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Abstract 
 

Mechanical and strain sensing capabilities of carbon nanotube 

(CNT) reinforced composites manufactured by digital light 

processing (DLP) 3D printing technology have been studied. 

Both CNT content and a post-curing treatment effects have been 

analyzed. It has been observed that post-curing treatment has a 

significant influence on mechanical properties, with an increase 

of Young’s modulus and glass transition temperature whereas 

their effect in electrical properties is not so important. 

Furthermore, the strain sensing tests show a linear response of 

electrical resistance with applied strain, with higher values of 

sensitivity when decreasing CNT content due to a higher 

interparticle distance. Moreover, the electrical sensitivity of 

bending tests is significantly lower than in tensile ones due to the 

compression subjected face effect. Therefore, the good gauge 

factor values (around 2–3) and the high linear response proves 

the applicability of the proposed nanocomposites in structural 

health monitoring applications. 
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Introduction 

 

In recent years, 3D printing is positioning as a competitive 

manufacturing technology with respect to traditional 

manufacturing technologies [1]. The main reasons that make this 

possible are, among others, the massive customization capability 

of the final product, as well as the chance of making small batch 

sizes without increasing costs derived from the manufacturing 

process. Moreover, it allows manufacturing components with 

almost total freedom in the design, thus being able to obtain high 

complexity parts, which are impossible to perform using any of 

the traditional manufacturing technologies. In addition, it makes 

possible to shorten supply chain links and lead times, reducing 

assembly, storage, and transportation costs [2–5]. 

 

However, 3D printing technologies are fully developing, so there 

is still a wide field for improvement in both the production 

processes and the materials that can be used [6]. In this context, 

developing materials with new functionalities or enhanced 

properties has acquired significant relevance [7]. In particular, 

carbon nanotube (CNT) doped resins has been the subject of 

numerous studies in the last decades due to their great 

mechanical, thermal, and electrical properties [8–10]. Their 

addition in low contents into an insulator resin allows the 

formation of electrical percolating networks inside the material, 

leading to an increase in electrical conductivity of the material of 

several orders of magnitude [11]. 

 

One of the main applications of these materials is structural 

health monitoring (SHM), which consists in a real-time 

evaluation of the structure integrity, being able to detect, locate, 

and quantify both strain and damage, and even make a remaining 

useful life prognosis [12]. In this context, CNT doped 

nanocomposites have a great potential and applicability. This is 
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explained by the intrinsic piezoresistivity of CNTs [13,14], the 

contact conductive mechanism between CNTs and the tunneling 

effect that takes place between adjacent nanotubes. The 

combination of these factors leads to an enhanced strain 

sensitivity, much higher than those achieved for conventional 

metallic gauges [15–19]. 

There are several studies of materials manufactured by 3D 

printing with CNTs as conductive fillers. Some specific 

examples are described below. Using the fused deposition 

modeling (FDM) technique, Kürçad et al. developed 3D printed 

parts with enhanced mechanical and electrical properties [20], 

Josef F. Christ et al. studied bidirectional and stretchable 

piezoresistive sensors [21], Kyuyoung et al. manufactured 

multiaxial force sensors [22] and Dong Xiang et al. obtained 

highly elastic strain sensors with an outstanding strain-sensing 

performance [23]. Regarding direct write (DW) 3D printing 

technique, Kambiz Chizari et al. developed highly conductive 

nanocomposites for electromagnetic interference shielding 

applications [24], Shin et al. researched about bioactive 3D 

printed flexible electronics [25] and Farahani et al. explored the 

strain sensing capabilities of CNT doped composites combining 

the direct write technique with UV curable formulations [26]. 

Besides that, Gustavo Gonzalez et al. settled the bases of 

manufacturing CNT doped materials with a commercial digital 

light processing (DLP) 3D printer [27]. Using this manufacturing 

technique, Tiller et al. developed a piezoelectric microphone 

combining different materials [28] and Mu et al. explored some 

applications like hollow capacitive sensors and smart structures 

with shape memory effects [29]. Despite this, there is still a wide 

field of research about photocurable inks for SHM purposes. 

 

The present study deals with the development of a conductive 

ink for DLP 3D printing technology with self-sensing 

capabilities based on a commercial photocurable resin doped 

with CNTs. First, CNT content was varied in order to analyze its 

influence on electrical properties of nanocomposites. In this 

regard, the electrical percolation threshold has been achieved. 

Then, strain-sensing capabilities have been deeply explored at 

tensile and bending load conditions, in order to better determine 

the influence of load state and post-curing treatment on the 
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sensitivity of these materials, which allows selecting the best 

combination of mechanical and electrical properties as a function 

of the desired application. 
 

Materials and Methods 

 

Different dispersions were prepared with different CNT contents 

(0.030, 0.050, 0.075, 0.100, and 0.150 wt %) in order to obtain 

the electrical percolation threshold of the nanocomposite. 

