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ARTICLE INFO ABSTRACT

Keywords: Coplanar capacitive sensors are employed in Non-destructive Testing (NDT) methods to measure

Capacitive sensor the difference in dielectric properties of the materials. The most important design parameters for

NDT a coplanar capacitive sensor include the shape, size, and separation distance of the electrodes which

Coplanar electrodes affect the sensor performance. In addition, the impact of the shielding plate and guard electrode should

Finite element modelling be considered. In the framework of this paper, numerical simulations and physical experiments are
studied for two shapes of electrodes, triangular and rectangular, by examining different sizes and
different separation distances between electrodes to assess and analyze the important features of the
coplanar capacitive electrodes, such as the penetration and strength of the electric field as a function
of sensor geometrical properties. Therefore, a detailed analysis of numerical simulation using Finite
Element Modelling (FEM) is provided to study these geometric parameters. In addition, the influence
of the different frequencies, lift-off, and the presence or absence of a metal shielding plate and guard
electrode on the output result is analyzed. Finally, sensors were manufactured and several experiments
were carried out under different configurations. Comparison of the numerical simulation results and
physical experiments illustrate that they are in good qualitative agreement.

or rough) and the condition of the environment of the ex-
periment (dusty, radioactive, underwater, etc.) should be
specified. Thus, the type of materials (conducting or non-
conducting), advantages and disadvantages of the NDT method,
and also the financial constraints of the method should be
considered in order to choose a proper NDT technique. Ac-
cordingly, a certain form of energy based on the chosen NDT
method is transferred to the specimen, this energy alters due
to the existing defect and returns to the instrument. Con-
sequently, the inspector can retrieve significant information
about the specimen [2].

There are several types of NDT techniques that are com-
monly used in both industrial applications and scientific re-
search areas. However, ultrasonic testing (UT), infrared ther-
mography (IRT), radiography testing (RT), and eddy current
testing (ECT) are among the most common [3, 4]. Although
each of them has its own advantages for investigating mate-
rial, the choice of one or the other depends on the inherent
limitations of each method, to name only a few: UT requires
contact and the use of a coupling medium (gel or water);

1. Introduction

Non-Destructive Testing (NDT) refers to the process of
evaluating and inspecting materials to identify or detect de-
fects in comparison with some standards without changing
the main features or causing damage to the tested object [1].
To select the most appropriate NDT method, there should
be information about the material and test conditions. First,
the exact type of material of the specimen should be speci-
fied (conductive or non-conductive and the constituent com-
pounds of each). Second, the shape of the specimen should
be considered (flat, pipe, weld, gear, etc.). Third, it should
be determined what type of defects are of interest (cracks,
delamination, impact damage, corrosion, porosities, etc.).
Fourth, the size of the defects that are expected should be
known to some extent (very small indications or large de-
fects). Fifth, the location (surface, far side or subsurface)
and the direction (parallel or perpendicular to the surface)
of the expected defect should be known. Lastly, the condi-
tion of the surface of the specimen (painted, coated, rusty
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in IRT the effect of the surrounding environment (radiation)
and an uneven or low emissivity of the surface may limit its
use; RT suffers from radiation exposure problems and re-
quires access to both sides of the inspected object; and ECT
is limited to electrically conductive materials [1]. Therefore,
anew NDT method is required to overcome some of the re-
strictions associated with other techniques.

Capacitive sensing or Capacitive imaging could be con-
sidered as a comparably new NDT technique since it was
first introduced only recently in 2006 as an NDT method
[5]. The mechanism of this method is relatively simple. The
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parallel plates of the regular capacitor generate a uniform
electric field distribution when a voltage is applied between
them. By changing the position of these plates, the elec-
tric field distribution changes and a fringing electric field is
created. This fringing field expands into the specimen and
can be monitored for NDT purposes [6]. Figure 1 illustrates
a schematic diagram of changing the position of the plates
from parallel to coplanar and how the electric field distribu-
tion changes due to these variations. The opposite charges
are created on the coplanar electrodes when they are con-
nected to a power supply. These charges attract each other,
and an electric field is generated as the charges build up [7].

