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Abstract

:

Capacitive proximity sensors (CPSs) have recently been a focus of increased attention because of their widespread applications, simplicity of design, low cost, and low power consumption. This mini review article provides a comprehensive overview of various applications of CPSs, as well as current advancements in CPS construction approaches. We begin by outlining the major technologies utilized in proximity sensing, highlighting their characteristics and applications, and discussing their advantages and disadvantages, with a heavy emphasis on capacitive sensors. Evaluating various nanocomposites for proximity sensing and corresponding detecting approaches ranging from physical to chemical detection are emphasized. The matrix and active ingredients used in such sensors, as well as the measured ranges, will also be discussed. A good understanding of CPSs is not only essential for resolving issues, but is also one of the primary forces propelling CPS technology ahead. We aim to examine the impediments and possible solutions to the development of CPSs. Furthermore, we illustrate how nanocomposite fusion may be used to improve the detection range and accuracy of a CPS while also broadening the application scenarios. Finally, the impact of conductance on sensor performance and other variables that impact the sensitivity distribution of CPSs are presented.
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1. Introduction


Flexible electronics have recently experienced extensive applications in the Internet of Things (IoT), human–machine interfaces, robotics, safety protection, human motion tracking, and healthcare systems, among other applications. With the IoT increasingly making its way into thousands of homes, the area of flexible electronic wearable gadgets has also entered a new phase [1]. On the one hand, traditional ceramic/metallic sensors suffer from the limitations of fragile materials, limited size, high cost, and a limited detecting range. On the other hand, the fast advancement of visualization technology, as well as the enormous market for smart devices, has raised the bar for flexible and wearable sensors, requiring excellent performance, mass manufacturing, low weight, and flexibility, among other characteristics [2]. Additionally, flexible wearable technologies hold tremendous promise for health monitoring and nursing applications. Clearly, flexible sensors with great performance will be vital for the implementation of flexible wearable devices [3]. As such, flexible nanocomposites may open the gates for implantable and stretchy devices.



Numerous flexible and stretchy sensors have been created for a variety of applications using micro-electro-mechanical system (MEMS) technology. Strain sensors, for example, detect body motion [4], tactile sensors monitor three-axis item handling/manipulation [5], and proximity sensors assist in detecting objects within a certain range [6]. Among all these applications, proximity detection is a key task that aims to identify information about objects that are physically near another object without requiring physical contact. Numerous electronic platforms and industrial equipment need the use of proximity sensors. These sensors are critical components of systems ranging from human–machine interfaces to health care, smart homes, shipping industry, and soft robotics [7,8,9,10]. In addition to detecting external stimuli, proximity sensors are anticipated to detect instantaneous and continuous activities such as vibration, inertia, shear force, and normal force [11,12] to meet the requirements of smooth multifunctional interactions. These applications are highly demanded to be expanded in the near future.



To sense objects, a proximity sensor often measures change in either an electrostatic field or some form of electromagnetic field. Hence, they can be categorized into capacitive [13], electrostatic [14], magnetic [15], electromagnetic radiation (infrared) [16], and light (visual) sensors [17]. Another way to classify proximity sensors is to categorize them according to their operating principles as capacitive [18], piezoresistive [19], triboelectric [20], piezoelectric [21], and photo-detecting devices. In comparison to triboelectric and piezoelectric sensors, capacitive and piezoresistive sensors have received substantial research and many similarities in their mechanics are apparent [22]. Piezoelectric and triboelectric sensors, on the other hand, have the apparent benefits of not requiring an external power source and being more responsive to dynamic stimuli. The main characteristics of each proximity detection technique are summarized in Table 1.



Inductive sensing can detect conductive and/or ferromagnetic objects, and the maximum scanning range is typically about equal to the sensing coil’s diameter. While both optical and ultrasonic techniques are capable of detecting non-conductive and conductive items, implementing a complicated light source or a sound wave actuator on fabric is challenging. Additionally, the detection range depends on the object’s surface polish and material quality. Because the capacitive proximity sensors detect both conductive and non-conductive objects, they are well-suited to identify humans and passive objects. Additionally, the capacitive technique is easy to set up and usually requires fewer components than other sensing systems. It is the most suited mechanism for printed implementation since it allows for the use of a simple conductive electrode of any shape as the sensing element. A basic sensing element of any shape is useful for creative applications since the sensor may be customized to any artistic shape required by the designer. Capacitive proximity sensors (CPSs) have been used in a variety of applications to date, including determining the aging of composite insulators [23], estimating the permittivity and thickness of dielectric plates and shells [24], measuring tire strain in automobiles [25], force sensing in biomedical applications [26], liquid level detection [27], and harvest yield monitoring [28].



CPSs, in comparison to other proximity sensors, have a number of advantageous qualities, including affordable construction cost, low energy consumption, broad monitoring range, excellent dynamic response, and a flexible and changeable structural design [29]. Additionally, CPSs may respond more strongly to static stimuli, and their mechanisms and production methods are relatively straightforward [30]. CPSs have gained considerable attention among researchers in the past few years, as Figure 1 suggests.



The numbers in Figure 1 were obtained after a thorough exploration of search engines such as the Elsevier Online Library, Google Scholar, Web of Science, IEEE digital, and a few publications such as Wiley, Taylor & Francis, etc. We searched through peer-reviewed journals, technical bulletins, textbooks, and dissertations. The following keywords were used to compile the databases through an iterative process of research: “proximity sensors”, “piezoelectric and triboelectric sensors”, “displacement sensing”, “proximity detection”, and “occupancy-based control in HVAC”. This research aims to provide standard terminology and taxonomy that will serve as a unifying framework for all engineering disciplines involved in the design and construction of capacitive proximity sensors.



Given the importance and numerous applications of CPSs, there is a lack of a thorough review study to highlight the recent progress and publications. Ref. [31], which is the closest match to the present study, was published in 2019 and many investigations have been performed since then, necessitating the need for a fresh review article. Ever since, a substantial body of research has been conducted on this topic, necessitating a need for an up-to-date review paper examining the most current state-of-the-art procedures. Nonetheless, extensive research on the variations of materials and technologies used for CPSs and their applications under various criteria has not been adequately addressed. The majority of previous literature is focused on closed-form mathematical modeling of CPSs, ignoring the materials employed in the production process. We want to bridge this gap by addressing current advancements in the manufacturing of CPSs. An overview of modeling approaches with their strengths and weaknesses, categorization of construction methods, design parameters, and constraints imposed by different applications are among some of the highlights of this review article. This study is rather different from previous publications as it addresses these issues and incorporates more recent publications and it provides a detailed picture of many factors related to proximity sensors. The evaluated articles are examined from various angles to illuminate their limitations across several aspects. This article will also assist in highlighting the present state of research on CPSs and any research gaps that have yet to be discovered.




2. Capacitive Sensing: Principals and Applications


A capacitive sensor functions similarly to a standard capacitor. A metal plate on the detecting face of the sensor is electrically coupled to an oscillator circuit, while the target to be detected serves as the second plate of the capacitor. In contrast to inductive sensors, which generate a magnetic field, capacitive sensors generate an electrostatic field. External capacitance between the internal sensor plate and target plate contributes to the oscillator tank impedance. As the target gets closer to the sensors, the increase of the oscillator tank capacitance decreases the oscillation frequency until it hits a threshold value and trigger the output. Figure 2 shows the schematic of a capacitive proximity sensor.



Capacitive sensing follows the principle of an interaction between a material under test and the probing electric field. A sensor-electrode-generated electric field penetrates a sensed object, causing electric displacement inside the tested material to counteract the applied field. The displacement pitch modifies the stored charge between those electrodes, thereby altering the inter-electrode capacitive field, which is used to infer the material properties, such as permittivity, conductivity, and their distributions, and ultimately to derive system variables such as temperature and humidity. As such, a CPS is usually made up of two electrically conducting electrodes that are connected through a potential difference to produce an alternating electrostatic field. When a targeting object moves near to the sensor, this field is disrupted, and the change in capacitance indicates the item’s vicinity (self-capacitance if one electrode is utilized, as seen in Figure 3 on the right, or mutual capacitance if two electrodes are used, as shown in the left side of Figure 2). Thus, CPTs are capable of detecting the existence of any solid, metallic, or nonmetallic object by altering the capacitance of the sensor [32]. It is worth noting that different sensor combinations, geometries, and designs have been customized to meet various application requirements.



Generally, a driving electrode is used to provide an electrical stimulation, whereas a sensing electrode is used to collect data. Typically, the frequency of the electrical stimulus, and hence the produced alternating electric field, are restricted. For example, the Agilent 4294A precision impedance analyzer operates between 35 and 105 MHz. Therefore, the relative permittivity and conductivity are only characterized in this frequency range [33].



