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Abstract 

The detection of subsurface damage in structural materials, especially laminated composites, 

is important for ensuring their integrity and performance. In addition, some of the state-of-the-

art composites are highly flexible, such as those used in inflatable and deployable space 

structures. As a result, conventional, rigid, bulky, and discrete sensors may not be suitable for 

embedment, and there is a pressing need to develop flexible, robust, wireless, and thin film-

like sensors that can be easily embedded in composite structures. One approach is to utilize 

radio frequency identification (RFID) devices, which can wirelessly communicate sensor 

readings to a reader in close proximity through inductive coupling. While various RFID strain 

sensor tags have been developed, many of them still require a microchip and can still induce 

stress concentrations when embedded. Therefore, this study seeks to address those 

aforementioned limitations by designing nanocomposite RFID strain sensors that can be 

printed or patterned on flexible, low-cost substrates such as paper. First, few-layered graphene 

nanosheets (GNS) were synthesized using water-assisted liquid-phase exfoliation from bulk 

graphite. Second, GNS was dispersed in a low-concentration surfactant aqueous solution, 

which was later deposited on paper substrates manually using a syringe. This technique was 

employed to show proof-of-concept, which can later be adapted for other scalable fabrication 

techniques such as inkjet printing. The paper-based sensors’ electrical properties and strain 

sensing response were then characterized. Preliminary experimental results showed that these 

GNS-paper sensors possess readily tunable electrical and piezoresistive properties. Lastly, 

other geometrical patterns were created to demonstrate their applicability for fabricating 

RFID sensor tags and antennas. 

 

1 INTRODUCTION 

The reliability and durability of land, aerospace, and marine structural systems can be 

severely compromised in adverse working environments (e.g., cold regions, offshore areas, 

and outer space), especially when subjected to extreme loads (e.g., earthquakes, tsunami, and 

blasts). Structural health monitoring (SHM) and sensor technologies play a vital role in 

monitoring the condition of these structures and identifying damage that may have occurred 

while in service. Among the wide variety of monitoring parameters (e.g., acceleration, 

temperature, pH, and pressure), strain is an important indicator of structural response to 

external loads and for identifying damage. For instance, localized changes in structural strains 

can indicate the presence of cracks, impact damage, and delamination. So far, conventional foil 
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strain gage and fiber optic sensors are widely applied for SHM. However, a main limitation is 

the fact that they are tethered and require a physical connection to a data acquisition (DAQ) 

system [1]. Not only are these cables cumbersome and costly to install and maintain 

(particularly for large-scale structures), but they are also susceptible to failure. For aerospace 

systems, these cables possess an additional challenge of adding extra weight to the system, and 

embedded cables may act as defects in composite laminate structures [1]. In addition, the need 

to tether the large number of sensors to the DAQ system and the need to store, process, and 

analyze data from every sensing channel can lead to computational- and energy-related 

bottlenecks [2]. As a result, wireless sensors and sensor networks have also been developed for 

SHM, but these devices are typically bulky and require periodic maintenance (i.e., replacement 

of onboard batteries) [3, 4]. 

In addition to these challenges, SHM and damage detection remain challenging since 

damage can occur beneath structural surfaces, and this is true for various structural materials 

including concrete, steel, and composites. Because of the difficulty in using visual inspection 

for identifying subsurface damage, they can propagate and become distributed over large 

spatial areas, which can eventually develop to cause catastrophic component or structural 

failure. Therefore, it is imperative detect surface and subsurface damage in a timely and 

accurate fashion. Many nondestructive evaluation (NDE) methods, including thermography, 

acoustic emissions, and Lamb wave propagation [5, 6], to name a few, have been studied 

extensively. While these methods are capable of providing rich information about structural 

integrity, they often require complex signal processing schemes or require the structure to be 

taken offline (or out-of-service) for these methods to accurately reveal damage features [3, 5].  