The principle of this method consists of placing two (or
several) electrodes on the surface of the specimen and then
applying an AC voltage between them. The basic diagram of
a coplanar capacitive sensor over a sample is shown in Fig-
ure lc. This system operates as a capacitor and capacitance
variations may illustrate the presence of interior structure
(such as a defect) [8, 9]. It is especially a potential method
to evaluate and characterize the dielectric properties of non-
conducting materials such as glass fibre reinforced polymer
(GFRP). The dielectric constant or permittivity is one of the
dielectric properties of materials, which provides a measure
of the material’s capability of storing electric energy [2]. As-
suming that the material under test and a defect have dif-
ferent permittivity values, the electric field distribution will
change due to the presence of the defect. Electric field dis-
tortion 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 [10].

An example of the electric field distortion due to the
presence of defects has been demonstrated in the previous
paper [9]. According to this example, defects cause a pertur-
bation in the electric field distribution due to the various di-
electric properties (such as permittivity) of the specimen and
defects, leading to changes in the detectable signal. Thus,
material dielectric properties, as well as the electrode geom-
etry affect the capacitance between the two electrodes [11].
The difference between the permittivity of the material and
the defect leads to the electric field distortion and hence the
variation of the potential on the sensing electrode [12]. Ac-
cordingly, the model shows how the capacitive sensor de-
tects the flaws and can be used for the NDT of the materials.

Capacitive sensing possesses some advantages compared
to other NDT methods and is broadly applied to the range of
applications due to the low cost, fast response, non-invasive,
no radiation, no need coupling medium, and flexibility in the
design of the electrodes [10, 13]. Furthermore, the copla-
nar sensor requires single-sided access to the material and
this is one of the most important advantages of this method,
especially when accessing both sides of the specimen is re-
stricted [6]. This method has the potential to detect corrosion
under insulation (CUI) [14-16], rebar in concrete [10, 17],
water intrusion into composite structures [8, 18], cracks, and
delamination of the material [10], impact damage [10, 19],
surface defects in conductive materials [5, 20] and carbon
fibre composites [10]. In addition, capacitive sensor manu-

facturing is relatively straightforward and there is no need to
use expensive equipment or complex operating procedures
to achieve sought inspection results [7]. These features of
the coplanar capacitive sensor make it an interesting method
for applications in non-destructive testing [3], material char-
acterization [21] and imaging [22, 23]. In addition to ob-
serving a good agreement between capacitive imaging and
ultrasonic phased array on CFRP panels containing impact
damage [19], it has some advantages over ground penetrat-
ing radar (GPR) for a cover concrete to an adjustable depth
[8]. Similar to all other NDT techniques, this method has
some drawbacks. For instance, the method is sensitive to
the air gap between the surface of the electrodes and sam-
ple (in comparison to the size of the electrodes) [24] and it
cannot detect the sub-surface flaws in metals.

The coplanar capacitive probe performance is primar-
ily determined by its electrodes geometry. It can be simple
and named "symmetric geometry", such as a pair of triangu-
lar, square, and rectangular or complex forms like the comb
shape. Another common geometry is named "Concentric ge-
ometry" which may contain a central disc and several outer
annuluses as the main electrodes and guard electrode or may
simply contain several rings [25]. In addition, the size of the
electrodes, the separation distance between them, the shield-
ing plate and guard electrode are the essential parameters for
evaluating the performance of a capacitive sensor since they
have a great impact on the penetration depth and the electric
field strength which are the most important factors to con-
sider when assessing a capacitive sensor performance [26].
The penetration depth, which is one of the most important
factors to evaluate the performance of the coplanar capaci-
tive probe, is defined as the maximum distance in the ver-
tical direction to the surface of the specimen that leads to
detectable changes in the sensor output and shows how deep
the sensor can indicate the characteristics of the material [6].
Therefore, it is important to determine the influence of each
parameter on the sensor performance in order to achieve an
optimized sensor and desired results.

