. The use of external means and electrical fields to control the particle 

arrangement has long been a powerful way for tailoring the mechanical and electronic 
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properties of materials in applications ranging from electro-mechanical systems over 

nanocomposites to electronic inks, Figure 1.14.  

 

Figure 1.14 : Nanomaterial alignment on different dimensions [104]. 

More recently, external fields have emerged as key methods to direct the assembly 

of nanomaterials. Electric or magnetic fields are obvious candidates for field-directed 

assembly, proved to hold promise for scale-up. Various applications through aligned 

deposition on a flexible substrate have been achieved by techniques such as drop casting, 

inkjet printing, layer by layer, stamping method, self-assembly and electrodeposition 

[105][106][107]. The different approaches used to align nanomaterials based on different 

physical phenomena are briefly mentioned in the following section. They will be described 

in details in Chapter 2:  

1.3.1 Chemically Driven 

Chemical assembly is a powerful self-assembly method to create highly organized 

patterns or assemblies of specific objects. This technique exploits the covalent and non-

covalent interactions of ligands covering the objects. Different techniques such as layer-

by-layer electrostatic assembly, chemical structuring, and self-assembled molecular 

layers are the most commonly used modes [102][108]. Usually, an appropriate 

functionalization of objects and surfaces is prepared. These chemical functionalities 

surface leads to the assembly and organization of objects. More advanced techniques 

such as Dip-pen nanolithography and micro contact printing use chemical conjugation 

forces indirectly to attach objects to substrates [109].  
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1.3.2 Flow fields  

Incorporating self-assembly with a flow include Langmuir-Blodgett, dip coating, flow 

coating and spin coating [110][111]. These methods are based on the use of fluidic forces 

on a solution containing a suspension of nanomaterial of interest. Though Langmuir-

Blodgett's method is a complex method, it allows large-scale organization. In laminar flow 

conditions, 1D nanostructures are thus aligned in the direction of movement of the fluid to 

minimize viscous dissipation caused by shear stress. Other techniques working on similar 

principle as well includes: blowing, microfluidic channels, or capillary forces [112][113].  

1.3.3 Shear force  

The technique known as ‘contact printing’ principle is very simple and consists in 

directly exploiting the nanomaterial resulting from growth on a raw substrate, generally in 

the form of a forest of nanowires [114]. The growth substrate supporting a forest of 

nanowires is rubbed in a precise direction on a receiving substrate. The growth substrate 

can thus be planar (contact printing) or cylindrical (roll printing) while the receiving 

substrate can be structured beforehand by photolithography. The two substrates are 

placed side by side. Friction is obtained by applying pressure between the two substrates 

while moving them very slowly relative to each other. Thus, the aligned nanowires are in 

the direction of friction and directly transferred to the host substrate by Van der Waals 

interactions between the surface and the nanowires. The pressure maintained between 

the two substrates must be well controlled. This is the main limitation of this alignment 

technique. The yield obtained by this technique is improved by functionalizing the surface 

of the receiving substrate. Since the transfer takes place at room temperature, this shear 

force transfer process is compatible for various types of receiving substrates, from solid 

silicon to glass and flexible substrates. 

1.3.4 Electric and Magnetic field 

Electric and magnetic fields allow induced interactions to align. The fields take 

advantage of the charge or the polarizability of the nanomaterial and its functional groups. 

When these field-induced interactions overcome random Brownian motion, particles join 

to form chains and then assemble. Electric and magnetic field direction requires a constant 

balance between thermal energy and interaction energies. This involves using 
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electromagnetic forces to control the movement of the suspended particles in a fluid. 

Magnetic forces can be used in the case of nanomaterial having ferromagnetic properties.  

The assembly is based on the mobility and interactions of nanomaterial caused by 

alternating electric fields (Dielectrophoresis). Indeed, the application of an alternating 

electric field allows the manipulation and assembly without the electro-osmotic or electro-

chemical effects found in DC field systems.  

Dielectrophoresis. It is based on the fact that when a polarizable particle is 

subjected to an electric field. Electric charges are induced and it create a dipole, which 

lines up with the electric field lines. The electric field directed assembly can therefore be 

used to position individual particle at a specific position while at the same time controlling 

their orientation. One of its advantages is that method can be self-limiting: the capture of 

nanostructures cancels the electric field, which eventually stops the phenomenon. Unlike 

electrophoresis, dielectrophoresis does not depend on the charge ration the size of the 

particles but their dielectric properties compared to that of the liquid in which they 

immersed. Dielectrophoresis has great potential for assembling, manipulating, trapping, 

sorting and characterize nanostructures suspended in a liquid.  

1.4 Characterization platform 

1.4.1 Performance parameters 

The performance of strain sensors can be characterized by factors like sensitivity 

(or gauge factor), linearity, hysteresis, durability, response and recovery time, long term 

stability, electrical conductivity, fabrication cost, etc. Other specific ones like self-power, 

wireless communication, biocompatibility and biodegradability can be considered 

depending on the targeted applications. Sensor-to-sensor uniformity and hysteresis are 

of critical importance for any sensing application.  

1.4.2 Sensitivity 

The sensitivity or gauge factor is one of the main performance parameters and 

often used to measure the data for strain sensors under variable strains, which is the 

standard for quantifying the sensitivity. The sensitivity of a sensor is defined in terms of 
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the relationship between the input physical signal and the output electrical signal. It is the 

ratio between small change in electrical signal to the small change in physical signal.  

Gauge Factor. When pressure or force is applied to a strain sensor, the relative 

change of the electrical resistance ΔR/R0 is a function of the applied strain ε. Strain (ε) is 

defined as the ratio of length deformation (ΔL) to the original length (L0).  The gauge factor 

corresponds to the sensitivity of a strain sensor and can be expressed as:   

 𝐺𝑎𝑢𝑔𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 =
∆𝑅

ε𝑅0
 (1) 

   

For a linear variation, the gauge factor is therefore the slope of plot ΔR/R as a 

function of ΔL/L0 

 

Figure 1.15: Gauge factor is the ratio of resistance variation to the length deformation 

Example. Typically, the gauge factor for conventional strain sensors based on 

metal materials is between 2 to 5, mostly due to changes in length and cross-sectional 

area [65]. Compared to metallic foils, semiconductor devices can exhibit much larger 

gauge factor due to piezoresistive effects. Here, the changes arise due to the dependence 

of the bandgap on inter-atomic spacing [115]. However, neither metallic strain gauges nor 

semiconductor-based piezoresistors are suitable for highly flexible sensors. The former is 

restricted by its low gauge factor, and the latter is hindered by its high rigidity. 

The measurement sensitivity can be affected by the sensing mechanism, structural 

configuration and functional material. A variety of alternative nanomaterial such as 

graphene, carbon nanotubes, metal nanoparticles and nanowires have been effective in 

increasing the sensitivity [116]. AuNP-based strain sensors increase their strain factors 
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with the size of the AuNPs, allowing a wide range of strain factors between 15 and 200 

[117]. Recently nanographene films have been synthesized whose piezoresistive 

response is controlled by changing their growth parameters resulting in gauge factor over 

300 [118]. The gauge factor has been tuned by conductive network morphological of CNTs 

to CB control strategies [119]. Tunneling effect and crack/gap structures in piezoresistive 

sensors have been effective in promoting sensitivity. Strain sensors based on nanoscale 

crack junctions working on the mechanism of disconnection-reconnection were able to 

achieved gauge value of 2000 [120]. Strain sensing fibers based on carbon nanotube 

exhibited a gauge factor of 425 (at 100% strain) [121]. Further, to improve the performance 

of sensors and to introduce multiple sensing capabilities, bio-inspired interlocked 

microstructure geometries [63], whisker arrays [122][123], silk and 2D/3D 

micro/nanostructures[124][82] have also been employed [125]. 

Table 3: The reported various flexible and stretchable strain sensors, with their 

performance in gauge factor values 

Nanomaterial Processing 

technique 

Type of 

deformation 

Properties Ref. 

Graphene dip‐coating Tensile 104% GF >100 [126] 

Graphene sprayed Tensile 26% GF = 1054 [127] 

GnP/MWCNT 

mixture 

Spray-vacuum 

filtration 

Tensile 7.5% GF = 181.36 [128] 

silver nanoparticle drop cast Tensile 110% GF = 268.4 [129] 

Pd hexade-

cylthiolate 

Micro molding Tensile 0.09% GF ∼390 [38] 

MXene/PU 

composite 

wet-spinning Tensile  

(max. at ≈ 152%) 

GF ≈12900  

GF ≈238 (at 50% 

strain)  

[130] 

Gold NP Airbrush gun Tensile  

(Cylindrical 

formers) 

GF = 50-200 [131] 
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PEDOT: PSS with 

a commercial 

Polyurethane 

(Lycra) 

drop casting Tensile 10%, 50% GF = 1,1.3 [132] 

overlapped carbon 

nanotube  

CVD-Roller 

Transfer 

Tensile  

(125 – 145%) 

GF = 42300 [64] 

Multi-walled 

carbon nanotubes 

Air-spray coating Tensile  

(0 – 100%) 

GF ∼ 1.75 [74] 

GWFs Coated onto or 

embedded 

Tensile  

(2 – 6%) 

GF = (103 – 106) [133] 

Silver nanowire Drop-casting Tensile  

(max. at ≈ 70%) 

GF = (2 – 14) [16] 

Fragmentized 

graphene foam 

Drop-casting Tensile  

(8.5% -77%) 

GF = (15 – 29) [134] 

graphene and 

carbon nanotube 

Selective laser 

pyrolization 

Tensile  

(0 – 100%) 

GF = 20 000 [135] 

AgNW drop-coating Tensile (0 – 150%) GF = 846 [136] 

MWNT-PS 

microspheres 

self-assembly Tensile (0 – 100%) GF = 1.35 [137] 

Graphene 

nanoflakes 

decorated with 

MoS2 

One-step 

carbonization 

Tensile  

(0 – 37.5%) 

GF = 1242 [138] 

Graphene CVD-grown Tensile <1.8% strain the 

GF was 2.4  

>1.8% strain the 

GF was 4-14 

[139] 

Au film electron-beam 

evaporation 

Tensile (0 – 140%) GF = (7.2 - 474.8) [140] 

MXene 

nanocomposite 

anti-freezing, and 

self-healing 

Tensile (0 – 350%) GF = 44.85 [141] 
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organohydrogel 

(MNOH) 

conductive filler 

carbon black (CB) 

and one-

dimensional 

carbon nanotubes 

(CNTs) 

mixing-casting 

molding method 

Tensile 10% GF = 4.36(CNT) 

GF = 15.75(CB) 

[142] 

CNT@CNC sputtered -

stamped 

Tensile (9 – 260%) GF = (4.5 – 70) [143] 

SWCNT/hydrogel  Tensile  

(0 – 1000%) 

GF = 1.51 [144] 

graphite ink screen printing Two-point and 

four-point bending 

at 0.66% 

GF = 19.3 ± 1.4 [145] 

MCNP drop casting Three-point 

bending  

GF = 250 [146] 

titanium nitride 

thin-film 

Sputtering Three-point 

bending 

(Max. at <0.12%) 

GF = 5.44 [147] 

Gold self-assembly Four-point bending 

0.6% 

GF <135 [148] 

1,9-nonanedithiol 

cross-linked gold 

nano-particle 

(GNP) films 

layer-by-layer 

(LbL) spin 

coating-Contact 

Printing 

Four-point bending  GF ∼14 for 4 nm  

GF ∼26 for 7 nm 

GNPs 

[87] 

PEDOT: PSS Spin coating Bending radius of 

5 mm 

(0.14 - 0.4%) 

GF = (3.4 - 17.5) [149] 

polymer/CNT In situ 

polymerization 

Clamped end of 

the beam 

8 times higher 

than that of 

[72] 
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traditional strain 

gauges. 

Platinum 

nanoparticle 

Atomic layer 

deposition 

0.3% gauge factor of 2 

× 104 

[150] 

Graphene RPECVD Bending (max. at 

< 0.4%) 

GF ~ 300 [118] 

SWCNTs self-

assembling(self-

pinning) 

Strain (2% - 15%) 161 (ε < 2%), 9.8 

(Avg., 2% < ε < 

15%), and 0.58 (ε 

> 15%) 

[151] 

silver (Ag) 

nanoparticles 

(NPs) 

Aerosol Jet based 

additive printing 

method 

Cantilever beam 3.15+0.086 [152] 

graphene-based 

thin film 

Spray deposition <2% GF >150 [57] 

zinc oxide (ZnO) Drop casting Flexural <1% 

strain 

GF >104 [153] 

graphene-based 

elastomer(3DGP) 

three- 

dimensional 

printing 

Flexural 30%  GF = 448(30% 

strain) 

[154] 

tin-doped indium 

oxide 

Assembly Flexural GF = (18-157) [155] 

CdSe NCs into Au 

NC matrix 

Spin casting Bended curvature 

of 1/6.25 mm−1 

(0.2% - 1%) 

GF = 5045 [156] 

SWCNT/PVdF-

HFP 

blow-spinning Bending machine  

(Minimum at 

0.03%) 

GF = 134 [157] 

Platinum 

nanoparticle 

Atomic layer 

deposition 

Buckling and 

conformational 

contact 

GF = 70 (at 0.5% 

strain) 

[158] 
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configurations 0 – 

0.7% 

p-type SiNWs ion beam 

implantation-wet 

etching process 

 GF = 47 [159] 

Graphene RPECVD  GF <600 [160] 

polysilicon film AIC process  GF = 77 [161] 

ZnO Bonding  GF = 1250 [66] 

Platinum Sputtering  GF = 75 [162] 

 

1.4.3 Non-Linearity 

A sensor is linear when the relative change in the electrical signal is linearly 

proportional to the applied strain. This slope defines the sensor's gauge factor. The 

linearity of the curve indicated the extend sensor’s sensitivity will remain constant.  The 

magnitude of linearity is evaluated with the coefficient of determination (R2) derived by a 

linear regression. A higher value of R2 indicates a stronger linear relationship. 

Simultaneously achieving sensitivity and linearity can be challenging. but it is not essential 

to have a high linearity. Most resistive-type strain sensors are linear with low strain (ε < 

1%) and non-linear with high strain (ε > 1%). Piezoresistive sensors often exhibit varied 

gauge factor value in different strain ranges, which is induced by the nonlinear 

heterogeneous deformation and the different conduction mechanisms that take place. 

Highly sensitive strain sensors normally respond to the applied strain with a high 

nonlinearity and low stretchability. It is therefore still difficult to develop strain sensors with 

simultaneously ultrahigh sensitivity, flexibility and excellent linearity.  

Example. The linearity of capacitive strain sensors is superior to that of resistive-

type strain sensors. The nonlinear response of resistive strain sensors is because of 

nonhomogeneous microstructural and morphological changes in the sensing films. Many 

recently reported resistive strain sensors have shown linear response in two or three 

regions.  Self-healing nanocomposite based strain sensor showed electromechanical 

response in two linear regions (0–800% and 800–1400%) [163]. Sensor based on the 
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PDMS elastomer showed high linearity up to the tested range (0–100%) of tensile strain 

[164]. CNT polymer nanocomposite based strain sensors typically exhibited nonlinear 

electromechanical response[165][166]. Sensors based on microcracks formation 

generally have poor linearity, which critically hinder their implementation in practical 

applications [58]. This may be attributable to the rapid increase in resistance when the 

sensory metal film breaks into cut-through forms with strain. In order to enhance the 

linearity, sensor based on super aligned carbon nanotube sheet has successfully shown 

linearity of R2 ≈ 0.996 [167]. Likewise, for sensors based on disconnection mechanism or 

tunneling effect, the transition from a homogeneous to an inhomogeneous percolation 

network, has been identified as the focal reason for non-linearity.  

 

Figure 1.16: (a) Basic tensile electromechanical response of CNT/TPU sensor. Relative 

resistance changes of strain sensor with high sensitivity and linear response in three strain 

ranges [163]. (b) Relative resistance change of CNT-CB/PDMS strain sensor as a function 

of applied tensile strain shows a non-linear response [168]. (c) Measured sensor response 

under one cycle strain for 100% strain amplitude. As seen capacitive type exhibited linear 

sensor response (R2 = 0.9995), while the resistive type exhibited nonlinearity and variable 

gauge factor. Sensors consist of a carbon black‐filled elastomer composite [81]. 

1.4.4 Hysteresis 

A consistent sensing performance in loading and unloading is critical. Hysteresis 

arises when sensor does not return to the same output as the input stimulus when cycled 

up and/or down, such as when using the sensors as an electronic skin or for measuring 

heartbeat [169]. The interfacial binding between sensing film and substrate is the essential 

parameter for hysteresis optimization. The interfacial sliding between nanomaterial filler 

and the polymer matrix, in a weak binding hampers the fully recovery of filler position, and 
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results in hysteresis [169][170]. Adversely, a weak adhesion is required to avoid the 

friction and facture in nanomaterial fillers. Under small strain as the morphology of the 

conductive network almost remains unchanged, good reversibility and repeatability can 

be observed. A deteriorating trend of the relative change in resistance with increasing 

stretching/releasing cycle number and subsequent saturation is often observed. In 

addition, because of fatigue and plastic deformation under large strain, and fracture of 

sensing nanomaterials the degradation of the performance of strain sensors has been 

seen. These irreversible variations in resistance make the sensors less efficient. 

Capacitive-type strain sensors show less hysteresis than resistive and optical strain 

sensors. The reconnection of nanomaterials (tunneling contact) during the release cycle 

takes time and though they return to initial position they can be still irreversible. The 

carbon nanotube based strain sensors are reported to have higher hysteresis behavior 

compared to other nanomaterials [171][172]. Capacitive and optical strain sensors show 

negligible hysteresis [173] because of the fact that they do not need to rely on the 

formation of ohmic contact or tunneling conduction path between nanomaterial matrix. 

These connection pathways are often irreversible over repeated dynamic loading 

condition. 

 

Figure 1.17 : (a-b) Long-term relative variation in resistance of the MWCNT/PDMS strain 

sensor when subjected to the 1000 cycles of stretching/releasing (from 0–10% strain) 

[174]. (c) Hysteresis loops of a Ti3C2Tx–AgNW–poly (dopamine)/Ni2+ strain sensor 

subjected to 5000 stretching and releasing cycles [175].  

1.4.5 Reproducibility and Dynamic Durability 

Repeatability is the ability of the sensor to replicate the same output signal under 

the same conditions, when the same measurand is applied to it continually. The inability 
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of the sensor to perform the same value under identical condition causes this error. The 

assembled structures linked with processing strategies are more critical for the final 

sensing performances. Therefore, rational structure design, proper selection of materials 

and control of the connection types of sensing materials are effective routes to realize 

balanced performances. 

Durability. It represents the long-term durability of the strain sensors during cyclic 

load with stable electrical response and mechanical integrity. It is especially important for 

sensors integrated on skin, textiles or touch screens. These applications undergo a very 

large number of complex and dynamic deformations and must be maintained during their 

use. Performance degradation can be leaded by irreversible deformation or fracture of the 

nanomaterial assembly. Highly durable strain sensors have been recently reported in 

which they have shown notable dynamic durability up to 20000 cycles 

[176][177][178][179][180][181]. Overall, resistive-type sensors generally respond to 

applied strain with high hysteresis and non-linearity when undergoing large deformation, 

especially in the case of nanocomposite-based sensors. But they show high sensitivities, 

therefore when operated under low deformations prove to be very reliable [182]. 

Apart to the above covered crucial performance parameters, a more recent 

research has demonstrated that several novel design parameters such as self-healing, 

self-powering, self-cleaning, transparency, biocompatibility, and biodegradability need to 

be considered as well to ensure a better application adaptability [125]. 

1.4.6 Characterization Set-up   

Mechanical deformation can be induced by pressing, stretching, bending, and 

twisting which creates a parametric variation in the active sensing component. These 

distortions variation leads to change in physical distance between the active sensing 

elements. A strain gauge system consists of the following components, shown in Figure 

1.18:  

• Strain sensor 

• Measuring instrument 

• Power supply, alternating current generator 
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• Source Meter  

• Recorder of changes in electrical quantities 

 

Figure 1.18 : Overview of strain measuring system 

1.1.1. Tensile test 

The geometric component of piezoresistivity originated from a change in dimension 

of a strained element. When a strain sensor experiences a tensile strain, it becomes 

longer and the cross-sectional area becomes smaller. Both of these situations contribute 

to the increase in the resistance, and vice versa for a compressive strain.  

This resistance and length variation can be used to calculate the gauge factor. 

Tensile testing determines the behavior of a sample when an axial stretching load is 

applied. These types of tests can be performed under controlled atmosphere (heating or 

cooling). Tensile testing is commonly used to define the maximum load that a device can 

withstand. For a piezoresistive strain sensor, it would corresponds to the maximum 

resistance variation under this maximum load. 
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Figure 1.19 : Schematics of stretching 

Use. The properties derived using the resultant stress/strain curve, include the 

modulus of yield strength, elasticity, and strain. It is used for characterizing stretchable 

electronics, electronic skins that can mimic its functions, by enabling conversion of various 

stimuli created by the human body and surrounding environment to electrical signals 

(strain, temperature, humidity, etc.)  

Set-up. The set up consists of two clamps, one on top and one on bottom, as 

shown in Figure 1.20, fixed on ESM303 Motorized Tension / Compression Test Stand 

operated by the LabVIEW software. A similar set-up consists of  stretching rig, 5944 

Instron machine, motorized stage that has been used for stretching [183][184][185]. 

Flexible/stretchable sensor is held in position between clamps. The connection is 

established between electrodes to have a good contact between the sensor and the 

Source Meter.  
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Figure 1.20 : Schematic set-up used for the tensile testing. In red is the zoom image of 

sensor closer to the clamp. 

1.1.2. Flexural test 

The flexure test measures the electrical change in active materials when subjected 

to a bending load. A flat rectangular specimen is loaded at two, three or four points, Figure 

1.21. Two-point and three-point bending fixtures are commonly used. The main advantage 

of a three-point flexural test is the ease of the specimen preparation and testing. 

 

Figure 1.21 : (a) Cantilever beam or two-point bending (b) Three-point-bending (c) Four-

point bending 
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Use. The three-point bending delivers values for the modulus of elasticity in 

bending and flexural stress–strain response of the material. Setup. The three-point 

bending technique makes use of a downward moving probe, which applies force at a 

constant speed, as shown in Figure 1.22.  

 

Figure 1.22 : Illustration of deformation by the 3-point bending load 

Under an applied stress/ force, the substrate is bent. The outer (upper) surface is 

then subjected to compression, while the inner (lower) surface is under tension. The 3-

point flexure test is the most commonly used for polymers while the 4-point flexure test 

is mostly used for wood and composites. 
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1.5 Conclusion 

This first chapter has highlighted the need to obtain flexible strain sensors used in 

various fields [186][187][188][189]. However, the practical problems involving their 

sensitivity and stretchability remain as challenges. Stretchability is important for 

biomedical, mechatronic, sports, and entertainment applications [190]. However, 

achieving high stretchability is not within the scope of this work.  

In this work, efforts are devoted to fabricating piezoresistive strain sensor based 

on dielectrophoresis of 1D - helical nanostructures on flexible polyimide substrate. The 

bottom-up approach and assembly are used to elaborate high performance sensors and 

offer a highly sensitive response to low strain values. Owing to the helical configuration of 

sensing material and the tunneling effect between adjacent gold nanoparticles, the strain 

sensor is hypotheses to have zero hysteresis response. This special configuration 

endowed strain sensor with an ability of have a quick recovery.  

However, the sensors manufactured under the same conditions can have different 

properties, as a result, measurement reliability is compromised, and consequently the 

sensor cannot be used in a practical setting. When characterizing a strain sensor, 

sensitivity and linearity are the most supreme parameters, others consist of hysteresis 

and reliability. All these parameters should be considered for the development of flexible 

strain sensors.  

