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Abstract

:

Flexible and wearable electronics have attracted significant attention for their potential applications in wearable human health monitoring, care systems, and various industrial sectors. The exploration of wearable strain sensors in diverse application scenarios is a global issue, shaping the future of our intelligent community. However, current state-of-the-art strain sensors still encounter challenges, such as susceptibility to interference under humid conditions and vulnerability to chemical and mechanical fragility. Carbon materials offer a promising solution due to their unique advantages, including excellent electrical conductivity, intrinsic and structural flexibility, lightweight nature, high chemical and thermal stability, ease of chemical functionalization, and potential for mass production. Carbon-based materials, such as carbon nanotubes, graphene, and nanodiamond, have been introduced as strain sensors with mechanical and chemical robustness, as well as water repellency functionality. This review reviewed the ability of carbon nanotubes-, graphene-, and nanodiamond-based strain sensors to withstand extreme conditions, their sensitivity, durability, response time, and diverse applications, including strain/pressure sensors, temperature/humidity sensors, and power devices. The discussion highlights the promising features and potential advantages offered by these carbon materials in strain sensing applications. Additionally, this review outlines the existing challenges in the field and identifies future opportunities for further advancement and innovation.
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1. Introduction


With the development of modern technology and the rapid rise of artificial intelligence technology, the research on various flexible devices has received widespread attention [1,2,3,4,5]. The types of strain sensors include pressure, torsional, tensile, and bending strain sensors, and the strain sensors can be divided into capacitance-type, piezoelectric-type, and resistance-type based on their working principles [6]. Among them, flexible strain sensors have attracted great interest from the industry and academia due to their promising applications in wearable devices [7,8], electronic skin [9,10], intelligent robots [11], healthcare monitoring [12], and human–machine interfaces [13,14]. As an important component in determining the performance of strain sensors, conductive materials generally include metallic materials (silver particles (AgNPs) [15,16], silver nano-wires (AgNWs) [16], gold nanowires (AuNWs) [17]), carbon-based materials (carbon black (CB) [18], carbon nanotubes (CNTs) [19,20], graphene [21,22] and nano diamond [23,24]), and intrinsically conducting polymers [25], etc. The combination of conductive materials with appropriate elastic polymer materials (silicone rubber [26], natural rubber (NR) [27], polyurethane(PU) [28]) can be fabricated strain sensors with high sensitivity and high stretchability.



The exploration of strain sensors with mechanical and chemical robustness, or functionality of water repellency enables the sensing coverage with a broader application scenario to revolutionize our future. The importance of strain sensors in harsh environments cannot be overstated, as these sensors play a critical role in ensuring the safety, reliability, and performance of essential components and structures. In harsh environments, mechanical stress, extreme temperatures, and corrosive substances can lead to material fatigue and structural degradation. Strain sensors provide real-time data on the mechanical deformation and stress experienced by components, allowing for the early detection of potential failures. This timely information enables preventive measures to be taken, preventing catastrophic incidents and ensuring the safety of personnel and assets.



As technology continues to advance, strain sensors will play an increasingly vital role in various industries, such as aerospace, oil and gas, and civil engineering and health care. In space missions, deep-sea exploration, and mining operations, where human presence is limited or not feasible, strain sensors play a crucial role [29,30,31,32]. These sensors provide critical data on the structural integrity and performance of remote systems and equipment, ensuring the success and safety of these missions. By analyzing the strain data, engineers can assess the integrity of bridges, pipelines, aircraft, and other infrastructures. Moreover, strain sensors are employed in research and experiments conducted in extreme environments, such as high-temperature environments, high-pressure conditions, or corrosive atmospheres. They enable scientists to study materials and phenomena under these conditions, advancing our understanding of materials science and engineering. In industries with stringent safety regulations, such as nuclear power or aerospace, strain sensors are essential for compliance and certification. These sensors provide valuable data to ensure that components and structures meet safety standards and can withstand harsh conditions. In addition, as the population grows and the demand for healthcare increases, remote and personalized health monitoring gradually becomes the focus of attention, which can improve the accuracy of health diagnosis and also identify problems in time. Wearable strain sensors have been used extensively to monitor human physiological information, such as heartbeat, pulse, monitoring of respiratory and arterial signals, etc. [33,34].



In recent years, the advancement of materials science and nanotechnology has led to the development of cutting-edge sensing technologies that can withstand and operate in extreme environmental conditions [35,36,37,38,39,40,41,42,43]. Among these innovative sensors, strain sensors based on carbon materials have emerged as promising candidates for a wide range of applications in harsh environments [44,45,46]. Carbon-based strain sensors possess unique properties such as mechanical robustness, chemical stability, excellent electrical conductivity, and high sensitivity, making them ideal for monitoring structural integrity, deformation, and mechanical stress in extreme conditions [47,48,49,50].



The term “carbon materials” encompasses a diverse group of substances, including carbon nanotubes (CNTs), graphene, carbon black, and nanodiamonds, among others. These materials have been used in various aspects [51,52,53]. Each of these carbon-based materials has specific structural and electrical properties that can be harnessed to design strain sensors suitable for various harsh environments. Traditional strain sensors have been widely used [54,55,56,57,58,59,60,61,62,63,64]; however, their limitations in extreme conditions have driven the need for advanced sensing technologies. Carbon-based strain sensors offer several advantages over conventional sensors, including their ability to withstand harsh environments, high mechanical strength, and compatibility with diverse materials and substrates.



Previously, a few review articles for flexible strain sensors based on carbon materials have been reported [6,54,65,66,67,68,69,70], but most of them are only focused on the strain sensor used in normal environments. Here, we focus on strain sensors based on carbon nanotubes, graphene, and nanodiamond in harsh environments. Some typical strain sensors based on carbon nanotubes, graphene, and nanodiamond will be summarized in this review due to the unique property of these three kinds of carbon materials (Figure 1). This review will introduce the properties of carbon nanotubes, graphene, and nanodiamond (Table 1) and then show how the fabrication of carbon-based strain sensors withstand extreme conditions; their sensitivity, durability, and response time in Table 2. After that, the application was introduced in detail, including strain/pressure sensors, temperature/humidity sensors, and power devices that are used in motion sensing, health monitors, electronic skin, and other applications (Figure 1). The discussion highlights the promising features and potential advantages offered by these carbon materials in strain sensing applications. This review will explore the advantages of carbon materials strain sensors in harsh environments, highlighting their unique characteristics and potential applications across various industries. From aerospace and automotive to healthcare and disaster rescue, these carbon-based strain sensors pave the way for enhanced safety, predictive maintenance, and performance optimization in the most demanding settings.




2. The Property of Carbon Nanotubes, Graphene and Nanodiamond


In harsh and demanding environments, the need for reliable and resilient sensors to monitor mechanical strain becomes paramount. Carbon materials, including carbon nanotubes, graphene, and nanodiamonds, offer cutting-edge solutions as strain sensors in such challenging conditions. In Table 1, a comparison of the electrical conductivity, thermal conductivity, Young’s modulus, crystal lattice parameters, and band gap of carbon nanotubes (CNTs), graphene, and nanodiamonds is listed [71,72,73,74,75,76,77,78,79,80,81,82,83]. Those carbon materials possess unique superiorities such as good electrical conductivity, high chemical and thermal stability, excellent mechanical property, low toxicity, as well as ease to be functionalized, endowing them with great potentiality for applications as strain sensors (Figure 1). These advanced carbon-based materials possess exceptional properties that enable them to withstand extreme temperatures, corrosive substances, and mechanical stress while accurately detecting and measuring strain.



Carbon nanotubes are one-dimensional nanomaterials with exceptional electrical conductivity and mechanical strength [73]. There are two classes of CNTs, single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs). Carbon nanotubes, tubular structures composed of rolled-up graphene sheets, are renowned for their exceptional mechanical strength. This property empowers them to endure high levels of mechanical stress in harsh environments without deformation or failure. Additionally, carbon nanotubes exhibit high sensitivity to mechanical strain, detecting even minute deformations with high accuracy. This is because carbon nanotubes have an exceptionally high aspect ratio, with lengths up to micrometers and diameters at the nanoscale, allowing for efficient load transfer and strain distribution within the material, enhancing their sensitivity to mechanical deformations even in harsh environments. Furthermore, the lightweight and small size of carbon nanotubes allow for seamless integration into various structures without compromising overall mass. By capitalizing on their electrical conductivity (0.17–2.0 × 107 S m−1), carbon nanotubes serve as piezoresistive sensors, directly measuring electrical resistance changes in response to mechanical strain, thus ensuring precise and real-time strain monitoring. The nanoscale dimensions of carbon nanotubes make them suitable for sensing strain at small scales, such as in microelectromechanical systems (MEMS) or nanodevices, enabling applications in miniaturized and complex systems. Importantly, they have good chemical stability. Their chemical inertness shields them from corrosion and degradation when exposed to aggressive chemicals or harsh substances.



