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ABSTRACT 

Flexible piezoresistive pressure sensors are key components in wearable technologies for health 

monitoring, digital healthcare, human-machine interfaces and robotics. Among active materials 

for pressure sensing, graphene-based materials are extremely promising because of their 

outstanding physical characteristics. Currently, a key challenge in pressure sensing is the 

sensitivity enhancement through the fine tuning of the active material's electro-mechanical 

properties. 

Here we describe a novel versatile approach to modulate the sensitivity of graphene-based 

piezoresistive pressure sensors by combining chemically reduced graphene oxide (rGO) with a 

thermally responsive material, namely a novel trifunctional polybenzoxazine thermoset precursor 

based on tris(3-aminopropyl)amine and phenol reagents (PtPA). The integration of rGO in a 

polybenzoxazine thermoresist matrix results in an electrically conductive nanocomposite where 

the thermally triggered resist's polymerisation modulates the active material rigidity and 

consequently the piezoresistive response to pressure. Pressure sensors comprising the rGO-PtPA 

blend exhibit sensitivities ranging from 10-2 to 1 kPa-1, which can be modulated by controlling the 

rGO:PtPA ratio or the curing temperature. 

Our rGO-PtPA blend represents a proof-of-concept graphene-based nanocomposite with on-

demand piezoresistive behaviour. Combined with solution processability and thermal curing 

process compatible with large-area coatings technologies on flexible supports, this method holds 

great potential for applications in pressure sensing for health monitoring. 
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INTRODUCTION 

Global interest in wearable technologies steers the progress in flexible electronics, which is 

indispensable to unlock the full potential of wearables in technological areas currently under the 

spotlight, such as health monitoring and digital healthcare,1-3 human-machine interfaces,4, 5 

robotics6 and Internet of (Medical) Things.7, 8 In this context, the rapid pace of flexible pressure 

sensors in the past few years plays a key role.9 To overcome the limitations of traditional pressure 

sensors based on metals and semiconductors, e.g., rigidity, high production costs and cumbersome 

processability,10 research efforts are currently focused on the development of novel systems 

comprising flexible components and featuring superior mechanical properties, cost-effective and 

scalable production and processing. Various nanomaterials-based systems (including MoS2,11 

MXene12 and gold nanoparticles)13 are being explored as candidates for pressure sensitive active 

materials that, once integrated into a device with appropriate flexible substrates and electrodes, 

can ensure high sensitivity, durability and fulfilment of all the aforementioned characteristics.14, 15 

Amongst them, graphene and its derivatives are particularly appealing since they display excellent 

electrical and mechanical properties, high flexibility and lightweight, rendering graphene-based 

materials particularly suitable for application in pressure sensing.16 One common approach to 

integrate graphene-based materials in a pressure sensor consists in their incorporation into flexible 

or elastic substrates, such as rubbers,17, 18 fibres,19, 20 fabrics21, 22 or polymer matrices.18, 23, 24 With 

this approach, various types of pressure sensors featuring different structures have been integrated 

into capacitive,25, 26 piezorestistive16, 27 and piezoelectric28, 29 sensors. Piezorestistive sensors are 

particularly promising for technological implementation, given their simple sensing mechanism 

and design, low power consumption and easy readout.15, 16, 30  
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For applications in flexible electronics, a high sensitivity in the low-pressure regime (i.e. 0.1-10 

kPa, compatible with tactile perception) is crucial. In piezoresistive devices, the sensing 

mechanism relies on variations of the active material electrical resistance (tunnelling resistance or 

contact resistance); briefly, the application of compressive stresses causes changes in the material 

microstructure and consequently variations in the electrically conductive pathways within the 

sensing material.16, 30 Hence, the fabrication of microstructured networks featuring high porosity 

or geometrical arrays of sensing material is an attractive approach for tailoring the device 

sensitivity.31-37 However, time-consuming and high-cost processes are usually needed to fabricate 

such devices. Furthermore, the fixed microstructured network translates in a pressure sensor with 

a given sensitivity, which is fixed by the electro-mechanical properties of the chosen network and 

hence cannot be tuned (unless by preparing another material with a different microstructure). 

