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Abstract.  

The development of embedded sensors based on a structural thermosetting epoxy resin reinforced 

with 0.3 wt% of multi-walled (MW) carbon nanotubes (CNTs) for real-time structural health 

monitoring is presented. The storage modulus of the composites is higher than 2000 MPa in a wide 

temperature range confirming their reliability as structural parts, especially for aeronautical 

applications. The piezoresistive properties are studied on specimens subjected to both tension and 

flexural stresses. The yield strength evaluated with the same approach adopted for metallic materials 

and alloys compares successfully with the information provided by the electrical characterization. 

Different levels of damages are revealed by the changes in the piezoresistive properties due to the 

morphological modifications in the conductive network of CNTs within the resin. The analysis of an 

empirical law is proposed for predicting the strain-dependence of the electrical and mechanical 

properties of material when the samples are subjected to stretch-release cycles. The average CNTs 

interparticle distances as function of bending is also estimated. 
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1. Introduction  

New materials like polymer composites based on carbon nanoparticles (nanotubes, fibers, graphene) are 

increasingly being used as aircraft primary structural parts (fuselage, cockpit, tail and wings) due their 

superior chemical and physical properties over traditional metallic materials or alloys [1-5]. In particular, 

low weight, high fracture toughness against impact damages, easy processability, resistance to corrosion, 

flame and moisture are some of attractive properties of polymer composites for aircraft applications. 

However, in order to extend the usage of such materials, their reliability has to be ensured in a safe, 

simple and economical manner. High mechanical stresses due to vibrations in adverse weather conditions 

and impact damages mainly due to birds or hailstones, lightning strikes represent a critical issue for 

aircraft composite structures [6]. In fact, the composite may undergo to considerable degree of 

deformation or cracks not visually detectable compromising the structural integrity of the components [7]. 

Therefore, much efforts are being devoted to evaluate the influence of defects on the strength and lifetime 

of structural materials and quantify the critical size of damage in order to introduce reliable methods for 

failure detection [8]. Traditional techniques based on visual inspection, ultrasonics, radiography, 

thermography are often slow, labour-intensive and not sufficiently sensitive to small damages. Moreover, 

they require a rather long deadlock of the scanned object, which leads to fewer flights of vehicles with 

consequent economic losses. Therefore, aeronautic industries are keen to apply faster and smarter damage 

detection methods based on distributed smart sensors. In particular, as it concerns the monitoring of 

advanced reinforced composites employed in structural components, sensors based on electro-active 

polymers or piezoelectric ceramics are not suitable since they are characterized by high fragility, non-

negligible weight, need of high voltage or current for their correct use. An alternative approach may be 

represented by the use of polymer nanocomposites. The use of small amount of nanofillers, in particular 

carbon nanotubes, due to their tendency to easily form electrically conductive networks when embedded 

within polymer resins, may confer piezo-resistive properties to the resulting materials thus leading to a 

multifunctional component integrating structural and sensing capabilities [9-11]. A strictly relationship 

between the mechanical deformations and the electrical resistance exhibited by such advanced composite 

materials reveal their potential for applications as strain and damage sensing [12-14]. Structural health 

monitoring (SHM), mainly involves a nondestructive testing (NDT) system realized with integrated 
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sensors able to continuous or periodic self-inspection for damage detection in situ. Ideally, it allows to 

recognize the damage type, the relative size and location thus minimizing the time and costs needed to 

take the structure out of service, then disassemble and inspect it [15-17]. Despite several studies aimed at 

investigating the strain sensing properties of composites reinforced with carbon-based nanofillers, some 

critical issues still remain to be clarified [18-22] in order to fully take advantage of their advantageous 

characteristics. In fact, the sensing performances may be different from the ones expected since it is not 

possible to avoid entangled aggregates due to a not uniform dispersion of the fillers within the resin which 

impacts on the load transfer between the two phases and affects the mechanical and the electrical 

response of the obtained nanocomposites. The main outcomes from several papers have been presented in 

a recent detailed review illustrating the physical phenomenon behind the piezoresistive properties of 

innovative and smart materials for strain sensors [23]. However, it is worth evidencing that most of the 

available works analyze the strain sensing properties of the nanocomposites by means of DC electrical 

characterizations, whereas only few refer to AC measurements [24-28]. 