Graphene, a single layer of carbon atoms arranged in a two-dimensional honeycomb lattice, possesses extraordinary mechanical strength and superior electronic property [84]. Graphene, graphene oxide (GO), and reduced graphene oxide (RGO) have attracted much attention because of easy operation and high yields of bulk-quantity and they have been demonstrated for usages of strain sensors [85]. Graphene’s atomic thickness ensures minimal interference with the mechanical properties of the host material, making it suitable for surface-mounted and embedded sensing. This intrinsic sensitivity to mechanical strain enables graphene to detect and measure even the most subtle deformations with precision. Graphene’s exceptional mechanical strength, combined with its high electrical conductivity (108 S m−1), results in superior sensitivity and fast response times when used as a piezoresistive strain sensor. These attributes are crucial for real-time monitoring of dynamic events and rapid mechanical changes in harsh environments. Similar to carbon nanotubes, graphene is chemically inert, resistant to corrosion, and stable in the presence of harsh substances. Its thermal stability allows it to operate effectively across a broad range of temperatures, making it an ideal candidate for applications in extreme thermal environments. Graphene can be synthesized in various forms, such as flakes, films, or as part of composites, allowing for versatile strain sensor designs catering to specific application requirements [86].



Nanodiamonds, nanometer-sized diamond particles composed of carbon atoms in a diamond crystal lattice, boast extreme hardness and durability. This exceptional mechanical strength renders them highly resistant to wear and damage in harsh environments. Like carbon nanotubes and graphene, nanodiamond (ND) is from a family of carbon materials with unique properties including extreme hardness, low friction coefficient, high corrosion resistance, high thermal conductivity, along with excellent mechanical and chemical stability. The extreme hardness of nanodiamonds (Young’s moudulus 880 ± 90 GP) makes them resistant to wear and degradation, allowing for long-term and reliable strain monitoring, even in abrasive environments. ND also has a large surface area and possesses a versatile surface chemistry that can be tailored for each application via surface termination and functionalization [87,88]. Synthetic diamond, due to its chemical inertness and resistance, has the potential to be a perfect passivating material [89]. It is very cost-effective because of its production at bulk quantity using a detonation method [90,91]. Nanodiamonds demonstrate chemical inertness, preserving their stability and integrity in the face of corrosive substances. Furthermore, nanodiamonds can withstand high temperatures, making them well-suited for applications in harsh thermal environments. Their small size and surface functionalization capabilities offer the flexibility to tailor their properties for specific strain sensing applications. Nanodiamonds have excellent biocompatibility, making them suitable for strain sensing applications in biological or medical environments, including monitoring the mechanical strain of tissues or implants. Nanodiamonds can also serve as strain sensors based on stress-induced changes in their optical properties, providing an alternative sensing mechanism.




3. Fabrication Methods and Performance of Strain Sensor on Extreme Conditions


3.1. Fabrication Method of Strain Sensor on Extreme Condition


Creating a carbon-based strain sensor for harsh environments involves designing a robust and durable device capable of measuring mechanical stress or strain while withstanding extreme conditions. Various manufacturing techniques, such as coating, 3D printing, chemical vapor deposition, transfer, and spinning methods, are utilized in the production of carbon materials strain sensors. Coating technology is widely applied to manufacture thin film and fabric sensors, while 3D printing is employed for pattern generation [92]. Chemical vapor deposition is primarily used for carbon nanotubes growth. Additionally, the grown carbon materials can be transferred using a flexible substrate combined with a transfer method [93]. The integration of spinning [94] and coating processes enables the fabrication of high-performance fiber optic strain sensors. Furthermore, other methods like layer-by-layer (LBL) assembly technology, photolithography, and solution mixing [95] are also employed to manufacture flexible strain sensors. The fabrication methods of carbon nanotubes-, graphene-, and nanodiamond-based strain sensors reviewed are listed in Table 2.



3.1.1. Fabrication of Carbon Nanotubes Strain Sensors


Several synthesis methods have been reported to incorporate CNTs into various polymeric matrices, aiming to prevent CNT agglomeration and achieve uniform dispersion within the polymer matrix. However, there is no one-size-fits-all approach to attain perfect dispersion of different CNTs in various types of polymer matrices. The selection of an appropriate dispersion technique depends on several factors, including the physical state of the polymer (solid or liquid), the chemical nature (thermoplastic or thermoset), the dimensions and content of the introduced CNTs, the availability of fabrication processes and techniques, ease of synthesis from suitable monomers, desired performance characteristics of the composites, cost constraints, and the choice of solvent parameters. Li et al. [96] and Zhang et al. [97] chose the one-pot method to fabricate the CNT strain senor. Under UV light, the reaction occurred very rapidly and efficiently within a few minutes, showing fast and pollution-free characteristics [97]. In another method, the PVA was dissolved by heating in the water/glycerol(Gly) binary solvent, and the hydrogels were formed after several freeze-thaw cycles, with the hydrogen-bonded microcrystalline region acting as the crosslinking point [96]. A facile spraying method was used to prepare superhydrophobic and conductive coatings on elastic tape with a hierarchical fluorinated carbon nanotubes (FCNT)/SiO2 nanoparticle structure in Figure 2a [98]. The flexible and super-hydrophobic elastic tape covered with FCNT/SiO2 was successfully prepared (Figure 2b), and the hierarchical FCNT/nanoparticle structure can be observed in Figure 2c.




3.1.2. Fabrication of Graphene Strain Sensors


The development of advanced fabrication approaches for graphene-based strain sensors is in its early stages, with future progress in this direction being crucial. One of the primary goals is achieving highly efficient manufacturing of flexible sensors. Traditional fabrication methods often suffer from high processing costs and complex manufacturing processes, necessitating research into scalable, customizable, and environmentally friendly fabrication techniques suitable for large-scale production. Additive manufacturing and printing technologies show promise in this regard, enabling the creation of intricate 3D structures that expand the potential applications of these sensors. Another essential aspect is ensuring the production of sensors with high repeatability. When these sensors are used as arrays, variations among different sensors can be significant, requiring individual calibration and more complex circuitry. As the number of sensors increases, the tolerance for inter-sensor variability decreases significantly, posing challenges to the sensing operation. In composite strain sensors, inter-sensor variability often arises from the aggregation and uneven dispersion of conductive materials within the elastomeric matrix, especially when the sensor size is reduced. To ensure the reproducibility of fabrication processes, adopting a coupled printing technique may prove beneficial, enabling large-scale production of strain sensors with improved uniformity and reliability. Many researchers used a coating method to prepare graphene-based strain sensors in extreme situations [45,100,101,102]. Moreover, direct ink writing (DIW) is also a facile way. Zhu et al. developed a DIW assembly approach for fabricating fiber-shaped strain sensors by incorporating graphene nanoplatelet (GNP)/carbon nanotube (CNT) hybrid fillers into the silicone elastomer, as shown in Figure 2d [99].




3.1.3. Fabrication of Nanodiamonds Strain Sensors


Nanodiamonds are typically synthesized through various methods, such as detonation, chemical vapor deposition (CVD) [89,103], or high-pressure high-temperature (HPHT) processes. Detonation synthesis involves detonating explosives in a controlled environment to create high-pressure and high-temperature conditions, leading to the formation of nanodiamonds. CVD involves introducing carbon-containing gases into a reactor at high temperatures to deposit nanodiamonds on a substrate. HPHT utilizes extreme pressure and temperature to convert carbon sources into diamond structures. After synthesis, nanodiamonds may require purification to remove impurities and unwanted by-products. Functionalization can be performed to modify the surface properties of nanodiamonds, enhancing their dispersion and compatibility with the substrate and sensor materials. Choose a suitable substrate material based on the application requirements, such as flexibility, rigidity, and compatibility with nanodiamonds and other sensor components. Common substrates include silicon, glass, flexible polymers, or even textile materials. Nanodiamonds can be deposited on the substrate using techniques like spin coating, dip coating, or inkjet printing. In coating [104], a solution containing nanodiamonds is dispensed onto the substrate and then spun to achieve a uniform coating. In inkjet printing [105], nanodiamonds are dispersed in a liquid solution and printed onto the substrate in a controlled pattern. A flower-like molybdenum disulfide (MoS2)/nanodiamond (ND) nanocomposite was successfully prepared via an easy hydrothermal synthesis method and fabricated into humidity sensors in Figure 3 [106].





3.2. Performance of Strain Sensors in Harsh Environment


3.2.1. Ability to Resist Harsh Environment


Strain sensors based on carbon materials possess unique properties that allow them to resist and perform well in harsh environments. These sensors exhibit mechanical robustness, chemical stability, high thermal resistance, and excellent electrical conductivity, making them suitable for monitoring strain in extreme conditions. Carbon materials, such as carbon nanotubes and graphene, are known for their exceptional mechanical strength and toughness. They can withstand high mechanical stress, including tension, compression, and bending, without undergoing significant deformation or failure. This mechanical robustness enables strain sensors to operate reliably in environments with intense mechanical forces, such as aerospace applications, heavy machinery, or offshore structures. The strain sensors used in harsh environments have been summarized in Table 2.



Chemical Stability: Many carbon-based materials, including carbon nanotubes, graphene, and nanodiamond, exhibit outstanding chemical stability. They are resistant to corrosion, oxidation, and chemical reactions, even when exposed to aggressive substances or harsh chemicals. This chemical stability ensures that strain sensors remain functional and accurate in chemically harsh environments, such as chemical processing plants or oil and gas facilities. Especially, Ding and Zhu reported that the strain sensors can resist the strong acid and strong alkaline, pH 2–13 [107] and pH 1–14 [108].



