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ABSTRACT 

Composite materials have become essential materials in aerospace, renewable power generation, and other industries. The 

inspection of these materials has been traditionally performed using a variety of Non-Destructive Testing (NDT) techniques such 

as ultrasound testing (UT), infrared thermography (IRT), and radiography (RT).  Electromagnetic techniques, such as Eddy current 

testing (ECT) and the like have been explored for specific applications such as the evaluation of the conducting material, and its 

inspection efficiency is limited in non-conducting material and those with low conductivity because of the difficulty to sustain 

eddy currents in such materials. Recently, it was demonstrated that capacitive sensing could be applied to the inspection of these 

materials without the disadvantages associated with the other techniques. This approach effectively depicts changes in the dielectric 

properties of the materials due to, for example, imperfections or internal details, by moving a set of simple electrodes on the surface 

of the object. An AC voltage is applied to one or more electrodes and signals are detected in others. This is a potential method for 

imaging the internal structure of many materials, without the need to be in contact (i.e. lift-off) with the surface. In the framework 

of this paper, the general design factors such as the geometry of electrodes, number of electrodes and their arrangement, shielding 

and guarding for the capacitive sensor were introduced. The Finite Element (FE) modelling was employed to model the electric 

field distribution from the capacitive sensor, and how it interacts with a non-conducting sample. Physical experiments with 

prototype capacitive sensor were also performed on a Plexiglas sample with sub-surface defects, to evaluate the imaging 

performance of the sensor. 
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1. INTRODUCTION  

The capacitive technique was first introduced in 2006 [1]. This novel approach has been developed as an NDT method, which 

has the potential of inspecting a wide range of materials and structures from insulators to conductors. This method is also 

known as Capacitive Imaging (CI), is an electromagnetic NDT method [2], which uses arrays of electrodes in the air to 

generate an AC electric field distribution within the material. Scanning the electrodes on the material causes a change in the 

electric field distribution and, consequently, a change in the output voltage [3]. The method relies on the interaction of electric 

fields with changes in the structure of a material. These fields, produced by co-planar electrodes, can penetrate into non-

conducting materials well [2]. Furthermore, this technique can measure the dielectric properties of the material [3]. The 

principle of this technique involves placing two (or several) electrodes on the surface of the sample and then applying an AC 

voltage between them. This system acts as a capacitor and altering in capacitance indicates internal structure (Such as the 

presence of a defect) [4]. The capacitive technique offers a possible way to overcome some of the limitations imposed by existing 

NDT techniques. For instance, the technique works in a volume averaging manner and the scattering issue in the ultrasound method 

is absent [5]. Capacitive sensors are applied for an extensive range of applications because of low cost, fast response, nonintrusive 

and non-invasive, no radiation and flexibility in the design of the electrodes. Except for the above common features, the co-planar 

structure provides a possibility to interrogate a specimen from only one side [6], which is especially useful when access to the 

specimen is limited [7]. In addition, this is a non-contact technique [2] and the lift-off (the air gap between electrodes and specimen) 

can be large, leading to potential applications in the detection of corrosion under insulation (CUI), including the detection of large 

surface features in metals and the presence of even small amounts of rust [8]. These features of co-planar capacitive sensors make 

it a popular option for applications in non-destructive testing (NDT) [3], material characterization [6] and imaging [9]. 

The Sensor manufacturing steps include material selection for electrodes, insulation layer for the surface of the electrodes, the back 

substrate of the electrodes, and the choice of a production method. The electrodes are made of conducting materials such as copper. 

A very thin insulation layer is usually placed on the electrodes to prevent direct contact of the electrodes with the specimen. This 
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prevents scratches on the electrode surface. The thicknesses of the insulation layer and the sensor substrate can affect the signal 

strength and distribution of the sensitivity, hence, need to be optimized. Several manufacturing techniques of the capacitive sensor, 

including MEMS [10], printed circuit board (PCB) and manual construction can be selected depending on sensor dimensions and 

costs [7]. 

Typically, in the regular capacitor, the plates are parallel together. These plates generate a uniform electric field distribution when 

a voltage is applied between them. The electric field does not restrict itself to a small area between the electrodes when the 

electrodes are gradually open, but extends to a wider space and creates a fringing field [7]. This fringing field expands into the 

sample for imaging purposes. Scanning a pair of electrodes on the surface of the specimen and measuring changes in stored charges 

for a given voltage creates a map of the changes in the electrical properties within the specimen [5]. When the electrodes open to 

a co-planar plane, the fringing field between the driving and sensing electrodes becomes predominant. This kind of sensor is called 

a co-planar sensor in literature [7]. Fig. 1 shows a schematic diagram showing how the electric field distribution changes when the 

two capacitor electrodes change from a parallel-plate to co-planar so that in the final part produces a fringing field [5]. The sensor 

electrodes can be scanned over the surface of a large mechanical structure to inspect the intrinsic properties of the sample and 

obtain information. 

