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We are living in a sensor world. Sensors are used in the house, office, car, and other areas detecting our presence by turning lights on, adjusting room temperature, detecting fires, and many other tasks. Today sensor has become a “buzz word”, without which it is hard to imagine living. They play a vital role in all sectors including housing, industry, aviation, medicine, and automobiles to name a few. Sensors can be manufactured with many types of materials. However, sensors made of ceramics have significance and have advantages when compared to those made from other materials. This mini review examines ceramic sensors and their applications in various sectors including the materials used to build them and their functioning in different areas. The paper precisely reports ceramic sensors and their applications in industry, including the medical, automotive, and aviation sectors.
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INTRODUCTION
Ceramics are solid materials that comprise inorganic compounds of metal or metalloids and non-metals with covalent or ionic bonds. Commonly known ceramics are brick, porcelain, and earthenware. Substances with special properties make advanced ceramics, also called fine, engineering, high performance, high tech, or technical ceramics. Traditionally ceramics are made of powder and then fabricated into a material by applying heat which exhibits strength, hardness, brittleness, and low electrical conductivity. Ceramics can be widely used almost in every application, including the fields of engineering and industry, including those used in medicine, automotive, space, and the environment. As discussed in a report by Lee and Komarneni (2005), ceramics are highly useful in corrosive environments and can be used for a long time at high temperatures without any change in their properties. Richerson and Lee (2018) compare the advantages of ceramic oxides like TiO2, Al2O3, and ZrO2 with other polymers and metals and reported that these oxides are useful for various sensor applications with special properties and advantages. This has implications for the use of ceramic materials in aviation, automobiles, medicine, and the chemical industries. Although sensors in many areas are made of ceramics, the fragility of these materials limits their application in construction materials (Okada, 2009).
A sensor is an input device that converts a physical parameter to an output in the form of an analog or digital signal. In other words, it converts a physical quantity like force, humidity, light, and converts it into an equivalent electrical output. Sensors commonly used in various applications include temperature, humidity, gas, pressure, automotive, and touch sensors etc. Technologies used by sensors include acoustic, capacitive, doppler, electromagnetic, electro-mechanical, thermistor, inductance, optic, microwave, laser, ultrasonic, peiezoelectric effect etc.
Traditional ceramics can be used in sensors where durability and toughness are a prerequisite, while advanced ceramics can be used where more emphasis is on improving the requirements of electrical, thermal, magnetic, and optical properties. Ceramics used in sensors require long durable life, high tolerance of temperature, robust nature, and should be able to undergo direct contact with liquid media. Ceramics are extensively used as temperature, humidity, pressure, oxygen, proximity, automobile, capacitive, oil level, and corrosion sensors (Critchley, 2020). Blasques et al. (2020) developed and studied the thermal and structural properties of a new ceramic nanomaterial SiO2/NPsSm2O3/C-graphite. This material is found to have samarium oxide nanoparticles whose matrix was dispersed of graphite and silica with an average pore size <4 nm. This nanomaterial was electrochemically tested by using it as an electrode material which indicated it to be promising in developing electrochemical sensors.
OVERVIEW OF CERAMIC SENSORS
Synthesized powdered ceramic materials include carbides, oxides, silicates, and nitrides, which are mainly used in various forms like polycrystals, crystals, composite materials, and thin films. They show high potential in diverse areas that include industry, electronics, energy, chemicals, aviation, and automotives, etc. These materials as sensing elements have gained tremendous significance in recent years. The property of positive temperature coefficient resistance makes ceramic sensors more attractive in various applications. This makes them useful in electronic circuitry. Ceramics with this property are primary donor-doped solid solutions of barium titanate ceramics of large grain size. It is a known fact that high electric fields limit the use of piezoceramics. In such cases, traditional ceramics are preferred in environments where more stress and heat exists. Various ceramic materials with high temperature tolerance, robustness, and long durability can withstand a harsh environment and be washed, meaning they are suited to use in sensors. Materials such as alumina, zirconia, and yttria are some of the common materials used as sensing surfaces. They are widely used as temperature, pressure, oxygen, corrosion, and oil level sensors (Chiang et al., 1996). Apart from these materials many ceramic materials and composites are used as sensing materials.