Environment Stability: The sensor’s sensitivity can also be affected by environmental factors such as temperature and humidity. Stability under different conditions is essential for accurate strain measurements. Carbon materials are known for their high thermal stability, enabling strain sensors to maintain their structural integrity and electrical conductivity at high and low temperatures and high humidity. Unlike some conventional materials, carbon-based strain sensors do not become brittle or lose their electrical properties under extreme hot or cold conditions. Carbon materials possess excellent thermal conductivity and high thermal stability. Strain sensors based on carbon materials can operate effectively at elevated temperatures, withstanding extreme heat and thermal fluctuations. This thermal resistance is crucial in applications where sensors need to monitor strain in high-temperature environments, such as aerospace propulsion systems or industrial furnaces. Carbon materials generally exhibit low thermal expansion coefficients, meaning they experience minimal dimensional changes in response to temperature variations. This characteristic ensures that strain sensors based on carbon materials can accurately detect mechanical deformations without significant interference from temperature-induced strain. The inherent electrical conductivity of carbon materials, such as carbon nanotubes, graphene, and nanodiamond remains intact at low temperatures. This property allows strain sensors to maintain their piezoresistive effect even in cold environments, ensuring reliable and sensitive strain measurements. Carbon nanotubes-based strain sensors are stable even at high temperatures, 316 °C [109], or at ultralow temperatures, −196 °C [94], and even work under water [99]. For example, a piezoresistive sensor based on nanodiamond proved that the working temperature is 25 °C up to 300 °C [89].




3.2.2. Sensitivity


The sensitivity of a carbon-based strain sensor refers to its ability to detect and respond to small changes in mechanical strain. In other words, it measures how effectively the sensor can convert mechanical deformation into an electrical signal. Sensitivity is a critical parameter for strain sensors as it determines the level of accuracy and precision in measuring strain.



Gauge Factor


The sensitivity of a strain sensor is characterized by the gauge factor (GF), and the GF of a resistive-type strain sensor is expressed as Equation (1).


  G F =     ∆ R /   R   0     /   R   0     ε   =     ( R −   R   0   ) /   R   0     /   R   0     ε    



(1)




where R is the actual measured resistance value during sensor deformation, R0 is the initial resistance value of the sensor, and ε is the strain value that occurs when the sensor is subjected to an external force. The higher GF values indicate that the sensor is more sensitive to the applied strain. The GF values of different CNT-, graphene-, and nanodiamond-based strain sensors in harsh environments are listed in Table 2.




Piezoresistive Effect


The piezoresistive effect is a phenomenon observed in certain materials where their electrical resistance changes in response to applied mechanical stress or strain. In other words, the electrical conductivity of the material is influenced by mechanical deformation. The term “piezoresistive” is derived from “piezo”, meaning pressure or stress, and “resistive”, referring to electrical resistance. Piezoresistive materials are widely used in the construction of strain sensors and pressure sensors. When these materials are subjected to mechanical stress or strain, their atomic arrangement undergoes changes that alter the movement of charge carriers, such as electrons, within the material. As a result, the electrical resistance of the material changes proportionally to the applied stress [110].



There are two main types of piezoresistive effects:



Positive Piezoresistive Effect: In materials exhibiting a positive piezoresistive effect, the electrical resistance increases with increasing applied stress. This means that as the material undergoes compression or tension, its resistance to the flow of electric current increases.



Negative Piezoresistive Effect: In materials showing a negative piezoresistive effect, the electrical resistance decreases with increasing applied stress. In this case, the material becomes more conductive under mechanical deformation.



The piezoelectric charge coefficient (d) is a material property that relates the electric charge (Q) generated in a material to the applied mechanical stress (σ) or strain (ε). It is a measure of a material’s ability to convert mechanical energy into electrical energy and vice versa. The calculation of the piezoelectric charge coefficient depends on the specific measurement setup and units used.



In the direct piezoelectric effect, an applied mechanical stress or strain generates an electric charge in the material, while in the converse piezoelectric effect, an applied electric field induces mechanical strain or stress. The piezoelectric charge coefficient is typically given in units of picocoulombs per newton (pC/N) or coulombs per newton (C/N).



The general formula to calculate the piezoelectric charge coefficient (d) is expressed as Equation (2):


  d =   Q   F    



(2)







	
d is the piezoelectric charge coefficient (C/N or pC/N)



	
Q is the electric charge generated (in coulombs, C, or picocoulombs, pC)



	
F is the applied force (in newtons, N)






Piezoresistive materials commonly used in strain sensors include silicon and carbon-based materials. These materials are carefully integrated into the sensor’s design to measure mechanical strain or pressure accurately and convert it into a corresponding electrical signal. The piezoresistive effect allows for the creation of highly sensitive and responsive sensors, making them valuable in various applications, including structural monitoring, medical devices, robotics, and automotive systems. Piezoelectric charge coefficient of a CNT-based strain sensor is 9.4 pC/N [95].



In some research, different definitions to assess the sensitivity of the strain sensor have been used.



	
The sensitivity of the strain sensor is expressed as Equation (3) [94].







   S =   ∆ I     I   0       



(3)





The relative current change (ΔI/I0) under a changing tensile load. Here, ΔI defines the current difference between the loaded and unloaded fiber and I0 is the original current.



	
The sensitivity of the composite sensor is expressed as Equation (4) [97].


S = ∆I/I0P (∆R/R0P)



(4)




where P is the applied pressure, the relative resistance ∆I (∆R) is defined as |I(R) − I0 (R0)|, where I0 (R0) is the initial electric current (resistance) and I (R) represents the real-time electric current (resistances) under various deformations.






	
The sensitivity of the pressure sensor (S) is defined as Equation (5) [111].


S = (ΔR/R0)/ΔP



(5)




as the derivation of the resistance change rate (ΔR/R0) with pressure.






	
The sensor sensitivity (S) is calculated by Equation (6) [106].


S = (CX − C11)/(RHx − RH11),



(6)




where C11 is the sensor capacitance at 11% RH, and CX represents the capacitance of the sensor in the x% values.








3.2.3. Response and Recovery Time


The response and recovery time of a strain sensor refer to the time it takes for the sensor to detect and register a change in mechanical strain (response time) and the time it takes for the sensor to return to its original state after the strain is removed (recovery time).



The response time of strain sensors is relatively fast, typically in the millisecond to microsecond range, depending on the specific sensor and its application. It is proved that a strain sensor based on rGO has very fast response time, only 22 ms [102]. Most of response time of the strain sensors that we reviewed in this review are all less than 1 s detailed in Table 2. The recovery time may also be relatively quick, but it can vary depending on the material properties and the sensor’s design.



It is important to note that the actual response and recovery times for a strain sensor will depend on the specific sensor’s characteristics, the materials used, and the intended application. Manufacturers and researchers continuously work to improve the speed and accuracy of strain sensors for various industries and applications, including structural health monitoring, robotics, aerospace, and wearable devices.




3.2.4. Durability


Dynamic durability is the ability of a strain sensor to maintain stable electrical conductivity after a certain cycle or over time. Ideally, the sensor should ensure that the resistance value does not change during the continuous stretch and release cycle. At the same time, the sensor will be able to perform a longer cycle test to ensure that it has a longer service life. To perform durability testing, the sensor is cyclically stretched and released at a certain strain value. Most of the sensors prepared based on CNTs/graphene/nanodiamond in harsh environments reported so far can achieve more than 1000 stretch release cycle tests, as shown in Table 2. The fiber-based sensors can provide better tensile performance while providing excellent dynamic durability of the sensor. A graphene/CNT/silicone composite strain sensor response of the strain sensor possesses excellent stability and durability without an apparent change in the resistance signal, fully proving its stable and repeated recoverability during the 10,000 stretching/releasing cycles [99].



Ensuring reliable and enduring performance, the durability of strain sensors in harsh environments is a paramount concern. Such environments encompass extreme temperatures, corrosive chemicals, high mechanical stress, radiation exposure, or a combination of these factors, presenting formidable challenges to strain sensors. Key factors influencing their durability include material selection, favoring robust and resilient options like carbon nanotubes, graphene, nanodiamonds, ceramics, and piezoelectric materials. To shield sensitive components from the environment, proper encapsulation and packaging techniques are employed, incorporating hermetic sealing and protective coatings. Mechanical durability is addressed through sensor designs tailored to withstand high mechanical stress, shocks, and vibrations, crucial when sensors are integrated into moving or vibrating structures. Washing procedure has a direct impact on electrical conductivity and abrasion resistance is one of the factors that affects the life and wear performance of the fabric. Rehman et al. [104] found that the fabric coated with PANI-ND(polyaniline-nanodiamond) improved significantly along with durability against washing and abrasion, without affecting its breathability. These PANI-ND nanocomposites are still present on the surface of the fabric even after five commercial washing cycles using 20 mL/g liquor-to-fabric ratio at 40 °C for 30 min along with 25 steel balls. Moreover, this nanocomposite helped to resist the degradation of pristine wool fibers during 20,000 abrasion cycles.





 





Table 2. Summary of fabrication methods and performance of strain sensors in this review.
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	Carbon Material
	Fabrication Method
	Property
	Sensitivity (GF/S)*
	Response Speed
	Durability
	Ref.