 An alternative approach to using conventional sensing transducers, wireless sensor 

networks, and NDE techniques is to embed passive radio frequency identification (RFID) 

sensor tags and antennas in structural components such as fiber-reinforced polymer (FRP) 

composites. Unlike traditional wireless sensors that require a constant power supply (generally 

from batteries), passive RFID tags derive their energy from inductive coupling with a remotely 

powered, handheld RFID reader. The passive sensor tag itself is designed such that its electrical 

properties are sensitive to damage features such as strain, and these characteristic changes can 

be detected and recorded by the reader [4, 7]. Several research studies have demonstrated the 

potential of using passive RFID technology for SHM. For example, Jia et al. [1] patterned, using 

photolithography, interdigitated capacitive copper-foil patterns on polyimide substrates to form 

an inductor-capacitor (LC) resonant circuit. The sensor’s resonant frequency varied with 

applied strains, which can be detected remotely by interrogating the system using 

electromagnetic waves. Similarly, a resonant frequency-based RFID sensor was also created 

by Yi et al. [4] by depositing copper cladding onto a poly(tetrafluoroethylene) (PTFE) substrate. 

To reduce the form factor of these RFID sensor tags so that they are more suited for embedment 

in FRP composites, others have investigated the use of highly conductive nanomaterials for 

designing flexible, nanocomposite-based RFID antennas [8]. For example, Loh et al. [9] 

demonstrated that carbon nanotube-polymer thin films can be assembled to form capacitive 

strain sensors and coupled with patterned coil antennas to develop a passive RFID sensor 

whose resonant frequency varied in response to applied tensile strains. Since carbon nanotube-

polymer thin films are piezoresistive, they can also be integrated as resistive elements so that 

the sensor’s bandwidth was also sensitive to strains.  

In this study, the objective was to improve the design and performance of passive RFID 

strain sensors using graphene-based thin films that can be easily deposited and patterned on 

low-cost substrates such as paper. By fabricating the entire sensing element on a thin substrate 

like paper, they can be easily integrated in flexible composite materials, for example, to 
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monitor localized strains in inflatable and deployable space structures such as solar sails, space 

suits, and space habitats [10, 11]. For these applications, it is desirable for the sensors to be 

wireless, highly flexible, and non-intrusive, while requiring very low power or not depend on 

a constant power supply (such as batteries). This preliminary work investigated the synthesis 

of graphene nanosheets (GNS) and a suitable processing and fabrication procedure for creating 

paper-based thin film strain sensors. Their electrical and strain sensing properties were 

characterized through a series of laboratory tests. Finally, patterning these GNS-based paper 

sensors to form coil-like structures was performed to demonstrate proof-of-concept.  

2 EXPERIMENTAL DETAILS 

2.1 Materials 

Graphite (-325 mesh, 99.995% pure) microcrystalline powders and N-methylpyrrolidinone 

(NMP, 99% extra pure) were purchased from Alfa Aesar and ACROS ORGANICS, 

respectively. Polyoxyethylene (40) nonylphenyl ether (average Mn ~ 1982, branched) 

(IGEPAL
®

 CO890) was from Sigma Aldrich. Ethanol was acquired from Fisher Scientific.  

2.2 GNS-paper sensor fabrication 

In this study, GNS was synthesized by water-assisted liquid-phase exfoliation (LPE) of bulk 

graphite in NMP and deionized water (Fig. 1a). Here, a 5 mg-ml
-1

 mixture of graphite in a 

NMP/H2O co-solvent was initially subjected to 6 h of bath sonication (100 W, 37 kHz) with 

the water temperature maintained between 27 to 37 °C. Second, the dispersed solution was 

centrifuged at 3,000 rpm for 30 min, after which the supernatant was obtained. The water-

assisted LPE method was found to be capable of producing high-quality and few-layered GNS 

in a low-cost, efficient, and environmental friendly manner. 

Then, the as synthesized GNS was used for fabricating paper-based sensors. Here, to avoid 

damaging the cellulose structure or compromising the mechanical properties of the paper 

 

Figure 1. An illustration of GNS synthesis and sensor fabrication is shown. (a) GNS was exfoliated from bulk 

graphite using an 8:2 NMP/H2O solvent. (b) GNS was collected and mixed with a 0.5 wt% CO890 aqueous 

solution and (c) then subjected to 2 h of probe sonication. (d) The GNS-CO890 solution was diluted by adding 

ethanol (5:1 by volume) and then subjected to bath sonication. (e) The GNS-CO890/ethanol solution was then 

extracted and deposited onto printer paper using a syringe. (f) Copper tape and silver paint were applied to 

opposite ends of the specimens to form the electrodes. The inset shows the flexibility of the sample. 
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substrates, a water-based solution is preferred over organic solvents (e.g., NMP and 

dimethylformamide). First, 0.7 mg-ml
-1

 of GNS was first mixed in a 0.5 wt% CO890 aqueous 

solution and dispersing the solution using 2 h of high-energy probe sonication (3 mm tip, 150 

