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Abstract— Interdigital or interdigitated electrodes have been used as a cornerstone to form the design of the 

electrodes for quite some time. The prominent advantages of this type of design have led to its use in a variety of 

sectors in the field of science and technology. Among the different applications these sensors are employed for, the 

paper presents some of the significant works done in the field of biomedical, environmental, and industrial sectors. In 

these three sectors, sensors have been associated with different kinds of signal-conditioning circuits to process and 

transmit the data to the monitoring unit. Apart from the design, the processing material, structure and dimensions of 

the sensors have been largely varied according to the specific application for which the sensors have been employed. 

These differences diversify their performance in terms of efficiency and sensitivity. Some of the challenges faced by 

the current sensors have also been mentioned along with the remedial solutions. 
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1. Introduction 

During the last few decades, planar interdigital sensors have been widely used in a wide range of 

applications [1-4], due to its favorable aspects. Some of them are their miniaturization, fast response, no 

radiation, and the reduced cost of fabrication of these sensing devices [5, 6]. A significant benefit of interdigital 

sensors is their simple and low-cost mass-fabrication process and the ability to use them for many different 

applications without having to make notable changes in the design [7-9].  Apart from the above-mentioned 

characteristics, another possible advantage is the capability to mix sensors with instrumentation to design lab-

on-chip measurement devices. Moreover, the sensitivity of these sensors can be improved by varying the 

geometry of the sensors [10]. So far, little work has been done to study the effect of geometric parameters of 

interdigital sensors on their performance [10-13].  Another prominent advantage of the planar interdigital 

sensors is the single-side access to the material under test (MUT) when there is a limitation to access both sides 

of a MUT [14]. The potential of being used for non-destructive testing (NDT) [15, 16] is an additional benefit of 

interdigital sensors, which makes them more suitable for in-vitro analysis and process-control applications [17]. 

Igreja et al. evaluated the issues related to the design of interdigital electrodes capacitance for a multi-layer 

structure. They employed an analytical tool to study the NDT and material characterization of this type of sensor 

structure [18]. Li et al. provided a detailed analysis of the effects of the design parameters and geometry of 

interdigital sensors on their performance. They used finite element simulations to study the effects of shielding 

electrode width and thickness of substrate on sensor performance [19]. 

The interdigital sensors operate in the form of parallel-plate capacitors. The planar nature of the electrodes 

provides a non-invasive, low signal-to-noise ratio, and single-sided measurement of the tested samples. When 

the electrodes slowly open up, the electric field is extended to a broader space, which subsequently generates a 

fringing electric field. As the position of these electrodes is changed to a co-planar structure, the fringing electric 

field becomes dominant between the excitation and sensing electrodes [20]. The conversion from a parallel-plate 

capacitor to a planar sensor is shown in Fig. 1 [17]. The repetitive nature of the electrode fingers obtained a 

stronger signal in comparison to those obtained by a single pair of electrodes. When a time-dependent low 

voltage signal is applied to the sensors, an electric field is generated between the planar electrodes. Since the 

electrodes are in a planar position, the generated electric or magnetic field bulges out from one electrode to 

another of opposite polarity. The nature of this generated field would vary depending on the distance between 

the electrodes of similar and opposite polarities. For conventional purposes, the two electrodes are considered as 

excitation and reference electrodes. During the biomedical applications, the tested samples would be placed in 
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contact or close proximity with the sensing surface of these prototypes. As the electric field is formed and 

travels from one electrode to another, these lines penetrate through the sample under consideration, known as 

the material under test (MUT). The degree of penetration depends on the distance between the electrodes [21]. 

When the bulging electric field traveling between the electrodes penetrates through the MUT, it creates an 

electrical displacement to deal with the applied field. This displacement is caused due to the ionic and faradic 

currents flowing between the electrode-electrolyte interfaces. The variation in the electric field simultaneously 

alters the charge accumulated between the electrodes, which consequently changes the capacitance. This change 

in capacitance can be used to deduce the characteristics of the MUT. The same phenomenon is followed to study 

the change in the magnetic field using Surface Acoustic Wave (SAW)-based sensors [22], where the magnetic 

field causes a change in resonant frequency. For these interdigitated capacitive and magnetic sensors, the 

relative permittivity and permeability respectively, is studied and correlated to the properties of the measurand 

[20, 23]. The difference between the capacitive and magnetic sensors working on the same interdigital 

transducers lies in the type of substrates that form the electrodes.    

 

 
Fig. 1. Schematic diagram of the transition from a parallel-plate capacitor to a planar sensor that provides one-sided access to MUT [17]. 

 
 

Usually, the planar interdigital sensors are employed to detect capacitance, dielectric constant, and bulk 

conductivity in different mediums [24]. For some other type of biomedical applications, where the quantity of 

induced strain is measured, the interdigital sensors used are formed of flexible material. The operating principle 

of these sensors [25] is slightly different from that of the ones with rigid substrates. Due to the flexible nature of 

these types of sensors, the change in the response of the sensor as a result of the strain-induced on them would 

be due to the corresponding change in the overall dimension of the sensor. Fig. 2 shows the operating principle 

of the interdigitated flexible sensors used for biomedical applications. When the sensor is bent, the parameters 

of the interdigital sensors, which include the space between the electrodes (d), the length (L) and the width (W) 

of the overall sensor, change. These changes would result in an effective change in the overall structure, causing 

a change in the output capacitance of the sensor [26]. 

 

 
 

Fig. 2. Working principle of flexible planar interdigital sensors [26]. 

 

This manuscript investigates applications of interdigital sensors in different sectors, emphasizing 

biomedical, environmental, and industrial applications. The introduction section of the paper elaborates on the 

operating principle of planar interdigital sensors and their advantages over other types of sensors. The following 

sections review the work done in biomedical, environmental, and industrial sections, respectively. Finally, the 

last section explains the shortcomings regarding the available sensing systems and commensurate solutions to 

overcome these drawbacks. Sensors have been designed and fabricated with different dimensions and materials 

based on the specific applications for which they can be employed. Table 1 mentions some significant 

interdigital sensors developed for biomedical, environmental and industrial applications. It can be seen that for 

each type of application, a range of material has been processed to form the electrodes and substrates of the 

sensors. The dimensions of each of these prototypes depend on their application, as well as the material that was 

being processed. Among the types of sensors, three different forms, namely electrochemical, strain and 

electrical sensors, have been designed and developed for three types of applications that have been described in 

the subsequent sections. Tables 2 and 3 show the differences in the sensing mechanism and the capabilities of 

each of the prototypes with respect to their corresponding application. The working capabilities of different 

kinds of electrochemical and strain sensors have been showed and compared with each other for three types of 



chosen applications. Table 4 details a comparative study on the repeatability of some of the coating done on the 

prototypes as well as the uniformity of the sensing area of some of the coating-based interdigital sensors. Each 

of these sensors had been used for a particular application. 

 
Table 1: Substrate and electrodes material, measurement range, and the dimension of various types of Interdigital Sensors. 

 

Electrodes material 
Dimensions (width, 

gap, and thickness) 
Substrate material Type Ref. 

