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In this study, a flexible conductive membrane (CM) consisting of a network of carbon nanotubes is produced and the electromechanical behavior of this CM was studied experimentally and the gauge factor (GF) of CM was in the 8-8.25 range. Then, a multi-mode strain detection is carried out in composites using this CM sensor. The CM is embedded gradually at directions i.e. 0°,+45°,90°,-45° between the plies for real-time/in-situ strain monitoring. The composite specimens are then cut in star profile and then tested under tensile and bending cyclic loading. There is a good reproducibility in the results and the mechanical response of composite correlated perfectly with the electrical resistance of the CM sensor however, a sensor in each position showed distinct behavior. The results established that the CM sensor exhibited good potential as a flexible strain sensor for in-situ monitoring of composites and can provide detection over a large section and unapproachable locations.

Introduction

Application of structural composites in the field of infrastructure, energy, aerospace, and the automobile has been increasing rapidly and these structures often experience a variety of conditions such as impact, bending, elongation, shock loading, or environmental effects [START_REF] Farringdon | Wearable electronics and clothing from Philips and Levi[END_REF]- [START_REF] Simon | Smart fabrics technology development[END_REF]. The detection of local damage such as delamination, interlaminar failure, matrix softening, and matrix cracking in composites is often difficult to detect before the performance of the materials has been seriously compromised [START_REF] Diamanti | Structural health monitoring techniques for aircraft composite structures[END_REF]- [START_REF] Hollaway | A review of the present and future utilisation of FRP composites in the civil infrastructure with reference to their important in-service properties[END_REF]. Non-destructive techniques (NDT) such as ultrasonic detection, x-rays, etc. can detect local damage, however, they often require disassembly of the structure for inspection and they are not able to detect damage instantaneously. Acoustic emission is often used for real-time monitoring of the failure in structures but, interpretation of the data is a complex process and mostly qualitative.

So, it is important to discover novel methods for monitoring the deformation of the structure in realtime, and structural health monitoring (SHM) is a renowned and extensively used system to study the behavior of the structure in real-time to guarantee their reliability and safety [START_REF] Qureshi | Development of microscale flexible nylon/Ag strain sensor wire for real-time monitoring and damage detection in composite structures subjected to three-point bend test[END_REF]- [START_REF] Qureshi | In-situ Monitoring, Identification and Quantification of Strain Deformation in Composites under Cyclic Flexural Loading using Nylon/Ag Fiber Sensor[END_REF]. Currently used SHM techniques include fiber optic sensors, piezoelectric or piezoresistive sensors, strain gauges, and accelerometers to monitor the mechanical deformation, vibrations, or other parameters of the structure during the operation [START_REF] Bois | Monitoring a delamination in a laminated composite beam using in-situ measurements and parametric identification[END_REF]- [START_REF] Doebling | Damage identification and health monitoring of structural and mechanical systems from changes in their vibration characteristics: A literature review[END_REF]. However, most of these techniques can detect damage only near its location therefore, they must be placed near the critical zones on the structure. To counter this, sensor network systems had also been used to triangulate the location of the damage using Lamb wave propagation, but the cost, size, and weight of such a system limit their use in addition to their complex data analysis and processing [START_REF] Andrews | Lamb Wave Propagation in Varying Isothermal Environments[END_REF]. The piezoresistive nature of carbon fiber reinforced composites has been studied as a self-sensing system to some extent but because of the electrically conductive nature of carbon fibers, this method does not apply to large structures due to their size and complexity of the design [START_REF] Muto | Design of intelligent materials with self-diagnosing function for preventing fatal fracture[END_REF]- [START_REF] Wang | Piezoresistivity in continuous carbon fiber polymer-matrix composite[END_REF].

