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Chapter 1 

1. Introduction 









 

 

 

Chapter 2 

2. 2D Materials and their 

Synthesis 



 Characteristics of 2D Materials 



 







Figure 2.1 – Graphene. A) Direct TEM image of single layer graphene. Image 

from ref.28 B) Graphene is a 2D building block for carbon materials of other 

dimensionalities: 0D – Buckyballs, 1D – Carbon nanotubes, 3D – Graphite. 

Image from ref.29 C) Electronic dispersion relation of p-bands. Image from ref.30 

  







Figure 2.2 –  Boron Nitride. A) Atomic structure and layer structure. Image 

from ref.14 B) TEM images of exfoliated nanosheets. Image from ref.36 C) Band 

structure of single layer Boron Nitride. Image from ref.31 

  





Figure 2.3 – Transition Metal Dichalcogenides. A) Periodic table highlighting 

the elemental make up of transition metal dichalcogenide crystals. Image from 

ref.45 B) Atomic structure of 2H and 1T phases. Image from ref.48 



Figure 2.4 – TMD Electronic Structure. A) Orbital filling of group 6 transition 

metals in trigonal prismatic coordination. Image from ref.54 B) Transition of 

indirect to direct bandgap as MoS2-2H is scaled down from bulk to monolayer 

thickness. Image from ref.48 

  



2.2. Synthesis of 2D materials 

Figure 2.5 – 2D Material Synthesis. Various bottom up and top down synthesis 

routes for graphene. Image from ref.56 



 



 

 



Figure 2.6 –  Chemical Exfoliation. Schematic of exfoliation by intercalative 

methods. Image adapted from ref 14 









Figure 2.7 – Liquid Phase Exfoliation. A) layered crystals delaminated via probe 

sonication. B) Exfoliation mechanisms associated with microjets during 

sonication. Image from ref.66 C) In ‘good’ solvents – those with matching 

surface energies, nanosheets are stabilised against re-aggregation. In ‘poor’ 

solvents  - those with mismatched surface energies, nanosheets tend toward 

re-aggregation. Image adapted from ref14. D) Examples of stabilised and 

reaggregated dispositions. Image from ref.94 
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Figure 2.8 – Surfactant Stabilisation. A) Surfactant stabilisation of particles 

within solution via amphiphilic molecules. Image from ref.107 B) Interaction 

energy as a function of nanosheet separation. Contributions due to Coulomb 

repulsion (VDVLO) and attractive vdW forces (VvdW)  are shown as dashed lines. 

The sum of the interaction (VT) is a solid line. Adapted from ref.85 





Figure 2.9 – Size Selection of Nanosheets via Liquid Cascade Centrifugation. 
Nanosheets of specific size distributions can be trapped by centrifuging in 
iterative steps. Image from ref.109 
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Chapter 3 

3. 2D Networks and their 

Composites 



Figure 3.1 – Assembled Nanosheets and Nanosheet Networks. A) Schematic 

of mechanically stacked nanosheets from which functional heterostructures 

can be obtained. The process requires precise placement of nanosheets in 

order to obtain well-defined reproducible devices. Adapted from ref.111 B) 

Schematic of networks formed from overlapping of adjacent nanosheets. This 

type of assembly leads to large area, continuous nanostructured networks. 

Adapted from ref.116 



3.1. Low-Dimensional Networks 







Figure 3.2 – Nanomaterial Networks. Schematic of nanostructured thin films 

A) zero-dimensional, B) one-dimensional, C) two-dimensional. Images adpted 

from ref.124 D) Schematic of a nanosheet network, purple line defines the 

electron path across grey nanosheets, where it encounters series resistances 

associated with the resistance of the nanosheet and of inter nanosheet 

junction. A conductive atomic force microscopy measurement showing a large 

step as the atomic force microscope tip crosses an inter-sheet junction (inset). 