Brass Sheet 
127 μm thickness and 5 

μm gap 
Polyimide-PDMS Biomedical [27] 

Gold electrodes 

800 nm width, 120 nm 

thickness and 400 nm 

gap 

Silicon Biomedical [28] 

Conductive fabric 

10 mm length, 57 μm 

thickness, 1.5 mm 

width and 1 mm gap 

PDMS Biomedical [26] 

Gold electrodes 

2.5 mm length, 25 μm 

width, 500 nm 

thickness and 25 μm 

gap 

Silicon Biomedical [29] 

Graphite 
18 mm length, 2 mm 

width and 1.5 mm gap 
PDMS Biomedical  

Silver electrodes and 

graphene (G)/methyl-red 

(M-R) composite layer 

Width: 200 μm, gap: 

400 μm, thickness: 400 

nm 

Polyethylene 

Terephthalate (PET) 
Environmental [30] 

Zeolite with Si/Al ratio of 

1.28 
electrode gap: 20 μm Al2O3 ceramic Environmental [31] 

Aluminum 
8 μm width, 5 μm gap, 

thickness: 1.2 μm 
Polyimide  Environmental [32] 

Reduced graphene oxide 

(RGO)/poly 

(diallylimethyammonium 

chloride) (PDDA) 

nanocomposite film 

Width and gap: 75 μm, 

thickness: 20 μm. 
Polyimide Environmental [33] 

Silver 
width and gap: 50 μm, 

thickness: 900 nm 
Polyimide Environmental [34] 

Tin dioxide/reduced 

graphene oxide (RGO) 

nanocomposite film 

width and gap: 75 μm, 

finger length: 20 μm 
Polyimide  Environmental [35] 

Nickel/Chromium  

width and gap:  200 

μm, 100 μm, finger 

length: 290 μm 

Silicon Industrial [36] 

Graphite 

width and gap:  2 mm, 

1.5 mm, finger length: 

18 mm 

PDMS Industrial [37] 



Gold 

width and gap:  40 μm, 

10 μm, finger length: 

13.95 mm 

Polyimide Industrial [38] 

Single-Walled Carbon 

Nanotubes/Chromium/Gold 

width and gap:  725 

μm, 40 μm, finger 

length: 300 μm 

Polyimide Industrial [39] 

Carbon composites 

width and gap:  30mm, 

14 mm, finger length: 4 

m 

PDMS Industrial [40] 

 
Table 2: Comparative study of different kinds of interdigital sensors based on electrochemical sensing for different kinds of applications. 

Sensor materials Sensitivity Linear 

response 

Detection 

range 

Application Ref. 

Copper, chromium,  

polyimide 
45.78 

mV/decade 

1 μM to 1 

M 

1 μM to 1 M Biomedical [41] 

Gold, 2-

mercaptoethylamine 

0.22 nF.pg ml-1 5 pg ml-1 - 

1 ng ml-1 

1.34 pg ml-1 Biomedical [42] 

Reduced graphene, 

oxide 

180 kΩ/% RH 0-75% 0-100% Environmental [43] 

Polyaniline, 

Reduced graphene 

oxide 

457.4 μA 

mM−1 cm−2 

0.4 to 

183.7 mM 

0.1 μM Environmental [44] 

Carbon Nanotubes 2.72 kPa−1  0-20 kPa 0-140 kPa Industrial [45] 

Hollow MXene 

spheres, Reduced 

graphene, Aerogel 

609 kPa−1 0–10 kPa 6.4–10 kPa Industrial [46] 

 
Table 3: Comparative study of different kinds of interdigital sensors based on strain sensing for different kinds of applications. 

Sensor materials Gauge factor Detection limit Ref. 

Palladium, PET 55 0.3% [47] 
Silicone elastomer, 

Conductive-knit fabric 

(Shieldex®) 

0.3 0.6% [48] 

Liquid crystal polymer, 

Polyimide 

1.38 0.145% [49] 

PDMS, Conductive fabric 

(VeilShield) 

0.87 0.1% [26] 

Carbon black, Barium 

titanate, Ecoflex 

1.7 1% [50] 

 
Table 4: Comparison between the uniformity and repeatability of the different sensing prototypes that have coated for a specific application. 

Sensor 

materials 

Repeatability in use 

with the same coating 

Uniformity on the sensing area Application Ref. 

Silicon, Gold No Yes, the sensing area was dip-coated with MIP 

for CTX-1 detection 

Biomedical [51] 

SAW No Yes, electrodeposition of the MIP was done on 

the sensing area for flumequine detection 

Biomedical [52] 

Glass, Gold No Yes, the sensing area was spin-coated with MIP 

for polycyclic aromatic hydrocarbons detection 

Environmental [53] 

Silicon, Gold Yes Yes, the sensing area was spin-coated with MIP 

for phosphate detection 

Environmental [54] 



Silicon, Gold No Yes, the sensing area was dip-coated with MIP 

for acetaldehyde detection 

Industrial [55] 

Silicon, Gold No Yes, the sensing area was spin-coated with a tin-

oxide layer for gas-detection 
Industrial [56] 

 

One of the attributes that have been dealt with in recent years is the metallization on flexible substrates, in 

addition to the normally used glass and silicon ones. This phenomenon has been important for developing 

sensing prototypes that can be used as biosensors. The work done by Tseng et al. [57] was shown to transfer 

dextran films, which can be used as a template for photolithography, metal deposition, and particle adsorption 

was transferred on the PDMS layer. This work was essential for altering the characteristics of PDMS, which can 

be subsequently used to link with proteins, generating stable structures of epoxy covalently, and for the study of 

particles for their mechanical response. The transfer of dextran films was done via direct crosslinking on PDMS 

in order to integrate dextran and proteins on PDMS substrates. Once the stabilization of the dextran films and 

proteins are achieved over the PDMS layer, the curing of the silicone elastomer was done at room temperature. 

This was followed by washing away the dextran thin films using deionized water. The presence of the 

unconjugated dextran films on PDMS had little effect on the proteins that were previously adsorbed on the 

dextran films. This adsorption was increased by the introduction of another protein on the PDMS due to the 

increase in the electrostatic interactions between the two oppositely charged proteins. In order to deal with the 

common problems of treating the PDMS with plasma to improve the adhesion between the metal and PDMS, 

and generation of stiffness gradients and wrinkling of PDMS, the patterning of metals was initially done on the 

dextran films using e-beam evaporation and sputtering techniques. The adhesion between the metals and dextran 

films were further improved by pre-exposing the substrates to air plasma. A molecular adhesive, named vinyl 

siloxane adhesive, was used to integrate the large scale patterning of metallic lines developed from copper and 

titanium. The use of this adhesive proved to provide substantial improvements showing no noticeable defects 

and minimal wrinkling in thin films. The sputtered metallic films also proved to have better adhesion with the 

substrates. Another work explaining the metallization of flexible substrates was done to develop copper 

electrodes via inkjet printing technique on flexible substrates [58]. Copper metallization was done on flexible 

substrates with the optimization of the composition of silver ink and printing parameters. Polyimide films were 

initially functionalized using sodium hydroxide solutions and used for printing purposes. This improved surface 

wettability and decreased the roughness of the substrates. The printing was done at a voltage and maximum 

jetting frequency of 35 V and 2 kHz respectively. One layer was printed with a drop spacing of 20 microns. This 

was followed by bathing the inkjet printed films in copper plating and then, rinsing it with deionized water. The 

printed patterns were dried and thin copper layer was formed on top of it. The developed patterns were 

characterized using conductivity and bending tests using a four-point probe system. Other works in this area are 

[59-61]. 

2. Biomedical Applications of Interdigital Sensors 

Sensors used in disease diagnosis and other biomedical applications should provide certain requirements to 

make similar or even better than the traditional available systems. They need to be simple to use, small, 

inexpensive, and reliable [62]. The need for a small amount of sample and a quick analysis are the necessities 

for the upcoming applications of sensing systems. Therefore, the possibility of miniaturization and the level of 

automation are the motivation for novel developments. A significant approach is the usability of such sensing 

systems for the recognition of a biomarker in various body fluids and tissue extracts [63]. The research on 

sensing systems is therefore determined by the interest to fabricate special sensors, that can be subsequently 

used for rapid and reliable measurements in different biomedical sectors. The market for such systems has been 

predicted to rise by around 15% every year [62]. To develop such sensors, there has been some research to 

design lab-on-a-chip devices [64, 65] in which all the required steps such as sampling, preparation, examination 

and reporting are combined and automated [66]. For point-of-care applications [67, 68], all these jobs must be 

combined into a complete sensing system that can take over various important biomedical applications for 

diagnosis and treatment of diseases, and finally, utilize them as portable and even handheld devices [69-71].  