In this paper an epoxy resin reinforced with 0.3 wt% of multi-walled carbon nanotubes (MWCNTs) is 

experimentally studied under axial and flexural stresses. In particular, after a preliminary morphological 

and thermomechanical analysis, aimed at confirming their suitable use in the aeronautical field as 

structural parts [1], the correlation between the mechanical response and the electrical properties are 

investigated for specimens subjected to fatigue tests. Set of cycles and different levels of intensity have 

been adopted for probing the long-term durability. The damage is expressed through a residual resistance 

strictly close to the amount of plastic strain accumulated in the matrix. Moreover, the dependence on 

strain of the piezoresistive properties is studied by considering numerical simulations allowing to analyze 

the impact of different physical parameters (i.e. interparticle separation distance, energy barrier) on the 

tunneling effect that governs the electrical resistance of the materials. The achieved results open the way 

towards the development of embedded sensors for structural health monitoring based on the same 

polymer composites employed for the fabrication of structural parts thus leading to multifunctional 

components integrating structural and sensing capabilities. 
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2. Materials and methods 

The epoxy matrix was prepared by mixing an epoxy precursor, tetraglycidyl methylene dianiline 

(TGMDA) with an epoxy reactive monomer 1,4-butanediol diglycidyl ether (BDE) that acts as a reactive 

diluent. Instead, 4,4-diaminodiphenyl sulfone (DDS) is adopted as curing agent for this manufacturing 

process. All these components are provided by Sigma Aldrich. In order to obtain a uniform dispersion of 

the filler, the MWCNTs (3100 Grade purchased from Nanocyl S.A) were embedded into the matrix 

(Epoxy blend kept at 120 °C to reduce the viscosity) by using an ultrasonication for 20 min (Hielscher 

model UP200S-24 kHz high power ultrasonic probe). After that, DDS hardener agent was added at a 

stoichiometric concentration with respect to all the epoxy rings (TGMDA and BDE).The tested 

specimens, in agreement with geometrical specifics (Fig.1) of ASTM standards D638 and D790 [29, 30], 

were prepared according to a method described in Ref. [28]. Samples micrographs were performed with a 

field emission Scanning Electron Microscopy (SEM) apparatus (JSM-6700F, JEOL) instrument operating 

at 3 kV on some nanocomposites section cut from the solid samples by a sledge microtome and suitably 

treated as already described in Guadagno et al. [31].  

FTIR spectra were obtained at a resolution of 2.0 cm−1 with a FTIR (BRUKER Vertex70) spectrometer 

equipped with deuterated triglycine sulfate detector and a KBr beam splitter, using KBr pellets. The 

frequency scale was internally calibrated to 0.01 cm−1  using a He−Ne laser. 32 scans were signal 

averaged to reduce the noise. Thermogravimetric analysis (TGA) was carried out in nitrogen using a 

Mettler TGA/SDTA 851 thermal analyzer. The temperature range was 25–800 °C at a heating rate of 10 

°C min-1. Dynamic mechanical properties of the samples were performed with a dynamic mechanical 

thermo-analyzer (Tritec 2000 DMA-Triton Technology). Solid samples with dimensions 2×10×35 mm3 

were tested by applying a variable flexural deformation in three points bending mode. The displacement 

amplitude was set to 0.03 mm, whereas the measurements were performed at the frequency of 1 Hz. The 

range of temperature was from −60 °C to 320°C at the scanning rate of 3 °C/min–1. 

Electro-mechanical tests (in axial and flexural strains according to ASTM standards D638 and D790, 

respectively) were performed, at room temperature, by using a Dual Column Tabletop Testing Systems 

(INSTRON, series 5967) set with a cross head speed of 1 mm/min for both loading and unloading. More 

in details, a three point-bending measurements were carried out during the flexural tests. The 
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corresponding force was measured by the machine load cell and converted to axial stress (), whereas 

mechanical strain () was calculated as the machine crosshead displacement normalized by the gage 

length of the test specimen. Possible slipping during the displacement were excluded by recording local 

deformation by means of a conventional strain gauge (RS 5mm Wire Lead Strain, gauge factor 2.1) 

having a gauge resistance of 120Ω (constantly measured with a precision multimeter HP 34401A), glued 

to one side of the specimen. A two-probe configuration based on an electrometer Keithley 6517A 

(configured in the double function of voltage generator and ammeter) was used to measure the current-

voltage (I-V) characteristics between the copper electrodes fixed on the sample surface using silver paint 

(Silver Conductive Paint, resistivity of 0.001 Ωcm) in order to ensure a good ohmic contact between the 

parts. Although simple, this measurement method, has successfully been applied in literature for 

resistance measurements in presence of tensile test [32, 33]. Since the measured electrical resistance for 

all specimens was in the order of several kΩ, contact resistance was neglected. The same electrodes were 

used for the impedance spectroscopy (IS) analysis performed by using a precision LCR meter (model 

QuadTech 7600). The overall test setup and the geometrical features of the investigated specimens are 

reported in Fig. 1.  