Image from ref.88 SEM images of D) highly aligned spin coated and E) obliquely 

aligned spray coated nanosheet networks. Image in D) is from ref.124 









3.2. Composites 



Figure 3.3 – Composite Systems. A) Image of the Great Mosque of Djenné, 

Mali. B) Mud and straw composites that can be used as structural materials. C) 

Carbon fibre filler embedded with in a continuous matrix phase. Image from 

ref.137 D) Simulation of filler sheets embedded within a polymer matrix 

comprised of interwoven polymer chains. Image from ref.138 
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Figure 3.4 – Nanocomposite Reinforcement A) Stress-Strain curves at various 

filler loadings demonstrating a significant increase in strength and elastic 

modulus. Data from ref.144 B) Elastic modulus plotted as a function of filler 

volume fraction, the solid line is behaviour predicted by the rule of mixtures, 

which deviates at higher filler loadings. Data from ref.144 Schematic of C) 

randomly distributed and D) aligned filler nanocomposites. 
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3.3. Percolation 

 



Figure 3.5 – Electrical Percolation in Graphene Nanocomposites. Schematic 

depicting the variation in conductivity as filler content is increased. This results 

in a characteristic ‘S’ shape behaviour which can be modelled by equation 3.4. 

Image from ref 22.  
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Figure 3.6 – Percolation Networks A) Classical site-bond percolation model, 

here the black dots denote the site, while connected paths through the lattice 

are shown as hollow connected dots. p denotes the probability of a random 

site being occupied. Image from ref.173 B) Network connectivity in percolating 

2D thin film networks. As material is added in iterative steps i) – iv) connected 

paths of nanosheets form allowing current to flow. 
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3.4. Fabrication and Deposition Methods 

 



 

Figure 3.7 – In-situ Polymerisation. Schematic of a nanocomposite formed by 

in-situ polymerisation. Polymer and nanomaterials are dispersed into a 

homogenous mixture. Crosslinking is then initiated by a catalyst or curing 

yielding a nanocomposite. Image from ref.185 



 

Figure 3.8 –  Melt Processing. Schematic of melt compounding process where 

Nanocomposite and polymer pellets are fed are mixed by a screw under 

heating creating a viscous liquid mixture. Upon cooling a solid nanocomposite 

forms. Image taken from ref.188 



 

Figure 3.9 – Solution Bending. Schematic of a nanocomposite formed by 

solution blending. Polymer and nanomaterials are prepared separately in 

common solvents. They are then mixed by blending and ultrasonication. 

Finally, the solvent is evaporated to form the final nanocomposite. Image from 

ref.190 



 

 





Figure 3.10 – Screen Printing. A) A schematic of the screen printing process 

used to print viscous nanomaterial ink. The squeegee exerts a shear force 

which pushes ink through the patterned mesh to deposit on a substrate. A 

spacer is used to create a gap between the screen and substrate allowing for 

smoother deposition. Image adapted from ref.194 B) Desirable properties in 

screen printing inks which display both shear thinning and thixotropic 

behaviour. Image from ref.195 
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Figure 3.11 – Ink Wettability. A) Schematic of the formed contact angle, q, 

between ink and substrate. B) As the surface tension of the ink increases 

relative to the surface energy of the substrate, the contact simultaneously 

increases which results in poorer wetting. Images taken from ref.203 
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Figure 3.12 – Spray Coating. A) A schematic demonstrating the typical spray 

coating process using an airbrush. The blanket deposition of ink necessitates 

the use of shadow masks to define print patterns on the substrate. Image 

adapted from ref.211 B) A schematic of the nozzle head in an airbrush system. 

The trigger actuates the withdrawal of the needle which allows ink and N2 to 

mix forming an aerosol.
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Figure 3.13 – Aerosol Jet Printing. Schematics outlining operating principles 

of the process. A) Atomisation of ink via ultrasonic energy, the ink is then 

transferred to the deposition head by N2 carrier gas. B) Focusing, collimation 

and deposition of aerosol onto a target substrate. Image adapted from ref.216





 

 

 

Chapter 4 

4. Piezoresistance and 

Strain Sensing  
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Figure 4.1 – Capacitive Sensing. A) A typical parallel plate capacitor sensor. A 

dielectric elastomer is sandwich between to conducting CNT electrodes to form 

the sensor. Straining the material reduces distance between the two electrodes 

according to the Poisson ratio and an increase in capacitance is observed. 