Table 2 shows a few applications for the capacitive sensors implemented in previous literature. The capacitance of the circuit changes as the sensible object moves away from the electrodes. While capacitive displacement sensing may be used to measure distance, displacement, and position, the detection range is limited by the size and dielectric constant of the detected object. Additionally, by putting multiple electrodes in a regular pattern, one can discern the object’s position, movement direction, and certain interaction intents expressed by the movement trajectories of a human body. Numerous applications for this sensing mode have been suggested, including electrical capacitance tomography [34], capacitive voltage sensors [35], capacitive humidity sensors [36], and capacitive gas sensors [37]. For example, electrical capacitance tomography is largely utilized for non-invasive imaging, with capacitance measurements used to determine the dielectric permittivity distribution inside inaccessible domains [34]. Additionally, based on the underlying features of the electrodes and certain transformation associations between the electrode distortion and the observed physical variables, it is easy to infer the force, acceleration, or actions of the subject human as the muscle moves from the displacements. The capacitance changes generated by electrode deformation are used to determine acceleration [35], angles [36], force [37], displacement [38], and muscle action for interaction [39].



In Refs. [40,41,42,43], CPSs are offered as a viable cost-effective and nondestructive alternative to optical sensors for a broad variety of applications involving the examination of geometrical and physical properties. Their sensitivity, on the other hand, is affected by moisture and temperature. Additionally, parasitic capacitance and noise from external disturbances may affect the response of capacitive sensors, necessitating proper shielding of the device and design of the readout circuits. Capacitive proximity-sensing methods have been extensively used for the nondestructive evaluation of materials with poor conductivity [44].



Capacitive sensing methods have also been utilized to monitor the structure healthy state of a concrete slab retrofitted with composites by detecting the local fluctuation in the dielectric characteristics of the materials under test [45]. The proximity capacitive approach was used by El-Dakhakhn et al. [46] to identify empty cells in grouted masonry buildings. A concentric coplanar capacitive sensor was designed for quantitative material property assessment of multilayered dielectrics [47], and the suggested approach for detecting water incursion in random constructions was experimentally confirmed. Additionally, the outer insulating layer of electric wires is often made of a low-conductivity substance. Capacitive sensing methods have been used to characterize the insulation qualities of cables. Chen et al. [48] developed a capacitive probe for determining the permittivity of wire insulation, and tests established the possibility of determining the state of wiring insulation deterioration using quantitative capacitive approaches. The introduction of proximity-coupled interdigital sensors to detect insulation degradation in power system cables confirms that the proximity capacitive approach is sensitive to the existence of holes and water trees in a power line cable [49]. Sheldon et al. [50] designed an interdigital capacitive sensor to detect aircraft wire aging damage and experimentally confirmed the capacitance fluctuation caused by aviation fluid immersion. Figure 4 shows a few CPSs used in traditional applications, as well as creative industries.




3. Design, Materials, and Fabrication of CPSs


The most often used electrode configurations for capacitive sensing are planar parallel plate electrodes and co-planar electrodes (also called capacitive proximity sensors). Capacitive proximity sensors operate on the basis of the fringing electric field effect. In comparison to the traditional parallel plate capacitor, capacitive proximity sensors have several advantages, including one-sided access (the other side can be open to the environment), easy control of signal strength via dimension changes, multiple physical implications in the same structure (magnetic, acoustic, and electric), and a broad frequency range of operation. As a result, they are extensively employed in a variety of sectors, including humidity sensing, monitoring material qualities, chemical sensing, biosensing, and sensing of electrical insulating properties [51,52].



According to research, the electrode designs and parameters have a significant effect on capacitive sensor performance metrics such as signal intensity, diameter, sensitivity, and signal-to-noise ratio, which all impact the detecting capabilities of capacitive proximity sensors. Numerous improvements have been made to the performance of capacitive proximity sensors [53,54]. Various sensor designs were explored, including square-shaped, maze, spiral, and comb patterns. It was found that complex sensor patterns may increase the effective electrode area, hence increasing sensor signal and sensitivity [55]. Rivadeneyra et al. [56] designed a serpentine structure that combines meandering and interdigitated electrodes to increase signal strength and sensitivity. For humidity measurement, a capacitive sensor with an interdigital electrode arrangement and an enhanced height was built [57]. In comparison to the conventional interdigital electrode sensor, the suggested sensor demonstrated increased sensitivity because of the confinement of horizontal electric field lines in the polyimide sensing layer. Syaifudin et al. [58,59] investigated the effect of electrode configuration on capacitive proximity-sensor performance and discovered that the optimal number of negative electrodes between two adjacent positive electrodes can increase chemical detection sensitivity. A few petal-like electrode devices were constructed for water detection in an automated windshield system [60].



To enhance the flexibility and wearability of CPSs, flexible electrodes and dielectric layers made of polymer elastomers such as polyethylene terephthalate (PET) [61], polydimethylsiloxane (PDMS) [62], polyvinyl alcohol (PVA) [63], polyimide (PI) [64], polyvinylidene fluoride (PVDF), and Eco-flex [65] are frequently used [66]. Pressure sensitivity of these flexible substrates still needs improvement. As a result, a straightforward approach for introducing conductive fillers into the dielectric layer of polymer elastomers has been widely researched [67]. Due to the percolation threshold hypothesis [68], the inclusion of a conductive filler may raise the dielectric constant under applied pressure, resulting in a change in capacitance [69]. Additionally, the sensor’s noncontact detection mode enables it to recognize and monitor the form and location of an item without a physical touch and interaction with the surrounding environment, highlighting the sensor’s particular capabilities. Zhang et al. [70] produced a stretchy dual-mode sensor array capable of detecting a 4% relative capacitance fluctuation at a noncontact distance of 10 cm. Sarwar et al. [71] described a transparent touch sensor developed on a hydrogel electrode with a maximum capacitance corresponding difference of 15% in absolute value. Due to the structure and material properties of the classic film- or resin-based capacitive sensors, their low air permeability is incompatible with sweat evaporation for wearable electronic application, thus impeding long-term deployment of such devices for wearable electronics. As a result, flexible capacitive sensors with a high degree of breathability are still required to increase comfort and durability.



Textile-based capacitive sensors have been claimed to increase the permeability of flexible capacitive sensors owing to their low weight, flexibility, deformability, comfort, and softness [72,73]. By depositing PDMS on the surface of the conductive fiber as a dielectric layer and vertically stacking the two PDMS-coated fibers, Lee et al. [74] created a highly sensitive CPS. Chen et al. [75] electrospun the nylon dielectric constant and electrode to create a CPS that can detect human joint motion with high accuracy. As a result, textile-based CPSs are favored for achieving durability, flexibility, multifunctional sensing capabilities, and comfort all at the same time, making them an important research topic in the field of flexible and wearable CPSs.



Nonetheless, the construction process of some CPSs is barely documented, particularly for fabric-based CPSs with multifunctional sensing. Table 3 summarizes some of the studies that report the construction processes of their proposed sensors in a detailed manner.



In this context, a 3D honeycomb, which consists of a supporting yarn layer and two independent mesh-knitted textiles, has been suggested because of its great wearing comfort and compression, making it a viable material for flexible CPSs [76]. In this context, Ref. [77] described the construction of a bimodal fabric-based CPS using a practical and affordable manufacturing process. The suggested sensor was made out of a 3D honeycomb fabric dielectric surface (weight: 220 g/m2, thickness: 3 mm) and bottom and top conductive Ni-plated woven electrodes, giving it a high sensitivity for noncontact detection with a detection distance of 10 cm and a maximum relative capacitance change of 15%. Furthermore, at the short distance range (≤3 cm), a maximum sensitivity of 0.022 cm−1 is obtained. When a hand is hovered at various distances, the capacitance fluctuations are consistently maintained, proving the proposed sensor’s stable noncontact detecting response. Furthermore, when the finger is hung above the sensor array unit, the capacitance change rate of the corresponding sensor unit is 9%. This demonstrates that the proposed fabric-based sensor array can precisely detect the finger and provides outstanding noncontact spatial response.