Numerous studies have focused on piezoresistive polymers made by dispersing nanofillers such as carbon nanotubes (CNTs) into the filaments of fibers or in the polymer matrix to increase the overall conductance of the structure were also considered as a possible solution of real-time strain monitoring [START_REF] Nauman | Smart Sensors for Industrial Applications. Part V Piezoresistive, Wireless, and Electrical Sensors[END_REF]- [START_REF] Hu | Performance characterization of {VGCF}/epoxy nanocomposite sensors under static load cycles and in static structural health monitoring[END_REF]. In addition, a conductive polymer in the form of a thin-film, ribbon, thread, or any other desired shape can be formed using CNTs for sensing applications [START_REF] Grow | Piezoresistance of carbon nanotubes on deformable thin-film membranes[END_REF] [START_REF] Abot | Delamination detection with carbon nanotube thread in self-sensing composite materials[END_REF]. CNTs have been considered exceptional material since their discovery because of their high aspect ratio, electrical conductivity, and excellent mechanical and thermal properties [START_REF] Iijima | Helical microtubules of graphitic carbon[END_REF]. Fibers consisting of CNTs have been used in SHM of damage in structures due to their excellent mechanical behavior, flexibility, and deformation sensitivity [START_REF] Wan | Damage detection of three-dimensional braided composite materials using carbon nanotube thread[END_REF]- [START_REF] Liu | Electrically conductive strain sensing polyurethane nanocomposites with synergistic carbon nanotubes and graphene bifillers[END_REF]. To have excellent conductivity, CNTs are usually implemented in well-aligned free-standing or a conductive membrane (sheet) of randomly oriented CNTs named as bucky paper [START_REF] Kim | Calculation of the field enhancement for a nanotube array and its emission properties[END_REF]- [START_REF] Chen | Emitter spacing effects on field emission properties of laser-treated singlewalled carbon nanotube buckypapers[END_REF]. However, several studies showed that oriented and CNTs grown on a specific substrate required critical control on the fabrication process to ensure better dimension and spacing of CNTs [START_REF] Rai | Nanotip formation on a carbon nanotube pillar array for field emission application[END_REF]- [START_REF] Seelaboyina | Enhanced field emission from aligned multistage carbon nanotube emitter arrays[END_REF]. Therefore, the fabrication of bucky paper/ conductive membrane was inspired by the simplicity of the fabrication process and ease to use especially on a large scale. The conductive membrane is a laminar structure of randomly oriented CNTs held together by the van der Waals forces. This conductive membrane/ bucky paper had been utilized to developed chemical sensors, actuators, supercapacitors, and flexible fibers [START_REF] Roy | Enhanced Field Emission and Improved Supercapacitor Obtained from Plasma-Modified Bucky Paper[END_REF]- [START_REF] Baughman | Carbon Nanotube Actuators[END_REF]. However, their application in real-time monitoring of mechanical deformation of structures under different loading conditions is still underdeveloped or limited.

In this experimental investigation, the real-time strain detecting ability of the CNTs based conductive membrane (CM) was examined under tensile and flexural loading. A CM sensor with good flexibility was developed through chemical vapor deposition (CVD) of randomly oriented CNTs in the form of a membrane on a quartz wafer with a thickness of 120 µm. Then, the sensitivity of the CM to the applied strain was calculated experimentally by gauge factor (GF) calculation using a standalone sensor. Afterward, the general electromechanical behavior of CM was examined up to fracture to validate the response of the CM sensor under large strain application or during any damage that was vital to comprehend its use in high strain applications. Afterward, this CM sensor was positioned in 0°, +45°, 90°, -45° directions through the plies gradually in a glass fiber reinforced polymer (GFRP) composites, and the composite specimens were tested under tensile and flexural cyclic loadings. The results showed that the CM sensor did not only detected the strain under both loadings but also the intensity of the signal measured the amount of deformation. Moreover, the results demonstrated that the position and direction of the sensor play a vital role in the detection of strain by the sensor.