W, 22 kHz), as is shown in Figs. 1b and 1c. Second, ethanol was added to the sonicated solution 

(5:1 sonicated solution-to-ethanol by volume), and the mixture was subjected to bath sonication 

for 1 h (Fig. 1d). After acquiring the dispersed GNS-CO890/ethanol solution, a syringe was 

employed for depositing the solution to form 60×2 mm
2
 thin rectangular strips on standard 

printer paper substrates (Fig. 1e); this procedure deposited one layer of GNS-CO890 film onto 

the substrate. Following film deposition, the substrate was air dried at room temperature before 

the next layer was deposited following the same manual deposition procedure. Upon depositing 

the desired number of layers, electrodes were established on opposite ends of each sample by 

affixing copper tape and drying conductive silver paint (Fig. 1f). Unless otherwise noted, the 

final gage length (i.e., the distance between the two opposite electrodes) was 20 mm. It can be 

seen from the inset of Fig. 1f that the GNS-paper strip remained highly flexible, similar to that 

of pristine paper.   

2.3 Nominal resistance characterization 

To characterize the nominal electrical resistance of GNS-paper samples, films with different 

numbers of layers (i.e., 12 to 30 layers in increments of two layers) were fabricated. In addition, 

the effects of gage length on nominal resistance were investigated by drying silver paint at 

different positions along each sample, forming gage lengths of 5, 10, 20, 30, 40, 50, and 60 

mm. The resistance corresponding to different gage lengths as well as different numbers of 

layers was measured using a Keysight 34465A digital multimeter (DMM) interfaced to a 

Keysight BenchVue program running on a computer for data logging.  

2.4 Strain sensing characterization 

To investigate the strain sensing properties of the GNS-paper sensors, samples were affixed 

onto a thin steel plate and subjected to three-point-bending tests. Fig. 2 shows the experimental 

setup for the strain sensing tests, where a Test Resources 150R load frame was employed to 

apply multiple cycles of compressive loading at the mid-span of the steel plate. A commercial 

foil strain gage (gage factor at room temperature is 2.13 ± 1%) and a GNS-paper sensor were 

affixed onto the backside (i.e., tension face) of the plate. The strain gage and GNS-paper sensor 

 

Figure 2. Experimental setup for the three-point bending test is shown. The inset shows the backside of the 

steel plate, where a strain gage and a GNS-paper sensor were attached side-by-side at the mid-span. 
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were installed side-by-side and aligned at the mid-span, as is shown in the inset of Fig. 2. While 

CN-E epoxy was used for mounting the strain gage, the GNS-paper sensor was fixed onto the 

test beam using double-sided tape and Kapton tape. Prior to each three-point bending tests, a 

pre-load of 3 N was applied so as to ensure full contact between the load frame crosshead and 

the steel plate. Meanwhile, two Keysight 34465A DMMs, both controlled by the BenchVue 

software, were simultaneously commanded to record the resistance time histories of both the 

strain gage and GNS-paper sample. The Test Resources 150R load frame applied cyclic loads 

using a load rate of 1 mm-min
-1

 to a maximum displacement of 2 mm. 

3 RESULTS AND DISCUSSION 

3.1 Nominal electrical properties 

The unstrained electrical resistance time histories were used for analyzing the nominal 

electrical properties of the GNS-paper sensors. Nominal resistance was calculated as the 

average of resistance measurements obtained when no loads were applied. It should be 

mentioned that some noise and slight resistance drifts were observed initially but quickly 

stabilized thereafter. The average nominal resistance was calculated using resistance data after 

stabilized measurements were observed.  