Xie et al. (2018) demonstrated flexible and active shear and pressure sensors using lead zirconate titanate that measure strain, acceleration, and touch sensors that detect longitudinal, transverse, and shear loads. Perara-Mercado et al. (2018) reported a porous ceramic sensor for hydrocarbon gas leak detection. They reported the importance of porous ceramic as a material for sensors. The selection of a suitable base ceramic material and later altering pores shape, size and porosity may help in various applications. However control of permeability, low coefficient of expansion, high melting point, corrosion resistance, and tailored electronic properties are additional advantages. Recently, sensors have been used to inspect oil leakage, detect flammable gas, and hydrocarbons at high humid and low temperatures.
Su and Zhang (2017) reported carbon ceramic composite sensors. Accelerometer sensors were made from this material and BaTiO3. They deposited CNT’s on BaTiO3 substrates and reported higher sensitivity with CNT/ BaTiO3 sensors than that of BaTiO3 sensors for individual vibrating frequency. Weng et al. (2020) reported that high temperatures will degrade the electrical insulation of ceramic materials which affects the sensor characteristics. This can be overcome by adding Al2O3 to a ceramic material of YSZ thermal barrier coating which improved its insulation at high temperatures. Meng et al. (2020) developed bimodal transistor sensors by using piezoelectric ceramic substrate Lead Zirconate Titanate. Due to their large scale integration capabilities, multifunctional transistor sensors may play a key role in next-generation smart portable electronics and artificial intelligence products. Piezoelectric ceramics and their role in thermal and bimodal transistor sensors are seldom explored. Organic thermal and bimodal transistor sensors with Lead Zirconate Titanate (PZT) were developed with high sensitivity and linear response to change in temperature. Yu et al. (2020) fabricated a SiCN ceramic with an enhanced sensing distance pressure sensor. They fabricated a high-gas-tightness wireless pressure sensor with silicon carbonitride ceramic material with an increased ceramic density, and which could sense pressure from a large distance. The measurement of pressure in environments with huge temperatures (1000–1400°C), pressures (300–600 psi), and corrosive gases need to be sorted (Su et al., 2017). Authors please provide rewording (use of informal language and unclear meaning/point): “The measurement of pressure in environments with huge temperatures (1000–1400°C), pressures (300–600 psi), and corrosive gases need to be sorted” In this environment, the structure of the pressure sensor needs to be wireless and passive as these devices do not work above 600°C (Yang, 2013) and wired devices do not work in certain conditions, for example, combustion. The time sensing distance of wireless pressure sensors is also limited (Cheng et al., 2014) meaning there is a need for enhanced the sensing distance in harsh environments, increasing its life. In this context, it is important to use and develop high-gas-tightness wireless pressure sensors that are fabricated with a silicon carbonitride (SiCN) ceramic material with large sensing distance (Yu et al., 2020).
HUMIDITY SENSORS
All living and non-living organisms on earth require air and water which are important for human health and in all properties of materials (Blank et al., 2016). It is important to measure water content in any environment and material for various computations. It is noteworthy that in chemical sensors, which detect the signature of particular compounds, ions in composite specimens are available on a small scale (Wolfbeis and Weidgans, 2006) and in recent years there has been increasing demand for humidity sensors (Tan et al., 2005; Liu et al., 2008; Su and Chen, 2008; Song et al., 2009; Cha et al., 2011). Humidity sensors that detect water vapor enable us to measure the amount of water in the air (Tan et al., 2005; Song et al., 2009). Yadav (2018) reviewed various types of humidity sensors and their importance in human life. Depending on the technology involved, humidity sensors are capable of providing accurate measurements of absolute humidity by mixing measurements of temperature and relative humidity (RH: the ratio of air moisture to maximum moisture at a specific temperature, while humidity is the difference between them). These sensors are categorized into thermal, capacitive, and resistive type sensors.