	MWCNT
	unidirectional freeze-drying method
	25, 177, and 316 °C
	1.23
	stable
	high-strain cyclic compression
	[109]



	SWCNT
	one-pot method
	−70 to 25 °C
	3.76
	—
	1600 cycles
	[96]



	MWCNT
	a one-pot radical polymerization process
	−20 to 80 °C
	1.77 at 25 °C
	—
	capacitance almost the same (1000 cycles)
	[36]



	Graphene
	free radical polymerization
	−20 to 70 °C
	—
	—
	88.2% of capacitance retention (6000 cycles)
	[112]



	CNT
	solution mixing
	60% RH condition
	piezoelectric charge coefficient 9.4 pC/N
	—
	—
	[95]



	CNT
	freeze drying and thermal

imidization technique
	250 °C
	1.4
	response time 50 ms/recovery time 70 ms
	1000 cycles
	[113]



	rGO
	the conformal coating
	−40 °C/25 °C and 50% RH for 20 days
	Pulse rate of 75 beats/min
	0.1 s
	2000 times (2 kPa)
	[45]



	CNT
	wet spinning method
	−196 to 100 °C
	S = 0.12
	—
	long life (1000 cycles)
	[94]



	MWCNT/RGO
	dip-coating
	−30 and 80 °C
	—
	—
	1000 cycles
	[100]



	CNT
	a convenient solvent replacement strategy
	−60 to 60 °C
	8.5
	200 ms
	30 days in normal environment
	[114]



	rGO/CNT
	vacuum filtration process
	−40 °C to 200 °C
	—
	—
	90% capacitance (105 cycles)
	[115]



	Graphene/CNT
	DIW
	humidity/water exposure
	14550.2 (100%)
	170 ms
	10,000 cycles
	[99]



	CNT
	vacuum-assisted formation of thin CNT networks
	RH 35–55%/water exposure
	6–10
	—
	—
	[116]



	CNT
	one-pot
	25–70 °C
	S = 20.3
	—
	compressive strain (0.1–70%) and loading weight

(55–150 g)
	[97]



	rGO
	chemical reduction, thermal reduction
	−60 °C
	—
	—
	87.5% capacitance(5000 charge/discharge cycles at −20 °C)
	[117]



	CNT
	CNT suspension was mixed with Ti3C2Tx suspension
	−20 to 80 °C
	13.3 (60.3%)
	—
	1000 cycles
	[118]



	CNT
	a direct pyrolysis process
	−196 °C
	1.65
	—
	5000 cycles (40%)
	[119]



	CNT
	the film transfer approach
	water
	2.4
	—
	—
	[93]



	CNT
	drying mixing method
	hot-humidity/−40 to +50 °C
	high sensitivity
	—
	150 cycles (50%)
	[120]



	SWCNT
	dip coating of SWCNTs/chemical polymerization
	144.6 °C
	9.57
	—
	500 cycles (20%)
	[121]



	FCNT
	a facile spraying method
	moisture, acidic, and other harsh environments
	1800
	—
	—
	[98]



	CNTs/rGO
	coating
	water
	685.3 (482%)
	response/recovery 200 ms
	1000 cycles
	[92]



	MWCNT
	spray coating
	water, pH 13/2
	69.84 (65–80%),
	60–80 ms
	over 1000 cycles
	[107]



	CNTs/graphene
	freezing-drying
	160 °C
	high sensitivity (0.25 kPa−1)
	120 ms
	>800 cycles
	[111]



	graphene–CNT
	thin film using a bar-coating

technique
	−150 °C to  +  150 °C
	118
	—
	5000 cycles
	[101]



	GO/RGO
	pad dyeing
	22.8 °C to 47.3 °C

RH 39–71%
	2.79 (0–50%)
	<60 ms
	3000 cycles (10%)
	[122]



	graphene
	one-pot solution-casting process
	pH1–14/humidity
	173.17 (100%)
	
	2000 cycles (50%)
	[108]



	rGO
	dip-coating
	humid, sweaty, underwater, −40 °C
	−2.08 (0–60%)
	22 ms
	4000 cycles
	[102]



	Nanodiamond
	coating/in situ polymerization technique
	40 °C for 30 min along with 25 steel balls
	1.4 (40−100%)
	—
	washing/rubbing
	[104]



	Nanodiamond
	hydrothermal synthesized method
	11–97% RH
	S = 3500, relative humidity 100%
	response < 1 s/recovery time∼0.9 s
	stable one month
	[106]



	Nanodiamond
	vacuum-assisted filtration
	100.4 °C
	thermal conductivity of 17.43 W/m·K
	—
	—
	[123]



	Nanodiamond
	self-assessable
	thermal stability
	thermal conductivity of 30.99 and 6.34 W/m·K
	—
	1000 cycles
	[124]



	Ultrananocrystalline diamond
	hot filament chemical vapor deposition (HFCVD) and photolithographic and

etching processes
	25 °C–300 °C
	9.54 ± 0.32
	—
	—
	[89]



	Nanodiamond
	inkjet printing locally
	against harsh media
	diamond layer does not hamper the stability of the device
	—
	—
	[105]



	Nanodiamond
	a directed patterned growth of NCD film

by microwave plasma-enhanced chemical vapour deposition (CVD)
	200 °C
	8 ± 0.5
	—
	—
	[103]











4. Carbon Materials Based Strain Sensor on Extreme Temperature Condition


The operating temperature of the strain sensors is crucial to their wide applicability. Some strain sensors are often used at room temperature, but their performance may deteriorate at low and/or high temperatures. Therefore, it is crucial to develop strain sensors that can be used at low and/or high temperatures to expand their range of use.



4.1. CNT-Based Strain Sensor on Extreme Temperature Condition


Anisotropic composite polyimide aerogels (CPIAs) were prepared via the unidirectional freeze-drying method using PI(Polyimide) as the polymer matrix and MWCNTs as the filler [109]. The obtained CPIAs exhibited low density, high porosity, good mechanical behavior, and stable electrical responsiveness across a wide temperature range (from 25 to 316 °C). As a strain sensor, the CPIA also works effectively as a lightweight sensitive strain sensor gauge factor (GF) of 1.23 and stability cyclic testing over 1000 cycles. Due to the good thermal stability of the CPIAs, under high temperature conditions, the CPIAs’ responsiveness remained stable, as did their gauge factor values, which were not significantly affected by temperature. There is also other research about strain sensors on high temperature environment. The polypyrrole (PPy)/single-walled carbon nanotube (SWCNT)/polydopamine(PDA)/cotton composite fabric reach showed outstanding heating performance at 144.6 °C [121]. A polyimide (PI)/carbon nanotubes (CNT) composite aerogel with the merits of super elasticity, high porosity, robustness, and high-temperature resistance was successfully prepared, and can be stable even at 250 °C [113]. Li et al. [96] reported a conductive hydrogel consisting of a glycerol (Gly)-water binary solvent and added tannic acid (TA)-coated carboxymethylated cellulose nanofibrils (CMCNFs) to poly (vinyl alcohol) (PVA) as a functional filler to improve the hydrogel’s mechanical properties. This frost-resistant strain sensor showed strain sensitivity (GF of 3.76), and cyclic stability (1600 cycles). The differential scanning calorimetry (DSC) curves of the hydrogel with different Gly contents are horizontal straight lines in the temperature range of −70 to 25 °C, indicating that no phase transition occurred in the Gly/water binary solvent system during the heating process in this range. In addition, Huang et al. [94] reported light weight porous aramid nanofibers (ANF) and carbon nanotubes (CNT) aerogel fibers coated with polypyrrole (PPy) layers prepared with low density (56.3 mg/cm3), conductivity (6.43 S/m), and tensile strength (2.88 MPa), which were used as motion sensors with high sensitivity (0.12) and long life (1000 cycles). They also showed excellent mechanical strength and flexibility, a strong bending property at low temperatures, −196 °C, and high-temperature resistance at 100 °C, which is mainly due to the good network structure of the ANF aerogel. An environment tolerant conductive hydrogel based on nanocomposite polyacrylamide/montmorillonite/carbon nanotube (MMCOHs) was prepared by a convenient solvent replacement strategy, featuring remarkable mechanical properties, anti-freezing ability (−60 °C), long-term environmental stability (>30 days), and anti-drying behavior (60 °C), simultaneously [114]. MMCOH displayed excellent flexibility to twist at will and could be easily bent at −60 °C, as shown in Figure 4a, and had stretchability and conductivity at −60 °C, as shown in Figure 4b,c. The sensor based on MMCOH displays an extremely wide sensing range (0–4196%), high sensitivity (GF = 8.5), rapid response time (200 ms), and excellent durability, benefiting from the inherent stretchability and stability of the organohydrogel. The MMCOH was obtained after directly immersing polyacrylamide/montmorillonite/carbon nanotube hydgrogels (MMCH) into a glycerol solution through a solvent-replacement strategy. Other strain sensors based on CNT are well developed and the temperature resistance is varied (20~80 °C [36,118], 25~70 °C [97], and −40~50 °C [120], and in the evening reaching a temperature of −196 °C [119]).




