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Abstract 

Different polycarbonate materials have been reinforced with carbon nanotubes to tune electrical conductivity and to induce 

piezoresistive self-sensing capabilities. Further, the composites were processed by solvent casting and fused deposition 

modelling (filament for 3D printing) methods. An electrical conductivity percolation threshold of ≈0.3wt.% has been found for 

solvent casted films, whereas samples processed by 3D printing show higher thresholds, ≈2wt.%, presenting all samples a 

similar maximum electrical conductivity (σ≈ 1×10-3 S/m), thermal and chemical properties.  Overall mechanical properties are 

larger for the solvent cast films concerning the 3D printed ones, particularly the elongation at break. The piezoresistive 

sensibility, obtained after 4-point-bending and uniaxial strain experiments, shows gauge factors up to 1.7, independently of the 

processing method. The functionality of the materials has been demonstrated by the implementation of an airplane wing section 

model with self-sensing capabilities.  Two implemented strategies showed the suitability of the developed materials for real-

time monitoring of the wing mechanical deformation.    

Keywords: Polycarbonate, piezoresistive, structural health monitoring, 3D printing, self-sensing. 

1. Introduction 

Polymers and polymer composites have been increasingly 

investigated for the development and application of 

multifunctional lightweight materials for structures [1], 

including sensing and/or actuating properties [1, 2]. In 

particular, efforts on additive manufacturing of  

 

multifunctional polymer-based materials have largely 

increased in recent years for applications in structural health 

monitoring (SHM) in automotive [3], aeronautics [2, 4], 

biomedical (implants or prosthetics) [1, 4], electronics [3, 5] 

or even toy industries [1, 5].  
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Additive manufacturing by 3D printing allows us to produce 

structures from 3D model data for rapid prototyping and direct 

digital manufacturing of devices [4, 6, 7], is strongly 

developed in the last decades with the possibility to acquire 

3D printers for home use [1, 4, 6]. With these novel printing 

methods, it is conceivable to create simple and complex object 

geometries composed of one or multiple materials, allowing 

applications not easily reached with traditional manufacturing 

methods, that are limited in terms of geometries and materials 

characteristics [4, 8]. 

One of the most challenging fields of additive manufacturing 

is to implement materials with advanced properties: structural 

reinforcements (mechanical, thermal or surface treatments) 

and the introduction of properties for sensing applications, 

such as piezoelectric [3, 9], piezoresistive [1, 3], 

thermosensitive [3, 9], capacitive [1, 9] and magnetic [3, 9] 

properties, among others [9, 10]. Polymer composites 

reinforced with nanofillers  are largely used as structural 

components [4, 9], in biomedical [11] and multifunctional 

devices [9, 10].  

High-performance polymers and multifunctional materials 

can be achieved by tailoring the overall properties of the 

composites, combining the specific properties of the polymers 

with the functionality of the reinforcement nanofillers. For 

example, in the automotive or aerospace industries, structural 

components are using insulating polymers composites with 

electrically conductive nanofillers to provide a tailored 

electrical response or electrical response variations [4]. Thus 

structural health monitoring systems (SHM) are developed 

where components can be a part of or the full structure while 

allowing the real-time measuring of structural damage of these 

components [12]. Piezoresistive or capacitive sensing 

capabilities can be thus added to polymer composites 

components for SHM from small to large scales [2, 9], 

piezoresistive ones being among the most used in this context 

[13]. Polymer-based piezoresistive sensors can be also tuned 

for their mechanical properties, allowing large strains, low 

hysteresis and large electro-mechanical sensitivity, quantified 

by the Gauge Factor (𝐺𝐹 =
∆𝑅

𝑅0
𝜀⁄ ), that can be larger than 100 

for conductive polymers [14-16] and above 120 for polymer 

composites [15, 17]. Polymer blends [15, 18, 19] and 

nanocarbonaceous filler reinforced thermoplastics [4, 19, 20] 

are thus increasingly used for additive manufacturing and 3D 

printing [6, 19, 21]. This trend is experiencing a further 

increase in the scope of the Industry 4.0 and Internet of things 

(IoT) concepts, where multifunctional materials for sensing 

are in demand [22, 23].   

Thermoplastics reinforced with conductive nanocarbonaceous 

fillers have proven to be among the best ways to tailor the 

piezoresistive properties of polymer-based sensors [5, 24, 25] 

Due to their higher electrical conductivity and larger aspect 

ratio [10, 16], carbon nanotubes are the most suitable fillers to 

reinforce the insulator polymers. Besides low percolation 

thresholds, the piezoresistive sensibility of the CNT 

composites is large [17, 25] and can be comparable to the one 

obtained in semiconducting materials [24]. The tunnelling 

effect of the CNTs network embedded into the polymer matrix 

plays a major role in the composite piezoresistivity [26].  

Polycarbonate (PC) is a thermoplastic polymer widely used in 

polymer processing by both solvent casting and melt-based 

techniques, in the form of pristine polymer and polymer 

composites [4, 27]. PC reinforced with CNTs show 

piezoresistive properties and low percolation threshold [28]. 

Mechanically, the composites are characterized by the highest 

impact resistance among all thermoplastics [12].         