There are several advantages of using interdigital sensors, which make them suitable for biomedical 

applications. One of the most significant advantages is single-side access to the material of the test. This 

characteristic makes it feasible to penetrate the sample with magnetic, electric, or acoustic fields from only one 

side. Moreover, the output signal can be regulated by varying the number of interdigitated fingers, the gap 

between them, as well as the sensing area. The ability to be used in non-destructive testing is another benefit of 

interdigital sensors, which makes them more suitable for online testing and process-control applications [17]. 

Therefore, interdigital sensors are nowadays being widely used in different areas of biomedical applications. 



Hung et al. presented a novel interdigital capacitive (IDC) strain sensor for wireless structural health monitoring 

applications [27]. In this work, laser-micromachining [72] was used for the fabrication of the sensors. The 

wireless monitoring system was developed using a commercial wireless module that could offer simultaneous 

multi-modality monitoring [73]. A graphical user interface was proposed for data storage and presentation, as 

well as online data analysis. The sensitivity of the sensor was studied in both stretching and bending modes, 

showing 0.025% of the limit of detection for strain. The gauge factor was determined within the range of 6 to 9 

which is much more than those of the available strain gauges in the market. The bending detection of the 

proposed sensor is reliable up to 20°. Hysteresis and temperature behavior were also studied, showing 

expectable responses. Lastly, the developed sensing system was established with both single and multiple 

sensors for a real-time structural health monitoring cases. The system diagram of the wireless structural health 

monitoring is depicted in Fig. 3. 

 

 
Fig. 3. The system architecture of the  structural health monitoring system using the developed IDC strain sensors [27]. 

 

Another interesting work in the field of healthcare was showcased by Chen et al. [74], where interdigitated 

electrodes were printed on plastic films to form sensors for monitoring and analyzing the density of tumor cells. 

The responses of the sensors were tested with cell culture solutions formed with DI water and PBS solutions. 

Finally, the responses were analyzed using the electrochemical impedance spectroscopic technique. The 

substrate was chosen to be of size around 500 microns, where gold-based ink was directly printed to form the 

conductive electrodes. The patterns of the electrodes were formed using stainless steel masks. The 

configurations of the electrodes consist of width and gap of 100 microns and 20 microns, respectively. The 

testing of the samples was done inside a PDMS chamber, used to load samples by bonding the films on the 

chamber subsequent to the plasma treatment. The frequency range used for the experimental purpose was 

between 1 kHz and 1 MHz.  Lee et al. reported a graphene-based electrochemical sensing system microneedles 

for diabetes monitoring and treatment [75]. Monitoring of the biomarkers and physiological signals was done 

with sweat control and transcutaneous drug delivery system to attain proper point-of-care therapy for diabetes. 

The sensing system consists of bare graphene doped with gold and gold mesh to increase the electrochemical 

activity. The fabricated system contains different elements like a heater, and temperature, humidity, glucose and 

pH sensors, along with polymeric needles. These individual components are integrated to form a sensing system 

for the thermal activation of drugs. The sensing system was validated by experimenting on a diabetic mouse by 

delivering Metformin. The operation was carried using a bilayer formed with a serpentine gold mesh and gold-

doped CVD-formed graphene. These layers attributed to high conductivity, mechanical reliability and optical 

transparency for the system, in addition to the electrochemically active sites. The measurements were taken 

from the doped-graphene layer and compared with that of the gold mesh layer, due to the higher electrochemical 

activity in the former layer. Cyclic voltammetry was used to determine the changes in current and impedance 

values, as a result of charge transfer and redox reactions taking place. The highest charge transfer resistance was 

located in the gold layer, which was compensated by the doped-graphene layer due to the conducting sites 

present in the electrochemically active regions. The stability of the doped graphene layer was further validated 

by the temperature-dependent impedance measurements. The functionalization of this doped layer with different 

kinds of monomers proved its excellent electrochemical interactive capability. The prototype was then 

transferred to a thin silicone patch to form a patterned electrochemically-functionalized hybrid sensing system. 

Resistance modulation of the graphene and gold mesh layers is done to form the heater, tremor sensor and 

temperature sensor. The change in relative humidity is measured by determining the corresponding change in 

the impedance in the interdigitated PEDOT electrodes to convey the presence of sweat on the skin. The 

electrochemical changes of the doped graphene layer due to the reduction of the hydrogen peroxide from the 

glucose oxide was determined to monitor the change in the glucose level. The pH was also similarly measured, 



where the changes in electrochemical signals were measured due to Polyaniline (PANi)/GP hybrid in 

conjunction with the Ag/AgCl counter electrode. The combined operation was carried out by real-time in-vitro 

testing of artificial sweat. The diabetic patch was subjected to a minimum of 20 µl of the sample to determine 

the starting point for glucose and pH sensing. Then, the response of pH and glucose towards the change in 

temperature was analyzed, where the sensitivity of glucose and pH was found to be slightly reduced and then 

constant, respectively. The recordings corresponding to high glucose level activate the heaters to dissolve phase-

change material (PCM) [76] and therefore, bio-resorbable microneedles release Metformin as feedback 

transdermal drug delivery to the glucose detection. They reported that the use of fundamentally soft material 

improves the conformal combination of devices with the human skin and thus enhances the efficiency of 

biochemical sensors and drug delivery.  

Elsholz et al. proposed an automated electrical method for the detection and measurement of pathogens, 

which are typically involved in urinary tract infections [28]. Interdigital sensors with gold electrodes had been 

developed for sensitive analysis. These sensors were fabricated on standard 6-inch silicon wafers. The 

dimensions of the sensor were 9 mm × 10 mm, containing 16 electrodes, where the diameter of each electrode 

was 500 µm.  The gold electrodes were functionalized using thiol-modified oligonucleotides and used as the 

capturing probes. The electrical signals were generated by amperometric redox cycling and detected by a unique 

multi-potentiostat. The output signals of the system were position specific current and varied over time 

regarding the levels of analyte. It was claimed that if two additional biotins are added into the affinity binding 

complex, the sensitivity of the sensing increase more than 60%. The LOD of the proposed system had been 

estimated to be 0.5 ng/µL. The control of fluidics for variable assay formats, as well as the multichannel 

electrical readout and data handling, have all been fully automated. The rapid and easy assay did not require any 

amplification of the target molecule. 

A fully electrical sensor for the recognition of viral DNA was reported by Nebling et al. [77]. The electronic 

recognition was based on interdigital ultra-microelectrode arrays fabricated using the silicon technology. 

Oligonucleotide capture probes were immobilized on the gold electrodes using the thiol−gold self-assembling 

technique. The nanoscale electrodes were developed to conduct a sensitive recognition of enzyme activity by 

signal improving redox recycling of hydroxyaniline (HA). Multiplexing and serial details were recognized using 

a CMOS ASIC module [78] and a computer-controlled multi-channel potentiostat. A 16-channel multi-

potentiostat equipped with two multiplexers was utilized for electrochemical measurements. In this research 

principle of the silicon-based electrical biosensor was presented for various experimental setups and for the 

recognition of virus DNA in real unpurified multiplex samples. It was reported that rapid and quantitative 

analysis for all types of affinity assays was robust and particle tolerant. The proposed electrical biochip and a 

structure of the measuring system is shown in Fig. 4. 

 

 
 

Fig. 4. (a) chip on PCB; (b) 16-channel multi-potentiostat with chip and flow-through cell connected to the reference electrode, pump, and 

computer; (c) chip positions; (d) submicrometer interdigitated electrode fingers and the three-dimensional polymeric ring structures [77]. 