Image from ref.231 B) Typical capacitance – strain response with a  gauge factor 

very close to the theoretical value of 1. Inset – Capacitance plotted as a 

function of time in response to a 150% applied strain. Graph taken from ref.232 

C) Alternative capacitive senor design based on 2-dimensional interdigitated 

electrodes. An applied strain increases the distance between each electrode 

finger leading to a negative capacitive gauge factor. Image taken from ref.231 



4.2. Piezoelectric Sensing 



Figure 4.2 – Piezoelectric Mechanism. A) An unperturbed molecule without 

piezoelectric polarisation, the molecule shown here is neutral but prior 

polarization can exist. B) The molecule is subjected to a force (Fk) which 

induces a polarisation of the molecule (Pk). C) Shows the macroscale 

polarisation of molecules in response to an applied force. D)  Opposite charges 

are neutralised within the body of the materials leaving a net charge on the 

surface, generating current flow. E) The materials returns to a neutral state 

when the force is removed. Images adapted from ref.239 



4.3. Piezoresistive sensing 
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Figure 4.3 – Metal Foil Strain Gauges  A) Image from one of the first 

commercial metal foil strain gauge patent.240 Modern commercial metal foil 

strain gauges for measuring tensile strain, with patterned foils for measuring 

B) Tensile strain, C) Perpendicular tensile strains, D) Shear and E) Pressure.
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Figure 4.4 – Piezoresistive Sensing  A) Graphical representation of the voltage 

drop across a piezoresistive network at a fixed current at various strain. As the 

strain increases, the voltage drop in areas of the conductive network get larger 

leading to higher total network resistances. B) An example of negative 

piezoresistive behaviour in polymer:semiconducting nanocomposites. Data 

from ref.144 C) Resistance-strain response for a graphene thin film network, 

which displays high sensitivity and linearity at low strain . The response from 

a commercial strain gauge is also included for comparison. Images taken from 

ref.248 D) An example of non-linearity which occurs at higher strains, this is 

generally characterised by an exponential increase in resistance due to the 

increase in tunnelling resistances between particles. Image from ref.249 
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Figure 4.5 – Evolution of 0D and 2D Networks Under Strain. A) Schematic 

evolution of 0D film morphology in response to applied strain. Due to particles 

geometry microcracks quickly propagate throughout the film as strain is 

applied. Image taken from ref.253 B) Schematic of well overlapped and aligned 

nanosheets as strain is applied the overlap area between sheets reduces but 

the film is free from cracks. Image taken from ref.117 

 



4.4. Metrics for Strain Sensing 
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Figure 4.6 – Hysteresis in Strain Sensors. A) A schematic of mechanical 

hysteresis in a materials. The degree of hysteresis is defined by the area of the 

enclosed loop. B) An example of large electrical hysteresis in conductive CNT 

nanocomposites. The goal of researchers is to minimise the hysteresis loop 

while maintaining a high degree of linearity. Image taken from ref.258
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Figure 4.7– Cycling Dependence of Strain Sensors A) Sensor under goes a 

cyclic straining test. B) The maximum stress decreases according to Basquin’s 

law, with the behaviour occurring as a consequence of the Mullin’s effect. C) 

The relative resistance response from the sensor, the maximum relative 

resistance is seen decrease in a Basquin-like fashion showing equivalence 

between the mechanical and electrical response. 



Table 4-1: General characteristics of various sensor classers and types. 

Table -





 

 

 

Chapter 5 

5. Bulk to 2D Sensing 





5.1. Experimental Methods 
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5.2. Results and Discussion 

 