In the later section, HNS sensor will be characterized using three point bending 

set-up, with objective to build strain sensor with (i) near zero hysteresis and zero-point 

drift and (ii) improve cycling performance. In order to avoid any mechanical/machine 

inaccuracy, the calibration of three-point bending system is presented as well. Strengths 

of strain sensor is tested as a biomedical device not only for subtle movements (such as 

distinguishing a pulse), but also large movements (such as recognizing the motion of 

fingers and wrists) as well. We believe that 1D – helical nanostructure is a promising 

material for low-cost, high-sensitivity, and long-stability sensors. Overall, we believe that 

HNS strain sensors can be a potential candidate in strain and pressure sensing related 

applications. 
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Introduction 
In this chapter, we will describe in a first part the fabrication processes published 

in literature for the realization of flexible strain sensors. A second part will be devoted 

to the fabrication process that has been developed using 1D nanostructures with 

grafted gold nanoparticles as sensing material and dielectrophoresis as the deposition 

technique.   

As shown in Figure 2.1, the basic components of a strain sensor consist of a 

sensing element (active materials), conductive electrodes and a mechanical substrate. 

Each component needs to be carefully considered to develop a sensor that possesses 

excellent sensing capabilities such as high sensitivity and good stability. The different 

components require very specific performances [1][2]. For instance, the sensing 

component demands a high sensitivity to transform an applied pressure stimulus into 

a high resistance change. For the conductive component, a very low resistivity is 

required with a high electrical stability under high strains. The mechanical substrate is 

required to be flexible and/or stretchable depending upon the aimed application of the 

resulting sensor device [3].  

The active material is the sensing component of the device, which senses the 

external pressure stimulus. Active materials are embedded into or placed on the 

substrate [4][5][6]. An ideal active material should be chemically stable, compatible 

with large area processing techniques and must exhibit a high mechanical compliance. 

Conducting nanomaterials such as metallic nanoparticles and metallic or 

semiconducting nanowires are commonly used as sensing nanomaterials [7][8]. 

Carbon nanomaterials such as carbon black, carbon nanotubes and graphene flakes 

have been of interest because of their exceptional chemical stability, biocompatibility 

and good electrical and mechanical properties [9][10][11]. They are also easily 

compatible with high-throughput solution processing techniques on large areas. 

Commonly used solution deposition techniques are spin-coating, dip-coating, 

vacuum filtration, inkjet printing and spray coating. Other techniques have also been 

developed to attain large-scale alignment such as contact and roll printing, Langmuir-

Blodgett deposition as well as electric-field assisted techniques [12][13].  

Electrodes ideally should possess excellent stability and maintain high 

conductivity under large strains. Thin-film metal electrodes are usually suitable for 
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flexible devices, for example Au on PI substrate, Ag or Cu on flexible substrate 

[14][15][16]. Their shape on the sensing area is of critical importance. The most used 

design patterns are interdigitated electrodes with small gaps.  

The choice of mechanical substrate is more important in stretchable devices 

for strain above 10% than for flexible ones, usually designed for strain under 1%. Most 

common stretchable substrate material include PDMS, hydrogels, elastomers, etc. For 

flexible sensors, materials like Kapton, PET, PVC can be advantageously used.  

 

Figure 2.1 : Material overview for flexible and stretchable strain sensors. 

 

In the following paragraphs, we will describe the different techniques used for 

depositing nanoparticles and 1D nanostructures on a substrate to fabricate strain 

sensors.  

2.1 Techniques for nanoparticles deposition  

Nanostructures range between 1 and 100 nm and can be organic, inorganic or 

composite. Nanomaterials can be classified depending on their dimensions into one of 

four categories: zero-dimensional (0D) nanoparticles and quantum dots; 1D 

nanowires, nanotubes, and nanobelts; 2D nanoflakes and nanosheets; and 3D porous 
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nano-networks as shown in Figure 2.2. They can be spherical, conical, spiral, 

cylindrical, tubular, flat, hollow, or irregular in shape. 

 

Figure 2.2 : Advantages and limitations of geometrically different nanomaterials  [17]. 

High surface area to volume ratios and facile surface functionalization, make 

nanomaterials highly sensitive to changes in surface chemistry and permit nano-

sensors to achieve extremely low detection limits. The ability to control NPs type, to 

vary the NP’s size, to cap the NPs proves to be very useful. Moreover, NPs can be 

prepared in films of controllable porous properties. This allows a control over inter-

particle distance. Their electromagnetic properties can be tuned readily by adjusting 

the NP size, shape, and separation. The presumed ability of NPs allow easier, faster, 
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more cost – effective fabrication of flexible sensors compared to those currently in use, 

which mostly rely on complicated, multistep processes [18].  

Another important parameter concerns the ligands with which tunneling 

conduction can take place in the nanoparticle network [19][20]. They are the key 

feature to obtain highly sensitive strain sensors. The type and the length of the ligands 

play a critical role to enhance the electromechanical properties of nanoparticles thin 

films [21][22][23]. 

However, the stability of the nanoparticles can be an issue as nanoparticles 

have a tendency to lower their very high surface energy, which originates from their 

high surface-to-bulk ratio. Bare nanoparticles tend to stabilize themselves by lowering 

the surface area through coagulation and agglomeration.  

Coatings and thin films made from nanoparticles are used in various 

applications including displays, sensors, medical devices, energy storages and energy 

harvesting. There are multiple different coating methods available to deposit 

nanoparticles. The methods differ by their ability to control particle packing density and 

layer thickness, ability to use different particles and the complexity of the method and 

the instrumentation needed. In general, experimental parameters such as choice of 

solvent, particle concentration, and temperature will affect the deposition process, and 

must be tuned to yield a film with the desired thickness and morphology.  

2.1.1 Drop cast method  

As a simple low-cost method, drop casting is one of the most used techniques 

for depositing uniform good quality thin layers of almost any type of ‘liquid dispersed 

nanoparticles’ over a small area (~ 1 𝑐𝑚2) on a substrate. It is capable of producing 

uniform good quality films over small areas and for a variety of materials and 

applications. It relies on the release of droplets with controlled size and momentum, 

which spread and wet the surface upon impact. Drop casting is better controllable. 

However, its applications are limited to films and coatings over a small area. 

Fabrication. The fabrication process in drop casting starts by dispensing a 

solution containing the desired material (nanoparticles suspensions), onto a substrate. 

The droplets are left on the substrate for a sufficient amount of time to allow 

evaporation of solvent, under controlled conditions. The process leaves the desired 

solute on the substrate. A thin film is formed, which adheres to the substrate by Van 
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der Waal forces between the substrate and nano-particles of the film, Figure 2.3. Film 

thickness depends on the particle concentration in the liquid and the volume of the 

liquid dispersed; these parameters can be controlled easily to achieve desired number 

of (mono) layers on the substrate. Other variables that can determine the quality of the 

film structure include wettability of the solvent, evaporation rate and capillary forces 

associated with the drying process, etc. It is preferred to use volatile solvents, as these 

wet the substrate, and have negligible thin film instability (de-wetting) associated 

problems. Water, a common solvent, which has low vapor pressure and large surface 

tension, should be avoided as a solvent for drop casting. 

 

Figure 2.3: Schematic diagram of drop cast method. Step 1: A drop is poured onto a 

substrate; Step 2: the solution spreads spontaneously on the substrate and dries 

naturally or by using elevated temperature; Step 3: Resultant thin film. SEM image 

shows gold nanoparticle assemblies formed. reprinted from Ref.[24]. The scale bar is 

100 nm. 

Advantage. Drop casting is an low-cost method for preliminary level of testing, 

where homogeneity is not a very stringent requirement [25]. Desired thin films can be 

created by drop casting a mixture of materials, in a suitable solvent on the target 

substrate. 

Disadvantage. However, the homogeneity of films obtained with drop casting 

technique is limited. Potential problem in film formation via drop casting is the ‘coffee 

ring effect’. It arises when suspension of particles in a liquid (e.g., coffee) is allowed to 

dry on a flat surface. It produces inhomogeneous deposition, as the solute tends to 

accumulate on the boundaries of the drop. The coffee ring effect is also observed due 

to the differential evaporation rates of the solution with dispersed particles density. The 

ring formation for a solute can be avoided by selecting appropriate combination of 

solvents [26], at temperature and humidity conditions leading to uniform film 

deposition. An alternative method to avoid the coffee ring effect is the sweeping 
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method. In Figure 2.4, a comparison between drop-casting and sweeping method 

displays uniformity of particle trapping achieved by the two methods; sweeping method 

shows superior trapping. Figure 2.4(c, g) and (d, h) shows the trapping of gold 

nanoparticles between electrode gap of thickness 130 nm and 150 nm respectively.  

 

Figure 2.4: Schematic illustration of drop casting: ((a) - top line) vs the sweeping ((e) 

bottom line) techniques, (b) Microscopic image of AuNP after five-drop cast cycles. 

Corresponding SEM images of nano gap at (c) 130 nm and (d) 500 nm (f) Microscopic 

image of AuNP drop casted, followed by sweeping procedures. Corresponding SEM 

images of nano gap at (g) 130 nm (h) 500 nm, (i) Calculated AuNP ratio is nano gap 

by two techniques [27]. 

Another common problem associated with thin film deposition on a substrate is 

unwanted cracking of the films. Cracking occurs when a liquid film covering a solid 

substrate begins to dry. The difference in chemical composition (surface energies) 

between the substrate and drying film generates mechanical stress originating from 

the push and pull forces on the film and solid interface [28].  

The maximum crack-free film thickness and area depend on the particle size, 

thickness of the deposition, film rigidity, nature of materials, and drying time. The stress 

at cracking varies inversely with the square root of the film thickness. Thinner films are 

capable of sustaining larger tensile (stretching) stresses before cracking [29].  

 

2.1.2 Inkjet Printing 

Inkjet printing is a direct printing method that makes use of liquid phase 

materials. Tiny droplets are jetted through a small orifice over a designated area with 
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high accuracy as shown in Figure 2.5(a). In conventional inkjet printing process, a 

sequence of sessile droplets is directly printed over a specific location on the 

substrates as can be seen in Figure 2.5(b, c). The droplets generated are governed by 

various parameters such as viscosity, surface tension and density of the particles in 

the printing ink. The resultant depositions show the signs of unwanted coffee-ring 

effect, Figure 2.6(a). It is because of a high solvent evaporation rate at the edges of 

the droplets after being printed.  

Fabrication. Inkjet printing depends on the generation of a sequence of 

droplets on a specific location on the substrate. The liquid phase of a solute e.g., 

nanoparticles dissolved in solvents is dropped with high resolution without any extra 

wastage. The ink jetting (dropping) can be realized either by continuous-inkjet (CIJ) or 

by drop-on-demand (DOD) inkjet methods. Usually, CIJ is not favored in printing for 

manufacturing processes. Because the solvent is driven off in the curing process, this 

technology is considered not suitable for the environment. The DOD inkjet printing 

process has five stages: drop ejection, drop flight, drop impact, drop spreading and 

drop solidification. The minimum feature size depends on placement accuracy and 

substrate-ink interactions. A better understanding of these five stages benefits in 

improving the quality and decreases the line width of printed topographies [30].  

After the jetted colloidal droplet is placed on substrate, the final deposition 

morphologies are governed by factors such as temperature of the substrate, 

wettability, surface roughness, humidity, particle size and concentration, etc. These 

factors significantly impact the resolution and performance of the printed patterns [31]. 

Other physical processes and constrains involved in inkjet technique are for instance: 

(1) droplet formation, (2) ink specifications, (3) droplet-droplet and droplet-substrate 

interactions, (4) solvent drying mechanism, impacts the quality of inkjet printing 

process. 
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Figure 2.5: (a) Inkjet printing working principle (b) Processing steps for silver 

nanoparticle colloidal solutions (TEM image of nanoparticles on the carbon/copper 

grid). (c) SEM images: dried for 15 min. at 80 °C [32]. 

Advantage. In contrast to methods like photolithography, micro-contact 

printing, etc., inkjet printing is a low-cost technique, which makes it more attractive for 

printed electronics. It does not require mask; the material is directly deposit or dropped 

on the required area. It is a direct deposition tool. Inkjet printing is capable of printing 

with fine and smooth details. Ink-jet delivers a high-quality output.  The technique offers 

a device manufacturing method with digital control on the printing process quality, via 

accurate deposition of ink on a predetermined position on the substrate. Moreover, 

precise control over the printing speed can be achieved. Various shapes and patterns 

can be printed and modified, by simply varying the drawings through CAD software of 

the printer system. Inkjet printing also allows multiple layer deposition for improving the 

functional outcomes of a device.  

Disadvantage. One of the major limitations of inkjet-printing is the use of inks, 

which should obey strict rheological conditions with range of viscosity and surface 

tension. The print heads are prone to clogging and damage, and consequently being 

less durable. Limited concentration range of sensing material in an ink leads to multiple 

printing cycles to attain adequate packing density of the deposited material. Additional 

materials termed, as ‘additives’, are usually required to control the surface tension and 

viscosity. The stabilizing agents prevent agglomeration of nanoparticles that could 

adversely affect the sensing behavior of a printed device. To compete with other 

processes, higher printing speed is needed. Speed is improved by modifying drop 

frequency, number of nozzles, and material concentration in the ink and standoff 

distance. Ink bleeding is yet another problem associated with this method where ink is 

carried sideways producing blurring effect on some targets substrates. [33]  
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Figure 2.6 : (a) Coffee ring effect appears to be darker as the size of the drop increases. 

Smallest drop (R = 1.5 μm), medium sized drop (R = 5 μm), largest drop size (R = 25 

μm). The critical diameter Dc for the transition between ring formation and no ring 

formation. [34] (b) Jet of ink emerging from a drop on-demand nozzle, along with 

unwanted secondary droplets called satellite drops. [35] 

2.1.3 Spin Coating 

On a laboratory scale, spin coating is the most used technique. To deposit thin 

films of functional materials on a substrate. It can be used with most classes of 

materials to grow uniform thin film. When a viscous solution of a material (particle form) 

in a solvent is spun on a smooth wafer, an even coating of the required the material 

film can be obtained. Centripetal force and surface tension of the liquid at high spin 

speeds, governs the quality of coating. Thickness of the spin-coated films after the 

solvent evaporation may range from a few nanometers to a few microns. The thickness 

of a spin-coated film is proportional to inverse of spin speed squared. However, it is 

mostly determined empirically, thickness also depends on evaporation rate of solvent 

and material concentration.  

Fabrication. First step in spin coating is to cover the substrate with ink, Figure 

2.7(a). Ink contains the desired material molecules dissolved in a solvent. As the 

substrate is rotated at high speed, it flings the majority of the ink off the substrate sides, 

Figure 2.7(b). Airflow then dries the solvent over the substrate. When the film dries 

fully, it leaves layer of desired material molecules on the surface, Figure 2.7(c). By 
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optimizing the solvent selection and its properties, the substrate, the temperature and 

the rotation speed, a fine control on film thickness and morphology can be realized. 

For the choice of solvents, liquids with low viscosity are preferred. 

 

Figure 2.7: Schematic diagram of spin coating 

Advantage. The main advantage of spin coating is its simplicity and relative 

ease of process set up. Resulting films are thin, uniform and reproducible. The process 

is mostly used for flat substrates. Because of the capability to have high spin speeds, 

the high airflow permits lower drying times. It results in high consistency at both 

macroscopic and nano-length scales. [36] 

Disadvantage. One of the drawbacks of spin coating is that, it is inherently not 

a batch process. Multiple substrates cannot be processed simultaneously. The fast 

drying may lead to lower performance nanomaterials, which need longer time to self-

assemble and/or crystallize. The actual material usage in a spin coating process is 

normally low (~ 10%), while the rest is simply flung from the sides. However, it is not 

usually an issue for research environments, but it is considered wasteful for in large-

scale manufacturing [37].  

2.1.4 Vacuum filtration 

Filtration-assisted methods, including pressure, vacuum and evaporation-driven 

filtration. It is an approach employed to fabrication of membranes, especially 

freestanding membranes. It primarily has four steps: (i) dispersion of nanoparticles in 

a solution, (ii) vacuum filtering the nanoparticle suspension using filtration membrane; 

it forms a homogeneous film on the membrane, (iii) using a proper solvent to dissolving 

the filtration membrane, and (iv) moving the nanoparticle film onto a desired substrate. 

The resultant films are flexible and thus important for applications in flexible electronics 

and optoelectronics.  
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Fabrication. For vacuum filtration, the film forming material is uniformly 

dispersed in the solvent. Due to the fluxion function of the solvent molecules, the film 

material deposits uniformly on the substrate under appropriate vacuum filtration 

conditions. By controlling the volume of the filtered suspension, samples with various 

thickness of hybrid thin films can be prepared [38]. 

Figure 2.8 illustrates the process for fabricating thin film with tin nanoparticles. 

First the tin nanoparticles and conductive carbon suspension is placed in the funnel. 

When vacuum is applied, Figure 2.8(a), it causes the solvent to fall through the filter. It 

leaves behind only the trapped particles on top of the alumina filter. The resulting film 

on the alumina filter is placed in an aqueous solution of NaOH. The alumina filter 

dissolves in NaOH solution, leaving thin film on the surface. The NaOH solution is 

replaced by distilled water, Figure 2.8(b). Below this floating film, a copper foil is placed. 

By draining the distilled water, the copper foil is positioned below the floating electrode, 

Figure 2.8(c). The film undergoes pre-drying at 60°C followed by rinsing with water and 

drying again at 60°C. Finally, it is dried under vacuum at 120°C and then Ar purged. 

 

Figure 2.8 : (a-c) Schematic representation of the vacuum filtration procedure, (b) SEM 

image shows surface morphology of tin nanoparticle (having particle size ~50 nm) 

composite film prepared by vacuum filtration method [39].  

Advantages. During the filtration process, the porosity of the filter membrane 

decreases gradually. This self-limiting process ensures a uniform film, which can be 

directly transferred to any substrate [40]. Vacuum filtration has the advantage that the 

thickness of the filtrated films can be simply controlled by the concentration and volume 

of the particles in the dispersion [41][42]. 
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Disadvantages. Although it may have the advantage of simple operation, it is 

not easy to prepare a large-area membrane using vacuum filtration [43]. The technique 

can only produce randomly oriented nanoparticles. Drawbacks include limited film size 

of the filter. In addition, the necessity to transfer the film on substrate that is more 

suitable for certain specific applications.  

2.2 Techniques to aligning 1D nanostructures  

One-dimensional (1D) nanostructures, such as nanowires, nanofibers, 

nanorods, nanobelts and nanotubes, have attracted much attention in recent years. 

Many attempts made to align 1D nanostructures of numerous functional materials 

ranging from inorganic to organic types. 1D nanostructures possess specific properties 

because of their flexibility, high aspect ratio with anisotropic properties and electronic 

tunability. Perfectly aligned 1D nanostructures shows superior properties compared to 

its disordered counterpart. Providing promising applications in diverse fields. Well-

aligned 1D nanostructure provides an effective electronic/ionic transport pathway.  

1D materials have the capabilities to be the building blocks for nano-electro-

mechanical devices with improved performances. Aligned nanostructures have a 

potential use in light-emitting diodes, solar cells, field-effect transistors, microcircuits 

and highly sensitive sensor and various other fields of nanotechnology. However, the 

main issue is to integrate these 1D blocks into functional devices.  

The following section introduces a few alignment techniques for 1D 

nanostructures based on diverse approaches. Assembly strategies developed can be 

categorized as:  

1) Directed growth method: starting from a pre-defined position, 

synthesizing and growing the 1D nanostructures/nanoobjects. This method controls 

both position and orientation of 1D-NS.  

2) Directed assembly method: assembling already-made 1D nanostructures 

onto the desired substrate. Only orientation is controlled in directed assembly 

method. It is a low fabrication cost approach with pre-synthesized nanostructures. 

The latter process is a facile procedure. It provides better flexibility in choosing the 

substrates, building blocks and architecture. Thus, we mainly focus on the 

alignment of existing 1D-nanoobjects onto a substrate. This can be achieved using 
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various techniques like contact printing, convective flow, assembly assisted by 

magnetic field or electric field. 

2.2.1 Contact printing 

Contact printing technique is a method used for transferring various materials, 

such as polymers and nanomaterial, etc. to another surface. It allows the transfer in 

micrometer/nanometer sized patterns. This deposition method involves directional 

sliding of a growth substrate, consisting of nanomaterials, on top of a receiver 

substrate. During this process, nanomaterial is combed by sliding step, and are 

detached from the donor substrate as they are anchored by the van der Waals 

interactions with the surface of the receiver substrate; therefore, resulting in the direct 

transfer of aligned wires to the receiver substrate. 

It leads to the detachment of oriented nanostructures from the growth surface 

towards the receiver substrate. The parameters need to be considered for an accurate 

transfer of nanomaterial ink are : the ink quality itself, surface modification of receiver 

substrate and the applied pressure during the contact printing process [44]. The 

density and alignment of transferred 1D nanostructure are affected by donor substrate 

area, speed and pressure applied.  

 

Figure 2.9: (a) Schematic of the process flow for Contact Printing. (b) SEM image of a 

wafer-scale nanowire printing. Large area and highly uniform parallel arrays of aligned 

NWs were assembled on a 4 in. Si/SiO2 wafer by contact printing. [45] 

Fabrication. Contact printing method involves directional sliding/rolling of a 

growth substrate (which can be flat or cylindrical) to a flat receiving substrate. Growth 

substrates consist of dense 1D nanostructures, Figure 2.9(a). These 1D NS/ 

nanoobjects can be vertically grown on the substrate, by the chemical vapor deposition 
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(CVD). During the process of transfer of 1D-NW to receiver substrate, the NW are 

eventually detached from donor by the van der Waals interaction, Figure 2.9(a). An 

important aspect of this method is NW-NW friction during the process. It enhances the 

uncontrolled breakage and detachment of NW while hampering the alignment. 

Nonselective mechanical frictions can be lowered by using a lubricant. The use of 

lubricant serves as spacing between the two layers [45]. A well-controlled transfer is 

facilitated by the chemical binding interactions between the NW and the surface of the 

receiver substrate. To further enhance the NS density, one can consider 

complimentary surface functionalization of NW and receiver substrate. After the 1D-

NW are printed, the patterned resist is removed by a standard lift-off process using 

acetone leaving behind the NW transferred on the substrate, Figure 2.9(b). 

Advantage. The advantage of using contact printing includes: 

• Ease and simplicity of creating patterns with micro-nano-scale topographies. 

• Technique uses less energy   

• Cleanroom is only required to make the master; this technique is able to operate 

without a constant use of cleanroom otherwise. 

• An individual stamp can be used many times with slight degradation of 

performance. Multiple stamps can be produced from a single master. 

 

Disadvantage. The contact-printing stamp can easily be deformed, producing 

printed structures that are unlike the original stamp structures. The change of the 

shape can occur during withdrawal from the master or during the substrate contacting 

procedure. The inking process is slow and adhesion of the ink to a hydrophobic surface 

could be another challenging step. The mobility of the ink is a problem, as it can cause 

lateral spreading to unwanted regions. Upon the transfer of the ink, spreading can 

influence the quality of desired pattern. During the transfer of nanostructures and 

annealing process, development of microscale cracks can be another critical issue.  

In most experiments, poly(dimethylsiloxane) (PDMS) elastomer is used to 

perform the transfer from template to the substrate. The highly hydrophobic PDMS 

material limits the range of nanomaterial ink. However, hydrophobic nature can be 

changed by surface-treatment techniques [46]. 
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2.2.2 Convective flow/Dip coating 

Introduction. The dip coating technique is important within research and 

developments, for the fabrication of thin films. It is an effective and simple technique 

used across many different industries. The fundamentals of dip coating theory include 

the formation of wet film, thickness evolution and the drying dynamics. The major 

forces used for the dip coating process are force of inertia, viscous drag, gravitational 

force and surface tension. 

Fabrication. Dip coating involves the deposition of a liquid film via the precise 

and controlled withdrawal of a substrate from a solution. This is typically done using 

an instrument known as a 'dip coater'. There are four different stages involved in the 

coating of thin films via dip coating - immersion, dwelling, withdrawal and drying, Figure 

2.10(1-3). The substrate is lowered into a bath of solution, until it is mostly or fully 

immersed. A short delay occurs before the substrate is withdrawn. During the 

withdrawal process, a thin layer of the solution remains on the surface of the substrate. 