Sample Fabrication

Conductive membrane (CM) sensor

A conductive membrane (CM) was fabricated using a chemical vapor deposition (CVD) method by growing CNTs on a quartz crystal, Figure 1. This process consisted of two steps in which the first catalyst was prepared and then CNTs were synthesized. The wafer, cut in specific dimensions, was first heated in an oven at 500 °C for 10 mins and then after cooling down to room temperature, it was dipped in the catalyst solution consisting of ethanol and Fe-Mo in a mol ratio of 10:1. Afterward, the Fe catalyst deposited on the wafer was reduced by placing it in a quartz tube in a tube furnace and heating at 800 °C in argon and hydrogen gas. Lastly, in the presence of ethylene gas, the substrate was subjected to a carbon source. This ethylene gas triggered the breakdown of carbon and led to the synthesis and deposition of CNTs on the wafer. After fabrication, the sample was pressed between two parallel plates in successive steps to ensure denser film in the form of a membrane of 120 µm thickness and separate it from the wafer. We managed to produce CNTs with a length of about 200 µm with a diameter of about 10 nm. Figure 2 

Composite samples embedded with CM sensor

The process of integrating CM sensors in a composite specimen for in-situ strain monitoring required electrical isolation of the CM sensor in each position and direction. That is why composite specimens were prepared using chopped glass fiber plies because of their high electrical resistance and nonconductivity and it also ensured the isotropic nature of the composite sample. Five plies of chopped glass fiber mat were used in a single composite specimen and each CM sensor was placed in its respective directions i.e. sensor A in 0°, sensor B in 45°, sensor C in 90°, and sensor D in -45° and were separated by each ply. Then, the Epon 862 resin and w30 hardener mixture in a 1:4 ratio was added to the mold and total incorporation of the CM sensor in an individual position was accomplished.

Then, the sample was left at room temperature for 2 days for curing and the sensor in each position was visible in all cured specimens. Then, each composite plate was cut into a star shape and the 

Experimentation

Experimentation of standalone CM sensor for GF calculation

CM sensor was tested under tensile load as a standalone sensor of 72 mm length and 0.5 mm width using the INSTRON-50 apparatus, Figure 4a. The data acquisition system was attached through electrodes at both ends of the CM to simultaneously record the variation in the electrical resistance with the applied strain and calculate its gauge factor (GF). CM sensor was very delicate to handle, and because of its fragility, it was quite challenging to place the sample between the fixtures during the standalone test. The sample was placed in the machine using paper support as it was difficult to place the delicate CM alone between the fixture of the machine and before the start of the test, the paper frame was cut in the middle to not affect the mechanical response of the CM sensor during the test, Figure 4a. In addition, all the electrical contacts were isolated from any metallic part of the machine using insulation tape to ensure that the electrical signal of the CM sensor could not be influenced. The CM sensor was placed unstrained between the fixture before the test and no slippage occurred between the electrode and sensor connection during the test, Figure 4b. Three successful tests were conducted with CM sensor up to fracture to comprehend its electrical behavior with the variation in mechanical performance for high strain applications. The sensor was applied with tensile strain at the low strain rate of 2 mm min -1 and the results showed repeatability in their mechanical and electrical response which will be discussed in detail in the next section. 

3.2.Experimental testing of composite integrated with CM sensor

Composite specimens integrated with CM sensors in different direction and position was tested using INSTRON-50 and data acquisition system was attached to each sensor using electrodes for real-time monitoring of strain deformation. INSTRON-50 recorded the mechanical performance of the composite sample and the data acquisition system simultaneously recorded the response of each CM sensor. Two sets of tests were performed on the composite star specimens. The first set of tests included the study of three composite specimens under tensile cyclic loading and the second test was included the testing of three-star specimens under cyclic bending to comprehend the real-time monitoring behavior of the CM sensor in detail, Figure 4c-4d. Moreover, the shape of the specimen made it easier to place it between the fixtures during the tensile cyclic loading but the placement of the specimen between the rollers of the flexural cyclic test was a bit difficult. That is why the strain rate for the tensile test was kept at 5 mm min -1 applied up to 15 kN and for the flexural test, it was kept 2 mm/min applied up to 2 kN to ensure no permanent deformation in the samples. All tests were performed for 10 cycles and it must be noted that the range of strain rate in quasi-static tests is so low that it does not strain hardening in the mechanical behavior of the sample or any hysteresis in the electrical response of the sensor [START_REF] Sebastian | Health monitoring of structural composites with embedded carbon nanotube coated glass fiber sensors[END_REF]. Each test presented that the CM sensor in each position and direction showed a distinct resistance profile in both sets of tests which will be discussed in detail in the next section.