Figure 5.1 – Graphene Characterisation. A) – B) TEM images of graphene 

nanosheets, showing thin nanosheets of various lateral sizes. C) Lateral size 

distribution obtained from TEM images. Distribution comprises of 100 counts 

of individual nanosheets. D) Extinction spectra of graphene. 
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Figure 5.2 – Ink Characterisation. A) – C) G-putty in various forms A) Bulk 

composite. B) Ink. C) Viscous paste. D) Rheological properties of G-putty ink, 

at various concentrations. As the concentration increases the inks become 

more paste like displaying shear thinning behaviour. E) – G) Printed G-putty 

thin films. E) Spray coated. F) Screen printed. G) Aerosol jet printed. 
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Figure 5.3 – Thin Film Characterisation. A) TGA of bulk, spray coated and drop 

cast films. Almost identical curves are observed in each instance. B) - D) SEM 

images of B) Spray coated. C) Aerosol Jet Printed and D) Screen printed thin 

films. E) SEM cross section prepared by focused ion beam milling, showing a 

distinct phase separation between graphene and PDMS. The top Pt layer is 

deposited as part of the imaging to prevent sample damage. 
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Figure 5.4 – Electrical and Electromechanical Characterisation. A) Bulk and thin 

film conductivity plotted as a function of composite volume fraction. Solid lines 

are fits to percolation theory. B) Thin film resistance plotted as a function of 

tensile strain. Inset shows a quasi-linear response in the relative resistance 

change up to ~20% strain 
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Figure 5.5 – Gauge Factor Response. A) Representative curves showing the 

relative resistance change as a function of strain. Thin film gauge factor is 

calculated from the slope of the linear fits. B) Gauge factor shows a strong 

dependence on graphene mass fraction, with the lowest graphene loadings 

leading to the most sensitive films. C) Gauge factor for both bulk and thin films 

G-putty plotted as a function of conductivity, showing lower law like behaviour. 
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Figure 5.6 – Step Strain Response. A) Bulk, B) Screen printed, C) Spray coated 

and D) AJP thin films strained in 0.5% increments followed by a 900s hold. 

Resistance is monitored over time. 



Figure 5.7 – Strain Rate and Hysteresis. A) Mechanical hysteresis of bulk G-

putty (grey) and spray coated (red) samples backed by a sylgard-180 pdms 

substrate. B) Electrical hysteresis for bulk and spray coated samples. C) - D) 

Strain rate dependence of the C) electrical hysteresis D) quasi-static gauge 

factor of bulk and thin films. 



Figure 5.8 – Oscillatory Resistance-Strain Response. A) Resistance changing 

as a function of time in response to an applied sinusoidal strain. The response 

attains a quasi-stable state after an initial  sharp decrease in resistance. B) A 

magnified version of the resistance response. C) The dynamic gauge factor 

(Relative change in resistance from peak to peak plotted as a function for 

frequency. 



 



Figure 5.9 – Biomedical Sensing. A) – B) images of wrist mounted sensors. C) 

– D) Corresponding resistance output showing pulse at the radial artery. E) – 

F) Pulse measurements carried out with a commercial band aid substrate. G) – 

H) Sensor mounted on Adams apple to monitor swallowing. Arrows denote 

swallowing events.



5.3. Conclusions 



 

 

 

Chapter 6 

6. Relating Piezoresistance 

to Percolation Scaling 
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6.1. Experimental Methods 
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6.2. Results and Discussion 

 

Figure 6.1 – Review of Literature Data. A) Gauge factor plotted as a function 

of zero-strain conductivity for a range of literature 

composites,10,184,191,260,273,278,279,300-310 showing a general decline in gauge factor 

with increasing conductivity. B) A paired back version of A) where only the 

most extensive data sets are shown.10,278,298 
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Figure 6.2 – Composite Characterisation. A) Image of G-putty nanocomposite. 

B) Image of G-sylgard nanocomposite. C) Representative TEM images of 

graphene nanosheets. D) Nanosheet length statistics determined from TEM 

images. Nanosheets have an average lateral size of 511 nm. E) UV-Vis 

extinction spectra of the graphene dispersion from which nanosheet layer 

number can be determined.67 Raman spectra for graphene, G-putty and G-

sylgard. Graphene peaks are present in each sample, showing graphene 

maintains its chemical composition when embedded in the polymer matrix. 
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Figure 6.3 – Electrical and Electromechanical Characterisation. A) Zero strain 

conductivity plotted as a function of filler volume fraction. The solid lines are 

fits to equation 6.2. B) Linearised log-log form of A). C) Representative 

electromechanical response of G-putty at two different filler volume fractions. 

D) Representative electromechanical response of G-sylgard at two different 

filler volume fractions. 



