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SHORT ABSTRACT: 
The integration of conductive nanoparticles, such as graphene nanoplatelets, into glass fiber composite materials creates an intrinsic electrical network susceptible to strain. Here, different methods to obtain strain sensors based on the addition of graphene nanoplatelets into the epoxy matrix or as a coating on glass fabrics are proposed.

LONG ABSTRACT: 
The electrical response of NH2functionalized graphene nanoplatelets composite materials under strain was studied. Two different manufacturing methods are proposed to create the electrical network in this work: (a) the incorporation of the nanoplatelets into the epoxy matrix and (b) the coating of the glass fabric with a sizing filled with the same nanoplatelets. Both types of multiscale composite materials, with an in-plane electrical conductivity of ~103 S/m, showed an exponential growth of the electrical resistance as the strain increases due to distancing between adjacent functionalized graphene nanoplatelets and contact loss between overlying ones. The sensitivity of the materials analyzed during this research, using the described procedures, has been shown to be higher than commercially available strain gauges. The proposed procedures for self-sensing of the structural composite material would facilitate the structural health monitoring of components in difficult to access emplacements such as offshore wind power farms. Although the sensitivity of the multiscale composite materials was considerably higher than the sensitivity of metallic foils used as strain gauges, the value reached with NH2functionalized graphene nanoplatelets coated fabrics was nearly an order of magnitude superior. This result elucidated their potential to be used as smart fabrics to monitor human movements such as bending of fingers or knees. By using the proposed method, the smart fabric could immediately detect the bending and recover instantly. This fact permits precise monitoring of the time of bending as well as the degree of bending. 

INTRODUCTION: 
Structural health monitoring (SHM) has become increasingly important because of the need to know the remaining life of structures1-3. Nowadays, difficult to access locations, such as offshore wind plants, lead to higher risks in maintenance operations, as well as greater costs2-4. Selfsensing materials constitute one of the possibilities in the field of SHM due to their ability of selfmonitoring strain and damage5. 

In the case of wind turbines, blades are generally manufactured in glass fiber/epoxy composite materials, which are electrically insulators. In order to confer self-sensing properties to this composite material, an intrinsic electrical network susceptible to strain and damage needs to be created. During the last few years, the incorporation of conductive nanoparticles such as silver nanowires6,7, carbon nanotubes (CNTs)8-10, and graphene nanoplatelets (GNPs)1113 has been studied to create this electrical network. These nanoparticles can be incorporated into the system as filler into the polymer matrix or by coating the glass fiber fabric14. These materials can be also applied to other industrial fields, i.e. aerospace, automotive and civil engineering5, and coated fabrics can be used as smart materials in biomechanical applications7,15.

Piezoresistivity of these sensors is achieved by three different contributions. The first contribution is the intrinsic piezoresistivity of the nanoparticles; a strain of the structure changes the electrical conductivity of the nanoparticles. However, the main contributions are changes in tunnel electrical resistance, due to modifications in distances between adjacent nanoparticles, and electrical contact resistance, because of variations in the contact area between overlying ones9. This piezoresistivity is higher when 2D nanoparticles are used as a nanofiller compared to 1D nanoparticles because the electrical network presents a higher susceptibility to geometrical changes and discontinuities, usually one order of magnitude superior16.

Due to the 2D atomic character17 and the high electrical conductivity18,19, graphene nanoplatelets have been selected in this work as the nano-reinforcer of multiscale composite materials in order to obtain self-sensors with enhanced sensitivity. Two different ways to incorporate the GNPs into the composite material are studied in order to elucidate possible differences in sensing mechanisms and sensitivity.

PROTOCOL: 

1. Preparation of the functionalized graphene nanoplatelet filled epoxy for multiscale composite materials.
1.1) Disperse functionalized graphene nanoplatelets (f-GNPs) into the epoxy resin.
1.1.1) Weigh 24.00 g of fGNPs to achieve a 12 wt% of the final nanocomposite material inside a ductless fume hood.