Result discussions 4.1 Mechanical Behavior of CM sensor

The CM sensor displayed good mechanical behavior in terms of Young's modulus and yield strength which were about 1.119 +/-0.024 GPa and 1.06 +/-0.0256 MPa, respectively were +/-denotes the sample standard deviation, Figure 6a. Table 1 summarizes the mechanical behavior of the CM sensor, consisting of yield's strength, Young's modulus, and fracture strain. In overall mechanical behavior, each sensor sample exhibited nonlinear (plastic) deformation before final fracture which specified that the membrane was quite flexible and might be applicable in high strain applications without compromising its mechanical performance, Figure 6b. The dense network of CNTs in the CM started to overcome the wander Vaal's forces when elongated and showed plastic deformation before the initiation of its breakage. Furthermore, it was observed that after plastic deformation, the damage initiation and propagation were not sudden, and the membrane was fractured gradually. 

Strain sensitivity calculation of CM sensor

The resistance of the CM sensor increased with the applied tensile strain showing a good correlation with its mechanical response, Figure 7a. The sensitivity of the CM sensor was demonstrated in terms of GF by comparing the variation of resistance with the amount of applied tensile strain and calculated by using equation [START_REF] Farringdon | Wearable electronics and clothing from Philips and Levi[END_REF].

𝐺. 𝐹 = (△ 𝑅/𝑅𝑜) 𝜀 (1) 
In this equation, △R/Ro is the ratio of change in resistance to the initial resistance, and ε is applied strain. Assuming the elastic limit is 2%, the GF in the elastic range was calculated to be 8.14 +/-0.11, which almost 3 times higher than the metal strain gauges [START_REF] Li | Superhydrophobic Electrically Conductive Paper for Ultrasensitive Strain Sensor with Excellent Anticorrosion and Self-Cleaning Property[END_REF], Figure 7b. In previous studies, bucky paper consisting of dense network of CNTs showed almost 7 GF [START_REF] Kang | A carbon nanotube strain sensor for structural health monitoring[END_REF] and paper based CNTs strain sensor showed 7.5 GF [START_REF] Li | Superhydrophobic Electrically Conductive Paper for Ultrasensitive Strain Sensor with Excellent Anticorrosion and Self-Cleaning Property[END_REF]while CNTs based tablet showed GF up to 50 [START_REF] Karimov | Carbon nanotubes based strain sensors[END_REF] because of being pressed between two plates under the pressure of ~ 200-300 MPa to ensure maximum densification, Figure 8.

Furthermore, self-resistance of CNTs based nanocomposites and CNTs/polymer composite strain sensors are also studied for strain monitoring applications however, their GF depends upon the weight % of CNTs used to overcome the threshold level [START_REF] Hu | Investigation on sensitivity of polymer/carbon nanotube composite strain sensor[END_REF]. All these sensors have complex and expensive fabrication processes and depend upon the tunneling effect which can affect the overall resistance of the sensor. Moreover, most of these sensors are studied under single applied load to detect deformation in simple structural models to their strain sensitivity and integrity. None of them were studied to quantify the deformation under cyclic load in different directions and position at multiple locations and most of them were externally attached to the structure for the monitoring of the strain. The comparative study confirmed that the CM sensor had a good strain sensitivity range and can be used for instantaneous strain monitoring of structures. 

𝛼 = 1 𝜌 (2) 
𝑅 = 𝜌𝐿 𝐴 ( 3 
)
where α is electrical conductivity, ρ is resistivity, L is length, A is the cross-sectional area, and R is resistance.