To evaluate the sensor performance for different situations, it is required to explain the general design factors. In the next section, 

three of the most important factors in capacitive sensor design are explained. 

 

 

 

 

 

 

 

 

 

 

 

1.1 SENSOR DESIGN 

There are several parameters in sensor design for evaluating the performance of a sensor. One design issue may affect several 

aspects of sensor performance. On the other hand, in order to achieve the desired sensor performance, more than one design issue 

should be considered. Therefore, it is important to know how the design issues influence the sensor performance so that a sensor 

can be optimized for a particular application. Additionally, instrumentation-related issues should be considered in order to obtain 

the correct measurements of a sensor [7]. The important design issues for a co-planar sensor include the number of electrodes and 

their arrangement, electrodes geometry, shielding and guarding. 

Geometry of electrodes: The performance of a capacitive probe is primarily determined by its geometry, which includes the size, 

shape, and the separation of the electrodes. This consists of the distance between the electrodes and the shape of the electrodes 

[11]. They are the most important parameters determining the performance of the sensor [12]. Free space width between adjacent 

electrodes refers to the distance between the electrodes. The shape of electrodes can be a square, rectangular, annular, triangular 

shape, or complex shapes, such as a comb or spiral shape. The geometry of the electrode affects the sensor's performance in signal 

strength, depth of penetration and sensitivity of the measurement [7, 13]. 

Number of electrodes and their arrangement: The number of electrodes depends on the number and complexity of the material 

parameters, that must be estimated for an application. This requires understanding the relationship between capacitive 

measurements and those parameters. For a simple application, such as proximity or displacement measurement, in which there is 

a direct relationship between capacitance measurements and the distance of a specimen, a single sensing element, such as an 

annular sensor, can be adequate to infer the proximity of the specimen from capacitance measurement. For more complex 

situations, such as imaging or NDT applications, a sensor array may be used to provide a set of measurements for image 

reconstruction or parameter estimation. The arrangement of electrodes in the sensor array may need to be considered. In addition, 

the arrangement of electrodes depends on the available space in the system to place the electrodes [7]. 

Shielding and guarding: They can be used to shape the electric field, and more importantly to eliminate stray capacitance and 

noise from an unwanted region [12]. Indeed, shielding plate is used to minimize the undesirable electric field, to eliminate 

parasitic capacitance and noise from an unwanted area in the sensing region; and, a guard electrode is for preventing the electric 

field to go directly to the sensing electrode, so they have to go more to the sample to reach the sensing electrode, thus the penetration 

depth will increase as shown in Fig. 2. Depending on the capacitor measurement circuit, different types of shielding and guarding 

methods can be used. Usually, the shielding plate and guard electrode are held at ground potential [13]. 

  
 

Fig. 1 Schematic of the electric field distribution as electrodes turns from a parallel geometry of the capacitor (left) to 

co-planar (right) (a) Parallel-plate capacitor whose; (b) Electrodes open up to provide; (c) One-sided access to the 

specimen. 

  (a)                                                          (b)                                                                    (c) 
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1.2 THE PENETRATION DEPTH OF THE CAPACITIVE TECHNIQUE 

For a planar capacitance sensor, the penetration depth can be defined as the maximum distance in the z-direction for the sensor to 

produce a detectable change in the sensor output. It is an important parameter to indicate how far the sensor can sense [14]. The 

penetration depth is determined by the permittivity of the material, the noise level of the instrumentation system, and the electrode 

geometry [7, 13]. Although the electric field decays faster from a given driving electrode in materials with higher permittivity, the 

primary factor for a given material in determining the penetration depth is the geometry of the electrodes of both the driving and 

sensing. In order to detect defects using the capacitive technique, the penetration depth is referred to as the depth of interrogation, 

because it is more interesting to determine to what depth the change in electrical properties can be detected. There is no agreement 

on determining the depth of penetration for co-planar capacitive sensors due to the complexity of the fringing electric field and the 

variety of the probe geometry. One of the accounting methods for both sensing and driving electrodes in evaluating the effective 

penetration depth is by placing a sample under the probe, moving it away from the surface and measuring the terminal capacitance 

across the driving and sensing electrodes [7]. This approach is different from those used for eddy currents, where the depth of 

penetration can be controlled by frequency change. The penetration depth of capacitive probes mainly depends on the geometry 

of driving and sensing electrodes (shape, size, and arrangement) and the separation between them for a given material [13]. 