In another study, the authors described a hierarchically porous silver nanowire-bacterial cellulose fiber that can be used to sense both the pressure and closeness of human fingers [15]. The conductive fiber was made by continuous wet spinning at a speed of 20 m/min, and it had a diameter of 52 cm, an electrical conductivity of 1.3 × 104 s/cm, a tensile strength of 198 MPa, and an elongation strain of 3% at break. To create the fiber sensor element, which is thinner than a human hair, the fibers were coaxially coated with a 10 cm thick poly(dimethyl siloxane) dielectric elastomer. The capacitance variations between the conductive cores in response to closeness were monitored using two fiber-based sensors that were arranged diagonally. The suggested sensor was found to be very sensitive to objects up to 29 cm away. In addition, the fiber may be simply sewed into clothes as pleasant and stylish heartbeat and voice-pulse sensors. A fiber sensor array may be used to play music and correctly identify the closeness of an item without the need for a touchpad. A two-by-two array was also shown for detecting faraway objects in two- and three-dimensional space.



A recent study looked at the usage of a noninvasive omnidirectional CPS developed in-house as a possible option for human–machine interaction applications [78]. The performance of the proposed sensor was compared to that of infrared, time-of-flight, and ultrasonic sensors, all of which are routinely employed in comparable applications. The suggested sensor is based on a heterodyning approach employed in theremin, which consists of two digital oscillators, one of which is coupled to a sensing (conductive) plate (primary/sensing). If a grounded item enters the detecting range, the oscillator’s total capacitance rises, affecting the frequency of the produced square wave. In our tests, we employed a 10 × 10 cm2 thin copper PCB square as a sensor plate. The detecting plate is linked to the main oscillator, which has a fixed 10 kΩ resistor in the feedback line. Any grounded item put within the sensing range will add capacitance to this oscillator, causing it to shift frequency by some amount. A measuring system is built to verify the performance, as shown in Figure 5. The camera is used to compute the displacement of the user’s hand from the sensor module in this arrangement. They concluded that the sensing mechanism may be extended to all directions surrounding the detecting element by using an omnidirectional CPSs, such as the one described in their study. In addition, the suggested capacitive sensor’s range (4–11 cm) is greater than that of comparable capacitive sensing technologies. The power usage was further decreased to 5 mW by duty-cycling the power supply while still allowing 50 readings per second to be acquired.



To advance contactless measurement, some research has been conducted on incorporating the proximity-sensing function of nanofillers into applications for other kinds of sensors, such as touch, pressure, and strain sensors, which are gaining growing popularity in wearable electronics [79,80,81,82,83,84,85,86,87,88]. Table 4 summarizes the key characteristics of modern CPSs coated on a variety of flexible polymeric substrates using nanostructured particles/fillers. As previously stated, only a few flexible nanocomposite polymeric CPSs with a broad detection range exist.



In Refs. [19,79], a new form of conductive flexible film is developed using self-healing polyazomethine (PAM) and functionalized graphene oxide (FGO) as conductive fillers. PAM-FGO conductive films were made by using imine bonds to crosslink the PAM polymer chains with the FGO. With a skin-like elongation of 200 percent and elastic moduli of 0.75 MPa, the conductive films produced demonstrated excellent flexibility. Furthermore, the papered conductive films showed an excellent intrinsic self-healing capability that benefited from dynamic covalent interactions, with an important role in enhancing mechanical properties and electrical conductivity as high as 95 percent, respectively, after healing the fractured sample for 24 h at 25 °C. Importantly, strain sensors based on the PAM-FGO conductive film showed ultrahigh sensing sensitivity, with GF up to 641, and could detect large-scale human movements and delicate physical signals with accuracy. Because of its ultrasensitive capabilities, proximity sensors based on the organic film field-effect transistor architecture could record human movements from a distance of up to 1 m. This research can pave the way for the creation of multifunctional soft materials. Sensors based on the FGO-PAM film have a wide range of applications in wearable electronics, health diagnostics, human–machine interface, and security protection.



Ref. [80] describes the dispenser printing of a CPS on a woven cloth made entirely of polyester. Three electrode designs, spiral, filled, and loop, are reviewed and contrasted to determine a trade-off between ink consumption and maximum detection distance. To facilitate operation, a simple detecting circuit based on a proximity sensor chip is constructed. Three patterns with identical exterior dimensions were used to investigate the effect of sensing electrode design on performance. A commercially available CPS integrated circuit (IC), the Microchip MTCH112, is chosen to obtain the proximity sensor functionality. The MTCH112 supports a maximum input capacitance of 41 pF and may be set to offer two independent CPSs channels or one sensor channel plus an active guard electrode to mitigate the effects of external electrical noise. The linearity (maximum detection distance correlation coefficient with the proximity sensor width) of the sensing circuit is determined to be 0.8 after testing printed CPS with varied diameters ranging from 1 cm to 40 cm. A broad detection range indicates that the proximity sensor is capable of interacting with humans in big-scale creative applications.



Using an extremely transparent material, Ref. [81] investigated the continuous response of pressure and proximity sensing. The sensor functions by detecting the capacitance change between two transparent silver nanowire electrodes. A sandwich construction was used to construct the capacitive sensor. The substrate was a polyethylene terephthalate (PET) sheet with parallel electrode stripes printed on it. Two of these PET substrates were connected together using an elastic polydimethylsiloxane dielectric layer with orthogonal top and bottom electrode stripes (row-and-column electrodes). Throughout their tests, the authors encountered a constant issue: the development of ghost points for multi-point object recognition, which occur from virtual intersections in places other than the actual locations of the items. To examine the sensor’s reaction performance, the capacitance fluctuations as a finger approached and moved away for four cycles was depicted; the device demonstrated excellent reversibility and stability with a rapid response, allowing for accurate proximity detection.



Refs. [74,82] describe a modular dual-mode capacitive sensor for robot applications that combines touch and proximity-sensing capabilities into a single platform. The sensor is composed of a PDMS (polydimethylsiloxane) mechanical framework and a mesh of numerous copper electrode strips. The mesh is constructed from 16 top and 16 bottom copper strips that are crossed to produce a 16-capacitor array. The suggested sensor is capable of switching between tactile and proximity sensing modes or vice versa by simply rearranging the electrode connections. Through simulation of numerous two-dimensional models, the capacitance shift produced by an approaching item was calculated. For proximity measurement, we evaluated a variety of materials ranging from conducting metals to a human hand. The built sensor was capable of detecting a human hand up to 170 mm distant. Additionally, the authors successfully showed the viability of the suggested sensor operating in dual modes in real time by using a custom-designed PCB, and a data-collecting pad.



Ref. [83] demonstrated an electronic skin equipped with CPSs. They incorporated carbon nanotube forests, which serve as the sensing element, into a transparent and flexible artificial skin through a simple and inexpensive manufacturing technique. The electronic skin exhibited a high capacitance and sensitivity, allowing for easy detection of proximity using specialized laboratory equipment and commercially accessible on-chip circuits. At room temperature, the capacitance between the electronic skin and two CNT forest sensing devices was continually monitored. They plotted capacitance against the vertical distance between the grounded electrode and the electronic skin, as seen in Figure 6. The maximum vertical gap considered in this study is 10 mm.



In reference [24,84], a CPS with excellent sensing capabilities in both contact and noncontact modes is described. This is made possible by the use of graphene and a thin device architecture. The resultant graphene-based three-dimensional sensor is directly attached to deformable human body parts such as the palms and forearms and demonstrated high stretchability (15%) and reasonable sensing performance in noncontact modes (22 dB SNR at a 7 cm distance). They demonstrated a three-dimensional mapping graph of relative capacitance changes across three distinct distances between the item and sensor in this setting (0.5, 1, and 1.5 cm). The depicted surfaces represent the results of the mapping of relative capacitance changes from the 8 × 8 capacitive sensor array. Their findings are shown in Figure 7.



Ref. [85] describes a flexible CPS with great transmittance and sensitivity. An interdigital capacitance (IDC) structure is developed using a polydimethylsiloxane (PDMS) sensing layer to cover indium tin oxide (ITO) electrodes interdigitated on a polyethylene-terephthalate (PET) substrate. They studied the pressure and proximity sensing capabilities of the constructed IDC-based CPS sensor, resulting in a maximum sensing distance of 200 mm. Figure 8 illustrates the manufacturing process of the proposed sensor. To construct the sensor, a PET sheet with a thickness of 0.125 mm was employed as the flexible substrate, which was then coated with ITO film. Second, laser etching was used to form the coplanar ITO interdigital electrodes. Third, the Dow Corning 184 prepolymer was mixed with the curing agent at a 10:1 weight ratio for 15 min and then spin-coated on the ITO electrodes for 31 s at a speed of 1500 rpm. Next, the sensor was degassed for 31 min in a vacuum desiccator to eliminate any air bubbles embedded in the sensitive film. It was then cured at 70 °C for over an hour to generate the sensor’s final shape.