Responsive switchable materials (i.e., materials capable of undergoing significant changes in their 

physical or chemical properties as a result of exposure to external stimuli (e.g., pH, light, heat, 

etc.)) appear particularly appealing in this context.38 A promising strategy for conveniently 

tailoring the sensitivity of piezoresistive sensors consists in incorporating in the sensing element a 

material possessing on-demand tuneable mechanical properties, and for which the flexibility (and 

response to a compressive stress) can be tuned. A further improvement can consist in the use of 

external stimuli to modulate the mechanical properties of the materials enabling on-demand 

characteristics. Benzoxazines-based thermoresists are ideal candidates as their mechanical 

properties can be regulated through the subtle control of their curing process.39, 40 By incorporating 

an electrically conducting 2D material such as graphene in a polybenzoxazine thermoresist matrix, 

a conductive nanocomposite can be designed where the progressive polymerisation of the  resist, 
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triggered by heating at specific temperatures, modulates the rigidity of the active material and, as 

a consequence, the piezoresistive response when pressure is applied. 

Here, we describe a novel simple method for tuning the sensitivity of piezoresistive pressure 

sensors through à la carte modulation of the mechanical properties of the active material with 

temperature. We describe the generation of a novel graphene-based nanocomposites material 

assembled by combining chemically reduced graphene oxide (rGO) with a novel trifunctional 

polybenzoxazine thermoset precursor based on tris(3-aminopropyl)amine and phenol reagents 

(PtPA).41 The resulting rGO-PtPA nanocomposite features combined properties of its individual 

components, i.e., the outstanding electrical properties of rGO and the adjustable mechanical 

properties of the PtPA thermoset resin. Flexible piezoresistive pressure sensors with programmed 

sensitivities ranging from 10-2 to 1 kPa-1 are fabricated. Furthermore, we demonstrate that the 

sensitivity of the pressure sensors can be readily modulated by controlling either the rGO:PtPA 

ratio or the rGO-PTPA curing temperature. Combined with solution processability compatible 

with large-area coatings technologies, and thermal curing process compatible with most common 

commercial flexible substrates, our rGO-PtPA nanocomposite represents a proof-of-concept 

graphene-based nanocomposite formulation with on-demand tunable piezoresistive behaviour, 

holding potential for commercial and industrial implementation in applications like pressure 

sensing for health monitoring and wearable electronics. 

 

EXPERIMENTAL SECTION 

• Materials  

Graphene oxide (GO) in aqueous dispersion (4 mg/mL) was purchased from Graphenea (Spain). 

Ethanol (EtOH), isopropyl alcohol (IPA), sodium dithionite (Na2S2O4), phenol (> 99%) and 
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ammonium hydroxide (NH4OH) were purchased from Sigma-Aldrich Merck (France). 

Paraformaldehyde (> 99%) and chloroform were purchased from VWR. All the reagents were used 

as supplied. ITO-covered PET substrates (ITO-PET, surface resistivity 60 Ω/sq, thickness of ITO 

coating: 130 nm) were purchased from Sigma-Aldrich Merck (France). Copper wire (0.35 mm 

diameter), polyimide (PI) tape (0.08 mm thickness) and silver paste were purchased from RS 

Components (France).  

 

• PtPA synthesis and characterisation 

Phenol/Tris(3-aminopropyl)amine-based benzoxazine was synthesised as previously published.41 

Briefly, phenol (2.85 g, 0.03 mol), tris(3-aminopropyl)amine (2 mL, 0.01 mol) and 

paraformaldehyde (1.82 g, 0.06 mol) were mixed in a 100 mL round-bottom flask, and 5 mL of 

chloroform were added per gram of reactants. The mixture was stirred at reflux for 4h. After 

cooling to room temperature, the reaction mixture was added with anhydrous MgSO4, filtered by 

Büchner, and dried under vacuum to obtain PtPA as a translucent soft solid. 1H NMR (CDCl3, 

ppm, δ): 7.24 – 6.65 (m, 12H, Ar), 4.84 (s, 6H, CH2 oxazine), 3.96 (s, 6H, CH2 oxazine), 2.79 – 

2.70 (t, 6H, CH2 propyl), 2.48 – 2.42 (t, 6H, CH2 propyl), 1.71 – 1.63 (t, 6H, CH2 propyl). FT-IR 

ν (cm-1): 1219 (asymmetric stretching of C-O-C), 1033 (symmetric stretching of C-O-C), 922 

(benzene with an attached oxazine ring). For the Young modulus estimation by atomic force 

spectroscopy, force curves were collected using a Dimension Icon AFM (Bruker) equipped with 

RFESP-75 tips (spring constant 3 N/m, nominal radius 8 nm).  A minimum of 25 force curves was 

collected for each sample in different locations. 