3. Results and discussion 

3.1 Structural, thermal and mechanical analysis 

The behaviour related to the electrical properties of the nanocomposites reinforced with different filler 

amounts has been analyzed in depth in previous paper [28]. In the present work the sensitive properties 

have been investigated for the sample loaded with of 0.3 wt% of MWCNTs. This concentration has been 

chosen because it represents the first sample already beyond the electrical percolation threshold (i.e. 

EPT). Therefore, such formulation is particularly suitable for exploring the piezoresistive properties of the 

resulting material since the just formed percolating network is more sensitive to small morphological 

variations due to mechanical strain [34-38]”. In fact, the piezoresistivity response is due to the 

modifications in the electrical network, e.g. loss of contact among CNTs [28, 39] or change in the 

tunneling resistance due to the rearrangement of neighboring CNTs [40] as well as from intrinsic 

piezoresistivity properties of fillers subjected to deformations [41]. A structural analysis has been carried 
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out in order to fully investigate the characteristics of the employed nanofillers and resulting 

nanocomposites. Geometrical features of the filler can be estimated from FESEM (Fig.2 a) and TEM 

(Fig.2 b) images of Fig.2. All data are summarized in Table I reported as Fig. 2c  The FTIR spectrum of 

MWCNTs (Fig. 2d) highlights that the walls of MWCNTs are not completely un-functionalized, as stated 

by the manufacturer. In particular, in the FTIR spectrum, together with expected signals (i.e. C-C stretch 

at 1640 cm-1 and 1543 cm-1, due to skeletal vibrations) other bands appear. In particular, the spectrum 

shows the presence of oxygenated functional groups (mainly hydroxyl and epoxide), whose concentration 

is not very negligible. The presence of different type of oxygen functionalities was confirmed by the 

bands at 3460 cm-1 (O-H stretching vibrations), at 1220 cm-1 (C-OH stretching vibrations), and at 1024 

cm-1 (C-O stretching vibrations). The presence of hydroxyl groups contributes to have a better 

distribution of the filler within the epoxy resin thus avoiding the agglomeration phenomena as observed 

and discussed in  [28]. Polymers degrade through physical and chemical changes due to reaction of their 

molecular components with the environment. At normal temperatures, polymers react slowly with oxygen 

and therefore oxidation becomes apparent only after a long time. However, degradation may be induced 

and accelerated by thermal energy and/or moisture, as well as exposure to radiation. Degradation in 

polymeric composites involves solid–gas reactions and it is associated with chain cleavage. As a result, 

the principal effects of degradation on polymers are the decay of mechanical properties such as strength, 

elongation and resilience, which is a problem common to polymer composites employed in critical 

conditions. An approach to determine the degradation rate is to measure the weight loss of a polymer 

specimen, which allows to investigate the overall degradation mechanism in polymer matrices. In order to 

evaluate the thermal stability of obtained composites, thermogravimetric analysis (see Fig. 3a, 3b) have 

been carried out. More in details, Fig. 3a shows the thermogravimetric curves for the neat resin (i.e. 

Epoxy) and nanocomposite reinforced with MWCNTs (i.e. Epoxy 0.3 CNT) evaluated in the temperature 

range [30÷800] °C under a nitrogen atmosphere. It is worth noting that, at the initial stage (before 400 

°C), the unfilled resin begins to degrade earlier than the nanocomposite since the onset-degradation 

temperature (5% weight-loss temperature) ranges from 340°C to 383°C, respectively. Similarly, the 

maximum-rate degradation temperature, detected by the peaks of derivative thermal degradation analysis 