Thermal, Capacitive, and Resistive Humidity Sensors
A thermal humidity sensor, also known as a hygrometer, works under the principle of detecting changes in temperature or currents. A capacitive humidity sensor measures RH with the help of a thin metal oxide strip (whose electrical capacity varies with RH ), which is placed between two electrodes. Depending on the existing humidity in the air, the two thermal sensors conduct current. One measures ambient air and the other is enclosed in dry nitrogen, and the difference between them gives humidity. These sensors are sued for weather monitoring and in commercial industries whose RH measurement ranges from zero to cent percent. They require calibration regularly, with a complex circuit, and operate over a large temperature range. The resistive humidity sensor measures the electrical impedance of atoms by using ions in salts and changes in humidity cause a change in resistance. These sensors are based on the principle that conduction in non–metallic conductors is due to their water content. They are usually made of materials with less resistance, as it varies significantly with humidity. A low resistive material is deposited on top of two electrodes in an inter-digitized pattern, increasing the area of contact which, on absorbing water, brings a change in resistivity that is then measured with a small electric circuit.
In general, the pressure exerted by air completely saturated with water is called PWS (saturation water vapor pressure) (Yeo et al., 2008) and is proportional to temperature. These sensors are developed to sense water vapor either in under saturated (with air) or under controlled conditions (without air) (Bozóki et al., 2003; Parikh et al., 2006; Tang et al., 2012). By and large, the way they work involves considering relative humidity based upon the actual water vapor/saturation water vapor pressure ratio at a given temperature. The prime quality of a good practical humidity sensor includes short response time, minimum hysteresis, less temperature dependence, its economic benefits, the fact that it resists contamination and involves easy fabrication, durability, and can be used for all types of water (Bayhan and Kavasoğlu, 2006; Islam and Saha, 2006; Majumdar and Banerji, 2009; Estella et al., 2010; Zhang et al., 2010a; Su and Lin, 2012). The main concern while designing these sensors are the limitations of the materials and reports indicate that this process involves either synthesizing new material or improving the properties of existing materials CE (N) (He et al., 2010). Since the sensing time of existing materials is higher (Oprea et al., 2009), new sensing materials like ceramics have been explored (Erol et al., 2011), including spinel oxides, metal oxides, perovskite oxides, or a combination of these compounds whose sensing ability depends on the physical and chemical properties. The sensing mechanism is governed by water adsorption on a ceramic surface and this process is supported by a distinctive ceramic structure with pores, grains, and grain boundaries (Faia et al., 2004; Bayhan and Kavasoğlu, 2006). Authors please check edit meaning. Water adsorption brings a change in the mechanical or electrical parameters of the sensing element, which is utilized by the humidity sensor (Yuk and Troczynski, 2003). The monitoring of humidity with instruments designed using ceramic sensing elements uses optical, mass sensitive, and electrochemical principles of operation.
Electrical Humidity Sensors
Out of many existing humidity sensors, impedance based sensors are common. Their operation depends on the resistance, impedance, and capacitance of the sensing element, which senses the type and amount of surface adsorbate. In a resistive sensor, analytical signals change the real part of the impedance in the imaginary part of the capacitive sensors. The impedance decreases with an increase in relative humidity (RH) in a resistive sensor, whereas capacitance increases with RH in the capacitive sensor. A change in sensor dielectric constant with change in RH is the working principle behind capacitive humidity sensors (Wang et al., 2005). It has a ceramic substrate accompanied by metal electrodes or wire wound electrodes coated with humidity sensing ceramic material (Xu et al., 1998). Many sensors of this type were reported as responding to RH above 11% and below 95 % (Zhou et al., 2013), some responding to levels of 10 % (Faia and Furtado, 2013), 5 % (Edwin Suresh Raj et al., 2002) and less (Kotnala et al., 2013), or at 97 % (Su and Lin, 2012) and above (Zhao et al., 2013). Most of them operate at normal temperatures between 13o C to 35o C (Geng et al., 2012; Liang et al., 2012; Su and Lin, 2012; Su et al., 2012; Zhang et al., 2012a) even though they can operate above 100oC (Chen et al., 2009a) or between 100 and 400o C (Tischner et al., 2008; Chen et al., 2009b).
Zeolite based sensors are capable of detecting humidity (up to 600o C) with decreasing atmosphere (Neumeier et al., 2008). The majority of these sensors evaluate a change in impedance under the AC current, which avoids the polarization effect of adsorbed water. However, this requires complex signal processing circuits (Biswas et al., 2013). Some reports indicate no significant difference in measured values in DC or AC modes by using ceramic thin films (Kotnala et al., 2013) while some indicated that the AC voltage sensor exhibits lower impedance compared to DC voltage (Wang et al., 2008b).