The CM sensor showed a gradual and linear change in resistance as the sensor started to experience deformation at the applied strain. The inset box showed that the sensor showed a detection signal even during elastic deformation and plastic deformation (after the yield point). The sudden increase in this behavior of resistance is after the achievement of maximum stress at around 23-24% yield because of the initiation of damage or facture in the membrane at the micro-scale. When the CM sensor showed a full fracture, the resistance achieved its maximum value of around 30-40% strain. Therefore, the sensor is not only able to damage initiation and fracture but also able to monitor the strain deformation and can be used for high-strain monitoring applications. This confirmed its ability to use for real-time strain monitoring application during high strain deformation of structures. 5 Real-time strain monitoring application of CM sensor

Strain monitoring in composites during cyclic tensile loading

First, it is important to understand the strain deformation of the composite under cyclic tensile loading to apprehend the strain detection by the CM sensor, Figure 10. One leg of the star specimen was fixed between the fixtures of the machine and the other legs were free. The loading axis was considered as the reference and the sensor place in this direction was at 0° and labeled as sensor A. When the specimen was loaded, tensile stresses were produced at 0° and compression stresses were produced in 90° i.e., transverse direction. In addition, it was understood that the combined effect of tensile and compression stresses is generated in oblique direction i.e., +45°. However, in test 1 and 2, samples were placed between the fixtures in such a manner that the leg of the star sample consisting of sensor A was along the loading axis i.e., in 0°, and in test 3 sample was placed in a way that the leg of the composite sample consisting of sensor C was along the loading axis i.e. in 0°, sensor A in 90° and sensor B & D interchanged their position, Figure 11. The step to interchange the positions of the CM sensor in test 3 was conducted to examine the load sensitivity of the CM sensor and it did not affect the comparison of the mechanical performance of the composite samples. Three composite specimens were tested successfully, and mechanical behavior was plotted as elastic modulus and overall initial stress-strain curve which showed good repeatability in the behavior, Figure 12. Results confirmed that the mechanical behavior of all composite samples was similar irrespective of the choice of the loaded leg, was isotropic because of the use of the chopped glass fiber mat, and the presence of CM sensor in different directions and position did not affect the structure's integrity. Flexible CM sensor displayed good electrical variation during the strain deformation of the composite specimen in all three experimental tests. The resistance of the CM sensor in each composite sample showed gradual change during each cycle of applied strain and showed similar behavior in each direction. However, the electrical resistance of the CM sensor within a single specimen showed different intensity in the change of the signal with the applied strain because of their specific direction i.e. 0°, ±45°, 90° regarding the loading axis. This showed that the CM sensor did not only monitor the strain but also showed the amount of strain-induced in each direction with respect to the applied load.

Moreover, the consistency of the recorded signal during all 10 cycles showed the stability, durability, and integrity of the CM sensor.

• were the mirror of each other regarding the loading axis and they confirmed the isotropic nature of the material. CM sensor in position C showed minimum variation in the resistance due to its transverse direction with respect to the loading axis. This change was positive however, a negative change was expected because of the compressive strains, to justify the Poisson's effect under tensile loading [START_REF] Qureshi | Development of microscale flexible nylon/Ag strain sensor wire for real-time monitoring and damage detection in composite structures subjected to three-point bend test[END_REF], [START_REF] Qureshi | Real-time strain monitoring performance of flexible Nylon/Ag conductive fiber[END_REF]- [START_REF] Qureshi | In-situ Monitoring, Identification and Quantification of Strain Deformation in Composites under Cyclic Flexural Loading using Nylon/Ag Fiber Sensor[END_REF]. This positive change could be because of the complex interaction between the laminar stresses and the conduction behavior of the CNTs in the conductive membrane. One reason could be the fact that the curing process densified the arrangement of the CNT network in the layers of conductive membrane and additional compression could not cause a further reduction in the resistance of the CM sensor [START_REF] Sebastian | Health monitoring of structural composites with embedded carbon nanotube coated glass fiber sensors[END_REF].