Several studies have been carried out on the main pa-
rameters of the coplanar capacitive sensor in various forms.
Although they were able to answer some of the ambiguities
about the influences of these parameters, all parameters were
not considered for one specific shape of the electrode indi-
vidually. For instance, in [18], the effect of the electrode
width and the separation distance between them for a pair of
rectangular electrodes was investigated by the finite element
method. This model was restricted to two dimensions (2D)
and the electrode length effect was not taken into consider-
ation (electrodes were assumed to be of infinite length). In
addition, the impact of the shielding plate and guard elec-
trode were not considered in this model. In [27], two dif-
ferent sizes of equilateral triangular electrodes were consid-
ered to assess the effect of the electrode size. However, the
impact of the separation distance between the driving and
sensing electrodes was not considered individually and nei-
ther was the effect of the shielding plate. In [26], the impact
of the separation between the centroid of a pair of square
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Figure 1: Schematic diagram of the electric field distribution as electrodes turns from a parallel geometry of the capacitor (left)
to coplanar (right): (a) Parallel-plate capacitor, (b) electrodes open up, and (c) one-sided access to the sample.

electrodes, the effect of a guard electrode for a pair of rect-
angular electrodes, and the effect of the shielding plate for a
pair of a triangular electrode were studied. However, the im-
pact of the electrode size was not considered in this paper. In
[28], the effect of different sizes of the triangular shape was
investigated for three probes, while the separation between
the electrodes was kept constant. Thus, the impact of this
parameter was not studied. In [12], three pairs of triangu-
lar probes with different areas were studied. However, the
effect of the electrode size and the separation between them
has not been investigated individually. It is thus useful to in-
vestigate the effect of each parameter (such as the size of the
electrodes, the separation between them, the shielding plate,
and the guard electrode) individually for a specific geome-
try of the coplanar capacitive sensor. These parameters have
been studied for the concentric geometry in [6] and [26].

In this paper, the effect of the various frequencies on the
electric field strength and penetration depth for a coplanar
capacitive sensor was investigated by a three-dimensional
Finite Element Model (FEM) in COMSOL Multiphysics soft-
ware which has not been demonstrated in the previous works.
Two of the most widely used electrode shapes based on the
literature, the triangular and rectangular shapes, were se-
lected to study the impact of the electrode shape on the sen-
sor performance. The advantages of the rectangular probe
were illustrated, and then, the other design parameters such
as the shielding plate, guard electrode, electrode size, and
the separation distance between the electrodes were consid-
ered and fully described to assess their effect on this specific
geometry (rectangular shape) through FEM simulations. In
addition, the effect of the lift-off on the penetration depth
and electric field strength was shown. It was concluded that
the existence of a shielding plate and guard electrode, and
increasing the electrode size as well as the separation dis-
tance between the electrodes increases the penetration depth.
These results were validated by physical experiments and it
was demonstrated that the penetration depth and output sig-
nal changed with respect to the shape, size, and separation
distance of the electrodes in agreement with experimental
data. Therefore, in this paper, in addition to studying the ef-
fect of frequency, all design parameters for the rectangular
probe were investigated for the first time.

i Shielding plate
Separation .
. Sensing electrode
Driving electrode b / Guard electrode
N \ . el

=" — . Lift-off

{7

AN

Sample Measurement area

Figure 2: Side view of the sample and the coplanar capacitive
sensor with shielding plate and guard electrode, and the cen-
terline as a measurement area.