Electrochemical Humidity Sensors
Zirconia ceramic sensors are electrochemical devices developed primarily for the measurement of oxygen in gas mixtures. The addition of an electrode pair to the sensor coverts it into a pump-gauge device. The operation of this type of pump gauge sensor was reported by Maskell and Page (1999) and it can sense water vapor or CO2 at 0.004 and 0.02 mole fractions and above 800°C.
Optical Humidity Sensors
Sensors of optical type are more advantageous than electrical type since their operation does not get affected by neighboring electric magnetic fields (Yadav et al., 2010). It also has a fast response time, no requirement of electrical contacts which may be damaged by the substance that is to be sensed, and safety towards flammable vapors and gases (Somani, et al., 2001). These sensors generally utilize a fluorescence technique and guided wave spectroscopy. Water vapour interacts with the sensitive ceramic layer, changing optical parameters such as the refractive index (Mohan et al., 2012; Sharma and Gupta, 2013), reflectance (Jen et al., 2010; Yadav et al., 2010), photoluminescence (Zhang et al., 2011; Zhang et al., 2012b), and shifts in wavelength (Steele et al., 2006; Liu et al., 2011; Wales et al., 2013).
Mass Sensitive Humidity Sensors
Mass sensitive sensors are simple in construction and operation with low weight and power consumption. These sensors operate on the principle of frequency shift (Janata, 2009) and Quartz Crystal Microphotometer is known to be the most popular mass sensor with high stability and sensitivity, that measures very small changes in mass on a nanoscale (Zhu et al., 2010; Xie et al., 2013). It consists of polished quartz disks with gold or silver electrodes fabricated on both sides and the sensor is coated with ceramic film. The change in frequency of quartz crystal is measured and this change depends on the adsorbed mass and films’ physical properties (Erol et al., 2011). Reports indicate that ZnO nanoparticle loaded QCM (Quartz Crystal Microphotometer) shows a sharp increase in resonance frequency with increasing RH and no change for empty QCM during adsorption (Erol et al., 2010; Erol et al., 2011). The sensitivity of these sensors depends on the thickness, uniformity, and size of ceramic particles (Zhu et al., 2010; Xie et al., 2013).
Ceramic Materials Preferred for Humidity Sensors
Sensor technology requires different materials based on the transformation of energy between input and output. The combination of existing materials may lead to more reliable and economical sensors. Because of this, sensors with ceramic materials are studied, as they exhibit high strength, hardness, durability, melting point, low electrical and thermal conductivity, and chemical inertness. Reports indicate that metal oxides are mainly suitable for sensing elements in the case of electrochemical, mass, and optical humidity sensors since they exhibit excellent practical robustness, stability (thermal and environmental), huge temperature range, mechanical strength, and low fabrication costs. Metal oxides with spinel structures are often preferred as they facilitate changes in properties, as well as their physical and chemical properties, and change with cation distribution (Vijaya et al., 2007). The majority of metal oxides function based on structural defects existing and the extent of non-stoichiometry. Compounds with spinel structure containing a high density of defects and that have a tetrahedral framework, exhibit a semiconductive nature (Kotnala et al., 2008). Similarly, perovskite oxides ABO3 (solid solution) in which A ( rare or alkaline earth metal influenced by humidity) and B (transition metal) is reported to be better than normal metal oxides (Wang et al., 2009) in which some exhibit sensitivity to humidity in temperature range equal to 300oC (Hassen et al., 2000), > 400oC (Chen et al., 2009a), 400–650oC (Chen et al., 2010), > 500oC (Chen et al., 2009b), 500–700oC (Wang and Virkar, 2004), 700oC (Zhou and Ahmad, 2008) and mainly depend on the semiconducting nature of ceramic materials (Chou et al., 2009). Apart from these materials, titanate-based materials (Zhang et al., 2008), phosphate-based materials (Zhang et al., 2011; Sheng et al., 2012), tungstate-based materials (You et al., 2012), bismuth iron molybdate (Sears, 2000; Sears 2005), some oxygen-free compounds (Zhang et al., 2012a), glass-ceramic composites (Pal and Chakravorty, 2006), zeolites (Urbiztondo et al., 2011), clay minerals (Su and Lin, 2012) are used for the development of electrochemical humidity sensors. The addition of the identified dopant to the sensing ceramic modifies the adsorption of water vapor, transport mechanism, microstructure, and water adsorption sites (Neri et al., 2001; Vilaseca et al., 2006). The selection of a proper sensing element allows the ceramic humidity sensor to improve its sensitivity, signal response, functioning, and stability.
