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				Abstract. 

				The use of carbon nanotubes for piezoresistive strain sensors has acquired significant attention due to its unique electromechanical properties. In this comprehensive review paper, we discussed some important aspects of carbon nanotubes for strain sensing at both the nanoscale and macroscale. Carbon nanotubes undergo changes in their band structures when subjected to mechanical deformations. This phenomenon makes them applicable for strain sensing applications. This paper signifies the type of carbon nanotubes best suitable for piezoresistive strain sensors. The electrical resistivities of carbon nanotube thin film increase linearly with strain, making it an ideal material for a piezoresistive strain sensor. Carbon nanotube composite films, which are usually fabricated by mixing small amounts of single-walled or multiwalled carbon nanotubes with selected polymers, have shown promising characteristics of piezoresistive strain sensors. Studies also show that carbon nanotubes display a stable and predictable voltage response as a function of temperature.

				
					
					
				

			

			1. Introduction

			Carbon nanotubes have drawn much attention since their discovery in 1991 [1] because of their unique electronic and mechanical properties. Electronically, single-walled carbon nanotubes can be metallic, semiconducting, or small-gap semiconducting, depending on the graphene lattice orientation, with respect to the axis of the tube. They also have very interesting electromechanical properties [2] and could be useful in applications for piezoresistive strain sensors such as strain gauges.

			The applications of strain sensors are mainly used in engineering fields for damage detection and characterization of structures. Strain measurements by the traditional sensors (metal and semiconductor strain gauges) have shown high sensitivities and are less expensive. But despite these advantages, there are drawbacks. They are fixed directional sensors, meaning strain can only be measured in a specific direction; they have low resolution at nanoscale and cannot be embedded in structural materials. The fiber Bragg grating (FBG) sensors also known as optical fiber sensors mostly used as trunk lines for the transmission of information have been attracting special interest recently due to their strain sensing characteristics [18]. In a manner similar to traditional strain gauges, calibration of displacement optical fiber is related to the strain resistivities of the fiber by appropriate gauge factors. FBG strain sensors match quite well with other composites materials like glass and carbon fiber composites, which are used in modern constructions. FGB strain sensors can be embedded into composites or can be fixed directly or as patches on the surface of the structural materials like normal strain gauges. They can measure very high strain (>10,000 μm/m) and are well suited to highly stressed composites constructions. The gauge factor is within the range of 0.77 to 0.81 [19]. One of the major disadvantages of FGB strain sensors is the insensitivity to strain on a nanoscale. Thin films piezoresistive strain sensors of single-walled and multiwalled carbon nanotubes serve as good alternatives for developing new sensors because of their outstanding properties. Carbon nanotube thin film strain sensors can be embedded into structural materials and operate as both multidirectional and multifunctional sensors with high strain resolution on nanoscale [20]. The electromechanical properties of carbon nanotube thin film strain sensors exhibit excellent characteristics compared to the traditional sensors due to a combination of high elastic moduli and outstanding electrical properties.

			2. Structure of Carbon Nanotubes

			The structure of carbon nanotubes has significant influence on its properties: electrical, mechanical, thermal, and optical conductivity. For example, the band gap of semiconducting single-walled carbon nanotubes is dependent on the diameter. An increase in diameter leads to a decrease in the band gap [4].

			2.1. Single-Walled Carbon Nanotubes

			 A single-walled carbon nanotube can be seen as a seamless cylinder achieved by rolling up a section of a graphene sheet. Its structure is uniquely described by a roll-up vector C = na1
				 + ma2
				, where the 
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				 are the graphene lattice vectors. The unit cell of a single-walled carbon nanotube is defined by the chiral indices, 
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				. The magnitude of the translational vector 
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				 is along the axis of the single-walled carbon nanotube and perpendicular to the 
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				 vector as shown in Figure 1.

			
				
					
						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						

						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						

						
							
						
						

						

						
							
								
							
						
						

						
							
							
							
							
							
						
						

						

						

						

						

						
							
							
							
							
							
							
						
						

						
						
							
							
							
							
							
							
							
							
						
						

						
							
								
								
									
								
							
						
						
							
								
								
									
								
							
						
						
							
								
								
									
								
							
						
						
							
						
						
							
						
						
							
						
						
							
						
						
							
						
					
					
						Figure 1: A carbon nanotube 
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						 can be generated by rolling a graphene sheet along the chiral vector 
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						 are graphene lattice vectors. The carbon nanotube can also be characterized by the diameter 
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						 and the chiral angle 
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						 with respect to the zig-zag axis, 
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						 = 0°. The diagram represents a construction of a (8, 4) single-walled carbon nanotube [3].
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			2.2. Multiwalled Carbon Nanotubes

			A multiwalled carbon nanotube is made of multiple rolled layers of graphene sheets with inner diameters as small as those of the single-walled carbon nanotubes, which can be up to tens of nanometers. The outer diameters vary from a few nanometers to tens of nanometers. Multiwalled carbon nanotubes have an interlayer spacing of approximately 0.34 nm, which is slightly greater than graphite (0.335 nm). This difference is attributed to van der Waals forces between consecutive cylinders [1].