4.2. Graphene Based Strain Sensor on Extreme Temperature Condition


A highly breathable graphene-modified fabric (GMF) strain sensor with an insensitive response to changes in temperature and humidity within a certain range was developed, which possesses sensing independence against temperature from 22.8 to 47.3 °C and relative humidity ranges of 39% to 71%. Figure 4d [122] displays the electrical response of the GMF sensor under a cyclic strain of 15% in changeable temperature. The signals maintain stability with highly reproducible signaling patterns when the temperature increases from 22.8 to 47.3 °C. The insensitivity of the GMFs sensor to temperature change is attributed to the rGO on the Calotropis gigantea yarn (CGY) surface exhibiting a decrease in the hopping charge transport number and the slight thermal generation of fewer carriers. The electrical signals of the sensor were measured under a recurrent strain of 15%, and the results indicate that the electrical response remains highly steady and repeatable during the humidity change process (Figure 4e). Moreover, the nanocomposite organohydrogel is prepared from the conformal coating of functionalized rGO network by the hydrogel polymer networks consisting of PVA, phenylboronic acid grafted alginate (Alg-PBA), and polyacrylamide (PAM) in the binary ethylene glycol (EG)/H2O solvent system (Figure 5a) [45]. The nanocomposite organohydrogel exhibits reliable anti-freezing properties (−40 °C) and self-healing properties without any other external stimuli, and can be stably stored for 20 days (Figure 5b,c). Deng et al. [112] reported that a N-doped hydrogel electrode showed excellent temperature stability in the range of −20 to 70 °C and a stretchability that reached 950%. A low-temperature-resistant organohydrogel electrolyte could be stretched up to 400% strain and still maintain stable mechanical properties up to −60 °C, combining the rGO electrodes with the organohydrogel electrolyte [117]. GO/RGO can be mixed with other carbon materials to form strain sensors that can be stable at low and high temperatures [99,100,101,115]. Li et al. reported a high performance textile-based stretchable supercapacitor stable over a wide temperature range, from −30 to 80 °C [100]. In this study, a multiwalled carbon nanotubes (MWCNT)/reduced graphene oxide (RGO) nanocomposite was used to fabricate a stretchable electrode. These carbon-based electrode materials are expected to be stable over a wide range of temperatures because the energy storage mechanism of electrical double-layer capacitors relies only on the electrostatic adsorption and desorption of electrolyte ions onto the electrode surface [29,40]. Furthermore, the encapsulated supercapacitors retain the capacitance during being immersed in water for a few days. Similarly, a flexible serpentine-structured graphene–CNT paper strain sensor in variable temperature environments was tested using a cryogenic and hot setup and the device showed robust performances, from −150 °C to 150 °C, which also demonstrated a high sensitivity with a GF of 118 [101]. A flexible rGO/CNT hybrid film can operate at extreme temperatures (down to −40 °C and up to 200 °C) with excellent electrochemical property and high durability [115].




4.3. Nanodiamonds Based Strain Sensor on Extreme Temperature Condition


A piezoresistive sensor prototype based on n-type conductive ultrananocrystalline diamond (UNCD) was developed. The respective piezoresistive response of such films was analyzed and the gauge factor was evaluated in both transverse and longitudinal arrangements, also as a function of temperature from 25 °C up to 300 °C [89]. Another piezoresistive sensor was produced. The gauge factor of boron-doped nanocrystalline diamond (NCD) films was around 8, and in the range from room temperature up to 200 °C, the sensor was still stable [103]. Diamond-based film with sensing function has been widely applied and can also be used in wearable sensors in the future. A cellulose nanofibers (CNF)/nanodiamond (ND)/MXene (CNM) composite film introducing ND via vacuum-assisted self-assembled method was produced [123]. Nacre-like structure and strong hydrogen bonding between MXene and CNF endow satisfactory mechanical properties (89.14 ± 3.61 MPa). It is demonstrated that the central surface temperature of LED/CN10M30 rises to 100.4 °C at 30 s, and the temperature difference is 3.7 times that of bare LEDs. Therefore, the above results demonstrate that the CNM composite films have excellent auxiliary heat dissipation capacity, which can greatly improve reliability and extend its service life. Wang et al. [124] prepared poly -(diallyldimethylammonium chloride)-functionalized nanodiamond (ND@PDDA)/aramid nanofiber (ANF) composite films using a self-assembly strategy. Owing to a strong interfacial interaction arising from electrostatic attraction, ND particles attract strongly along the ANF axis to form ANF/ND “core−sheath” arrangements. Thanks to this structure, the incorporation of ND@PDDA can significantly protect the ANF fibrils and improve the thermal stability of the composite film. The heat-resistance index (THRI) of the 50 wt % ND@PDDA/ANF composite film reached 279.33 °C, which was 31.59 °C higher than that of the pure ANF film (247.74 °C). The improved thermal stability enables the ND@ PDDA/ANF composite films to operate normally under high temperature conditions without thermal decomposition. Notably, this nanofiber showed outstanding flame retardancy. Flame retardancy is required for applications in high temperature environments. A pure ANF film and a 50 wt % ND@PDDA/ANF composite film were exposed to a flame in air (Figure 6a,d). The pure ANF film ignited and was completely burned out within 3 s (Figure 6b,c). Figure 6 indicated the 50 wt % ND@PDDA/ANF composite film kept its initial shape and exhibited nonflammable behaviors owing to the protection provided by ND@ PDDA.





5. Carbon Materials Based Strain Sensors on Extreme Humidity or Other Harsh Condition


Current strain sensors still face challenges such as being prone to failure under humid or cold conditions, lack of washing durability and chemical fragility. Exploration of wearable strain sensors in diverse application scenarios is one global requirement for shaping the future of our intelligent community. Apart from extreme temperatures, most strain sensors suffer from the constraint of operation in dry environments due to susceptibility to chemical corrosion or interference in humid circumstances [125,126]. Recently, the fabrication of strain sensors with higher sensitivity and larger detection areas has received considerable attention [55,85,127], but few studies have focused on wearable sensors under extreme conditions, such as intense UV irradiation, large diurnal temperature differences, or extremely cold weather. The exploration of strain sensors with mechanical and chemical robustness, or with the function of water repellency, enables a sensing coverage with a broader application scenario to revolutionize our future [128,129]. For example, a strain sensor with chemical resistivity can be potentially applied for a human machine interaction system as the operation tool even under harsh conditions. A device with waterproof capability also enables underwater applications by transducing the mechanical behaviors, e.g., anger bending, to electrical signals for communications that are difficult to achieve via sound waves [99].



5.1. CNT-Based Strain Sensor on Extreme Humidity or Other Harsh Condition


A flexible film with a sandwich-like structure consisting of thermoplastic elastomer (TPE), multiwalled carbon nanotubes (MWCNTs), and polydimethylsiloxane (PDMS) showed extreme repellency to water, salt, acid, and alkali solutions [107]. In this study, the film was dipped in these solutions and the conductivity was measured every 5 min for 60 min. Figure 7a shows that the resistance of the film sustained around 4.15–4.20 KΩ without obvious change in water, acid, alkali, and salt solutions. This may be due to the air layer trapped on the surface which can inhibit the attack of acid or alkali. After the film was immersed in water, salt, or acid/alkali solutions for 7 days, and then rinsed with water and dried at 60 °C, the contact angle (CA) of the film still remained above 156° (Figure 7b), indicating excellent durability of super-hydrophobicity to acid, alkali, salt, and water solvents corrosion. Moreover, Gao et al. [98] reported a strain sensor that displayed outstanding long-term stability, because CAs and surface resistance of this kind of sensor varied little when dipping it in water, acidic, and alkaline solutions. It is coated by a CNT/SiO2 that can be used under moist, acidic, or other harsh conditions without sacrificing its conductivity and super-hydrophobicity, displaying outstanding anti-corrosion properties. A highly stretchable and sensitive strain sensor made of CNT–PDMS nanocomposites showed relative stability in high humidity environments [116]. Another water-resilient strain sensor was developed: an SWCNT was encapsulated in a non-fluorinated superhydrophobic coating, providing water resistance during elastic deformation [93,101]. Notably, the water-repellence was maintained in corrosive environments, such as in acidic, alkaline, or saline aqueous solutions, evidencing its applicability in harsh environments. Moreover, some strain sensors showed humidity-resistance, temperature-resistance, and ethane-resistance at the same time. CNT/CB composites show outdoor usage robustness, including excellent salt-spray resistance, hot-humidity stability, and a wide operation temperature range of −40 to +50 °C [120]. It is seen that the modulus of the samples both maintains the constant at the work temperature range between −40 and +50 °C (Figure 7c). It is noticed that the resistance barely changes for the whole temperature range (Figure 7d). The electrical resistance exhibits only a tiny increase of 0.13% when the composites suffer water vapors at the temperature of 60 °C and at a relative humidity of 75% (Figure 7e). Their liquid resistance was identified by the two liquids of water and ethane, common in our daily lives. After they were completely immersed for one day at room temperature, the resistance variations were only 0.5% and 2.6% for water and ethane (Figure 7f). It is really important that CNT/CB composites have desirable ambient environmental resistance to serve their sensor applications [130,131,132,133].