It should be mentioned that resistance (R) and resistivity (ρ) are related to one another by 

Equation 1: 

A

L
R ×= ρ  (1) 

where L is the gage length, and A is the thin film’s cross-sectional area (which is assumed to 

be constant over the entire length of the same sample). Due to the high conductivity of silver 

paint and copper tape, contact resistance can be neglected. Given that resistivity is a constant 

value, the GNS-paper sample’s resistance should be linearly related to gage length, as is 

evident from Equation 1, and the slope of which is equivalent to resistivity. Fig. 3 plots the 

nominal resistance values of a representative 30-layer GNS-paper sample as a function of 

different gage lengths. As expected, the resistance increased in tandem with increasing gage 

length.  

A linear least-squares regression line was also fitted to the experimental data and is also 

plotted in Fig. 3. It can be observed that the regression line adequately characterizes the 

 
Figure 3. The average nominal resistance of a representative 30-layer GNS-paper sensor is plotted as a function 

of different gage lengths. A linear least-square regression line is also fitted to the data. 
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measurement data, and similar trends are observed for other samples fabricated with different 

numbers of layers. This demonstrates that the resistivity of each sample was approximately 

constant along its entire length, indicating uniform solution deposition using the proposed 

fabrication method.	 
Using GNS-paper samples with different numbers of layers but with a constant gage length, 

Equation 1 was used to calculate each sample’s resistivity. Resistivity is plotted with respect 

to the number of layers in Fig. 4. First, it was found that GNS-paper samples required at least 

10 layers of deposition prior to them becoming electrically conductive. Second, resistivity 

consistently decreased as more layers were deposited. A significant decrease in resistivity was 

observed when the numbers of layers increased from 10 to 14. This result is expected, since 

the GNS-paper samples with 10 to 14 layers were close to its percolation threshold [12, 13]. 

Thereafter, additional layers deposited only decreased sample resistivity by a comparatively 

smaller amount, which is consistent with percolation theory.  

3.2 Strain sensing response 

The strain sensing properties of GNS-paper samples were investigated by subjecting each 

sample to multiple cycles of three-point bending tests. Given the test setup, the sensors were 

effectively subjected to multiple cycles of uniaxial tensile loading. Fig. 5 plots the change in 

resistance of two representative GNS-paper sensors subjected to a set of strain sensing tests. 

One can observe from Fig. 5 that their resistance increased in tandem with increasingly applied 

tensile strains (i.e., induced strains in the steel plate) and the opposite was true during 

unloading. Similar results were observed trend in all of the samples tested, which included 

GNS-paper samples fabricated with 14 to 30 layers. All in all, the results shown in Fig. 5 

validated the strain sensing properties of GNS-paper samples.  

It is hypothesized that piezoresistivity is derived from strain-induced disturbances in the 

GNS conductive networks during testing, which would affect the ability of the material to 

conduct electrical current and change the measured resistance. Due to applied tensile strains, 

the cellulose fibers of the paper substrate could be stretched and moved relative to one another. 

As a consequence, GNS deposited onto cellulose fibers might undergo rigid-body movements 

together with the fiber matrix, leading to changes in the GNS percolation network of the 

nanocomposite. In that regard, the bulk resistance of the GNS-paper sample would increase 

when subjected to tensile strains, as GNS-to-GNS junctions could become disrupted and 

 
Figure 4. The calculated resistivity of GNS-paper sensors are plotted with respect to its number of layers. 
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separated from one another to decrease the number of conductive paths within the percolated 

network. On the other hand, when tensile strains were decreased or removed, the cellulose 

fibers could return to their original configurations, which would allow GNS to return to their 

original positions and re-establish conductive pathways and decrease bulk resistance.  

Despite observing piezoresistivity in all of the different GNS-paper specimens fabricated, 

one can observe clear differences in their strain sensing response, as is evident by comparing 

the strain sensing results of the 14- and 30-layer samples shown in Figs. 5a and 5b, respectively. 

It is clear that the 14-layer GNS-paper exhibits significantly more noise (Fig. 5a). This could 

be explained by considering that the 14-layer (or fewer) GNS-paper samples were close to its 

percolation threshold, and only a minimum number of conductive pathways were present in 

the system. The poorly connected conductive paths could be more susceptible to ambient 

environmental effects to result in noisier resistance measurements. It should be noted that the 

resistance of samples fabricated with fewer than 14 layers was dominated by noise, and their 

electromechanical response could not be distinguished. This result indicates that a well-

established, percolated GNS network is necessary for GNS-paper sensors to exhibit favorable 

strain sensing properties (i.e., high signal-to-noise ratio).	 
In addition, Fig. 6 plots the representative resistance time history of a 30-layer GNS-paper 

sensor subjected to several sets of repeated cyclic three-point bending tests. The sample’s 

response was characterized by relatively stable, reversible, and repeatable strain sensing 

performance. In this study, only small tensile strains (a maximum strain of ~0.06%) were 

applied. If tensile strains were higher than the elastic limit of the paper substrate, permanent 

deformation or dislocation of cellulose fibers might occur, which is accompanied by 

irreversible changes in the resistance of the GNS-paper sensor.  