 

• rGO-PtPA active material preparation and characterisation 
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Reduced graphene oxide (rGO) was obtained by chemical reduction of GO, following a procedure 

adapted from Karim et al.42 Briefly, 110 mL of GO dispersion (i.e. 440 mg) were diluted with 330 

mL of water and put at 90°C on a hot plate. Then 300 µL of NH4OH and 3.3 g of Na2S2O4 were 

added to the mixture. The reaction was carried out at 90°C overnight, under continuous stirring. 

The final product consisted of a black solid, which was first decanted from the reaction mixture 

and then washed four times through centrifugation (9000 rpm, 30 minutes) with water (first 

washing step) and ethanol (further washing steps). 

The obtained rGO was then dispersed in ethanol to a final stock concentration of 2 mg/mL.    

The preparation of rGO-PtPA active material was carried out by stirring overnight, at room 

temperature, aliquots of rGO dispersion mixed with appropriate quantities of PtPA solution (25 

mg/mL in CHCl3), to obtain rGO-PtPA composites with different rGO:thermoresist mass ratio. 

The blends were stored at 4°C in stock solutions of 5 mg/mL. Aliquots of 1 mL were diluted 10-

folds immediately before their use for film deposition through spray coating by means of an air 

brush (Timbertech ABPST01). 

The chemical composition of both rGO and rGO-PtPA active material was characterised through 

Fourier-transform Infrared Spectroscopy (FT-IR) and X-ray Photoelectron Spectroscopy (XPS).  

The morphology and crystalline structures were studied with Secondary Electron Microscopy 

(SEM) and X-ray Diffraction (XRD). 

For FT-IR, XPS, and SEM analysis, rGO-PtPA active materials were deposited on SiO2 substrates 

(1 cm2 area). By spray coating 1 mL of rGO-PtPA stock solution at 80°C, films with a 2.5 µm 

thickness were obtained, as assessed by stylus profilometry carried out with an Alpha-step IQ 

profilometer (KLA-Tencor, USA), with 500 µm scan length at 50 µm/s scan rate.  

FT-IR spectra were collected in the range 4000-500 cm-1 (4 cm-1 resolution) using a FT-IR- 4700 
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Fourier Transform Infrared Spectrometer (JASCO) equipped with a diamond crystal for 

Attenuated Total Reflectance (ATR) measurements. XPS analysis was performed with a K-Alpha 

X-ray photoelectron spectrometer (Thermo Scientific, France) equipped with Al K-alpha X-rays 

source and hemispherical analyser. Charge compensation was provided by a flood gun. For each 

sample survey spectra were acquired as well as high resolution spectra for C1s, O1s and N1s. SEM 

images were recorded with a FEI Quanta FEG 250 instrument S3 (FEI corporate, USA).  

XRD analysis was carried out on sample powders, obtained by drying 2 mL of rGO-PtPA stock 

solution overnight at 60°C. The spectra were collected with a D8 X-ray diffractometer (Bruker 

France SAS). 

The electrical properties of the materials were characterised through four-point probe 

measurements and I-V measurements as a function of temperature (range 80-300 K). For four-

point probe analysis, 500 nm rGO-PtPA films were deposited by spray coating of 0.25 mL of stock 

solution on SiO2; the measurements were carried out using a Jandel RM3000 instrument (Jandel 

Engineering LTD, UK). For temperature-dependent electrical characterisation, 500 nm films were 

spray coated onto interdigitated electrodes (IDE, Micrux, Spain) and I-V characteristics as a 

function of temperature were collected between 80 and 300K (20K steps) by means of a liquid 

nitrogen-cooled cryostat (OptistatDN-V with ITC503S Cryogenic Temperature Controller, Oxford 

Instruments, UK) connected to a dual channel Keithley 2636A sourcemeter. 

 

• Modeling  

For modeling we used Materials Studio 7.0 package to generate and construct the PtPA model 

systems. Initially, we placed 200 monomer molecules within 3D periodic cells at a relatively low 

density (0.6 g/cm3). These structures underwent equilibration in the NVT ensemble at 500 K for 
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1 ns, succeeded by an NPT simulation at 300 K for 4 ns, leading to the formation of a dense phase. 

For the construction of the resin structures we employed a previously established polymerization 

mechanism based on the cyclic polymerization atomistic model and multistep topology 

relaxation.43, 44 Elastic property calculations were performed using the LAMMPS package, by 

simultaneously applying longitudinal deformations and maintaining the NPT ensemble throughout 

the simulations. The optimized Dreiding force-field parameters from our preceding research were 

used in this study.41  Van der Waals and electrostatic interactions, were reproduced using Lennard-

Jones (12-6) and Coulombic potentials, respectively, within a predefined 1.2 nm cutoff distance. 