The two critical stages for determining the properties of the deposited film are the 

withdrawal and drying stages. Once fully withdrawn, the liquid from the film begins to 

evaporate and leaves behind a dry film. The final film thickness is determined by the 

interplay between the entraining forces, draining forces, and the drying of the film. The 

films are formed in one of three regimes (viscous flow, drainage, and capillary). The 

lower the speed, the thinner the resist film hereby formed. Speed of typically 3-20 mm/s 

is used. Further, a curing step may be performed for certain materials. This forces the 

deposited material to undergo a chemical or physical change.   

 

Figure 2.10 : Sequential stages of dip-coating techniques: (1) Substrate is dipped in 

the sol precursor, (2) Substrate is withdrawn at a constant speed, (3) To yield the 
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gelation layer, and solvent is let to dry. (a, b) SEM image of silver nanowire monofilm 

generated from one dip coating at water-bath temperature of room temperature (a) and 

90°c (b). (c-d) SEM image of ordered multilayer silver nanowire of two(c) and three (d) 

orthogonal dip coating at water bath of 80°C [33].  

A large variety of repeatable dip coated film structures and thicknesses can be 

fabricated by controlling many factors: functionality of the initial substrate surface, 

submersion time, withdrawal speed, number of dipping cycles, solution composition, 

concentration, temperature and environment humidity, Figure 2.10(a-d). The dip 

coating technique can give uniform, high quality films even on bulky substrates with 

complex shapes. 

Advantage. The merits of dip coating are low cost and layer thickness can be 

easily adjusted. Even large scaled and arbitrary shaped substrates (e.g., stainless-

steel panels) can easily be dip-coated. The attained resist film is very smooth, whereas 

the resist film thickness may change over the dimension of the substrate. 

Disadvantage. Dip coating is a slow process. The forced coating of the rear 

side of the substrate can be either an advantage or a disadvantage. During the 

experiment, when the substrate is withdrawn at a certain speed, the particles tend to 

be deposited at the edge of the meniscus. If the evaporation rate is high, more material 

will be deposited at the meniscus edge, leaving thicker ridges across the substrate. 

The edge is pinned again when another meniscus is formed.  

2.2.3 Langmuir Blodgett  

Langmuir–Blodgett assembly method enables the formation of highly ordered 

monomolecular amphiphilic films at the interface between air and water. The 

subsequent film is then transferred to a solid support substrate. It can be used as a 

powerful technique to generate large-area monolayers of closely packed 

nanomaterials, Figure 2.11. 
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Figure 2.11: Schematic diagram of Langmuir–Blodgett technique 

Fabrication. Langmuir films are generally composed of amphiphilic molecules, 

organized in a monolayer fashion at the liquid-gas interface. By spreading mixture of 

amphiphilic in a common solvent, films with mixed compositions can be prepared. In a 

LB trough on a water surface, nanowires are dispersed, Figure 2.12(a), resulting in a 

randomly distributed and loosely packed monolayer at the air-water interface. By 

applying lateral pressure using moveable barrier, Figure 2.12(a), using computer-

controlled barriers, the slow compression creates densely aligned nanowires that are 

parallel to trough barrier, Figure 2.12(b-d). The film is then transferred to a desired 

substrate by horizontal or vertical lift-off; the resultant film can then be transferred from 

air-liquid interface to desired solid substrate.  
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Figure 2.12 :  (a) Photographs of Langmuir–Blodgett nanowire assembly process at 

different compression stages. SEM images (b, c) of a parallel nanowire array, and (c) 

crossed nanowire array. (d) SEM image at different magnifications for crossed 

nanowire array. [32] 

Advantage. It is a promising technique for preparation of thin films. It provides 

precise control over the monolayer thickness. Langmuir-Blodgett technique enables a 

homogenous deposition of a monolayer over a larger area. It is possible to make 

multilayer structures by simply varying the layer composition.  

Disadvantage. However, this technique does not have any industrial 

application at the moment because of the restricted substrate choice, only small and 

flat substrates can be covered by Langmuir- Blodgett films. 

2.2.4 Magnetic Field Induction  

It is a facile method to produce parallel fibers and multilayered grids driven by 

magnetic field. Magnetic field gradient produced by external magnets provides the 

means to manipulate and assemble the suspended nanoparticles in a solution. When 

a drop of organic/inorganic hybrid nanowire suspension is placed on the substrate and 



Chapter 2: Fabrication of flexible strain sensors 

103 
 

exposed to a magnetic field. By the influence of the field gradient and forces exerted 

by neighboring nanowires, all the nanowires align along the magnetic field, Figure 2.13. 

Nanowires form a head-to-tail configuration under the influence of magnetic field [47]. 

Filler alignment line width and spacing can be tuned by varying the magnetic field 

frequency. In addition, the thermal fluctuations and magnetic moments can be well 

adjusted to control these pattern topographies. 

 

Figure 2.13:  Schematic diagram of Magnetic induced 

Fabrication. The method begins by placing a glass slide or a transparent plastic 

film in a container. The container is then filled with nanowires. Nanowires are decorated 

with magnetic particles and dispersed in ethanol or water. The container is placed on 

a permanent magnet. The position of the magnet is adjusted to enhance an apt 

combination of strong tangential (Bx) and weak normal (Bz) components of the 

magnetic field vector. Component Bx creates a magnetic torque on the nanowires that 

lines them up along the x-direction, Figure 2.14(a). The gradient of the magnetic field 

generates the force, which drives composite magnetic NW to the surface of the glass 

slide. Following the complete deposition, the excess solution is removed and a small 

amount of surfactant is added. The sample is left to dry while magnetic field is still 

applied. In order to form a second layer of grid the dried sample is placed in a container 

with fresh dispersion of NW. The horizontal component of magnetic field vector is 

rotated 90° and the second layer of nanowires is adsorbed on the surface, Figure 

2.14(b). Figure 2.14(c-d) shows the corresponding SEM images. 
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Figure 2.14: Fabrication of aligned network of nanowires: (a) Magnet is placed under 

the substrate and the inhomogeneous magnetic field directs nanowires towards the 

substrate. The tangential component of the magnetic field aligns nanowires (b) the 

second layer is deposited when the magnet is rotated 90° degrees; (c-d) Show the 

corresponding SEM images. [48] 

Advantage. Under the influence of an external field, 1D nanoparticles align with 

their longitudinal axis oriented along the direction of the field lines. This ability of 

external field to direct the alignment of nanoparticles is particularly helpful for the 

assessment of anisotropic nanostructures, which demands orientation arrangement. 

Magnetic field application can attain multi-axis patterning with small fields and without 

migration, as long as nano-fillers are magnetically receptive. In comparison with the 

electric alignment, magnetic alignment has no limitation due to nano-filler migration or 

the requirements of high voltage.  

Drawback. Complexity in fabrication of magnetic-force sensitive small 

nanostructures is the major drawback of the technique. The relative progress of 

alignment of 1D nanostructures by magnetic field is quite poor. 
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2.2.5 Nanoimprint lithography  

Introduction. Nanoimprint lithography was invented as a low-cost, high-quality 

alternative to photolithography and e-beam lithography for high-resolution patterning. 

It was driven by limited resolution of optical lithography and highly expensive e-beam 

lithography. This technique is rapid and can be engaged to transfer the prefabricated 

topographical features from a mold to a flat polymeric film over large areas. Boundary 

conditions such as  temperature or solvent vapors are important experimental 

parameters [49]. 

Fabrication. In nanoimprinting process, sample substrate is spin coated with a 

thin layer of imprint resist (thermoplastic polymer), Figure 2.15(a). Under a controlled 

pressure, a hard mold with topographical features is pressed into polymeric material 

layer, Figure 2.15(b). The pattern on the mold is pressed into the softened polymer 

film, which is heated above the glass transition temperature of the polymer. The mold 

is separated from the substrate after being cooled down, leaving the resist pattern on 

the substrate, Figure 2.15(c). A pattern transfer process, reactive ion etching, can 

normally be used to transfer the pattern in the resist layer to the underneath substrate, 

Figure 2.15(d). This results in a well-defined pattern in polymeric materials. This 

versatile technique popularly known as nanoimprint lithography (NIL), is used for a 

wide range of polymeric materials which includes conjugated polymers [50] [50] [49]. 

 

 

Figure 2.15: (a-d) Schematic diagram of nanoimprint lithography. (e, f) SEM images 

showing the resist structures after the imprint, sub-micrometer features of top and side 

surfaces of CNT [51].  
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Advantage. Nanoimprint lithography is considered as an enabling, cost-

effective and simple process for pattern transfer. It is used for fabricating various 

micro/nano devices and structures. It provides the ability to pattern 3D large-area micro 

or nano structures. In comparison with conventional optical lithography, nanoimprint 

lithography is not limited by the factors such as wave diffraction, scattering, and 

interference in the resist, or backscattering from the substrates.  

Disadvantage. Presently, the crucial challenge in nanoimprint lithography is the 

overlay alignment and the fabrication of the template with low level of defects to 

achieve higher yields. The other issues with NIL deposition are the anti-adhesion, 

defect inspection, and mold lifetime issues.  

2.2.6 Spray alignment  

Introduction. The key factors that determine the quality of a spray-coated layer 

are the size (order of a few microns in diameter) and dimensional uniformity of droplets 

in the spray and the droplet affect velocity. The deposition method is based on a spray-

coating process under controlled conditions of the nozzle flow, droplet size, spray-

coating angle, and temperature of the receiver substrate [52]. This alignment technique 

is versatile and applicable to various types of anisotropic materials. 

Fabrication. If the spraying on a receiving surface is at 90° angle, resulting films 

show a homogeneous in-plane orientation, Figure 2.16(a). While spraying at smaller 

angles can causes a macroscopic directional surface flow of liquid on the receiving 

surface, Figure 2.16(b). Leads to films with substantial in-plane anisotropy with 

nanoscale objects, with anisotropic shapes used as components. The degree of 

orientation strongly depends on the distance away from the impact point along the flow 

direction, Figure 2.16(c-f). 
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Figure 2.16 : (a) Schematically depiction of a spray jet in which the central axis of the 

spray cone is parallel to the surface normal. As a consequence, there is almost no 

macroscopically directed shear flow induced when spraying at a 90° angle against the 

receiving surface, especially when using small droplet speeds and when spraying from 

large distances. (b) The angle between the center of the spray jet and the surface is 

typically less than 20° (red lines), this technique is called Grazing incidence spraying. 

Spraying at this geometry produces a liquid flow on the surface in the spraying direction 

(away from the nozzle). [53] (d) surface coverage measured on SEM pictures as a 

function of the spraying time (d-f) SEM pictures of AgNW monolayers deposited for 10 

s , 50 s and 800 s. [54] 

Advantage. The cost-effectiveness of the spray-coating technique has a 

potential for immediate implementation in the industry and/or line productions. Spray 

coating operates on a different principle and it does not suffer from the thickness 

variation caused by the centrifugal force. For coating non-planar surfaces, spray 

coating presents some advantages over spin method. First, spray coating uses much 

less solution than spin coating. Secondly, the reproducibility of spray coating is better 

than spin coating. The thickness is repeatable over all cavities with the same size, 

regardless the position of cavities on the wafer. Spray coating has no thickness 

variation caused by directional effect of spinning. Even three-dimensional body (when 
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suitably mounted) can be spray coated with nanostructures. Substrates with 

pronounced topology are also easy to be spray-coated, and under optimized 

conditions, a good edge coverage can be attained.  

Disadvantage. Since millions of droplets form the thin film. The film roughness 

is comparatively higher if the droplets loose too much solvent during flight. If the 

droplets are too solvent rich when they hit the substrate, the attained edge coverage 

will be poor since the resist needs to flow a little bit on the substrate before drying in 

order to convert from spheres to a flat film. The resist tries to minimize its surface and 

withdraws from edges. One always has to make a compromise between resist film 

smoothness and edge coverage. 

2.2.7 Electric field induced alignment  

The electric field induced alignment allows placement of 1D nanostructures in a 

desired region between the electrodes. The applied electric field induces dipole 

formation in conducting materials and forces them to move in the direction of the region 

with field gradient. It provides successful manipulation and alignment of 

nanostructures, Figure 2.17. The method is highly effective and have been explored 

with enormous interest to develop techniques for manipulating NS with high precision 

by means of electrostatic forces on large areas [55]. 

 

Figure 2.17:  Schematic diagram of Electric field induction 

Fabrication. In electric field driven self-alignment, a dipole moment induces 

resulting in the rotation at a certain angle providing alignment in the direction of electric 

field. These interactions depend on the inherent polarizability of the NS.  

Another electric field induced technique is electrospinning that draws 1D 

nanofibers by use of high voltage (7-32 kV). This technique is capable of producing 

nanofibers in range of nanometer (nm) to micrometer (um) with large variety of 
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materials. Several processing parameters like voltage, solution viscosity and 

conductivity, feed rate control the size of the nanofibers as well as their density. Use 

of direct current voltages with electrospinning provides a more powerful ability to align 

charged fibers compared to AC voltages. Electrospinning have been modified to 

achieve uniaxial alignment [56]. By replacing conventional collector electrode by two 

pieces, separated with a void gap, Figure 2.18(a). Because of electrostatic interactions, 

the fiber is made to form a parallel array between the void. By controlling the 

configuration of patterned electrodes, it is possible to stack the aligned nanofibers into 

multilayered films, Figure 2.18(b, c).  

 

Figure 2.18 : (a) Schematic illustration of test pattern that comprised (a) two electrodes, 

(b) four electrodes, (c) six electrodes, (d-f) corresponding dark-field microscope graphs 

showing alignment of nanofibers.  [56] 

Another field-assisted assembly called Dielectrophoresis is a promising 

approach for manipulating polarizable nanomaterials. In particular, this method allows 

the precise deposition of individual nanostructures between prefabricated electrodes 

on a substrate. The electrodes on the substrate are used to generate the electric field 

in the suspension. The objects in suspension are then attracted to the high field 

gradient regions. DEP is a self-limiting assembly process. It requires careful balancing 

of the NSs surface area, hydrodynamic fluid flow and DEP forces. A complex set-up 
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coupled with precise control of the flow rate and electrical parameters (frequency, 

amplitude), can be difficult to implement on a larger scale.  

Advantage. The electric field and magnetic field methods are easier to 

manipulate. It can quickly manipulate great quantities of 1D nanostructures over large 

areas. Electric field-assisted alignment is a promising method and is used by many 

research groups.  

Disadvantage. Electric field induced alignment is difficult to apply though. The 

alignment is not very precise compared to other techniques. Another possible limitation 

as seen field-assisted assembly like dielectrophoresis is the requirement of 

prefabricated electrodes on the substrate. The aggregation present in the desired 

material solution hinders the dielectrophoresis assembly process.  

Conclusion. 1D-nanomaterial alignment techniques could be categorized by 

observing the output from diverse approaches. The criteria of technique selection for 

alignment purposes are towards quick, feasible, apparatus-free and low-cost routes.  

Electrospinning and Magnetic Field make use of external forces onto the randomly 

dispersed nanomaterials to align them towards preferential direction in order to have 

low energy state, generally parallel to the applied field force. However, these 

approaches have a poor alignment yield. To improve the alignment yield, techniques 

like NIL, LB method, Contact Printing were developed. Such techniques could 

provide highly oriented 1D-NS and could be generated at large scale. Unfortunately, 

the position of alignment nanomaterials was upon random substrate. Aligned 1D 

nanomaterial films require post-treatments to be integrate onto the device.  

As in the interest of this study, Dielectrophoresis technique helps reducing the 

post-treatment for device integration by not only aligning nanomaterial in desired 

directions but in the desired position as well. DEP does not require 1D nanomaterial to 

be conductive, charged or magnetic force sensitive, they must be polarizable. Table 4 

shows the comparison between DEP and other 1D-alignment techniques.  
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Table 4 : Dielectrophoresis comparison with a few techniques; in the table ‘0’ 

being neutral and ‘++’ being most positive for the corresponding category 

 

 

2.3 Dielectrophoresis 

Dielectrophoresis is altogether a different technique compared with 

electrophoresis. The latter is related to the motion of charged particles subjected to a 

uniform electric field while DEP is defined as the motion in a non-uniform electric field 

of uncharged and polarizable particles (ranging in size from 0.1 to 1000µm) suspended 

in a solution, Figure 2.19. H.A. Pohl has been the first to conduct an experiment to 

demonstrate such motion by using small plastic particles suspended in an insulating 

liquid and under a non-uniform electric (AC/DC) field [57]. 

Among other alignment techniques, DEP is a very interesting and efficient 

approach for particle manipulation in microsystems due to its simplicity, the favorable 

scaling effects and its ability to induce both positive and negative forces. DEP can be 

generated using a direct (DC) or alternating (AC) field. The non-uniform field is 

obtained by means of properly designed electrodes. In such an electric field, the 

particle experiences different forces at each end. The difference in force at both ends 

creates a net force depending on the polarizability of the particle and the medium, 

which creates a dipole. The non-uniformity of the electrical field is therefore the key 

factor for the DEP technique.   
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Figure 2.19 : Diagram of a positive dielectrophoresis (a) In uniform electric field, 

particle is symmetrically polarized resulting in zero amplitude net DEP force (b) In non-

uniform electric field, particle is asymmetrically polarized, resulting in motion of  the 

particle to an area with maximum electric field amplitude. [58] 

2.3.1 Dielectrophoresis Force  

In an inhomogeneous electric field, the motion of a particle is due to the 

interaction of the induced dipole moment of the particle and the spatial gradient of the 

electric field, Figure 2.20. DEP effects may also arise from spatial non-uniformities of 

both magnitude and phase of AC electric fields. The DEP force on a spherical particle 

can be formulated as: 

 𝐹𝐷𝐸𝑃 = 2𝜋𝜀𝑚𝑅3𝐾 𝛻|𝐸⃗ |
2
                               (1) 

Where -  

R is the particle radius 

εm is the absolute dielectric permittivity (εr εo) of the surrounding medium 

           K is the Clausius-Mossotti factor related to the effective polarizability of the 

           particle   

E is the amplitude (rms) of the electric field, ∇ represents the gradient operator 
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Figure 2.20 : Schematic representation of DEP alignment of 1D nanostructure. 

Depending on the relative polarizability of the particle with respect to the 

medium, the particle will move either in the direction of the field gradient (positive DEP) 

or in the opposite direction (negative DEP). It is also interesting to consider the 

favorable scaling of the DEP force. If L represents the length that characterizes the 

electrical field variations and V the applied voltage, the order of magnitude of the DEP 

force is given by: FDEP = V2/L3. It shows that if we decrease the length from 1cm to 

100µm, the same DEP force can be obtained with an applied voltage reduced 1000 

times. Very low voltage is therefore sufficient to generate a powerful DEP force. 

2.3.2 Clausius-Mossotti factor K (ω) 

Clausius-Mossotti factor K (ω), is a frequency dependent factor, determined by 

using the complex dielectric (𝜀*) permittivity of the medium and the particle. It is defined 

by [59]: 

K(ω) =
(𝜀𝑝

∗  − 𝜀𝑚
∗ )

(𝜀𝑝
∗  + 2𝜀𝑚

∗ )
                            (2)  

In the above equation,  𝜀𝑚
∗  and 𝜀𝑝

∗  are the complex permittivities of the medium 

and the particle with 𝜀𝑚
∗ = 𝜀𝑚 − 𝑗

𝜎𝑚

𝜔
  and 𝜀𝑝

∗ = 𝜀𝑝 − 𝑗
𝜎𝑝

𝜔
  

where 𝜀𝑝, 𝜀𝑝 are the permittivity of the medium and the particle, respectively, 𝜎𝑚 

and 𝜎𝑝 are the conductivities of the medium and the particle, respectively, and 𝜔 is the 

angular frequency. Certain key-points are worth noting:  

▪ For spherical particles, values for K (ω) lie in the range 1.0 > [K] > −0.5. [60][60][61] 

▪ Positive or negative K (ω) values correspond to the polarizability of the particle 

being higher or lower, respectively, than that of the surrounding medium.  
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▪ When using the above form of K (ω), it is assumed that the particle is composed of 

homogeneous dielectric material that exhibits no conductive losses and carries no 

net charge.  

2.3.2.1 Real K(ω) 

The complex K (ω) has two parts a real and an imaginary part. For the real part, 

the first limit is considered at low frequencies, ω → 0, giving the ionic contribution to 

the permittivity and Real K (ω) is expressed as:   

𝑅𝑒𝑎𝑙 𝐾(𝜔 → 0) =  
(𝜎𝑝 − 𝜎𝑚)

(𝜎𝑝 + 2𝜎𝑚)
                                          (3) 

It is easy to verify that this limit can be positive if σp > σm or negative if σp < σm, 

as shown in Figure 2.21. 

The second limit is considered at higher frequencies, ω → ∞.  

𝑅𝑒𝑎𝑙 𝐾(𝜔 → ∞) = 
(𝜀𝑝 − 𝜀𝑚)

(𝜀𝑝 + 2𝜀𝑚)
                                        (4) 

Here this limit can be negative if εp > εm or positive where εp < εm. 

 

 

Figure 2.21 : Variation in Real part of Clausius-Mossotti factor, Re [K(ω)] with 

frequency when: (a) εm < εp  and σm >> σp  (b) εm  >  εp  and σm << σp 

 

4.1.1.1. Crossover frequency 

At a particular frequency, the polarizability of the particle is identical to that of 

the suspending medium. In that case, there is no induced dipole. The net force is zero. 

This frequency is the crossover frequency where K(ω) equals zero. Several factors, 
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such as the electrode design, electric properties of the suspending medium, 

temperature, and the exact particle shape and size, may influence the measurement 

of crossover frequencies.  

 

4.1.1.2. Imaginary part Ki(ω) 

The role of Ki(ω) in ac-electrokinetics (electrorotation and travelling wave DEP) 

is similar to the role of young’s modulus in elasticity and viscosity in Newtonian fluid 

mechanics. The imaginary part of the Clausius-Mossotti factor, Ki(ω), is a crucial 

parameter in electrorotation and travelling wave DEP. The knowledge of imaginary 

Ki(ω) is fundamental from the academic point of view. It helps in calculating the torque 

and the force exerted on the particle for the electrorotation (ER) and travelling wave 

(twDEP) applications. It is an effective tool for the manipulation and characterization of 

particles and cells. [62] 

2.3.3 Electrode configurations 

The electric field gradient for DEP can be generated by using 2D or 3D electrode 

configuration. 2D electrodes are manufactured by conventional photolithography and 

metallization. 2D electrodes are planer and the field created mainly affects particles 

close to the surface. The 3D electrode configuration creates a field in the volume of 

the fluid. The applied force thus affects a larger number of particles with higher 

intensity. However, fabrication process for 3D electrodes is more complex. As shown 

in Figure 2.22, some examples of commonly used 2D electrode geometries are parallel 

or interdigitated, oblique, curved, in a matrix form, in quadrupole, etc. [63][64][65] 
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Figure 2.22: Examples for 2D electrode: (a) parallel or interdigitated, (b) crenellated, 

(c) oblique, (d) quadrupole, (e) curved, and (f) matrix 

 

Figure 2.23: Examples for 3D electrode: (a) extruded, (b) insulator-based or 

electrodeless and (c) contactless 

Commonly used geometries for 3D electrodes (Figure 2.23) are extruded, 

insulator-based or electrodeless and without direct contact with the fluid. Each 

electrode configuration allows the creation of localized areas with strong electric field 

gradients through which the suspended particles interact with the structures. Some 

electrode configurations are intended to be used in droplet systems, while the others 

will be more efficient if they are integrated within a micro channel. The following section 

is devoted to the operating regimes associated with the various types of electrodes.  

2.3.4 Operating modes 

Particles dispersed or already present in the solution can be handled in many 

different ways. Dielectrophoresis can be used to manipulate[66][58], transport[67], 

separate [61][68] and sort different types of particles[69]. The electrode configurations 

can preferably be associated with an operating regime as defined in the following. 
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2.3.4.1  Sorting 

Sorting can be performed with help of a multiple frequency configuration. 

Particles are subjected to multiple electric fields of different frequencies created by 

adjacent electrodes [70]. Which makes particles are attracted to specific areas 

depending on the frequencies of the fields used. This allows particles with different 

dielectric properties to be assembled or located at different locations.  