A dual-mode array sensor based on carbon micro-coils (CMC) on a soft dielectric elastomer surface layer is presented in [86]. It uses variations in inductance to determine the distance to an item. Numerous tests on dielectric substrates, electrode structures, and target objects are carried out by varying the electrical impedance created by CMC when excited with an alternating current at a dominating excitation frequency of 90+ kHz. The authors proved the performance of their 10 × 10 proximity tactile sensor, which is able to detect a 30 mg droplet at a maximum distance of 15 cm from the metal object.



In Refs. [47,87], the crackling templating approach was used to fabricate a flexible CPS panel. The metal-mesh electrode was pixelated into interlocking diamond patterns on flexible PET using a mask created by laser-printing toner. The dielectric material was a thin (30 m) PDMS layer. Although their suggested sensor is versatile and innovative, they do not discuss the specific properties of proximity sensing.



A polymer-based sensor with a nanostructure composite sensing element has been constructed for use in healthcare and automotive applications [88,89]. A probing station was used to apply distances ranging from 2 to 20 cm. To determine the maximum change in capacitance, the samples were saturated with 6 V direct current to eliminate the tunneling effect. Additionally, a 25 mV alternating current swiping signal was used to determine the film’s capacitance at various frequencies. The CPS has a detection range of 12 cm and a precision of 0.3 percent/mm. Tunneling and fringing effects are studied to explain substantial capacitance shifts as sensing mechanisms. Percolation threshold investigation of various TPU/CNT concentrations revealed that nanocomposites containing 2% carbon nanotubes had outstanding sensing capabilities, achieving maximum detection accuracy with the least amount of noise. In this context, Figure 9 summarizes the platform setup, the sensor construction, and the results associated with some of the references studied so far. A modeling of capacitive proximity sensors using the Laplace’s equation has been analytically solved and proven to be a fast and reliable technique to obtain the capacitance of a CPS [90].




4. Opportunities and Challenges


Although CPSs have grown in popularity over the past decade because of their attractive features, several issues have remained persistent. The following issues can be further explored to forward the progress of CPSs:



As the literature survey suggests, the integration of CNTs into TPU have the potential to outperform other flexible CPS designs. However, fabricating a flexible nanocomposite tailored to desired performance and functionality is not addressed primarily because of the lack of basic understanding of microstructure formation from the molecular level to higher scales. Integrating CNTs into polymer composites often involves time/cost-inefficient processes that lead to inhomogeneous dispersion of CNTs, weak interfacial bonding between polymer and CNT, and damage to the sidewalls of CNTs that alter their intrinsic properties. Therefore, there is a need for a transformative strategy in the processing and manufacturing of CNT-based polymer nanocomposite flexible capacitive sensors to overcome these limitations. However, there are few reported applications of incorporation of CNTs in TPU-based nanocomposites for proximity sensing.



Meanwhile, because the detection range of CPSs is highly dependent on the size of the electrodes, they must have a particular size to allow for a good detection at a significant distance. In the absence of sufficient contact distance, the sensors’ use may be restricted. Typical methods for boosting the detection range include expanding the electrode size and optimizing the interface circuit’s performance, although these measures have only a marginal impact. Additionally, a sensor array system requires a compromise between resolution and detection range. Recent research provides intriguing examples, such as combining it with another detection approach, such as ultrasonic and inductance sensors, or fusing several detection techniques (e.g., CMUT). This method may provide high-quality sensing and a wide detection range. In the meantime, a quicker reaction time of the capacitance measuring circuit is required to fulfill the demand for real-time performance, since the working electrodes must flip numerous times throughout the measurement period.



Last but not least, CPSs are sensitive to their surroundings (changes in ambient variables, such as temperature, humidity, or illumination; or changes in the presence or location of interior items), which may impair sensor-data accuracy. Post-processing raw sensor data, rather than the converted discrete distance, may effectively decrease sensor-data variability and noise caused by deployment-specific environmental variables. As a result, significant effort will be required to address these critical concerns and challenges. Regarding future study, the authors believe that the combination of object distance characteristics with machine/deep learning methodologies is one of the most promising and leading research topics.




5. Conclusions


In this study, the current level of knowledge about the role of CPSs operating in the displacement sensing mode is summarized. CPSs are simple, inexpensive, and very energy efficient, and may be installed under any nonconductive shielding. It is necessary to describe and categorize these applications as has been done in this review article by addressing the most pertinent literature on the approaches to CPS applications. Another objective of this article is to further stimulate academics and developers to explore broader application possibilities. It is possible to expand the investigation of CPSs in the areas of object detection and human interaction in the future. Particularly since they do not compromise user privacy and require touch, the application of capacitive displacement sensing in intelligent devices cannot be overlooked and has considerable future potential. Meanwhile, capacitive technology continues to confront a number of obstacles, including production constraints, a limited detection distance, imprecise measurement precision, and interference from the environment, necessitating more discoveries and developments.







Author Contributions


Conceptualization, methodology, investigation, resources, and writing—original draft preparation, R.M., P.H.; supervision and project administration, S.M., H.D.; funding acquisition, H.D. All authors have read and agreed to the published version of the manuscript.




Funding


The authors would like to express their gratitude towards the National Science Foundation Small Business Technology Transfer (NSF STTR) (#2036490) for sponsoring this research; the National Science Foundation Major Research Instrumentation Program (NSF-MRI) (#1229514) for supporting this research for FESEM. This work is also sponsored in part by the Indiana 21st Century Fund and the Indiana Economic Development Corporation as well as Indiana University’s Research Support Funds Grant (RSFG). Any opinions, findings, and conclusions or recommendations expressed in this material are those of the author(s) and do not necessarily reflect the views of the National Science Foundation.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available from the corresponding authors upon reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chen, Y.L.; Huang, Y.; Shih, F.; Chou, T.; Chien, T.L.; Chen, R.; Fang, W. A dual sensing modes capacitive tactile sensor for proximity and tri-axial forces detection. In Proceedings of the IEEE 35th International Conference on Micro Electro Mechanical Systems Conference (MEMS), Tokyo, Japan, 9–13 January 2022; pp. 710–713. [Google Scholar]

	



Mondal, I.; Ganesha, M.K.; Singh, A.K.; Kulkarni, G.U. Inkjet printing aided patterning of transparent metal mesh for wearable tactile and proximity sensors. Mater. Lett. 2022, 15, 131724. [Google Scholar] [CrossRef]

	



Lee, H.; Mandivarapu, J.K.; Ogbazghi, N.; Li, Y. Real-time interface control with motion gesture recognition based on non-contact capacitive sensing. arXiv 2022, arXiv:2201.01755. [Google Scholar]

	



Ge, C.; Yang, B.; Wu, L.; Duan, Z.; Li, Y.; Ren, X.; Jiang, L.; Zhang, J. Capacitive sensor combining proximity and pressure sensing for accurate grasping of a prosthetic hand. ACS Appl. Electron. Mater. 2022, 4, 869–877. [Google Scholar] [CrossRef]

	



Zhang, Z.; Li, J.; Yu, B.; Huang, D.; Wang, Q.; Li, Z. Low-cost, flexible annular interdigital capacitive sensor (Faics) with carbon black-pdms sensitive layer for proximity and pressure sensing. In Proceedings of the IEEE 35th International Conference on Micro Electro Mechanical Systems Conference (MEMS), Tokyo, Japan, 9–13 January 2022; pp. 35–38. [Google Scholar]

	



Fleming, A.J. A review of nanometer resolution position sensors: Operation and performance. Sens. Actuators A Phys. 2013, 190, 106–126. [Google Scholar] [CrossRef]

	



George, B.; Tan, Z.; Nihtianov, S. Advances in capacitive, eddy current, and magnetic displacement sensors and corresponding interfaces. IEEE Trans. Ind. Electron. 2017, 64, 9595–9607. [Google Scholar] [CrossRef]

	



Grosse-Puppendahl, T.; Holz, C.; Cohn, G.; Wimmer, R.; Bechtold, O.; Hodges, S.; Smith, J.R. Finding common ground: A survey of capacitive sensing in human-computer interaction. In Proceedings of the CHI Conference on Human Factors in Computing Systems (ACM CHI), Gaithersburg, ML, USA, 6–11 May 2017; pp. 3293–3315. [Google Scholar]

	



Sivayogan, T. Design and Development of a Contactless Planar Capacitive Sensor. Master’s Thesis, University of Toronto, Toronto, ON, Canada, 2013. [Google Scholar]

	