The atomic charges were calculated through the iterative Gasteiger methodology. The NPT 

(constant number of particles, pressure, and temperature) simulations were performed maintaining 

a steady pressure with the Parrinello−Rahman barostat at 1 atm. The Nose−Hoover−Langevin 

thermostat was used to regulate the system's temperature, a Q ratio of 0.01 and a decay constant 

of 1 ps. 

 

• Pressure sensors fabrication and piezoresistive performance characterisation 

Graphene-based pressure sensing devices with tuneable sensitivity were assembled as previously 

reported, with some modifications.45 Briefly, rGO-PtPA active material was spray coated at 80°C 

onto rectangular chips of ITO-PET (13 mm × 20 mm). A shadow mask (13 mm x 5 mm) was 

applied prior to the spray coating, in order to leave part of the conductive substrate free of active 

material to place electrical contacts onto. The deposition of rGO-PtPA was monitored through UV-

Vis spectroscopy until a transmittance of 20% at 500 nm was achieved; such transmittance value 

was obtained after spraying 1 mL of dispersion per ITO-PET chip. After the active material 

deposition, the shadow mask was removed and two of the obtained electrodes were placed in a 
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face-to-face configuration and fixed together using PI tape, in order to have a layer of active 

material sandwiched between two ITO-PET substrates.  The devices were characterised and tested 

both as-prepared and after thermal curing at different temperatures (namely 120°C and 160°C). 

Electrical contacts were obtained on all the devices (as-prepared and annealed) by fixing copper 

wires with silver paste. 

The devices’ performance was evaluated in terms of pressure sensitivity and device durability 

upon application of cyclic stress. Such tests were carried out using a Mark-10 M7-025E digital 

force gauge mounted on a Mark-10 ESM-303E motorised test stand. The test setup was equipped 

with a round compression plate of 1.15 cm diameter.  

The sensitivity was assessed through static pressure tests, consisting in the measurement of the 

device electrical resistivity when a static force was applied in the range 0.005 to 0.2 N 

(corresponding to a pressure range between 0.05 and 2 kPa). The resistivity was measured by 

means of a Keithley 2635B source meter. 

 

• Statistical Analysis.  

One-way analysis of variance (ANOVA) was used to evaluate statistical significance (p < 0.05). 

Error bars represent standard error of the mean, extrapolated from separate experiments on at least 

four different samples. 

 

RESULTS AND DISCUSSION 

Benzoxazine thermoresists constitute a class of phenolic resins characterised by excellent chemical 

stability and mechanical properties; examples are present in the literature of different 

polybenzoxazine-carbon nanomaterials composites, with perspective applications that include 
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aerospace coatings, corrosion protection, electronics and alloys.46-48  

The polybenzoxazine, resulting from thermal curing of PtPA precursor (Figure 1a)), is an 

electrically insulating thermoset resin, whose degree of crosslinking can be tuned by controlling 

the time and temperature of curing. The elastic modulus (Young modulus) of PtPA thermoset resin 

can be expected to depend on the degree of crosslinking of the polymer.49 This was confirmed by 

Atomic Force Spectroscopy measurements, revealing a clear dependence of the magnitude of the 

elastic modulus on the curing temperature (Figure 1b)). The modulus was found to increase 

linearly with the curing temperature between 100°C and 160°C, namely from 0.18 GPa to 4.30 

GPa, respectively.  

The modeling of PtPA structures allowed us to go beyond the experimental investigations by 

further investigating the connection between crosslink density and the Young's modulus as a 

function of crosslinking. By applying uniaxial deformation to simulated (PtPA) structures at 

different conversion degrees, with a maintained strain rate of 105 s-1, we evaluated the strain-stress 

characteristics of the material. The linear elastic region identified during small deformations was 

used for the calculation of the Young's modulus at each individual conversion degree according to 

Hooke’s law. The execution of these simulations across four independently prepared structures 

ensured the statistical reliability of our analysis, allowing for the determination of both average 

values and standard deviation.  Figure 1c reveals that the calculated Young's modulus increases 

almost linearly with crosslink density before levelling off at around 3 GPa for full conversion. The 

computational predictions are in line with the experimental data and substantiate the close 

relationship between mechanical properties, as assessed by the Young’s modulus, and the 

crosslinking degree (increasing with conversion rate). We note though that the simulated modulus 

at full conversion falls slightly short of the experimental value, a difference likely associated to 



 12 

inherent simplifications in our computational model. Nonetheless, these simulations present a 

valuable tool to deepen our understanding of the mechanical properties – 3D structural 

organization relationships in polybenzoxazine thermoset resins. 