2.3.4.2  Electro-rotation 

By using quadrupole electrodes and applying a 90° phase-shifted signal 

between the electrode pairs (pair is formed between the alternate electrodes), it is 

possible to rotate the particles. This offers ability to manipulate suspended particles 

remotely without direct contact and has significant potential for applications in micro 

total-analysis systems technology [71][64]. 

2.3.4.3  Separation and detection  

Selective detection and rapid manipulation of particles via contactless methods 

is useful in research, drug discovery and delivery. The contactless process of 

manipulating and separating particles through the DEP method is based on the 

dielectric value of the particles and medium environment, subject to the input frequency 

applied. The ability of DEP to choose one type of particle has been introduced and 

progressively being performed in medical studies [72][72][73]. 

2.3.4.4  Direct Assembly 

By using electrode arrays, it is possible to assemble nano-objects by positive 

DEP. These are attracted to the areas of strong fields, which often correspond to the 

inter-electrode spacing. This makes it possible to place precisely, a large number of 

objects, at the same time. [74][75] 

2.3.5 External Impact factor of Dielectrophoresis 

Experimental investigations of DEP suggest a difference between numerical 

expectation and experimental results. Every particle type solution reveals a near-

unique profile of response, against applied electric field for given environmental 

conditions. Hence, the following stated boundary conditions are explicitly manipulated 

for aligning nanowires controlling the DEP response. When controlling and driving DEP 

experiments for aligning 1D nanostructures, the following parameters are of critical 

importance:  

2.3.5.1  Effect of the magnitude and frequency of the ac voltage  
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The magnitude of the AC voltage determines the strength and gradient of the 

electric field.  Increasing the magnitude of the AC voltage, the DEP force will increase. 

In addition, more NS will be attracted to the electrode gap in fixed time duration of the 

electric field. Resulting in more NS attracted to the electrode gap in fixed time duration 

of the electric field, Figure 2.24(a, b) in the case of carbon nanofibers. 

 

Figure 2.24 : Scanning electron micrographs of structures fabricated at two different 

voltage (a, b) using solutions 0.2 mg/ml of CNFs in water. The gap between the 

electrodes is 3 μm. 

If instead of constant voltage, alternating voltage is applied the dielectric 

material will still be polarized. The frequency dependence of DEP force is determined 

by the frequency dependence of Clausius-Mossotti factor (K). It is unique to a particular 

particle type. Clausius-Mossotti (K) factor determines the sign of DEP force. If the value 

is greater than zero, the particle is more polarizable than the surrounding medium and 

will be attracted in maximum electric field intensity, showing pDEP trend. The opposite 

occurs when the Clausius-Mossotti (K) factor is less than zero, it is referred to as nDEP.  

Strong aligning effect is observed at lower frequency with Gold Helices, Figure 2.25 (a, 

b). The term “Gold helices” here is referred to gold nanoparticle of 10nm diameter, 

grafted on an inorganic helical template [76].  
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Figure 2.25 : Scanning electron micrographs of structures fabricated at two different 

frequency 10 kHz and 1000 kHz (c, d) Using solution of 0.01 mg/ml of gold nanoparticle 

grafter over inorganic silica nano helices. The gap between the electrodes is 3 μm. 

2.3.5.2  Effect of the particle concentration 
 

With the increase in concentration of the NS solution, more NSs will be attracted 

on the electrode region under fixed time duration of the electric field.  On the contrary, 

as can be seen on Figure 2.26, as the solution concentration decreases, the bundles 

become thinner due to the lower availability of NSs in the solution. As a result, one can 

aim to deposit individual nanotube/nanostructure by simply using low concentration 

solution. Using narrow electrode gap ensures that the electric field in between the 

electrodes is extremely concentrated and directional.   

 

Figure 2.26 : SEM images of aligned nanofibers with the 3 μm-wide castellated 

electrode, solutions have two different concentrations: (a) 0.02 mg/ml, (b) 0.002 mg/ml. 

DEP boundary conditions: 5 Vp-p, 1 kHz, 6 s. 
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2.3.5.3  Effect of the NS dimensions and shape 
 

For the precise alignment of nanowire, it demands an analysis of associated 

physical parameters, DEP frequency and electrode design. Equation (1) for DEP is 

only valid in case of an isotropic spheroid. Later in this study, manipulated objects were 

characterized by their cylindrical shape with a large aspect ratio that makes them quite 

far from the spherical model. In case of a prolate spheroid, it is approximated for a 

cylindrical particle. It permits for examining the DEP force on nanotube, nanofiber, 

nanowire like particles. Clausius-Mossotti factor for a prolate spheroid is different for 

each axis of particle. As a result, to determine the magnitude of DEP force along each 

axis, the electric field gradient is split into two components.  

First scenario: Where the field gradient is oriented parallel to the nanowire, only 

the K (ω) along the long axis is consider in evaluating the magnitude and transitional 

DEP force. For the reason that, DEP force has only a single component aligned along 

the length of nanotube.  

K(ω − longaxis) =
(𝜀𝑝

∗  −  𝜀𝑚
∗ )

(𝜀𝑚
∗ )

                            (5) 

where 𝜀𝑝,𝑚
∗  is the complex permittivity as defined above in Clausius-Mossotti 

factor section. 

Second scenario: Where the field gradient is perpendicular to the nanowire, only 

the K (ω) along the short axis is consider in evaluation of the magnitude of DEP force. 

Because DEP force has only a single component perpendicular to long axis of 

nanotube.  

K(ω) = 2
(𝜀𝑝

∗  −  𝜀𝑚
∗ )

(𝜀𝑝
∗  +  𝜀𝑚

∗ )
                            (6) 

 

Third scenario: Where the field gradient is neither parallel nor perpendicular to 

the nanowire, K (ω) along both short-axis and long-axis is considered in evaluating the 

magnitude and direction of DEP force. From these equations, it is possible to predict 

the trajectory of a nanowire subjected to a positive DEP force. 
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Raychaudhuri et al. have traced the evolution of the direction of the DEP force 

as a function of the position of nanowire with respect to the electric field gradient in 

which it is immersed [77]. It can be seen from these graphs, reproduced in Figure 2.27, 

where the two forces along the long and short axes combine to give a resulting DEP 

force whose direction depends on the frequency used. It is evident, from the Figure 

2.27(b), that at lower frequencies the DEP force will be dominate by long - axis 

components. While, at higher frequencies the dominance of long – axis becomes less 

significant.  

 

Figure 2.27 : (a) Influence on the nanowire orientation as a function of direction of 

electric field gradient. (b) Clausius-Mossotti factor according to the long and short axis 

as a function of frequency, for InAs wires suspended in deionized water. 

2.3.6 Synthesis of 1D nanohelices with grafted nanoparticles  

Following section gives a brief overview of the 1D Nanohelical material and their 

synthesis; overall, the details of the nanomaterial solution that will undergo DEP 

deposition for fabrication of active sensing area of strain sensor are presented. A 

complete elaborate description can be found in These of Antoine Amestoy [78]. 
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Gold nanoparticle (AuNP) are covalently grafted onto nano-helices by an amide 

bond. Before grafting onto the ribbons, the nanoparticles are functionalized by ligands 

such as SH-PEG7-COOH (PEG) and Mercaptopropionic Acid (MPA). In later sections, 

this 1D nanomaterial is simply referred to as Helical Nano-Structures (HNS). The 

fabrication is more elaborately explained through following three steps: 

1) Synthesis of inorganic silica nanohelices  

Organic nanohelices are obtained from the self-assembly of the gemini cationic 

surfactant (C2H4-1,2-((CH3)2N+C16H33)2) with a chiral tartrate counter ion (C₄H₄O₆²-) 

referred to as 16-2-16 tartrate. The resulting supramolecular assembly is then used as 

a support for the sol-gel reaction of tetraethyl orthosilicate (TEOS) which leads to the 

formation of hybrid nanostructures with an organic core and a silica shell. The organic 

core is removed by washing in different organic solvents to obtain the silica 

nanohelices. 

 

Figure 2.28 : Reaction scheme of the manufacturing process of silica nanohelices. 

2) Functionalization of gold nanoparticles  

In this study, 10 nm diameter Au-NPs are synthesized following the protocol 

established by Slot and Gueuze [79]. The metal precursor is potassium 

tetrachloroauric acid (KAuCl4), sodium citrate and tannic acid both acts as reducing 

and stabilizing agents. To prepare 100 mL of a colloidal suspension of Au-NPs at 0.1 

mg/mL, 2 solutions are prepared.  

Solution A: 1 mL of a 1% by weight aqueous solution of KAuCl4 in 80 mL of Milli-Q 

water.  
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Solution B: 4 mL of 1 wt% aqueous sodium citrate solution, 0.1 mL of 1 wt% aqueous 

tannic acid solution and 16 mL of Milli-Q water.  

The two solutions are heated to 60 °C separately for 15 min, then solution B is 

poured into solution A. When the solution turns red, the flask is heated to 100 °C for 1 

h and then cooled to room temperature. At this stage, AuNPs are stabilized by 

electrostatic interactions with a mixture of tannic acid and citrate. However, they can 

easily aggregate with the addition of salt, a change of temperature or a change of 

solvent. So, to avoid aggregation, they are modified with different thiol (R-SH) ligands. 

AuNPs are functionalized either with PEG, mercaptopropionic acid (MPA) or with 

different ratios of PEG – MPA mixture. It is useful to note that electron tunneling occurs 

generally over distances of up to 1 to 3 nm. 

For functionalization with PEG or PEG – MPA mixture, 8 mL of tannic acid and 

citrate stabilized AuNPs are arranged in tubes. The tubes are centrifuged at 21,000 g 

for 20 min to remove 1.5 mL of supernatant. 0.5 mL of a 1 mM PEG solution or PEG – 

MPA mixture of total concentration 1 mM in water is added to each of the tubes, this is 

followed by a 10 min sonication. The tubes are shaken at 400 rpm on a tray overnight 

at 4°C. After the reaction AuNPs are precipitated by centrifugation at 21,000 g for 20 

min, 1.5mL of supernatant is removed and the tubes are all combined. Finally, the 

modified AuNPs are dispersed in 0.5 mL of Milli-Q water, corresponding to a mass 

concentration of 3.2 mg/mL (134 nM).   

The functionalized nanoparticles are nomenclature as PEG@AuNP and 

MPA@AuNP for AuNPs functionalized with PEG and MPA respectively and 

PEGXMPA1-X@AuNP for AuNPs functionalized with different ratios of PEG and MPA.  
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Figure 2.29 : (a) Schematic of gold nanoparticles functionalized with different ratios of 

mercaptopropionic acid (MPA) and SH-PEG-COOH (PEG). 

3) Grafting the gold nanoparticles on the inorganic silica nanohelices   

The assembly of AuNPs on the surface of the nanohelices is done by activation 

of the carboxylic groups present on the surface of the AuNP under the conjugate action 

of 1-Ethyl-3-(3-dimethlaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide 

(NHS). An aqueous solution of EDC (1.2 mM) and NHS (6.0 mM) is added to the 

AuNPs suspension (V = 0.5 mL, C = 134 nM), obtained previously. The suspension is 

dispersed using an ultrasonic bath for 10min and then stirred for 2h at 4°C.  

To 50µL functionalized nanohelices suspension in about 1mg/mL ethanol is 

added to the activated AuNPs. The HNS (i.e., activated AuNP grafted on nanohelices) 

are recovered by low-speed centrifugation and re-dispersed in water until the 

supernatant is clear. The HNS are, at the end, dispersed in water. If after dispersion, 

the aggregation of the HNS remains, it is possible to use a Vibra Cell 75186 at high 

intensity sonicator equipped with a 6 mm probe, for 10 seconds in ‘pulsed’ mode (1 s 

on/ 1 s off) at a power of 65 W and a frequency of 20 kHz.  
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Figure 2.30 : (a) Reaction scheme for the fabrication of nano-helices @Au-NPs. (b) 

TEM image of a nano-helices @Au-NPs. 

 

The size and nature of the ligand influences the quality of grafting onto twisted 

helices and final suspension. If the ligand is smaller, like MPA, it might reduce the 

tunneling barrier, but it would increase the possibility of AuNP aggregation in the 

solution, which results in the aggregation of nanohelices. To overcome this, one of the 

possible ways can be to use a combination of ligands, like PEG + MPA, in different 

ratios. PEG helps in stabilizing the NP and in preventing the aggregation while MPA 

ligand decreases the inter-particle distance. In general, the length of nanostructure is 

around 1-2 μm. AuNP used for grafting purposed are 10 nm in diameter. NS are 

dispersed in water or ethanol, in this study most of the solutions prepared were with 

water. 

2.4 Device Fabrication  

The following section describes the experimental steps towards the fabrication 

of flexible strain sensor, Figure 2.31. It gives information on the clean-room fabrication 

procedures of metallic castellated electrodes over a flexible substrate and how the 

DEP procedure was optimized to obtain localized deposition with aligned 1D 

nanostructures. Discussion is centered on approach towards selecting the most 

relevant DEP parameters. Problems associated with the fabrication of strain sensor 

are also mentioned. 
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Figure 2.31 : Diagram of flexible strain sensor labeled with the techniques of fabrication 

and material used in this study. 

2.4.1 Fabrication process for the interdigitated electrodes  

Contact and Substrate. In order to deposit and characterize the active sensing 

material, interdigitated electrodes (IDEs) are fabricated. Two electrode designs are 

used, shown in Figure 2.32. The first design, Figure 2.32(a), has two long castellated 

electrodes with minimum separation gap of 3 µm. This electrode design has 10-

alignment sites, which permits individual monitoring of each site. This design of 

electrode is used for characterization purposes mainly for SEM – AFM measurements 

and for testing DEP parameters. The second electrode design, Figure 2.32(b), is used 

for the fabrication of strain sensor. It possesses 720-alignment sites. The total IDE area 

is 16 mm2, it provides larger active sensing region.  
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Figure 2.32 : (a) 10-alignment site design with three different castellated shapes, (b) 

720-alignment site design to use for strain sensing purposes  

For the choice of substrate two different materials are used: (1) oxidized silicon 

- a stiff substrate and (2) polyimide film that works as a soft substrate. In the 

subsequent fabrication steps, the ‘active material’ is deposited between the IDE by 

using DEP technique. As mentioned, two types of wafers, facilitate the mechanical 

characterization under a wider range of strain. IDEs over oxidized silicon wafer are 

better candidates for morphology analyses by using Scanning Electron Microscope 

(SEM). While electrode formation over polyimide (PI) substrate has more complex 

fabrication process as compared to the process on hard wafers.  

In order to fabricate IDE over PI film, an additional procedure for 

attaching/sticking the PI film to standard a silicon wafer is required. The silicon wafer 

provides a hard base to PI film, which makes it easy to spin-coat photoresist, perform 

exposure and deposit metal uniformly. However, at higher baking temperatures 

(>90°C) PI film has tendency to peel off the silicon wafer, making it difficult to keep PI 

film firmly stuck over the silicon wafer. 
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The fabrication process for the IDE on a silicon p-type wafer (SiP) and a flexible 

polyimide (PI) substrate is further described: 

1) Fabrication Process for IDE on Polyimide Film: 

The fabrication process for interdigitated electrodes on flexible polyimide film is 

illustrated in Figure 2.33. In this case, a p-type silicon wafer is used as a hard substrate 

to facilitate the fabrication steps with the polyimide film; any other type of silicon wafer 

can also be used (for example a glass substrate).  

 

Figure 2.33 : Step-by-step fabrication process for interdigitated electrodes on 

polyimide: (a) Top view, (b) Cross-sectional view; In the cross-sectional view: (I) 4’’ p-

type silicon wafer, (II) PDMS layer spin-coated on the silicon wafer, (III) Polyimide (PI) 

lamination, (IV) Deposition of a negative photoresist (PR) layer (nLOF) and transfer of 

the mask pattern onto the PR layer, (V) Development for 30 seconds (VI) Sputtering of 

a bilayer of Ti/Au (50 nm/20 0nm), (VII) Lift-off and (VIII) Delamination and cutting of 

the PI layer. 

The substrate preparation for selected 4-inch silicon p-type wafers (SiP) 

consists of O2 plasma treatment for 5 min at 800 W (TEPLA). At this stage, it is 

important that the wafers are free from any contamination (dirt, scum, silicon dust, etc.). 

The backside of the wafer is laminated with a vinyl tape to avoid any PDMS deposition 
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in subsequent fabrication steps. The purpose of PDMS deposition (Figure 2.33(a)), on 

hard substrate is to promote adhesion between the wafer and the PI film.  

PDMS (polydimethylsiloxane) coating consists of a combination of 10 g Silicone 

Elastomer (SYLGARD 184) and 1 g of hardener. The mixture is stored in vacuum for 

sufficient time to get rid of any bubbles present inside which is experimentally observed 

15 -20 minutes under vacuum. The bubble-free PDMS solution is then spin-coated 

(Figure 2.34) onto the silicon wafer at a speed of 5000 rpm for 30 s, Figure 2.33(b-II).  

The vinyl film from the backside of the PDMS coated silicon wafer is removed 

after deposition followed by a wafer annealing for 60 s at 120°C. The purpose of vinyl 

film is to avoid PDMS sticking on the backside. The process is followed by plasma 

functionalization of PDMS-SiP for 2 minutes at 60 W in O2 plasma (TEPLA).  

Polyimide substrate lamination: As shown in Figure 2.33(b-III) the next step is 

the lamination of the wafer with the polyimide film (PI). For this purpose, a polyimide 

film with a thickness of 127𝜇𝑚 is prepared and cut in the shape of 4’’ wafers. The PI 

film is cleaned thoroughly with ethanol, methanol and xylene, in the stated order, 

followed by rinsing in deionized (DI) water. The cleaned film is dried by using nitrogen 

gun and kept inside an oven for 12 hours at 120°C.  

The PI film retained in the oven in the previous step is now rolled under 

pressure, over the PDMS coated wafers using SHIPLEY 360, shown in Figure 2.34. 

The process is carried out at a rolling speed of 0.5 m/min with rolling pressure of 2-3 

bar at room temperature. The step ensures that no bubbles are trapped between the 

two layers as the presence of bubbles may lead to delamination under high 

temperature (>80°C) during subsequent processes. The rest of the IDE fabrication 

process on flexible PI film, i.e.  IDE patterning and NS deposition, is similar to 

fabrication of IDE on hard silicon wafer with a SiO2 layer on top. 
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Figure 2.34: (a) Labeled image Spin coater for PDMS deposition (b) Manual laminator 

model ML 360 is designed to provide reliable lamination 

 

2) Si-SiO2 Hard Substrate preparation: 

For IDE fabrication on hard substrate a p-type silicon (<111>) wafer of thickness 

525 𝜇𝑚 and resistivity between 7-12 Ω.cm is used. The wafer is thermally oxidized to 

grow an oxide layer of thickness 600 nm. The SiO2 layer is used as an insulating base 

for the IDE and also reduces the parasitic device capacitance, thus enhancing the 

performance of the final device. The wafers are cleaned in oxygen plasma at 800W for 

5 minutes. The subsequent fabrication steps such as photolithography and 

metallization are common for both - the hard-oxidized silicon substrate and soft PI film 

supported on a hard substrate as illustrated in Figure 2.33(b) step III – VIII.  

Photolithography:  

In order to enhance the adhesion between photoresist (PR) and silicon oxide 

wafer, a HMDS surface treatment (Obducat) at 800 W has been performed on the 

wafer prior to photolithography process. It is followed by coating, baking and dissolution 

of the negative photoresist (using automated EVG lithography equipment), to obtain a 

2.5 𝜇𝑚-thick uniform coating of negative PR (nLOF) on the oxidized silicon wafers. The 

IDE patterns on the chrome mask are transferred onto the wafer surface by an UV 

exposure of 9 seconds (MA150) followed by the immersion of wafers in a developer 
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solution (MFCD26). The optimized process ensures good resolution, edge sharpness 

and process reproducibility.  

About the photo Mask. The design of IDE pattern is as shown in Figure 30(b). 

Photo masks are designed using CleWin® software. The pattern of IDEs is described 

as a combination of a pair of twin electrodes connected together in a series of tooth 

and comb-like structures. The separation gap between the intertwined fingers has 

been optimized to 3 𝜇𝑚. Structures with gaps of 1 𝜇𝑚, 2 𝜇𝑚, 3 𝜇𝑚, 10 𝜇𝑚, 15 𝜇𝑚, and 

25 𝜇𝑚 have also been fabricated and characterized; 3 𝜇𝑚 gap and higher is preferred 

for the ease of fabrication and good line and edge definition. Lift off process between 

the electrode gaps is easier at wider separations. These electrodes will be later used 

to perform dielectrophoresis, in general smaller the electrode gap is, stronger is the 

electric field experienced between. Hence, 3 𝜇𝑚 is used for faster nanostructure bridge 

formation. The intertwined finger design for the electrodes is optimized with reference 

to DEP process requirements. Accordingly, the castellated electrode pattern as shown 

in Figure 30(b) is preferred. The tooth like structure provides better precision during 

DEP process. The castellated electrodes fabricated by lift-off process results in cleaner 

structure definition; these are resolved better and have lesser leakage or cross-linking 

artefacts. Compared with the comb-like pattern, parallel electrode fingers were not well 

resolved and post lift-off steps usually end with short circuits.   

In the case of the PI/PDMS wafers, manual development process is preferred 

as it facilitates better monitoring and avoidance of delamination of PI films off the 

PDMS layer coated on the silicon wafers during the baking process.  Similar to steps 

mentioned earlier, a 2.5 𝜇𝑚 layer of negative PR (nLOF) is spin coated on the Pl 

surface (by using LabSpin6 BM) at 5000 rpm and at acceleration 5000 rpm/s for 30 s. 

The wafer is baked at 100°C for 60 s to semi-harden the PR layer. If PI film delaminates 

in this step, it can simply be roll - pressed onto the same wafer (using SHIPLEY 360). 

Next, it is exposed to UV light for 9 seconds. For development, wafers are immersed 

in developer (MFCD26) and slowly stirred for 30-45 seconds followed by a thorough 

rinse in DI water. A longer development time indicates inadequate exposure and 

developer driven process; smaller dimensions may not be realized in such a case.   

Metallization: The metallization step (Figure 2.33(b)-step VI) consists of Ti (50 

nm) – Au (200 nm) sputter deposition. It is followed by a lift-off process where wafers 
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are immersed in acetone for 2 hours to remove the metal deposited over unwanted 

areas. After a rinse cycle in fresh acetone and DI water, wafers are annealed for 20 

minutes at 250°C in N2 ambient (by using Si (T-RRD)). 

Wafer cutting: At this stage, PI films are simply peeled off the PDMS coated 

silicon wafers. As shown in Figure 2.35(a), on a 4’’ wafer we can achieve over ~48 

interdigitated electrodes which need to be shaped into individual chips of size and 

dimensions as shown in Figure 2.35(b). Once ID electrodes are cut, these are tested 

for unwanted connectivity or improper lift-off, and validated by electrical 

characterization. Figure 2.35(c) shows three types of IDE structures fabricated on hard 

oxidized silicon wafer, glass substrate and on PI film. The structures are now ready for 

the dielectrophoresis step. 

 

Figure 2.35 : (a) PI substrate with IDE (b) Dimensions of individual chip (c) IDE over 

(1) Silicon Dioxide substrate (2) Glass Substrate (3) polyimide substrate. 

Problems associated with PI film lamination: 

• Non-uniform PI film lamination over the silicon wafer:  

Air bubbles trapped between silicon wafer and PI film may cause non-uniform film 

lamination and further lead to improper mask alignment. Therefore, silicon wafer and 

PI film are thoroughly cleaned to remove any dust or dirt particle to avoid any unwanted 

non-uniformity. Decreasing the rolling speed during lamination and taking special care 

along the edges helps in non-uniformity reduction. 
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• Delamination of PI film during fabrication steps:  

Due to poor adhesion the PI films may peel off during high temperature processing 

steps such as baking/annealing at 100°C. To avoid temperature induced delamination 

the pre-bake step (after spin coating the PR) is carried out at lower temperature 

(~80°C) and for increased time. In addition, the PDMS coated silicon wafer surface is 

treated with HDMS, prior to PI film lamination.   