2. Numerical simulations

There are several parameters in the design of the sen-
sor which should be considered when evaluating its perfor-
mance. The efficiency and performance of a capacitive sen-
sor are primarily determined by its shape, size, and separa-
tion distance between the driving and sensing electrodes. In
addition, the effect of the shielding plate and the guard elec-
trode should not be neglected. Each of these factors may
affect several aspects of the sensor performance. Therefore,
awareness of design factors is important to achieve the de-
sired sensor performance and optimize the sensor for a par-
ticular application [29]. In this paper, the effect of each
parameter is evaluated by a three-dimensional (3D) FEM.
Moreover, the effect of frequency and lift-off are consid-
ered. FEM is a useful tool for predicting the fields created by
coplanar capacitive electrodes and how these fields are likely
to interact with different materials and defects. Theoretical
simulation models were conducted using the COMSOL™
Multiphysics FE package, the AC/DC module, which can be
used to model the predictions of the design parameters in-
fluence on the output and to optimize the design of the sen-
sor. Since the effect of the electromagnetic field is minimum
and negligible in this study, a quasi-static approximation has
been used.

2.1. Simulation setup
As depicted in Figure 2, a coplanar capacitive probe is
composed of: (1) a driving electrode (the red one) and sens-
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ing (the blue one) electrode, (2) a shielding plate, and (3) a
guard electrode. In this study, a pair of coplanar electrodes
are placed above the surface of a non-conducting sample,
and the computational domain was assumed to be filled with
air and the relative permittivity was set to 1.0. The mate-
rial of the insulating substrate of the sensor was flame retar-
dant woven glass-reinforced epoxy resin (FR-4) with 0.5 mm
thickness, and accordingly, the relative permittivity was set
to 4.4 [30]. The conducting shielding plate, if used, is on the
top of the substrate and was held in ground potential, while
the driving electrode was excited with an amplitude volt-
age of 10 V. To inspect the sensor response in relationship
with the design parameters, the measurements were against
the variable in the evaluation and taken along a centerline
between the two electrodes, as shown in Figure 2. A user-
controlled mesh was used and the mesh generation density
was set to be “Finer” for the airbox (since it has less impact
on the result) and “Extra Fine” for the electrodes and sam-
ple. The approach taken by 3D COMSOL Multiphysics is to
divide the various materials and geometries into triangular
elements and to represent the electric field within each ele-
ment with a separate polynomial. The electric field strength
can be retrieved from FEM and analyzed since the electric
field lines (E) and the electric potential (V) are perpendic-
ular to each other [16, 31]. Therefore, all of the simulation
results are based on the electric field strength and can easily
be compared to the experimental results.

2.2. Frequency

The electric field strength versus penetration depth by
different excitation frequencies was studied while keeping
all other parameters constant in order to investigate the ef-
fect of the excitation frequency on the penetration depth and
electric field strength when used with a non-conducting ma-
terial. In Figure 3, the horizontal axis is the vertical distance
from the sample surface up to 10 mm below it (the red dash-
line in Figure 2). Based on this, for 0.1 kHz frequency, the
electric field strength will be reached zero by 6 mm depth,
or for 1.0 kHz frequency, the electric field strength is close
to zero after 7 mm depth and the other frequencies have ap-
proximately the same behaviour after 7 mm depth, and will
be closed to zero after 9 mm. And, when the electric field
strength becomes zero, there will be no more output. There-
fore, these variations cause small differences in penetration
depths.

By comparing the results in Figure 3, it can be inferred
that the changes in frequency in a limited range (from 0.1
to 200 kHz) lead to variation in both penetration depth and
electric field strength. It can be observed that both the pen-
etration depth and electric field strength of 0.1 kHz appears
to be much less than that of the other frequencies (and may
not generate acceptable results), and frequency of 10, 100,
and 200 kHz have almost a similar impact on the sensor per-
formance.