 

Figure 1: a) Reaction scheme for PtPA curing reaction; b) Young modulus of PtPA as a function 

of the curing temperature, as measured by atomic force spectroscopy; c) Young modulus of PtPA 

as a function of the crosslink density, as calculated using MD simulations. 

 

Given the possibility of tuning the modulus (hence the rigidity) of the PtPA-based thermoset resin 

through an ad-hoc curing treatment, we explored the possibility of developing pressure-sensitive 

active materials by combining reduced graphene oxide with PtPA resins.  

Graphene-thermoresist active material was synthesised by mixing rGO dispersions (prepared by 
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chemical reduction of GO)42 with appropriate amounts of PtPA benzoxazine precursor solutions, 

yielding a homogeneous dispersion that can be processed and deposited as (thin)film onto a solid 

substrate. With the aim of tuning the contribution of the two components, namely the modulable 

mechanical properties provided by the PtPA precursor and the electrical conductivity imparted by 

the rGO, three formulations were prepared and characterised, namely rGO-PtPA 90, rGO-PtPA 70 

and rGO-PtPA 50 comprising 10%, 30% and 50% w/w rGO, respectively. Table S1 details the 

composition of each formulation in terms of mass content (%) of rGO and PtPA.  

Preliminary assessments of the electrical properties was carried out in order to quantify the sheet 

resistance of rGO-PtPA films by means of four-point probe measurements on 500 nm thick films 

of rGO-PtPA on SiO2 substrates prepared by spray coating of 0.5 mg/mL dispersions in 1:1 

chloroform-ethanol mixtures (Figure 2a). As anticipated, the measured sheet resistance was found 

to decrease from 990 to 20 kΩ/sq with the increasing content of the conductive rGO component 

(Figure 2b and Table S1). For our system, a concentration of rGO below 10% w/w resulted in poor 

electrical properties, likely because the high concentration of benzoxazine did not allow for the 

formation of an effective conductive network between the rGO flakes dispersed in the precursor 

(according to percolation theory);50, 51 on the other hand, a concentration above 50% gave 

performances comparable with rGO alone, hence minimizing the contribution of PtPA in the blend. 

To test the piezoresistive behaviour of rGO-PtPA, pressure sensors were assembled by preparing 

two rGO-PtPA coated electrodes and assembling them in a vertical junction in a face-to-face 

configuration (Figure 2a). Preliminary pressure sensing tests consisted in powering the sensors 

with a source meter (0.1 V bias) and measuring the current that is passing through the vertical 

device while repeatedly applying a light pressure (≈ 0.5 kPa) through finger-tapping. Figure 2c 

displays an increase in the measured current when pressure is applied, and the current increment 
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increases when augmenting the content of rGO in the active material.  

 

 

Figure 2: a) Schematic of the spray-coating deposition of rGO-PtPA materials (whose 

compositions (%w/w)) are summarised in the inset table), for film characterisation or assembly of 

flexible pressure sensors; b) sheet resistance (500 nm films) of the rGO-PtPA materials; c) plot of 
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the current as a function of time measured for the pressure sensors (0.1 V bias) upon finger tapping 

on the device.   

 

The sensitivity of the pressure sensors was systematically quantified by recording the relative 

resistance change (extrapolated from current measurements) as a function of the applied pressure 

(the latter provided by applying a known load with an automatised force gauge). The sensitivity 

was calculated from the plots of relative resistance as a function of the applied pressure  following 

the equation:  

 

𝑆 =
(𝑅! − 𝑅)

𝑅!
𝑃 =

∆𝑅
𝑅!

𝑃 

 

where R is the measured resistance when a load is applied, R0 is the baseline resistance (unloaded) 

and P is the pressure arising from the applied load. In Figure 3 representative relative resistance 

plots are presented. From Figure 3a) we can clearly identify two pressure regimes: one where the 

largest variation in the relative resistance occurs (i.e. from 0 to 1 kPa) and one in which very small 

variation of the relative resistance are observed while increasing the applied pressure (i.e. from 

about 2 to 7.5 kPa). To extrapolate the device sensitivity, the applied pressure range was selected 

between 0 ÷ 1 kPa (Figure 3b)), which is where the most significant variation occurs for the relative 

resistance. The second regime at pressure higher than 2 kPa is effectively outside the linearity 

range, with negligible response to the applied pressure (slope << 0.0005 kPa-1), hence it was not 

taken into account for sensitivity calculation. 