(DTGA) (see Fig 3b), shifts from 389°C for pure resin to 422°C for the nanocomposite. The results from 
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thermogravimetric experiments highlight that the MWCNTs produce a protection action type a barrier 

effect, which in turn prevents the transport of the products of degradation of polymer matrix from the 

solid (condensed) to the gaseous phase.  This protection action may be due to the restriction of mobility of 

chain segments, caused by the presence of MWCNTs. As the restriction sites increases, there is a 

reduction in tension of C-C bond induced by thermal action and hence the thermal stability of the epoxy 

matrix increases by about 20 °C. Moreover, the thermal-mechanical stability of obtained composites has 

been investigated by dynamic mechanical analysis (DMA). In particular; the storage modulus and the loss 

factor (i.e. tan δ) of the unfilled and reinforced resin are shown in Fig.3c and Fig.3d, respectively. For 

both, the storage modulus is higher than 2000 MPa in the wide temperature range of [−60÷100] °C The 

profile of the curves in Fig. 3c shows a slow and progressive decrease of modulus up to 50 °C. After that, 

an almost constant value follows in the range between [50÷200] °C before the principal drop, due to the 

glass transition temperature (i.e. Tg), which falls in the interval of  [200÷300]°C. The mechanical 

spectrum of the samples shown in Fig. 3d also confirms such value for the Tg. In particular, the highest 

peak in the mechanical spectra, which is related to the glass transition, or α transition, is centred around 

255 °C for the unfilled resin and the filled one. Therefore, the introduction of a very small amount of 

CNTs  (0.3 wt%) in a  rigid composite does not affect significantly its modulus and its glass transition 

temperature value. Similar results have been observed also in our previous work [42]. Although the 

importance of the glass transition temperature on mechanical properties of material designed for strain 

sensor applications, this topic still remain poorly discussed in literature. Therefore effect of CNTs on the 

Tg is not yet fully understood. CNT may lead to a decrease of Tg due to their agglomeration tendency. On 

the other hand, results reported for MWCNT showed an increased or unchanged Tg of the composites 

[43].  The present status of the literature does not allow a clarification due to the lack of a study providing 

essential information such as purity of the filler (catalyst particles can affect cure reaction), glass 

transition temperature along with the corresponding cure degree (to isolate the true potential effect of 

CNT from curing variations). In our case, the introduction of CNTs does not lead to big differences in the 

curing kinetics behaviour with respect to the unfilled epoxy [44], for this reason, the resin and the 

composite have the similar curing degree. In any case, as already observed in our previous work [28], 

agglomeration phenomena of carbon-nanotubes do not occurred. The absence of such phenomena allowed 
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to keep the high Tg of the resin. In light of the considerations made, the sensor system, from the point of 

view of the material, has a thermal stability that remains unchanged up to 300 °C, maintaining high 

mechanical properties up to 100 ° C, confirming high reliability if employed as structural aeronautical 

parts working in the normal operational temperature range. Moreover, the acquired greater thermal 

stability, obtained thanks to the introduction of the CNTs, allows a higher lifetime for polymeric 

composites under aircraft service, considering that properties such as stiffness, strength, density, 

deflection two to loading and / or environment, may change with the passage of time [45]. 

3.2 Piezoresistive characterization 

 

3.2.1 Tensile stress 
 
Fig. 4 shows the electro-mechanical response of the composite with 0.3 wt% of CNTs measured under 

axial tensile stress up to its failure around the 3.5% of strain at which a cracking discontinues the 

electrical measurements and leads to the specimen collapse. Therefore, in order to avoid breakage of the 

specimens, the levels of strain in all subsequent experimental characterization will be kept below this 

indicative critical value. 

First of all, in order to identify the different operating regions, the mechanical loading (i.e.  ) plotted 

against the axial strain is reported on the left vertical axis. In particular, with reference to this plot, it is 

possible to evaluate the yield strength, a very important parameter for the structural design, as it 

represents the stress above which significant plastic deformations occur in the material. Since typically 

there is not a well-defined point at which the deformation transforms from an elastic to a plastic one, the 

yield strength is generally defined as the stress value for which the specimen under test shows a 

predetermined residual permanent plastic strain typically equal to 0.2%, as indicated in the stress-strain 

diagram [46]. More in details, the yield strength at 0.2% of residual permanent deformation is determined 

by the stress-strain diagram with the following procedure. First, a parallel line to the elastic stretch (linear 

response) of the diagram is drawn, starting from a deformation of 0.2%. Hence, the meeting point of this 

line with the stress-strain curve provides the yield strength. In our samples a load of about 40 MPa in 

correspondence of a strain of approximately 2% is detected. Therefore, indicatively, for strain values less 

than 2% the material exhibits an elastic response and above it a plastic one. It is worth noting that this 

approach, generally adopted for metallic materials or alloy, can be successfully applied also with our 
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composites. In fact, the result agrees very well with that concerning the normalized change of electrical 

resistance (right vertical axis, Fig.4) R/R0, plotted against the axial strain (). R0 is the electrical 