• Sample 3 was tested and compared with the results of Sample 1 to test the load sensitivity of the CM sensor, Figure 14. In test 3, sensor C recorded the maximum change in the resistance during the cyclic tensile load because of its position along the loaded axis and sensor A showed detection of minimum strain deformation because of its transverse position with respect to the loading axis. However, CM sensors placed in B and D showed an identical change in the signal because of their similar direction according to the loading axis in both tests 1 and 3 i.e. +45°.

Moreover, it was observed that the intensity of the change in signal of the CM sensor in a particular position was similar in both cases i.e. test 1 and 3 regardless of sensor label. For instance, sensor A in test 1 and sensor C in test 3 showed the almost equal intensity of the increase in resistance with the applied strain because of a similar position. Similar behavior was observed for the rest of the position which confirmed that the position of the sensor plays a key part in not only detecting the deformation but also identify the amount of strain produced in the respective direction. Thus, this confirms the sensitivity of the sensor is dependent on their location according to the loading direction, Figure 15. 

Strain monitoring behavior in composites during cyclic flexural loading

Like the tensile test, it is also significant to understand the strain of the composite sample during the three-point bend test to apprehend the response of the CM sensor during the detection of flexural strain.

The Star specimen was placed in the machine for a three-point bend test in such a manner that one leg of the star sample was loaded among three roller-fixtures in addition all other legs were free. The loaded leg was positioned on the two roller-fixtures on the bottom and the third upper roller-fixture was used to apply the force and deflection, Figure 16a. Moreover, it should be kept in mind that in all three tests, the star specimen was placed between the rollers such that sensor A was in the roller axis direction and sensor C was in the loaded leg i.e., within the span length. Once the sample was deflected during the three-point bend test, it was deformed within the span light and there were compressive strains (green arrows) at the upper surface because of the compressive force of the upper roller-fixture and tensile strain near the lower surface of the sample due to the tensile elongation (red arrows), Figure 16b. Then these tensile (from bottom) and compressive (from top) strains propagate through each ply which could result in sample failure.

Three samples were tested in such a manner that samples in tests 1 and 2 were placed between the rollers with sensor A in the topmost place within the roller axis (Case I) and sample in test 3 was placed between the roller with sensor D in the top position and sensor A in the lowest place (Case II) while sensor C was along the span length in both cases, Figure 17. This step was carried out to study the position sensitivity of the CM sensor and its capacity to sense strain deformation within the plies of the composite during flexural deflection. Mechanical behavior under flexural loading was calculated using equation ( 4)-( 6) and results showed that inverting the positions of the sensors did not affect the mechanical performance of the composite with good reproducibility in the mechanical behavior, Figure 18. The flexural modulus on average was found to be 10.103 +/-0.0737 GPa which shows excellent agreement with the tensile modulus and confirmed the uniform and consistent fabrication process. This further established that the presence of flexible CM sensors in distinct directions and positions did not affect the overall mechanical performance, structural integrity, and isotropic nature of the star specimen [START_REF] Qureshi | Development of microscale flexible nylon/Ag strain sensor wire for real-time monitoring and damage detection in composite structures subjected to three-point bend test[END_REF].

𝜎 𝑓 = 3𝐹𝐿 2𝑏𝑑 2 (4) 
𝜀 𝑓 = 6𝐷𝑑 𝐿 2 (5) 
𝐸 𝑓 = 𝐿 3 𝑚 4𝑏𝑑 3 (6) 
where, 𝜎 𝑓 is the flexural stress, 𝜀 𝑓 is the flexural strain, 𝐸 𝑓 is the flexural modulus of elasticity, F is the load, L is the span length, b is the width, d is the thickness, D is the deflection, and m is the slope of the load-deflection graph. in place of tensile strain [START_REF] Qureshi | In-situ Monitoring, Identification and Quantification of Strain Deformation in Composites under Cyclic Flexural Loading using Nylon/Ag Fiber Sensor[END_REF], but this was not seen in the results because of the same reason discussed in section 5.1 i.e. real-time strain monitoring during tensile deformation.

In both cases, the CM sensor in all four positions showed distinct performance which was required to be discussed in detail consecutively to comprehend the detection of deformation during the flexural bending by the CM sensor in each position.