Moreover, strain sensitivity and mechanical properties were 

measured by tensile and three-point bending tests. 

 

In addition, TOM and FEG-SEM characterization was performed 

to study the dispersion state as well as its stability. Finally, DSC 

tests were carried out to know the curing degree of the 

manufactured nanocomposites. 
 

Materials 

 

CNTs used in this study were the NC7000 supplied by Nanocyl 

(Sambreville, Belgium). These multi-walled carbon nanotubes 

(MWCNTs) have an average diameter of 9.5 nm and a length up 

to 1.5 μm. They also present high UV resistance, which is 

important to prevent properties loss during manufacturing 

process. 

 

High Temp Resin V1, supplied by Formlabs (Somerville, MA, 

USA), was used as matrix. It is an acrylate-based UV-curable 

resin designed to be used in high temperature applications since 

it performs a heat deflection temperature under 0.45 MPa of 298 

°C. 
 

Manufacturing of the Nanocomposite Specimens 

 
First, CNTs were dispersed in the resin by three roll milling 

technique (Exakt 80E by Exakt Technologies, Oklahoma City, 

OK, USA), performing a seven cycles process, optimized in 

previous studies [30]. Table 1 shows the parameters for each 

cycle, where the speed of the last roll is kept constant at 250 

r.p.m. 
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Table 1: Gap distance between rolls during calendering process. 

 

Gap 1 (µm) Gap 2 (µm) Number of Cycles 

120 40 1 

60 20 1 

45 15 1 

15 5 4 

 

Once the dispersion is completed, the mixture was added to the 

resin vat of the 3D printer used (B9Creator by B9Creations, 

Rapid City, SD, USA) for the manufacturing of the different test 

specimens. The printing technique is based on digital light 

processing (DLP) technology, in which the light source of a 

digital projector is focused on the bottom surface of the resin vat 

with the desired geometrical shape, photocuring the first layer of 

the specimen. This process is repeated layer by layer until the 

complete part is finished. The most relevant printing parameters 

were 30 µm of layer thickness and 5.12 s of exposure time per 

layer, except for those specimens with a 0.150 wt % CNTs, 

where the exposure time was increased to 6.84 s. This is due to 

the higher CNT content that induces a more prevalent UV light 

shielding effect caused by CNTs, reducing UV radiation 

exposure of the photoinitiator and leading thus to an 

underexposure condition. On the other hand, overexposure 

conditions were observed for specimens with CNT contents 

below 0.100 wt % and longer UV light exposure times than 5.12 

s. 

 

Six specimens for each CNT content (0.030, 0.050, 0.075, 0.100, 

and 0.150 wt %) and test type (electrical conductivity, tensile, 

and three-point bending tests) were 3D printed. Dimensions were 

established according to the ASTM D257, ASTM D638, and 

ASTM D790 standards respectively. 

 

Finally, half of the specimens of each manufacturing condition 

underwent an UV post-curing treatment during 30 min in order 

to study the influence of this post-curing stage on the strain 

sensing capability and the mechanical properties. This stage was 

carried out in a B9A-LCB-020 oven by B9C reations. 
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Figure 1 shows some examples of 3D printed parts with a 0.100 

wt % CNT. First, manufactured tensile and three-point bending 

specimens are shown in Figure 1a while Figure 1b shows some 

parts with complex geometries, which demonstrates the 

cabability of printing conductive complex parts with this 

material and manufacturing technique. 

 

 
Figure 1: Examples of 3D printed parts with 0.100 wt % CNT. (a) Tensile and 

three-point bending test specimens and (b) complex geometry parts. 

 

Characterization 

TOM and FEG-SEM 

 

Nanoparticle dispersion of uncured CNT-acrylate mixture, 

containing 0.100 wt % CNTs, was analysed by using a Leica 

transmission optical microscope (TOM) equipped with a Nikon 

990 camera (Tokyo, Japan). In this regard, several samples were 

taken at different times after dispersion procedure in order to get 

a deeper knowledge about the stability of the dispersion. 

Moreover, an analysis of fracture surface under cryogenic 

conditions was carried out to better characterize the CNT 

dispersion in the final nanocomposite. These fracture surfaces 

were observed by a field emission gun SEM (FEG-SEM) using a 

Nova NanoSEM 230 apparatus from Philips (Amsterdam, 

Netherlands). 
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DSC 

 
Non-isothermal Differential Scanning Calorimetry (DSC) tests 

were carried out with a Mettler-Toledo 882e (Columbus City, 

OH, USA) device from 0 to 300 °C at 10 °C/min. Glass 

transition temperature (Tg) and enthalpy (ΔH) were evaluated in 

order to compare the curing degree achieved between the 

different specimens. Despite the used resin is an UV curable one, 

it is possible to compare the curing degree between specimens 

since it also presents thermal post-curing capabilities. Thus, two 

scans were performed to ensure that all the thermal curing 

enthalpy was recorded during the first scan. Figure 2 shows an 

example of DSC test including first and second scan. In the first 

scan, Tg and normalized ΔH per gram of specimen are obtained. 