Kulkarni, M.R.; John, R.A.; Rajput, M.; Tiwari, N.; Yantara, N.; Nguyen, A.C.; Mathews, N. Transparent fexible multifunctional nanostructured architectures for non-optical readout, proximity, and pressure sensing. ACS Appl. Mater. Interfaces 2017, 9, 15015–15021. [Google Scholar] [CrossRef]

	



Tholin-Chittenden, C.; Abascal, J.F.P.-J.; Soleimani, M. Automatic parameter selection of image reconstruction algorithms for planar array capacitive imaging. IEEE Sens. J. 2018, 18, 6263–6272. [Google Scholar] [CrossRef]

	



Moheimani, R.; Agarwal, M.; Dalir, H. 3D-printed flexible structures with embedded deformation/displacement sensing for the creative industries. In AIAA Scitech 2021 Forum; Aerospace Research Central: New York, NY, USA, 2021; p. 0534. [Google Scholar]

	



Zeinali, S.; Homayoonnia, S.; Homayoonnia, G. Comparative investigation of interdigitated and parallel-plate capacitive gas sensors based on Cu-BTC nanoparticles for selective detection of polar and apolar VOCs indoors. Sens. Actuators B Chem. 2019, 278, 153–164. [Google Scholar] [CrossRef]

	



Chen, W.P.; Zhao, Z.G.; Liu, X.W.; Zhang, Z.X.; Suo, C.G. A capacitive humidity sensor based on multi-wall carbon nanotubes (MWCNTs). Sensors 2009, 9, 7431–7444. [Google Scholar] [CrossRef]

	



Guan, F.; Xie, Y.; Wu, H.; Meng, Y.; Shi, Y.; Gao, M.; Zhang, Z.; Chen, S.; Chen, Y.; Wang, H.; et al. Silver nanowire–bacterial cellulose composite fiber-based sensor for highly sensitive detection of pressure and proximity. ACS Nano 2020, 14, 15428–15439. [Google Scholar] [CrossRef]

	



Sadasivuni, K.K.; Kafy, A.; Zhai, L.; Ko, H.U.; Mun, S.; Kim, J. Transparent and flexible cellulose nanocrystal/reduced graphene oxide film for proximity sensing. Small 2015, 11, 994–1002. [Google Scholar] [CrossRef] [PubMed]

	



Watzenig, D.; Fox, C. A review of statistical modelling and inference for electrical capacitance tomography. Meas. Sci. Technol. 2009, 20, 052002. [Google Scholar] [CrossRef]

	



Kim, H.; Kim, G.; Kim, T.; Lee, S.; Kang, D.; Hwang, M.S.; Chae, Y.; Kang, S.; Lee, H.; Park, H.G.; et al. Transparent, flexible, conformal capacitive pressure sensors with nanoparticles. Small 2018, 14, 1703432. [Google Scholar] [CrossRef] [PubMed]

	



Du, Y.; Yu, G.; Dai, X.; Wang, X.; Yao, B.; Kong, J. Highly stretchable, self-healable, ultrasensitive strain and proximity sensors based on skin-inspired conductive film for human motion monitoring. ACS Appl. Mater. Interfaces 2020, 12, 51987–51998. [Google Scholar] [CrossRef]

	



Zhu, M.; Shi, Q.; He, T.; Yi, Z.; Ma, Y.; Yang, B.; Chen, T.; Lee, C. Self-powered and self-functional cotton sock using piezoelectric and triboelectric hybrid mechanism for healthcare and sports monitoring. ACS Nano 2019, 13, 1940–1952. [Google Scholar] [CrossRef]

	



Kumar, V.; Kumar, A.; Han, S.S.; Park, S.-S. RTV silicone rubber composites reinforced with carbon nanotubes, titanium-di-oxide and their hybrid: Mechanical and piezoelectric actuation performance. Nano Mater. Sci. 2020, 3, 233–240. [Google Scholar] [CrossRef]

	



Min, S.D.; Wang, C.; Park, D.S.; Park, J.H. Development of a textile capacitive proximity sensor and gait monitoring system for smart healthcare. J. Med. Syst. 2018, 42, 76. [Google Scholar] [CrossRef]

	



Sarwar, M.S.; Dobashi, Y.; Preston, C.; Wyss, J.K.M.; Mirabbasi, S.; Madden, J.D.W. Bend, stretch, and touch: Locating a finger on an actively deformed transparent sensor array. Sci. Adv. 2017, 3, e1602200. [Google Scholar] [CrossRef]

	



Kang, M.; Kim, J.; Jang, B.; Chae, Y.; Kim, J.H.; Ahn, J.H. Graphene-based three-dimensional capacitive touch sensor for wearable electronics. ACS Nano 2017, 11, 7950–7957. [Google Scholar] [CrossRef]

	



Arshad, A.; Khan, S.; Alam, A.H.M.Z.; Kadir, K.A.; Tasnim, R.; Ismail, A.F. A capacitive proximity sensing scheme for human motion detection. In Proceedings of the IEEE International Instrumentation and Measurement Technology Conference (I2MTC), Turin, Italy, 22–25 May 2017; pp. 1–5. [Google Scholar]

	



Hosseini, M.; Zhu, G.; Peter, Y.-A. A new formulation of fringing capacitance and its application to the control of parallel-plate electrostatic micro actuators. Analog Integr. Circuits Signal Process. 2007, 53, 119–128. [Google Scholar] [CrossRef]

	



Wang, B.; Long, J.; Teo, K. Multi-channel capacitive sensor arrays. Sensors 2016, 16, 150. [Google Scholar] [CrossRef] [PubMed]

	



Muhlbacher-Karrer, S.; Mosa, A.H.; Faller, L.-M.; Ali, M.; Hamid, R.; Zangl, H.; Kyamakya, K. A driver state detection system—Combining a capacitive hand detection sensor with physiological sensors. IEEE Trans. Instrum. Meas. 2017, 66, 624–636. [Google Scholar] [CrossRef]

	



Durukan, M.B.; Cicek, M.O.; Doganay, D.; Gorur, M.C.; Çınar, S.; Unalan, H.E. Multifunctional and Physically Transient Supercapacitors, Triboelectric Nanogenerators, and Capacitive Sensors. Adv. Funct. Mater. 2022, 32, 2106066. [Google Scholar] [CrossRef]

	



Maxwell, J.C. A Treatise on Electricity and Magnetism; Oxford University Press: Oxford, UK, 1881. [Google Scholar]

	



Ye, Y.; Zhang, C.; He, C.; Wang, X.; Huang, J.; Deng, J. A review on applications of capacitive displacement sensing for capacitive proximity sensor. IEEE Access 2019, 8, 45325–45342. [Google Scholar] [CrossRef]

	



Baxter, L.K. Capacitive Sensors: Design and Applications; Institute of Electrical and Electronics Engineers Inc.: New York, NY, USA, 1997. [Google Scholar]

	



Yao, S.; Zhu, Y. Wearable multifunctional sensors using printed stretchable conductors made of silver nanowires. Nanoscale 2014, 6, 2345–2352. [Google Scholar] [CrossRef]

	



Abdelhamid, H.; Morsy, O.E.; El-Shibiny, A.; Abdelbaset, R. Detection of foodborne pathogens using novel vertical capacitive sensors. Alex. Eng. J. 2022, 61, 3873–3882. [Google Scholar] [CrossRef]

	



Ahmadi, A.; Nabipour, M.; Taheri, S.; Mohammadi-Ivatloo, B.; Vahidinasab, V. A New False Data Injection Attack Detection Model for Cyberattack Resilient Energy Forecasting. IEEE Trans. Ind. Inform. 2022. [Google Scholar] [CrossRef]

	



Taheri, S.; Akbari, A.; Ghahremani, B.; Razban, A. Reliability-based energy scheduling of active buildings subject to renewable energy and demand uncertainty. Therm. Sci. Eng. Prog. 2022, 28, 101149. [Google Scholar] [CrossRef]

	



Pourteimoor, S.; Haratizadeh, H. Performance of a fabricated nanocomposite-based capacitive gas sensor at room temperature. J. Mater. Sci. Mater. Electron. 2017, 28, 18529–18534. [Google Scholar] [CrossRef]

	



Merdassi, A.; Yang, P.; Chodavarapu, V. A wafer level vacuum encapsulated capacitive accelerometer fabricated in an unmodified commercial MEMS process. Sensors 2015, 15, 7349–7359. [Google Scholar] [CrossRef]

	



Fulmek, P.L.; Wandling, F.; Zdiarsky, W.; Brasseur, G.; Cermak, S.P. Capacitive sensor for relative angle measurement. IEEE Trans. Instrum. Meas. 2002, 51, 1145–1149. [Google Scholar] [CrossRef]

