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Abstract 

 

Inclusion of conductive nanoparticles in conventional fiber-reinforced composites can 

improve material properties and endow the composites with functionalized capability. 

In this study, 2D graphene nanoparticles are dispersed in glass fiber/polymer composites 

to optimize and enhance the morphological characteristics of the composites, and some 

appealing functions have been achieved. In particular, with a 1 wt.% graphene-enriched 

epoxy resin, conductivity of the developed composites is enhanced dramatically, and the 

elastic modulus and ultimate tensile strength are improved circa 30% and 10%, 

respectively. Notably, with an optimized nano-structure in the resin, the composites 

feature a semi-conductive property and manifest piezoresistivity, on which basis a 

quantum tunneling effect in the 2D graphene-formed conductive network is triggered, 

when elastic disturbance is applied to the composites. Making use of such a unique trait, 

the developed composites possess a capability to self-perceive broadband signals from 

static tension, through low-frequency vibration, to high-frequency ultrasonic waves (up 

to several hundred kilohertz). The acquired signals are further used for structural health 

monitoring. Experimental validation has demonstrated that the developed composites 

have enhanced mechanical-electrical properties, along with an innovative capability of 

health self-monitoring. 

 

 

1.  Introduction 
 

With intensive research over the years, the nanocomposites have gained their 

prominence in various applications. The appealing mechanical performance and unique 

properties of nanocomposites have greatly boosted the development of new generation 

of functional composite structures. In such a context, nanoparticles have been dispersed 

into polymer matrices as reinforcement elements to improve the structural mechanical 

properties (1-5) or as functional elements for electro-static discharge (6), 

electromagnetic interference shield (7), gas leakage sensing (8), UV-absorbing (9), 

flame-retardant coating (10) and damage detection (11, 12) etc. Particularly, the 

polymer composites with added nanoparticles as sensing elements have been 

demonstrated responsive and sensitive to applied strains (13-18).  

 

The sensing capability of nanoparticles in non-conductive polymers origins from the 

instinct electrical conductivity and piezoresistivity upon the interaction among 

nanoparticles, with a mechanism which can be described using the percolation theory 

(19). When the insulative barrier between two neighbouring conductive nanoparticles is 

sufficiently thin, the electron can find its way to travel through the barrier, which creates 

a nanoparticle-formed conductive network inside the polymer matrices. The resistance 
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of this network changes with the degree of applied strains and thus it can be used as 

sensing elements in the polymer. A great deal of research has been accomplished to 

explore the sensing capability of nano-engineered composites using theoretical or 

experimental methods. Scientists have been put effort to find appropriate ways to make 

use of such a sensing capability for various applications including health self-

monitoring of structures for example. Representatively, Thostenson et al. (20, 21) 

demonstrated stable and sensitive acquisition of quasi-static and cyclic tensile strains by 

measuring the changes in electrical resistance of fibre composites with dispersed carbon 

nanotubes. The onset and progressing of damage that led to breakage of carbon 

nanotubes-formed conductive networks were linked to increase in measured electrical 

resistance, whereby the severity of damage was estimated. In a similar vein, Nofar et al. 

(22) monitored damage progressing in a nanotube-fibre-epoxy composite laminate 

during a fatigue test, by measuring the changes in electrical resistance in the conductive 

network formed by a carbon nanotube-based network in the laminate. Tallman et al. 

(23-26) developed electrical impedance and resistance tomography to locate damages 

on plates made of nano-engineered composites. However, most of the applications were 

restricted in a static or low-frequency dynamic regime which may limit the sensitivity 

and accuracy of these methods for high-precision damage characterization.  

 

In this study, a breed of new nano-engineered composites was developed with the self-

sensing capability for structural health monitoring. The composites feature a graphene-

Nanoparticle-networked Self-sensing System (gNano-NSS), which has been 

demonstrated effective, accurate and sensitive to respond a broadband elastic 

disturbance ranging from static loading, through dynamic vibration to ultrasonic waves. 