 



Chen et al. reported the development of an interdigital surface acoustic wave (SAW) [79, 80] gas sensor as 

a virtual sensor array, together with an imaging recognition technique for non-invasive diagnosis of lung cancer 

[81]. It comprised a gas path made of a two-bag system, solid-phase microextraction (SPME) and a capillary 

column. A pair of SAW sensors were used for the detection of chemical compounds, where one of the sensors 

had been coated with a thin polyisobutylene (PIB) film. This electronic noise can be used to measure the quality 

as well as the quantity of eleven volatile organic compounds (VOCs) [82] which are accepted as the biomarkers 

for the diagnosis of lung cancer based on pathological research. Later, an improved artificial neural network 

(ANN) [83] algorithm joined with an imaging technique was designed for the detection of an anomaly among 

patients. Lastly, the proposed electrical noise was calibrated by these eleven VOCs separated into three levels 

and was further employed to detect patients with lung cancer in a hospital. The experimental results showed that 

this type of electronic noise could be useful in the diagnosis of patients with lung cancer. Another research 

group [13] developed interdigitated electrode arrays for impedance-based measurement of Hs578T breast cancer 

cells [84]. Gold interdigitated electrodes were patterned on 4-inch glass substrates using photolithography and 

metal deposition technologies. The 3000 PY photoresist [85] was used to pattern the electrodes and contact 

pads. The substrate was coated with a 15 nm layer of chromium and then 20 nm gold. Then, the photoresist 

layer was removed using acetone. Eventually, SU-8 photoresist [86] was used to pattern a passivation layer. 

Through this stage, only the electrodes and contact pads were exposed. Lastly, a passivation layer was formed 

using the SU photoresist. This layer was then baked to form an inert polymer resin. The developed devices were 

then diced and 6mm cultivation chambers were attached and sealed using slowly heated photoresist around the 

outer edges of the chamber. Prior to the impedance measurements, the Hs578T breast tumor cells were cultured. 

The device was first washed and then the sample solution was kept on the electrodes for 20 minutes and 

removed before the cellular inoculation. The device was then immunized with a small amount of cell suspension 

with a concentration of 14.67×104 cells/ml.  200 µl of medium was then added to the culture slots.  A minimum 

incubation period of 24 hours was allowed to ensure proper adherence of the cells to the electrodes. Finally, 

impedance measurements were done using an Agilent 4294A impedance analyzer over a frequency range of 100 

Hz to 10 MHz. System had been calibrated using the manufacturer protocol.  Baseline measurements were 

performed using medium, followed by the measurements of cellular impedance. 

Afsarimanesh et al. presented a smart sensing system for the prognostic monitoring of bone loss [29]. They 

developed a selective interdigitated gold electrode sensor on a silicon substrate for the detection and 

measurement of the C-terminal telopeptide of Type-I collagen (CTx-I), which is one of the most sensitive 

biomarkers for bone loss and osteoporosis [87, 88]. The electrochemical impedance spectroscopy (EIS) 

technique was used to monitor the changes in impedance for different concentrations of CTx-I samples. A 

sensor with a dimension of 10 mm × 10 mm, including a sensing area of 2.5 mm × 2.5 mm, was fabricated 

based on the MEMS technology, and impedance measurements were performed using a HIOKI-3536 LCR 

meter. Molecularly imprinted polymer (MIP) technology was used to develop the selective coating material [89] 

and some optimization experiments were performed to determine the optimum coating thickness. Samples with 

different concentrations of CTx-I were tested using the proposed system and the results were validated using a 

standard ELISA kit. The LOD for the developed sensing system was determined as low as 0.09 ppb. They had 

also developed a microcontroller-based system that could measure the concentration of CTx-I and transmit the 

results to an IoT-based cloud server. The data could be provided to the health practitioner and a thorough 

investigation could thus be begun for prognostic detection and treatment [29]. Fig. 5 shows the graphical 

representation of the proposed sensing system.  

 



 
 
Fig. 5. (a) Configuration of the interdigitated gold electrode sensor. (b) Block diagram of the smart sensing system for prognostic monitoring 

of bone loss [29]. 

 

Nag et al. presented the design and development of a novel strain-induced graphite/PDMS sensor for biomedical 

applications [90]. The sensors were fabricated using 3D printed molds [91, 92], which were prepared using 

acrylonitrile thermoplastic polymer as the filament. The electrodes of the sensor patch were made of Graphite 

and PDMS were used to develop the substrate. The electrodes were designed in an interdigitated scheme with 

the casting of graphite powder on the 3D printed molds. Fig. 6(a) shows the developed strain-induced 

graphite/PDMS sensor. They used the COMSOL simulation results to elaborate on the operating principle of the 

sensor patches. EIS method was used for the characterization and experimentation of sensor patches at different 

operating conditions. The maximum bending radius determined by the proposed sensor patches was 6 mm. 

Strain-sensing experiments were fruitfully done based on the bending of the different parts of the body, such as 

a finger, elbow, neck and knee (Fig. 6(b)) where the sensor patches were attached. Promising results have been 

shown by the developed sensor patches to prove their capability to be used in the biomedical world [90]. 

 

 
 
Fig. 6. (a) Dimension and configuration of the developed strain-induced graphite/PDMS induced sensor. (b) Attachment of the sensor patch 

on the finger, elbow, neck, and knee to monitor their movements based on the strain-induced of the sensor patches [90]. 

 

 

The same research group reported the design of a new transparent strain sensor for wearable sensing biomedical 

applications [26]. They fabricated flexible interdigital sensors using a PDMS-embedded conductive fabric and 



successfully validated applications of the proposed sensor in detecting different strains. The schematic diagram 

of the fabrication process is shown in Fig. 7. The developed sensor was characterized based on its transparency 

and electromechanical behavior. The application of the sensor was then tested in various physiological sensing 

scenarios, such as the sensing of the movement of different parts of the body and tactile sensing. Apart from great 

optical transparency (70%), the sensor indicated significant sensing results that confirm the applicability of the 

developed sensor for recognition of flexible and transparent strain sensors for wearable sensing applications [93-

95]. 

 

 
 

Fig. 7. Schematic illustration of the fabrication steps of the transparent sensor [26]. 

 

3. Environmental Applications of Interdigital Sensors 

It is necessary to know what factors are needed to be measured for monitoring environmental parameters. The 

most critical parameters are air, water, or soil quality measurement. These parameters range from physical to 

chemical characteristics and include all necessary elements to understand environmental quality. The interdigital 

sensor has been used for measuring these various parameters, which will be discussed in this paper. For the last 

several years, interdigital sensor and their structure have been used to develop a humidity sensor to monitor the 

humidity of the weather. One of the significant advantages of using the interdigitated structure is that it is more 

comfortable to design, convenient to fabricate, and reliable in terms of measurement as it is well known; the 

response of the sensors vastly depends on the finger length, gap, and width as well as on the material. Therefore, 

most of the reported works are based on those parameters where the design of the interdigitated structure is 

concerned. S. Ali et al. [30] have proposed a highly sensitive humidity sensor consisting of silver inter-digital 

electrodes and graphene (G)/methyl-red (M-R) composite layer. Low-cost polyethylene terephthalate (PET) 

substrate was used with the dimensions of the electrodes were 200 μm finger width, 400 μm spacing, and 400 

nm thickness. A thin film layer is deposited over the silver electrodes to achieve high sensitivity and wide 

sensing range. The sensor’s electrical resistance inversely varies from 11 MΩ to 0.4 MΩ against the relative 

humidity (RH) content from 5% to 95%. The response and recovery time of the proposed sensor is 0.251s and 

0.35s, respectively. Fig. 8 represents the graphene/methyl red composite film humidity sensor [30]. 