In addition, the second scan confirms that the thermal curing 

process was completed in the first scan and then all thermal ΔH 

was recorded. 

 

 
Figure 2: Example of DSC test including first and second scan. 

 

DSC samples were taken from the same corner of the 3D printed 

three-point bending test specimens of each manufacturing 

condition in order to obtain representative results, since the 
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curing degree of the specimens may vary depending on the 

specimen type and zone. 
 

Electrical Conductivity 
 

DC volume conductivity tests were performed in 10 × 10 × 1 

mm
3
 samples to characterize their electrical properties 

accordingly to ASTM D257 standard. It was determined by the 

slope of I–V curve with a voltage window of 0–50 V using a 

Source Measurement Unit (SMU, Keithley Instrument Inc. mod. 

2410, Cleveland, OH, USA). 
 

Electromechanical Tests 

 

Tensile and three-point bending tests were carried out in order to 

determine the electromechanical behavior of the manufactured 

materials. These tests were carried out in a Zwick Z100 (Ulm, 

Germany) universal tensile machine accordingly to standards 

ASTM D638 and D790, respectively. Tensile specimens were 

tested at a rate of 5 mm/min while bending tests were first 

conducted at 1 mm/min up to 0.7% strain to determine the 

flexural modulus and then at 10 mm/min up to failure to obtain 

the flexural strength. Simultaneously to mechanical tests, 

electrical characterization was done by using an Agilent 34410 A 

module (Santa Clara, CA, USA). It was conducted by means of 

electrical resistance measurements between two electrodes made 

of copper wire and silver ink in order to ensure a good electrical 

contact with sample surface. A schematic of electrode 

disposition is shown in Figure 3. It is important to highlight that, 

for the tensile test specimens, the electrodes are positioned all 

around the perimeter of the cross section while for three-point 

bending ones, the electrodes are positioned just on the tensile 

face. 

 

Here, the electrical sensitivity to the applied strain, or gauge 

factor, is estimated as the change of the normalized resistance 

(     ) divided by the applied strain (ε). The electrical 

sensitivity was calculated at low strain levels, up to 0.01 

mm/mm. 



Prime Archives in Polymer Technology 

10                                                                                www.videleaf.com 

 
Figure 3: Schematic of electrode disposition for tensile and three-point 

bending test specimens. 

 

Results and Discussion 

Dispersion State Analysis 
 

Figure 4a,b,c show the changes in the dispersion state as a 

function of time after dispersion was performed and how it 

affects the electrical conductivity of manufactured 

nanocomposites. Individual CNT agglomerates and larger CNT 

aggregates can be distinguished which refer to the aggregation of 

multiple individual CNT agglomerates. TOM micrographs in 

Figure 4a evince the worsening of dispersion state from a 

uniform CNT distribution to a re-aggregated one along time, 

which are quantified in both Figure 4b,c. Firstly, Figure 4b 

reveals that the fractional area occupied by CNTs decreases 

about a 57% over time while larger CNT aggregates grow in size 

more than a 500%. It means that there is a CNT re-

agglomeration over time, as can be also distinguished in the 

histogram of Figure 4c. All these phenomena are closely linked 

because of the van der Waals interacting forces affecting CNTs 

that induce a re-agglomeration effect for both individual CNTs 

and aggregates. This could consequently affect the electrical and 

mechanical properties, among others. In this case, by analyzing 

the changes in electrical conductivity, a decrease of almost one 

order of magnitude was observed for samples taken 20 h after 

dispersion was performed (Figure 4b). It is explained since the 

more aggregated the CNTs are, the more difficult the electrical 

current flow through the composite is, as the CNTs tend to 

cluster into isolated colonies, making the electrical resistance by 

tunneling effect among the different colonies much higher. 
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Finally, electrical conductivity tends to stabilize from 21 h 

onwards. 
 

 
Figure 4: Changes on the dispersion state as a function of time after dispersion 

process was performed and as a function of CNT content. (a) TOM 

micrographs of dispersion containing 0.100 wt % CNT at 0, 8, 21, and 30 h 

after dispersion was carried out; (b) fractional area occupied by CNTs, average 

larger aggregate size and their influence in electrical conductivity as a function 

of time since after dispersion; (c) individual agglomerate size as a function of 

time after dispersion; (d) TOM micrographs at 0 h after dispersion as a function 

of CNT content; and (e) individual agglomerate size at 0 h after dispersion as a 

function of CNT content. 