• Improper lift-off between the electrodes or no adhesion of gold on PI:  

Figure 2.36(a) shows IDE structures on PI film where the fine-patterned interdigitated 

part is completely missing. The problem is related to optimization of the development 

time for photoresist and inferior adhesion of gold on PI. The development time of PR 

is optimized in steps of a few seconds after the initial time step of 30 seconds, followed 

by an examination under optical microscope. Figure 2.36(b) and (c) show the 

structures after the process optimization. Coarse and fine geometries both are well 

resolved, Figure 3(b). 

 

 

Figure 2.36: (a) Interdigitated part is lost during lift-off because of over-development 

(b) structures after process optimization (c) Magnified SEM image of well-resolved   

interdigitated part. 

Because of improper lift off and non-uniformity in film, the output of successful 

IDE fabricated in a single 4-inch wafer is never 100%. In Figure 2.37, an example of 

one 4-inch wafer is shown with crossed IDE that are not usable because of the 
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improper lift-off. Either the design is not properly realized from the square shaped mask 

to almost circular wafer or gold is not properly removed from unwanted places.  

 

Figure 2.37 : Output of a 4-inch wafer with proper 3 µm gap separation between IDE 

is never 100%. 

2.4.2 Fabrication process for the ‘active area’  

In this part, details of dielectrophoresis set up and procedure to assemble 

nanostructures using AC-DEP technique are summarized. This study is carried out by 

positive-DEP. The experimental set-up consists of a source meter (Keithley 2450) 

connected to the IDE through two metal probes, Figure 2.38. The potential drop across 

the electrode gap is monitored through an in-house program in LabVIEW software 

developed by Fabrice Mathieu, research engineer at LAAS. It provides the change in 

impedance values across the two electrodes in real-time during the experiment.  

 

Figure 2.38 : Image showing the placement of connecting probe on IDE 
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2.4.2.1 Instrumental setup for DEP 

The major advantage of DEP is the ability to have the desired particles in the 

created droplet. First a 10 μL droplet of MPA functionalized gold-helices of 

concentration 0.01 mg/mL in water is dropped using a micropipette on the IDE 

fabricated earlier, covering the IDE area as shown in Figure 2.39(a). The required 

electric field is established by a 10 – 100 kHz sinusoidal signal of 10 V (peak -to- peak) 

applied across the electrodes (Figure 2.39(b)), from a source-meter (Keithley 2450). 

The applied AC signal generates a field gradient between the comb-like electrodes. 

The positive DEP force thus exerted on the dispersed gold-helices, align them along 

the electric field lines as shown by SEM micrograph in Figure 2.39(a), step-4. The 

aligned nano-structures establish an interconnection between the IDE. The AC signal 

is switched off after 30 – 60 seconds and the excess solution is removed with the help 

of another syringe. It is followed by rinsing of the sample with ethanol and annealing 

at a temperature of 45°C for 60 seconds.  

If the electrodes are fabricated over a PI substrate, a higher temperature cannot 

be used as it may damage the PI substrate and generate a short circuit. All the 

experiments have been conducted at room temperature. The experimental procedure 

is as illustrated in Figure 2.39. 
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Figure 2.39 : (a) Schematic of Dielectrophoresis: Step 1. Droplet of solution placed 

over IDE, Step.2 10 Vp-p applied between the IDE, Step.3 Sample is cleaned off the 

excess solution, Step 4. SEM picture of aligned gold helices across the electrode gap, 

Sample (Sensor chip) is now ready for electrical and mechanical characterization (b) 

Impedance analyzing system. 

It is possible to re-use the IDE where DEP has already been performed. 

Performing DEP multiple times can help to achieve the desired resistance, Figure 2.40. 

The resistance is a relevant way to estimate the number of nanostructures deposited 

on the IDE. Additionally, our industrial partner of this project Nanomade, has provided 

us with the resistance range value suitable for their fabricated strain sensors. The set 

range is from 10 k to 100 kΩ. 
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Figure 2.40 : Multiple dielectrophoresis is performed to tune the resistance within the 

appropriate range for the strain sensor.  

The necessary parameters are summarized in Table 5. The deposited 

nanostructures establish an electric conduction path between the electrodes that is 

very sensitive to strain. The aligned gold-helices between the gaps after DEP are 

stable and cannot be removed off the IDE.   

Table 5. Boundary conditions of DEP for Gold Helices

 

In order to get a better understanding of the effect of DEP boundary conditions 

on the deposition and alignment, the electrical and morphological properties of the 

devices are characterized. Gold-helices used in this study align directly between the 

electrodes, Figure 2.41, in a very short period, a few seconds to a few minutes, after 

the electric field is switched on and remain intact even after rinsing with ethanol/water.  

It is a faster process in comparison to techniques that require additional evaporation 

time or film transfer, as in case of vacuum filtration for example. The amount and 

concentration of nanoparticles in the solution used is also significantly lower.  
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Figure 2.41 : SEM image show the deposition of Gold Helices between 3 µm gaps (1) 

Initial state of DEP showing dispersed Gold Helices around the electrode (2) In later 

state of DEP, earlier scattered particles are now well aligned and forming a bridge 

between the electrode.  

2.5 Discussion  

2.5.1 Dielectrophoresis comparison with Drop-Casting 

Comparison with Drop-casting method. SEM micrographs in Figure 2.42 

present a comparison of DEP and drop-cast method. DEP was performed for 300 

seconds at 30 kHz frequency with MPA gold functionalized HNS. Post – DEP, IDE is 

washed with ethanol and annealing for 60 seconds at 90°C.  In case of Drop-casting, 

it is performed for 10 minutes followed by evaporation of solution.  
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Figure 2.42 : Dielectrophoresis vs Drop-Cast; (a-c) Results of DEP deposition; (d-f) 

Results of Drop-Cast. 

As seen in Figure 2.42(b) one of the major drawbacks of the drop-cast method 

is the differences in evaporation rates across the substrate that leads to variations in 

film thickness and internal structure. Figure 2.42(e), show that the deposition is dense 

but uniformity is poorer. Deposition over the electrode is not useful. DEP needs lesser 

amount of time to deposit the NS and lower concentration of nanoparticles in the 

solution. As shown in Figure 2.42(c), for DEP distribution is more localized. Figure 
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2.42(d) summarizes the experimental ease of DEP in comparison to various other 

techniques already discussed above. 

2.5.2 Helical nanostructures 

For Gold Helices, a few batches were prepared in ethanol and some others in 

deionized water. Each batch had a different combination of functionalizing ligand for 

AuNP (discussed in Synthesis of 1D nanohelices with grafted nanoparticles) the 

functionalizing ligand provides the nanoparticles with colloidal stability and favor the 

electrical conduction path within the nanoparticles network. As shown in Figure 2.43, 

changing the ligand from PEG to MPA has a strong impact on the deposition 

morphology.  

 

Figure 2.43 : SEM image of various nanoparticles deposition using DEP at same 

boundary condition. (a) Dense deposition of helical nanostructure made with only PEG 

ligand attached to AuNP, (b) Clustered deposition of helical nanostructure made with 

only MPA ligand attached to AuNP. 

From a mechanical point of view, one of the main advantages of helical 

nanostructures is that they resemble mechanical springs. Long helical nanostructures 

are ‘high aspect ratio structures’, and provide excellent mechanical stretchability and 

electrical conductivity in the nanowire-like web structures. The structures enable full 

inter-networking; provide high conductive pathways even at low density with added 

advantage of ‘stress release’ during mechanical elongation. Reversible sliding [80] or 

stretching allows the network of helical nanostructures to maintain electrical 

connectivity, while being stretched to strains greater than the fracture strain for 

individual nanowires. Coiling of the structures helps in zero-degradation to the helix 

conductivity after repeated strain cycles. For example, ref. [2] mentioned that the 
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stretchability arising from a spring structure is 20 times higher than the pure carbon 

nanotube yarn in straight form, while still sustaining good strength.  

2.6 Dielectrophoresis boundary conditions 

Certain DEP boundary conditions for deposition of HNS on IDE has been more 

focused upon. It helps to control the deposition density and to establish conditions for 

DEP that, overall, creates an efficient flexible strain sensing device.  

1. One of the parameters: the alternating electric field can prominently influence the 

morphology of the resulting nanoparticle assemblies. It implies that larger the 

voltage input, the stronger the electric field gradient and as a result faster and 

denser the HNS deposition (considering positive DEP scenario) on IDE.  

2. HNS deposition can differ in terms of their deposition outlook when different 

frequencies input values are used, i.e., if it is positive DEP or negative DEP or 

crossover frequency situation. The HNS quantity deposition is estimated in terms 

of device’s total resistance.  

3. Time of deposition is another parameter. It is possible to increase or decrease the 

deposition time to have more or lesser HNS deposited between the IDE.  

4. Finally considered that all the above parameters are well – calibrated and a DEP 

deposition is made, if the resulting device does not have the desired resistance 

value; it is possible to simply make multiple DEP deposition over the same IDE area 

to achieve the desired results. 

Few boundary conditions are more briefly explained using SEM images in the following 

section:  

2.6.1.1  Frequency  

1. Deposition Morphology  

Different frequency regimes associated with specific morphologies are identified 

using IDE with 10 castellation sites i.e., 10 deposition sites, Figure 2.44(a).  

It is clarified using three selected frequency range, Figure 2.44(b).  
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Figure 2.44: (a) Schematic diagram and SEM image of IDE with 10 castellation (b) 

Deposition morphology at three frequency regimes: (1) Aggregated and scattered 

deposition observed at lower frequencies (2) Uniform deposition at frequency range 

10 -100 kHz (3) Very low and almost no deposition observed at higher frequencies 

Looking at the morphology, Figure 44(b), it can be hypothesized that below < 5 

kHz the aggregated particles are attracted more, while at 10-100 kHz deposition 

appears more uniform. Because the objective is to prepare a uniform network HNS, 

frequencies 10 – 100 kHz are preferred. Additionally, it is observed that at frequencies 

greater than 30 kHz, the impedance drop with time is sufficiently slower, giving the 

benefit of controlling the experiment. Impedance is monitored in real-time using 

LabVIEW software. Impedance drop signifies the increase in density of NS deposited 

between the IDE.  

 

2. Device Resistance  

In addition to morphological observation, measuring resistance also provides 

with useful information, Figure 2.45. At 1 kHz, the measured resistance of this device 

was 10Ω. While at 50 kHz, it measured to be 400kΩ. At 100 kHz, IDE had no alignment 

of HNS and hence electrodes remained unconnected.  
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Figure 2.45: Resulting device resistance vs input DEP frequency relation is almost 

linear. 

Later in Chapter – 3, the significance and effect of a certain resistance value 

towards the performance of sensing device is explained. As for the objective during 

HNS deposition via DEP is concerned, aim is always to achieve a resistance value 

between [500, 20 k] Ω. This implies that frequency between 10 kHz – 100 kHz 

stimulates ideal HNS deposition between the IDE, Figure 2.46(a, b). Above 300 kHz, 

there was no measurable resistance variation, Figure 2.46(c). As shown in Figure 2.46, 

each experiment is performed for 30 seconds. 

 

Figure 2.46 : SEM images of deposition made at: (a) 10 kHz frequency (b) 50 kHz 

frequency (c) 300 kHz frequency. 

Resistance value increases with increasing frequency at fixed 30 seconds of 

deposition time. Lower frequency requires lesser time to achieve desired resistance 

range i.e., 10k – 100k Ω. While higher frequencies require more time. This could be 

explained in relation to the previous section on Clausius-Mossotti factor K (ω). It can 

be assumed that HNS experiences a positive DEP at frequency below 100 kHz. 
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Linearity of frequency and deposition rate implies that from 10 kHz to 100 kHz, DEP is 

at a transition phase from positive to negative, Figure 2.21. At 300 kHz there is almost 

no deposition signifying that DEP has reached a crossover frequency stage. Results 

and hypothesizes above are only specific to HNS.  

The solution should be completely homogeneous for each experiment of DEP, 

but particles tend to aggregate.  Experimentally it has been observed that, the 

morphology i.e., deposition density and device resistance are not completely 

reproducible, due to the solution inhomogeneity and aggregation.  

2.6.1.2  Deposition time  

By tuning the time and relative strength of the DEP force, the number of 

captured HNS between the electrodes can be controlled, Figure 2.47. For HNS, a time 

range of 10 s – 300 s is sufficient to achieve desirable results in terms of the resulting 

resistances. Time to achieve a chosen deposition density/resistance, also depends on 

the concentration and composition of the solution. 

 

Figure 2.47 : Scanning electron microscope image of DEP process at (a) t seconds 

and (b) t + Δt seconds, density increased because of longer time during which the DEP 

force is applied    

2.6.2 Dielectrophoresis Challenges 

2.6.2.1  Solution Aggregation  

During dielectrophoresis process, large aggregates/agglomeration in solution 

can create short circuit. That can block the field force from attracting the dispersed NS. 

As explained using Figure 2.48, the two otherwise different sample have similar 
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resistance value (<50 Ω). The morphology of Sample (a) is uniform and dense than 

Sample (b). Sample (b) had an abrupt ‘stoppage’ in between the experiment.  

DEP does not occur when there is a complete connection formed between the 

electrodes. As a result, the sample had to be discarded. Aggregation increases with 

aging of the solution. Presence of the agglomerates in a solution deteriorate their 

electrical and mechanical properties and decrease their homogeneity. 

 

 

Figure 2.48 : SEM image of (a) Uniform DEP deposition (b) Incomplete DEP process 

hindered in presence of aggregate. 

Ultra-sonication of these sediment solutions breaks the long strands creating 

smaller strands, which tend to aggregate again over time.  

2.6.2.2  Unpredictability 

Using a non-homogeneous solution for DEP deposition creates unpredictability 

in the amount of HNS deposited from one sample to the another. Reason for that is 

size dependency of particle during DEP i.e., larger the size of particle more attracted 

it will be towards the maximum of non-uniform electric field. Hence, in a non-uniform 

solution larger aggregate will be deposited first followed by the smaller nanoparticles. 

This can further create a difference in overall performance of the device. It is required 

that prior to a dielectrophoresis deposition solution is well sonicated and proper vortex 

mixing is done. 
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2.7 Conclusion  

A flexible strain sensor has been built using a simple, dielectrophoresis 

alignment technique to form conductive paths between interdigitate electrodes on a 

flexible substrate, using a solution based on helical nanostructures.  

Helical Nanostructure. Active sensing material used is: covalently grafted 

functionalized gold nanoparticle (AuNP) on nanohelices by an amide bond. The AuNP 

were functionalized by ligands such as SH-PEG7-COOH (PEG) and 

Mercaptopropionic Acid (MPA). Simply referred to as Helical Nano-Structures (HNS).  

Technique. Dielectrophoresis technique has been compared with Drop-Cast 

deposition. DEP is efficient in time and make it possible to obtain an alignment of the 

HNS during deposition with lesser wastage of HNS during deposition. The electrical 

performances of the strain sensors are easily tunable by controlling the density of 

HNSs on the IDE. By adjusting the deposition parameters, the amount and alignment 

of HNS can be modified to increase the resistance of the Strain Sensing device. 

Resistance is an important parameter when sensitivity and stability of sensor device 

are concerned; this will be discussed in more details in next chapter, Chapter – 3. The 

goal of this chapter was to analyses the theoretical and experimental parameters of 

DEP, which provides more control on deposition density. Effect of boundary conditions 

such as voltage, frequency and deposition time has been discussed, by (1) looking at 

morphology through SEM and (2) measuring the final resistance of the device. 

Additionally, it has been experimentally observed that there is a possibility to carrying 

out multiple DEP over the same sample in order to gain desired results. DEP input 

voltage was fixed at 10 Vp-p, HNS were operate at 30 kHz frequency for 30 seconds. 

However, frequency and time were the two parameters most explored and varied from 

one experiment to another for purpose of obtaining expected deposition. 

However, it is emphasized that the solution should not have any aggregation. 

HNS solution tends to aggregate. Prior to each deposition HNS solution underwent 

sonification and/or vortex. During DEP experiment, it was observed that a non-

homogeneity of HNS solution generated non-uniformity in deposition network and as 

a result, it adversely effects the device performance.  

Next step is to analyze the mechanism of resulting strain sensors, their 

response to low strain and their stability. The mechanical analyses and 
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characterization in accordance with the theoretical expectations for validation 

purposes. The details on strain sensor characterization methods are followed by a 

discussion on the generated results. 
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Introduction 
 

In the previous chapter, the theoretical and experimental considerations 

regarding the deposition of Helical Nanostructures (HNS) through Dielectrophoresis 

(DEP) technique over interdigitated castellated electrodes were presented. The 

fabrication of interdigitated electrodes (IDE) was described as well.  

In this chapter, first the necessary steps towards a complete calibration of 

mechanical test bench are presented. The results of mechanical analyses and 

characterization of fabricated HNS are compared with the theoretically expected 

results for validation purposes. The details on strain sensor characterization methods 

are followed by a discussion on the obtained results. At the end of this chapter, the 

possibility of using HNS devices as multimodal sensors is discussed. 

3.1. Measurement protocols 
 

An overview of the characterization set-up is presented. In the following section the 

three-point bending bench, HNS sensors preparation and placement are described in 

detail.  

3.1.1. Flexural Test Setup 
 

The deformation sensor is characterized using a Mark 10 ESM three-point 

bending bench. Three-point bending is used to evaluate the sensitivity of strain sensor; 

their fabrication process has been explained in the previous chapter. The 

measurement of the change in resistance during deformation is done with a Keithley 

2450 connected to the electrodes using alligator clips. The deformation force is applied 

by a tip moving from top to bottom, while the substrate is held by two supports as 

shown in Figure 3.1. The set-up consists of three-point bending fixture, a commercial 

mechanical testing apparatus ESM303 with a Force Gauge Model M5-2 designed for 

tension and compression forces. The rate of descent of the tip can be varied from 

0.5mm/min to 1,100 mm/min. The applied force is controlled with a capacity ranging 

from 0.5 N to 10 kN. The accuracy is ±0.1% of full scale with a resolution of 1/5000. 
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Figure 3.1: Three point bending setup: HNS sensors are place over two supporting 

points by use of an additional base-substrate under HNS Kapton sensors. Electrical 

connections are made via alligator clips to the Sourcemeter and output data is 

observed and recorded through LabVIEW software. 

The sample is placed over the support points and connected to the Keithley 

2450 Sourcemeter. A force is applied upward and downward at a constant speed of 

50 mm/min with a two-second dwell time. Speed and dwell time are adjusted as per 

the need of experiment. The sampling rate is set to a minimum, 10 kHz. The optimized 

parameters are as shown in Figure 3.2(b). 
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Figure 3.2 : (a) Strain sensor placed facing downwards on a three-point bending 

machine. (b) Graph shows input parameter i.e., speed of the probe and dwell time 

for three-point bending. 

3.1.2. Sample Preparation  

The response of the sensors to the deformations is evaluated by using the 

measurement bench and a dedicated protocol. The protocol consists in gluing the 

sensor on a reference support and then measuring the resistance variations with the 

three-point support. The flexible strain sensors fabricated on Kapton measure 18 mm 

in length, 8 mm in width with a thickness of 0.1 mm. Kapton based sensors are neither 

rigid enough nor long enough to be directly placed on the two supporting points of the 

three-point bending setup. For three point-bending characterization, sensors required 

a more rigid mechanical substrate for which three different base-substrates are used: 

thin glass slide (60 mm x 24 mm x 0.14 mm), thick glass slide (76 x 25 x 1 mm) and 

PVC (53.75 mm x 28.65 mm x 0.76 mm). 
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Figure 3.3: Sample preparation: 4inch wafer sized Kapton film, with many individual 

IDE is first cut. One fabricated IDE sample is 18 mm long and 8 mm wide, with an 

active area of interdigitated electrode of 16 mm2. Single IDE is glued to glass or PVC 

base-substrate and later placed over two supporting points on three-point bending 

setup.  

3.2. Calibration Protocol  

The three-point bending test is controlled using LabVIEW program, developed 

by Nanomade (Industrial Partner) and Nicolas Mauran, engineer at LAAS-CNRS. The 

objective is to measure the displacement (or deflection) of the substrate as a function 

of the applied force. Significant input parameters involve the force range and number 

of cycles, among various other parameters. The software interface shows output 

values of the resistance change, applied force and corresponding deflection, as shown 

in Figure 3.4.  

The raw data is processed using MATLAB to estimate the relation between 

change in resistance (ΔR) versus strain (ε) and to estimate the GF value. 

 
𝐺𝐹 =  

∆𝑅/𝑅0

𝜀
 

(3.1) 

Here R0 is the unstrained resistance of strain sensor. 
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Figure 3.4 : LabVIEW software interface showing eight complete loading and 

unloading cycles. 

The strain, ε, can be estimated through the following three methods:  

1. Knowing the applied force Strain can be calculated by directly using 

the applied Force (F) value as written in Eq. (3.2) but it implies the knowledge of the 

young’s modulus (E) of the mechanical substrate.  

 
𝜀 = 3(ℎ + 2𝑒)

𝐹𝑥

𝐸𝑏ℎ3
 

(3.2) 

Here h represents the thickness of supporting substrate, e represents the HNS sensor 

thickness, x is the distance between the point of the applied load and the support 

(shown in Figure 0.1) and b is the width of the sample.  

In this work, this approach was not considered during the characterization of the strain 

sensors for the reasons later discussed.  
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2. Knowing the displacement Strain can also be calculated by using Eq. 

(3.3), which uses the resulting displacement (𝜹) for a given applied force to the strain 

sensor. The full set of calculations to obtain this expression is detailed in Appendix 1.  

 
𝜀 =

6(ℎ + 2𝑒)𝛿

𝐿2
 

(3.3) 

This approach was initially used, however during the test, as shown in Figure 

3.5, an undesirable change in displacement can create an inconsistency in strain 

calculated using displacement or force. The following graph is obtained by using data 

recorded for a constant input force of 0.8 N, at a speed of 50 mm/min.  

 

Figure 3.5: Inconsistency in applied uniform (a) Force (N) and the resulting (b) 

Deformation (mm). 
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Discrepancy, as shown in Figure 3.5, arises due to mechanical instabilities of the 

testing apparatus or the system fault. Some errors that reduced the confidence in a 

measurement during the procedure are further discussed: 

• One of the common errors caused by machine/system related instabilities is 

shown in Figure 3.6(a). This non-linear nature of recorded displacement/deflection is 

with reference to the applied force (Figure 3.6(a)), where the data are collected 

through cyclic force sweep from 0.98 N to 7.85 N. From one cycle to next, ideally it is 

expected to have only a slight increase in value of applied force. However, a value for 

force, at which the deformation has a sharp anomalous change, as recorded in Figure 

3.6(a), may possibly be considered as an inaccuracy caused by a software error or a 

mechanical instability. 

• Another common error is introduced by the difference in travelling length of the 

probe which can also be seen as a difference in starting position of force probe, Figure 

3.6(b). The system records this additional travelling distance as a part of ‘deformation’ 

during the characterization of the strain sensor. Therefore, one has to be cautious 

about the starting position as this value can change from one test to another. From an 

experimental point of view, the force probe only needs to gently touch the surface of 

the sensor, when beginning the experiment, without inducing any strain that could 

have an influence of the characterization protocol.  

During the treatment of the data threshold force could be set to 0.01 N, in order 

to consider length value only after the force has passed the value of 0.01 N to be 

certain that it is in contact with the sensor. This could be one of the methods to 

measure the true deformation.  
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Figure 3.6 : (a) Force, length vs number of points recorded. (b) Image showing the 

three-point bending set-up, force probe moves in downward direction to approach the 

sensor sample.  

To avoid the apparatus induced errors and provide accurate measurements, the use 

of a strain sensor with known GF was chosen to establish the relation between an 

applied force and the generated strain for a device under test. It is the most reliable 

and easiest way to obtain the force-strain curve for a given substrate.  