CERAMIC GAS SENSORS
Development of reliable sensors for measurements in industries like metal, steel, glass, paper, automobile, and power industries, where touch environment are of prime importance (Logothetis, 1991; Azad et al., 1992; Yamazoe and Miura, 1994; Viswanathan et al., 1997; Fukatsu et al., 1998). The technology of sensors has resulted in efficiency, improvement, and reduced emissions in the automobile industry. Given these advances, ceramic gas sensors are here reviewed.
A ceramic gas sensor uses transitions in metal oxide (ZnO, TiO2, and SnO2) as its base material. The principle behind these oxides is to detect gases like CO, H2, NOx, CH4, and CO2, etc. with variation in electrical conductivity. Selective CO sensors are used in combustion applications. A selective CO sensor was designed by CISM with PN junction having Anatase (N-type), doped with CuO and La2O3, and Rutile (P-type) with base material titania. A combination of Anatase and Rutile in proper ratio works as a selective CO sensor. Zhou et al. (2018) reported that a Ni-doped SnO2 nanoparticles-based CO gas sensor exhibited better gas response than pure SnO2 and Zn doped SnO2 based gas sensors through response and recovery times. Jaouali et al. (2017) investigated the oxygen sensing properties of lanthanum orthoferrite (LaFeO3) ceramic and indicated good response to oxygen at mild temperatures (300–450°C) with high stability in a humid environment and excellent selectivity to oxygen over other interfering gases such as CO, NO2, CO2, H2, and ethanol. Rizi et al. (2019) investigated for SnO2/Ag2O ceramic nanocomposite (CNP) to sense H2 gas in place of the ceramic semiconductors being used for applications in gas sensing industries and inferred that CNP annealed at 300°C had the highest response to H2 gas. NOx can be detected with YSZ (Yttria Stabilized Zirconia) sensors with metal oxide electrodes (Miura et al., 1996). But this sensor requires reference gas, limiting its application in automotive exhausts of variable oxygen environments. Perovskite oxides like calcium zirconate (CaZrO3) can be used for the sensing of hydrocarbons (Chiang et al., 1998). However, hydrocarbon detection in the presence of CO can create some problems. Commercial YSZ oxygen sensors work with air as a reference electrode. Air reference sensors are unsuitable if oxygen needs to be monitored at different locations. In this context, CISM developed an oxygen sensor with a Ni/NiO reference electrode. Chowdhury et al. (2001) reported that the usage of an Al2O3 isolation tube makes the sensor strong, with stable performance. Nevertheless, it suffers from long-term stability because of grain growth and the sintering of the inner electrode. Therefore we need a solid reference system that does not sinter at operating temperature.
It is a known fact that incomplete combustion of carbon fuels produces dangerous carbon monoxide gas. Hence it is of prime importance to detect this gas for the safety of human life in various circumstances (Kong et al., 2000). Zhu et al. (2019) reported that the sensing of CO by Pd-SnO2 composite nanoceramics at room temperature. They summarized the CO sensing capabilities of Pd-SnO2 by comparing samples with a difference in Pd contents at different temperatures. Observations indicate no sensitivity to CO at room temperature for Pd content ≤2 wt% and good sensitivity reported for samples heated to very high temperatures ≥1000°C and 2 wt% Pd (Figure 1A).