In this context, the present work presents the development of 

multifunctional polycarbonate-based polymer composites for 

sensing applications. Polycarbonate is used as a host matrix 

and was processed by solvent casting and filament extruder 

for 3D printing. The polymer and the corresponding 

composites reinforced with multi-walled CNTs were prepared 

by solvent-casting and FDM methods using two approaches: 

processing by using the CNTs in powder form and by using a 

masterbatch with 15 wt.% of CNTs embedded into 

polycarbonate. Morphological, chemical, thermal, mechanical 

and electrical properties were evaluated, as well as the 
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piezoresistive performance.  Finally, the functional 

applicability of the materials was demonstrated by developing 

a self-sensing model of the wing section of an airplane.  

2. Experimental 

2.1 Materials 

The polymer used was polycarbonate (PC) with reference 

Makrolon® 2205 from Covestro. It has good UV resistance, 

Young’s Modulus of 2.4 GPa, glass transition temperature at 

145 ºC and melt temperature processing at 280-320 ºC. 

Further, the melt flow index value is 20 (MFI, ISO1133; g/10 

min, 300 ºC, 1.2 Kg).  

Powder multi-walled carbon nanotubes (CNTs) from 

Nanocyl, with reference NC7000, were used, having an 

average diameter and length of 9.5 nm and 1.5 μm, 

respectively, and a purity of 90%. These CNTs have a volume 

resistivity (ρ) of 10−6 Ω.m, which is ideal for their use as 

reinforcing material for conductive polymer nanocomposites.   

Masterbatch of 15 wt.% CNTs dispersed in polycarbonate 

with reference Plasticyl PC1501 (in the form of pellets) was 

supplied by Nanocyl. In fact, plastics in the form of 

masterbatch are the ideal solution for industry manufacturing 

due to the easier and safe processing. The CNTs used as 

powder and in masterbatch are the same ones (Nanocyl 

NC7000).   

Dichloromethane (DCM) HPLC grade 99.8% from Fisher 

Chemical was used to dissolve the polymer and to disperse 

CNTs.  

 

2.2 Samples preparation and processing methods 

The pristine polymer and the corresponding composites were 

processed using two different approaches: solvent casting 

(thin films by doctor blade) and extruded filament for 3D 

printing technique (Table 1). In the solvent casting method, 

the PC polymer was reinforced with CNTs in the form of 

powder and masterbatch, in order to compare the overall 

properties. Extruded filament for 3D printing was prepared 

just from  CNT/PC masterbatch.   

For solvent casting, DCM was used to dissolve the PC matrix 

and disperse the CNTs at different filler contents both for 

CNTs in powder and masterbatch form. Pristine PC and 

composites with filler contents of 0.5, 1, 2 and 5 percentage 

weight (wt.%) of CNTs were prepared either by adding the 

CNT in the powder form or by diluting the masterbatch. The 

different materials combinations for both processing 

techniques are presented in Table 1. DCM was selected 

because of its lower toxicity when compared to other PC 

solvents such as dimethylformamide or chloroform [29, 30].  

 

Table 1- Samples processed by solvent casting and FDM and 

the corresponding nomenclature used along the manuscript. 

CNTs 

(wt.%) 
Solvent Casting 

CNTs 

(wt.%) 

FDM 
Filament → 

3D print 

0 

0.5 

1 

2 

5 

PC 

0.5P/ PC 

1P/ PC 

2P/ PC 

5P/ PC 

PC 

0.5M/ PC 

1M/ PC 

2M/ PC 

5M/ PC 

 

0 

2 

5 

 

 

PC 

2-3D/ PC 

5-3D/ PC 

 

CNTs Powder Masterbatch  Masterbatch 

 

For the preparation of the samples by solvent casting, the 

corresponding content of CNTs (Table 1 for powder or 

masterbatch fillers) was placed in a glass flask with the solvent 

and kept in an ultrasound bath for 3 h to obtain filler 

disaggregation and dispersion. Then, PC (Makrolon 2205) 

was added to the solution and magnetically stirred until 

complete dissolution (2 h at 25 °C). The PC:DCM ratio used 

was 1:6 (g:mL) for pristine PC and the corresponding 

composites. Relevant steps of the composite preparation are 

presented in Figure 1.  

After complete dissolution, the solutions were deposited on a 

glass substrate and spread using a doctor blade bar coater 

Elcometer 4340 Automatic Film Applicator with speed 

control. The obtained films were dried at 25 °C for 12 h until 

total solvent evaporation. The thickness of the films after 

evaporation was (28 ± 8) µm, measured using a digital 

micrometer Fischer Dualscope 603-478.  



 

 

 

 Figure 1- Schematic representation of the preparation of PC and composite materials by solvent casting (left) and by 3D 

printing (right) from the extruded filament.  

 

Further, PC and the masterbatch PC1501 with 15 wt.% of 

CNTs diluted to obtain the different filler contents (0, 2 and 5 

wt.%) were used for developing filaments for 3D printing by 

extrusion (Figure 1 right). The corresponding polymer and 

masterbatch were first dried (120 ºC for 4 h) and extruded in 

a corotating twin-screw extruder LEISTRITZ micro 27 GL-36 

D with the screw speed between 55 and 150 rpm, the 

temperatures varied from 160 to 270 ºC, from feed to die 

zones, respectively. The samples were then cooled for 2 h at 

≈25 ºC. The filament for FDM was prepared with (2.8 ±0.2) 

mm of diameter. 