 

3.2.1. Strain Calculation 

The calibration method, used in this study, is based on the Force – Strain 

relation curve, Figure 3.7(a). This relation is established by means of 70 µm-thick 

commercial sensors with a known GF of 2 (comidox BF120-3AA 120Ω). There is a 

40% difference in thickness between the commercial sensors used for calibration and 

our Kapton-based sensors (~100 um) built for this study. This difference is important 

as it can lead to a non-negligible error in the estimation of the GF as the induced strain 

for a given applied load is dependent upon the stiffness of the substrate and therefore 
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upon its elastic modulus and thickness. Nonetheless, in our case, the stiffness of the 

mechanical holder (glass, PVC, etc.) is high enough to compensate the difference 

between the commercial sensor thickness with the thickness of our Kapton-based 

sensors.  

Using Eq. (3.1), where resistance variation is accurately measured for the 

device-under-test (acquired by using LabVIEW) and GF is known to be 2, the ‘m’ value 

is derived, ( Figure 3.7(a)). The slope ‘m’ is the relation between the calculated strain 

and the applied force for various supporting substrates, like glass slide with two 

different thicknesses and PVC, Figure 3.7(b).  

 

Figure 3.7: (a) Schematic explanation of proportionality factor ‘m’ between applied 

force and generated strain. (b)Value of slope m for different support substrate. (c) 
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Strain and Force relation for three different substrates established using commercial 

sensor. 

As shown in Figure 3.7(c), the applied force for PVC and thick glass slide 

ranged from 0.98 N to 7.85 N. Thin glass slide cannot withhold force more than 0.88 

N and therefore the range is kept between 0.10 to 0.78 N. These three substrates 

were used as mechanical support for our Kapton-based sensor and selected as ease 

of material availability. 

 

3.2.2. Electrical connection and encapsulation layer 

Ideally, the electrical connection and the encapsulation layer should not have 

any influence on the strain measurements. It is imperative to verify that the additional 

encapsulation layer does not degrade the performance of the sensor and that the 

sensing layers remain unaffected. It may also be noted that adding an encapsulation 

layer before performing characterization tests is essential to prevent the sensors from 

being damaged as the force probe could be in contact with the deposited sensing 

nanomaterial.  

• As shown in Figure 3.8(a), by using toothless alligator clips, electrical 

connections are formed. For sensors where toothless clips are not an option such as 

commercial sensors because of their small size, metallic wires are soldered on the 

electrode pads, as shown in Figure 3.8(b). To form the connection between the sensor 

chips and the sourcemeter, soldering wire is not always feasible. The heat applied to 

the sensor chip to solder the wire should be as low as possible as it can damage the 

sensing element.  

To address the influence of the type of electrical connection on the variation of 

the sensor output, the following graph of the resistance variation vs strain is generated. 

The two coinciding slopes lines shown in Figure 3.8(a) proves that the sensor 

response and sensitivity remain unaltered by the use of either method for connection. 

This makes it promising to use toothless alligator clips as an alternative method to 

avoid wire bonding.  
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Figure 3.8: Possible ways to connect sensor to Keithley 2450 Source Meter by (a) 

crocodile clamps and (b) soldering wires on commercial sensors where adding clamps 

is not possible. (c) Comparison between two different means for the electrical 

connection of the sensor. 

• Further, to create a sensor that is not susceptible to changes in the 

environment, it is encapsulated with a thin film (Dupont™ Kapton). Encapsulation 

protects it from various types of foreign substance, moisture, dust, ensuring its 

electrical stability on the long term. In order to verify that the strain sensing capability 

remains unaffected by the addition of the encapsulated film, a range of tensile strain 

from 0.01 to 0.08 % is applied to the HNS sensor. The resistance variation is plotted 

first for a bare sensor (red) and then for a similar sensor after being encapsulated 

(blue) as shown in Figure 3.8. In both cases, the slope is almost identical, that excludes 

a potential degradation of the sensor due to a mechanical action of the encapsulation 

layer on the sensor surface at least for a range of strain between 0.01 to 0.08 %.  
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Figure 3.9: Calibration Figure: Relative resistance variation as a function of induced 

strain ε (%) for bare strain sensor (red) and same sensor after encapsulation (blue), 

where the points and lines show the experimental and linear data fit respectively. 

3.3. Performance Characteristics 

The strain sensors are characterized through various parameters such as 

sensitivity, linearity, dynamic stability, hysteresis, temperature and humidity response, 

Figure 3.10. In the past decade, the use of strain sensor built over flexible substrates 

for the applications such as e-skin has attained great importance [1][2]. Despite recent 

improvements, there is an emergent demand for high-flexibility, high-sensitivity and 

low-power strain gauges capable of sensing low strains in extreme conditions. 

Conventional strain sensors are simple in design; however, their fabrication 

procedures are not. The cost as well is not suitably low for real applications. To 

overcome this problem naturally flexible, low-cost materials and new designing have 

been investigated [3]. New materials such as nanoparticles and composites are 

investigated to assess their suitability in fabricating such sensors [4].  

In this section, the optimization results of HNS sensors are presented. A new 

type of flexible conductive nanomaterial consisting of gold nanoparticles grafted on 

helical nanostructures that deform when strained, in a manner similar to the structural 

deformation of a spring, is discussed.  
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Figure 3.10: The features of HNS-based strain sensors that need to be evaluated. 

3.3.1. Sensitivity 

A sensor is required to have appropriate sensitivity range and strain detection 

limit for the desired and foreseen applications. An ultralow detection provides the 

sensors with the capacity to detect subtle strain changes caused by cardiac pulsation 

for example, which is critically important for real-time health monitoring [5]. Reported 

sensors (ε > 0.3) so far monitor only large deformations, they cannot sense small 

strains (ε < 0.05) with high precision [6]. For e-skin sensors, it is important to detect 

very small deformation [7][8][9]. At the same time, enhancing GF remains one of the 

major challenges.  

One of the most common types of strain gauge sensor is a patterned metallic 

foil on a substrate. Deformation in the device leads to dimensional variations in the foil 

causing an electrical resistance change. The resistance change is mostly due to 

changes in length and the cross-sectional area. The GF of these metallic foils is 

between 2 to 5. For a more precise measurement, semiconductor gauges are 

preferred over metal foils. As an example, the gauge factor for p-type (110) single 

crystalline silicon can reach up to 200. On the other hand, most of the semiconductor 

materials used in strain sensing devices are brittle and can bear only a small strain 

range. 
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Most of the reported semiconductor strain sensors depend on costly, time-

consuming and sophisticated fabrication methods or materials synthesis. Moreover, 

devices which make use of bio-inspired designs or require intimate integration with the 

human body demand curved shapes and/or flexible responses to deformations. To 

overcome this issue, one of  the strategies is the manipulation of the geometric design 

including wavy structure configuration, mesh structure, origami, etc. [10][11].  

Another emerging strategy is the development of new nano/micro-structured 

materials, which enhances the sensing performance. In this study, gold nanoparticles 

grafted on HNS have been introduced as a new conductive material. 

 

 

Figure 3.11: Gauge factors for various materials used for strain sensors. 

HNS as sensing material The sensitivity of strain sensors depends on various 

factors, including sensing elements, sensing mechanism, and fabrication process [12]. 

The variation of the nanomaterial concentration and orientation can be useful in tuning 

of the electromechanical properties of the strain sensor. Tanner et al., presented a 

vacuum technique for nanoparticle deposition that permitted controlling the electrical 

resistance of the film, showing semiconductor like behavior when arrays of 

nanoparticles cover the surface below a certain threshold value,  the behavior is metal-

like if the deposition density is above this threshold [13]. They found that the highest 

sensitivity is obtained for intermediate density values, which is likely due to a tunneling 

and hopping current. 

In this study, HNS separate upon bending, leading to the increase of the 

tunneling resistance between adjacent HNS and consequently the reduction of the 

electrical conductance. The tunneling resistance greatly influences the sensor 
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conductivity and strain sensitivity as well. As can be explained through three different 

scenarios (illustration in Figure 3.12(a, b)):  

In the first case, the electrical conductivity is very low since there are only a few 

nanostructures (NSs) deposited on the surface of the sensor, as shown in Figure 

3.12(c). In this assembly, only a small amount of NSs is close to each other. Although 

there is no complete conductive path formed by contacting NSs when bent, the 

electrical conductivity increases gradually due to tunneling effects among neighboring 

NSs. As the amount of NSs further increases, a complete electrically conductive path 

is formed. 

In this second case, the electrical conductivity increases remarkably. This 

process is termed the percolation progression.  

In the third case, any further addition of HNS will create even more electrically 

conductive paths, complete conductive network can be seen in Figure 3.12(c), and the 

electrical conductivity increases gradually. [14] 

 

Figure 3.12: (a) Graph showing the significance of deposition via DEP, Resistance, 

and Gauge Factor. (b) Schematic illustration of the conductive mechanism. (c) SEM 

image of HNS between two gold electrodes separated by a 3 µm gap (bottom). 

Experimental Method: The schematic in Figure 3.13 presents multiple-

dielectrophoresis (DEP) deposition used to achieve the desired resistance with 
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precision. It shows the trend of subsequent DEP depositions over the same IDE 

sample. Each DEP deposition time is 5 seconds. It presents a possibility to slowly 

increase the concentration of HNS between IDE electrodes and thus decrease the 

resistance. It allows measuring the corresponding GF over a wide resistance range 

for the same device. Moreover, the method permits the reuse the same IDE sample. 

Multiple conductive layer deposition with lower amount of HNS density in each step 

can be helpful in: (1) monitoring the sensitivity response, (2) in stabilizing the response 

(discussed in later section), and (3) helps in addressing and overcoming the non-

repeatability in DEP from one deposition to another. Non-repeatability usually arises 

because of non-homogeneity in the nanomaterial solution used.  

 

 

Figure 3.13: Schematic of Multiple depositions. 

In the following paragraphs, the sensitivity of strain sensors using HNS is 

discussed using the same approach as presented by Tanner et al [13]. They 

demonstrate platinum nanoparticles films with low to medium nanoparticle area 

coverage would enhance the gauge factor, while the reverse is observed for medium 

to high coverage, Figure 3.14(a, b). Herrmann et al. anticipated that films with fewer 

and larger gold-nanoparticle aggregates would produce more sensitive strain gauges 

than those made up of smaller nanoparticles. This would mean that clustering of 

nanoparticles might actually enhance the gauge factor [15].  
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Figure 3.14: Influence of the nanoparticle density on the strain sensitivity. (a) relative 

resistance change as a function of strain of nanoparticle films of various platinum 

nanoparticle densities (b) the gauge factor as a function of surface coverage [13]. 

1D Nanostructure density in this study is simply quantified by measuring the 

resistance value of the final device. The relative resistance change versus strain for 

strain sensors based on different resistance values is shown in Figure 3.15(a). 

Through Figure 3.15(b), it is clear that an optimal GF can be obtained by adjusting the 

1D nanostructure density deposited on the interdigitated electrodes.  

 

Figure 3.15: (a) Set of sensors at different resistance value and their resistance 

variation response to strain. (b) Change in Gauge Factor value obtained from sensors 

at different resistances (k Ω). 



Section. Performance Characteristics 

174 
 

In order to further study the above-mentioned points, a periodic force pressure 

of 0.78 N is applied on sensors mounted over a thin glass slide. It is observed that 

when the resistance is roughly over or under the range [500, 20 kΩ], the response of 

relative resistance to strain in real time is not stable. This has been shown through a 

set of three sensors with different resistances. The resistance of Sensor (1) is the 

highest at 70 kΩ, Sensor (2) is at 2.74 kΩ while the resistance of Sensor (3) being the 

lowest at 58 Ω. 

Case (1) High resistance values correspond to small quantities of HNS 

deposited between the electrodes. Thus, there is a low number of conduction paths, 

which may explain the relatively high signal-to-noise ratio of sensors as can be seen 

in Figure 3.16. A significant baseline drift can be clearly observed due to the presence 

of very few HNS which are neither connected nor stable, with each bending cycle they 

shift for their initial position on the surface sensor and this leads to a poor stability.  

 

Figure 3.16: Resistance cycles of Sensor (1) with initial resistance of 70 kΩ, i.e., 

smaller amount of HNS present between the electrode. The calculated gauge factor 

of 115. Blue line represents the resistance variation and red represents the strain 

variation.  

Case (2) The decrease in resistance of the sensors is accompanied by an 

increase in sensitivity with a better stability, Figure 3.17. The decrease in resistance 

reflects a denser deposition of HNS, which signifies a greater number of conduction 

paths between the electrodes and therefore a more stable and less noisy signal.  
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Figure 3.17: Resistance cycles of Sensor (2) with initial resistance of 2.5 kΩ and 

calculated gauge factor of 119. Device with optimized amount of deposition show no 

drift during the cycling response. Blue line represents the resistance variation and red 

represents the strain variation. 

Case (3) Finally, the decrease in sensitivity with increased number of deposits 

can be explained by the increase in conduction paths as shown in Figure 3.18. With a 

reduction of the inter-particle distance, the conductivity increases. Moreover, with the 

increase in the deposition density, the system gradually moves from a 2D to a 3D 

configuration. The set of percolation paths is no longer only in the plane (x,y), but in 

space (x,y,z). In this case, the lower electron confinement also contributes to decrease 

the gauge factor.  
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Figure 3.18: Resistance cycles of Sensor (3) with initial resistance of 58 Ω. The 

extremely dense deposition is the reason device is not able to detect small strain 

values accurately. Substrate straining is not enough to induce modification to the inter-

particle distances. Blue line represents the resistance variation and red represents the 

strain variation. 

Overall, the relation between resistance and sensitivity of our HNS strain sensor 

is a bell curve (Gaussian function), Figure 3.19. 

 

Figure 3.19: The significant relation between deposition via DEP, device resistance 

and Gauge Factor. 
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Further, to confirm the role of resistance not only on GF but also on the stability 

of a sensor, two sensors with different resistance values ~70 kΩ and ~400 kΩ having 

a similar GF equal to 40 are studied. As shown in Figure 3.20, at lower strain, the 

sensor resistance response is observed to be more stable for the one with the lowest 

resistance (70 kΩ). The major disadvantage of strain gauges with high resistance is 

weak robustness, because at low density of HNS the breakage of a conduction path 

is more damaging than in the case of sensor containing denser HNS, implying a large 

number of conduction paths.  

 

Figure 3.20: Two sensors with resistance ~70 kΩ and ~400 kΩ having a similar gauge 

factor 40. 

A comparison of calculated GF, in the Figure 3.21, shows higher sensitivity for 

the HNS sensors and Nanomade sensors compared to commercial strain sensor. HNS 

based sensors are characterized on a three-point cyclic deformation bench with 

increasing deformation. The force applied to the sensor ranges from 0.10 N – 4.90 N. 

The resistance is measured during cycling and the relative change in resistance is 

plotted as a function of time under the corresponding deformation curve. Overall HNS 

sensors have a better sensitivity than Nanomade and commercial sensors, possible 

reason of this is the unique design of HNS themselves. The tunneling effect between 

functionalized AuNP plays an important role in enhancing the device sensitivity. While 

helical morphology providing a better recovery after bending.  
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Figure 3.21: Comparison of HNS sensors (red) to commercial sensors (black) and 

strain sensors fabricated by Nanomade (blue). Two curves on HNS sensor and 

Nanomade sensor represents two trials to measure the resistance variation over 

similar sensor.  

Conclusion The relative change in electrical resistance in the case of strain 

gauges with Sensor (1) is nearly three times greater than that of Sensor (3) as shown 

in Figure 3.16, Figure 3.18. The layer of HNS in contact with the substrate follows the 

deformation of the substrate. The upper layers allow the creation of conduction bridges 

between the NS far from the underlying layer to allow direct conduction, and participate 

in the overall conduction. As soon as a greater number of HNS is added in contact 

with the substrate, a loss of sensitivity is observed which leads to a less important 

variation of the electrical resistance with relative bending. The sensitivity of the Sensor 

(1), Sensor (2) and Sensor (3) gauges were 115, 119 and <20 respectively. These 

results show that there is a zone of optimal resistance in case of HNS that allows 

finding the best gauge factor, which lies in our case within range 500 to 20k Ω. It helps 

in building a more stable sensor that can retain its initial resistance or resting 

resistance even after a series of bending tests.  

Further, it is established the use of HNS allows the detection of even smaller 

deformations with comparatively higher sensitivity. Deformations as low as 0.002% 

could be detected with a satisfactory signal-to-noise ratio, Figure 3.22. 
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Figure 3.22: Resistance response of the strain sensor to the cycle of bending/releasing 

with low strain variation (0.01 - 0.05%). 

3.3.2. Linearity 

Development of a strain sensor that possesses both high sensitivity and 

linearity is still a huge challenge. Nonlinearities add difficulty to calibrate and process 

the data from the output signal and linear response of strain sensor is highly desired.  

A highly flexible strain sensor typically is nonlinear or shows linearity when 

considering different regions. Usually after a nonhomogeneous morphological change, 

a strain sensor responds in a nonlinear manner to the applied strain. In particular, 

microcrack generation and propagation in a thin film lead to nonhomogeneous 

changes in piezoresistance [16][17]. For the similar reason of morphological changes 

in the sensing films, resistive type strain sensors also tend to have a nonlinear 

response to bending over a wide range of strain but the majority of recently reported 

resistive‐type strain sensors have shown linear response in more than one regions 

[18]. Here, an assumption can be made that with wide range of strain and using higher 

strain values, a sensor tends to degrade faster. In linear, low deformation regime, the 

resistance of the sensor quickly returns to its nominal value and shows no hysteresis, 

which permits to make cycling measurements and study the stability. The non-linear 

regime tends to have greater deformation, in which the resistance increases 
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exponentially with the deformation. However, this increase is accompanied by a 

hysteresis phenomenon and the return to the resistance before deformation (R0) is 

very slow or does not occur in some cases. Strain sensors based on the formation of 

disconnection and microcrack mechanism exhibit higher sensitivities in comparison to 

those with other sensing mechanisms, but at the same time exhibits high nonlinearity.  

In this study, sensitivity and linearity of the sensors can be tuned by simply 

adjusting the number of HNS deposited by DEP. For instance, for low-strain 

applications, to detect minimal changes in strain, a lower density of HNS is more 

appropriate, whereas a higher density of HNS is better for high-strain applications to 

detect a wider range of strain. Experimental results, as can be seen in Figure 3.23, 

show the relative change in resistance as a function of strain applied on two different 

substrates with the calculated corresponding GF of the HNS sensor. 𝛥𝑅/𝑅initial 

increased monotonously when the sensor is bent. For low strain tests (ε < 1 %), the 

sensors are glued on 300 µm thick glass substrates and for high strain tests (ε > 1%) 

the sensors are glued on 800 µm thick PVC substrates. Using the calibration 

previously described, the bending strain range has been evaluated:  

• For glass slide as a base-substrate from 0.02 – 0.08%  

• For PVC as base-substrate from 0.1 – 0.8%.  

A positive deformation value (ε > 0 %) corresponds to an extensional deformation, 

where the HNS move away from each other, leading to an increase in the resistance 

of the sensor. A negative strain (ε < 0 %) is a compression strain, where the HNS 

move closer together, resulting in a decrease in sensor resistance.  

 

Figure 3.23: Relative variation of the resistance ∆R/R0 as a function of the applied 

strain for HNS based strain sensors, (a) Glass as base-substrate, the sensor shows 
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linear response at low strain. (b) PVC as base-substrate, the sensor shows non-linear 

trend seen at higher strain [19]. 

Within the limit of small deformations, the response becomes linear. At high 

deformation (ε ≥ 0.4 %), a non-linear change in electrical resistance is observed, 

Figure 3.23(b). This variation is representative of a change in conduction by tunneling 

in the nanoparticle assembly. As the interest of this project is to detect ultralow strain 

values, HNS sensors are operated under linear region. 

3.3.3. Durability and Stability 

An important aspect of the sensors is their stability over time. Dynamic durability 

signifies the ability of the strain sensor to recover its original properties during long‐

term bending–release cycles. Generally, performance degradation of strain sensors is 

often associated with plastic deformation of polymer substrates or generation of 

fractures in nanoparticle assemblies. A durable strain sensor holds a stable response 

and mechanical integrity during long‐term cyclic loads. It is an essential requirement 

for wearable strain sensing applications where they are to accommodate large and 

dynamic strains over long time periods.  

The subsequent experiment tests the sensor sample for long term cycling, the 

tensile speed is 50mm/min and the maximum force applied is 0.49N. However, either 

due to the machine or the software error the force during final cycles became 0.54N. 

This shift in force value can been seen in resistance variation response as well, in 

Figure 3.24. In each cycle, the sensor sample experiences the maximum strain for 2 

seconds. This procedure then is repeated for 2200 cycles [20]. The sensor resistance 

variation shifts a bit in the second half of the cyclic response; however, the variation 

ratio remains the same. The following graph performed for 2200 cycles at an average 

strain of 0.51 N. To estimate the performances of the sensor on the long-term bases, 

mechanical cycling is performed by applying a 0.5 N force (~0.03%) at 1 Hz. 
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Figure 3.24: Durability of HNS under 2200 cycles with low tensile deformation. ∆R/R0 

as a function of multiple bending and releasing cycles with 0.06% strain. ∆R/R0 refers 

to the relative resistance variation under bending and release, R0 is the resistance in 

the relaxed state. Resistance variation shifts by 3% in the second half of the bending 

cycle; however, the ratio remains the same. 

To go further in the mechanical ageing measurements, several series of cycles 

were performed at Nanomade by Fabrice Severac and Estelle Mazaleyrat,engineers 

at Nanomade, using a Key Life Test Machine (ZL - 2806) shown in Figure 3.25(a). The 

sensitivity is measured using three-point bending set-up after each set of cycles. The 

results as shown in Figure 3.25(b) show that HNS sensors retain their sensitivity even 

after 2million cycles with an insignificant change in sensitivity. As mentioned earlier it 

has been observed that the fabricated sensors with resistance between 500 – 22k Ω 

have stable cyclic response because of the optimized amount of HNS composing the 

sensing part. Sensors are encapsulated and it also helps them to retain their 

resistance (R0) value for long period, unless they suffer abnormally high physical 

damage.  

The helical nanostructures on which the nanoparticles are grafted, are likely to 

have a positive effect on the stability and durability thanks to their spring like structure. 

It leads to less damage on the active sensing area during long term deformation and 

bending overall increasing the life period of a sensor. 
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Figure 3.25: (a) Equipment to test measurement for mechanical aging: Key Life Test 

Machine (ZL – 2806). (b) Relative resistance variation as a function of applied force 

after different pulsing strain cycles of 0.03%. Init refers to measurement before 

subjecting to cycling test. ΔR refers to the resistance differences under bending and 

release (Picture and figure from Nanomade). 

3.3.4. Hysteresis 

Hysteresis is generally caused by friction and structural change in the materials. 

Upon dynamic loading, high hysteresis behavior leads to the irreversible sensing 

performance of sensors. Usually, elastic materials have higher hysteresis. This is 

because elastic materials need longer recovering time, especially when higher force 

is applied [21]. Under cyclic loading, high hysteresis behavior leads to the non-

monotonic reaction of a strain sensor. Hysteresis is an important factor where strain 

sensors are frequently exposed to dynamic loading conditions. Resistive strain 

sensors rely on the formation of connections that is ohmic contact or tunneling 

conduction between nanomaterials. Though they return to the original position, this 

mechanism is often the cause of irreversibility over repeated bending and releasing 

cycles [22].  

When the binding is weak, upon bending nanomaterials alter over the substrate 

and cannot rapidly slide back to their original positions. During the bending cycle, a 

weak binding would delay the recovery of nanomaterials to their initial positions which 
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leads to a high hysteresis effect. As can be assumed through this, strong interfacial 

bonding between the active sensing nanomaterial and substrate minimizes the 

hysteresis [23].[23]. While at the same time, if the interfacial binding is very strong, in 

resistive type strain sensor, friction force present in between can lead to facture of 

nanomaterials at the releasing cycle. Therefore, it is extremely essential to have an 

optimal adhesion between rigid nanomaterials and flexible substrate materials to have 

minimum hysteresis output [12][24]. 

To test hysteresis response, HNS sensors were subjected to a force range of 0 

to 0.49 N for continuous 10 bending cycles at the lowest speed possible of 1 mm/min. 