			3. Properties of Carbon Nanotubes

			3.1. Mechanical Properties

			The σ bonds and the tubular structure of carbon nanotubes are responsible for its excellent mechanical properties. Many analytical calculations have been used to estimate the Young’s modulus of single-walled carbon nanotubes to be least 1 TPa [21, 22]. The experiments of Wong et al. corresponded with previous experimental results indicating a mean value of 
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				 TPa for multiwalled carbon nanotubes [23]. Carbon nanotubes have also shown high tensile strength of up to 40% without any form of plastic deformation, brittle-like behavior, or rupture. This is due to the extra energy absorption required for the hollow structures of carbon nanotubes compared to most materials. The tensile strength is said to be on the order of a hundred GPa, which is approximately a thousand times harder than steel [24].

			These superior mechanical properties make carbon nanotubes suitable as reinforcing materials in composites. Andrews et al. [25] showed that by adding 5% of single-walled carbon nanotubes, the tensile strength and Young’s modulus of the composite increases by 90% and 150%, respectively. The excellent elastic property of carbon nanotubes allows them to store a huge quantity of energy.

			3.2. Electronic Properties

			A carbon nanotube having chirality with 
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				 is an integer shows a small band gap induced by curvature of the graphene sheet and is called semimetallic, quasimetallic, or small-gap semiconducting. The band gaps of both semiconducting and small-gap semiconducting single-walled carbon nanotubes decrease with 
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				, respectively, (as shown in Figure 2). The small-gap semiconducting carbon nanotubes formed due to curvature effects are usually considered metallic at room temperature for experimental conditions [4].
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						Figure 2: The primary gap 
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			The electronic structure of multiwalled carbon nanotubes is more complicated due to the various coaxially arranged single-walled carbon nanotubes. Electron transport in multiwalled carbon nanotubes is said to be similar to that of the larger diameter single-walled carbon nanotubes because most of the electric current passing through a multiwalled carbon nanotubes from the outside is mostly confined to the outermost cylindrical layer [26, 27].

			The outstanding electronic properties of carbon nanotubes make them useful in electronic devices and sensor applications.

			3.3. Electromechanical Properties

			The electronic property and structure relationship imply that mechanical deformation can alter the band structure of carbon nanotubes. This effect can be useful in the application of carbon nanotubes as strain sensors.

			The electronic structure of a carbon nanotube takes into account the periodic boundary condition caused by rolling a graphene sheet into a cylindrical shape. This effect results in the quantization of the electron wave functions within the tube. The quantization effect cuts in the direction of electrons along the tube’s axis. The bond length of the carbon nanotube is altered when strain is applied by shifting the periodicity of the quantization, resulting in a change in the conic section, which decreases or increases the band gap.

			The unstrained state of a metallic carbon nanotube shows no band gap, while the band gap of a semiconducting carbon nanotube varies as an inverse to the diameter
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				 is ~0.1 to 2 eV for an average semiconducting carbon nanotube, the tight binding overlap integral 
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				 is the unit vector of graphene.

			Several models have been used to illustrate the electronic properties of carbon nanotubes under strain (both analytical and computational methods). Yang et al. [28] reported the effects of strain (
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				 ~95 meV/% is predicted from (1). This equation works well for larger diameters (>1 nm) [7] of semiconducting and metallic carbon nanotubes. Kleiner and Eggert [29] took into account the smaller diameter carbon nanotubes in which the curvature effect significantly affects the change in band gap with strain. The band gap of small-gap semiconducting carbon nanotubes as a function of chirality and deformation can be expressed as
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			Strain can induce a change in the electrical resistance of carbon nanotubes, and this change can be calculated based on the modification of the band gap. A thermally activated transport model can be used to relate the measured resistance to the change in band gap in the carbon nanotube [7]
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			The value for the unstrained band gap of semiconducting carbon nanotubes is
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				 is the pretension strain. The gauge factors of different types of carbon nanotubes can be calculated by inserting (2) and (5) for semiconducting carbon nanotubes and (3) and (6) for small-gap semiconducting carbon nanotubes into (8).

			It can be seen from the equations that the maximum magnitude of gauge factor occurs for zig-zag 
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				 carbon nanotubes as the chiral angle increases as shown in Figure 3.