1.1.2) Add 143.09 g of the bisphenol A diglycidyl ether (DGEBA) monomer and manually mix it to achieve homogeneity.

1.1.3) Disperse the f-GNPs into the monomer by a twostep method, which combines probe sonication and calendering processes20. 

1.1.3.1) Sonicate the mixture at 50% of the amplitude and a cycle of 0.5 sec for 45 min.

1.1.3.2) Apply 3 cycles of calendering using a roller gap of 5 &#181;m and increasing roller speed at each cycle: 250 rpm, 300 rpm and 350 rpm.

1.1.3.3) Weigh the mixture of fGNP/monomer after completing dispersion.

1.1.4) Degas the f-GNP/monomer mixture under vacuum and magnetic stirring at 80 &#176;C for 15 min.

1.1.5) Weigh and add the hardener in a weight ratio of 100:23 (monomer:hardener) and manually stir until achieving homogeneity.

2. Coating of the glass fabric with functionalized graphene nanoplatelet filled sizing (suspension) for multiscale composite materials.
2.1) Disperse functionalized graphene nanoplatelets into the sizing.
2.1.1) Weigh 7.5 g of fGNPs, the quantity needed to achieve a 5 wt%, into 142.5 g of solvent (sizing/distilled water specified in 2.1.2) inside a ductless fume hood. 

2.1.2) Prepare the mixture of the fGNPs and the sizing diluted with distilled water (1:1 wt) inside the ductless fume hood. Once the distilled water has been added, perform the work outside the ductless fume hood.

2.1.3) Disperse the GNPs by probe sonication for 45 min at 50% amplitude and a cycle of 0.5 sec.

2.2) Coat the glass fabric with the fGNP filled sizing.
2.2.1) With scissors suited for fabric cutting, cut 14 layers of glass fabric with dimensions of 120 х 120 mm2 and then coat them with the mixture of f-GNPs and sizing (2.1.3) by dip coating (one immersion) using a dip coater in the f-GNP filled sizing.

2.2.2) Dry the f-GNP coated glass fabric in a vacuum oven at 150 &#176;C for 24 hr as indicated in the technical sheets provided by the manufacturer.

3. Manufacturing of multiscale composite materials.
3.1) Manufacture f-GNP/epoxy composite materials.
3.1.1) After degassing the mixture, keep the f-GNP filled epoxy resin under magnetic stirring at 80 &#176;C for all the manufacturing process. 

3.1.2) Place the 14 layers of the glass fabric into an oven at 80 &#176;C. 

3.1.3) Alternatively, place a layer of the fGNP filled epoxy and a layer of glass fiber fabric (14 layers) sequentially by hand on a metallic plate using a de-airing roller after placing each glass fabric layer. 

3.1.3.1) Use scissors to cut and place the anti-adherent polymer film (120 х 120 mm2) on a steel plate.

3.1.3.2) Apply a layer of the f-GNP/epoxy mixture on the anti-adherent polymer film with a brush. Place a layer of glass fiber fabric. Note the importance of covering the area of the fGNP/epoxy region and alignment of the different fabric layers. Remove the air and compact the plies by using a de-airing roller.

3.1.3.3) Repeat step 3.1.3.2 until completing all of the layers of the laminate.

3.1.3.4) Apply a final layer of the f-GNP/epoxy mixture with brush and cover the laminate with another layer of anti-adherent polymer film.

3.1.4) Once all the fabric layers have been piled up, cure the laminate in a hot plate press at 140 &#176;C for 8 hr with increasing pressure up to 6 bars.

3.1.5) Extract the cured laminate from the hot plate press.

3.2) Manufacture f-GNP/glass fiber composite materials by vacuum assisted resin infusion molding (VARIM).
3.2.1) Prepare the metallic plate where VARIM is going to be carried out.

3.2.1.1) Clean the steel plate surface with acetone.

3.2.1.2) Place anti-adherent polymer film onto the steel plate.

3.2.2) Place the sequence of f-GNP coated glass fabric (14 layers with dimensions 120 х 120 mm2) onto the plate. Ensure that the layers of fabric are aligned visually and by touch.