At the same time recording the resistance as a function of time at a sampling rate of 

10 Hz. The results obtained are shown in Figure 3.26.  

 

Figure 3.26: Resistive change at 10 bending cycles for HNS based strain sensor. 

Realized on an identical substrate, the sensors based on nanoparticles show a 

significant hysteresis effect (Figure 3.27, red), while those based on HNS show no 

hysteresis (Figure 3.27, blue). This demonstrates that HNS allow to suppress the 

hysteresis effect. The original resistance of the sensor is fully recovered after releasing 

it from strain. As a result, the high sensitivity and accuracy of strain sensors can be 

maintained. 
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Figure 3.27: Comparison of hysteresis between HNS sensor (blue) and Nanomade 

(red) fabricated sensor that clearly show the advantage of using HNS to reduce or 

even suppress the hysteresis (Figure from Nanomade). 

The helical nanostructures on which the nanoparticles are grafted have a 

positive effect on the durability, compared to sensor from Nanomade where the 

nanoparticles are directly deposed on the IDE via inkjet. It agrees well with the 

hypotheses or the assumption we have made, that the intrinsic mechanical properties 

of the HNS structure allow a faster return to their initial position after deformation. 

Additionally, HNS active area composition is a well aligned HNS network, which when 

deformed tends to damage less, implying negligible hysteresis. This allowed to limit or 

even suppress the latency phenomenon observed with nanoparticle assemblies. 

 

3.3.5. Response Time  

 Apart from the concerns on strain range and gauge factor, fast response time 

is also a crucial vital feature. Sensors have illustrated diverse response times ranging 

from 0.2 to 320 ms [12][25]. As example, ecoflex elastomer show slower response 

time in comparison to PDMS-based resistive strain sensors due to ultra-softness of 

material, providing low recovery [26]. Natural-fiber-based strain sensors tend to have 

a short response time which make them a suitable candidate for wearable applications 

[27][28].[27][28]. Generally, strain sensors based on nanocomposites have shown 

longer recovery time, because of the existence of friction between conductive fillers 
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and polymer matrices. During the release cycle the friction force increases the time of 

recovery in this conductive network [12]. 

 

Figure 3.28 : Response (16.1 ms) and recovery time (23.5 ms) test for AuNPs–TEG 

network based strain sensor [29]. 

HNS strain sensors were tested by clamping the two ends of Kapton film and tapping 

on the sensor, Figure 3.29(a). The plot of the real-time current change of the HNS 

sensor is shown in Figure 3.29(b). It is seen that resistance change is achieved in 

about ~120 ms, indicating that the response time should be less than 120 ms. In the 

releasing stage, the sensor takes more time than the loading stage to go back to its 

initial state due to structural relaxation. 

Another crucial performance parameter of a strain sensor, especially under cyclic 

loads, is recovery time, which could be in the order of sub-seconds to a few seconds. 

The capacitive-type strain sensor has a relatively shorter recovery time compared to 

that of a resistive type one [30]. In this case it is noted to be ~440 ms. The fast self-

healing process is vital as it ensures quick recovery of the sensor and avoids the 

degradation of the device performance after being released to the relaxed state. 

Overall, HNS strain sensors exhibited very fast response with a response time and a 

recovery time of 0.12 s and 0.44 s respectively, implying a very efficient self-healing 

response of HNS network.  
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Figure 3.29: (a) Illustration of ‘Response time’ setup. (b) Response time measurement 

when a pressure is suddenly applied and then removed. 

3.3.6. Vibration test 

It is useful to know the dynamic response of the HNS, i.e., the natural frequencies and 

damping ratio. The effect of vibration on the device was tested by a slight tap on one 

end of the Kapton sheet while fixing the other one, as seen in Figure 3.30. The current 

of the device was recorded with an applied bias voltage of 0.5 V.  

 

 

Figure 3.30: Illustration of the vibration test setup. 

The amplitude of the strain variation decreased over time due to the damping of the 

vibration, Figure 3.31(a). The current signal of vibration is modeled by the 

underdamped vibration equation, Eq. (3.4) [29].  
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 𝐼 = 𝐴 cos(2𝜋𝑓0𝑡 −  𝛷)𝑒𝑥𝑝(−2ς𝑓0𝑡) + 𝐼0 

 

(3.4) 

where A stands for the amplitude, f0 for the natural frequency, Φ for the phase, ς 

represents the damping ratio and I0 is the current offset. The logarithmic decrement 𝛿  

is defined as the natural log of the ratio of the amplitudes of any two successive peaks 

(Eq. (3.5)):  

 𝛿 =  
1

𝑛
ln

𝑥(𝑡)

𝑥(𝑡+𝑛𝑇)
 n = 1 

 

(3.5) 

 𝛿 = 0.693  

 

 

Figure 3.31: (a) Current response to vibration signal (b) Magnification of the signals in 

the red square in (b) 

The damping ratio is then found (ς = 0.109) from the logarithmic decrement by: 

 

 
ς =  

1

√1 + (
2𝜋
𝛿

)
2
 

 

(3.6) 

The damping ratio can be used to find the natural frequency 𝑓𝑛  (𝑓𝑛 = 14.08 Hz) of 

vibration of the system from the damped natural frequency 𝑓𝑑 (𝑓𝑑 = 14 Hz) 
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𝑓𝑛 = 

𝑓𝑑

√1 − ς2 
 

𝑓𝑑 =
1

𝑇
 

(3.7) 

 

Results were comparable to those published by Huang. et al, they measured natural 

frequency to be 10.25 Hz and damping ratio to be 0.12 for strain sensor based on 

AuNP-TEG network [29] as shown in Figure 31 for a comparable sensor in terms of 

dimensions and materials used. 

 

Figure 3.32: (a) Electrical response to vibration signal. (b) Magnification of the 

damping signals in the red square in (a) [29]. 
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3.4. Conclusion 

This chapter has addressed the mechanical analysis of the HNS based strain 

sensors. By making an estimation of quantity of HNS present between the IDE through 

device resistance, an interesting strategy to tune and enhance the GF of strain sensors 

has been presented based on multiple DEP deposition steps. While the helical 

nanostructure is the key contribution to no hysteresis response, high stability and 

durability. The grafting gold nanomaterials over a helical spring-like base made it 

possible to achieve mechanical properties rivalling those of the metallic nanoparticle 

networks. The intrinsic mechanical properties of the HNS structure allow a faster 

recovery after deformation. A higher structural integrity is also achieved through HNS 

sensors.  

A novel strain sensor is realized that can measure ultralow strain up to 0.01%, 

with high durability (2M cycles at 1% strain) and fast response. These important 

features permit the HNS based devices to be used for real world applications, i.e., 

daily movements of the human body, structural health monitoring and data gloves. 

This will be addressed in the next chapter.  
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Introduction 
This chapter focuses on applications of flexible strain sensors that were 

developed with helical nanostructures (HNS) using dielectrophoresis (DEP) alignment 

technique. After presenting the sensor material and deposition techniques in Chapter 

2, the mechanical properties of the HNS sensor were addressed in Chapter 3. 

Mechanical ageing effects on the sensitivity and the hysteresis after 2 million bending 

cycles were discussed. 

Previously, the effect of adding an encapsulation layer over sensitivity was 

evaluated. In this chapter, the effects of temperature and humidity are tested over non-

encapsulated and encapsulated samples. As normally, HNS sensors are protected 

with an encapsulation layer, the influence of the temperature and humidity is 

eliminated. These pioneering works give clues for developing multimodal sensors, 

which can detect different types of stimuli with only one sensor device. 

In particular, this chapter presents the preliminary tests on hand gesture 

recognition based on the data glove approach [1][2]. In order to verify the capabilities 

of our HNS sensors to be used in a sensing glove, gestures like bending and lifting 

positions of individual finger, wrist movements and pulse measurements were 

performed. Herein, the limits of developed HNS sensors are explored based on their 

capacity of real-time hand pose reconstruction and environment sensing with flexible 

multimodal sensors. 

4.1 Temperature & Humidity Response 

The stability of the strain sensors strongly depends on their environment and 

storage conditions. The output of strain sensors is potentially susceptible to variation 

in environmental conditions such as temperature and humidity. It is important that 

strain sensors are resilient to these changes in order to avoid undesired noise in long-

term sensing response. To eliminate unwanted interferences, there is a strong need 

for new material approaches combined with advance-packaging methods. For 

example, super‐hydrophobic coatings have been developed to block the penetration 

of water molecules into the strain sensing films [3] but usually protective adhesive thin 

films are used [4]. While other explored encapsulation methods include chemical; 

thermal; and mechanical encapsulation, such as liquid polymers, multi-layer sealing, 

resins and laser sealing [5][6][7].  
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On the contrary, the ability of a sensor to detect strain, temperature and humidity 

can be of great interest for human-machine interfaces or soft robotics [8][9][10][11][12]. 

Wang et al. developed a prosthetic hand which can hold a cup of water and reveal if 

the water is hot or cold, with the help of a sensor matrix that can detect temperature 

and pressure simultaneously [13]. However, the sensor matrix has to be integrated 

with five-pressure sensor and one temperature sensor as shown in Figure 4.1(a, b). In 

comparison to such complex matrix of sensors, a multimodal sensor might be better 

suited to simplify the equipment, reduce the required space and improve the working 

efficiency of the system. For instance, sensing of multiple external stimuli has been 

achieved through multifunctional epidermal electronics, Figure 4.1(d-f). 

 

Figure 4.1: (a) Image of the fabricated polyimide network (10 × 10 array, scale bar: 

5 mm). (b) SEM image of the polyimide network. (c) Schematic layout of an integrated 

sensor array with eight functions[13]. (d) Multifunctional Electronic Tattoos based on 

Silk and Graphene. (e) Temperature sensor performance of the corresponding tattoo-

based sensor. (f) Real-time relative humidity sensing at several specific relative values 

[14]. 
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In Chapter 3, to assess the strain performances of the HNS sensors, they were 

protected from temperature and humidity by a simple adhesive film to create a barrier 

with the outside atmosphere. Here, for the interest of exploring the ability and limits of 

our sensors, non-encapsulated HNS sensors were examined with regards to their 

sensitivity towards temperature and relative humidity, an information that might prove 

to be useful in fabrication of a multimodal sensor. 

 

4.1.1 Temperature Tests 

Temperature and humidity measurements were performed by Estelle 

Mazaleyrat and Fabrice Severac, engineers at Nanomade Concept in Toulouse.  

The climatic measurements are achieved using a ZL-6004A programmable 

climatic chamber, Figure 4.2(a). This equipment has a capacity of 80L, allows a 

temperature control from -40°C to +150°C and a humidity control from 20 to 98% RH. 

The HNS sensors after being glued on a glass slide are electrically connected via a 

dedicated PCB in order to achieve a robust connection, Figure 4.2(b).  

The cyanoacrylate adhesive Loctite 401 is usually used to transfer the sensors 

onto glass slides. However, it does not perform well at high temperatures and high 

humidity, so it was replaced by an acrylic adhesive Loctite AA3921. It crosslinks under 

UV light and is stable under these same environmental conditions with equivalent 

mechanical performance. Sensitivity measurements are performed before and after 

subjecting to temperature variations, using the three-point bending equipment shown 

in Figure 4.2(c). The three-point bending setup used here is similar to what has been 

previously presented, in Chapter 3, for measurements of gauge factor as well as the 

calibration protocol. During temperature test, the humidity level is not controlled. In the 

test behavior recorded for two sensors, one is encapsulated and the other non-

encapsulated.  
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Figure 4.2: (a) Climatic chamber. (b) Sensor connection inside climatic chamber via 

PCB. (c) Three-point bending set-up. 

Tests at elevated temperature (from room temperature to 85°C): Sensors 

are exposed for 1 hour at 85°C and kept at a constant temperature of 25°C for 30 

minutes, before and after the elevated temperature exposure, as shown in Figure 4.3. 

The encapsulated sensor N8 shows a slight decrease until around 90 minutes, 

followed by a slight increase in resistance leading to an overall constant resistance 

until the end of the test, regardless of the temperature or humidity value. The final 

resistance value is less than 10% higher than the initial resistance. The variations in 

the uncontrolled humidity level measured are random. It can explain the variation in 

resistance between 75 and 150 min of cycle time as it seems to coincide more with the 

increase in humidity than with temperature. However, it is interesting to note for the 

non-encapsulated sensor, the variations in resistance show variations similar to those 

of the humidity, which is not the case for the encapsulated sensor. 

For the non-encapsulated sensor N10, significant variations in resistance are 

noted throughout the cycle, the final resistance is more than 50% higher than the initial 

resistance, Figure 3 (blue). In particular, it is clearly observed that these variations in 

resistance follow perfectly the variations in humidity inside the enclosure throughout 

the cycle. The sensitivities of these sensors were measured after this climatic test at 

85°C and compared with their initial sensitivity. The results obtained are shown in 

conclusion, Figure 4.3. 
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Figure 4.3: Resistance variations of encapsulated (green curve) and non-encapsulated 

sensors (blue curve) at elevated temperature from room temperature to 85°C (Figure 

from Nanomade). 

Tests at low temperature (from -40°C to room temperature): The sensor 

response is then tested for low temperature condition. They are exposed for 1 hour at 

-40°C and kept at constant temperature of 20°C for 30 minutes before and after the 

variation, Figure 4.4. Observing the encapsulated sensor, the resistance variation from 

initial value and final value after the entire cycle is identical. Contrary to what has been 

observed for high temperature cycles, the resistance of the sensor increases as the 

temperature decreases. The resistance increases and remains constant over a time 

that corresponds to the plateau at –40°C and then gradually returns to its nominal 

value. For the non-encapsulated sensor, variations in electrical resistance followed the 

variations in humidity measured. 

Concerning the influence of the humidity, similar variations are observed for 

almost the whole temperature cycle, where the resistance of the sensor increases with 

the humidity value.  
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Figure 4.4: Resistance variations of encapsulated (green curve) and non-encapsulated 

sensors (blue curve) at low temperature (Figure from Nanomade). 

Conclusion  

During the temperature tests, there is a slight decrease in the sensitivity of the 

non-encapsulated sensor, though it retains a good linearity, as plotted in Figure 4.5. 

The low temperature measurements confirmed a strong dependence on humidity when 

the sensor is not kept in vacuum or is not encapsulated. The encapsulated sensor (en-

HNS) remains relatively stable during the cycle and returns to the initial resistance 

value at the end of the temperature cycles. The encapsulated HNS does not show any 

drastic deterioration and maintains its sensitivity value, at high and low temperatures.  

This series of experiments highlights the sensitivity of the HNS towards 

humidity, which is largely predominant, compared to temperature. When the active 

area is protected by a Kapton encapsulation, the resistance variations observed during 

the cycles are relatively small. On the contrary, when the HNS are in direct contact with 

the ambient air, the variations in resistance follow the variations in humidity. However, 

this effect on the electrical resistance does not affect the mechanical response of the 

sensor as the performance, GF value, is observed to remain unchanged after the 

climatic, Figure 4.5.  
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Figure 4.5: Stability over high temperature and low temperature cycles – Resistance 

variation as function of strain. Graph presents two HNS sensor samples encapsulated 

N8 (black) and non-encapsulated N10 (green). ‘Inti’ refers to measurement before 

temperature cycle. HT refers to High Temperature, LT refers to Low Temperature 

(Figure from Nanomade). 

4.1.2 Humidity Tests 

Figure 4.6(a) shows a typical relative electrical resistance variation ΔR/R0 as a 

function of relative humidity (RH), where R0 is the electrical resistance measured at 0% 

RH. The temperature is kept constant at 35°C during the whole humidity cycle. 

Measurements were performed with one encapsulated (en-HNS) and another non-

encapsulated sensor.  

The non-encapsulated sensor’s resistance value was first stabilized at 40% RH 

for 1hour, Figure 4.6(b). The RH value is increased gradually by 10% and eventually 

decreased in steps of 10% after reaching an inversion point. This inversion point is 

observed when the sensor’s response behavior is inverted. Normally for HNS sensors, 

it is observed between 80 – 100%. Due to a possible hysteresis effect with respect to 

humidity, the inversion/de-inversion mechanisms are not symmetric. The inversion in 

resistance behavior of the non-encapsulated sensors occurs close to a humidity level 

of 98% RH, while the de-inversion in resistance behavior occurs close to 81% RH, Figure 
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4.6(a). Figure 4.6(b) is a zoom-in of Figure 4.6(a), at the beginning of the cycle from t 

= 0 to t = 50 min.  

 

Figure 4.6: (a) Resistance variations of encapsulated (blue) and non-encapsulated 

sensors (pink) during the humidity cycle (red). The temperature is constant and equal 

to 35°C throughout the whole cycle. (b) Resistance variations with (blue) and w/o 

encapsulate (pink), zoomed on the beginning of the humidity cycle (Figures from 

Nanomade). 

Discussion  

It is observed that the electrical resistance increases when the humidity value 

increases, there is a sudden drop in resistance as humidity continues to increase. The 

physical phenomenon that comes into play could have the following possible origin:  

1. Change in electrical conductance due to the water absorption by the 

nanoparticle network [15]. The swelling of the nanoparticle assembly induced by the 

absorption of water molecules causes an increase in the distance between the gold 

particles, which leads to an increase in electrical resistance.  

Figure 4.7 presents the relative humidity response, from range 5% to 85%, for 

4 (TEG) or 6 (HEG) ethylene glycol units combined with AuNPs based devices, [15]. 

Due to the non-linear hygroscopic characteristics of the ligands, there is a strong 

increase of the water up-take at humidity levels exceeding 70%, a reversile 

absorbtion/deabsorbtion of water molecules from the atmosphere. The AuNPs-OEG 

structure undergoes swelling upon absorption of water molecules yielding an increased 

interparticle distance which considerably affects the electrical resistance[16]. 
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Figure 4.7: Resistance vs Relative humidity of AuNPs TEG and HEG based humidity 

sensors. 

In case of HNS sensor devices the phenomenon is inversed i.e., a decrease in 

resistance after reaching a humidity level of 65%, which cannot be explained 

through the above description.  

2. Another explanation is when there is a significant change in the capacitance 

response of the nanoparticle assemblies, there is a change in the surrounding 

dielectric properties that results in resistance upturning. With increase in the 

humidity the effect on the dielectric properties of the film, tends to become 

significant. Depending on the relative value of the dielectric properties of water in 

comparison to the permittivity of the ligands, the variation of electrical resistance 

can be positive or negative. 

Pang et al. observed a negative variation in electrical resistance on 

assemblies of gold nanoparticles protected by ligands. Figure 4.8 shows at low 

humidity (<40% relative humidity, RH) a film-coated sensor responds with a positive 

resistance and slight capacitance response at low humidity, while a negative 

resistance response and significant positive capacitance responses is seen at high 

humidity (>50% RH). This type of response can be explained by the more 

pronounced hydrophobic nature of these ligands surrounding the nanoparticles 

[17].  
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Figure 4.8: The relative resistance and capacitance changes with respect to relative 

humidity (RH%) [17]. 

3. Another hypothesis to explain this phenomenon is that the ionic conduction 

(Grotthuss effect) is dominant between the inversion and de-inversion points, 

Figure 4.6(c), [18]. While before the inversion and after the de-inversion, the 

electronic conduction dominates. In presence of high humidity and in the absence 

of a barrier i.e., without encapsulation, H2O molecules are physiosorbed on the 

nanoparticles network. In this case ion conduction predominates via H2O molecules 

(H+ ions jump conduction), Figure 4.9(a, b).  
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Figure 4.9: Illustration of sensing mechanism (a) the first and (b) the second 

physiosorbed layer of the H2O molecules. (c) Resistance of Graphene Quantum 

Dots(GQD) /AgNPs as a function of RH, the inset shows a humidity response of 

GQD/AgNPs sensor in comparison to a  commercial humidity sensor [19]. 

Conclusion  

HNS experimental results as seen in Figure 4.6, shows the influence of humidity 

on the electrical resistance value of sensors. The first regime between 0 and 65% 

humidity, characterized by a small increase in resistance to relative humidity, is 

governed by the changes induced through the swelling of the nanoparticle assembly 

and the increase in inter-particle distance.  

In the second regime above 65%, the swelling effect is then predominated over 

by ionic conduction and the electrical resistance decreases. The presence of water 

molecules considerably changes the dielectric constant of the medium surrounding the 

nanoparticles, leading to a more pronounced effect on the electrical resistance.  

The typical response of HNS strain gauges to relative humidity clearly 

emphasizes the importance of protecting the active area of nanoparticle-based strain 

gages from water absorption. Encapsulation prevents the influence of the ambient 

environment on the strain transducer and its response, and thus lead to a more stable 

and reliable measurement from the applied strain.  
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4.2 Biological signal measurements 

Commercially available strain sensors based on metal foils and semiconductors 

have extremely poor flexibility and low conformity to biological tissues. Our flexible 

HNS strain sensors exhibit high sensitivity, high durability, fast response, and excellent 

stability and hold the potential to be used as a biological signal input device for potential 

applications. We have performed some preliminary tests on some of them. 

4.2.1  Cardiac Pulse Measurement 

Currently, to acquire the pulse signal there are many categories of sensors such 

as infrared sensor, piezoelectricity sensor, liquid sensor, photoelectric sensor, acoustic 

sensor, and image sensor. Even with the commercially available sensors based on 

optics (photoplethysmography (PPG)), ultrasound, and tonometry, face challenges for 

robust continuous monitoring.  

Photoplethysmography measures the intensity of light transmitted through or 

reflected by a tissue in order to monitor vascular pulsation. This method is widely used 

to monitor pulse wave, which are affected by the contract made between the PPG 

probe and the tissue. Therefore, there are deployed with straps and clamps that end 

up causing discomfort and irritation during the use. Moreover variation in the tightness 

of the strap the contact can change every time sensor is worn [20]. Ultrasound pulse 

wave sensor penetrates the skin to detect the fluctuations in the vessel. Their bulky 

and rigid imaging probes limit their use in daily life as wearable devices. While 

tonometry requires a precise placement at the center of the artery, the accuracy can 

vary with the position in millimeters. It is challenging to maintain a contact for long 

period among pulse wave sensors. It called for a sensor that is thin and uses a flexible 

substrate to improve contact and comfort of the user for unobtrusive monitoring in daily 

life.  

Physicians habitually diagnose and pick up the human pulse information 

through superficial arteries by the means of fingertips palpating patient’s pulses. 

Hence, the best option to imitate the physician’s tactile sensation is in fact through 

pressure/strain sensor [21]. Flexible pulse wave sensors have potential to revolutionize 

the healthcare services. Strain sensor is attached to the radial artery. The sensor 

detects pulse waveform through percussion wave and descending limb wave. The 

pressure fluctuation of the artery generated the pulse signals and typically, it has a 
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waveform where three peaks are clearly distinguishable. It can successfully identify 

the pulse features like percussion wave, tidal and diastolic wave. As example of signal 

measurements, Figure 4.10(a) shows the pulse response detected by a 

Graphene/Silver Nanowire Nanocomposite having a gauge factor of 41.5. The use of 

a dry adhesive substrate for creating a contact between skin and sensor, Figure 4.10(b) 

shows that even a slight strain from pulse is clearly measured at a rate of ~1.5 beat 

per second.  

Figure 4.10(c) show measurements from Thermoplastic Polyurethane 

(TPU)/graphene strain sensor with a novel intertwined coil configuration. In the 

waveform of a 7.8s range indicates presence of 10 peaks, it implies 77 beats per 

minute and has a sensitivity of 31.35 [22].  

A sequence of six pulse waves presented Figure 4.10(d) measured using 

biocompatible GNP/PU sensors. They have a linear resistive response characterized 

by four-point bending test with a high gauge factor in the range of 10 and 100.  

Figure 4.10(e, f) shows a strain sensor response based on polydimethylsiloxane 

(PDMS)/graphite sensing resistors for many wearable device applications such as 

arterial pulse measurement and for hepatic feedback, fingertip pressure monitoring. 