 

To test the ability to print the material by FDM, the functional 

formulations with 2 and 5 wt.% CNTs content were printed 

with a desktop two-head Voladora 3D printer from Tumaker 

(Figure 2A). Dog-bone shaped specimens (Figure 2B) with 0, 

2 and 5 wt.% CNTs were 3D printed, as shown in Figure 2A 

and B, with the dimensions 151.5 mm of length and 2.5 mm 

thickness, according to the type V specimens of the standard 

ASTM D638-14 [31], but with increased tab’s width to avoid 

breaking in the grips. Figure 2 illustrates the geometry and 

dimensions of solvent casted and printed specimens.  

 

 

Figure 2- Format and dimensions of the prepared samples: A) 3D-Printer Voladora (Tumaker) and B) printed samples 

(dimensions in mm). C) Films prepared by solvent casting. 

 2.3 Samples characterization 

Scanning electronic microscopy (SEM Hitachi S-4800) was 

used to evaluate the surface and cross-section morphology of  



Journal XX (XXXX) XXXXXX Author et al  

 5  
 

 

the different materials as a function of the processing method 

and filler content. The samples were previously gold-coated 

(≈10 nm of thickness) using an Emitech K550X sputter coater. 

The obtained SEM images were performed at an accelerating 

voltage of 10 kV. 

Molecular vibrations characterization of the samples was 

carried out using a Fourier transformed infrared spectroscopy 

(FTIR) system (Jasco FTIR-4100 equipment) in the attenuated 

total reflectance mode (ATR) from 4000 to 600 cm-1, with 64 

scans at a resolution of 4 cm-1.  

Thermal analysis of the materials was performed by 

differential scanning calorimetry (DSC) and 

thermogravimetric analyses (TGA), using the Metter-Toledo 

TGA/DSC1 equipment. TGA measurements were conducted 

from 25 up to 600 °C at a rate of 10 °C/min under a nitrogen 

atmosphere (inert gas to avoid the oxidation of the samples). 

Then, between 600 to 800 °C, the samples were heated in an 

oxygen atmosphere at 10 °C/min to completely degrade all 

organic material. DSC measurements were performed to 

evaluate the thermal transitions of the polymer and 

composites. The heating scans were performed for all samples 

from -70 to 200 °C at a rate of 10 °C/min.  

The mechanical characteristics of the samples were evaluated 

in specimens with dimensions of approximately 40 mm×10 

mm×0.028 mm for solvent cast samples and approximately 

150 mm×25 mm×2.5 mm for 3D printed samples. Tensile tests 

were performed at room temperature (25 °C) using a 

Shimadzu model AG-IS universal test machine (500 N load 

cell; acquisition software Trapezium X v1.4.0) with a strain 

rate of 1 mm/min, in agreement with the ASTM D638-14 [31]. 

A total of five specimens were tested for each material. 

The electrical resistivity (ρ) of the samples was evaluated with 

an automated Keithley 487 picoammeter/voltage source. The 

voltage/current curves were measured by applying voltages 

from −10 to +10 V with a step of 1 V. The electrical resistance 

in a volume of the PC and composites was calculated from the 

linear slope of the current-voltage curves. Previously, all 

samples were gold-coated by magnetron sputtering (Polaron 

SC502) with round contacts with 5 mm of diameter deposited 

in both sides of the samples. The electrical resistivity (ρ) was 

calculated from the obtained resistance (R) and the 

geometrical characteristics of the samples, following the 

equation:  

𝜌 =  
𝑅𝐴

𝑙
     (1) 

where A is the area of electrodes and l the distance between 

them (thickness of the material). The electrical conductivity is 

the inverse of resistivity (𝜎 = 1 𝜌⁄ ).  

Electromechanical measurements were carried out by 

measuring, simultaneously, the mechanical deformation 

(Shimadzu AG-IS) applied to the samples and the DC 

electrical resistance (Agilent 344401A multimeter) variations. 

Measurements were performed under 4-point-bending (for all 

samples) and uniaxial strain (for 3D printed samples) 

mechanical solicitations, as illustrated in Figure 3. Under 4-

point-bending and uniaxial strain the electrical resistance 

variations were measured by placing two conductive contacts 

on the surface of the samples, as represented in Figure 3. 

Electrical contacts were painted with conductive silver paint 

(Agar Scientific AGG3790) over the width of the samples (20 

mm) with a distance of 6 and 10 mm between electrodes for 

4-point-bending and tensile tests, respectively.  For the 4-

point-bending experiments, the samples were glued to a 

rectangular PET substrate (100 mm x 20 mm) using double-

sided duct tape. The piezoresistive tests were performed at 

deformations from 0.1 to 5 mm using strain rates of 0.5, 2 and 

5 mm/min for 4-point-bending (Figure 3A) and between 1 to 

5% of strain at 0.5, 1 and 2 mm/min (Figure 3B) in the tensile 

test mode.  

 



 

Figure 3- Experimental setup for A) 4-point-bending and B) uniaxial tensile test mode measurements.  

 

The piezoresistive response of the samples was quantified by 

the Gauge Factor (GF) using equation 2 [32]: 

𝐺𝐹 =  
𝑑𝑅 𝑅0⁄

𝑑𝑙 𝑙0⁄
=

𝑑𝑅 𝑅0⁄

𝜀
+ (1 + 2𝜈)   (2) 

where R is the electrical resistance, R0 the initial resistance and 

dR the resistance variations. The mechanical strain 𝜀 = 𝑑𝑙/𝑙0 

(l is the initial length and dl the relative length change) and ν 

is the Poisson coefficient.  