resistance before any external mechanical strain (i.e. =0) and R=R-R0 is the resistance variation caused 

by the applied axial tension. In particular, in the first region corresponding to the elastic response of the 

material the value of ΔR/R0 shows an initial linear dependence upon the applied strain and increases 

exponentially thereafter, most likely due to the occurrence of the first irreversible structure deformations 

when its response become plastic. Even with this type of characterization a limit strain, which 

discriminates the elastic/plastic response of material, of about 2% with respect to the rest position is 

identified according to the level previously identified with the yield strength. In any case, the increase of 

the overall resistance of the sample with increasing tensile strain support the assumption that in such 

nanostructured composites the electrical properties are strongly affected by the "tunneling effect" which 

requires that inter-particles distances must be sufficiently near to the so-called "tunneling distance" in 

order to allow an appreciable electron flow [47,48]. As a consequence of the imposed strain, it is 

plausible that change occur in the tunneling resistance between neighboring CNTs, due to the 

enlargement of inter-tube distance and/or a decreasing of the electrical contact areas. Both phenomena 

lead to an increase of the overall resistance shown by the material. For the evaluation of the sensitivity, 

the gauge factor (GF) which relates the resistance change (R/R0) to the axial strain ( ) is evaluated as: 

GF= R/R0. In particular, the obtained value of 0.43 is derived as the slope of the line interpolating the 

experimental data of R/R0 curve in the initial linear region. Moreover, as shown in Fig. 5, 

nanocomposites were subjected to cyclic tensile loading-unloading tests up to a maximum strain of 

increasing value (i.e. 0.83%, 1.65% and 2.42%) during which piezoresistive properties were monitored. 

It can be observed that in each cycle the maximum value of R/R0 remain constant with the number of 

cycles thus indicating a regularity of the resistive behavior of the composites. It is interesting to note, for 

structural health monitoring purposes, that when strain falls in the elastic regime (i.e. =0.83% and 

=1.65%) R/R0 is null after each loading cycle since no significant permanent deformations, equivalent 

to an irreversible damage in the structure, have occurred in the composite. Instead, irreversible resistance 

changes, indicating permanent damages, are observed after a stretching (i.e. =2.42%) that overcomes the 

elastic response of the material. This behavior is due to the partial rupture of the electrical percolating 
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network, as result of the re-arrangement of the CNTs embedded in the polymer resin due to the plastic 

deformation (yielding) of the latter. This effect is interesting since the sensor may allow the detection of 

otherwise not viewable damages in the monitored structural part [30, 33, 49].  

Given the potential of CNT-based composites to sense stress/strain even at almost imperceptible levels 

and the influence of several parameters such as type and functionalization of filler on the piezoresisitve 

properties of the resulting materials, next to the experimental tests, reliable models and/or analytical 

solutions are highly desirable for optimization purposes of multifunctional sensing of modified polymers. 

To this aim, different numerical models and analytical approaches were presented in the literature [50, 51] 

According to Ref. [52], the remarkable possibility to fit the experimental data for "stretch-release" cycles 

with the following relationship 

∆𝑅

𝑅0
= 𝐺𝐹 ∙ 𝜀𝑚𝑎𝑥𝑓(

𝜀 − 𝜀𝑚𝑖𝑛

𝜀𝑚𝑎𝑥 − 𝜀𝑚𝑖𝑛
) 

(1) 

can be explored. In (1) 𝜀𝑚𝑎𝑥 and 𝜀𝑚𝑖𝑛 are respectively the maximum and minimum applied strain in a 

cycle and f is a function of the variable x= (𝜀 - 𝜀𝑚𝑖𝑛)/(𝜀𝑚𝑎𝑥 - 𝜀𝑚𝑖𝑛) which defines the so-called region of 

interest or region of experimentation of a reliable linear regression model [53]. In this region of 

applicability, the function f(x) can be suitably approximated by a third order Taylor expansion [47]: 

𝑓(𝑥) = 𝐶0 + 𝐶1𝑥 + 𝐶2𝑥2 + 𝐶3𝑥3 (2) 

that is precisely a polynomial regression model in the unknown set of coefficients Ci with i=0,1,2,3. Since 

in general polynomial models are linear functions of the unknown Ci , we refer to the technique as linear 

regression analysis. A collection of experimental data are required in order to evaluate such parameters. 