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Alcoholic compounds like ethanol, methanol, and propanol are volatile and inflammable and people might be exposed to them due to industrial emissions. Authors please provide rewording for: “Alcoholic compounds like ethanol, methanol, and propanol are volatile and inflammable whose exposure may be due to industrial emissions. At certain levels liver, skin, brain, and respiratory problems can occur. Employees working in industry can suffer from eye and skin and stomach irritation when exposed to excess ethanol. However, methanol and ethanol production is a must for the pharmaceutical industry. Hence detection of these vapors at a low concentration level is necessary to save human life. In this context, a sensor with high accuracy that is capable of detecting these vapors is reported by Anjum et al. (2018). They reported a graphite doped Hydroxyapatite (GHAp) nanoceramic for detecting these vapors at low temperatures. They synthesized substrate materials for vapor sensing. They reported that GHAp sensor material can detect all vapors separately, even when they are present collectively in ambient air, with rapid recovery and response time in comparison to host materials. Reports indicate that vapor sensing occurs at a lower concentration of 50 ppm. The sensing ability of synthesized HAp for detecting CO and CO2 is reported (Zhang et al., 2017b) while limited sensitivity in the detection of room temperature ethanol and methanol with concentrations as low as 100 ppm of alcoholic vapors was reported by Khairnar et al. (2015). Huixia et al. (2015) reported that the sensing mechanism of the substrate is based on adsorption and desorption of the target gas molecule.
Figure 1B shows the sensing mechanism of synthesized HAp substrate.
Many researchers have reported work related to gas sensors and ceramic materials, which are used in designing and fabricating these sensors. A H2 gas sensor was reported with SnO2 (Wang et al., 2008a; Shen et al., 2015; Kadhim and Hassan, 2017), Co-SnO2 nanofibers (Liu et al., 2010), Pt-SnO2 thin film (Shahabuddin et al., 2017), Pd-SnO2 (Van Duy et al., 2015), Al-SnO2 nanofibers (Xu et al., 2011), ZnO/SnO2 composite (Mondal et al., 2014), SnO2/CNT (Yang et al., 2010), AuSnO2 nanoparticles (Wang et al., 2017), Eu-SnO2 nanoparticles (Singh et al., 2017), Pd-SnO2/MoS2 composite (Zhang et al., 2017a), Pd-SnO2 nanofibers (Zhang et al., 2010b), Co-SnO2 nanoparticles (Lavanya et al., 2017), and NOx gas by using NiCr2O4 (Miura et al., 1996; Zhuiykov et al., 2001), ZnCr2O4 (Zhuiykov et al., 2002; Miura et al., 2004; Zhuiykov and Miura, 2005), Tin-doped indium (ITO) (Li et al., 2005), ZnO (Miura et al., 2004; West et al., 2005), Cr2O3 (Miura et al., 1996; Martin et al., 2003; Szabo and Dutta, 2004), CO and NO2 sensors with CuO nanowire (Kim et al., 2008), NH3 with Zeolite H-ZSM5 (Moos et al., 2002), CO2 and NO2 with ß alumina (Billi et al., 2002).
CERAMIC SENSORS IN AUTOMOBILES
The continuous development of sensors combined with net connectivity has made automobiles more safe and reliable. Reports indicate that worldwide, nearly sixty-five million cars were sold in 2017 alone, with an expected increase by five percent every year (Mohankumar et al., 2019). As discussed by Carmo et al. (2010) global sensor markets are expected to expand by 10% over the next five years. The demand for automobile sensors is increasing as they enable manufacturers to make driving more comfortable, safe, and meet the requirements connected with the environmental impact of cars (Bécsi et al., 2017). The prime features of automotive sensing technology include design towards the integration of signals, mechanical flexibility, and environmental safety (Kuutti et al., 2018). The automotive sensors that are available today relate to multiple functions, including mass airflow, pressure, air cleaner temperature, crankshaft position, coolant level, oxygen, oil temperature, transmission temperature, transmission input speed, vehicle speed, coolant temperature, pressure feedback, transmission output speed, methanol fuel, brake fluid level, ABS wheel speed which measures torque, position, exhaust, fuel efficiency and engine oil quality, etc.
Temperature sensors play a significant role in automobile applications that include silicon chips, thermistors, and resistive temperature detector (RTD) (Park et al., 2015). Thermistor sensors depend on the characteristics of ceramic oxide composite materials, the resistance of which varies with temperature (Blaschke et al., 2006). The production cost of the RTD sensor is high compared to others. These sensors generally consist of an Al2O3 substrate, platinum metal resistor, and a glass plate (Kato et al., 1996). Consideration of sensitivity, range of operation, accuracy, durability, and response time are of importance while manufacturing temperature sensors.