			
				
					
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
							
						
						
							
						
						
							
						
						
							
						
						
							
						
						
							
						
						
							
							
							
							
							
							
							
							
							
						
						

						
							
							
							
							
						
						

						
							
							
							
							
						
						

						
							
							
							
							
						
						

						
							
							
							
							
						
						

						
							
							
							
							
						
						
							
							
							
							
						
						
							
							
							
							
						
						
							
							
							
						
						
							
							
							
						
						
							
							
							
						
						
							
						
						
							
							
							
							
						
						

						
							
							
							
							
							
							
							
							
							
							
							
						
						
							
							
							
						
						
							
							
							
							
						
						

						
							
							
							
							
							
							
						
						

						
							
							
							
							
							
							
						
						

						
							
							
							
							
							
							
						
						

						
							
							
							
							
							
							
						
						

					
					
						Figure 3: Gauge factor versus strain for carbon nanotubes with diamter 1.38 nm [5].

				

			

			Carbon nanotube-based piezoresistive strain sensors have been shown to render high performance in their applications with a gauge factor greater than 2900 [32] compared to silicon-based sensors with a gauge factor of ~200 [33]. Tombler et al. [6] used an AFM tip to deform a metallic carbon nanotube suspended across a 600 nm trench in a silicon oxide substrate, while the current is measured through the tube. The experiment showed that the conductance of metallic carbon nanotube is reduced by two orders of magnitude at a strain of ~3% as shown in Figure 4. This phenomenon was unusual since a metallic carbon nanotubes show little or no response to deformation [28, 34, 35]. Simulation results showed that the decrease in conductance was due to the hybridization of 
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				 bonding at the carbon nanotube/AFM tip contact. This effect caused an increase in the σ-electrons, and a decrease in the π-electrons which resulted in a decline in conductance [2, 6, 36].
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						Figure 4: (a) A setup of Tombler’s experiment: (top) top view of the device and (bottom) side view of the atomic force microscopy (AFM) pushing experiment. (b) The conductance versus mechanical deformation. Insert: conductance as a function of the deflection angle 
							θ
						 [6].

				

			

			A similar experiment was also done by Minot et al. [7]. They measured the initial bandgap (
					
						
							
								

								𝐸
							
							
								

								𝑔
							
						
					
				) and the change in band gap (
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								𝐸
							
							
								

								𝑔
							
							
								/
								𝑑
								𝜀
							
						
					
				) of suspended doubly clamped carbon nanotubes in a field effect transistor configuration. They differentiated between the metallic, small-gap semiconducting, and semiconducting carbon nanotubes by using the AFM tip as a local gate to tune the conductivity. The results from the seven carbon nanotubes used for the experiment showed that two of the semiconducting carbon nanotubes increased in conductance, one semiconducting, and two metallic carbon nanotubes decreased in conductance, and the conductance of the remaining two metallic carbon nanotubes was unaffected. It was concluded that the metallic carbon nanotubes with no change in conductance were metallic carbon nanotubes (
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								=
								𝑚
							
						
					
				), while the metallic carbon nanotubes with decreased in conductance were small-gap semiconducting carbon nanotubes. The semiconducting carbon nanotubes showed both an increase and a decrease in band gap as shown in Figure 5.
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						Figure 5: (a) 
							
								
									
										𝐼
										-
										𝑉
									
									
										

										𝑔
									
								
							
						 versus strain. (a) The plot shows conductance decrease with strain for metallic single-walled carbon nanotubes. Insert: resistance in the OFF state versus strain. (b) Same as (a) for semiconducting single-walled carbon nanotubes shows an increase in conductance with strain [7].

				

			

			The strain-induced band gap of carbon nanotube field effect transistors on a thin film membrane was investigated by Grow et al. [8]. They examined the piezoresistive of carbon nanotubes under small strain. Carbon nanotubes were grown on a deformable membrane of silicon nitride and strained with gas pressure as shown in Figure 6. The conductance changes under strain of up to 0.2% for semiconducting and small-gap semiconducting carbon nanotubes. The majority of the small-gap semiconducting carbon nanotubes showed a decrease and an increase in conductance, while for the four semiconducting carbon nanotubes, three increases and one decreases as shown in Figure 7. The change in conductance was attributed to a change in band gap rather than the contact because the off-current was more than that of the on-current. The calculated band gaps were different from the predicted results, and for small-gap semiconducting carbon nanotubes, the band gap was more than expected for the diameters measured with atomic force microscopy (AFM). This inconsistency was attributed to the silicon nitrate substrate interaction. The increase and decrease exhibited by the small-gap semiconducting carbon nanotubes were likely attributed to the rough surface of the membrane by twisting and flattening itself over obstacles. This resulted in a local disordered structure of the carbon nanotubes. Distortion induced by strain, torsion, and substrate interaction can result in a rise in the band gap of metallic and small-gap semiconducting carbon nanotubes. The band gap of unstrained small-gap semiconducting carbon nanotubes was increased as well as intrinsically metallic carbon nanotubes. Due to the effect of the rough substrate on the electromechanical properties of carbon nanotubes, a smoother surface substrate is preferable for reproducibility in strain sensor applications.