The highest sensitivity was achieved for the devices prepared with the rGO-PtPA active material 

with the larger content of PtPA (i.e., rGO-PtPA 90, with 1.18 kPa-1); the sensitivity value was 
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progressively lower as the resist content in the formulation decreased, namely 0.52 kPa-1 for rGO-

PtPA 70 and 0.26 kPa-1 for rGO-PtPA 50. These results provide evidence for the dependence of 

the pressure sensitivity of the active material on the amount of PtPA monomer precursor, 

consistently with a control of the material rigidity determined by the amount of “flexible” 

component (i.e., polymer precursor), considering rGO as the “rigid” element within the material. 

The pressure-sensitive behaviour determined by the addition of PtPA is further confirmed by the 

considerably lower sensitivity achieved from sensors prepared using pristine rGO as active 

material, namely 0.06 kPa-1 (i.e., one order of magnitude lower than the sensitivity of rGO-PtPA 

based devices).  

 

 

Figure 3: a) Relative resistance as a function of the applied pressure for rGO-PtPA based pressure 

sensors; b) detail of the relative resistance plot in the low pressure regime; sensitivity of the various 

pressure sensors is indicated on the graph, as extrapolated from the linear fit of the relative 

resistance as a function of the pressure. 

 

The pressure sensors prepared with rGO-PtPA active materials feature high sensitivity in the low-
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pressure regime, making them potentially exploitable for applications such as health monitoring 

or electronic skin. In terms of sensitivity, their performance is competitive with that of 

piezoresistive sensors based on several different microstructured or layered planar graphene-

polymer systems as active sensing material (Table S2)35, 52, taking also into account the advantage 

of convenient material processing and device assembly, which does not require harsh reaction 

conditions, nor complex, time-consuming and costly microfabrication methods. 

The possibility of tuning the elastic modulus of PtPA through curing was explored in the context 

of rGO-PtPA active materials. For this purpose, pressure sensors prepared with different rGO-

PtPA formulations were partially and completely cured upon exposure to 120°C and 160°C, 

respectively. The two temperatures were chosen to cover the whole range of the PtPA moduli 

values that can be achieved, as previously assessed by Atomic Force Spectroscopy (Figure 1b)). 

The adopted curing processes and temperatures are compatible with most common plastic 

substrates used in flexible electronics, including PET (Table S3); thus, the thermal stability of the 

sensor was ensured, preventing degradation upon thermal treatment.  

The progressive crosslinking of PtPA monomer at different curing temperature was confirmed 

through FT-IR spectroscopy; on the spectra (Figure S1) we can observe an intensity decrease of 

the bands at 1033 cm-1 (C-O-C symmetric stretching), 1220 cm-1 (C-O-C asymmetric stretching) 

and 922 cm-1 (characteristic of a phenyl ring with an attached oxazine ring), which completely 

disappear when the crosslinking process is complete at 160°C.53  

The rGO-PtPA materials structure and morphology upon curing were also characterised by SEM 

and XRD. From SEM images of the films (Figure S2) no difference is observed on the surface 

morphology of the samples as a consequence of the curing treatment. The XRD patterns for the 

rGO-PtPA materials (Figure S3) are characterised by a broad peak at diffraction angles between 
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12° and 30°, which shifts towards higher diffraction angles as the rGO-PtPA ratio in the 

formulation increases, going from 18.4° to 22.1° and 23.7°, for rGO-PtPA 90, rGO-PtPA 70 and 

rGO-PtPA 50, respectively.  

This peak could be assigned either to the 002 graphitic plane reflection, characteristic of the 

graphene-related component of the material,54 or to a broad reflection arising from the amorphous 

PtPA monomer and crosslinked.55 In both cases, the peak maximum shifting towards lower 

diffraction angles (i.e. larger interlayer distances) upon increase of  PtPA content in the composite 

is consistent with both intercalation of benzoxazine within the rGO sheets (thus the increase of the 

interlayer distance) or a masking effect of PtPA over the reflection of the 002 graphitic plane. 

However, for all the three formulations no structural change is observed after annealing. For 

instance, no shift or significant change in FWHM is shown for the main peak after the different 

curing treatments. Combined with the constant presence of a peak at 42.8°, related to 100 graphitic 

plane reflection56, 57 in all the samples, the data discussed above indicate that no aggregation is 

induced on the graphene backbone by thermal annealing. Hence, we can speculate that the 

polybenzoxazine is effectively well incorporated within the rGO sheets.   

