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Outline of the research conducted 

The main purpose of this research was to experimentally investigate the electrical response of 

carbon nanotube yarns (CNTYs) under mechanical, thermal, and thermo-mechanical stimuli, and 

integrate them into fiber-reinforced polymer composites to assess their capabilities for structural 

health monitoring. The research was structured into three yearly stages, as outlined in Fig. 1. 

 

Fig. 1 Research outline, divided into three yearly stages. 

 
The project comprises fundamental research at the individual yarn (stage 1) and single-filament 

composite (stage 2) levels, as well as applied research regarding the concept implementation into 

structural composites (stage 3). This final report encompasses the three stages, divided into 

sections. A no cost extension was granted such as the ONRG projected officially ends in 

December 2022.   

1. Stage 1: Research at the individual yarn level 

During the first stage of the project, physicochemical and electromechanical characterizations of 

the CNTY were conducted at the fundamental (yarn) level. CNTY characterizations conducted 

during this period included Raman spectroscopy mapping (Fig. 2a), thermogravimetric analysis 

(TGA, Fig. 2b), and dynamic mechanical analysis (DMA, Fig. 2c), among others. The storage (E') 

and loss (E'') moduli, as well as the damping ratio (Tan(δ)) were measured by DMA as a function 
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of temperature (T), for several experimental conditions, see Fig. 2c. Additionally, initial research 

efforts were also conducted in this stage to investigate the electrical response of the yarn upon 

immersion into liquid epoxy and vinyl ester resins (Fig. 2d). In Fig. 2d, T is the temperature, R the 

electrical resistance, and the epoxy resin was cured under a temperature program, while changes 

in the electrical resistance of the yarn (R) were monitored.  

This initial characterization stage was the first step used to build fundamental property-structure 

relationships for understanding the subsequent experiments on composite materials, conducted 

in stages 2 and 3.       
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Fig. 2 Fundamental characterization of the CNTY and single filament composites. a) Raman 

spectroscopy, b) TGA, c) DMA, d) electrical response of the yarn upon curing of an epoxy resin. 
 

2. Stage 2: Single-yarn composite level 

Stage 2 of the project involved the finalization of the fundamental physicochemical and 

electromechanical characterizations of the CNTY at the individual yarn level, and continued with 

studies at the single-yarn (monofilament) composite level. CNTY characterizations conducted 
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during this period included finalization of DMA testing (Fig. 2c), electrical study of the polymer 

curing responses (Fig. 2d), in situ Raman mapping of the individual yarn under strain (Fig. 3a), 

and electromechanical tests coupled with digital image correlation (DIC), Fig. 3b. For the in-situ 

Raman study, Fig. 3a, a special test rig was designed and constructed to apply strain () to the 

CNTY inside the Raman equipment, while the Raman shift of the D-band is monitored. This 

Raman study generated new knowledge on the material and structural contributions of the CNTY 

mechanical response. Electromechanical tests such as those plotted in Fig. 3b allowed to build 

correlations between the mechanical stress (x)-strain (x) response of the coupon and its 

fractional change of electrical resistance (R/R0).  

Preliminary research efforts were also carried out in this stage to investigate the electrical 

response of carbon nanotube-modified fiber reinforced composites to strain and cycling loading 

damage, stepping into stage 3 of the project.  

 

 

 

 

 

 

 

 

 

 

     (a)                                                                               (b) 

Fig. 3 Individual CNTY and CNTY-monofilament characterizations. a) Stretching of the CNTY under in situ 

Raman spectroscopy, b) electromechanical characterization of monofilament composites using DIC. 

 

3. Stage 3: Concept implementation into structural composites 

In stage 3 (final stage) the CNTYs were integrated into polymer composites for structural health 

monitoring purposes. Figure 4 shows a schematic of the electrodes used in the glass 

fiber/CNTY/vinyl ester composite to monitor the electrical resistance (R) in real time during four-

point bending loading of the composite. The specimen comprises 8 electrodes per surface (top 

surface under compression, bottom surface under tension) for measuring R. A multiplexing meter 

allows simultaneous measurement of R from the grid of electrodes, to construct spatial electrical 

maps in real time. With R0 being the reference electrical resistance at zero strain, i.e. R0 = R( = 
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0), the fractional changes of electrical resistance (R/R0) were successfully used to identify and 

locate non-visible damage within the composite.  

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 4 Glass fiber/CNTY/vinyl ester hierarchical composite and the definition of electrodes  

for monitoring R/R0.  
 