The mechanical enhancement of the composites is also discussed. With enhanced 

mechanical and electrical profiles, the nano-engineered composites have bright future 

towards developing structural health self-monitoring systems in which the sensing 

functionality is integrated with reinforcement elements.  

 

2.  Material preparation 

 
2.1 Materials 

 
Graphene was selected as the nanofiller to develop the proposed nanocomposites, in 

virtue of its larger surface area and aspect ratio, compared with conventional nanofillers 

such as nanotubes. Commercial few-layer graphene with a thickness of around 3 nm and 

lateral size of 10-50 µm was obtained from Hengqiu Graphene Technology, Suzhou, 

China. GY 251 epoxy resin and HY 956 hardener with a mix ratio of 5:1 by weight 

were compounded with the graphene to produce graphene/epoxy nanocomposites. 

 
2.2 Fabrication 

 
To manufacture the graphene-enriched fibre-reinforced laminate composites, graphene 

particles were uniformly dispersed in the epoxy resin to form a graphene-based 

conductive network. The epoxy resin was first placed on a hot plate and heated up to 

80° C to decrease the viscosity. Mechanical stirring was applied to mix 1 wt.% 

graphene particles into epoxy resin for 30 mins followed by sonication in a bath type 
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sonicator for 5 mins. The graphene-enriched epoxy matrix was then incorporated with 

eight-layer plain-woven glass fibre fabric by hand layup as illustrated in Figure 1. 

Finally, the composite was cured at a room temperature for 24 hours using a standard 

vacuum bagging curing procedure. The manufactured glass fibre-reinforced laminate 

plate with the gNano-NSS measures ~1.4 mm in thickness. The laminate plate was 

finally trimmed into samples for tests. 

 

 

(a) 

 
(b) 

Figure 1. (a) Schematic of manufacturing the nano-engineered composite laminate; (b) trimmed 

samples without/with nanoparticles (1 wt.%) 

 

 

3.  Experiments and results 

 
3.1 Quasi-static tension  

 
A standard tensile test was first implemented to evaluate the mechanical properties and 

also the sensing capability of the fabricated composites to quasi-static strains. 
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3.1.1 Test Setup 

Samples were prepared with 25 mm wide and 200 mm long. Each sample was treated 

with 20 mm long insulative tabs at the end. Four samples of this kind were tested on a 

MTS tensile machine (Alliance RT/50) for measurement of mechanical and 

piezoresistive properties. During the measurement, the sensing area on the surface of 

each sample was the region confined by a pair of silver electrodes. The electrodes were 

connected to a dynamic digital multimeter (Keithley DMM 7510), as shown 

schematically in Figure 2. 

 

 
Figure 2. Experimental setup of quasi-static tensile test 

 

 
3.1.2 Results and Discussions 

The mechanical results of nano-engineered composites are plotted in Figure 3. With 

only 1 wt.% graphene nanoparticles in epoxy matrix, the elastic tensile modulus has 

increased by about 35% and the ultimate tensile strength (UTS) has also improved by 

around 8%. The results are much higher than in some previous studies (27) (15% and -

6%, respectively), and this can be attributed to the exclusion of solvents in dispersion 

methods, which would degrade the crosslink strength of epoxy resin. 
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Figure 3. Mechanical properties of the original composite and nano-engineered composite 

 

Results of the stress/resistance change ratio versus strain applied on the sample are 

plotted in Figure 4, where a two-step increase (point a and b) can be observed. Such an 

increase indicates the occurrence of interphase damage in the material (16), and divides 

the failure process into three stages: 

 

1. In stage I, a steady linear change in resistance can be identified and the gauge factor 

(K) of gNano-NSS can be calculated based on a linear fitting of the measured strain 

from 1% to 2.5% (blue dashed line in Figure 7) by 

                                                    /
R

K
R

ε
Δ

= Δ ,                                                   (1) 

where ε is the applied strains and R is the resistance of sensing area. The obtained 

gauge factor is 27.6, and it is almost 14 times higher than that of conventional metal 

strain gauges (K=2, green dashed line in Figure 4). The gauge factor represents the 

sensitivity of nano-engineered composites with applied strains; 