This flexible strain sensor makes use of a serpentine electrode design and has a total 

thickness of 200 µm [23]. 
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Figure 4.10: (a) Photographs of Graphene/Silver nanowire nanocomposite strain 

sensor attached onto the wrist, with an adhesive tape. (b) Real-time monitoring of radial 

artery pulse [24]. (c) Current variation of the Thermoplastic polyurethane/graphene 

strain sensor, with an intertwined-coil configuration, in response to the pulse [22]. (d) 

Resistance response of biocompatible gold nanoparticle/polyurethane (GNP/PU) 

strain sensor to the radial artery pulse [25]. (e) Wearable strain sensors together with 

a head mounted VR system. (f) The measured arterial pulse wave for 8 seconds. A 

close-up view of one cycle showing 3 peaks: systolic (Ps), inflection (Pi), dicrotic (Pd) 

peaks [23].  

Currently, most of the wearable devices use traditional rigid sensing material. 

The present-day pulse sensors are generally not sensitive enough and the detailed 

analysis of pulse waveform is lacking. Thickness of these sensors can go up to 2 – 3 

mm. When placing pressure over the wrist with the help of a belt or cuff, it creates a 

problem as it generally involves rigid and bulky imaging probes. Further, many 

wearable devices are capable of detecting only one specific physiological signal (e.g., 

pulse or respiration rates) stimulus. There is a problem of mass production and 

uniformity of these sensors as they are limited by their complicated fabrication process.  

This study moves toward testing the limits of previously (Chapter 2) fabricated 

and characterized (Chapter 3) HNS strain sensors. We propose a HNS pulse wave 

sensor, which offers high flexibility, ease of fabrication, and long-term operation under 
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daily life conditions. HNS sensors can measure the pulse signals with a high signal to 

noise ratio, owing to their high sensitivity to very low strain values, previously discussed 

in Chapter 3.  

Results & Discussion For the pulse measurement, the strain sensor is 

attached on a wrist. In order to record the data, the center of the sensing area 

(interdigitated electrodes) should be placed on the radial artery, where there is a 

relatively strong beating pulse signal on the wrist. A layer of adhesive tape is wrapped 

around the wrist and over the HNS sensor. Because of the small size of the active 

sensing area and rigidness of the Kapton film, it is important to add extremely low 

pressure that will help to detect better the response, Figure 4.11(b). Another approach 

is to glue the sensor on the skin region where pulse movement is strongest, as done 

by Meng. et al [26]. For a complex motion association with the body, Tolvanen. et al 

made use of flexible Kapton tapes [27].  

Further, the two ends of the sensor are connected to the VNA Instrument and a 

constant voltage of 0.5 V is applied to the strain sensor, Figure 4.11(a).  

 

 

Figure 4.11: (a) Photograph images of a HNS strain sensor attached to wrist using 

adhesive tape to monitor pulse. (b) Electronic circuit diagram for measuring the 

resistance change of the HNS sensor due to geometrical deformation of the 

microchannel. 

It is found that the three peaks of a pulse, systolic (Ps), inflection (Pi) and dicrotic 

peak (Pd) can be identified. The dicrotic peak (Pd) is known to be the result of the 
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reflected pulse waves from the lower extremities and aorta. Through Figure 4.12(a, b) 

real-time original signals measured with and without pulse wave, signal with the pulse 

wave clearly shows periodic peaks. For comparison, in Figure 4.12(b), only noise is 

recorded. The difference in nominal current value in the two graph is representative of 

slight pressure applied in case of pulse detection measurement to better adapt to the 

curve of the hand and detect the response. Because of the small size of the active 

sensing area and rigidness of the Kapton film (127 µm thickness) HNS sensor required 

additional pressure to place it closer on the surface of the wrist. This pressure can be 

applied manually, using an adhesive tape or by simply wearing it under a watch.  

Figure 4.12(c) displays the measurement results of an arterial pulse waveform 

and a close-up view of one cycle from a 25-year-old female subject. The arterial 

waveform can be significant in monitoring physiological conditions of the human 

cardiovascular system for possible future applications in medical diagnostic systems. 

 

 

Figure 4.12: (a) Real-time pulse wave and small strain sensing performance, original 

signals measured (a) with and (b) without pulse detection. (c) A close-up view of one 

cycle showing three peaks: systolic (Ps), inflection (Pi), dicrotic (Pd) peaks.  

According to the results shown in Figure 4.12(c): 

- High-resolution measurement is essential for reliable pulse diagnosis. The 

fabricated HNS sensor can reveal tiny feature variation in the pulse wave, in which 

the majority of currently used sensors in arterial tonometry are inefficient.  
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- HNS sensor can more accurately and distinctly show the wrist pulse response [28]. 

In Figure 4.12 the data has been presented raw and without any data treatment 

[26][24].   

- The small size of the HNS device is also a key feature to improve wearability for 

continuous, real-time, and elaborate pulse monitoring at home. It needs minimal 

amplification and additional circuitry. The active strain -sensing area is only 16mm2.  

However, one of the major drawbacks of the HNS sensors is there is a strong 

need to adjust the substrate thickness in order to accomplish an optimal balanced 

sensitivity, which will help to realize a complete wearable device. In the next section, 

the sensor’s performance versus standard motion capturing capabilities is tested on 

finger and hand motion. 

4.2.2  Hand movements 

Hand therapists keep track of any changes prior to and following the treatment 

by measuring joint angles [29][30][31]. As an example, after a stroke, it is possible to 

improve the damaged parts of the brain through continuous and repetitive finger 

rehabilitation [32]. The current method during hand rehabilitation and assistance tasks 

is through implementation of manual goniometer and approximation through eye. 

Therefore, their efficiency is restricted by the fact of static measurement and large 

errors. Some studies have shown a great potential for detecting hand gesture by 

sensing muscle activity using electromyography and force-sensitive resistors ,Figure 

4.14(a, b) [33][34]. However, they are not easy to integrate into other wearable devices. 

These systems require additional hardware that further increases the cost and user 

discomfort.  

Most of the current smart watches are equipped with accelerometers and 

gyroscope sensors, Figure 4.14(c); they offer a unique opportunity for gesture 

recognition [35][36]. Though it is anticipated that an arm’s movements can be easily 

identified using a smart watch, it is not certain to what extent the user's hand and finger 

gestures are recognized.  

Researchers have explored the integration of flexible devices into fabrics 

[37][38] with objective to realize improved sensing performance regarding body-part 

position reconstruction and posture classification. However, there are some downsides 

such as low sensitivity, and poor reliability of the sensor. In fabric-based sensors, the 
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strain sensing mechanism by the human movement has been related to only tensile 

behavior. The compressive strain properties have been hardly investigated using such 

sensors. 

Therefore, a proper measurement of joint movement in daily physical activities, 

over long periods is of great interest. For application in fields such as computer gaming, 

virtual reality, rehabilitation, and robotics sensors, instrumented gloves based on 

piezoresistive sensors have been developed [39][2]. The proposed glove sensing 

system could translate some of the hand gestures of American Sign Language into an 

electrical signal, Figure 4.13. It is useful in designing the mobile device system to 

translate ASL alphabet using a human–machine interface [40].  

 

Figure 4.13: An interactive electronic system with five nanowire-microfluidic hybrid 

sensors using a multichannel data-glove to control a robotic hand through a wireless 

communication. (Right) Controlling different configurations of robotic fingers by a 

human hand wearing the data-glove [41]. 

Three-dimensional motion analysis systems are often used for dynamic 

recording of finger bending angles during the performance of daily activities. They are 

effective in capturing complex actions accurately but are bulky and expensive and have 

large space requirements. All this makes them less suitable for routine clinical use [42]. 

Studies on soft sensors have shown that owning to their superior flexibility and 
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conformability they are very promising sensing devices. These devices are lighter in 

comparison to glove-based system and are easier to fabricate, Figure 4.14(e). 

However, the design can have strict material requirements [43]. A new kind of sensors 

that uses a conductive liquid metal injected in a soft chamber has been proposed as 

well. This soft bending sensor works well for wearable devices, but the fluidity of liquid 

metal brings technical constraints and limits its practiced application [44][45][46][47].  

Thus, considerable research efforts into the materials, structures, and 

processing have been conducted in recent years on resistance-type flexible strain 

sensors [1][48] due to their simple structure and superior sensing properties to various 

types of deformations.  
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Figure 4.14 : (a) Design of uSkin for a fingertip (b) 3D printed fingertip with flexible PCB 

attached to it [33]. (c) Photographs showing experiment settings how Shimmers is used 

to measure wrist and forearm motion [36]. (d) Integrated rosette-shaped Graphite/Silk 

Fiber strain senor for multidirectional motion detection and Responsive signals during 

cyclic bending-unbending motion of the wrist [49]. (e) Photographs of wearable sensor 
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attached to the knee marked in the red box. (f) Responsive curves of wearable sensor 

on the knee, shows various motions as labeled [50]. 

Results & Discussion   

Prior to applying the sensor to the hand, the sensor is calibrated to obtain the 

relative variation of the resistance as a function of the applied force. The relative 

changes in electrical resistance are measured using a three-point bending machine, 

as shown in Figure 4.15(a). It is evaluated based on electrical resistance changes in 

small stepwise increment in force value. 

Eventually, a measured variation of the resistance of the sensor corresponding 

to the force generated by the finger estimated using the graph generated with the same 

sensor showing the resistance variation with the applied force in Newton, Figure 

4.15(b). 

 

Figure 4.15: (a) Three-point bending set-up (b) Representative calibration curve. 

Sensor is calibrated before being installed on the subject. Force output in Newton was 

synchronized with resistance variation to produce a calibration equation, which was 

used subsequently to convert the resistance variation data from all trials on finger/hand 

into units of force. The fit for this sensor was linear with an R2 value of 0.9.  

1. Finger-joint bending When measuring finger-joint bending, the HNS strain 

sensors are attached on the proximal phalanges over the joint of the index finger 

as show in Figure 4.16. The two ends of the sensor are connected to a VNA 

Instrument. A constant voltage of 0.5V is applied to the strain sensor. The 
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resistance of the strain sensor varies under a certain motion of hand. Figure 4.16 

shows the resistance variation with time for the bending and relaxation state tests 

results. 

 

Figure 4.16: Relative resistance changes versus time of the finger motion on the tensile 

strain region. 

By using the linear relation of increase in the sensor resistance variation with an 

increasing applied force, it quantifies that a 90-degree bending of finger generated 1.8 

N. The finger joint bending sensor also shows good recovery capability after going 

through a 90-degree bending test, which is an indication of reliability of the sensor.  

For monitoring the finger lifting effect, the thin Kapton sensor mounted on the 

palm as shown in Figure 4.17(a). Then one by one index finger (I) and little finger (L) 

lifted. The response of the resistance variation shows that the compressive strain 

experienced is stronger by lifting last finger (L) comparatively, Figure 4.17(b). It can be 

specified that resistance variation peaks strongly correlated with the motion of each 

finger successfully verifying the feasibility of the sensor in terms of small motion 

detection.  
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Figure 4.17: (a) Diagram showing the placement of the sensors as well alphabet ‘I’ and 

‘L’ on each peak represents which finger is bent at each region. (b) Real-time output 

of the sensor glove showing individual finger response.  

2. Hand motion Placing the sensor to the back of the hand is especially relevant, 

since hand plays an important role as a primary part of the body by which humans 

sustain tactile interaction with their environment. The sensor is mounted on the 

center of the opisthenar over a typical glove with associated electrical connections. 

The problem associated with direct attachment of sensor in the hand module can 

include hand tremors and temperature. To reduce the signal noises an adhesive 

tape (green) is added right over the active sensing area to firmly grip the sensor to 

the hand, Figure 4.18.  

 

Figure 4.18: (a) Photograph and (b) the layout of the sensors on the glove. 

In order to verify the performance of the developed sensing glove, three 

experiments are conducted regarding the HNS sensor. (1) First experiment is to test 
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two different configurations of placement of IDE, Figure 4.19(a). (2) Second is the 

electro-mechanical properties of the wrist flexion. Wrist extension are assessed using 

the relative changes in electrical resistance. Finally, a 10mins long flexion and 

extension is performed. The experiments performed are analyzed using MATLAB 

R2018a.  

The sensor is placed on the back of the hand to be able to recognize the small 

movements through fingers. The two different configurations used, from first to second, 

are rotated by 90° from each other. When HNS network is deposited between the 

electrode gaps of IDE via DEP, they align almost parallel to each other. This implies in 

configuration 1 these 1D nanomaterials are parallel the motion of the hand while in 

configuration 2 their positioning is 90° to the direction of their stretching. The two 

configurations reveal the highly accurate sensing of HNS network. The sensor can 

capture the difference in the placement of the IDE movement, from Configuration 1 to 

Configuration 2. Closing of the wrist induces the bending of the sensor, therefore 

leading to an increase of the resistance value. While in Configuration 2, a sliding motion 

between the electrodes recorded, as seen in Figure 4.19(b). Leading to a decrease in 

resistance. 

 

Figure 4.19: (a) Demonstration of real time tracking of the bending by the HNS stretch 

sensor glove at two different configurations. (b) Resistance response of Configuration 

1 and Configuration 2. The particular case, Configuration 2, showing here tracks the 

ultralow sliding effect between the electrodes. 
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For the cyclic performance, repeated hand movements are captured over 

10minutes in real time, Figure 4.20. The consecutive cycles show a similar and stable 

pattern during the test, indicating that the sensors have good stability throughout long-

term cycling of the deformations. Configuration of HNS sensor used here is in 

configuration 1.  

 

Figure 4.20: Real-time resistance responses of the strain sensor for monitoring hand 

motion for 10 minutes, the fatigue response after 6 minutes has been well recorded by 

the HNS sensor. 

Here, we report the first tests of hand movements detection using HNS sensor 

system, under traction and compression strains. Traditional method of fixing the sensor 

position on the glove is used. It shows great sensitivity and linearity. IDE covers the 

very small area of skin i.e., 16 mm2 that allows to increases wearability and user 

friendliness. The use of hand motion tracking glove modules based on HNS strain 

sensors has shown high accuracy. It also has advantages of easily integrating to the 

glove, that is subsequently worn by a volunteer and the sensing system that demands 

low-cost manufacturing.  
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4.3 Conclusion 

In conclusion, HNS strain sensor response with temperature and humidity has 

been evaluated. The aim of using an encapsulation is to make HNS sensors insensitive 

to temperature and humidity; this has been experimentally verified and achieved. 

Another perspective of HNS ability in simultaneously detection of strain, temperature, 

and humidity with one device, makes it a potential candidate as a multimodal sensor 

[10]. However, there is a need for proper calibration and characterization, as without 

encapsulation there is a risk of hysteresis and less reproducible responses from HNS 

sensors. In addition to detection of temperature shifts and strain applied, the sensor 

has been used to monitor human motions.  

The current work introduced HNS materials and IDE designs, to improve their 

sensitivity. The flexible piezoresistive strain sensors have a total thickness of 127 µm, 

which can be comfortably attached to hands. An overview of the mechanical and 

electrical behaviors of the HNS sensor to validate its usefulness and readiness in 

wearable systems was presented. A highly sensitive response for biological signal 

measurements, such as cardiac pulse monitoring, finger bending and lifting and wrist 

clutching using the HNS sensors has been demonstrated. The results exhibit several 

key sensing capabilities: (1) monitoring of human pulse waves with the identification of 

at least two distinct local peaks (2) finger-lifting pressure (3) angular motion detection. 

Additionally, even when they are not in direct contact with the skin, HNS sensors are 

able to detect the movements of the hand accurately.  

Their extremely low power consumption makes HNS sensor very attractive for 

consumer applications and missions having constrains on power budget. One of the 

main limitations of this current prototype is the relatively inflexible Kapton substrate. 

Nevertheless, it holds immense possibility in improving the electrical connection points 

and attachment to the skin, which will be a step further to building a complete wearable 

device. 
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General Conclusions & Future Directions 
 

In this thesis, we have presented the fabrication of flexible strain sensors based 

on Helical Nanostructure (HNS) by using deposition and alignment technique called 

dielectrophoresis. The current work introduced HNS materials and IDE (Interdigitated 

electrode) designs to improve their sensitivity toward low strain values and achieve 

zero hysteresis response. Two aspects were more particularly developed. The first 

objective was to assemble helical nanostructure on an interdigitated electrode and to 

characterize the boundary conditions in order to optimize the deposition. The second 

objective was to calibrate and characterize the sensitivity response. Mechanical 

characterization included measuring the Gauge Factor and enhancing the 

performance. Finally, the potential application of HNS sensors as a wearable device 

was explored. 

• Elaboration and Characterization of HNS assemblies alignment  

Flexible strain sensors have been successfully fabricated with MPA@AuNP 

HNS as strain sensing media. A schematic of the easily manipulated protocol for 

fabricating the 1D helical nanomaterial-based strain sensor is presented in this 

thesis. Dielectrophoresis has been compared with other techniques, one of which is 

Drop-Cast deposition. Altogether, dielectrophoresis proved to be an efficient, 

minimum-waste producing, and a quick alignment technique. Dielectrophoresis takes 

less than a minute to achieve a well-positioned deposition, feasible and prevents 

material wastage. HNS are deposited in the desired direction as well as in the 

appropriate localization in between IDE.  

We saw that the electrical performances of the sensors are easily tunable by 

controlling the density of HNSs synthesized on the IDE. The experimental analysis of 

DEP provided more control on deposition density by carrying out multiple DEP over 

the same sample.  

• Shaping and Characterization of HNS based strain sensor 

We have addressed the mechanical analysis of the HNS based strain sensors. 

By making an estimation of HNS quantity present between the IDE through device 

resistance, an interesting strategy to tune and enhance the Gauge Factor of strain 
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sensors has been presented based on multiple DEP deposition. It is found that there 

is a zone of optimal resistance in case of HNS that allows achieving the best Gauge 

Factor, which lies in our case within the range of 500 to 20k Ω. It helps in building a 

more stable sensor that can retain its initial resistance i.e., no shift in resistance even 

after a series of bending tests. 

Overall, the HNS based sensor showed excellent performance with good 

sensitivity, excellent durability against repeated loading cycles (2M cycles at 1% 

strain) and negligible hysteresis. The Helical Nanostructure morphology is the key 

contribution to negligible hysteresis response. The grafting gold nanomaterials over a 

helical spring-like base made it possible to achieve mechanical properties rivalling 

those of the metallic nanomaterial. The intrinsic mechanical properties of the HNS 

structure allow a faster recovery after deformation. A novel strain sensor is realized 

that can measure ultralow strain up to 0.01% and fast response. HNS strain sensor 

response to temperature and humidity variation is observed and presented. The aim 

of using an encapsulation is to make HNS sensors insensitive to temperature and 

humidity; this has been experimentally verified and achieved.  

The flexible strain sensors built in this project have a total thickness of 127 µm, 

which can be comfortably attached to hands. A highly sensitive response for biological 

signal measurements, such as cardiac pulse monitoring, hand motion using the HNS 

sensors has been tested. The results exhibited several key sensing capabilities such 

as: (1) monitoring of human pulse waves with the identification of at least two distinct 

local peaks (2) finger-lifting pressure (3) Wrist clutching detection (4) angular 

motion detection. Additionally, even when they are not in direct contact with the skin 

i.e., using a glove, HNS sensors are able to detect the movements of the hand 

accurately. Their extremely low power consumption makes HNS sensor very attractive 

for consumer applications and missions having constrains on power budget.   

• Future work 

HNS Solution. The common drawbacks of current HNS sensors using 

functionalized gold nanoparticle are aggregation. From one dielectrophoresis 

deposition to another due to non-homogeneity of the HNS solution, the final resistance 

of devices may vary and eventually impact the performance. It is because 

dielectrophoresis force attracts bigger and bulkier particles first. For that reason, non-
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homogeneity and aggregation of HNS solution need to be avoided to produce a device 

with uniform and unique deposition protocol.   

Bulk Fabrication. In order to build IDE sensor for mass production at low cost 

the electrode gap must be increased, which is currently set to 3 µm. While trying to 

realize such small gap, interdigitated electrodes tend to have short circuits at the end 

of the microfabrication process. Increasing gap size would increase the yield of IDE 

production from a standard 4-inch wafer. This would also imply increasing the 1D 

helical nanostructure length to compensate the number of particles required to bridge 

the gap.  

IDE Design. Further, to reduce possible strain coming from electrical 

connections (use of clips) during the biological measurements, the electrode design of 

IDE should be modified. One of the main limitations of this current prototype is the 

relatively inflexible Kapton substrate. To enhance the sensitivity and comfort of wearing 

them, thinner flexible substrate can be used. Nevertheless, HNS sensors holds 

immense possibility in improving the electrical connection points and attachment to the 

skin, which will be a step further to building a complete wearable device. 

Altogether, a higher structural integrity and sensitivity is achieved through the 

HNS sensors. Small size of HNS devices makes them easily integrate in the sensory 

system. Although considerable progress has been made so far, as a wearable strain 

sensor, they are still in their prototype stage, and several challenges in the 

manufacturing, integration and automatization of HNS strain sensors are yet to be 

tackled. 
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Appendix 
 

Beam theory. The bending moment for a beam supported at both ends and loaded in 

center, Figure 0.1, given by 

 
𝑀 = |

−𝐹𝑥

2
| 

(1) 

Where F is the applied load. Assuming that the deflection of the beam is sufficiently 

small, one can neglect the first derivative y. With this the differential equation becomes 

 𝑑2𝛿

𝑑2𝑥
=

𝑀(𝑥)

𝐸𝐼
 

(2) 

Where I is the moment of inertia of the cross section with respect to the neutral z-

axis 𝐼 =  
𝑏ℎ3

12
 , b is the width of the sample h its thickness; E is the bending modulus or 

young modulus of the mechanical substrate considering that the mechanical properties 

of the Kapton (Sensor sample) is negligible. It follows that 

 
𝐸𝐼

𝑑2𝛿

𝑑2𝑥
= |

−𝐹𝑥

2
| 

(3) 

And the integration procedures lead to 

 
𝐸𝐼

𝑑𝛿

𝑑𝑥
=

−𝐹𝑥2

4
+ 𝐶1 

(4) 

When  𝑥 =  
𝐿

2
 ,  

𝑑𝛿

𝑑𝑥
= 0       gives 𝐶1 =

𝐹𝐿2

16
 

 
𝐸𝐼 𝛿 =

−𝐹𝑥3

12
−

𝐹𝐿2𝑥

16
+ 𝐶2 

(5) 

When  𝑥 =  0 , 𝛿 = 0       gives 𝐶2 = 0 

The equation of deflection of supported rectangular sample which is centrally loaded 

becomes [1]: 

 
𝛿(𝑥) =  

𝐹𝑥

48𝐸𝐼
(3𝐿2 − 4𝑥2), 0 <  x <  

𝐿

2
 

(6) 

Where F is the applied load, x is the distance between the point of the applied load 

and the support, L is the suspension length. Thus, the deflection of the center of the 

beam is given by: 
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𝛿 (

𝐿

2
) = | 

𝐹𝐿3

48𝐸𝐼
| 

(7) 

 

 

Figure 0.1: Symmetrical Three-point bend loading 

The longitudinal strain, ε𝑥𝑥 at the surface of the sensor is given by 

 
ε𝑥𝑥 = −(

ℎ

2
+ 𝑒)

𝑑2𝛿(𝑥)

𝑑𝑥2
 , 0 < 𝑥 < 𝐿/2 

(8) 

Where variable e is the thickness of the Kapton film. Strain varies linearly from zero at 

the supports to the maximum value at the center of the beam. Taking the integral along 

the length and using deflection as a function of applied load at the center (Eq.7),  ε𝑥𝑥 

is given by 

 
ε𝑥𝑥 = 3(ℎ + 2𝑒)

𝐹𝑥

𝐸𝑏ℎ3
 

(9) 

The strain can further be simplified as 

 
ε𝑥𝑥 =

6(ℎ + 2𝑒)𝛿

𝐿2
 

(10) 

To estimate the gauge factor, strain is an important parameter. Using Eq.10, the strain 

is obtained through deflection in the substrate. In later section, a relation is established 

between applied load (F) and the generated strain (𝝐).  

 



 

232 
 

Bibliography 

[1] N. D. Madsen and J. Kjelstrup-Hansen, “Three-point bending setup for piezoresistive 

gauge factor measurement of thin-film samples at high temperatures,” Rev. Sci. 

Instrum., vol. 88, no. 1, 2017, doi: 10.1063/1.4973512. 

 

 

 

 

 

 

 

 