The capacitive technique is different from other electro-
magnetic NDT methods such as eddy currents where the
penetration depth is governed by the frequency of the input

1600 . . . . . .
——0.1 kHz
X —e—1 kH
| \y / —=—100 kHz| |
1200 % \ ' ——200 kHz

600

400 -

Electric field strength (V/m)

200 -

0 1 2 3 4 5 6 7 8 9 10
Measurement depth (mm)

Figure 3: Simulation results showing Electric field strength vs.
Depth. Measurements were taken along a centerline between
the electrodes by varying the frequency. The frequencies are
0.1, 1.0, 10, 100, and 200 kHz.

h

Figure 4: Diagram of a pair of rectangular and triangular copla-
nar electrodes with equal area, equal separation distance, and
equal close edge.

signal. Although the frequency is not a major factor for as-
sessing the capacitive sensor performance and does not have
a significant effect on the penetration depth (from 10 to 200
kHz), it affects the electric field strength in a limited range.
The frequency also depends on the properties of the material
under inspection such as the respective electrical conductiv-
ity, and the instrument which is used for the experiment.

Based on the simulation results in Figure 3, it can be seen
that as the frequency increases, the electric field strength in
the specimen also increases up to a frequency of 10 kHz,
after which, no significant differences in the sensing depth
and electric field can be observed. Since the curves at 100
and 200 kHz show only small differences in the electric field
and cause the most strength of the electric field and penetra-
tion depth, a frequency of 100 kHz is considered for all other
simulations.
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2.3. Electrode shape

The shape of the electrodes is an important factor in the
design of the capacitive sensor which has a significant effect
on the sensor performance. As mentioned in the introduction
section, a triangular and a rectangular probe with the same
area of the electrodes and the same separation distance be-
tween them were simulated to compare their performance.
To make a direct comparison and assess the impact of the
two close edges of the electrodes, the base (b) of the trian-
gle is equal to the length (1) of the rectangle, 1 = b, and the
height (h) of the triangle is twice the width (w) of the rect-
angle, h = 2 w, as indicated in Figures 4. The separation
between electrodes in both geometries is s. According to the
simulation results which are shown in Figure 5, it can be con-
cluded that both shapes of electrodes have approximately the
same penetration depth, although the electric field strength
is slightly higher for the rectangular probe. This conclusion
has also been confirmed in the experimental results section.
In addition, if there are two defects close together, each de-
fect will affect the electric field distortion of the other defect,
and this may lead to inappropriate results for the main de-
fect and might cause errors in measurements. The impact of
this situation, for a rectangular probe is much less and even
negligible. This is demonstrated by numerical simulation in
Figure 6 and 7 for the rectangular and the triangular probe,
respectively. These figures show a surface plot for two differ-
ent views of the simulation: (a) is the top view (the xy plane),
and (b) is the side view (the xz plane) of the simulations. Itis
obvious that for the triangular probe the presence of defect 2
distorts the electric field line which will affect the output of
defect 1. However, for the rectangular probe, the presence of
defect 2 has a negligible effect on the output when scanning
defect 1. This can be seen more clearly in Figure 8§ which
presents a contour plot of the electric field distribution. Al-
though defect 2 for the rectangular probe distorts some of the
electric field lines, these lines are not in the high sensitivity
region. Therefore, a pair of rectangular electrodes is sug-
gested where there is a restriction of the overall size of the
capacitive sensor. Rectangular electrodes are especially ben-
eficial when a multi-electrode capacitive sensor is required.
It is worth noting that, with the purpose of maintaining the
same area on both electrode geometries for comparison pur-
poses, the triangular-shaped probe has a larger height than
the width of the rectangular one (as seen in Figure 4), which
leads to a larger area coverage in the direction of the height
and the eventual interference of the triangular sensor with
defect 2.

2.4. Shielding plate

The effect of the parasitic field of the surrounding envi-
ronment is one of the main challenges of using capacitive
sensors. The proximity of the electrical conductor’s com-
ponents to each other or to circuits leads to parasitic capaci-
tance or stray capacitance due to their different voltages. The
difference in the voltage creates an electric field distribution
between them and leads to an electric charge being stored on
them. This parasitic capacitance is unavoidable and usually
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Figure 5: Simulation results showing Electric field strength vs.
Depth. Measurements were taken along a centerline between
the electrodes for a pair of rectangular and triangular copla-
nar electrodes with equal area, equal separation distance, and
equal close edge.

unwanted and should be minimized as much as possible. A
shielding plate can minimize the undesirable electric fields,
eliminate stray capacitance and noise from an unwanted area
in the sensing region, and steer the electric field lines mainly
in the direction of the sample [6].