3.2.3) Seal the vacuum bag with sealant tape for the VARIM process and pre-heat the system at 80 &#176;C in an oven.

3.2.4) Degas the DGEBA monomer under vacuum and magnetic stirring at 80 &#176;C for 15 min. Add the hardener in a weight ratio of 100:23 (monomer:hardener) and stir until achieving homogeneity.

3.2.5) Add the epoxy resin at 80 &#176;C with a vacuum pump connected to the vacuum bag with a polymeric tube until the glass fabric pile is totally filled by the epoxy resin and cure the laminate in an oven at 140 &#176;C for 8 hr.

3.2.6) Extract the cured laminate from the oven and remove the vacuum bag and auxiliary material.

4. Preparation of the samples for strain sensors tests.
4.1) Machine samples (Computer Numerical Control - CNC milling machine) of multiscale laminates to the required dimension for flexural tests following the ASTM D790-0221 and cut glass fabric bands 10 mm in width in order to study the strain sensitivity of the fGNP coated fabric.

Note: Samples are fixed onto the machining table with adhesive tape and machined using the following parameters: feed speed of 500 mm/min, idle speed of 5000 min-1 and depth steps of 0.1 mm.

4.2) Carefully clean the surface of the machined samples with acetone to eliminate dust.

4.3) Paint lines of silver (acrylic conductive paint) on the surface of the materials distanced 20 mm apart to minimize the electrical contact resistance and adhere copper wires to the wet silver lines as electrodes to facilitate the measurement of the electrical resistance during the tests. 

Note: Electrical contacts are located on both surfaces: compression surfaces and tensile subjected surfaces.

4.4) Once the silver paint is dry, fix the electrical contacts with hot melt adhesive to avoid electrical contact detachment.

5. Testing the strain sensor.
5.1) Analyze the electrical behavior of sensors under flexural loads (threepoint bending test).
5.1.1) Measure the specimen’s width and thickness with a caliper.

5.1.2) Set the specimen in the mechanical test machine with the flexural test configuration.

5.1.3) Set the test speed (controlled by strain) to 1 mm/min and the start position that defines the initial length of the specimen.

5.1.4) Connect the electrical contacts to the multimeter. Measure the electrical resistance between each two adjacent electrical contacts as it is specified in Figure 1.

[Place Figure 1 here]

5.1.5) Run flexural test and monitor the electrical resistance simultaneously in order to study variations due to the induced strain in the specimen. 

5.1.6) Repeat all steps for at least 3 specimens of f-GNP/epoxy and f-GNP/glass fiber composite materials to confirm the electrical behavior of the composite materials. 

5.2) Analyze f-GNP/glass fabric as strain sensors of human movements.
5.2.1) Monitor finger bending.
5.2.1.1) Attach glass fabric bands to each of the fingers of a nitrile glove with hot melt adhesive on the internal surface as indicated in Figure 2.

[Place Figure 2 here]

5.2.1.2) Repeat step 5.1.4 but measure the electrical resistance of contacts placed on the same finger. 

5.2.1.3) Start the sequence of finger bending to monitor and measure the electrical resistance while fingers are bending. The sequence of finger bending in this particular case is: (1) thumb, (2) index, (3) middle finger, (4) ring finger, (5) all the fingers simultaneously and (6) sequence of bending (higher speed): (1), (2), (3), (4), (4), (3), (2) and (1).

REPRESENTATIVE RESULTS: 
The protocol to obtain two different materials has been described in the procedure. The difference is in the way the nanoreinforcement is incorporated in the composite material to achieve an electrical network that could be used to strain monitoring. The first method consists of the coating of a glass fiber fabric with f-GNP sizing that can be used as a smart fabric (named fGNP/glass fiber) or as reinforcement of polymer matrix multiscale composite materials (named f-GNP/glass fiber composite material). The other method is the nanoreinforcement of the epoxy matrix of composite materials with f-GNPs (named f-GNP/epoxy composite material) using glass fiber as a continuous reinforcement. The infusion of the resin was carried out by using VARIM because it is one of the most common methods used in the industry, but other methods could be used. An alternative manufacturing method could be resin transfer molding (RTM). 