The horizontal mechanical deformation of the samples can be 

obtained from the applied vertical strain in the 4-point bending 

tests by [33]:  

𝜀 =  
3𝑑𝑧

5𝑎2
     (3) 

where d is the thickness of the sample, z is the applied 

displacement and a is the distance between the first and second 

points of the four-point bending system. For the 4-point-

bending mode measurement, a = 15 mm and l = 3a (Figure 

3A).  

The geometrical factor (1+2ν) contribution to the GF 

(equation 2) depends on the properties of the materials and 

shows a maximum contribution of GF≈ 2 for ideal elastomers 

with a ν = 0.5 [34], decreasing to near GF ≈ 1.7 for 

thermoplastic polymers with a ν= 0.35 [33]. 

 

2.4 3D printed airplane section model 

The potential of the developed materials for applications was 

demonstrated by developing 3D structures with self-sensing 

capability.  

 

 

Two approaches were implemented: a) the sensing material 

was coated in the structural part, fabricated by 3D printing of  

commercial acrylonitrile butadiene styrene (ABS); and b) the 

whole structure was developed in a self-sensing material.  

Specifically, the proof-of-concept (Figure 4 for theoretical 

model and 5 for the experimental conditions) consisted of the 

evaluation of the mechanical behaviour and sensing 

capabilities of a simplified stiffened skin, which was designed 

so that it could be 3D printed to be used in a small airplane or 

drone wings. The wing consists of a flat-bottomed airfoil with 

two stiffeners (“I” and “C” shaped), a typical design in aircraft 

and related aerospace vehicles [35]. The geometry and 

dimensions are illustrated in Figure 4. 

Since the critical mechanical requirement for both the upper 

surface of the wing and stingers is their compression strength 

[36], the mechanical behaviour was analysed under 

compressive loads. This experimental procedure also allows 

to demonstrate the concept, that can be further extended to 

other types or mechanical solicitations that may be present in 

a wing. 

 

2.4.1 Numerical simulations by finite element modelling 

Finite element mechanical analyses were performed using the 

FEM software Abaqus/CAE 6.13 by creating a linear elastic 

(isotropic) material model of the 3D wing. The stress-strain 

relationship is given by [37]: 
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The elastic properties are completely defined by giving 

Young's modulus, 𝐸, and the Poisson's ratio, 𝜈. The shear 

modulus, 𝐺, can be expressed in terms of 𝐸 and 𝜈 as 𝐺 =

1

2
E/(1 + ν). 

The aim was to evaluate the mechanical behaviour of the 

structure under compressive loads, so that it is possible to 

visualize the areas susceptible to larger deformations, and 

therefore where the electrodes can be placed for proper 

structural variations monitoring. Compressive loadings were 

applied by the means of pressure (5 MPa) on the upper surface 

of the wing (Figure 4A).  

The boundary conditions consisted of fully fixing the bottom 

surface of the wing (Figure 4B), therefore 

U1=U2=U3=UR1=UR2=UR3=0 (i.e., all displacement, U, 

and rotation, UR, degrees of freedom are zero). 

The elastic properties for the model were the ones of the PC 

reinforced with 2 wt.% CNT content printed by FDM, with 

Young’s modulus being 𝐸= 2.4 GPa and the Poisson's ratio 𝜈= 

0.37, estimated from [38]. 

 

 

Figure 4- Loading (A) and boundary conditions (B) –indicated 

by the red regions- of the the wing design with 120 mm × 40 

mm of length and width, respectively.  

 

Finally, the wing model was simulated as a homogeneous 

solid and meshed using quadratic tetrahedral elements of type 

C3D10 and a total number of nodes of 122818 (76237 

elements). 

 

2.4.2 Functionalization of the wing and experimental 

evaluation  

Following the conclusions obtained from the finite element 

simulations allowing to determine the best places to position 

the electrodes within the upper skin of the wing model. The 

experimental setup (Figure 5) was set to reproduce the loading 

and boundary conditions previously simulated (fixed bottom 

part of the wing and a compressive load applied on the upper 

part). Conductive electrodes using silver paint (from Agar 

scientific with reference AGG3790) were placed in the areas 

of the wing illustrated in Figure 5C and D. Copper wires were 

used to connect the silver electrodes to the electronic readout 

system to measure the resistance variations. The surface 

layout of the sensors (two top electrodes) has ≈3 mm × 0.5 

mm of length and distance between them, respectively. Three 

sensors were placed on the wing model, where sensors 1 and 

3 (S1 and S3) are parallel along the wing and sensor 2 (S2) is 

perpendicular to it, as shown in Figure 5. 

As previously mentioned, the functional performance of the 

CNTs reinforced PC composites was proven using two 

approaches: i) the structural part of the wing fabricated in ABS 

and coated with PC and ii) an entire functional wing fabricated 

using the PC composite. Both composites have 2 wt.% CNT 

content as an active layer and for the entire wing (ABS/2-

3D/PC and 2-3D/PC shown in Figure 5C and 5D, 

respectively). Thus, both strategies allow to development of 

SHM skin layers or fully SHM structural parts.  
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Figure 5- Illustration (3D rendering (A)) of the setup for the 

electromechanical tests of the wing under compression 

loading B) and of the piezoresistive measurements on the 

section of the wing for ABS/2-3D/PC (C) and 2-3D/PC (D) 

using 3 different sensors (S1, S2 and S3), placed in the critical 

areas in which the deformation is the largest. 