 
 

Fig. 8. Schematic representation of the graphene/methyl-red composite based humidity sensor [30]. 

 

The substrate and the material of electrodes play a significant role in improving the sensitivity of humidity 

detection. Some of the reported works [32-34] have been known to use Polyimide substrate with various 

composite electrodes. Zhang et al. [33] have used chemically reduced graphene oxide (RGO)/poly 

(diallylimethyammonium chloride) (PDDA) nanocomposite film as sensor’s electrode. The humidity sensing 

range was found to be 11-97 % at room temperature. The proposed Interdigital sensor demonstrated excellent 

sensing behavior to humidity. It had a fast response, quick recovery time, and excellent repeatability, 

highlighting the unique advantages of layer-by-layer nano self-assembly. Rivadeneyra et al. [34] have reported 

some small, low-cost and flexible humidity sensors with silver electrodes. The inkjet-printing process was used 

to fabricate the sensor which keeps the price low. Zhang. Et al. [35] has reported tin dioxide/reduced graphene 

oxide (RGO) nanocomposite film which demonstrated an ultrahigh sensitivity and a rapid response/recovery 

characteristic over a full humidity range measurement, highlighting the unique advantages of hydrothermal 

synthesis for sensors fabrication compared with traditional humidity sensors. Fig. 9 shows the schematic of the 

proposed sensor [35].  

 

 
 

Fig. 9. (a) Optical image of sensor array on a flexible PI substrate. (b) Schematic illustration of the fabricated sensor prototype [35]. 

 

Water quality monitoring is an essential part of environmental monitoring. When the quality of water is poor, it 

affects the aquatic life and the surrounding ecosystem. Water quality properties can have physical or chemical 

factors. Physical properties of water quality monitoring included temperature and turbidity, whereas chemical 

properties involved crucial parameters such as pH, dissolved oxygen, and nutrients. These parameters are 

relevant to surface water studies of the ocean, lakes and rivers, groundwater, and industrial processes. Among 

them, nutrients (nitrate and phosphate) monitoring is the most critical part of water quality monitoring which 

will be discussed in the following sections. Nitrate is considered as one of the critical nutrients for nature's 

nitrogen cycle. A lot of research is going on to develop an interdigital nitrate sensor to monitor the 

concentrations of nitrate.  The primary advantages of using interdigital sensors for water quality measurement 



include low cost of fabrication, the convenience of use, suitable for in situ measurement systems, rapid reaction, 

and high durability. 

 

 
 

Fig. 10.The silicon MEMS-based Interdigital sensor for water quality monitoring [96]. 
 

Some of the prominent works are reported [35, 97-99] on an interdigital sensor for nitrate, phosphate, or 

ammonium measurement to provide a low-cost sensing system. Alahi et al. [96] reported a smart sensor for the 

detection of nitrate in water. The silicon-based interdigital sensor used for the experimental purposes is shown in 

Fig. 10. The detection limit is 0.01-0.5 mg/L, and temperature compensation is added to improve the sensitivity. 

Gold nanoparticles were used as electrodes for excitation and sensing on the silicon substrate. The MEMS-based 

fabrication method was used to fabricate the sensor. The gap of the electrodes was 25 µm, and the dimensions of 

the sensing surface 2.5 mm × 2.5 mm. A Graphene-based electrode (Fig. 11) was used [100] to determine the 

nitrate in water, where the detection limit was 1-70 mg/L. The graphene was printed on Kapton tape to improve 

the sensitivity of the measurement. The width of the electrode was 200 µm and the gap between the two 

electrodes was 100 µm. The sensor was robust, low-cost, easy to use and useful for nitrate measurement without 

any selectivity. The same research group [101] reported on nitrate measurement. The interdigital sensor was 

based on FR4, and copper was used as conductive electrodes. The sensing area of the sensor was 17 mm x 

33mm. The width of the electrodes was 1000 µm and the gap between the two electrodes was 1000 µm. The 

dimensions of the sensor were larger compare to other sensors due to the in situ real time monitoring system.   

Nor et al. [97] have reported a low-cost interdigital sensor to determine nitrate and sulfate, and the ANN 

model has been used to improve the sensor's results.  Often the interdigital sensor can identify the dielectric 

properties of the material in water, but without the selectivity properties, it could not determine the exact amount 

of the target nutrient. Therefore, the ANN model [97], Principle Component Analysis (PCA) or Independent 

component analysis (ICA) [102] were used to determine the actual concentrations without any selective 

properties of the proposed sensor. It keeps the sensor’s cost low without sacrificing the performance of the 

sensors.   

 

 

 
 

Fig. 11. The fabrication process of the Graphene-based interdigital sensor [100]. 

 

Other health hazards such as peptide derivatives [103], Phthalate esters [104], or endotoxins or 

Lipopolysaccharide (LPS) [105] which sometimes considered as toxins and interdigital sensors are used to 

identify them in various applications.  The new type of inter-digital sensor design [104] incorporating multiple 



sensing gold electrodes was fabricated on a silicon substrate based on a thin-film micro-electromechanical 

system (MEMS) using semiconductor device fabrication technology. A passivation layer of Silicon Nitride 

(Si3N4) was used to functionalize the sensor. New types of planar interdigital sensors [105] have been 

fabricated with a different coating material to assess their response to endotoxins. A carboxyl-functional 

polymer, APTES (3-aminopropyltriethoxysilane) and Thionine were chosen to be coated onto FR4 interdigital 

sensors. The selected coating material has carboxylic or amine functional groups, which was optimized to be 

stable in water. All coated sensors were immobilized with PmB (Polymyxin B) which has specific binding 

properties to LPS.  

 

4. Industrial Applications of Interdigital Sensors 

The increase of the deployment of interdigital sensors for industrial applications has been massive for the past 

few decades [17, 106-109]. The robustness of the sensors, along with their simple design and working principle, 

are the main contributors for their use in this sector. The use of the interdigitated design has been efficient for 

both flexible and MEMS-based sensors for industrial applications. One of the prominent works with flexible 

sensors has been their use as pressure sensors [110]. The sensors were fabricated using the screen-printing 

technique, with the pressure ranging between 0 to 2 MPa.  The substrate and electrodes of the sensors were 

made with polyimide foil and silver ink, respectively. In order to make the prototypes sensitive to pressure, 

pressure-sensitive inks were used on top of the electrodes with a thickness of approximately 3 microns. The 

screen-printing was done with a mesh of around 180 meshes per centimeter with adjustable dimensions of the 

electrodes. The sensors were resistive in nature, where the change in pressure was measured in terms of relative 

resistance. The experiments were conducted inside a pressure chamber using a 10 mm by 10 mm stamp, 

exerting a maximum force of 40 N. The change in resistive was observed between 118.01 Ω to 113.25 Ω via the 

bending of the sensor due to the exertion of force. A linear behavior was obtained for the pressures ranging 

between 0 to 1.5 MPa, whereas a saturation was observed between 1.5 to 4 MPa. Another interesting paper 

related to industrial sensors is the fabrication and deployment of SAW-based devices for temperature sensing 

[111]. The electrodes of the device had an interdigitated structure, consisting of a piezoelectric substrate. The 

transmission of the data was done using electromagnetic radiofrequency waves on a reader unit. When the 

device was exposed physically, the propagation time and frequency were affected. The experiments were 

conducted with an operational temperature of 300 ˚C, where the other devices were marked with different colors 

like green, violet and yellow. The shift in temperature was observed to be around 280 ˚C. The differential delay 

time obtained for the shift of 0.15˚ was around 12 ps. The sensors were designed for an operation in the ISM-

band of 2.45 GHz. The transmitting and receiving antennas were used at 9 dBi and 18 dBi respectively. Even 

though the bandwidth was limited to around 80 MHz, the peak performance of the blue curve was obtained at a 

wide bandwidth of 320 MHz. S parameters were measured between 30 and 270 ˚C with a step of 40 ˚C. A 

temperature resolution of 0.15 ˚C was obtained for a phase variance of 0.2 radians. Similar work on SAW 

involved the use of interdigitated transducers for gravimetrical sensing applications in liquid environments 