 

2. the prominent resistance increase at point a refers to the occurrence of interface 

debonding which develops from small matrix cracks. As this damage is still in its 

preliminary stage and does not suffice to break up the conductive paths in the 

conductive network, the sensing capability of gNano-NSS is still functional and the 

resistance grows with similar slope as strain increasing in stage II; and 

 

3. after stress reaches about 85% of the value of failure stress, another step increase 

takes place at point b in the resistance curve which corresponds to the 

commencement of fibre cracking, open-up and pull-out. This severe damage 

significantly affects the resistance and causes sensing capability malfunctional and 

the final material failure with multiple fibres breaking in stage III. 
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Figure 4. Stress and resistance change ratio of gNano-NSS under quasi-static strain 

 

 

3.2 Dynamic vibration  

 

The static responses of nano-engineered composites were evaluated in the above 

experiment, in which strain level was as large as 1 %. In what follows, through dynamic 

vibration experiment, the low-frequency dynamic responses of the fabricated nano-

engineered composites were assessed. 

 

3.2.1 Test Setup 

A cantilever beam, with 220 mm long and 4 mm wide, made from the above nano-

engineered composites, 1.4 mm thick, was fabricated and fixed at one of its ends 

(Figure 5). Vibration loads were applied via an electromagnetic shaker (B&K 4809) on 

the bottom surface 20 mm from the free end. The sensing area with silver electrodes 

was on the beam surface at 70 mm from the fixed end. A conventional metal strain 

gauge was attached at the same position but opposite surface to obtain same magnitude 

but opposite phase of strains. A commercial signal amplifier (KYOWA
®

 CDV-900A) 

with a Wheatstone bridge was used to process signals from both the strain gauge and 

nano-engineered composites before being outputted to and collected by an oscilloscope 

(Agilent® DSO 9064A). A waveform generator (Hioki 7075) was used to provide 

sinusoidal excitation signals from 5 Hz to 20 kHz. 
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Figure 5. Experimental setup for dynamic vibration test 

 

3.2.2 Results and Discussions 

The typical obtained vibration signals of strain gauge and nano-engineered composites 

at 5 Hz and 2 kHz are plotted in Figure 6. According to the specification of amplifier, 

the strain and gauge factor of connected sensors have such a relationship: 

                                                      
4

out

bridge

V

GV K
ε =

⋅
,                                                 (2) 

where G represents the internal gain of the amplifier (the maximum ×10000 used here), 

Vout the output voltage signals, Vbridge the excitation voltage of Wheatstone bridge (2 V 

used here) and K is the gauge factor of the sensor. The strain of metal gauge is the same 

as that of the local gNano-NSS. Thus the gauge factor of gNano-NSS with vibration 

loads can be obtained, as ~7.2 at excitation of 5 Hz and 7.59 at 2 kHz. The slight 

difference of the gauge factor under different frequencies can be attributed to the 

different levels of strain (measured strain ±20 µε ~ ±400 µε). The response signals of 

other frequencies are illustrated in Figure 7. Obviously, no hysteresis is observed in the 

response signals of gNano-NSS in the discussed frequency range. 

 
 

 

(a) 
 

(b) 

Figure 6. Vibration signals of metal strain gauge and gNano-NSS at (a) 5 Hz and (b) 2 kHz 
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(a) 
 

(b) 

Figure 7. Vibration signals of metal strain gauge and gNano-NSS at (a) 100, 200, 500 and 1000 Hz 

and (b) 5, 10 and 20 kHz. The amplitudes of the signals have been adjusted to clearly show the 

waveforms identified 

 

3.3 Ultrasonic waves 

 

With the high and accurate sensing capability of dynamic vibration loads, the frequency 

of loads was then increased to ultrasonic region via ultrasonic waves, by which the 

strains induced were generally of a low-magnitude (< 10 µε), which makes it extremely 

challenging to capture. 