• Sensor A: was in the leg of the star specimen positioned at 0° direction regarding the roller axis and was solitary under the localized compression of the center roller because of the indirect load applied by the central roller. Sensor A detected minimum strain deformation in case I (positioned on top)

while in case II (positioned at the bottom), it detected maximum deformation, Figure 19. This confirmed that the CM sensor was able to detect the tensile elongation in case II but instead of showing the negative change in resistance in case I to detect the compressive strains, it showed a minimum positive change in the resistance which could be because of the densification of the CNT network in the conductive membrane during the curing process of the composite sample and the localized buckling of the fibers. However, changing the position of the CM sensor showed the change in the sensitivity of the sensor with respect to the position and applied load axis, Figure 20.

• Sensor B: was in +45° in case I and in -45° in case II regarding the roller axis while it was situated second from the top in former and second from the bottom in latter case i.e. between ply 2 and 3. In • Sensor C: was in the leg of star specimen along the span length (90° direction), placed between the rollers and between the 3rd and 4th ply. During Case, I, the CM sensor in this position showed maximum intensity in the detection signal and correlated perfectly in each cycle of the applied strain because it was placed in the loaded led and was under the maximum influence of the flexural deflection, Figure 19. Also, in case I (test1 and test 2), it was positioned below the neutral axis of the specimen where the specimen experienced tensile strain and elongation. CM sensor detected showed an increase in resistance with an applied deflection in each cycle and this detection was not localized but along the whole span length. However, in case II when the position of sensor C was a change to above the neutral axis, the intensity of the detection signal dropped because of the higher effect of compression than the tensile deformation, Figure 20. So, even though sensor C was along the span length and under the direct influence of the bending still, its intensity of the signal was less than sensor A and sensor B according to its position in Case II, Figure 21. 

Conclusions

The objective of this extensive experimental study was to develop a conductive membrane consisting of a CNTs network with high electrical conductance and incorporate it in the composite specimen for real-time strain monitoring applications. This CM sensor showed viable replacement of conventional strain gauges and SHM systems by demonstrating high sensitivity to applied strain in the range of 8-8.25, flexibility 0and 0easy integrated within the composite specimens. The method of placing these sensors in different directions and positions showed that these sensors can detect deformation over large areas and sections of complex structures and in locations that are not normally accessible to conventional methods. The study of real-time monitoring of strain by CM sensor under tensile and flexural cyclic loads demonstrated the influence of the direction with respect to the loading axis on the change in resistance and the influence of the position of the sensor within the plies on the detection signal, respectively. Results confirmed that CM sensors in both tests reacted to the applied stimuli in every direction and showed a distinct change in their change in resistance thus, not only monitoring the deformation but also detecting the amount of damage induced in each position and direction within the composite sample. However, further study is required to understand the precise mechanism responsible for changing the resistance of the sensors to apprehend its response in the transverse direction or under compression strain. Further understanding of these effects on the behavior of CNTs network in the CM sensor could make it possible to tailor the fabrication process of the conductive membrane so that the behavior of the sensor is predictable under both strain deformations i.e. tensile and compression.

  demonstrates the SEM characterization of the CM sensor consisting of a dense network of CNTs. It's a laminar structure of randomly oriented CNTs held together by the van der Waals forces.
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 12 Figure 1: Fabrication Process of CM Sensor

  individual leg indicated the position and direction of CM, Figure 3a. The thickness of the composite specimen was kept as 5 mm and the width and length of the individual leg of the star sample were kept at a standard measurement of 25 mm and 200 mm respectively, Figure 3b. Schematic illustration of the composite star sample integrated with CM sensor showed that sensor in each leg was represented by sensors A, B, C, and D according to their reference direction and the position of each sensor within the plies of the sample.
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 3 Figure 3: (a) Composite sample integrated with CM sensor and sensors are visible in each position as the samples became transparent after the curing method. (b) Geometric specifications of the composite specimen and schematic illustration of the direction and position (section view) of the CM sensor.
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 45 Figure 4: Preparation of CM sensor for standalone experimental test for the GF calculation. Set of papers are used as a support and electrode is attached on each end
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 6 Figure 6: Mechanical performance of CM sensor.
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 78 Figure 7: Experimental behavior and calculation of the strain sensitivity of the CM membrane sensor
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 9 Figure 9: Overall electromechanical response of CM sensor specimens.
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 101112 Figure 10: Deformation mechanism of the specimen during the applied tensile strain.