[112]. The device was simultaneously used as a sensing element and a generator where the S parameters (S11 

and S21) were used as the reflection coefficient and gain parameter respectively. The experiments were 

conducted via the binding of mercaptophenylacetic acid gold nanoparticles (MPA-AuNP) with the sensing 

surface of the interdigital sensors. The sensors showed a sensitivity of 7.4 mΩ nM-1 for the kinetic reactions 

between the MPA-AuNP and the gold electrodes of the interdigital electrodes. HEPES was used as the buffer 

solution to apply the MPA-AuNP solution at different concentrations of 0.1036, 0.38 and 0.57 nM on the 

sensing surface of the prototypes. The binding process of the MPA-AuNP on the sensing surface was done for 

around 75 minutes by applying the buffer solution during the rinsing step. The substrate of the sensor was 

developed with a piezoelectric material (LiTaO3), where the electrodes and sensing area were developed with 

titanium and gold nanoparticles. The thicknesses of these two layers were 20 and 100 nm respectively. The 

sensing chip prior to the experiments was embedded inside a microfluidic chamber, which was developed using 

a polydimethylsiloxane (PDMS) layer. The conditioning circuit was formed using a standard L-configuration 

where the passive electrical parameters were an inductor, capacitor and variable capacitors in order to match the 

input impedance before every experimental cycle. The impedance value for a concentration of 0.1036 nM was 

considered as the offset for the mass adsorption analysis. Another interesting work on SAW using interdigital 

electrodes was done by Guo et al. [113] to depict the use of radio frequency-activated standing surface SAW for 

on-chip particle manipulation. This work focuses on the focusing of the samples at specific locations inside a 

microchannel to analyze the accuracy of the detection. The interfacing of radiofrequency with standing SAW 

substrates in a microfluidic channel assisted in determining the dynamic process of a particle in terms of its 

aggregation inside the microfluidic channel. The force generated by two interdigital transducers as a result of 

their acoustic radiation, caused the particles to move towards the pressure nodes. The locations of these particles 

were tunable via changing the frequency of the standing SAW. The estimation of the particle assembly was also 

determined using theoretical analysis. Other important works in this area are [114-116]. These works have 



utilized SAW for different microfluidic applications and numerical simulations to determine the acoustic 

pressure field of a liquid. Interdigital sensors were formed inside the microfluidic devices along with a 

microfluidic channel for experimental purposes. The SAW-based devices were also used to separate different 

microspheres formed with different materials like polystyrene (PS) and poly (methyl methacrylate) (PMMA), 

based on their corresponding differences in the mechanical properties. The frequency, particle density and sound 

speed of the SAW were varied and correlated to the resulting force generated inside the channel to determine the 

flow of the PS and PMMA particles. The differences in the mechanical properties between the two particles led 

them to behave differently in a nonlinear fashion. The optimization of the acoustic frequency and particle size 

was done to translate and sort each of the particle population selectively. The sorting of the PS and PMMA 

particle population was done with around 95% efficiency, where the diameter was between 10-15 microns. The 

acoustic radiation nature and dielectrophoretic (DEP) effect was also studied with the standing SAW. 

Indifference to the different polymers used to make the particles in the last work. Researchers have also used 

different conductive particles like Carbon Nanotubes (CNTs) to form bundles to study the acoustic and DEP 

effects.   

Another similar work related to humidity sensing [32] was performed by fabricating fully packaged CMOS 

capacitive sensors that contained polysilicon heaters. CMOS and MEMS-based post-processing steps were 

followed to develop the interdigitated sensors. A 3 micron standard CMOS technology was used to form the 

humidity sensors. The substrate and electrodes of the prototypes were formed using polyimide and aluminum, 

respectively. The depth of the recesses between the electrodes was enlarged using a polysilicon heater, which 

was placed under the electrodes. The reliability of the sensors was increased via etching resistant passivation 

between the electrodes and the substrate of the sensors. A good linearity was obtained for the CMOS sensors 

along with improved hysteresis and recovery time. The passivation and dielectric layers of the sensors were 

formed using silicon nitride (Si3N4) and silicon dioxide (SiO2), respectively. Thicknesses of 45 nanometers and 

one micron were used for the SiO2 and Si3N4 layers, whereas the LPCVD technique was used to deposit the 

polysilicon layer. The aluminum layer and electrical connections to the heater were formed using the sputtering 

process. The experiments for humidity sensing was conducted between 20 and 90 %RH to determine the change 

in capacitance in terms of femtoFarad. The resistance, input voltage and power of the heater were 335 Ω, 5 V 

and 75 mW respectively. Higher sensitivity with a coefficient of determination of 0.9992 was obtained using the 

package on the humidity sensor. The hysteresis was less than 1 %RH.  

Another interesting work was performed by Tan et al. [117] to develop interdigitated capacitive pressure sensors 

based on low temperature co-fired ceramic technology. The equivalent circuit of these sensors consisted of a 

passive LC circuit, operating on a capacitive and inductive phenomenon. The fabrication was done via a screen-

printing technique where the mutual inductance coupling method was employed for conducting the pressure 

measurements. The sensitivity of these sensors was around 273.97 kHz/bar for a pressure of 2 bar. The 

maximum readout distance and operating temperature of the external antenna were around 2 cm and 300 ˚C, 

respectively. Impedance analyzers were used to determine the relationship between frequency and pressure. 

Electromagnetic wave energy was used as the power supply to transmit it via the antenna attached to the sensor. 

Seven steps namely cutting of the samples, formation and pattern patterning, stacking, lamination, slicing, 

sintering and sealing, were followed to form the sensing prototypes. The testing temperature was fixed between 

25 and 300 ˚C, where a high-temperature experiment was performed via heating the tungsten filament as the test 

antenna. The sensors exhibited no hysteresis when they were heated at 600 ˚C for over 12 hours. This actually 

showed the possibility of the use of the sensors between 400 ˚C and 600 ˚C. The highest peak was obtained 

when the distance between the sensor and antenna was fixed between 10 and 20 mm.       

Work on flexible sensing prototypes to depict their use on industrial applications in terms of textile-based 

sensors was done strain-sensing applications [48]. Apart from being capacitive in nature, the sensors were 

stretchable in nature, which was used for human motion tracking. The sensors displayed a quick response time 

and resolution of 50 milliseconds and 1.36%, respectively. The movement of the knee joint was recorded during 

the experimental procedure to obtain a linear output of R2 = 0.997. Fig. 12 shows the schematic diagram of the 

fabrication process of the conductive, elastomeric, strain sensor [48]. Followed by the casting of the elastomeric 

substrate on the acrylic plate, the conductive fabric was rolled on top of it. The adherence between the fabric and 

elastomer was increased by curing the samples in an oven at 60 ˚C. This was followed by the laser cutting 

process which was done to form the interdigitated electrodes on the fabric. The residual fabric from the substrate 

was peeled off to complete the design. During the experimental process, the Gauge Factor (G.F.) of these strain 

sensors was calculated to be 0.83. A delay in the response of around 30 milliseconds was estimated when the 

sensors were used for determining the signals from the human body. Some of the motions recorded with these 

sensors were slight stretching, moderate stretching, walking and running. The low frequency of human body 

motions can be attributed as the primary cause for this delay. When the strain levels were 0.125, 0.25, 0.375 and 