More in details, the estimation of these coefficients can be obtained by using them as parameters fitting in 

order to maximize the coefficient of determination (i.e. R2) with an ordinary least squares (i.e. OLS) 

approach. In fact, the good correlation between the experimental data and eq. 1 is revealed by the 

coefficient of determination R2 strictly close to 1 for each interpolating curve. In particular, the four 

coefficients of the eq. (2) can be derived from the analytic equations of the curves (black continuous 

curves refer to loading and red discontinuous to unloading cycles) shown in Fig. 5b. The different values 

of such parameters are collected in Table II. 
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The term of zero order (i.e. C0) is the most relevant one since it can give information on the structural 

integrity of the material. Almost zero values of C0 (e.g. 0.0008) observed for the first and second loading-

unloading cycles are indicative of no permanent deformation occurred in the material. Contrariwise, 

during the third unloading cycles, the coefficient C0 assumes a not negligible value (i.e. 0.1589) since, an 

irreversible modification of the electrical percolating network leads to a residual resistance, indicative of 

an initial crack in the composite. 

Instead, by analyzing the data, it is possible to observe that the coefficients C1, C2, C3 may be associated 

to the strain-dependence of the electrical and mechanical properties of material. In each cycle and for 

each strain level the dominant coefficient is that relative to the linear term (i.e. the C1 coefficient). The 

higher order coefficients (i. e. C2 and C3) increase, in absolute value, with increasing strain. This behavior 

is due to the mechanical-transition from the elastic to plastic response of material, as previously discussed 

with reference to Fig. 4. The utility and the interest of this theoretical approach lies in the fact that the 

potential damages of the structure can be captured, with a sort of memory effect, by exploiting a simple 

empirical law. 

 

3.2.2 Flexural stress 
 
Electro-mechanical bending tests were performed adopting a three point configuration on samples with a 

variable length (i.e. l, in mm) of the support span, according to the sketch reported in Fig.6a. In particular, 

the electrical measurements are conducted both in time and frequency domain. Moreover, cyclic bending 

tests were also carried out. A strain gauge positioned in the central part of the surface of the specimen is 

adopted in order to obtain experimentally the displacement (𝑖. 𝑒. 𝜀𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙) induced by the applied force F 

rather than evaluating it by using the theoretical relation: 

𝜀𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 =
6𝐷𝑡

𝑙2
 

(3) 

where D is the maximum deflection of the center of the sample (mm) and t is the thickness of the sample 

(mm). 

As evident from Fig. 6b, the normalized change of electrical resistance ΔR/R0 vs. flexural strains (left 

axis) follows an exponential trend. 
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Therefore, there is an evident different piezoresistive response respect to the applied strain (tensile or 

flexural). In case of tensile stress, the material reacts with a uniform stretching in the entire cross -section 

of the load application. Hence, the percolating network shifts rigidly with the force and the electrical 

response is linear.  

Under flexural stress the electrical response of the material is determined by a combination of 

compressive and tensile stresses leading to specimen curvature. As a result, the tunneling resistance 

between conductive particles which is strongly sensitive to distance variations, affects more significantly 

the electrical response of the material thus originating the exponential dependence of the ΔR/R0 vs. strain 

[28]. Moreover, also the results concerning the mechanical tests are reported (inset of. Fig.6b) in order to 

identify a potential boundary between elastic and plastic behavior of the material. Such a threshold is 

around 2% of strain. Fig. 7 shows the mechanical-electrical correlations obtained during flexural tests. 

Form Fig. 7a it possible to note that, at a given value of deflection (i.e. D), a decrease in the support span 

length (i.e. l) leads to an increment of flexural load (i.e. ).  

This behavior agrees with the theoretical relation based on bending momentum law [54]: 

𝐷 =
2

3

𝜎(𝑙/2)2

𝐸 ∙ 𝑡
 

(4) 

where E is the Young modulus. 

As a consequence, this higher resulting load (for a fixed D) is detectable from more appreciable 

deformations of strain-gauge (Fig. 7b). Similarly, the composite material permits to reveal such aspect by 

evaluating the normalized resistance changes (Fig. 7c and Fig. 7d) although with an exponential trend 

rather than with the linear one exhibited by the strain gauge. 

Such different response is due to the fact that the strain gauge reads only the superficial material 

deformation (i.e. elongation strain, t of Fig. 6a), whereas the electrical response of the composite is 

affected by two more complex and coexisting dynamic effects. In particular, inflections generated by 

bending moment determine also compressive actions (i.e. c, see Fig. 6a), as already described in 

Vertuccio et al. [28], responsible of such resulting non-linear behavior. In brief, internal compressive 

stresses reduce the insulating spacer of resin between the conductive particles whereas internal tensile 

stresses lead to their separation. With increase of specimen curvature the elongation strains of resin will 
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predominate over the compression ones. As a consequence, the tunneling resistance between nanotubes, 

particularly sensitive to such distances, affects more significantly the electrical response of the material 

thus originating the exponential dependence of the R/R0 versus strain. 