2. SIMULATION AND EXPERIMENT 

The capacitive probe is the key part of the instrumentation and needs to be designed carefully. For probes with the same overall 

electrodes area, to achieve a greater penetration depth, one can increase the distance between the electrodes. But this will weaken 

the signal strength as the coupling between the driving and sensing electrodes are weaker and reduces the image resolution as they 

are sampling a bigger area of the sample and more importantly it is physically disallowed if the size of the overall probe size is 

fixed. Triangular electrodes can be used to balance these trade-offs [15]. This electrode geometry is a good choice for many 

situations as it would be likely to give good penetration into the material being tested, with an electric field distribution that is well-

behaved and symmetrical in appearance. As stated in the previous section, the electric field distribution is a function of electrode 

geometry and so this aspect has to be designed with some care [2]. The co-planar electrodes with the same overall sensing areas 

are used in this work, as shown in Fig. 3, namely capacitive probe with back-to-back triangular electrodes. Generally, this pair of 

triangular electrodes could be specified by the overall size, the base (b), the height (h) of each triangle and the separation distance 

between the closest points of the two triangles (g). In this work, the capacitive probe is of same overall size with b = 16 mm, h = 

16 mm and g = 4 mm. In addition, the triangular electrodes were guarded by grounded electrodes surrounding the electrodes and 

between the electrode pair. Note that the field distribution predicted by Finite Element (FE) model, as discussed below, is 

determined primarily by these geometric factors in the model. 

2.1 FINITE ELEMENT (FE) MODELLING 

Conceptually, the technique is very simple. The electrodes provide an electric field distribution within the specimen when an AC 

voltage is applied between the positive and negative electrodes. The presence of the specimen and any change in its properties 

(such as the presence of a defect) within the volume covered by the distribution of the electric field will change the field pattern. 

Electric field distortion causes a change in the charge induced in the sensing electrode, and this change in the charge can be 

identified and used for detecting defects [5]. This signal is sent to standard instruments such as charge amplifiers that increase the 

signal-to-noise ratio (SNR) and allow small changes in signal to be recorded and processed and outputted as a DC voltage. 

 

Fig. 2 Schematic diagrams for capacitive probe with and without shielding plate and guard electrodes; (a) Cross-section 

of the capacitive probe without shielding plate and guard electrodes; (b) Cross-section of the capacitive probe with 

shielding plate and guard electrodes. 

  (a)                                                                                      (b)                                      
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Since the presence of delamination, cracks and other imperfections changes the electric field distribution in various ways, a basis 

for detecting defects can be established [2]. Methods such as conformal mapping [16] can be used to calculate the capacitance of 

a coplanar capacitive electrode, but in the present work, we are more interested in the distribution of the electric field and how 

changes in the sample might affect the output. Therefore, Finite Element (FE) modelling has been used to predict the fields from 

capacitive electrodes and to predict signal changes that are likely to be generated under experimental conditions [2, 17].  

Finite Element (FE) modelling is a useful tool for predicting the fields from capacitive electrodes and how these fields are likely 

to interact with different materials and defects. In order to understand the way in which electric field distributions are produced by 

the electrodes, and to indicate how they may interact with the materials of interest, it was felt important to model the expected 

behavior. Theoretical simulation models were constructed using the COMSOL™ Multiphysics FE package, which can be used to 

model the predictions of the electric field lines in different situations. In this model, the driving electrode was driven by a 5 V and 

100 kHz sinusoidal signal.  Based on this, an electric field distribution will be formed in the local region in the specimen under the 

electrode pair and the lift-off between the sample and probe. Fig. 4 shows an example of a field prediction. This figure illustrates 

the electric field distribution predicted by the FE model for a non-conducting sample (the rectangular object) for (a) a sound 

sample, (b) a sample with a void under the surface, and (c) a sample with a narrow crack on the surface. It can be seen that the 

presence of defects distorts the electric field within and around the regions of discontinuity in the sample and this leads to a change 

in the detectable signal. This is because of the different dielectric properties of the sample and defects (such as permittivity or 

dielectric constant). Therefore, the model shows how the capacitive sensor detects the defects due to different dielectric properties 

between the sample and defect.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Some simulations were performed to figure out the effect of different depths of sub-surface defect on the electric field strength. 