 

3.3.1 Test Setup 

A 300 mm × 300 mm composite laminate with the gNano-NSS was fabricated to test 

the capability of sensing ultrasonic waves. A piezoelectric lead zirconate titanate (PZT) 

actuator (Haiying Enterprise Group Co., Ltd., P-51, 12 mm in diameter, 1 mm in 

thickness) was mounted on the surface of the laminate to excite probing ultrasonic 

signals with a self-developed structural health monitoring (SHM) system. The system 

consisted of ultrasonic wave generation module comprising of an NI PXI-5412 arbitrary 

waveform generator (AWG) and a linear power amplifier (Ciprian® US-TXP-3). As 

illustrated in Figure 8, multiple locations of the structure were arbitrarily selected to 

measure the resistance change with ultrasonic waves propagating through the samples. 

A self-developed high-frequency signal amplification system was used with a 

Wheatstone bridge to transfer the change in local electrical resistance into voltage 

signals which then were collected via an oscilloscope (Agilent® DSO 9064A). To 

verify the sensing performance, the excitation ultrasonic wave signals were varied from 

50 kHz to 440 kHz and captured signals were compared with those obtained with PZT 

sensors attached nearby, for example sensor I-I and I-II around sensing point I in Figure 

8. 
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Figure 8. Experimental setup for the excitation and extraction system in the acquisition of UGW 

test 

 

 

3.2.2 Results and Discussions 

As representative results, the signals of gNano-NSS captured at point I with excitation 

frequency of 180 kHz is demonstrated in the time domain in Figure 9. The wave packets 

captured by gNano-NSS resemble in a good manner with those captured by PZT 

sensors, especially the arrival time of the first wave component (viz., the zeroth-order 

symmetric Lamb wave mode guided by the laminate, denoted by S0 hereinafter). The 

extra crosstalk part at zero moment of the acquired signal is owing to the influence from 

the high voltage signal generation system which is a common phenomenon in acquiring 

ultrasonic waves. Figure 10 shows the amplitude change of both S0 and A0 (The zeroth-

order anti-symmetric Lamb wave mode) modes with the frequency. The captured 

signals of the gNano-NSS have similar trend with conventional PZT sensors, with a 

slight difference in the magnitude due to the different couple effect in sensing 

mechanisms. This experiment has proven that the gNano-NSS has the capability of 

sensing the ultrasonic waves with slight delay, high signal-noise ratio and comparable 

performance with conventional PZT sensors. Since the gNano-NSS is fully integrated 

with the composites, the function as “dispersed sensors” can be performed at any 

desired positions of the fabricated composite structures. 
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Figure 9. Raw ultrasonic wave signals captured by the gNano-NSS of the composite and 

counterpart PZT sensors at point I 

 

 

(a) 
 

(b) 

Figure 10. Comparison of time-frequency-amplitude response signals of ultrasonic wave 

propagation in laminates captured by the gNano-NSS (a) and by PZT sensors (b) at point I 

 

 

4.  Conclusions 
 

This study serves as a proof-of-concept investigation of the sensing capability of nano-

engineered composites in capturing various types of dynamic loads. The built-in gNano-

NSS endows the materials with the self-sensing function for damage detection and 

monitoring. Results from experiments show that the gNano-NSS possesses fast, stable 

and accurate sensing capability in response to quasi-static, vibration and ultrasonic loads. 

Comparing to conventional SHM systems built with external sensors such as strain 

gauges and PZT wafers, the gNano-NSS not only demonstrates competitive 

performance, but also benefits the whole structure with less intrusion and enhanced 
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mechanical properties. The gNano-NSS in nano-engineered composites has a promising 

potential to develop ultrasonic wave-based structural health self-monitoring technology. 
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