Moreover, the piezoresistive behavior of the nanostructured composites arises from tunneling (i.e. Rtun) 

between two conductive inclusions in agreement with the following expression: 

  𝑅𝑡𝑢𝑛 =
ℎ2𝑑0

𝑆𝑐𝑛𝑡𝑒
2√2𝑚𝐸𝑐

𝑒𝑥𝑝
(

4𝜋𝑑0

ℎ
√2𝑚𝐸𝑐)

 
 (5) 

where  Scnt is the cross-sectional area of the CNTs, h is the Plank’s constant, d0 is the interparticle 

separation distance, e is the electron charge, Ec is the energy barrier and  m is the electron mass [48] .  

In this case, as observed also for graphene-based polymer resins [55], it is possible correlate the effect of 

strain upon the electrical resistance by means of the following relationship: 

∆𝑅

𝑅0
= (1 + 𝜀)(𝑒𝑥𝑝𝜏𝜀 − 1) 

(6) 

The exponent  is related to the square root of the energy barrier (i.e. Ec), the electron mass (i.e. m) and 

the interparticle separation distance (i.e. d0) according to the following equation: 

𝜏 = 2
√2𝑚𝐸𝑐

ℏ
𝑑0 

(7) 

where ℏ denote the Planck’s constant divided by 2. Fig.8 shows the dependence of normalized 

resistance change R/R0 on strain  for different lengths of the support span (i.e. l) and the same 

dependence (i.e. model) predicted by the electrical transport based on tunneling (eq. 5). In particular, the 

data reported have been plotted by using  as fit parameter up to reach the maximum for the regression 

coefficient (R2 close to 1).  

For a given level of strain (i.e. ), the resistance changes R/R0 are higher when a short distance 

configuration of support span (i.e. l=50 mm) is adopted for the flexural tests. This result reflect the 

previous considerations since, at the same strain, differences in the span lengths lead to different 

deflections (i.e. D) and therefore different loads (i.e. ). As a consequence the percolating network 

undergoes larger deformations which can be evidenced by the electrical measurements (i.e. R/R0 ). 

Moreover, once the value of  has been estimated, with reference to eq. 6 and assuming a value of 0.5 eV 
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for the energy barrier Ec, coherently with values found for the adopted resin [56], it is possible to estimate 

the average inter-particle distance d0 between the nanotubes of the current percolating network under 

flexural strains by means of the inverse equation: 

𝑑0 =
𝜏 ℏ

2 ∙ √2𝑚𝐸𝑐

 
(8) 

Fig. 9 shows the values of  found by the fitting procedure as function of the length of the support span 

(i.e. l) and the relative distance d0, expressed in nanometers, which is consistent with those already 

determined for the same material [47].  

As expected from theory and previously discussed mechanical analysis, inter-particle distance (i.e. d0) 

decreases with an increasing length of the span since a lower load affects more weakly the CNTs network 

inside the polymer. In any case, the average values estimated for such distances always falls in the 

theoretical range [0.034 ÷  ̴ 2]nm where the lower and upper limit are imposed by the minimum distance 

between two carbonaceous particles due to the Wan der Walls interactions and maximum distance 

provided for the electric conduction between two particles by tunneling, respectively. In this framework, 

given the importance of the distance between adjacent CNTs on the tunneling-type contact resistance and 

therefore on the electrical transport properties of nanofilled resin, analytical and numerical studies 

developed in an attempt to estimate it rather than evaluating it through complex morphological analysis 

are particularly required. In [57], based on the inter-nanotube distance variation, an analytical model is 

proposed in order to predict the electrical resistance change in CNT-based polymer composites due to 

mechanical deformation.  A good correlation between numerical and experimental results are obtained, 

although the calibration of several parameters related to the geometrical contact configuration and the 

initial tunneling distance are needed. In [58] the interparticle distance that coincides with the thickness of 

the insulating polymer wrapped around the filler is assessed solving an equation involving a Lambert  

function. Furthermore in [59], an analytical prediction of the inter-nanotube matrix thickness as function 

of the nanofiller volume fraction is presented, finding a power law relationship between the parts. In this 

paper the authors present in literature a different and simple analytical approach to evaluate this parameter 

based on piezoresistive observations of the nano-reinforced material. 
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4. Conclusions  