The real non-conducting sample, a Plexiglas plate containing three sub-surface defects at different depths, was simulated. Fig. 5 

demonstrates the top view of the simulations for (a) a sound sample, (b) a defect in 0.5 mm depth, (c) a defect in 1.0 mm depth, 

and (d) a defect in 1.5 mm depth. By comparing the results, it can be inferred the electric field strength decreases (based on the 

colour bar) by increasing the depth of the defect. In addition, the figures show that different depths of a defect create a different 

electric field pattern which can be used to estimate the defect depth. 

 

 

 

 

 

Fig. 4 Simulations of the electric field distribution (V/m) for a sample: (a) no defect, (b) void under the surface, and (c) a 

sample with a narrow crack on the surface. 

(a)                                                                                                        (b) 

 
 

(a)                                                                                                      (b) 
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Fig. 3 (a) Photograph of the pair of triangular electrodes; (b) Diagram of the capacitive sensor as viewed from the top surface. 
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2.2 EXPERIMENTAL RESULTS 

Fig. 6 shows the experimental arrangement used for the capacitive technique experiments presented in this work. The experiments 

use a capacitance set-up that is composed by a single pair of back-to-back triangular electrodes as shown in Fig. 3. These electrodes 

are made from copper plates. A shielding plate is placed on its top side to ensure that the radiated electric field emanates 

predominantly in the direction towards the specimen. In addition, a guard electrode is used to provide shielding from stray fields. 
Each triangular electrode can be used as either a driver or receiver. To generate an electric field, one of the plates is used as a 

transmitter and connected to Ectane. Ectane is a multi-technology, powerful and compact instrument for generating and analyzing 

signals. The frequency range of this instrument is 5 Hz up to 10 MHz and the generator output is up to 20 V, peak to peak. A 

differential amplifier is placed inside Ectane to process the received signal successively. The output signal from the Ectane is a 

simple DC voltage level that is proportional to the instantaneous value of the dielectric property of the material averaged over the 

field distribution within the material. 

 

  

 

 

 

  

 

(a) 

(b) (c) 

(d) 

Fig. 5 Simulations of the electric field distribution (V/m) for a sample: (a) no defect, (b) a defect in 0.5 mm depth, (c) a 

defect in 1.0 mm depth, and (d) a defect in 1.5 mm depth. 
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To investigate the effects of the hidden depth of the defects in non-conducting specimens, a set of experiments was carried out on 

a 6.5 mm thick Plexiglas plate. The plate contains three sub-surface defects 12 mm in diameter located at different depths (1.5 

mm, 1 mm, and 0.5 mm). The coplanar CI probe was scanned over the face (A) using a two-axis scanning system, where the 

electrodes were scanned at a constant lift-off (1 mm) over the surface of the sample. The result is shown in Fig. 7 (b).   

It can be seen from the result, with the 1.5 mm or the 1 mm depth, the holes appeared as lighter areas representing lower output 

voltage values. With the 0.5 mm depth, the hole appeared as darker area. It is worth to mention the penetration depth is determined 

mainly by the probe geometry, the electric properties of the specimen and the lift-off. 

 

 

 

 

 

 

  

 

 

3. CONCLUSION 

A feasibility study of the capacitive inspection technique was explored. A numerical Finite Element (FE) analysis was conducted 

to show the validity of the proposed defect detection technique. The FE modelling has indicated that the electric field distribution 

from a selected electrode pair can penetrate into dielectric materials and can be used to detect the presence of defects in the form 

of air voids and crack. The preliminary investigation into the application of capacitive sensing for the detection of holes within the 

test sample has been successfully shown. The results of experiments on the Plexiglas plate containing machined sub-surface holes 

of various depths gave an indication of the response of the approach. The system is both non-contact and non-invasive, and only 

requires single-sided access to the specimen. There is no need for specific surface preparation, and no couplant is required. In 

addition, there are no radiation exposure problems. In practice, the situation is usually rather more complicated compared to the 

samples interrogated in this work. Defect types and sizes will be unknown, and voids may be poorly defined. Further development 

of the capacitive probe is needed to meet different practical requirements and provide enhanced diagnostic information, e.g. 

systematic identification and characterization of defects. The effect of different material properties, lift-offs, and electrodes 

geometry on the penetration depth will be studied in future works. 
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Fig. 7 (a) Diagram of the Plexiglas specimen with three holes of different depths, and (b) the capacitive image based on 

voltage values. (The reflection on the third right-most defect is because of the mechanical adjustment.) 
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Fig. 6 (a) The experimental arrangement used for the capacitive imaging; (b) Typical configuration: Ectane with the 

capacitive sensor. 
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