  

 

3 Results and discussion 

3.1 Morphological and structural properties 

The morphology of the samples prepared by solvent casting is 

presented in the SEM images of Figure 6. As shown for the 

composites with 5 wt.% of CNTs prepared from CNT powder 

and masterbatch, the individual CNTs dispersion showed 

similar for the composites prepared from masterbatch (Figure 

6A and B) and the obtained for ones prepared from the CNT 

power (Figure 6C and D). The CNT distribution within PC is 

similar for the samples with the other filler contents, the only 

different being the increasing number of CNT with increasing 

filler content.    

 

 

 

Figure 6- Cross-section SEM images of the CNT/PC films with 5% CNTs content prepared from the masterbatch (A and B) 

and from the CNT powder (C and D). 

 

Figure 6 reveals a uniform distribution of CNTs within the PC 

matrix in all samples, being more individual CNTs dispersion  

 

when an ultrasound bath is used for the preparation of the 

films. Ultrasounds bath effectively deagglomerates the 
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powder CNT in DCM solution, as reported in related 

composite materials [39]. On the other hand, small clusters are  

found in the composites prepared from the CNT/PC 

masterbatch. Further, all composites show similar dispersion 

independently of the filler content, with all samples showing 

a homogenous microstructure with the absence of large 

defects or voids. Further, the dispersion of the fillers in the 3D 

printed samples is also similar to the one obtained in Figures 

6A and B for the solvent castes films, as a result of being 

prepared from the masterbatch. 

The thermal characteristics of the samples were studied by 

TGA and DSC until complete polymer degradation and up to 

200 ºC, respectively, as shown in Figure 7. The obtained TGA 

thermograms of PC and composites with 5 wt.% filler content 

(Figure 7A) were prepared using both processing methods 

(solvent casting and 3D printing) and CNT form (powder or 

masterbatch).  
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Figure 7- A) TGA characterization of the PC and composites with 5 wt.% CNT content for the different filler form and 

processing method and B) DSC thermograms of the PC and composite with 5 wt.% CNT content (for masterbatch sample).  

The TGA and DSC spectra are similar for the rest of the PC composites. 

 

Figure 7A shows the results for the PC matrix and the 

composites with 5 wt.% CNTs.  Pristine PC shows an initial 

thermal degradation near 280 ºC and a maximum degradation 

temperature (TDTG) at 491 ºC, similar to the value previously 

reported for this PC [40, 41]. PC reinforced with 5 wt.% CNTs 

shows a slight increase in the degradation temperature to 

TDTG≈ 511 ºC [40, 41]. Literature reports about 20% of 

residual mass at 600 ºC in TGA measurements under nitrogen 

atmosphere [40, 42], which is completely degraded in oxygen 

atmosphere from 600 ºC up to 800 ºC as shown in Figure 7A. 

Thus, the reinforcement of the PC matrix with CNTs slightly 

increases the thermal stability of the composite [42], 

increasing the thermal degradation temperature in PC  

 

 

composites, in agreement with the SEM results of the 

homogeneous dispersion of the CNTs embedded in PC [41].  

With respect to the DSC thermograms, the glass transition 

temperature (Tg) of PC and 5P/PC is similar, Tg≈ 151 ºC, for 

all samples (even for composite with 5 wt.% CNTs processed 

by masterbatch and 3D printed ones, data not shown) [43, 44]. 

Thus, the inclusion of the CNT does not influence the glass 

transition of the PC matrix, independently of the filler content 

or processing conditions.   

Chemical analysis through the FTIR spectra presented in 

Figure 8 shows the same characteristic absorption bands 

(Table 3) [45, 46] for PC and composites, independently of 

CNTs content or processing method. 
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Figure 8- A) FTIR spectra of pristine PC and composites loaded with 5% CNTs between 600 to 400 cm-1. B) Table 3- 

Characteristic absorption bands of the PC [45, 46]. 

 

The characteristic absorption bands of PC have been detected 

and are presented in Table 3. Briefly, C-H aromatic ring 

deformation, C=O carbonate group deformation, C=C 

vibrations, asymmetric and symmetric O-C-O carbonate 

group deformations and the -CH3 vibrations have been 

identified [45, 46]. All samples, independently of CNT 

content or preparation conditions, show the same FTIR 

spectra, which leads to the conclusion that neither the loading 

of CNTs nor the processing method influences the structure of 

the PC [47].  

 

3.2 Mechanical properties 

The mechanical properties of the samples were evaluated by 

the uniaxial quasi-static stress-strain experiments presented in 

Figure 9A. The mechanical parameters, elongation at break, 

Young modulus (E), ultimate tensile strength (UTS), 

elongation at yield and elongation at break of the PC and 

composites prepared by the different processing methods are 

presented in Figure 9B. 
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Figure 9- Mechanical properties of the PC and composites prepared by solvent casting and 3D printed, for pristine PC and 

composites with 5 wt.% CNTs. B) Tensile mechanical properties of the PC composites: Young modulus (E (MPa)), Ultimate 