			
				
					
						

						
						
							
								
		
							
							
								
									
									
									
								
							
							
								
		
							
						
						
						
						
							
								
									
									
									
								
							
							
								
		
							
						
						
						
							
								
									
									
									
								
							
							
								
		
							
						
						
						
							
								
									
									
									
								
							
						
						
							
								
									
									
									
									
									
									
									
									
								
							
						
						
							
								
								
									
								
							
						
						
							
								
								
									
								
							
						
						
							
								
								
									
								
							
						
					
					
						Figure 6: (a) A single-walled carbon nanotube device on a membrane with the bottom layer serving as the gate electrode. (b) An optical image of the membrane (~1 mm on a side) with electrodes. (c) The devices (14 μm apart) are zoomed near the edge of the membrane, (d) SEM image of a single-walled carbon nanotube crossing the gap (~800 nm) between two electrodes [8].

				

			

			
				
					
						

						

						

						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
							
							
							
						
						
							
							
							
						
						
							
							
							
						
						
							
							
							
						
						
							
							
							
						
						

						

						
							
							
							
						
						
							
							
							
						
						
							
							
							
						
						

						
							
							
							
						
						

						
							
							
							
						
						

						
							
							
							
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
							
							
						
						
							
						
						
							
							
							
						
						
							
							
							
						
						
							
							
						
						
							
						
						
							
						
						
							
						
						
							
							
						
						
							
							
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
							
							
						
						
							
							
						
						
							
							
						
						
							
							
						
						
							
							
						
						
						
						
						
						
							
							
							
						
						
							
							
							
						
						
							
							
						
						
							
							
						
						
							
							
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
							
						
						
						
						
						
							
							
							
						
						
							
							
							
							
							
							
						
						
							
							
							
						
						
							
							
						
						
							
							
						
						
							
							
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
						
							
						
						
							
						
						
							
						
						
							
						
						
							
						
						
							
						
						
							
							
							
						
						
							
							
							
							
							
							
						
						
							
							
							
						
						
							
						
						
							
						
						
							
						
						
							
						
						
							
						
						
							
						
						
							
							
							
							
							
							
						
						
							
							
							
						
						
							
						
						
							
						
						
							
						
						
							
						
						
							
						
						
							
						
						
							
	
							
								
							
							
								
								
								
							
							
								
							
							
								
							
							
								
							
							
								
							
						
						

						
							
						
						
							
							
							
						
						
							
						
						
							
						
						
							
						
						
							
						
						
							
	
							
								
							
							
								
								
								
							
							
								
							
							
								
							
							
								
							
							
								
							
						
						
							
	
							
								
							
							
								
							
							
								
								
								
							
						
						

						
							
						
						
							
						
						
							
							
							
						
						
							
							
							
						
						
							
						
						
							
							
						
						

						
							
						
						
							
						
						
							
							
							
						
						
							
						
						
							
						
						
							
						
						

						
							
							
							
							
						
						
							
						
						
							
						
						
							
						
						

						
							
							
							
							
						
						
							
						
						
							
						
						
							
						
						

						
							
							
							
							
						
						
							
							
							
							
							
							
							
						
						
							
							
							
							
							
							
							
						
						
							
							
							
							
							
						
						
							
							
							
						
						
							
							
							
						
						
							
							
							
						
						
							
							
							
						
						
							
							
							
						
						
							
							
							
						
					
					
						Figure 7: (a–c) 
							
								
									
										

										𝐼
									
									
										d
										s
									
									
										-
										𝑉
									
									
										

										𝑔
									
								
							
						 curves for single-walled carbon nanotube devices on the membrane at 0, 5, 10, 15, and 0 psi (
							
								
									
										

										𝑉
									
									
										d
										s
									
								
							
						 = 10 mV). The arrows indicate the direction of the curves with increasing pressure. The first two devices are for small-gap semiconducting carbon nanotubes, and the third one is for semiconducting carbon nanotubes. (d–f) 
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										a
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						 values of the 
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						 curves versus strain and a fit to an exponential [8].

				

			

			Cao et al. [9] differentiated metallic, semiconducting, and small-gap semiconducting carbon nanotubes as shown in Figure 8. They calculated the gauge factor for small-gap semiconducting carbon nanotubes to be around 600 to 1000 for strains up to 0.2% 