Figure 6.4 – Gauge Factor Characteristics. A) Gauge factor plotted as a 

function of filler volume fraction. The solid lines are fits to equation 6.8. B) A 

linearised form of A), showing fidelity of the equation. C) Gauge factor plotted 

as a function of the zero-strain conductivity. The solid lines are fits to equation 

6.9. D) A linearised form of C), demonstrating the near power law relationship. 
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Table 6-1 - Various parameters obtained from linearized fits of data to 

Equations 6.2 (0 vs. ), 6.8 (G vs. ) and 6.9 (G vs. 0). 
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 

Figure 6.5  – Fitting Literature Data. A) Comparison of the percolation 

threshold obtained from fitting 0 vs  and G vs . B) Comparison of the 

percolation exponent obtained from fitting 0 vs  and G vs . C) Comparison 

of the gauge factor constant G0, and G0, obtained from fitting G vs  and G 

vs . D) Comparison of the gauge factor scaling factors G1 and  
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Figure 6.6 – Strain Dependent Percolation. Conductivity percolation plots at 

0% and 2% strain. By fitting these plots at various increments of strain the 

strain dependence of lnc, c and t can be obtained for A) G-putty and B) G-

sylgard. 
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Figure 6.7 – Strain Dependence of Percolation Parameters. A) – B) c , C) – D) 

lnc , E) – F) t , plotted as a function of strain for G-putty (top) and G-sylgard 

(bottom). The parameters show well defined trends with the linear region of 

the data at low strain used to obtain (dc/d)0, (dlnc/d)0 and (dt/d)0. 

Table 6-2 - Parameter values obtained from linear fits at low strain to the 
percolation data presented in Figure 6.7 (A-F). 

 ( )
0

ln /cd d   ( )
0

/dt d  ( )
0

/cd d   

Expected sign -ve +ve -ve 

G-Sylgard value -4.4 -4.2 0.07 

G-putty value -120 -33 0.5 

 



Figure 6.8 – Model Predictions. Experimental gauge factor data plotted versus 

graphene volume fraction (A-B) and zero-strain conductivity (C-D) for G-putty 

(A,C) and G-sylgard (B,D) composites. In each panel, the black lines are 

obtained by plotting either equation 6.6 (A-B) or 6.7 (C-D). The other lines 

correspond to the individual contributions of the bracketed terms in equation 

6.6 and 6.7. 
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Figure 6.9 – Fitting the Strain Dependent Derivatives. A) – B) Gauge factor 

versus volume fraction, the solid lines are fits to equation 6.6 for G-putty and 

G-sylgard. C) – D) Gauge factor versus conductivity, the solid lines are fits to 

equation 6.7 for G-putty and G-sylgard. Fit parameters can be found in the 

corresponding table. 
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Figure 6.10 – Optimising the Gauge Factor. A demonstration of the positive 

relationship between (d /d)0 and t0. This indicates that engineering higher 

values of t0 may be a viable path to accessing very large gauge factors. 
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Figure 7.1 –  Nanosheet Characterisation A) Image of nanosheet dispersions: 

Ag, WS2, WSe2, Gr, BN. B) UV-Vis extinction spectra of all nanosheet 

dispersions. C) Typical TEM images of nanosheets: Ag, B N, WS2, WSe2 D) 

Histogram of graphene nanosheet length <L> = 348 nm. Inset: Typical TEM 

image. E) Raman spectra measured on networks of WS2, WSe2, BN, Gr. F) Image 

of a spray coated 2D:2D nanocomposite network. 
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Figure 7.2 – Nanosheet Imaging. TEM Length statistics and images for A) BN, 

B) WSe2, C) WS2 and D) Ag nanosheets. Each distribution comprises of a 

minimum of 110 individual counts. 