5.2. Graphene Based Strain Sensor on Extreme Humidity or Other Harsh Condition


A reduced graphene oxide (rGO) conductive fabric was first obtained by electrostatic self-assembly of chitosan (CS), as shown in Figure 8 [102]. A polyamide/spandex knitted fabric (PSKF)@rGO/SiO2-PDMS sensor showed that the sensor exhibited a broad strain range of 0 to 60% and a negative GF up to −2.08, with excellent cycling stability and durability during 4000 linear strain cycles. Importantly, this sensor was superhydrophobic and resistant to chemical corrosion, enabling its use in high humidity and low temperature environments and hazardous scenarios. When the fabric sensor was submerged in water, ethanol, toluene, hexane, acetone, hydrochloric acid aqueous solution (pH = 1), and sodium hydroxide aqueous solution (pH = 13) for 24 h, the water contact angles (WCA) of the fabric sensor surface showed only a negligible decrease and remained above 150°, indicating good durability of the fabric sensor against various types of chemical corrosion (Figure 8b). In addition, the laundry endurance of the fabric sensor was further assessed with reference to the national standard (GB/T 12490-2014). Although the WCA of the fabric surface gradually decreased with accumulated washing cycles, the fabric surface still maintained its super-hydrophobicity even after ten washing cycles. Zhu et al. reported an environment-tolerant strain sensor made by incorporating hierarchical cellulose nanocrystal/graphene (MCNC-GN) nanocomplexes into a polydimethylsiloxane (PDMS) matrix [108]. The assembled strain sensor possessed a favorable sensitivity, stretchability, durability, and environment stability. The harsh environment resistance of composite elastomers was evaluated by a series of water resistance and UV irradiation tests. The composite elastomer exhibited a hydrophobicity with a water CA (WCA) of 118° (Figure 8c). Even under more severe conditions, such as dyed acid solution (pH = 1), alkaline solution (pH = 14), and salt solution (pH ≈ 6), the sub-spherical droplets could maintain their original shape and stand on the sample surface with an average CA of 117°. This suggested that the composite elastomer possessed a stable hydrophobicity and resistance to corrosion, although the CA value was not higher due to the oxygen groups on the surface of the elastomer composite. After a seven-day artificial sweat treatment, the water droplet on the elastomer surface still formed a regular sub-sphere shape with a WCA of 109°. The electrical conductivity was almost constant with a slight fluctuation (Figure 8d), indicating the stable conductivity and hydrophobicity of the elastomer in the human sweat environment. Besides, the elastomer exhibited a favorable aging resistance property. The WCA and electrical conductivity could almost keep a constant value after 5 h UV irradiation (Figure 8e). Zhu et al. [99] developed a direct ink writing (DIW) assembly approach for fabricating fiber-shaped strain sensors by incorporating graphene/CNT hybrid fillers into the silicone elastomer. The proposed fiber-shaped GCE strain sensors exhibit a tolerable strain over 300%, high sensitivity (100% strain, GF = 14,550.2), and high durability (10,000 loops), and can maintain excellent electromechanical stability to environmental temperature change (reaching at 60 °C) and show good long-term (30 days) environmental stability and waterproof characteristics. Apart from the temperature-resistance ability, a GMF sensor remains stable at a relative humidity of ≈39% and fluctuates moderately with increasing relative humidity up to ≈71%, which shows that the GMF sensor is insensitive to humidity changes, owing to the reduction in functional groups [122].




5.3. Nanodiamonds Based Strain Sensor on Extreme Humidity or Other Harsh Condition


A flower-like molybdenum disulfide (MoS2)/nanodiamond (ND) nanocomposite was successfully prepared via an easy hydrothermal synthesis method and fabricated into humidity sensors to investigate its humidity sensing characteristics, and it could be seen that it was stable at a humidity from 11% RH to 97% RH [106]. A smart multifunctional fabric was produced from the combination of ND with polyaniline (PAIN) with improved mechanical and comfort properties [104]. The nanocomposites based on ND and PAIN are still present on the surface of the fabric even after five commercial washing cycles, which could be due to the bond formation between the nanocomposites and the fabric. The fabrics were washed according to the ISO 105-C08 method. Briefly, the fabrics were washed five times using 20 mL/g liquor-to-fabric ratio at 40 °C for 30 min along with 25 steel balls. ND-PANI showed significant enhancement in abrasion resistance as ND has high abrasion resistance and can increase the abrasion resistance and strengthen the mechanical properties, absorbing the applied energy during abrasion [134,135]. Recently, a pressure sensor device was made of a locally synthesized diamond layer [105]. The rear side of a pressure sensor diaphragm was prepared with an additional diamond layer as protective coating against harsh media, because of the diamond’s chemical inertness and resistance.





6. Applications


Carbon material (carbon nanotubes, graphene, and nanodiamond) strain sensors exhibit unique properties and resilience, making them highly versatile in harsh environments. These sensors find diverse applications in healthcare, including human motion sensing, health monitoring, electronic skins (E-skin), and special applications. Integrated into wearable devices, they enable continuous monitoring of vital signs, body movements, and muscle activity, even during rigorous physical activities, thanks to their flexibility and ability to withstand mechanical stresses. In healthcare settings, particularly in monitoring and diagnostics, carbon-based strain sensors, such as those using carbon nanotubes, graphene, and nanodiamond, prove to be well-suited due to their sensitivity, flexibility, and durability. Their integration into various healthcare applications, such as wearable health monitoring devices, orthopedic monitoring, pressure ulcer prevention, smart implants, rehabilitation, cardiac monitoring, prosthetics, and surgical robotics, enables real-time monitoring, precise diagnostics, and customized treatment plans, ultimately enhancing patient care and healthcare outcomes. As research and technology progress, carbon material strain sensors are expected to play an increasingly vital role in healthcare applications, further revolutionizing patient care and healthcare practices.



6.1. Motion Sensing


The wearable sensor serves as a crucial component determining the functionality of current smart devices. However, existing monitoring equipment based on physical indicators like explosive force, respiration, heart rate, blood oxygen saturation, and electromyography lacks wear comfort and sensitivity. Consequently, real-time monitoring of athletes’ physical information during free movement is hindered, affecting accurate motion parameter data and ultimately impacting training effectiveness. Thus, there is an urgent demand for the development of flexible wearable strain sensors that offer comfort and high sensitivity, enabling real-time monitoring of athletes’ status. To achieve real-time health data during exercise, wearable sensors are strategically placed on various body parts, such as elbows, wrists, fingers, pulses, and knees, facilitating continuous and precise monitoring.



Especially for some outdoor activities, activities take place in an extreme situation, such as at low temperatures or in high humidity. Ma et al. [45] reported that a CNT-based strain sensor exhibits excellent temperature tolerance (−40 °C) and long-lasting moisture (20 days). After being stored at −40 °C for 24 h, the anti-freezing organohydrogel maintained sensitivity and could be assembled as a wearable device to monitor human biologic activities at low temperatures. In addition, Lu et al. [102] report that a PSKF@rGO/SiO2-PDMS sensor expands the working range. For instance, athletes can use this PSKF@rGO/SiO2-PDMS sensor to detect their finger, wrist, elbow, knee, and ankle movements and different movements (walking and running) of the same joint were also detected (Figure 9a–g). A resistance curve with high repeatability was still observed even when the fabric sensor was submerged in water or placed in a severely cold environment, indicating that the fabric sensor could still maintain good mechanical and electrical properties, as shown in Figure 9h,i. Furthermore, due to its super-hydrophobicity, the fabric sensor maintained normal operation even after water was poured on it and when activity was monitored in sweaty conditions. Based on its multiple superior properties, this sensor could be used as winter sportswear for athletes to track their actions without being impacted by water and as a warmer to ensure the wearer’s comfort.



A kind of sensor could detect minor motion. The polypyrrole (PPy)/single-walled carbon nanotube (SWCNT)/polydopamine(PDA)/cotton composite was employed to capture subtle motions originating from the vocal cords during drinking, as depicted in Figure 9 [121]. Remarkably, a unique and repetitive ΔR/R0 response profile was observed when the volunteer drank 100 mL of orange juice in four sips, highlighting the composite’s potential to sense complex and delicate motions of the vocal muscles (Figure 9j). To monitor tiny motions arising from wrist movement during writing, the same composite was applied to the wrist region of the right hand. The sensor’s response was examined while writing four different words, “CTN”, “PDA”, “CNT”, and “PPy”, with each word showing a distinctive, repetitive, and reproducible ΔR/R0 response (Figure 9k).




6.2. Health Monitor


In the fields of epidemiology and disease control, the use of carbon materials-based flexible strain sensors is vital and essential. In athletic training, real-time recording and analysis of bio-sign signals, including respiration, heart rate, and electromyography, are vital. As a result, they serve as ideal health indicators, playing a crucial role in monitoring public and personal health with precision.



An example of sensor designs for detecting the pulses of the wrist is based on MWCNT [107]. The superhydrophobic sensors were applied to various positions on individuals’ skin to facilitate real-time detection. As depicted in Figure 10a, the sensor adhered firmly to the wrist surface, enabling the detection of tiny deformations caused by pulse vibrations and producing a sensitive and stable wrist pulse signal. The amplified image displayed in Figure 10a showcases a typical radial artery pulse waveform with three distinct peaks, affirming the sensor’s suitability for human health testing. Moreover, in addition to its capability for precise individual detection, the sensor exhibits high sensitivity in recognizing human joint movements. A flexible and multifunctional temperature/pressure/loading composite foam sensor was developed [97]. Figure 10b,c demonstrate that the PDA-CNT/PDMS sensor exhibits continuous and stable signal peaks with higher intensity compared to the CNT/PDMS sensor when detecting pulse waves, including those from the left superficial temporal artery and the left carotid artery. This strain sensors can also be assembled on a face mask to measure human breathing. To showcase the potential application of the PDA-CNT/PDMS composite sensor, Figure 10d illustrates a flexible composite microarray sewn inside a medical mask to create a smart mask. When an adult breathes with this mask, the inhaled hot air comes into contact with the microarray, leading to a decrease in sensor resistance (Figure 10d). Consequently, the sensor can monitor the human body’s breathing rate in relation to exercise and health. Figure 10d displays distinct signals representing normal breathing and shortness of breath, empowering the PDA-CNT/PDMS composite sensor with the capability to predict early diseases in the human body. Moreover, a breath sensor based on rGO-CGY and elastic yarns can monitor speaking, coughing, and breathing [122]. The electrical pattern obtained during gum chewing, as shown in Figure 11a, exhibits reproducibility, revealing its promising application prospects in oral locomotion and training. We affixed the sensor to the throat to discern coughing and speaking states. Figure 11b depicts the resistance change of the sensor during coughing, showing an upward and downward resistance change signal linked to the exertion and release of cough, respectively, consistent with corresponding epidermal vibrations. Furthermore, the electrical response remains highly repeatable with minimal deviations, indicating precise tracking of motion with a reproducible signaling pattern. In Figure 11c, the sensor effectively captures resistance signals generated during speech, exhibiting distinguishable and reproducible patterns when speaking different words (“I love you”, “strain sensor”, and “wearable”). Additionally, signals of normal human breathing and breathing during running are presented in Figure 11d, showcasing discernible respiratory rates and depths under the two diverse conditions.