 

These results demonstrate the importance of additive 

manufacturing with less time delay since the nanoparticles are 

dispersed in the resin, to prevent loss of properties in the 

resulting nanocomposite as this time delay induces a re-

agglomeration of nanoparticles which would lead to a decrease 

of electrical conductivity as well as the presence of higher 

aggregates that could affect mechanical properties. 
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Moreover, the effect of CNT content can be observed in the 

TOM images of Figure 4d. It can be noticed that the higher the 

amount of CNTs the higher the presence of aggregates in the 

mixture. This can be confirmed by an analysis of the aggregate 

size (Figure 4e) where the correlation between the larger 

aggregates and the smaller ones increases with CNT content due 

to a higher tendency of the CNTs to be agglomerated. 

 

Regarding 3D printed composites, Figure 5 shows FEG-SEM 

micrographs of a specimen with 0.100 wt % CNTs. At low 

magnifications, Figure 5a, a homogeneous distribution of CNT 

can be seen. Despite this, it can be distinguished that there are 

still some aggregates of nanoparticles, since the calendering 

process cannot completely disperse the CNT in the resin, being 

less effective than in other systems with higher viscosity [31]. 

However, at higher magnifications, Figure 5b an adequate 

distribution of nanoreinforcement is observed. In addition, CNTs 

appear to be well integrated in the matrix, which is important to 

ensure adequate mechanical behavior [32]. 
 

 
Figure 5: FEG-SEM micrographs showing CNTs distribution of the 0.100 wt 

% CNT specimen at (a) low magnifications and (b) high magnifications. 

 

Electrical Conductivity 

 

Figure 6 shows the electrical conductivities determined in 3D 

printed specimens for the different tested conditions. Here, 

electrical percolation threshold was determined as the critical 

CNT content where the material becomes electrically 

conductive, which corresponds to the moment where a sudden 
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increase of electrical conductivity was observed. In this case, it is 

found at 0.050 wt %, which is in good agreement to that found in 

other studies with similar CNTs [31]. 

 

For contents above percolation threshold, up to 0.100 wt %, an 

increase of electrical conductivity was observed as expected due 

to a higher volume fraction of nanoparticles. However, 

conductivity decreases at a content of 0.150 wt %. The reason of 

the detriment on electrical properties was found in the role of 

CNT agglomerates inside the material. Up to CNT contents 

below 0.100 wt %, a relatively good CNT dispersion was found, 

but, at higher contents, a supersaturation of CNTs in the 

percolation network takes place, which implies a higher 

tendency to form aggregates. These aggregates create 

preferential electrical pathways but also regions without enough 

nanoreinforcements—called non-percolated regions—that do not 

form effective conductive pathways. 

 
 

Figure 6: Electrical conductivity of 3D Printed specimens as a function of 

CNT content. 

 

More specifically, an analysis of CNT aggregation state for the 

different conditions is summarized in Figure 7a. Here, the role of 
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agglomerated and dispersed areas is highlighted. It was based on 

a previously proposed analytical model [31], whose basic 

principle is shown in the schematic of Figure 7b. The material 

can be divided in different regions accordingly to the 

aggregation state of CNTs within the network, where ξa, ξd, and 

ξnon correspond to the fraction of agglomerates, well dispersed 

and non-percolated regions, respectively. Thus, electrical 

conductivity can be calculated by the equivalent parallel circuit 

with the following formula (1). 
 
 

 
    

 

  
    

 

  
       

 

  ⏟      
  

          
    

(         )
 

(1) 

 

In this case, and knowing the CNT geometry, it is possible to 

estimate the values of ξa, ξd, and ξnon for each nanoparticle 

content as well as to calculate the correlation between 

aggregated and well dispersed areas, also called aggregate ratio 

       . It can be observed that the higher CNT content the 

higher the aggregate ratio, which means a poor dispersion of 

nanoparticles. When analyzing in detail, it is observed that the 

values of aggregate ratio are much higher than those found for 

similar contents in the previous study. This is explained because 

of the lower viscosity of the resin used in this research in 

comparison to that used in the previous study (600 and 5600 

mPa·s, respectively). This leads to a lower effectiveness of the 

three roll milling process due to a reduction of the shear forces 

involved during the dispersion procedure, also explaining the 

lower conductivity values obtained in comparison to other 

studies [31]. Furthermore, it can be also observed that the 

aggregate ratio increases with CNT content. It indicates that the 

correlation of larger aggregates to well-dispersed areas is 

increasing, as previously observed by the analysis of aggregate 

size of Figure 4e,f with an increase of larger aggregates with 

CNT content. It is important to point out that this model only 

gives information about the ratio of aggregate to well-dispersed 

areas but does not give information about the values of each 

individual fraction. 
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Figure 7: (a) Values of aggregate ratio as a function of CNT content and 

comparison to a previous study [31] and (b) schematics of block disposition for 

the electrical model indicating the aggregated, well-dispersed and non-

percolated regions [31] (Reproduced with permission from X.F. Sánchez-

Romate et al., Composites Science and Technology; published by Elsevier, 

2019). 