 



Figure 7.3 – 2D:2D Nanocomposite SEM Characterisation A-D) Representative 

SEM of nanocomposite networks for A) BN:Gr, B) WSe2:Gr, C) WS2:Gr, D) Ag:Gr. 
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Figure 7.4 – Nanocomposite  Electrical Properties. Conductivity, , plotted as 

a function of filler volume fraction,  for A) BN:Gr, B) WSe2:Gr, C) WS2:Gr, D) 

Ag:Gr. The solid and dashed lines are fits to various models discussed in the 

text. 
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Table 7-1 – Fitting parameters obtained from fitting 0 vs  data in Figure 

7.4A-D 

    
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Figure 7.5 – Resistance-Strain Response. A-D) Fractional resistance change 

plotted as a function of applied strain to the nanocomposite network, each 

plot is a representative curve which demonstrates the change in piezoresistive 

behaviour resulting from a variation in filler loading. A) BN:Gr, B) WSe2:Gr, C) 

WS2:Gr, D) Ag:Gr. 
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Figure 7.6 – Gauge factor as a Function of Nanocomposite Volume Fraction. 

A-D) Gauge factor plotted as a function volume fraction for each 

nanocomposite pair. The solid and dashed lines are fits to various models 

discussed in the text, fit parameters can be found in Table 7.2. A) BN:Gr, B) 

WSe2:Gr, C) WS2:Gr, D) Ag:Gr. 
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Table 7-2–- Fitting parameters obtained from fitting G vs  data in Figure 7.6 
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Figure 7.7 – Percolative Behaviour. A) – B) Conductivity and gauge factor 

plotted as a function of nanocomposite volume fraction for WSe2 data set. The 

dashed indicates that a peak in the gauge factor can be observed at the 

percolation threshold. 
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Figure 7.8 –  Gauge factor as a Function of Nanocomposite Conductivity. A) 

BN:Gr, B) WSe2:Gr, C) WS2:Gr, D) Ag:Gr. The solid and dashed lines are various 

models discussed in the text, fit parameters can be found in Table 7.3. 
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Table 7-3 - Fitting parameters obtained from fitting G vs  to the data in 

Figure 7.8, parameters without errors are fixed values for modelling purposes. 
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Figure 7.9 – A Wider Context. Gauge factor, G plotted as a function of 

nanocomposite conductivity, . The data here includes nanocomposite 

networks from this work as well as composites from literature.10,89,278,298 
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8.1. Engineering the Piezoresistive Performance of 

Nanocomposites 
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8.2. Enhancing the Linearity 
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Figure 8.1 – Enhancing the Linearity. A) A design for metal foil interconnects, 

which allow systems to achieve much higher strains than the strain applied to 



any individual component of the system. Image from ref.346 B) Linear response 

of metal foil gauge where the foil is selectively deposited on the area of the 

arch under maximum tensile strain. C) Schematic illustration of sensing 

mechanism. Images from ref.348



Figure 8.2 – Highly Overlapped Networks. Surface and cross sectional 

schematics illustrating the junction variation in response to strain for highly 

overlapped conformal nanosheets. Image from ref.3 
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A. Ancillary Techniques 
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Figure A.1 - UV-Vis Spectrometer. Schematic of a dual-beam UV-Vis 

spectrometer. Image from ref.350 



 



Figure A.2 – Various Raman Processes. Image from ref.354 
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Figure A.3 – Schematic representation of a TEM column. Adapted from ref.358 



 

Figure A.4 – Schematic of a SEM column. Adapted from ref.358 





B. Derivations and Fitting 
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Figure B1: Fits to literature data, Boland et al.10 The composite is comprised 

of a siloxane-based polymer matrix and graphene filler (G-putty). A-B) Zero-

strain conductivity plotted as a function of A) Graphene volume fraction, , and 

B) zero-strain reduced volume fraction, -c,0. The solid lines are fits to the 

percolation scaling law, equation B.7 . c,0 = 4.3 × 107 S/m, c,0 = 2.50% and 

t0 = 10.2 C-D) Gauge factor plotted versus C) graphene volume fraction, , 



and D) inverse of zero-strain reduced volume fraction, (-c,0) 
-1. The solid lines 

are fits to equation B.8.c,0 = 1.86% , G1 = 33, G0, = -190 E-F) Gauge factor 

versus conductivity data plotted as G vs. 0 (E) and G-G0, vs. 0 (F). The solid 

line is a fit to equation B.9 t0 = 7.1,  = 87 S/m, G0, = -85 

Figure B2: Fits to literature data, Carcia et al.278 The composite is comprised 

of a borosilicate glass matrix and RuO2 filler (Surface area 5 m2/g). A-B) Zero-

strain conductivity plotted as a function of A) RuO2 volume fraction, , and B) 