	



Jindal, S.K.; Agarwal, Y.K.; Priya, S.; Kumar, A.; Raghuwanshi, S.K. Design and analysis of MEMS pressure transmitter using Mach–Zehnder interferometer and artificial neural networks. IEEE Sens. J. 2018, 18, 7150–7157. [Google Scholar] [CrossRef]

	



Zeng, T.; Lu, Y.; Liu, Y.; Yang, H.; Bai, Y.; Hu, P.; Li, Z.; Zhang, Z.; Tan, J. A capacitive sensor for the measurement of departure from the vertical movement. IEEE Trans. Instrum. Meas. 2016, 65, 458–466. [Google Scholar] [CrossRef]

	



Arjomandi-Nezhad, A.; Ahmadi, A.; Taheri, S.; Fotuhi-Firuzabad, M.; Moeini-Aghtaie, M.; Lehtonen, M. Pandemic-Aware Day-Ahead Demand Forecasting using Ensemble Learning. IEEE Access 2022. [Google Scholar] [CrossRef]

	



Kwon, O.-K.; An, J.-S.; Hong, S.-K. Capacitive touch systems with styli for touch sensors: A review. IEEE Sens. J. 2018, 18, 4832–4846. [Google Scholar] [CrossRef]

	



George, B.; Zangl, H.; Bretterklieber, T.; Brasseur, G. A combined inductive–capacitive proximity sensor for seat occupancy detection. IEEE Trans. Instrum. Meas. 2010, 59, 1463–1470. [Google Scholar] [CrossRef]

	



Xia, F.; Campi, F.; Bahreyni, B. Tri-mode capacitive proximity detection towards improved safety in industrial robotics. IEEE Sens. J. 2018, 18, 5058–5066. [Google Scholar] [CrossRef]

	



Derakhshan, R.; Ramiar, A.; Ghasemi, A. Numerical investigation into continuous separation of particles and cells in a two-component fluid flow using dielectrophoresis. J. Mol. Liq. 2020, 310, 113211. [Google Scholar] [CrossRef]

	



Walia, S.; Mondal, I.; Kulkarni, G.U. Patterned Cu-Mesh-based transparent and wearable touch panel for tactile, proximity, pressure, and temperature sensing. ACS Appl. Electron. Mater. 2019, 1, 1597–1604. [Google Scholar] [CrossRef]

	



Chen, T.; Bowler, N. Analysis of a capacitive sensor for the evaluation of circular cylinders with a conductive core. Meas. Sci. Technol. 2012, 23, 045102. [Google Scholar] [CrossRef]

	



Yang, M. Development of Electrical Tomography Systems and Application for Milk Flow Metering. Ph.D. Thesis, The University of Manchester, Manchester, UK, 2007. [Google Scholar]

	



Sheldon, R.T.; Bowler, N. An interdigital capacitive sensor for nondestructive evaluation of wire insulation. IEEE Sens. J. 2014, 14, 961–970. [Google Scholar] [CrossRef]

	



Yang, W.Q. Hardware design of electrical capacitance tomography systems. Meas. Sci. Technol. 1996, 7, 225–232. [Google Scholar] [CrossRef]

	



Yang, W.Q.; Peng, L.H. Image reconstruction algorithms for electrical capacitance tomography. Meas. Sci. Technol. 2003, 14, R1–R13. [Google Scholar] [CrossRef]

	



Zeothout, J.; Boletis, A.; Bleuler, H. High performance capacitive position sensing device for compact active magnetic bearing spindles. JSME Int. J. Ser. B Fluids Therm. Eng. 2003, 46, 900–907. [Google Scholar] [CrossRef]

	



Igreja, R.; Dias, C.J. Analytical evaluation of the interdigital electrodes capacitance for a multi-layered structure. Sens. Actuators A Phys. 2004, 112, 291–301. [Google Scholar] [CrossRef]

	



Huang, S.M.; Plaskowski, A.B.; Xie, C.G.; Beck, M.S. Tomographic imaging of two-component flow using capacitance sensors. J. Phys. E Sci. Instrum. 1989, 22, 173–177. [Google Scholar] [CrossRef]

	



Rivadeneyra, A.; Fernandez-Salmeron, J.; Agudo-Acemel, M.; Lopez-Villanueva, J.A.; Capitan-Vallvey, L.F.; Palma, A.J. Printed electrodes structures as capacitive humidity sensors: A comparison. Sens. Actuators A Phys. 2016, 244, 56–65. [Google Scholar] [CrossRef]

	



Lee, J.W.; Min, D.J.; Kim, J.; Kim, W. A 600-dpi capacitive fingerprint sensor chip and image-synthesis technique. IEEE J. Solid-State Circuits 1999, 34, 469–475. [Google Scholar]

	



Mohd Syaifudin, A.R.; Mukhopadhyay, S.C.; Yu, P.L. Modelling and fabrication of optimum structure of novel interdigital sensors for food inspection. Int. J. Numer. Model. Electron. Netw. Devices Fields 2012, 25, 64–81. [Google Scholar] [CrossRef]

	



Zia, A.I.; Syaifudin, A.M.; Mukhopadhyay, S.C.; Yu, P.L.; Al-Bahadly, I.H.; Gooneratne, C.P.; Kosel, J.; Liao, T.S. Electrochemical impedance spectroscopy based MEMS sensors for phthalates detection in water and juices. J. Phys. Conf. Ser. 2013, 439, 012026. [Google Scholar] [CrossRef]

	



Khawaja, K.; Seneviratne, L.; Althoefer, K. Wheel-tooling gap measurement system for conform extrusion machinery based on a capacitive sensor. J. Manuf. Sci. Eng. 2010, 127, 394–401. [Google Scholar] [CrossRef]

	



Addabbo, T.; Bertocci, F.; Fort, A.; Mugnaini, M.; Panzardi, E.; Vignoli, V.; Cinelli, C. A clearance measurement system based on on component multilayer tri-axial capacitive probe. Measurement 2018, 124, 575–581. [Google Scholar] [CrossRef]

	



Petchmaneelumka, W.; Phankamnerd, P.; Rerkratn, A.; Riewruja, V. Capacitive sensor readout circuit based on sample and hold method. Energy Rep. 2022, 8, 1012–1018. [Google Scholar] [CrossRef]

	



Kim, Y.S.; Cho, S.I.; Shin, D.H.; Lee, J.; Baek, K.H. Single chip dual plate capacitive proximity sensor with high noise immunity. IEEE Sens. J. 2013, 14, 309–310. [Google Scholar] [CrossRef]

	



Lee, H.-K.; Chang, S.-I.; Yoon, E. A capacitive proximity sensor in dual implementation with tactile imaging capability on a single flexible platform for robot assistant applications. In Proceedings of the 19th IEEE International Conference on Micro Electro Mechanical Systems, Istanbul, Turkey, 22–26 January 2006; pp. 606–609. [Google Scholar]

	



Kohama, T.; Tsuji, S. Tactile and proximity measurement by 3D tactile sensor using self-capacitance measurement. In Proceedings of the IEEE SENSORS, Busan, Korea, 1–4 November 2015; pp. 1–4. [Google Scholar]

	



Qiu, S.; Huang, Y.; He, X.; Sun, Z.; Liu, P.; Liu, C. A dual-mode proximity sensor with integrated capacitive and temperature sensing units. Meas. Sci. Technol. 2015, 26, 105101. [Google Scholar] [CrossRef]

	



Nguyen, T.D.; Kim, T.; Han, H.; Shin, H.Y.; Nguyen, C.T.; Phung, H.; Choi, H.R. Characterization and optimization of flexible dual mode sensor based on Carbon Micro Coils. Mater. Res. Express 2018, 5, 015604. [Google Scholar] [CrossRef]

	



Lu, Y.; Bai, Y.; Zeng, T.; Li, Z.; Zhang, Z.; Tan, J. Coplanar capacitive sensor for measuring horizontal displacement in joule balance. In Proceedings of the Conference on Precision Electromagnetic Measurements (CPEM 2016), Ottawa, ON, Canada, 10–15 July 2016; pp. 1–2. [Google Scholar]

	



Lu, X.; Li, X.; Zhang, F.; Wang, S.; Xue, D.; Qi, L.; Wang, H.; Li, X.; Bao, W.; Chen, R. A novel proximity sensor based on parallel plate capacitance. IEEE Sens. J. 2018, 18, 7015–7022. [Google Scholar] [CrossRef]

	