Tensile Strain (UTS (MPa)), Elongation at yield (%) and Elongation at break (%) of all samples. 
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The maximum elongation of the pristine PC is near 4.1%, 

presenting about 2% of elongation at yielding. The elongation 

at break increases for the composites prepared by solvent 

casting (increasing to 4.4% for 5P/PC samples using powder 

CNTs) or masterbatch (increasing to 6.9% for 5M/PC 

samples) and decreases for 3D printed composites (decreasing 

to 2.4%). The filler materials act as reinforcement material in 

solvent cast samples, mainly for elongation at break and 

Young modulus (about 10% for solvent cast composites with 

5 wt.% CNTs, decreasing near 50% for 3D composites). Low 

CNT contents in PC matrixes increase the mechanical 

properties of samples for solution composites [48, 49] and 

decrease for materials prepared from the melt Ultimate Tensile 

Stress at break (UTS) and yield strain is similar for pristine PC 

and solvent cast composites. The UTS is about 50 MPa for all 

samples, decreasing for the 3D printed materials. Thus, the 

overall mechanical properties of the 3D printed samples 

decrease when compared to solvent casted ones, which is 

related to the layer-by-layer deposition, interlayer 

characteristics and filament orientation of the processed 

structures [50, 51]. Layer-by-layer interface weakens the 

mechanical properties of the composites.   

 

3.3 Electrical properties 

The current-voltage characteristic curves for the samples 

prepared from the CNT powder and the electrical conductivity 

as a function of filler content for the samples processed by 

different preparation methods are presented in Figure 10. Low 

percolation thresholds are achieved for the samples prepared 

by solvent casting (lower than 0.5 wt.% CNT content) when 

compared to 3D printed composites, in which the percolation 

threshold is at about 2 wt.% CNT content. Thus, the 

processing method strongly influences the conductive 

properties of the CNT/PC composites.    
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Figure 10- A) Current/voltage (I-V) measurements between -1.0 and 1.0 V for the CNT/PC samples prepared by solvent casting 

as a function of CNTs content and B) electrical conductivity for all samples as a function of CNT content.  

 

Functional and conducting polymer composites reinforced 

with nanocarbonaceous materials are among the key issues for 

the development of smart materials for devices [24, 52], the 

properties strongly depending on the processing method, filler 

content and dispersion. In fact, the dispersion method is the 

factor that most influences the percolation threshold but not 

the maximum conductivity of the composites, which is similar 

for all samples with the largest CNT content (Figure 10B). 3D  

printed materials present a larger percolation threshold (about 

2 wt.%) than solvent cast ones (lower than 0.25 for powder or 

masterbatch CNTs). The electrical conductivity of the 

composites has been addressed also in the literature as a 

function of the processing method [53, 54], where the 3D 

printed samples show a decrease of one order of magnitude 
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compared to solvent cast samples, for the same filler content. 

Lower CNT dispersion and filler alignment leads to a decrease 

in the electrical conductivity of the composites when prepared 

by 3D printing when compared with solvent casted samples.  

Thus, when processed from the melt, larger filler contents are 

needed for obtaining a given electrical conductivity in 

comparison with samples prepared by solvent casting. In 

addition, the mechanical properties of the sample prepared by 

solvent casting are improved with the inclusion of the CNT 

fillers, unlike for the melt printed 3D samples. On the other 

hand, melt printing allows the tailor-made design of structural 

components or part of final devices, which is more difficult 

using solvent methods.   

    

3.4  Piezoresistive response 

CNT/PC composites show suitable mechanical properties and 

low electrical percolation threshold, and thus, are good 

candidates as functional piezoresistive material. In addition, 

the piezoresistive response can be obtained in composite 

materials processed either by solvent casting or by 3D 

printing, as presented in Figure 11. The piezoresistive 

measurements were performed in the composites with the 

lowest and highest fillers contents (0.5 and 5 wt.% for solvent 

casted samples and 2 and 5 wt.% for extruded ones). 
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Figure 11- Piezoresistive response of the PC composites prepared by solvent casting (A and B) and 3D printing (C 

and D) measured under 4-point-bending and uniaxial strain. The piezoresistive measurements were performed up to 

6 mm of displacement in 4-point-bending and 0.5 mm under uniaxial strain. The fitting of the relative resistance 
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variation with applied strain for obtaining the GF is represented in the inset of figure D) for the 2-3D/PC sample for 

0.5 mm of strain, as representative of the rest of the samples.    

Figure 11 shows the piezoresistive response of the solvent cast 

and 3D printed composites measured under 4-point-bending 

and uniaxial strain. Both measures show a linear response of 

the electrical resistance under applied deformation (Figures 11 

A and C). Those represented responses are representative of 

the remaining sensor materials. The thermoplastic mechanical 

behaviour of PC and composites (Figure 9) limits the 

mechanical strain of the functional applicability up to 6 mm 

under 4-point-bending and 0.5 mm under uniaxial stress. The 

piezoresistive response is larger for uniaxial strain compared 

to 4-point-bending (Figure 11 B and D) due to the CNT-CNT 

contact reconfiguration during external stimulus [55]. The 

electromechanical response of the materials under 4-point-

bending is similar for both processing modes, leading to 0.1< 

GF <0.4. The filler content in the samples influences the 

piezoresistive performance of the materials (Figure 11B), 

being similar to metals for larger filler contents [55]. The 

piezoresistive performance of the composites is therefore 

mostly determined by the geometric factor (Poisson 

coefficient of PC is about ν ≈ 0.37, leading to a GF geometric 

contribution of ≈ 1.74.  