0.5, the drift values were 0.6 %, 0.4%, 0.9% and 0.7% respectively. The change in the response of the sensors 

was calculated in terms of relative capacitance. The cyclic response of the sensors generated a change of around 

2.9% from its initial value. A pressure of 32 kPa caused a change in the capacitance of 5.6%. Another 



interesting work related to the use of interdigital sensors for industrial applications can be related to the work on 

humidity sensing performed by Urbiztondo et al. [118]. The sensors were coated with zeolite films to increase 

their sensitivity in terms of their electrical properties for the measurement of humidity. The ratio of the 

aluminum and silicate had been varied 1.5 to infinite to determine the selectivity of the sensors towards 

humidity sensing. The limit of detection of the sensors was 0.5 ppm/V. The working principle with and without 

the presence of the zeolite coating layer is shown in Fig. 13 [118]. The interdigital distance for the electrodes 

was varied between two values of 10 and 50 microns during the testing of the sensors for humidity in ambient 

conditions. The deposition of the zeolite was done on the sensing area via mixing a micro-drop deposition of 1 

wt.% if the nano-sized crystals with the micro-drops of a specific solvent of the desired volume. The change in 

the response of the uncoated sensors was caused by the permittivity of the air and analyte that is being tested. 

The responses were measured in terms of capacitance for these sensors. The coated sensors caused a change in 

response as a result of the substantial specific area, which can be voluntarily tailored to increase the sensitivity 

and specificity of the sensors towards the tested analyte. This is due to the adsorption of the analyte, located on 

the proximity of the sensors, thus causing a change in impedance. The contact time during the impedance 

measurements was fixed at 45 seconds. The humidity measurements were done between 2800 ppm and 15000 

ppm, for a frequency range between 0 and 4.5 MHz. During the experimental process, the temperature process 

was varied between 25 ˚C to 350 ˚C. The change in the capacitance at room temperature was due to the effect of 

water condensation between the zeolite crystals, causing an increase in the output.        

 

 
 

Fig. 12. Schematic diagram of the fabrication steps for the conductive-fabric based interdigital sensors [48]. 

 

 
 

Fig. 13. Schematic diagram of the working principle of the (a) coated and (b) uncoated sensors with zeolite being the selective layer [118].  

 

5. Challenges of the Current Sensors 

Even though the interdigitated sensors have enormous applications, there are still some loopholes that need to be 

addressed. The multi-functionality usage of interdigital sensors needs to be exploited to a greater extent. 

Although the sensors are characterized and employed for strain sensing, these prototypes are primarily used for 



electrochemical sensing, due to their specific structure. This reduces the chances of utilizing these kinds of 

sensors as flexible prototypes [119]. The multi-functional nature of these electrodes can be further stressed upon 

by using re-formable polymers as substrates, which would change its shape temporarily on a specific input. This 

can be advantageous for the fact that the sensors can be employed for both electrical and mechanical attributes. 

Another factor that should be altered for these sensors is the inclusion of selectivity for capturing particular 

analyte. Even though the presence of selectivity helps to increase the sensitivity for a particular material, the 

reusability of the sensors always remains an issue. The sensors should be fabricated with the selective material 

intact to the electrodes [120]. This should be considered with an additional step of removal of the captured or 

measured analyte to make the sensors ready for reuse. This way, the electrodes in the sensing area can maintain 

a constant sensitivity, along with using the same sensor for a longer time. Also, to induce multi-functionality, an 

array of electrodes should be included in every sensor for electrochemical sensing, so that more than one analyte 

can be targeted. Another issue that should be targeted is the minimization of the capacitance generated by the 

fringe effect. This should be handled by reducing the interference and noise affecting the system. One of the 

ways to do this is to optimize the signal-conditioning circuit associated with the sensor. Another issue that 

should be considered is the electronic waste generated by the used sensors. When the use of a particular sensor 

is done, they are discarded, either because they are worn out or due to their lack of sufficient sensitivity. This 

generates an enormous amount of electronic waste, considering the use of sensing systems in every sector of 

science and technology. One of the remedies for this could be the use of organic material to develop the 

substrates and electrodes of the sensor, which, after its use, will eventually decompose with time. The use of 

glassy carbon electrodes or allotropes of carbon like graphene [121, 122], carbon nanotubes [123, 124] to form 

the conductive part of the electrodes can be a popular choice. For the substrates, polymers like 

polydimethylsiloxane (PDMS) [26, 125], polyethylene [126, 127], poly-vinyl chloride (PVC) [128, 129] and 

others can be considered as an alternative option. This will substantially reduce the microelectronic waste 

generated by the sensors. One of the primary challenges with these sensors is the fabrication of the electrodes of 

these sensors via the use of chemical synthesis of the conductive material. The nanoparticles were synthesized 

using chemical synthesis technique produces high toxic gases as byproducts. The inhalation of these gases can 

lead to many fatal diseases [130]. These nanotechnology-based problem has been named as nano-pollution, 

which have been increasing the pollutants in water and air. Another problem with the synthesis is their 

unpredicted growth and unexpected dynamicity of polymeric transmissions. This gives an adverse effect in the 

electrical conductivity of the resultant nanocomposites due to the asymmetric alignment. In one of the works, 

the synthesis and characterization of silver nanostructures was done [131], which were subsequently deposited 

via electrodeposition technique to form interdigital electrodes for gas sensitivity applications. Now, along with 

the disadvantages of the nanoparticles mentioned above, the sensitivity of these particles depended on their 

concentration due to the agglomeration effect. Another disadvantage is their toxicity caused to the animals, even 

when used in small concentrations. One of its effects in humans in the damage caused in kidneys, when exposed 

to oral ingestion of silver nanoparticles. In another work, researchers have developed Cadmium Selenide (CdSe) 

to form interdigital sensors for forming uncooled photodetectors for industrial applications [132]. The detective 

and dark current measured from the formed photodetectors at a 5V bias voltage were 10-11 A and 3.5 x 1010 

cmHz1/2W-1 respectively. Due to the inorganic and semiconducting nature of this compound, the characteristics 

can vary considerably [133]. Also, due to their high sensitivity to surface effects, their trapping on the surface 

causes low yield during their production. This, in turn, increases the total cost of fabrication of the sensors. 

Another work described the use of chemical synthesis to form interdigital electrodes was explained by Beidaghi 

et al. [134] where composites were formed using reduced graphene oxide and CNTs to form micro-

supercapacitors for industrial applications. Cyclic Voltammetry (CV) was used to determine the specific 

capacitance of these interdigitated sensors, which generated values of 6.1 mF/cm2 and 2.8 mF/cm2 for scan rates 

of 0.01 V/s and 50 V/s respectively. Apart from the degradation of the individual attributes of graphene and 

CNTs, the percolation threshold of the composites would also be an issue addressing each of the conductive 

material. The electrodes formed with the combined efforts of electrostatic spray deposition and 

photolithography had the disadvantages of non-uniform layers of the electrodes due to the former technique. 