Taheri, S.; Talebjedi, B.; Laukkanen, T. Electricity demand time series forecasting based on empirical mode decomposition and long short-term memory. Energy Eng. J. Assoc. Energy Eng. 2021, 118, 1577–1594. [Google Scholar] [CrossRef]

	



Nguyen, N.T.; Sarwar, M.S.; Preston, C.; Le Goff, A.; Plesse, C.; Vidal, F.; Cattan, E.; Madden, J.D. Transparent stretchable capacitive touch sensor grid using ionic liquid electrodes. Extrem. Mech. Lett. 2019, 33, 100574. [Google Scholar] [CrossRef]

	



Long, J.; Wang, B. A metamaterial-inspired sensor for combined inductive-capacitive detection. Appl. Phys. Lett. 2015, 106, 074104. [Google Scholar] [CrossRef]

	



Böhmländer, D.; Doric, I.; Appel, E.; Brandmeier, T. Video camera and capacitive sensor data fusion for pedestrian protection systems. In Proceedings of the 11th Workshop on Intelligent Solutions in Embedded Systems (WISES), Pilsen, Czech Republic, 10–11 September 2013; pp. 1–7. [Google Scholar]

	



Lee, H.K.; Chang, S.I.; Yoon, E. Dual-mode capacitive proximity sensor for robot application: Implementation of tactile and proximity sensing capability on a single polymer platform using shared electrodes. IEEE Sens. J. 2009, 9, 1748–1755. [Google Scholar] [CrossRef]

	



Chen, Z.; Luo, R.C. Design and implementation of capacitive proximity sensor using microelectromechanical systems technology. IEEE Trans. Ind. Electron. 1998, 45, 886–894. [Google Scholar] [CrossRef]

	



Ye, Y.; Deng, J.; Shen, S.; Hou, Z.; Liu, Y. A novel method for proximity detection of moving targets using a large-scale planar capacitive sensor system. Sensors 2016, 16, 699. [Google Scholar] [CrossRef] [PubMed]

	



Ye, X.; Tian, M.; Li, M.; Wang, H.; Shi, Y. All-fabric-based flexible capacitive sensors with pressure detection and non-contact instruction capability. Coatings 2022, 12, 302. [Google Scholar] [CrossRef]

	



Čoko, D.; Stančić, I.; Dujić Rodić, L.; Čošić, D. TheraProx: Capacitive proximity sensing. Electronics 2022, 11, 393. [Google Scholar] [CrossRef]

	



Wei, Y.; Torah, R.; Li, Y.; Tudor, J. Dispenser printed capacitive proximity sensor on fabric for applications in the creative industries. Sens. Actuators A Phys. 2016, 247, 239–246. [Google Scholar] [CrossRef]

	



Luo, N.; Dai, W.; Li, C.; Zhou, Z.; Lu, L.; Poon, C.C.Y.; Chen, S.-C.; Zhang, Y.; Zhao, N. Flexible piezoresistive sensor patch enabling ultralow power cuffless blood pressure measurement. Adv. Funct. Mater. 2016, 26, 1178–1187. [Google Scholar] [CrossRef]

	



Zhang, B.; Xiang, Z.; Zhu, S.; Hu, Q.; Cao, Y.; Zhong, J.; Zhong, Q.; Wang, B.; Fang, Y.; Hu, B.; et al. Dual functional transparent film for proximity and pressure sensing. Nano Res. 2014, 7, 1488–1496. [Google Scholar] [CrossRef]

	



Alagi, H.; Navarro, S.E.; Mende, M.; Hein, B. A versatile and modular capacitive tactile proximity sensor. In Proceedings of the 2016 IEEE Haptics Symposium (HAPTICS), Philadelphia, PA, USA, 8–11 April 2016; pp. 290–296. [Google Scholar]

	



Ben-Yasharand, G.; Ya’akobovitz, A. Electronic skin with embedded carbon nanotubes proximity sensors. IEEE Trans. Electron Devices 2021, 68, 4098–4103. [Google Scholar] [CrossRef]

	



Addabbo, T.; Fort, A.; Mugnaini, M.; Rocchi, S.; Vignoli, V. A heuristic reliable model for guarded capacitive sensors to measure displacements. In Proceedings of the IEEE International Instrumentation and Measurement Technology Conference (I2MTC) Proceedings, Pisa, Italy, 11–14 May 2015; pp. 1488–1491. [Google Scholar]

	



Bu, D.; Li, S.Q.; Sang, Y.M.; Qiu, C.J. High transparency flexible sensor for pressure and proximity sensing. Mod. Phys. Lett. B 2018, 32, 1850394. [Google Scholar] [CrossRef]

	



Nguyen, T.D.; Han, H.S.; Shin, H.Y.; Nguyen, C.T.; Phung, H.; Van Hoang, H.; Choi, H.R. Highly sensitive flexible proximity tactile array sensor by using carbon micro coils. Sens. Actuators A Phys. 2017, 266, 166–177. [Google Scholar] [CrossRef]

	



Hein, B.; Li, X.; Alagi, H. Two Examples of Using Machine Learning for Processing Sensor Data of Capacitive Proximity Sensors. Available online: https://arxiv.org/ftp/arxiv/papers/1903/1903.08495.pdf (accessed on 1 December 2019).

	



Moheimani, R.; Aliahmad, N.; Aliheidari, N.; Agarwal, M.; Dalir, H. Thermoplastic polyurethane flexible capacitive proximity sensor reinforced by CNTs for applications in the creative industries. Sci. Rep. 2021, 11, 1104. [Google Scholar] [CrossRef] [PubMed]

	



Moheimani, R.; Gonzalez, M.; Dalir, H. An integrated nanocomposite proximity sensor: Machine learning-based optimization, simulation, and experiment. Nanomaterials 2022, 12, 1269. [Google Scholar] [CrossRef] [PubMed]

	



Moheimani, R.; Pasharavesh, A.; Agarwal, M.; Dalir, H. Mathematical model and experimental design of nanocomposite proximity sensors. IEEE Access 2020, 8, 153087–153097. [Google Scholar] [CrossRef]








[image: Carbon 08 00026 g001 550] 





Figure 1. Number of published proximity-sensor-related papers during recent years. 
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Figure 2. Schematic of a capacitive proximity sensor. 
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Figure 3. Schematic of two basic CPT sensors [31]: (a) mutual capacitance sensor, and (b) self-capacitance sensor. 
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Figure 4. Application of proximity sensors proposed by Refs. [12,15,19,24,47]: (a) solid-shell curvy model, (b) 3D-printed thermoplastic polyurethane (TPU)/PVA model, (c) 3D printing a shell model before wiring, (d) signal of relative capacitance as measured by a choker sensor while the phrase “melody” is repeated four times, (e) recording pulse signal when a fiber-sensor is attached to the wrist, (f) optical images demonstrating the resulting flexible conductive films, (g) PAM (white) and PAM-FGO (black) fragments in optical photos of the healed specimens, (h) the PAM-FGO film-based proximity sensors allow for remote monitoring of human movements, (i) image of a graphene electrode-based wearable capacitive touch sensor, (j) optoelectronic characteristics of capacitive sensor, and (k) bendability and wearability of the proposed sensor. 
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Figure 5. Measurement setup proposed by Ref. [78] for CPSs. 
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Figure 6. Measured capacitance versus the vertical gap of the proposed CPS in Ref. [83]. 
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Figure 7. 3D representation of capacitance changes for three shapes: cone, ring, and sphere [24]. 
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Figure 8. Construction process of IDC CPS sensor proposed by Ref. [85]. 
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Figure 9. Measurement setup and the results proposed by Refs. [15,79,81,88]: (a) touchless piano being played optically with a human finger hovering 40 mm above the keyboard, (b) schematic representation of sensor sensing, (c) increase in relative capacitance with response to an approaching object, (d) performance comparison of the proposed setup with previous works, (e) printed proximity sensors on fabric with filled design, (f) printed proximity sensors on fabric with spiral design, (g) printed proximity sensors on fabric with loop design, (h) maximum detection distance as a function of the proximity sensor width, (i) capacitance change simulation via COMSOL, (j) sandwich structure of CPS with the AgNWs stripes serving as the row and column electrodes, placed orthogonally on the top and bottom PET substrates, (k) capacitance variation as a function of vertical distance from the intersection, (l) contour graphics depicting the estimated capacitance change profile of a center pixel and its four closest neighbors with varying degrees of sensitivity, (m) proximity sensing depiction of two metal bars, the intersections of which are denoted by dashed black boxes, (n) relative capacitance change vs. response time during four cycles, (o) a schematic representation of a TPU/carbon nanotube proximity sensor configuration, (p) noise minimization using semi-planner 45° probes, and (q) mutual capacitance becomes apparent when an item is moved near to the sensor. Shunting the initial electric lines results in a highly strong and distributed fring field between the object, film, and probes, resulting in a dramatic decrease in capacitance. (r) Comparing the maximum sensitivity of various weight percentages of carbon nanotubes (CNTs). 
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Table 1. A comparison of the most frequently used proximity detection techniques.
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	Sensing