6.3. E-Skin


As a tissue directly in contact with the external environment, the skin can perceive various external stimuli simultaneously. Extensive research has been conducted on its intriguing properties, including self-healing capabilities. In the context of artificial intelligent skin, carbon nanotube-, graphene-, and nanodiamond-based flexible strain sensors emerge as excellent candidates, benefiting from the unique strengths of stretchability and conductivity. These sensors are poised to fully replicate the functions of human skin, and several designs with multi-sensing abilities, such as strain and pressure, temperature and strain, have been developed to achieve this goal.



A polyimide (PI)/carbon nanotubes (CNT) composite aerogel was developed as E-skin [113]. Wearable pressure sensors are widely integrated into smart E-skin systems to detect pressure distribution and the location of mechanical stimuli. Figure 12A,B showcase the schematic illustration and top view of the E-skin, consisting of 5 × 5 pixels. As illustrated in Figure 12C, the E-skin accurately recognizes the compressed points by recording resistance variation in a two-dimensional (2D) map based on different applied pressures at various locations (with darker colors representing larger resistance variations) when a finger presses the E-skin affixed to the back of the hand. Moreover, a three-dimensional (3D) pressure distribution mapping is obtained through nonlinear surface fitting (Figure 12F), clearly highlighting significant pressure differences at different points. Specifically, the resistance variation in the pressure center amounts to about 34.2%, equivalent to a pressure of approximately 50 kPa. In addition, when the E-skin is gripped with a stone ball in the hand (Figure 12D,E), it also provides a substantial sensing response, with a 3D pressure distribution mapping shown in Figure 12G,H. Overall, these findings demonstrate the promising capabilities of the E-skin for accurately mapping pressure distribution and location. Moreover, Sun et al. [92] assembled a 4 × 4 electronic fabric using the superhydrophobic conductive RB (based on carbon nanotubes(CNTs)/reduced graphene oxide (rGO) dual conductive layer) to explore its application in the tactile sensing field (Figure 13a). By pressing the fabric with a figure (Figure 13b) or placing a doll (Figure 13c) on it, the deformation of the conductive RB resulted in resistance changes at different cross points, revealing the corresponding spatial pressure distribution. This was effectively captured through a 3D resistance variation mapping (Figure 13e,f), showcasing the immense potential of our superhydrophobic conductive RB for advanced electronic skin applications.




6.4. Other Application


6.4.1. Intelligent Logistics, Disaster Rescue, and Space Applications


Beside the above-mentioned applications, there are some special applications for strain sensors in harsh environments. For nuclear or space applications, radiation resistance is imperative, allowing sensors to endure without degradation. Ma et al. [109] reported that a MWCNT/polyimide aerogel exhibited desirable EMI SE values (from 99.4 dB to 46.9 dB when CPIA-4 was compressed from 10 mm to 5 mm) with stable electrical responsiveness across a wide temperature range (from 25 to 316 °C). These materials, therefore, showcase great promise as smart high-temperature EMI shielding materials for radar equipment, satellites, or aerobat landing protection equipment. Moreover, the strain/pressure sensing and EMI shielding performance of the hybrid CNT-coated carbonized melamine foams (CNT/CMFs) were systematically investigated, showing an exceptional EMI shielding effectiveness and a high specific shielding effectiveness of 6147.3 dB cm2/g with an absorption-dominant shielding mechanism due to the highly porous structure [119].



In Shak Sadi’s study, to verify the potentiality of the PPy/SWCNT/PDA/Cotton composite as a component of a wearable heating device, the sample was attached to the index finger position of a hand glove while both ends of the composite were connected to an external DC voltage source (2 V) (Figure 14a) [121]. Within 30 s of heating, there was a very uniformly distributed profile of the surface. A component of wearable heating devices is to control the region-specific temperature of the human body as desired by the wearer. Robots with sensors are expected to play a crucial role in extreme environment tasks in the future, such as intelligent logistics, disaster rescue, and aerospace applications [53,54]. The fabric sensor-equipped mechanical arm was carefully maneuvered to approach both a hazardous chemical bottle and a toy doll [102]. The sensor demonstrated its responsiveness, detecting the grasping action regardless of the materials’ hardness or softness (see Figure 14b). When the robot successfully grabbed an object, the fabric sensor experienced compression and pressure, leading to a sudden drop in resistance, which promptly activated the signal lamp. Upon releasing the object, the lamp returned to its original state. These results affirm the suitability and reliability of the PSKF@rGO/SiO2-PDMS fabric sensor even in challenging and demanding application conditions [102].




6.4.2. Non-Contact Smart Control


A flower-like nanocomposite of molybdenum disulfide (MoS2) and nanodiamond (ND) was utilized to create humidity sensors [106]. This innovative non-contact sensing control method allows for adjusting the brightness of LED lights by monitoring water evaporation from the skin, presenting a potential and advantageous approach for controlling the brightness of display screens in phones and computers. Leveraging its impressive sensitivity and rapid response, the sensor was applied to monitor water evaporation from the skin. In Figure 15a, the measurement diagram of the sensor during finger water evaporation is displayed, with a micrometer actuator used to control the humidity sensor’s distance from the finger. As the distance between the sensor and the finger gradually decreased, the sensor detected the humidity evaporated from sweat glands, leading to an increase in the sensor’s response, as depicted in Figure 15a. The humidity values can be determined, as shown in the figure. Additionally, real-time detection of water evaporation occurred when the finger was rapidly brought close to and lifted from the sensor, as demonstrated in Figure 15a. The sensor could clearly and swiftly detect the subtle changes in relative humidity (RH) released from the skin. On the other hand, when uniformly sliding our finger near the top of the sensor, the sensor showed a slow response, indicating a slow adsorption process of RH on the sensor surface. These experimental results underscore the sensor’s excellent response sensitivity in monitoring water evaporation from the skin. Furthermore, a non-contact smart sensing control system was constructed by monitoring water evaporation from the skin, as illustrated in Figure 15b. The system primarily consists of an operational amplifier (IC1) and an inverting operational amplifier (IC2). As depicted in Figure 15b, the LED light’s brightness exhibited different degrees of variation with decreasing distance between the finger and the sensor. In comparison to other control methods, this non-contact smart control system offers the added advantage of reducing the risk of bacterial transmission.






7. Conclusions and Challenges


A comprehensive evaluation of the carbon-based flexible strain sensor was reviewed and discussed. This paper summarizes the recent breakthroughs in the reasonable fabrication, performance, and application varieties of CNTs, graphene, nanodiamond, and related materials toward wearable electronics with high-performance flexibility. Because of their extraordinary properties (e.g., ultra-translucency, good electrical conductivity, thermal stability, chemical stability, superior mechanical flexibility, installation to be designed into different pliable macroscopic morphologies, and easily functionalized), these carbon material (CNTs, graphene, and nanodiamond), and related materials such as MWCNT, SWCNT, GO, rGO, and ultrananocrystalline diamond, enable a wide range of applications for high-sensitivity strain sensors, which are promising for motion sensing, health indicators, E-skin, and intelligent logistics, disaster rescue, and space applications.



Compared to CNTs and graphene, nanodiamond has a much shorter history. Nanodiamond (ND) is a novel nanocarbon material with favorable mechanical properties, remarkable chemical inertness, low dielectric constant, outstanding thermal stability, and biocompatibility. Owing to these desirable characteristics, it has been applied in the environmental, energy, biological, and drug delivery fields. With the development of nanodiamond in biological and biomedical areas in recent years, a natural question that has come up is that of which one is better for making strain senors. As popular carbon nanomaterials, CNTs, graphene, and nanodiamond share some properties, including excellent mechanic, electronic, and thermal properties. Nanodiamonds have high hardness and wear resistance, but they are not as mechanically flexible as CNTs or graphene. It is obvious that CNTs and graphene have been widely used as strain sensors in harsh environments, while there is not a lot of research about nanodiamond-based strain sensors and most reported research focused on pressure senors. Despite the progress in CNTs, graphene, and nanodiamond-based strain sensors for extreme conditions, challenges remain in terms of sensitivity, stability, and calibration. Researchers continue to explore new carbon materials, sensor designs, and encapsulation methods to enhance their performance and reliability. Future advancements hold the promise of more extensive applications in harsh environments and can revolutionize safety and efficiency in critical industries. Firstly, maintaining high sensitivity and accuracy of carbon material strain sensors in harsh conditions can be challenging. Extreme temperatures, mechanical stresses, and exposure to corrosive substances might affect the sensor’s performance, leading to inaccurate readings. Secondly, harsh environments can alter the properties of carbon materials, affecting their calibration and stability over time. Regular calibration is essential to ensure accurate strain measurements, but this process can be complicated and time-consuming in challenging conditions. Thirdly, prolonged exposure to harsh environments, such as extreme temperatures or corrosive substances, can degrade the carbon material’s properties. This degradation may lead to reduced sensor lifespan and performance. Fourthly, integrating carbon material strain sensors into existing structures or systems in harsh environments might be difficult due to size constraints, wiring complexities, and compatibility issues. Harsh environments can introduce various sources of signal interference, such as electromagnetic noise, which can impact the sensor’s ability to transmit data accurately. Finally, carbon material strain sensors, particularly those designed to withstand extreme conditions, may be more expensive compared to conventional strain sensors, posing a challenge for their widespread adoption.