zero-strain reduced volume fraction, -c,0. The solid lines are fits to the 

percolation scaling law, Eq.1 (main text). c,0 = 34 S/m, c,0 = 10.55% and t0 

= 3.7  C-D) Gauge factor plotted versus C) graphene volume fraction, , and 

D) inverse of zero-strain reduced volume fraction, (-c,0) 
-1. The solid lines are 

fits to equation B.8 (main text). c,0  = 10.24% , G1 = 0.11, G0, = 2.3 E-F) 

Gauge factor versus conductivity data plotted as G vs. 0 (E) and G-G0, vs. 0 

(F). The solid line is a fit to equation B.9 (main text). t0 = 4.3, 1 = 0.47 S/m, 

G0, = 1.7 
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Figure B3: Fits to literature data, Carcia et al.278 The composite is comprised 

of a borosilicate glass matrix and RuO2 filler (Surface area 13 m2/g). A-B) Zero-

strain conductivity plotted as a function of A) RuO2 volume fraction, , and B) 

zero-strain reduced volume fraction, -c,0. The solid lines are fits to the 

percolation scaling law, equation B.7. c,0 = 16 S/m, c,0 = 5.94% and t0 = 

2.77  C-D) Gauge factor plotted versus C) graphene volume fraction, , and D) 

inverse of zero-strain reduced volume fraction, (-c,0) 
-1. The solid lines are fits 

to equation B.8. c,0 = 5.77% , G1 = 0.038, G0, = 1.7 E-F) Gauge factor versus 

conductivity data plotted as G vs. 0 (E) and G-G0, vs. 0 (F). The solid line is 

a fit to equation B.9. t0 = 5.1, 1 = 0.75 S/m, G0, = -0.3 
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Figure B4: Fits to literature data, Carcia et al.278 The composite is comprised 

of a borosilicate glass matrix and RuO2 filler (Surface area 67 m2/g). A-B) Zero-

strain conductivity plotted as a function of of A) RuO2 volume fraction, , and 

B) zero-strain reduced volume fraction, -c,0. The solid lines are fits to the 

percolation scaling law, equation B.7. c,0 = 16 S/m, c,0 = 4.10% and t0 = 

2.92  C-D) Gauge factor plotted versus C) graphene volume fraction, , and D) 

inverse of zero-strain reduced volume fraction, (-c,0) 
-1. The solid lines are fits 

to equation B.8. c,0 = 4.13% , G1 = 0.014, G0, = 2.4 E-F) Gauge factor versus 

conductivity data plotted as G vs. 0 (E) and G-G0, vs. 0 (F). The solid line is 

a fit to equation B.9. t0 = 2.71, 1 = 0.034 S/m, G0, = 2.25 
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Figure B5: Fits to literature data, Hu et al.298 The composite is comprised of  

an epoxy polymer matrix and carbon nanotube (CNT) filler. A-B) Zero-strain 

conductivity plotted as a function of A) CNT volume fraction , and B) zero-

strain reduced volume fraction, -c,0. The solid lines are fits to the percolation 

scaling law, equation B.7. c,0 = 3.2 × 105 S/m, c,0 = 0.70% and t0 = 3.0  C-

D) Gauge factor plotted versus C) graphene volume fraction, , and D) inverse 

of zero-strain reduced volume fraction, (-c,0) 
-1. The solid lines are fits to 

equation B.8. c,0 = 0.31% , G1 = 0.16, G0, = 3.0 E-F) Gauge factor versus 

conductivity data plotted as G vs. 0 (E) and G-G0, vs. 0 (F). The solid line is 

a fit to equation B.9. t0 = 2.50, 1 = 4.9 S/m, G0, = 4.2 
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Figure B6 – Percolative scaling. A comparison of equation B.22 developed by 

McLachlan et al. to model the entire percolative range. Equations B.10 and 

B.16 demonstrate the predicted behaviour when conductivity above and 

below c are modelled separately. 
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