The pressure sensitivity of the devices was then assessed as described above, and the results are 

reported in Figure 4. A general decrease of the sensitivity is observed, with a significant variation 

being obtained for the devices prepared with the rGO-PtPA 90 active material. This behaviour is 

consistent with the contribution of the PtPA component that becomes more rigid upon curing; such 

contribution is greater for the formulation containing a larger amount of thermoresist precursor, 

which then undergoes crosslinking to result in a progressively more rigid resin. The consequent 

decrease in the active material rigidity is consistent with the lower pressure sensitivity. The 

contribution of PtPA curing degree to the material rigidity is lower or negligible when the 
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concentration of monomer precursor is lower.   

 

 

Figure 4: a) Sheet resistance values (on 500 nm spray-coated films) of different rGO-PtPA 

materials after annealing at progressively higher temperatures; b) calculated pressure sensitivities 

of rGO-PtPA based pressure sensors after different annealing treatments; the values are 

extrapolated from the linear fits of relative resistance measured as a function of the applied 

pressure, presented in c), d) and e). 

 

The results presented demonstrate that for the obtained graphene-PtPA benzoxazine materials a 
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modulation of the pressure sensitivity can be achieved via the ad-hoc selection of the rGO:PtPA 

ratio. Most important, amongst the prepared graphene-benzoxazine formulations, rGO PtPA 90 

shows promise in terms of on-demand tuning of the sensitivity by means of an external stimulus 

(in this case, heat); within a single material it was possible to modulate the sensitivity to cover the 

range 10-2 - 1 kPa-1 in the low-pressure regime. Such modulation of the pressure sensitivity of a 

graphene-based material was previously achieved through cumbersome approaches consisting in 

preparing separate systems having either different chemical functionalisation of the graphene 

skeleton or microstructures with different geometries (or varying density of the same geometrical 

features).36, 45, 58-60 

To understand the different piezoresistive behaviour shown by rGO PtPA 90 upon curing, further 

characterisation was carried out to study the material electrical properties. Together with a 

decrease of the pressure responsiveness upon curing (i.e. decreased sensitivity), an increase in the 

baseline current in the absence of external pressure applied can be observed for rGO PtPA 90 

(Figure 5a)). This is consistent with the decrease in the sheet resistance measured by four-point 

probe technique when no load is applied (Figure 4a)). Such a trend in the sheet resistance decrease 

upon curing was observed for all the three rGO-PtPA formulations, but the most striking variation 

was seen in rGO PtPA 90.  
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Figure 5: Functional, electrical and structural characterisation of rGO PtPA 90 material at different 

stages of curing: a) current measured upon cyclic application of a 0.5 kPa load on pressure sensors, 

b) temperature-dependent electrical resistance (numbers represent the slope of the fitted line), c) 

lnR vs T-1/3 plots.   

 

The changes in the electrical properties of rGO PtPA 90 upon curing were studied by carrying out 

temperature-dependent measurements on films deposited onto interdigitated gold electrodes. A 

significant decrease in the electrical resistance is observed for the as-deposited (non-cured) film 

when the temperature increases (Figure 5b)); Interestingly, this temperature dependence 

progressively decreases when the material is annealed, paired with a one-order of magnitude 

decrease in the electrical resistance.  

The dependence of the resistance on the measurement temperature supports an activated electrical 

transport process, and in the case of insulator-conductor nanocomposites (including those based 

on graphene and reduced graphene oxide) this process is usually well described by hopping 

mechanism, where the charge transport occurs mainly via hopping through available localized 

states.61 Hopping can be described by the following general equation:62, 63 : 

𝑅(𝑇) = 𝑅!𝑒
(#!	# )

"
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where R is the resistivity, T is the temperature at which R is measured, R0 and T0 are constants and 

p is an exponential factor. The latter depends on the specific hopping mechanism occurring in the 

material and it is defined as: 

𝑝 =
1

(𝐷 + 1) 

with D being the dimensionality of the system. In particular, the exponent p results to be 1/3 for 

2D Mott-Variable range hopping (VRH), 1/4 for 3D Mott-VRH, 1/2 for 2D Efros-Shklovskii VRH 

or 1 for thermally activated Arrhenius-like transport mechanism (corresponding to nearest 

neighbourhood hopping (NNH).61, 64 Extensive treatment of the different models, mathematical 

and physical descriptions are out of the scope of this work, and can be found elsewhere. 