Also, both these approaches are cost-ineffective, which eventually increases the overall cost of each sensing 

prototype. A common disadvantage of the Chemical Vapor Deposition (CVD) technique is the production of 

toxic gases, which deters its uses. This can be associated with the fabrication of CNTs for forming interdigital 

electrodes as shown by Nguyen et. al [135]. The electrodes were formed with CNTs and Pt on aluminum oxide 

substrates to form sensors for the detection of ammonia gas. The uniformity in the thin-film layer of CNTs 

during the chemical formation of the CNTs on the electrodes is always an issue, especially when any other 

metallic electrode is present. The annealing done at high temperatures on the CNTs to vary their diameters also 

creates an issue to provide an ambiance for such fabrication purposes. Similar to silver, copper nanoparticles 

have also been chemically synthesized and used to develop interdigital electrodes for forming printed chemical 

sensors for industrial purposes [136]. These nanoparticles had a mean diameter of 4.5 nm, which were 

subsequently used to form thin-film layers having a resistivity of 9.6 x 10-5 Ωcm. The interdigital patterns were 



formed on a PET substrate, on top of which a composite of polyethylene glycol and graphite were formed. One 

of significant disadvantage related to the copper nanoparticles are the need of continuous energy for grinding, 

when these nanoparticles are fabricated using chemical method [137]. Other disadvantage includes the 

formation of toxic fumes, which is similar to that of other nanoparticles. In addition to these challenges, the use 

of the tested analyte in low amounts along with quick sampling is also the need of the hour. Even though the 

researchers working on different applications with interdigital sensors have successfully validated their 

application, it is less known about the standardization of the measurement parameters that needs to be followed 

during the experiments. Firstly, the ambiance conditions vary a lot for each of the biomedical, industrial and 

environmental application. This is one major factor which decides the effectiveness, sensitivity and capability of 

the used prototypes. Standard temperature and humidity conditions should be used for the environmental and 

industrial applications, whereas the biomedical applications would include an additional attribute of the 

standardization of the degree of parameters induced on the physiological parameters-based flexible sensing 

systems. For example, the degree of strain induced on the sensors should have a range which can be followed by 

all the prototypes of same type. Secondly, in order to minimize the amount of tested samples, the dimensions of 

the MEMS-based silicon and printed flexible sensors should have standardized structural dimensions to exert a 

certain range of sensitivity. Although the processed material to form the sensors can be altered to exploit the 

characteristics of the material, a threshold can be obtained on the shape and size of the sensors to achieve a 

certain level of sensitivity, while having minimized amount of tested samples. For the quick and accurate 

analysis of the response of the sensors, the signal-conditioning circuit holds a key role, especially for the 

interdigital sensors. Each of the circuit that has been associated with these low voltage sensors, have been 

customized according to the application. This varies the sensitivity and efficiency of the prototypes at the 

monitoring unit. The passive electrical elements that are used to readout and determine the response of the 

sensors needs to have an established form, which can be used for all the sensing prototypes developed for a 

particular application. 

 

6. Conclusion and Future work 

The paper showcases the significance of the usage of interdigital sensors for a range of applications, including 

biomedical, environmental, and industrial uses. The consideration of designing interdigitated electrodes has its 

own merit for the characteristics they possess. These types of electrodes have been fabricated with different 

kinds of material, depending on each of the applications. Some of the advantages of interdigital sensors were its 

simple structure and working principle, easy modification, low input voltage and usage in various applications. 

The customization of the interdigital sensors with its size, interdigital distance and electrical permittivity with 

respect to different applications is one of the major advantages of interdigital sensors. Even though the 

mentioned advantages increase the applications of interdigital sensors drastically, there are some areas where 

more work needs to be done. One of them is sensitivity, where largely varies depending on the application, 

rather than the design of the electrodes. Since, the interdigital electrodes formed on the rigid and flexible 

substrates decide the application of the sensors, the structural dimensions and processing material of the 

electrodes should be critically decided. For example, if pressure or a tactile sensor operating on a small area has 

a large sensing surface, the sensitivity ought to be lesser than the one having a smaller area where the impact of 

force is higher. Also, if the total surface area of the sensor including the bonding pads, is big enough, the 

sensitivity is generally lesser. This holds true for both the electrical and mechanical characteristics of the 

sensors. For strain sensing, the reason behind this could be attributed to the distribution of force on the entire 

sensing area, coming from a particular exerting point. For electrochemical sensing, the capacitive layer formed 

between the electrode and electrolyte would be bigger, thus creating a weaker dipole moment between the two 

oppositely charged electrodes. The issue with processing material can also be resolved by considering a correct 

combination of raw material and fabrication techniques to form the sensing prototypes. Generally, the electrical 

conductivity of the nanocomposite-based sensors [125, 138, 139] is somewhat compromised when the 

conductive material is mixed with the polymer to form the electrodes. This phenomenon largely affects the 

performance of the sensors. The conductive material and the polymer which are mixed together greatly affect 

their performances. For example, if Carbon Nanotubes are mixed with solvents and polymers to utilize their 

high tensile strength and electrical conductivity, their dispersion in aqueous solutions and polymer via achieving 

a proper percolation threshold is a condition that should be optimized. That can dictate the sensitivity as the 

mixture can alter the electrical conductivity of the sensing surface. Also, followed by the formation of the 

nanocomposites, the fabrication technique also plays a pivotal role in deciding the resultant conductivity. For 

example, the use of laser ablation and photolithography creates sensors with different dimensions, which 

decides their overall sensitivity. Although the use of interdigital sensors for wide-scale sensing purposes is 

common, the up-gradation of these sensors patches into embedded sensing systems or a commercial version is 

very limited. There are some distinct reasons related to this. Firstly, the structural type of sensor is very 

important, which in turn is related to the application. For example, the flexible sensors which are mostly used 



for determining body movements [140, 141] and other strain-induced applications [142, 143], the integration of 

a signal-conditioning circuit with the prototype would affect their structural bending. This in turn, would give 

erroneous results. The connection of wires also provides an accurate result with little standard deviation; the 

variation in results, in turn, depends on the type and elasticity of wires. Secondly, due to the nature of the 

electrodes, the signal processing done on the output of the interdigital sensors requires circuit boards containing 

amplifiers and filters. This would make it different to deploy the integrated circuitry in remote locations, 

especially in the case of industrial and environmental applications. Also, the conditioning circuitry added to the 

interdigital sensors is not defined, and can be changed and customized accordingly. This would change the size 

of the circuit boards, and thus, the total space required to fit in the entire system. The commercialization of these 

sensors is an issue that can only be solved if the structural dimension of these sensors is defined for a particular 

application. Since the change in some of the dimensions of the sensor like pitch, operating frequency, length and 

width of each of the fingers would change the overall sensitivity, it is different for the researchers and industries 

to decide the optimized form of these parameters. Researchers all over the world have been trying to fabricate 

different forms of these sensors, each one having a different sensitivity, robustness and reproducibility. 

Although some of the significant ones have been mentioned above, there are other numerous sectors were 

interdigitated sensors have been implemented due to its mentioned advantages. The applications of interdigital 

sensors can be further enhanced in new sectors by integrating them with the currently available techniques. The 

field of robotics and artificial intelligence is one area where the use of interdigital sensors can be used for the 

purpose of machine learning. The huge amount of database required for machine learning can be comparatively 

easily achieved by these simple operating sensing prototypes. Also, since the capacitance generated by the 

fringe effect is lower in these planar sensors, the required input power is also less. The growing need for smart 

homes in today’s era can utilize these interdigital sensors for multifunctional applications in these specialized 

homes. The presence of the array of electrodes can exploit these sensors for different genres of applications, 

with each one for a definite use. In the context of electrochemical sensing, even though these sensors have been 

successfully used for measuring some of the physiological parameters, not much has been done to reduce the 

cost of sensors in terms of selectivity and specificity. The fabrication technique of these sensors can be altered to 

form each of these sensors specific for a particular analyte. This would not only make the array of sensors 

multifunctional but would also reduce the cost of the sensors. The thermal attribute of the sensors should be 

worked upon to clean any residual mark in each of the sensing rounds and make them reusable. The bacterial 

and pathological detection with the interdigital sensors is another area that can be further worked upon to detect 

microorganisms with a very low scale. With the current advancement in medical science, a lot of new viruses 

are coming up, which needs to be dealt with. These sensors, having a simple fabrication process, can be opted as 

a popular option for their large-scale detection in day-to-day purposes. This marks these kinds of sensors to be a 

safe and secure manner for ubiquitous sensing purposes. 
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