 

However, the percolation threshold obtained in this study is 

lower than found in other studies based on CNT doped resins for 

DLP 3D printing technology, which suggests a better dispersion 

of CNTs than those obtained in these studies with similar [27] 

and even higher aspect ratios of the nanofillers [29]. 
 

Mechanical Properties 
 

Mechanical properties were measured by tensile and three-point 

bending tests. Figure 8 shows Young’s modulus of 3D printed 

specimens with and without UV post-curing treatment as a 

function of CNT content. UV post-cured specimens present a 

higher stiffness in both tensile (Figure 8a), and three-point 

bending tests (Figure 8b), compared to the not post-cured ones. 

This is because of the higher crosslinking degree reached during 

post-curing treatment, limiting polymeric chains movement 

leading, thus, to a strengthening of the material [33]. However, 

the effect of the CNT content is quite more complex. On the one 

hand, there is an increase in tensile modulus at lower CNT 

contents due to the effective reinforcement of the nanotubes. On 

the other hand, there is a reduction of the Young’s modulus at 

higher CNT contents for both tensile and three-point bending 

tests, which could be explained by the higher UV light shielding 

effect caused by CNTs. They are black-colored, so they absorb 

part of the UV radiation from the 3D printer projector, blocking 
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UV absorption by the photoinitiator, which leads to a lower 

curing degree and therefore to worse mechanical properties. This 

effect has already been observed by other authors and it can be 

sorted out by increasing exposure time per layer during the 

printing process, increasing the UV light intensity, adding higher 

photoinitiator concentrations or optimizing the post-curing stage 

[27,29,34]. Moreover, a higher content of nanoparticles could 

hamper the mobility of the chains during the photocuring 

process, leading to a lower curing degree and then to a 

worsening of mechanical properties [35]. 
 

 
 

Figure 8: Young’s modulus of 3D printed specimens as a function of CNT 

content. (a) Tensile tests and (b) three-point bending tests. 

 

Both the effect of the UV post-curing treatment and the addition 

of CNTs on the mechanical properties above mentioned can be 

deeply explained through the performed DSC characterization, 

whose results are shown in Figure 9. Here, the post-cured 

specimens present a higher Tg than the not post-cured ones. This 

is due to the higher crosslinking degree achieved during UV 

post-curing treatment, improving the mechanical performance. 

Furthermore, the changes observed in Tg are directly related to 

ΔH measurements. The lower the ΔH, the higher the curing 

degree since it releases less energy correlated to the curing of the 

specimen during the DSC test. 

 

Besides that, a decrease of the Tg when the CNT content 

increases is observed for both post-cured and not post-cured 

specimens. This is again explained by the lower curing degree 

achieved when increasing the CNT content because of the 
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prevalence of the UV shielding effect, leading to a detriment of 

mechanical properties. This can be also confirmed by ΔH 

measurements, which raises with the increase in the content of 

CNTs. In addition, the changes in the Tg and ΔH, correlated to 

the curing degree, with the CNT content is more pronounced for 

the post-cured specimens. The UV post-curing treatment is 

performed once the specimen is printed so that the whole 

specimen is irradiated at once in the UV oven. Because of the 

UV shielding effect caused by CNTs, this post-curing treatment 

is much more effective on the outer regions of the specimen 

since the inner regions did not receive the same UV light 

intensity. Therefore, the post-cured specimens without CNTs 

show a much higher Tg than the specimens containing 

nanoreinforcements. This is because the neat resin specimen is 

clear-colored, without carbon nanoparticles absorbing part of the 

UV light from the UV oven so that both the outer and the inner 

regions can achieve practically the same crosslinking degree. 

Conversely, the Tg and ΔH of the as-fabricated specimens 

without post-curing treatment has not undergone such significant 

changes since the only UV light they have received comes from 

the 3D printer and it is emitted layer by layer, being that the UV 

shielding effect less pronounced. 

 

Specimens containing 0.150 wt % CNTs has not been 

represented in both Figures 8 and 9. The comparison of the 

mechanical properties and curing degree between specimens 

containing 0.150 wt % CNTs with respect to the other specimens 

is not particularly meaningful since they present different 

exposure times per layer, which changes their curing conditions. 

In addition, the significantly higher shield effect of the CNTs at 

these conditions did not make a complete curing possible, even 

with the UV-post curing and the samples presenting a very high 

distortion. 
 



Prime Archives in Polymer Technology 

18                                                                                www.videleaf.com 

 
 

Figure 9: Glass transition temperature (Tg) and cure enthalpy (ΔH) measured 

by DSC of 3D printed composites as a function of CNT content. 