The effect of the presence of a conducting shielding plate
vs. the absence of one on the penetration depth and electric
field strength was investigated using FEM for a pair of rect-
angular electrodes. Figure 9 indicates the simulation results
showing this effect. As can be observed, the use of a con-
ducting shielding plate above the substrate increases the pen-
etration depth, however decrease the electric field strength.
It can also be found that the electric field strength variations
with the depth are more important at shallow depths (for de-
fects at less than 1 mm) and much less pronounced for deeper
defects (for defects at 2 mm and deeper). This is because the
shielding plate absorbs the electric field lines from the main
electrodes, which will lead to a weaker electric field. How-
ever, the benefits of using a shielding plate overcome this re-
duction in electric field strength since it can significantly re-
duce the impact of parasite capacitance and unwanted fields
from the ambient. The shielding plate is placed on the back-
side of the main electrodes and is usually held in the ground
potential.

2.5. Guard electrode

The role of the guard electrode is to prevent the electric
field lines from directly reaching the sensing electrode, by
forcing them to pass through the sample to reach the sens-
ing electrode, thus the penetration depth will increase. In
addition, a guard electrode is needed to decrease the noise
from other sources and to prevent the direct coupling be-
tween driving and sensing electrodes. Usually, the guard
electrode is held at ground potential [26]. The effect of the
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Figure 6: Simulation results showing a surface plot of the electric field distribution (V/m) for the rectangular probe over a sample
with two defects. The simulations are in different planes: (a) the xy plane (the top view) and (b) the xz plane (the side view).
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Figure 7: Simulation results showing a surface plot of the electric field distribution (V/m) for the triangular probe over a sample
with two defects. The simulations are in different planes: (a) the xy plane (the top view) and (b) the xz plane (the side view).

presence of a guarding electrode on the penetration depth to the sensing electrode. This causes the electric field to
and electric field strength was studied for the same pair of =~ move towards the tested material and increases the penetra-
rectangular electrodes. From the results in Figure 10, it can  tion depth. However, the guard electrode reduces the electric
be concluded that the grounded guard electrode causes a deeper field strength since it absorbs the electric lines from the main
penetration depth since the grounded guard electrode restricted  electrodes, which causes a weaker electric field.

the electrical field within a narrower range and prevented

the field lines from going directly from the driving electrode
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Figure 8: Simulation results showing a contour plot of the electric field distribution (V/m) in a sample containing two defects in
the xz plane: (a) the rectangular probe and (b) the triangular probe.The sensors have an equal area, equal separation distance,

and equal close edge.
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Figure 9: Simulation results showing Electric field strength vs.
Depth. Measurements were taken along a centerline between
the electrodes with and without the shielding plate.

2.6. Electrode size

One of the main design parameters for the capacitive sen-
sor is the electrode size and it is different for various appli-
cations. On one hand, small electrodes are not appropriate
for scanning large defects. On the other hand, large elec-
trodes are not sensitive enough for scanning defects consid-
erably smaller than their size. Generally, larger electrodes

2500 T T T

—— With guard electrode
—e— Without guard electrode

2000

1500

1000

Electric field strength (V/m)

500F

0 1 2 3 4 5 6 7 8 9 10
Measurement depth (mm)

Figure 10: Simulation results showing Electric field strength vs.
Depth. Measurements were taken along a centerline between
the electrodes with and without the guard electrode.

can reach a deeper penetration depth and a greater signal
strength, although, in imaging applications, the image res-
olution decreases since the sensor takes a sample of a larger
volume [27]. It is worth noting that in the capacitive sensor
design maximizing the signal to noise ratio is one of the most
important issues [7]. Therefore, the size of the electrodes
should be carefully chosen to achieve the proper penetration
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(©)

(d)

Figure 11: Simulations results showing a contour plot of the electric potential distribution (V) in the xz plane for the rectangular
probe with different electrode widths: (a) 3, (b) 6, (c) 9, and (d) 12 mm.

depth and output signal for different applications.