The application of pressure sensors in automobiles includes pressure measurement in the fuel tank, fuel injection, oil tank, and brake fluid, etc. (Beker et al., 2018; Borole et al., 2018; Je et al., 2016). Both the ignition and fuel control require pressure measurement (Guardiola et al., 2019). In cars, the inlet manifold pressure sensor in petrol engines, and the inlet and exhaust manifold pressure sensor in diesel engines, are important pressure sensors that work based on potentiometric, inductive, capacitive, and piezoelectric techniques. Silicon diaphragm with silicon strain gauges or capacitive deflection sensing is commonly used pressure sensors.
Chen and Mehregany (2008) demonstrated a silicon carbide capacitive surface micromachined pressure sensor that can measure static pressures. Gas sensors are used in automobiles to measure the concentration of O2 in exhaust gases (Ritter et al., 2018). When an oxygen sensor is installed in the emission control system to measure the levels of toxic exhaust gases, which can also be controlled. These sensors measure exhaust gases like CO, NO, and H2 (Javed et al., 2018). This sensor is also called a lambda sensor and it measures residual O2 concentration in the exhaust and helps to maintain combustible air-fuel mixture in the right composition. SnO2, TiO2, and ZrO2 are currently used for manufacturing lambda sensors. Out of these, the electrically heated ZrO2 sensor works on the principle of change in voltage or current, while the SnO2 and TiO2 sensors work based on semiconductor technology.
In 2017 Lavanya et al. (2017) have developed a hydrogen leak conductometric sensor based on transition metal ion-doped SnO2 for automotive applications. These sensors are potentially convenient in hydrogen-based fuel cars in the future. Zirconia is a prominent sensor material and acts as a high-temperature oxygen conductor on appropriate doping with Ca2+ or Y3+. When the exterior and interior of an A zirconia tube are exposed to a hot atmosphere and air, it will prevent leakage between the two environments. Porous platinum electrodes on two surfaces of the zirconia electrolyte generate a potential equal to the difference of oxygen between the outer atmosphere and interior air. Figure 1H shows a zirconia oxygen sensor, which is equipped in any automobile. It mainly controls the A/F ratio uses a feedback circuit, which is necessary for protecting the catalytic converter elements from too low or too high A/F ratios.
The λ (lambda) sensor is an exhaust gas oxygen sensor that plays an important role in the automobile industry. It is used in vehicles to measure and control the ratio of air versus fuel in the gases that are released from the exhaust. This reduces engine emissions and acts as a three-way catalytic converter. This results in a decrease in air pollution which is very important for the surrounding environment. The principle behind the lambda sensor is the Nernst principle. This sensor is highly stable and can perform for a long period (Xu et al., 1998). A lambda sensor is installed at a certain point, in such a way that the temperature required for the efficient functioning of the sensor is provided for the complete operating range of the engine (Pelino et al., 1998). The voltage of the sensor as well as the resistance (internal) depends on temperature. The desired closed-loop control can be set, in an unheated sensor at a temperature above 350°C and in a heated sensor above 150°C, enabling the engine to function efficiently (Matsuguchi et al., 1998).
Ceramic Sensors in Aviation
Sensors that measure temperature and stress along with other sensors on the turbine blade are a prerequisite in aeroengines. Integrated high-performance turbine engine technology (IHPTET) has been implemented by the USA, due to the advantages of these materials. Embedding a group of thin-film sensors on the turbine blade is required to achieve aeroengine intelligence. Conventional sensors are not suitable because of their large size and weight. Small sensors can be arranged easily in any part of the aircraft engine, improving the performance and reliability of the engine. To fabricate a high temperature sensor on the surface of the turbine blade, an insulation layer needs to be added to the surface. At the same time, the electrical insulation of the ceramic material is less reliable at temperatures above 500°C (Wrbanek et al., 2001), affecting the sensor characteristics. Earlier work on high temperature insulation layers have reported the use of an Al2O3 thin film, which is deposited on metals, enhancing the capabilities of temperature insulation (Duan et al., 2017), but this thin film is removed when the temperature cycling test is finished, because of the thermal stress mismatch between the ceramic thin film and the metal (Sheng et al., 2013) giving rise to unrepeatable results not required for sensors. Another way of making an insulation layer is through TBC (Thermal Barrier Coating) technology that attaches a lower thermal conductive ceramic material to the surface of a turbine blade (Jouanny et al., 2013). In this context.