Due to the insulating character of the glass fiber, the incorporation of the f-GNPs following the protocol described above creates an electrical network inside the material that causes an increase of the electrical conductivity up to ~103 S/m and can be modified by inducing strain. Figure 3 shows representative results of the variation of normalized electrical resistance caused by strain induced during flexural test (threepoint bending) in an f-GNP/glass fiber band. The normalized electrical resistance exponentially grows with the increasing strain due to the mechanism of tunnel resistance. When failure occurs, jumps in the normalized electrical resistance can be observed, which are correlated to a drop of load.

[Place Figure 3 here]

The electrical behavior of the multiscale composite materials, f-GNP/epoxy (Figure 4.a) and fGNP/glass fiber (Figure 4.b) composite materials, shows some differences with the described above for coated fabrics. When the compression subjected surface is monitored, two regions can be discriminated. At low strain values, the normalized electrical resistance diminishes up to ~0.010 and ~0.015 mm/mm for f-GNP/epoxy and fGNP/glass fiber composite materials, respectively. In contrast, at strains higher than the mentioned threshold, the normalized electrical resistance increases with an exponential tendency. In the case of monitoring the tensile subjected surfaces, the normalized electrical resistance augments in both of the systems. The sensitivity shown in all the configurations is in the order of 10 to 40 (per unit). At high strain values, the gauge factor was -1.4 and 7.8 (per unit) for the compression subjected surface of fGNP/epoxy and fGNP/glass fiber composite materials and on the order of 17 and 41 (per unit) for the tensile subjected surface of fGNP/epoxy and fGNP/glass fiber composite materials, respectively.

[Place Figure 4 here]

As an example of the application of f-GNP coated glass fiber fabrics, Figure 5.a shows the monitoring of finger bending. Each finger and the electrical response of the coupled glass fiber band are distinguished by a different color to make it understandable. The first sequence corresponds to bending of the thumb (Figure 5.b), the index (Figure 5.c), the middle finger (Figure 5.d) and the ring finger (Figure 5.e). The normalized electrical resistance diminishes when the related finger bends and recovers the initial value when the finger recuperates the initial position. The second sequence of movements includes simultaneous bending of the four fingers and the third, a sequence of faster movements showing the instantaneous response and recovery of the normalized electrical resistance. This could be used to remotely monitor the evolution of bone diseases or count footsteps during running and in physical therapy to evaluate the recuperation.

[Place Figure 5 here]

Figure 1: Electrical contacts set up in flexural tests of multiscale composite materials. 
Copper electrodes are attached on the surface of composite materials by using lines of silver paint (in gray) in order to minimize the electrical contact resistance.

Figure 2: Location of f-GNP/glass fiber bands on the internal surface of the fingers of a nitrile glove to monitor fingers bending. 
Once the glass fiber fabric has been coated and dried, bands 10 mm in width are cut and attached on the different fingers of a glove with the aim of monitoring the finger bending and corroborate the viability of the protocol described above.

Figure 3: Example of strain monitoring of f-GNP/glass fiber bands under flexural test. 
The figure represents the variation of the normalized electrical resistance (ΔR/Ro, R: instantaneous electrical resistance and Ro: initial electrical resistance) and force (F) versus beam depth during flexural test. The normalized electrical resistance increases with the strain. This phenomenon occurs because tensile forces cause distancing between the nanoparticles and loss of contact of overlying GNPs. The exponential tendency observed during loading of sample is due to a major contribution of changes induced in tunnel resistance. Tunnel resistance varies exponentially with the distance between nanoparticles when they are at a distance in the order of 10 nm12,21. For that reason when distances between adjacent GNPs increase, the electrical resistance also increases with an exponential tendency. This effect is dominant when the GNP content is close to the percolation threshold23 but its contribution diminishes at higher GNP content24,25. During failure, the electrical behavior changes and jumps are observed in the electrical response. These jumps can be correlated to drops in load provoked by the fiber breakage, which constitutes discontinuities in the electrical network. These discontinuities act as obstacles causing the increment of the electrical resistance of the GNP/glass fiber bands.