  Tests 1 and 2 were performed to further confirmed the repeatability in the behavior of the CM sensor when produced in different batches. All the sensors A, B, C, and D presented variation in resistance according to the intensity of the deformation in their direction and correlated perfectly in both tests and each cycle, Figure 13. Furthermore, sensor A demonstrated the maximum change in its resistance when subjected to the cyclic loading that established the presence of maximum deformation of the sample in the loading direction because of the tensile elongation. Then, sensor B and D presented less variation in their resistance during the cyclic strain in comparison with sensor A because of their direction. Moreover, sensor place in B and D direction displayed an identical change in resistance which is because these two positions

Figure 13 :Figure 14 :Figure 15 :

 131415 Figure 13: Real-time tensile strain monitoring in the composite by CM sensor and verification of the reproducibility of the test

  (a) Placement of the Specimen between the roller fixtures in the machine (b) Deformation behavior of the specimen

Figure 16 :

 16 Figure 16: Mechanical strain deformation of composite star sample during flexural loading.
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 1718 Figure 17: Placement of the star specimen between the three rollers fixtures for flexural bending: (a) Samples placed during test 1 and 2 when sensor A is in top position and sensor D is in lowest position (b) Sample placed during test 3 when sensor A is in the lowest position and sensor D is in top position. Sensor C is in the loaded leg during all three tests.

tests 1 and 2 ,

 2 sensor B showed good reproducibility in results and correlated perfectly with the applied strain in each cycle, Figure 19. But, the intensity of the detection signal of sensor B in comparison to sensor A was increased because sensor B was closer to the effect of the indirect localized effect of the central roller in both cases. Comparison of tests 1 and 3 showed that the intensity of the CM sensor signal changed because of the change in the position, Figure 20. As discussed earlier the CM sensor shows good detection of a tensile strain than the compression because the network of CNTs already shows excellent conductance that further compression does not affect its resistance change, Figure 21.

•

  Sensor D: was in the leg positioned at -45° direction and in the bottom position in case I and 45° direction and the top position in case II. It was also not under the direct effect of flexural deflection but only under the. During Case, I (test 1 and test 2), the sensor in position D showed the secondlargest intensity in the detection signal after sensor C because of its position in the bottom of the specimen where it experienced tensile elongation under the indirect localized influence of the central roller, Figure 19. The intensity of the sensor at D position was lower than the sensor in the C position even though maximum strain should be present at the bottom but because sensor C was along the span length in the loaded leg and under the direct influence of flexural bending as discussed before. The comparison of case I and case II showed that the intensity of the signal of the sensor in the D position was decreased remarkably when its position was changed in Case II, Figure 20-21.
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 19 Figure 19: Real-time strain monitoring in composite star specimen during cycle flexural bending using CM sensor
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 20 Figure 20: Comparison of real-time strain monitoring in composite star specimen during cycle flexural bending during test 1 (when sensor A is placed in top position according to the loading axis) and test 3 (when sensor A is placed in bottom position according to the loading axis).
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 21 Figure 21: Effect of position and direction on the sensitivity of the CM sensor with respect to the loading axis and position throughthickness.

  

  

  

Table 1 :

 1 Mechanical properties of CM sensor under tensile loading

		Elastic Modulus	Fracture Strain	Yield Strength
		(GPa)	(%)	(MPa)
	Sample 1	1.09050	25.40	1.60
	Sample2	1.13440	28.08	1.58
	Sample3	1.13040	26.80	1.63
	Average	1.11843	26.76	1.60
	Standard deviation	0.0242735	1.3419	0.0256