Structural damage remains a critical issue for polymer composites components employed in the 

aeronautical sector. A suitable strategy to face such a problem is structural health monitoring (SHM) 

achieved by integrating sensors inside the structure thus providing real-time measurements also in 

inaccessible areas. In the present work, strain sensing properties of a structural resin suitable for aircraft 

applications loaded with 0.3 wt% of MWCNTs was investigated in tension and flexural tests for their 

potential usage in self-identifying structural damages. A thermal and dynamic mechanical analysis carried 

out on the composites has revealed a storage modulus  higher than 2000 MPa in a wide temperature range  

thus confirming their reliability if employed as structural aeronautical parts working in the normal 

operational temperature range. The analysis of some coefficients of an analytical equation has been 

proposed in order to evaluate the dynamic durability of the sensor in terms of mechanical integrity and 

electrical functionality when it is subject to a subsequent stretching/releasing cycles at different level of 

strains. Moreover, an estimation of the interparticle distances between the CNTs in the conductive 

network formed within the polymeric matrix as function of the bending deformations has been carried out 

by means of theoretical and statistical analysis. The obtained results allow to design strain sensors with 

tailored piezoresistive behaviors for real-time structural health monitoring in aeronautic applications. For 

these purposes, future works will attempt to analyze composites, reinforced with different concentrations 

and type of nanofillers like carbon fibers or graphene sheets, under long-term tests of different loading-

unloading strain cycles. 
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FIGURE 1.  Schematic representation of the experimental configuration and geometrical parameters of the 
specimens adopted for the piezoresistive characterization in tensile and bending tests. 

 
 

 

 
 

FIGURE 2. a) FESEM image  and b) TEM images  of as-received multi-wall carbon nanotubes useful to 
estimate the geometrical parameters of the filler (Table I, Fig. c); d) FT/IR spectra of the as-received multi-

walled carbon nanotubes. 
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FIGURE 3.  Thermal and dynamic mechanical analysis: a) weight loss (TGA)  b) derivative thermal 

degradation analysis (DTGA), c) storage modulus and d) loss factor (tan ) vs.  temperature for neat resin 
(i.e. Epoxy) and nanocomposite filled with 0.3 wt% of carbon nanotubes (i.e. Epoxy 0.3 CNT).   
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FIGURE 4.  Mechanical response (i.e. , left vertical axis) and normalized change of electrical resistance 

(i.e. R/R0, right vertical axis) observed in tensile stress as function of the axial strain (). 
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FIGURE 5. a) Mechanical response () and corresponding normalized resistance change (R/R0) versus 
time under progressively increasing maximum strain. b) For each level of strain, normalized experimental 

data and curve fitting (given by eq. 2) for a cyclic loading-unloading results.  
 
 

 
FIGURE 6. a) Schematic of the 3-point bending tests apparatus; b) Corresponding normalized resistance 

change (R/R0). In the inset, the stress-strain curve.  
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FIGURE 7.  a) Flexural stress (i.e. ), strain evaluated my means of strain-gauge (i.e. (S.G)) as function of 

deflection (i.e. D) in fig. a) and b) respectively. Normalized change of electrical resistance (i.e. R/R0) vs. 

deflection (i.e. D) and flexural stress (i.e. ) in fig. c) and d) respectively. 

 
 

 
FIGURE 8. Experimental and estimated normalized resistance change (R/R0) versus strain for different 
lengths of support span.   
 
 

 
FIGURE 9. Fit parameter  versus length of support span and estimate average interparticle distance d0 

between the nanotubes. 
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TABLE II: Coefficients of the regression analysis and relative coefficients of determination (i.e. R2) for 

each interpolating curve 

Cycles  C0 [×10-3] C1 [×10-3] C2 [×10-3] C3 [×10-3] R2 

1st (=0.83%) Loading 0.2 778.4 218.0 -83.4 1.00 

1st (=0.83%) Unloading 0.8 428.6 817.8 -333.4 1.00 

2nd (=1.65%) Loading -0.2 1018 -358.3 192.5 0.99 

2nd (=1.65%) Unloading -0.3 906.5 122.1 23.6 1.00 

3rd (=2.42%) Loading -20 950.2 -.772.0 858.0 0.99 

3rd (=2.42%) Unloading 158.9 -143.7 981.8 32.8 0.99 

 