 

Structural Health Monitoring 
 

Figure 10a shows an example of tensile electromechanical 

behavior for post and non-post cured specimens with 0.100 wt % 

CNT. As a first sight, the electromechanical properties are not 

significantly different between the post and not-postcured 

specimens. In fact, the variation of electrical resistance with 

applied strain is very similar, showing in both cases a mainly 

linear behavior. This indicates that the CNT network is not 

prevalently affected by the post-curing treatment as expected, 

since the gelation process takes places at the same time in both 

samples. Moreover, the linear behavior indicates a prevalence of 

in contact mechanisms over tunnelling effect ones, which 

changes in an exponential way with applied strain [36]. Bending 

tests (Figure 10b) show a similar electromechanical behavior 

with an increase of electrical resistance with strain, given by the 

increase of tunnelling distance between adjacent CNTs in the 

tensile-subjected face of the flexure specimen. 
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Figure 10: Examples of electromechanical tests comparing specimens with and 

without post-curing treatment in (a) tensile tests for specimens containing 

0.100 wt % CNT and (b) three-point bending tests for specimens containing 

0.050 wt % CNT. 

 

When comparing the strain sensitivity, defined by the change of 

the normalized resistance with applied strain, and summarized in 

Figure 11a, it is observed that there are slight differences 

attending the CNT content. On the one side, the highest values of 

sensitivity are obtained at the lowest nanoparticle content. This is 

explained by the previously commented prevalence of tunnelling 

mechanisms in the well-dispersed areas. This induces an 

exponential change of electrical properties and, thus, a higher 

variation of electrical resistance with mechanical strain. When 

increasing the CNT content, there is an increasing saturation of 

the CNT network, leading to a predominance of agglomerated 

areas. Here, the main conducting mechanisms are given by the 

electrical contact between adjacent CNTs, and the electrical 

resistance due to this effect is supposed to be invariable with 

applied strain. These statements are in good agreement with 

other studies [31,37,38] as well as with the calculated values of 

the aggregate ratio, previously shown in Figure 7a, indicating 

this prevalence of contact mechanisms through the aggregated 

areas when increasing the CNT content. 

 

In addition, there is a decrease of electrical sensitivity when 

comparing tensile and bending tests. This is explained by the 

influence of compression-subjected face of the flexure specimen 

on the whole electrical resistance of the specimen, as observed in 

the schematics of Figure 11c. This compression-subjected face 

acts in an opposite way than the increasing electrical resistance 
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due to tensile effects in the opposite face, leading thus to a 

reduction of sensitivity when comparing to pure-tensile loading 

state, shown in Figure 11b, as observed in other studies [39]. 

 

Therefore, the electromechanical results are robust and allows to 

better understand the role of the dispersion and main conducting 

mechanisms inside these materials. 
 

 
 

Figure 11: (a) Strain sensitivity as a function of CNT content for tensile and 

three-point bending tests, (b) schematic of CNTs distribution during tensile 

test, and (c) schematic of CNTs distribution during tensile test three-point 

bending test. 

 

Conclusions 
 

The electrical and mechanical behavior of 3D printed CNT 

doped nanocomposites has been investigated for different CNT 

contents. In addition, the effect of an UV post-curing treatment 

has been also explored. 

 

First, the dispersion state and stability were characterized by 

TOM and FEG-SEM, evincing the importance of 3D printing the 

doped resins within the first hours after the dispersion process 

was performed. A homogeneous CNT distribution was obtained 

for the specimens manufactured within the first hours after the 

dispersion process by calendering was completed. However, the 

low viscosity of the mixture favors the re-agglomeration effect 

between individual CNTs and aggregates. In addition, the proper 

CNT distribution achieved, allows obtaining a lower electrical 

percolation threshold, around 0.050 wt % CNTs, than the values 
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compared to other studies with similar manufacturing techniques 

and materials. 

 

Regarding mechanical properties, the UV post-curing treatment 

significantly increased material stiffness, determined by tensile 

and three-point bending tests due to the rise in the crosslinking 

degree of the polymeric chains. On the other hand, an increase of 

CNT content induces a decrease of Young’s modulus. This is 

explained because of the higher UV shielding effect, which leads 

to lower curing degrees and thus to worse mechanical properties. 

 

Nevertheless, the best results in terms of strain sensitivity were 

also found for the lowest CNT contents since they are closer to 

the percolation threshold, with the tunnelling effect being the 

most dominant mechanism of electrical charge transport. 

Moreover, strain sensitivity was found to be significantly lower 

for three-point bending tests than for tensile tests as expected 

because of the effect of the compression-subjected face on the 

whole electrical resistance of the specimen. 

 

Therefore, the results prove the excellent capabilities of CNT 

reinforced DLP-manufactured nanocomposites in strain-sensing 

applications and shed light into how an UV post-curing 

treatment and CNT content affects the electromechanical 

properties of these materials. 
 

References 

 
1. Achillas C, Aidonis D, Iakovou E, Thymianidis M, Tzetzis 

D. A methodological framework for the inclusion of modern 

additive manufacturing into the production portfolio of a 

focused factory. J. Manuf. Syst. 2015; 37: 328–339. 