Composites near the percolation threshold present larger GF 

than composites with larger filler contents for uniaxial strain, 

as the intrinsic resistance variation of the composite is larger 

for low filler contents [55, 56]. The piezoresistive response of 

the composites under uniaxial strain increases slightly with 

increasing deformation.   Under 4-point-bending, the GF is 

similar for the samples obtained by different processing 

methods, with different filler contents or applied 

displacement. This behaviour can be explained if CNT 

deformation and CNT-CNT distance variations are the 

dominant mechanisms determining piezoresistive response 

[55], as in the bending mode, the materials under stimulus 

present lower displacements, compared to uniaxial strain.   

The piezoresistive sensibility is thus larger under uniaxial 

strain (1.1< GF <1.75) when compared to samples measured 

under 4-point-bending  (0.1< GF <0.4), values that are in 

agreement with related composites [57].  

 

4 Self-sensing airplane 3D printed wing model section 

Bases on the obtained composites, a wing model section with 

self-sensing compatibilities were developed and characterized 

following two approaches: a) the sensing material (CNT/PC 

composite) was coated in the structural part, fabricated by 3D 

printing of commercial acrylonitrile butadiene styrene (ABS); 

and b) the whole structure was developed in a self-sensing 

material (CNT/PC composite). 

First, a numerical model was developed to evaluate the 

sections of the wind model with larger deformations under 

mechanical loading, allowing to determine the optimized 

placement of the sensing elements. 

 

4.1 Numerical simulations 

The numerical simulations allow determining the areas of 

larger deformation of the structure under compression. When 

a compressive loading of 5 MPa is applied to the wing, larger 

deformations occur in specific areas, as illustrated in Figure 

12. Further, a path was defined in Abaqus, covering the 

complete wing’s root chord length, along which the values of 

deformation were plotted (Figure 12). 
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Figure 12- FEM calculation of the deformation along the 

wing’s root chord length under a compressive loading of 5 

MPa. 

 

Figure 12 shows that a maximum deformation of ≈4.6 mm is 

observed when a pressure of 5 MPa is applied on the upper 

surface of the wing. The deformation varies nonlinearly along 

the wing’s chord, being up to 2 mm in the stiffeners’ zone, and 

the highest in the central region between the two stiffeners. 

Thus, the latter zone has been selected to place the sensing 

materials or the electrodes for monitoring the wing 

deformation in real-time.  

 

4.2 Experimental evaluation 

The developed PC composites were used in a prototype using 

3 sensors in distinct zones in the airplane wing section 

fabricated in ABS as supporting material (as shown in Figure 

5 and in Figure 13) and in a whole 3D printed (2-3D/PC) 

composite with sensing properties, presenting similar design 

and structure. Experimental piezoresistive measurements, 

shown in Figure 13, were performed in both wing sections in 

the previously determined most critical zones (Figure 12) 

under compression deformation of 0.3, 0.5 and 0.7 mm.  

Figure 13 shows representative examples for sensors S1 and 

S2 (see Figure 5) in which a good agreement is verified 

between the electrical resistance variation and the 

compression applied to the wing section, at several strains and 

cycles. Parallel sensors S1 and S3 present similar behaviour 

(Figure 13A, for S1) and sensor S2 shows larger electrical 

resistance variation and signal stabilization (as can be 

observed in Figure 13A and B) once the bending deformation 

is applied longitudinally to sensor 2 (inset in Figure 13F).    
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Figure 13- Piezoresistive measurements for 2-3D/PC composite for sensors 1 and 2, applying compressions of 0.3 mm (A for 

S1 and B for S2), or 0.5 (C) and 0.7 mm (D) for S2. A larger cycle number is presented for S2 (100 cycles) at 0.5 mm of 

compression (E). All measurements were performed at 5 mm/min deformation speed for the 2-3D/PC composite. F) Illustration 

of the piezoresistive measurements in the wing section fabricated by 3D printing. 

 

As predicted by the piezoresistive response previously 

characterized and the simulated bending deformation under 

pressure, the 3D printed wing section shows a good 

piezoresistive self-sensing response under repeated cycling 

(Figure 13). The bending movement in the wing is parallel to 

S2 and transversal to S1 and S3, and for this, S2 shows larger 

resistance variation (about ΔR/R0≈ 0.1% per cycle) compared 

to S1 and S3 (about ΔR/R0≈ 0.08% per cycle) for 0.3 mm of 

displacement, as shown in Figure 13A and B. Increasing the 

force and bending on the wing, the resistance variation 

increases and S2 present ΔR/R0≈ 0.1%, ≈0.5% and ≈0.8% for 

0.3, 0.5 and 0.7 mm of displacement, respectively, in Figure  

 

13C and D.  Under a larger number of deformation cycles, the 

piezoresistive response is stable, decreasing slightly in the first 

70-80 cycles, tends to stabilize in the following cycles (Figure 

13E).     

Thus, it is shown that CNT/PC can be tailored to monitor the 

wing deformation conditions of an airplane wing, working as 

a sensing material or as SHM, embedded in the wing’s 

structure. Both sensing materials based in 2-3D/PC (whole 

wing section or coating the ABS structure of wing section) 

show similar piezoresistive performance up to 0.7 mm of 

displacement. Besides, these materials can be manufactured 
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by 3D printing, with great flexibility in the design structure 

and high definition.  

 

4.3 Self-sensing wing model with integrated readout 

electronics  

An electronic circuit was developed to evaluate and 

communicate in real-time the electrical resistance variations 

under the applied stimulus. The readout electronics rely on a 

voltage divider circuit, composed of a reference resistance, 

which is determined by adjusting a digital potentiometer 

(Texas Instruments® TPL0501) to the sensor repose 

resistance (Figure 14a). An analog-to-digital converter present 

in the PIC32MX230F128L microcontroller from Microchip® 

is used to measure the voltage variation with sensor excitation. 