Figure 4: Example of strain monitoring of (a) f-GNP/epoxy and (b) f-GNP/glass fiber composite materials under flexural test. 
The figure represents the variation of the normalized electrical resistance (ΔR/Ro, R: instantaneous electrical resistance and Ro: initial electrical resistance) and stress (&#963;) versus strain (ε) during flexural test. In this case, the electrical contacts are place on the compression subjected (blue line) and the tensile subjected (red line) obtaining different electrical behavior. Two different graphs are included, which correspond to the two routes proposed in the protocol: (a) f-GNP/epoxy and (b) f-GNP/glass fiber composite materials showing their viability.

Figure 5: Example of strain monitoring of fingers bending by coupling of f-GNP/glass fiber bands on a nitrile glove. 
(a) Electrical response of the sensor during 3 sequences of fingers bending and (b-e) first sequence of fingers bending. Following the protocol explained in the present work, monitoring of fingers bending capability was possible. ΔR/Ro, R: instantaneous electrical resistance and Ro: initial electrical resistance

DISCUSSION: 
Self-sensor properties of nanoreinforced composite materials are due to the electrical network created by the fGNPs through the epoxy matrix and along the glass fibers, which is modified when strain is induced. Dispersion of the fGNPs is then crucial because the electrical behavior of the sensors strongly depends on the microstructure of the material. Here, we present an optimized procedure to achieve a good dispersion of the GNPs into the epoxy matrix and to avoid wrinkling of the nanoparticles, which causes the detriment of the electrical conductivity. The critical steps are the sonication (operating parameters) and calendering processes (roller gap and speed). These steps strongly influence the mechanical26, thermal27 and electrical28 properties of the multiscale composite materials. Usually, dispersion of nanoreinforcement is carried out into solvent that needs to be evaporated before the curing of nanocomposites29,30. In the process proposed in this work, the use of solvents is avoided making it more environmentally friendly. Another step of the protocol, which also strongly influences the microstructure of composite materials and, therefore, the electrical behavior of the sensors, is the manufacturing procedure for multiscale composite materials. During manufacturing of these materials, even if good dispersion of the nanoparticles into the epoxy matrix is initially achieved, fGNP distribution can be strongly affected by filtering phenomena. Additionally, degassing of the epoxy matrix is essential in order to maintain mechanical properties of the multiscale composite materials, which becomes more difficult when the matrix is filled with the GNPs because of a major viscosity.

Electrical contact placement needs to be carried out carefully in order to assure that the electrical contact resistance is as low as possible. For this, it is important to ensure that surfaces are completely cleaned before applying the silver paint to fix the copper electrodes. Furthermore, before applying the hot melt adhesive, the silver paint needs to dry. If not, the solvent evaporates and provokes the appearance of bubbles, increasing the electrical contact resistance. One of the advantages of positioning electrical contacts on the surface of the material, in contrast to the electrodes located inside the sample31, is that it is non-intrusive and is not a detriment to any mechanical properties. During monitoring tests, the electrical contacts can detach from the surface of samples. Consequently, proper fixing is essential to ensure that the electrical signal that is going to be registered corresponds only to the intrinsic electrical response of the material.

The protocol described above can be applied or modified with different nanofillers such as carbon nanotubes or other conductive nanoparticles that also lead to electrically conductive composites with self-sensing properties32,33. The monitoring protocol can be extrapolated to other test configurations for damage detection and quantification. One limitation of the system used for the electrical contacts is that their location on sample surfaces restricts the volume of material where the electrical resistance is analyzed. By designing another system involving volumetric measurements, internal damage could be detected and quantified but in this case, mechanical properties could be compromised. The protocol could be useful in biomechanical applications to remotely monitor the evolution of bone diseases or count footsteps during running or in physical therapy to evaluate the recuperation process.
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