In this study, the strain sensitivity of the graphene paper sensors of different layers was also 

investigated. The strain sensitivity (S) was calculated using Equation 2 as follows: 

εε
0
R

R
R

S
n

Δ

==  
(2) 

where Rn is the normalized change in resistance due to applied strains (ɛ), which can be 

  
(a) (b) 

Figure 5. The representative change in resistance of GNS-paper sensors with (a) 14 layers and (b) 30 layers as 

they were subjected to cyclic three-point bending tests. 
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computed by normalizing resistance change (∆R) with respect to its unstrained nominal 

resistance (R0). Fig. 7 plots the normalized change in resistance of representative 14- and 30-

layer GNS-paper sample as a function of ɛ. One can observe that the sensors’ resistance 

changed in a linear fashion with respect to applied tensile strains, which was well-characterized 

by the corresponding fitted least-square regression lines. In addition, based on Equation 2, the 

strain sensitivity is equivalent to the slope of the best-fit lines shown in Fig. 7.  

The average strain sensitivities and their standard deviations of graphene paper sensors 

fabricated with different numbers of layers (i.e., 14, 18, 22, 26, and 30 layers) are shown in 

Fig. 8. The 14-layer samples were found to possess higher strain sensitivities than ones with 

more layers. Based on the previous discussion of the effects of numbers of layers on film 

resistivity, it was assumed that 14-layer GNS-paper samples were close to their percolation 

threshold. As a result, small changes in applied strains would drastically affect the number of 

conductive pathways in the GNS network, thereby causing a more significant change in bulk 

 
Figure 6. The resistance time history of a 30-layer GNS-paper sensor subjected to multiple sets of cyclic 

three-point bending tests. 

 

  

(a) (b) 

Figure 7. Representative change in resistance of (a) a 14-layer and (b) a 30-layer GNS-paper sensors are 

plotted with respect to applied strains for estimating their strain sensitivities. 
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electrical resistance [14]. However, when the numbers of layers were increased beyond 18, no 

obvious trends in strain sensitivities were observed as additional layers were deposited.  

3.3 Patterning 

This study also investigated the potential of using the proposed solution casting method 

(Section 2.2) for fabricating GNS-paper sensors with different and more complicated 

geometrical patterns. Figs. 9a to 9c show three different coil patterns created by selectively 

depositing the GNS-based solution on paper. Here, the line width was 2 mm, and each pattern 

was formed by depositing 8 layers of film. It can be seen that the deposition was uniform 

throughout the entire pattern. The ability to fabricate different and complex patterns suggest 

that this technique can be used for designing and creating nanocomposite thin films suitable 

for being used as passive RFID antennas [7]. It is anticipated that inkjet printing or other 

solution-based casting techniques can be employed to autonomously deposit GNS-based 

solutions to create these patterns. This subject will be the focus of future research.  

4 CONCLUSIONS 

This study showed that GNS-based aqueous solution can be deposited onto paper substrates 

to obtain strain sensors and patterned to form complicated geometrical patterns. Here, the 

 
Figure 8. The average strain sensitivities and their standard derivations (as error bars) of GNS-paper sensors 

fabricated with different numbers of layers are shown. 

 

   

(a) (b) (c) 

Figure 9. Different geometrical patterns were created by manually and selectively depositing 8 layers of GNS-

CO890/ethanol solution on printer paper.  
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electrical resistivity and the strain sensing response were characterized with respect to the 

numbers of layers deposited. It was found that the electrical and electromechanical properties 

of GNS-paper sensors can be readily tuned by controlling the numbers of layers deposited. 

This work lays the foundation for future designs of highly flexible GNS-based electrically 

conductive coils on paper substrate, which can be used as passive RFID antennas and tags.  
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