Strain sensors are used to measure the deformation of an object under stress. They are widely used in various fields such as aerospace, civil engineering, and medical engineering. The prospects of strain sensors in harsh environments are promising. In recent years, there has been a growing demand for sensors that can withstand harsh environments such as high temperatures, high radiation, high shock, and chemically corrosive environments. TE Connectivity has developed a range of industrial sensors that can withstand harsh environments. These sensors are designed to operate in demanding conditions and provide accurate and reliable data. The latest sensor developments are being influenced by IoT trends including miniaturization, digitization, sensor fusion, lower power, and the integration of wireless communication technologies. The commercialization of strain sensors for harsh environments is already underway. However, the requirements for sensors are becoming more demanding as factories are becoming more autonomous and IoT (Internet of Things) ready. The development of sensors and actuators to operate in harsh environmental conditions has been gaining momentum in recent years.



Overall, the future prospects of carbon nanotubes, graphene, and nanodiamond as strain sensors in harsh environments are exciting and dynamic. Ongoing research and development efforts are expected to lead to significant advancements in materials, fabrication techniques, and sensor design, making these carbon-based sensors increasingly reliable, versatile, and applicable in a wide range of extreme conditions, including aerospace, automotive, oil and gas, structural monitoring, and healthcare applications. As research continues to push the boundaries of materials science and sensor technology, carbon-based strain sensors are expected to play an increasingly vital role in shaping the future of wearable and flexible electronics, leading to improved healthcare monitoring, industrial applications, and the realization of a smarter, interconnected community.
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Figure 1. Application of strain sensors based on carbon nanotubes, graphene, and nanodiamond in harsh environments. 
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Figure 2. (a) Schematic diagram for the preparation of FCNT/SiO2 coating on elastic tape. (b) Photograph of one piece of superhydrophobic and conductive elastic tape displaying excellent flexibility. (c) SEM image of the FCNT/SiO2 coating [98]. (d) Schematic illustration of the direct ink writing (DIW) process of GCE fibers [99]. 
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Figure 3. Fabrication route of MoS2/ND nanocomposite via an easy hydrothermal synthesis method [106]. 
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Figure 4. The environmental tolerance of the MMCOH. (a) Photographs of the anti-freezing behavior of MMCH and MMCOH. (b) Stress–strain curves of MMCOH at 25 and −60 °C. (c) Conductivity of MMCOH from −60 to 20 °C [114]. (d) Electrical signals of the sensor under a cyclic strain of 15% at temperatures from ≈22.8 °C (room temperature) to ≈47.3 °C, presenting stability of the sensor at different temperatures. %). (e) Electrical outputs of the GMF sensor with a recurrent strain of 15% in the process of humidity changing from ≈39 to ≈71%, presenting stability of the sensor in different humidities [122]. 
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Figure 5. (a) Acrylamide (AM), Alg-PBA, and PVA were sequentially added to the rGO-containing EG/H2O solution, and the polymerization was carried out to obtain PAM network and the conductive nanocomposite organohydrogel. (b) Conductive nanocomposite organohydrogel could be assembled as human-motion sensors with low temperature tolerance (−40 to 0 °C) for accurate detection of both tiny (swallowing and pulse) and large (finger bending and elbow bending) human activities. (c) Organohydrogels were bent after cooling at −40 °C and after 20 days of storage at 25 °C and 50% humidity, the organohydrogels maintained excellent elasticity [45]. 
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Figure 6. (a–e) Images showing flame test of the pure ANF film. (a–f) Images showing flame test of the 50 wt % ND@PDDA/ANF film [124]. 
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Figure 7. (a) Conductivity stability test of the film in water, acidic (pH = 2), alkaline (pH = 13), and salt solutions. Inset of shows the “silver mirror” phenomenon in water and test status of the film. (b) CA of the functional film after immersion in different solutions for 7 days [107]. (c) The dependence of storage modulus E0 on the temperatures of −80 to +80 °C. (d) Resistivity of the CB/CNT composite in the temperature range of −40 to +50 °C. (e,f) A self-made device with the composite sample and LED lights is placed in the water vapor with a temperature of +60 °C and a humidity of 75% and is immersed in water and ethane for 1 day. The brightness of the LED light does not change during the two processes [120]. 
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Figure 8. (a) A Schematic illustration of the preparation process of the PSKF@rGO/SiO2-PDMS sensor. (b) Schematic diagram of the application scenarios and functions of the PSKF@rGO/SiO2-PDMS sensor [102]. (c) CAs and photographs of various aqueous droplets on the surface of MCNC-GN/PDMS-2. (d) WCA and conductivity variations of the MCNC-GN/PDMS-2 as a function of the immersion time in artificial sweat. Inset: WCA image after a 7-day immersion. (e) WCA changes of MCNC-GN/PDMS-2 with different light irradiation time. Inset: WCA image after a 5 h UV irradiation. 
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Figure 9. (a) Schematic illustration of the PSKF@rGO/SiO2-PDMS sensor mounted on human joints for exercise monitoring and management. (b) Relative resistance variation of the PSKF@rGO/SiO2-PDMS sensor based on finger bending at a certain angle. Insets: photos of an index finger at angles of 0°, 30°, 60°, 90°, and 120°. (c–g) Real-time relative resistance variation of the PSKF@rGO/SiO2-PDMS sensor when monitoring continuous motions of the wrist, elbow, knee, and foot while walking and running. (h,i) Real-time relative resistance variation of the PSKF@rGO/SiO2-PDMS sensor under extreme conditions (underwater or extremely low temperature (−40 °C)) [102]. (j) The strain sensing performance of the PPy/SWCNT/PDA/cotton composite on the index finger; changes of ΔR/R0 while drinking; (k) the sensor attached on the wrist; ΔR/R0 change profile during writing [121]. 
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Figure 10. (a) Real-time detection of the wrist pulse when the film self-adhered to the wrist surface and the enlarged image of the pulse detection [107]. (b,c) Comparison of the signals from the CNT/PDMS and PDA-CNT/PDMS composite sensors for recording the left superficial temporal artery and left carotid artery. (d) Photograph of a medical mask with a flexible composite microarray inside. Cartoon diagram of breathing. Photograph of breathing with a medical mask embedded with a flexible composite microarray. Comparison of the signals from the medical sensory mask under normal breathing and shortness of breath of the human body [97]. 
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Figure 11. Application demonstration of the GMF sensor. (a) Corresponding signals of chewing gum. (b) Relative electrical resistance changes of throat vibration during coughing. (c) Signals of the throat epidermis vibration while speaking different words. (d) Relative electrical resistance changes during normal breathing and breathing during running [122]. 
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Figure 12. (A) Schematic illustration and (B) top view of the E-skin assembled from the PI/CNT composite aerogel with a size of 5 × 5 pixels. (C) Photograph of a finger pressing the E-skin attached to the back of the hand and the corresponding resistance variation in a 2D map. Photographs of a stone ball (D) in the hand and (E) being gripped, and their corresponding resistance variation in a 2D map. (F–H) Corresponding pressure distribution mappings over a 3D area of (C–E) based on the change in resistance, respectively [113]. 
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Figure 13. Digital photographs and the corresponding pressure distribution based on the resistance change of (a,d) electronic fabric assembled from the superhydrophobic conductive RB with 4 × 4 pixels, and (b,e) a finger and (c,f) a doll on the electronic fabric. 
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Figure 14. (a) Demonstration of the wearable heating system, attachment of the composite with a hand glove as a wearable heater; temperature response of the heater on the index finger under 2 V [121]. (b) PSKF@rGO/SiO2-PDMS sensor mounted on a robot hand for executing dangerous tasks and intelligent logistics [102]. The background of Figure 14b is the university name for the author in reference [111]. 






Figure 14. (a) Demonstration of the wearable heating system, attachment of the composite with a hand glove as a wearable heater; temperature response of the heater on the index finger under 2 V [121]. (b) PSKF@rGO/SiO2-PDMS sensor mounted on a robot hand for executing dangerous tasks and intelligent logistics [102]. The background of Figure 14b is the university name for the author in reference [111].



[image: Carbon 09 00108 g014]







[image: Carbon 09 00108 g015] 





Figure 15. (a) The measurement diagram of the sensor on finger water evaporation. The response to a bare finger with different distances. Real-time detection of water evaporation from a finger, moving up and down, uniform sliding. (b) Noncontact sensing control. The schematic circuit diagram of noncontact sensing system. The photograph of a finger noncontact humidity control system, displaying the different degrees of brightness of a LED light with the decreasing of distances between the finger and sensor [106]. 
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Table 1. The properties of carbon nanotubes, graphene, and nanodiamond.
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	Carbon Material
	Electrical Conductivity
	Thermal Conductivity
	Young’s Modulus
	Crystal Lattice Parameters
	Band Gap





	CNT
	0.17–2.0 × 107 S m−1
	6600 Wm−1K−1
	270 to 950 GPa
	sp2

1.7 nm
	~0.2 eV



	Graphene
	2248108 S m−1
	5000 Wm−1K−1
	853.3 ± 0.9 Gpa
	sp2

0.25 nm
	1.25 eV



	Nanodiamond
	400 S m−1
	2000 Wm−1K−1
	880 ± 90 GP
	sp3

2 to 3 nm
	~5.5 eV
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