According to Section 2.3, a pair of rectangular electrodes
was selected in order to investigate the effect of the electrode
size. The different widths of the rectangular electrode were
considered as an element of the size effect on the electric
field strength and the penetration depth while all other pa-
rameters were kept constant. Figure 11 shows an example of
the increase of the inspected volume due to an increase of the
electrode width. This figure depicts the contour plots of the
electric potential for different widths of the electrodes in the
xz plane. In addition, from the results of Figure 12, it is obvi-
ous that the electric field strength and the penetration depth
increase with the width of the electrodes. However, w = 9
and 12 mm have approximately the same penetration depth
(since the electric field strength maximum occurs at approx-
imately the same depth, i.e. at a penetration depth around 1
mm), but the electric field strength is greater with w = 12
mm. This is confirmed by the experimental result shown
later (Section 4.2) in this work. Therefore, there should be
a trade-off between the output signal and sensing depth (the
penetration depth of the electric field into the specimen) and
the size of the sensor should be optimized based on the ap-
plication. Furthermore, the constraint of the overall size of
the sensor must also be considered.

2.7. Separation between electrodes

In a coplanar capacitive sensor, the separation between
the driving and sensing electrodes is an effective element
in controlling the penetration depth, electric field strength,
and sensor performance. The separation between the elec-
trodes refers to the distance between the edge of two adjacent
electrodes, as shown in Figure 4. Generally, the penetration
depth increases with the separation distance between elec-
trodes since the electric field lines have to travel a greater
distance into the sample to reach the sensing electrode [25].
The effect of this parameter on the sensor performance is
studied by numerical simulation. Figure 13 illustrates the re-
sults of the simulations of the different separations between

1500 T T T T T
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—e—Electrode width = 6 mm
Electrode width = 9 mm
—e—Electrode width = 12 mm ||

1200

900

600

Electric field strength (V/m)
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0 1 2 3 4 5 6 7 8 9 10
Measurement depth (mm)

Figure 12: Simulation results showing Electric field strength vs.
Depth. Measurements were taken along a centerline between
the electrodes by varying the electrode widths. The widths are
3,6,9, and 12 mm.

the driving and sensing electrodes while all other parameters
are kept constant.

It can be seen that a greater penetration depth will be
achieved due to the increasing separation between the elec-
trodes. However, this reduces the electric field strength since
the coupling between the driving and sensing electrodes is
reduced due to the increasing separation between the elec-
trodes. Reciprocally, a smaller distance between the elec-
trodes produces more concentrated electric field lines at the
sample surface which is beneficial for the detection of shal-
lower defects. Therefore, there should be a trade-off between
electric field strength and the depth of penetration to achieve
a desirable performance.This is in good agreement with the
experimental results.
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Figure 13: Simulation results showing Electric field strength
vs. Depth. Measurements were taken along a centerline be-
tween the electrodes by varying the separation between the
electrodes. The separation distances are 1.5, 3.0, 4.5, and 6.0
mm.

2.8. Lift-off

For a coplanar capacitive sensor, the distance between
the specimen surface and probe surface, referred to as lift-
off, as shown in Figure 2, is one of the main barriers of this
technique since a larger lift-off decreases the capacitance be-
tween the electrodes and hence reduces the output voltage.
In addition, it reduces the extent of penetration of the electric
field into the sample, which leads to a decrease in the depth
of penetration [24].

To investigate the effect of lift-off on the sensor perfor-
mance for a non-conducting specimen, FEM simulations were
performed to identify the relationship between the electric
field strength, penetration depth, and different lift-offs, while
all other parameters are kept constant. From the simulation
result in Figure 14, it can be inferred that the probe can reach
a penetration depth of about 1 mm with a lift-off of 0.1 mm
while the concentration of the electric field will decrease and
occur at the surface of the specimen as the lift-off increases.
This means that a large lift-off could prevent the detection
of some defects (deep defects in particular) since the elec-
tric field strength variations with the depth will occur closer
to the surface. Therefore, the coplanar capacitive sensors
should always be kept at a minimum distance from the sur-
face of a non-conducting sample to achieve the maximum
electric field strength and depth of penetration.