2. Singh R, Singh S, Nanak G, Engineering D. Additive 

Manufacturing: An Overview. Amsterdam: Elsevier Ltd. 

2017. 

3. Douglas S, Stanley W. Costs and Cost Effectiveness of 

Additive Manufacturing. Gaithersburg: NIST Special 

Publication. 2014. 



Prime Archives in Polymer Technology 

22                                                                                www.videleaf.com 

4. Bikas H, Stavropoulos P, Chryssolouris G. Additive 

manufacturing methods and modelling approaches: A critical 

review. Int. J. Adv. Manuf. Technol. 2016; 83: 389–405. 

5. Balletti C, Ballarin M, Guerra F. 3D printing: State of the art 

and future perspectives. J. Cult. Herit. 2017; 26: 172–182. 

6. Ngo TD, Kashani A, Imbalzano G, Nguyen KTQ, Hui D. 

Additive manufacturing (3D printing): A review of 

materials, methods, applications and challenges. Compos. 

Part B 2018; 143: 172–196. 

7. Li N, Huang S, Zhang G, Qin R, Liu W, et al. Journal of 

Materials Science & Technology Progress in additive 

manufacturing on new materials: A review. J. Mater. Sci. 

Technol. 2019; 35: 242–269. 

8. Xie S, Li W, Pan Z, Chang B, Sun L. Mechanical and 

physical properties on carbon nanotube. J. Phys. Chem. 

Solids. 2000; 61: 1153–1158. 

9. Ruoff RS, Lorents DC, International SRI, Park M. 

Mechanical and thermal properties of carbon nanotubes. 

Carbon N. Y. 1995; 33: 925–930. 

10. Herren B, Larson P, Saha MC, Liu Y. Enhanced Electrical 

Conductivity of Carbon Nanotube-Based Elastomer 

Nanocomposites Prepared by Microwave Curing. Polymers 

(Basel). 2019; 11: 1212. 

11. Mostaani F, Moghbeli MR, Karimian H. Electrical 

conductivity, aging behavior, and electromagnetic 

interference (EMI) shielding properties of 

polyaniline/MWCNT nanocomposites. J. Thermoplast. 

Compos. Mater. 2018; 31: 1393–1415. 

12. Zheng Q, Han B, Ou J. NanoComposites for Structural 

Health Monitoring. Amsterdam: Elsevier Ltd. 2019. 

13. Arif MF, Kumar S, Gupta TK, Varadarajan KM. Strong 

linear-piezoresistive-response of carbon nanostructures 

reinforced hyperelastic polymer nanocomposites. Compos. 

Part A 2018; 113: 141–149. 

14. Gong S, Zhu ZH. Giant piezoresistivity in aligned carbon 

nanotube nanocomposite: Account for nanotube structural 

distortion at crossed tunnel junctions. Nanoscale. 2015; 7: 

1339–1348. 

15. Martin CA, Sandler JKW, Shaffer MSP, Schwarz MK, 

Bauhofer W, et al. Formation of percolating networks in 



Prime Archives in Polymer Technology 

23                                                                                www.videleaf.com 

multi-wall carbon-nanotube—Epoxy composites. Compos. 

Sci. Technol. 2004; 64: 2309–2316. 

16. Hu N, Karube Y, Arai M, Watanabe T, Yan C. Investigation 

on sensitivity of a polymer/carbon nanotube composite strain 

sensor. Carbon N. Y. 2009; 48: 680–687. 

17. Kumar S, Falzon BG, Hawkins SC. Ultrasensitive embedded 

sensor for composite joints based on a highly aligned carbon 

nanotube web. Carbon N. Y. 2019; 149: 380–389. 

18. Min S, Lee G, Ahn S. Direct printing of highly sensitive, 

stretchable, and durable strain sensor based on silver 

nanoparticles/multi-walled carbon nanotubes composites. 

Compos. Part B 2019; 161: 395–401. 

19. Daňová R, Olejnik R, Slobodian P, Matyas J. The 

Piezoresistive Highly Elastic Sensor Based on Carbon 

Nanotubes for the Detection of Breath. Polymers (Basel) 

2020; 12: 713. 

20. Kürçad H, Eren O. FDM 3D printing of MWCNT re-

inforced ABS nano-composite parts with enhanced 

mechanical and electrical properties. J. Manuf. Process. 

2019; 37: 339–347. 

21. Christ JF, Aliheidari N, Pötschke P, Ameli A. Bidirectional 

and stretchable piezoresistive sensors enabled by 

multimaterial 3D printing of carbon nanotube/thermoplastic 

polyurethane nanocomposites. Polymers (Basel) 2018; 11: 

11. 

22. Kim K, Park J, Suh J, Kim M, Jeong Y, et al. Sensors and 

Actuators A : Physical 3D printing of multiaxial force 

sensors using carbon nanotube (CNT)/thermoplastic 

polyurethane (TPU) filaments. Sens. Actuators A. Phys. 