Figure 5 shows the electrical response of the grid of electrodes depicted in Fig. 4, as well as the 

corresponding DIC map of the axial strain (x). The top figure corresponds to the top surface of 

the four-point bending specimen, which is subjected to compression. The middle figure 

corresponds to the bottom surface of the specimen, which is subjected to tension. The bottom 

figure is the DIC map of x for five specific incremental loads (A to E). Point A corresponds to the 

unloaded state, point C to 112 MPa and point E to the failure stress (200 MPa). As seen from the 

figure, the electrical resistance response first increases with a small linear slope, due to 

piezoresistivity. As the load/strain increases the electrical signal ramps up. Some electrodes 

present larger increments in R/R0 and peaks of electrical resistance close to failure, indicating 

that non-visible damage is occurring in the composite. The location of the electrodes which 

present the higher electrical resistance changes (4a-4b, 3a-3b, 2a-2b, 4a’-4b’) coincide with the 

location of larger strain gradients indicated by DIC (bottom figure). This evidences that the 

electrical resistance technique can locate the position of damage within the composite. This 

damage can be in the form of matrix failure, fiber failure, interface and/or delamination.   

 

 

 

Measurement  

Electrodes 

Top 
surface 

Bottom 
surface 

1 1a – 2a 1a’ – 2a’ 

2 1a – 3a 1a’ – 3a’ 

3 1a – 4a 1a’ – 4a’ 

4 1a – 1b 1a’ – 1b’ 

5 2a – 3a 2a’ – 3a’ 

6 2a – 4a 2a’ – 4a’ 

7 2a – 2b  2a’ – 2b’  

8 3a – 4a 3a’ – 4a’ 

9 3a – 3b  3a’ – 3b’  

10 4a – 4b 4a’ – 4b’ 
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Fig. 5 Electrical resistance response of the grid of electrodes in Fig. 4 and DIC axial strain maps (bottom) 

for the four-point bending specimen.  

 

4. Additional research ideas and products 

Along with the research on the study of CNTYs and their implementation for monitoring the 

structural health of composites through the electrical response of the yarn, other (collateral) 

scientific ideas aroused during the research. Some of these ideas were further developed by the 

student members of the research group and materialized into student´s theses and research 

products. The additional ideas were around similar topics laid down in the project, but using 

different material systems. For example, work on investigation of the thermoresistive and 

4a-4b 

2a-2b 

3a-4a 

4a’-4b’ 
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piezoresistive sensing responses of polymer composites based on carbon nanotubes and/or 

graphenic sheets, as well as structural health monitoring of CNT-based hierarchical composites. 

The outcomes of such research were also published, as can be seen in the list of products in the 

following section.  

5. Academic products 

The research and academic products achieved by this project comprise 16 journal papers 

published in reputable international journals, presentations and publication in proceedings of 15 

congresses and symposia, and graduation of 6 students (2 at the BS level and 4 more at the MSc 

level). Additionally, given that the PhD in Mexico takes at least 4 years, two PhD students who 

worked in the project (Abraham Balam and César Pérez) are still pursuing the PhD degree. At 

least two more journal papers are under preparation. All these products explicitly acknowledge 

ONRG support. The last slide of all oral presentations delivered in the congresses also included 

acknowledgement to the ONRG support. The detailed list of products follows, where an active 

hyperlink is included with the doi of the journal papers.  
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1. “Influence of polymer matrix on the sensing capabilities of carbon nanotube polymeric 

thermistors”, A. Balam, M. Cen-Puc, A. May-Pat, J.L. Abot, F. Avilés. Smart Materials and 

Structures, 29, 2020, 015012. https://dx.doi.org/10.1088/1361-665X/ab4e08. 
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nanostructures”, R. Pech-Pisté, M. Cen-Puc, A. Balam, A. May-Pat, F. Avilés. Materials Today 

Communications, 25, 2020, 101472. https://doi.org/10.1016/j.mtcomm.2020.101472. 

6. “Electro-mechanical properties of thermoplastic polyurethane films and tubes modified by 

hybrid carbon nanostructures for pressure sensing”, C. Pérez-Aranda, Z. Valdez-Nava, F. 

https://iopscience.iop.org/article/10.1088/1361-665X/ab4e08
https://doi.org/10.1177/1045389X20919979
https://doi.org/10.1002/adem.202000220
https://www.mdpi.com/1424-8220/20/11/3230
https://doi.org/10.1016/j.mtcomm.2020.101472


Page 7 of 10 

 

Gamboa, J.V. Cauich-Rodríguez, F. Avilés. Smart Materials and Structures, 29, 2020, 115021. 

https://doi.org/10.1088/1361-665X/aba9e6. 

7.  “Measurement of in-plane and out-of-plane elastic properties of woven fabric composites 

using digital image correlation”, F. López-Santos, A. May-Pat, E.R. Ledesma-Orozco, A. 

Hernández-Pérez, F. Avilés. Journal of Composite Materials, 55(9), 2021, 1231–124. 
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9. “Electromechanical properties of carbon-nanostructured elastomeric composites measured by 

digital image correlation”, C. Pérez-Aranda, F. Avilés. Composites Part C, 5, 2021, 100161.  

https://doi.org/10.1016/j.jcomc.2021.100161. 

10. “Investigation of directional effects on the electrical conductivity and piezoresistivity of carbon 

nanotube/polypropylene composites obtained by extrusion”, A. Balam, R.H. Cruz-Estrada, A. 
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