In our case, the experimental data were best fitted (i.e. R2 > 0.9) when plotting ln(R) vs T-1/3, thus 

supporting a 2D Mott VRH mechanism. The dimensionality of the system D = 2 (which results in 

p=1/3) is also consistent with the layered structure of the rGO-PtPA material in which the electrical 

transport most likely happens in 2-dimensions.  The linear dependence of lnR as a function of T-

1/3 for the non-cured and cured films confirms a Mott VRH conduction mechanism (Figure 5c)). 

This type of electrical behaviour is often observed for insulating polymers loaded with conductive 

fillers, the latter creating a conductive/percolative network within the insulating matrix.51 Also, 

this conduction mechanism has been reported for hybrid systems featuring layered polymer-rGO 

structures similar to the one of rGO PtPA 90.65, 66 

Despite the analogous conduction mechanism for the material at different curing stages, the 

decrease in the temperature dependence of the resistivity upon curing (showed by the decrease of 

the slopes in the R vs T plots, Figure 5b)) as well as the increase in the material conductivity 

(Figure 4a)) indicate that a transition towards a metallic behaviour is taking place when the 

material is being annealed;67 specifically, the temperature-dependent electrical behaviour of rGO 
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PtPA 90 upon curing progressively approaches the behaviour of rGO alone. On the other hand, 

rGO alone does not show any temperature-dependent resistivity changes upon annealing 

treatments in the same conditions as for rGO PtPA 90. The slight change in the value of the 

resistivity can be ascribed to an improvement of the electrode-rGO interface upon annealing, 

which is independent from the rGO electrical characteristics.68, 69 This data, combined with no 

changes in C/O ratios (as measured by XPS, Figure S4 and Table S2) nor in sheet resistance 

(measured by four-point probe, Figure 4a)), rules out that the improvement in rGO PtPA 90 

electrical characteristics is caused by further reduction of the rGO component, which does not take 

place upon thermal treatment in the conditions used for rGO-PtPA materials.  

Excluding a contribution of the annealing of the rGO in the change of electrical properties of the 

composite, including the pressure response behaviour, means that the crosslinking of the 

polybenzoxazine matrix dominates. It is well established that when a strain is applied on a 

graphene-polymer composite a rearrangement of the microstructure of the conductive 

nanomaterial network takes place, which directly affects the electrical properties through 

variations in the overlap between the conductive sheets as well as the creation of new percolative 

paths.51, 70 Despite the crosslinked and rigid PtPA polybenzoxazine is per se electrically insulating, 

the progressive crosslinking of the polymer could lead to a rearrangement in the graphene skeleton 

that increases the rGO sheets overlap or creates new percolative paths (or both). The same type of 

rearrangement should take place when a load is applied on the material film, and this theory is 

consistent with the combination of increased conductivity and decreased sensitivity for the cured 

rGO PtPA 90. A schematic of this process is portrayed in Figure 6.  

 



 24 

 

 

Figure 6: Schematics of the rGO rearrangement responsible for the increase in the rGO PtPA 90 

conductivity; analogous result could be achieved either through thermal curing or by applying a 

pressure load on the as-prepared material. 

 

CONCLUSIONS 

We reported the formulation of a novel nanocomposite material with tuneable piezoresistive 

behaviour, based on the integration of reduced graphene oxide with PtPA polybenzoxazine 

thermoset resin (rGO-PtPA). By combining the outstanding electrical properties of rGO with the 

tuneable mechanical properties of the PtPA resin, rGO-PtPA materials have been prepared in 

different formulations and tested as active materials for pressure sensing applications. Flexible 

pressure sensors were fabricated, and it was shown that their sensitivity can be modulated either 

by controlling the rGO-PtPA ratio or the curing temperature. Modulation of the sensitivity from 

10-2 to 1 kPa-1 is achieved in the low-pressure regime (up to 1 kPa) within a single material 
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formulation. Our rGO-PtPA materials represent a proof-of-concept graphene-based material with 

on-demand piezoresponsive behaviour that can be finely tuned through appropriate annealing 

treatments. Considering the material solution processability, compatibility with large-area coatings 

deposition, and the thermal curing process at mild temperature, i.e. compatible with most common 

commercial flexible substrates, rGO-PtPA composites offer great potential for commercial and 

industrial implementation in applications such as pressure sensing for health monitoring and 

wearable electronics. 
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