Technique
	Detected

Objects
	Sensing

Element
	Operational Range
	Standard Detective Circuit
	Tangible

Limitation





	Optical
	Non-conductive and conductive
	Lighting resource
	Frequency and condition

dependent
	Converter (V–I)
	Lenses and

object

preparation needed



	Ultrasonic
	Non-conductive and conductive
	Sound producer
	Frequency and condition

dependent
	Digital to analog converter or Sensor modules
	Object

dependent



	Inductive
	Only Conductive
	Metal coil
	Coil size

dependent
	Impedance

analyzer, LCR

oscillator,
	-



	Capacitive
	Non-conductive and conductive
	Conductive electrode
	Conductive

electrode

fabrication/size dependent
	Charge amplifier, RC low pass filter, capacitance meter
	-
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Table 2. Some of the practical applications associated with capacitive sensors.
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	Reference
	Application





	[34]
	Electrical capacitance tomography



	[35]
	Capacitive voltage sensors



	[36]
	Capacitive humidity sensors



	[37]
	Capacitive gas sensors



	[38]
	Displacement detection



	[39]
	Muscle action for interaction
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Table 3. Summary description of few CPS studies with manufacturing details, CDC (capacitance-to-digital converter), PCB (printed circuit board), and LCR (inductance, capacitance, resistance).
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	Reference
	Application
	Shape/Size
	Measuring Range
	Shielding
	Error or Resolution
	Method of Measurement





	[44]
	Inductive and capacitive sensors integration
	20 mm × 5 mm
	10 mm
	×
	-
	Resonance



	[45]
	Ultrasonic and capacitive integration
	60 mm × 30 mm × 0.1 mm
	200 mm
	✓
	30 mm
	CDC:AD7143



	[63]
	Two arrays of 16 × 16

electrodes
	5 mm × 100 mm

Rectangle
	170 mm
	✓
	-
	200 kHz

charging circuit



	[64]
	Woven-polyester fabric, printed on a standard
	180 mm × 180 mm × 3 mm Spiral
	80 mm
	×
	0.5 mm
	CDC:MTCH112



	[67]
	Temperature and capacitive sensor combined
	7 mm × 3 mm × 0.1 mm Rectangle
	17 mm
	✓
	-
	CDC:AD7746



	[73]
	Moving target detection CPS
	310 mm × 190 mm
	60 mm
	✓
	5 mm
	LPF, C/V circuit



	[76]
	Symmetrical distribution of electrodes—circular shape
	45 mm × 45 mm

Circular
	55 mm
	✓
	0.3–4.6%
	LCR meter



	[47]
	Equally distributed

sensors (120°)
	85 mm × 40 mm

Single
	336 mm
	✓
	3.3 mm
	Neural

Network
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Table 4. Summary description of a few CPS studies with manufacturing details. A summary of the fundamental properties of flexible capacitance-type proximity sensors enhanced with nanomaterials. PET stands for polyethylene terephthalate that is ultrathin FPCB is for flexible printed circuit board. CNC stands for cellulose nanocrystals. GO is for graphene oxide, PDMS stands for polydimethylsiloxane, AgNWs stands for silver nanowires, CMC stands for carbon microcoils, MWCNT stands for multiwall carbon nanotube, and ms stands for millisecond.






Table 4. Summary description of a few CPS studies with manufacturing details. A summary of the fundamental properties of flexible capacitance-type proximity sensors enhanced with nanomaterials. PET stands for polyethylene terephthalate that is ultrathin FPCB is for flexible printed circuit board. CNC stands for cellulose nanocrystals. GO is for graphene oxide, PDMS stands for polydimethylsiloxane, AgNWs stands for silver nanowires, CMC stands for carbon microcoils, MWCNT stands for multiwall carbon nanotube, and ms stands for millisecond.





	Reference
	Active Materials and Substrate
	Response Time (1 pF)
	Shape/Size
	    Sensitivity    [    Δ C    c 0    m  m  − 1    ]     
	Operational Range
	Error or

Resolution
	Other Features





	[15]
	AgNW−BC/PDMS fibers
	<75 ms
	53 μm Diameter

Thickness 10 μm
	0.19

(Skin)
	30 cm
	1 mm
	Proximity and Pressure, bacterial cellulose coated with PDMS, Wet spinning for compressibility



	[16]
	CNC-m-rGO-epoxy GO (conducting particles)
	-
	1 × 2 cm2

Thickness 0.16 mm
	7.8

(Skin)

0.0

(Copper and plastic rod)
	0.6 cm
	0.6 mm
	Durability of the touch sensor (100 cycles at the distance of 0.02 cm), Excellent stability and repeatability, Average recovery time (3 s)



	[10,82]
	PET-PDMS-AgNWs

PDMS (dielectric layer) AgNWS (electrodes)
	<40 ms
	7.5 × 2.5 cm2 1 mm Thickness
	0.06–0.12 (Skin)
	9 cm [10]

14 cm [82]
	4.8 mm
	All pressure sensing Reversibility (up to 100 kPa) [82] and (50% strain) [10], Stability (2 h),

Bending stability (310 cycles and rb = 3 cm) [10]



	[24]
	Graphene, acrylic PET, PET (mesh-structured), Graphene (electrodes), Acrylic polymer (dielectric layer)
	<60 ms
	6 × 4 cm2

8 × 8 Channels

0.03 mm
	0.66 (iron) 0.10 (skin)
	1 cm (Iron) 7 cm (Skin)
	5 mm
	Touch sensing Searchability~9–16% (rb = 0.15 cm)



	[33]
	AgNW-PDMS

AgNWS (electrodes)

PDMS (dielectric layer)
	<40 ms
	800 × 2500 μm2 3 μm

Thickness
	0.16

(Skin)
	15 cm
	5 mm
	Durability (200 cycles in 100 kPa), All pressure sensing

Reversibility



	[63]
	PCB
	-
	0.7 × 0.3 cm2 16 × 16 sensor

array
	0.18

(Steel)
	8 cm
	1% output

frequency
	switched-charge amplifier and sampling/filtering for noise

rejection,



	[67]
	CMC-MWCNT-silicone

CMC (elastomer

composite sheet)
	-
	3.3 × 3.3 cm2 FPCB electrode layer

Thickness

0.6 mm
	0.10

(Copper)
	6 cm
	2 mm
	Inductive and capacitive sensing modes,

Repeatability and reversibility (5 cycles),

Durability (3000 cycles for 150 kPa), Maximum detection 1.5%



	[74]
	PDMS

Copper Electrodes
	-
	600 × 600 μm2 

16 × 16 capacitor array
	0.5

(Plastics, PVC, Acrylic, HDPE)
	17 cm
	0.5 mm
	Dual-mode functioning custom circuit board, many possible

variations of the electrode

configuration



	[78]
	-
	<16 ms
	-
	-
	5–10 cm
	-
	Energy efficient using duty-cycling power supply, boot-up self-adjustment mechanism via digital potentiometer, Wide

variety of applications



	[81]
	Fabinks TC-C4001,

Polyester woven
	<30 ms
	0.4 × 0.4 cm2

Thickness 30 μm
	0.79

(Skin)
	0.1–40 cm
	0.5 mm
	76% less conductive ink via loop design, Microchip MTCH112 to simplify the circuit



	[75]
	Micro-Electro-Mechanical
	-
	sensors size 500 × 50 μm2 

electrode width of 10 μm
	0.8

(Skin)
	10–10,000 μm
	0.48 fF/μm
	Conductor or nonconductor measuring, batch fabricated via Micro-Electro-Mechanical,

Micro sensor size,

Capable of measuring

permittivity



	[87]
	PET-PDMS

CP coating
	<100 ms
	10 × 10 cm2

15 grid lines,

Effective line width 3.3 mm
	0.5

(Skin)
	13 cm
	-
	High flexibility (2 cm),

Transparent (90%),

Can detect several stimuli,

Pressure touch,

Minimal noise



	[88]
	TPU-CNT
	<30 ms
	6 × 2 cm2

Thickness 0.5 mm
	0.3

(Brass, Skin)
	2–22 cm
	0.3 mm
	Excellent detection range,

Reasonable flexibility and durability
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