2017; 263: 493–500. 

23. Xiang D, Zhang X, Li Y, Harkin-jones E, Zheng Y, et al. 

Enhanced performance of 3D printed highly elastic strain 

sensors of carbon nanotube/thermoplastic polyurethane 

nanocomposites via non-covalent interactions. Compos. Part 

B 2019; 176: 107250. 

24. Chizari K, Arjmand M, Liu Z, Sundararaj U, Therriault D. 

Three-dimensional printing of highly conductive polymer 

nanocomposites for EMI shielding applications. Mater. 

Today Commun. 2017; 11: 112–118. 



Prime Archives in Polymer Technology 

24                                                                                www.videleaf.com 

25. Shin SR, Farzad R, Tamayol A, Manoharan V, Mostafalu P, 

et al. A Bioactive Carbon Nanotube-Based Ink for Printing 

2D and 3D Flexible Electronics. Adv. Mater. 2016; 28: 

3280–3289. 

26. Farahani RD, Dalir H, Le Borgne V, Gautier LA, El Khakani 

MA, et al. Direct-write fabrication of freestanding 

nanocomposite strain sensors. Nanotechnology. 2012; 23: 9. 

27. Gonzalez G, Chiappone A, Roppolo I, Fantino E, Bertana V, 

et al. Development of 3D printable formulations containing 

CNT with enhanced electrical properties. Polymer (Guildf.) 

2017; 109: 246–253. 

28. Tiller B, Reid A, Zhu B, Guerreiro J, Domingo-roca R, et al. 

Piezoelectric microphone via a digital light processing 3D 

printing process. Mater. Des. 2019; 165: 107593. 

29. Mu Q, Wang L, Dunn CK, Kuang X, Duan F, et al. Digital 

light processing 3D printing of conductive complex 

structures Digital light processing 3D printing of conductive 

complex structures. Addit. Manuf. 2017; 18: 74–83. 

30. Jiménez-Suárez A, Campo M, Sánchez M, Romón C, Ureña 

A. Dispersion of carbon nanofibres in a low viscosity resin 

by calendering process to manufacture multiscale 

composites by VARIM. Compos. Part B 2012; 43: 3104–

3113. 

31. Sánchez-Romate XF, Artigas J, Jiménez-suárez A, Sánchez 

M, Güemes A, et al. Critical parameters of carbon nanotube 

reinforced composites for structural health monitoring 

applications: Empirical results versus theoretical predictions. 

Compos. Sci. Technol. 2019; 171: 44–53. 

32. Tanabi H, Erdal M. Results in Physics Effect of CNTs 

dispersion on electrical, mechanical and strain sensing 

properties of CNT/epoxy nanocomposites. Results Phys. 

2019; 12: 486–503. 

33. Marcos N, Opelt CV, Lafratta FH, Lepienski CM, Pezzin 

SH, et al. Thermal and mechanical properties of a 

nanocomposite of a photocurable epoxy-acrylate resin and 

multiwalled carbon nanotubes. Mater. Sci. Eng. A 2011; 

528: 4318–4324. 

34. Sandoval JH, Wicker RB. Functionalizing stereolithography 

resins: Effects of dispersed multi-walled carbon nanotubes 



Prime Archives in Polymer Technology 

25                                                                                www.videleaf.com 

on physical properties. Rapid Prototyp. J. 2006; 12: 292–

303. 

35. Chiappone A, Roppolo I, Naretto E, Fantino E, Calignano F, 

et al. Study of graphene oxide-based 3D printable 

composites: Effect of the in situ reduction. Compos. Part B 

Eng. 2017; 124: 9–15. 

36. Simmons JG. Generalized Formula for the Electric Tunnel 

Effect between Similar Electrodes Separated by a Thin 

Insulating Film. J. Appl. Phys. 1963; 34: 1793–1803. 

37. Kuronuma Y, Takeda T, Shindo Y, Narita F, Wei Z. 

Electrical resistance-based strain sensing in carbon 

nanotube/polymer composites under tension: Analytical 

modeling and experiments. Compos. Sci. Technol. 2012; 72: 

1678–1682. 

38. Moriche R, Jiménez-Suárez A, Sánchez M, Prolongo SG, 

Ureña A. Sensitivity, influence of the strain rate and 

reversibility of GNPs based multiscale composite materials 

for high sensitive strain sensors. Compos. Sci. Technol. 

2018; 155: 100–107. 

39. Sánchez-romate XF, Moriche R, Jiménez-suárez A, Sánchez 

M, Prolongo SG, et al. Highly sensitive strain gauges with 

carbon nanotubes: From bulk nanocomposites to 

multifunctional coatings for damage sensing. Appl. Surf. Sci. 

2017; 424: 213–221. 