Weng et al. (2020) reported on the use of ceramic material, modifying a YSZ thermal barrier coating (TBC) formulation by adding a certain amount of Al2O3 to improve insulation at high temperatures. This study undertook micro processing on the surface of the TBC, fabrication of platinum point thermocouples, and the thermal resistor on the TBC surface and studied high temperature electrical insulation properties of the modified TBC. The results of this study indicated that electrical insulation can be improved by several orders of magnitude by adding Al2O3, meaning a reliable thin film sensor can be built on top of the TBC surface, which can be coated on turbine blade metals.
CERAMIC SENSORS IN MEDICINE
Body contact is usually used to monitor a person's medical information, such as their heart and respiratory rate, but this can usually only be monitored while sleeping, which limits its applicability. Peng et al. (2019) have reported a sleep biosignal detection system that uses low-cost piezoelectric ceramic sensors. They deployed 18 piezoelectric ceramic sensors under a mattress to capture pressure data from which respiration and heartbeat sensitivity is selected by the proposed channel-selection algorithm. Yang et al. (2020) have reported a very interesting pressure sensor with modified piezoelectric materials. Piezoelectric pressure sensors are already investigated in wearable electronics while traditional organic or inorganic composite piezoelectric films exhibit difficulty related to defects masking the performance of pressure sensors. Barium titanate modified with polydopamine was blended with polyvinylidene fluoride, forming a uniform composite, and a piezoelectric pressure sensor was fabricated. This modification technique reduces hole defects between the two components. As a result, the 17 wt % PDA@BTO/PVDF sensor exhibited a fast response of 61 ms and a remarkable piezoelectric output voltage of 9.3 V, which showed obvious improvement as compared to the pristine PVDF and BTO/PVDF composite counterparts. In addition, as an energy supplier, the sensor could produce a maximum power of 0.122 W/cm2 even with a high load resistance of 70 M. This pressure sensor was sensitive to various human motions, showing great potential in the applications of wearable electronics.
Even though piezoelectric ceramics are widely used in pressure sensors, their potential in thermal and tactile bimodal transistor sensors is rarely explored. Meng et al. (2020) demonstrated organic thermal and tactile bimodal transistor sensors, with a simple structure and fabrication technology that are based on a piezoelectric ceramic substrate, Lead Zirconate Titanate (PZT). These sensors show high sensitivity and linear response to temperature changes between 20 and 60°C with a sensitive response towards the tapping of the device surface. These sensors may be very useful in practical applications related to human interactive devices like e-skin and smart tactile sensing systems.
POROUS CERAMIC SENSORS
Porous ceramic sensors use porous ceramic material as the base material whose porosity, size, and shape can be changed. These materials have control over melting point, superficial area, corrosion, wear resistance, low expansion coefficient, permeability, etc. Sensors that inspect oil leaks, detect flammable gas, or undertake hydrocarbon gas detection are in demand. Due to their intrinsic physicochemical properties, porous ceramics play a vital role in satisfying the various needs of sensing devices, and results in the field of atmospheric sensors are consistent. Reports indicate that the most common porous materials consist of 31% SnO2(tin oxide), 23% In2O3(indium oxide), and 18%ZnO(zinc oxide), which can sense hydrocarbon gases such as LPG, CH4, H2, NO2, C2H6O, CH3OH, (CH3)2O, H2S, CO, C7H8, etc. (Perara-Mercado et al., 2018).
CONCLUSION
In recent years there has been an emphasis on the design and improvement of ceramic sensors in various sectors, some of which have been reviewed in this paper. This review has largely explored sensors that monitor humidity and gas, those used in the medicine and automobile industries. Resistive and capacitive humidity sensors are inexpensive and consume less power, operating in a large range of humidity, however, they have temperature dependence and cross sensitivity towards some chemical species. Optical sensors are more advantageous than electrical sensors as they do not interfere with electric or magnetic fields (meaning they are safe in the case of flammable gases) and have a fast response time. Mass sensors are simple in construction and operation, consuming low power. Reports indicated that the development of ceramic gas sensors can be been challenging, particularly in terms of their application in industry, which can have harsh environments.
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