The process of multi-sensing relies on a multiplexer (Texas 

Instruments® CD74HCT4067M) allowing up to 16 channels, 

while adjusting digital potentiometer value to each sensor to 

be read. The values are stored in temporary memory with prior 

system calibration on system power start-up. Furthermore, the 

system allows USB communication through a serial port by 

using a USART-USB converter FT232RL from FTDI. In 

order to allow two types of connection, a 1 mm pitch ZIF 

connector from Wurth Elektronics on top and 2.54 mm 

receptacle from SAMTEC on the bottom were added to the 

system, resulting in a printed circuit board as shown in Figure 

14B. 

 

 

Figure 14-A) Electronic operation principle based on a voltage divider and sensor readout through a multiplexer and B) image 

of the printed circuit board. 

 

In order to visualise the data, an application with open-source 

code was built in Qt Designer in C++ UML language, 

receiving the data and converting them to calculated resistance 

values, displaying graphs of each sensor simultaneously and 

exporting the data. 

Using the developed electronic system and the sensing wing 

section structure, the applied displacement (or force) was 

measured synchronously with the electrical resistance 

variations for the 3 sensors (S1, S2 and S3 in Figure 15A). All 

sensors show linear behaviour between applied deformation 

and electrical resistance variation, for 0.3, 0.4 and 0.5 mm 

(corresponding sensibly to 100, 150 and 200 N of force), as 

presented in Figure 15 for 2-3D/PC. As related in Figure 13, 

using the wing section with an electronic system and measure  

 

synchronously the 3 sensors under the force applied, both 

sensing wing materials show similar piezoresistive 

performance. In both cases, the sensing material is the same, 

just changing the structural materials. Using both approaches, 

it is demonstrated that 3D printed and coated piezoresistive 

materials allow a wide range of application for SHM.    
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Figure 15-A) Experimental set-up used to measure the self-sensing piezoresistive behaviour of the wing model in the two 

scenarios developed by 3D printing and 2-3D/PC as sensing material: wing model fully printed and ABS polymer as support 

material with 2-3D/PC superimposed in the sensing zone. Piezoresistive measurements for sensor 2 in the ABS/2-3D/PC wing 

section for A) 10 piezoresistive cycles for 0.3 mm, 0.4 mm and 0.5 mm applied deformation and C) 100 piezoresistive cycles 

for 0.4 mm at 20 mm/min deformation speed with an inset to observe the linearity of their piezoresistive response

. 

The electronic systems collect the data points from all sensors, 

which are visualized in a portable computer in real-time. 

Figure 15A and B shows the resistance variation as a function 

of the applied deformation for the 3 different sensors. 

Increasing the displacement in the prototype, the electrical 

resistance variation increases, as present in Figure 15B, also 

showing stability over repeated cycling (Figure 15C). The 

resistance variation increases with displacement in the wing 

prototype, from about 200 to 310 Ω, as shown in Figure 15B, 

and is stable for larger cycles number (Figure 15C), changing 

about 300 Ω per cycle. Thus, it is demonstrated that PC  

 

composites with CNT can be applied as SHM materials both 

in 3D printed structural self-sensing components or as self-

sensing coatings in those structures, both approaches 

demonstrating suitable sensitivity for applications.  

5. Conclusions 

Functional composites were developed by different methods 

in order to provide self-sensing structural components or 

coatings.  The developed PC-based composites were 

evaluated in a wing section model, allowing to evaluate force 

or deformation variations.  
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PC polymers reinforced with carbon nanotubes (powder or 

masterbatch with 15 wt.% CNTs) were manufactured by 

solvent casting and 3D printing, as a function of the filler 

content. Solvent cast films show homogeneous CNTs 

dispersion and lower electrical percolation threshold (near 0.3 

wt.% CNTs), whereas melt-processed 3D printed films show 

larger percolation thresholds (near 2 wt.% CNTs). Mechanical 

properties of the solvent cast samples reinforced with CNTs 

slightly increase the elongation at break, with similar yield 

strain and stress at break. 3D printed samples show lower 

overall mechanical properties due to 3D processing and 

orientation of the filament printing.     

The functional performance of the CNT/PC materials is 

similar for both processing methods, depending on the 

piezoresistive mode, with GF between 0.1< GF <0.4 for 4-

point-bending experiments and between 1.1< GF <1.75 for 

uniaxial strain mode. Both methods present good linearity 

between displacement and resistance variation, with 4-point-

bending method showing lower piezoresistive response 

compared to uniaxial strain.    

The mechanical deformation of an airplane wing section 

prototype was simulated in Abaqus, determining the critical 

zones in compression mode over the wing. Subsequently, a 

wing section was 3D printed, to work as a structural health 

monitoring system. Two approaches were used: the wing 

section was fabricated entirely in 2-3D/PC and the wing 

section was fabricated using ABS as support and the 2-3D/PC 

functional material was placed in the critical regions of the 

wing section. Both prototypes present excellent mechanical 

and piezoresistive properties up to 0.5 mm of vertical 

displacement, where the electrical resistance follows the 

applied deformation. Thus, the developed CNT/PC 

composites can be used for the development of 3D printed 

self-sensing structural components and/or for the development 

of printed self-sensing coatings.   
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