3. Sensor manufacturing and experimental
setup

The sensor manufacturing steps include the material se-
lection for electrodes, the insulation layer for the surface of
the electrodes, the back substrate of the electrodes, and the
choice of a fabrication method. The electrodes are made of
conducting materials such as copper. Non-conducting ma-
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Figure 14: Simulation results showing Electric field strength vs.
Depth. Measurements were taken along a centerline between
the electrodes by varying the lift-off. The lift-offs are 0.1, 1.0,
2.0, and 3.0 mm.

terials are used for the insulation layer and the sensor sub-
strate. The insulation layer is very thin and is placed on the
electrodes to prevent direct contact of the electrodes with the
specimen. This prevents scratches on the electrode surface
and the oxidation process of metal. The thicknesses of the
insulation layer and the sensor substrate can affect the elec-
tric field strength and penetration depth, and thus need to be
optimized.

In this paper, the capacitive sensor is fabricated on a
double-sided printed circuit board (PCB). The main elec-
trodes are surrounded by a guard electrode and all of them
are made of copper and covered with a thin insulation layer
(a Kapton tape with 10 um thickness). The PCB was also
coated in copper on its back surface as a shielding plate.
A thin substrate with 0.5 mm thickness is applied in order
to achieve a greater sensing depth and output voltage. The
substrate is made of flame retardant woven glass-reinforced
epoxy resin (FR-4), which is a commonly used material for
PCB. Each of the main electrodes can be used as either a
driver or a receiver. To generate an electric field distribu-
tion, one of the plates is used as a transmitter and connected
to Ectane. Ectane is a multi-technology, powerful and com-
pact instrument for generating and analyzing signals. This
instrument generates the excitation signal to the sensor, and
processes and digitizes the return signal from the sensors to
be read into the acquisition and analysis software. The fre-
quency 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 sig-
nal successively. The output signal from the Ectane is pro-
portional to the instantaneous value of the dielectric property
of the material averaged over the field distribution within the
material. To generate an electric field distribution in the ma-
terial under test, the driving electrode was connected to the
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Figure 15: The experimental arrangement used for the capacitive sensing technique.
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Figure 16: Schematic diagram of a 25 mm thick acrylic board containing flat-bottomed holes of buried depth (from left to right)

1,2, 3, 4,6, and 8 mm.

input pin of Ectane and excited by a sinusoidal voltage of 10
V amplitude at a frequency of 100 kHz, the shielding plate
and guard electrode were connected to the ground potential,
and the sensing electrode was connected to the output pin
of Ectane. Ectane was connected to the computer by a ca-
ble and the data acquisition system was controlled by Mag-
nifi, which is the specific software designed for Ectane, to
process. All experimental results were obtained by manual
scan.

The experimental arrangement used for the capacitive

technique experiments presented in this work is shown in
Figure 15. The driving electrode was excited by a sinu-
soidal voltage of 10 V amplitude at a frequency of 100 kHz
and the shielding plate and guard electrode are connected
to the ground potential. In this experimental system, ca-
pacitive sensors were used to detect the defects buried in an
acrylic board. As shown in Figure 16, the 25 mm thick non-
conducting specimen (acrylic board) contained six buried
defects and the six buried defects from left to right were ab-
breviated to D1, D2, D3, D4, D5, and D6. The diameter of
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Figure 17: Two different shapes of the coplanar capacitive
sensor with an equal area, equal separation distance, and equal
close edge: (a) Triangular probe and (b) Rectangular probe.

each of these six defects was 15 mm and they were located
from left to right at depths of 1, 2, 3, 4, 6 and 8§ mm, re-
spectively. The distance between any centre of two adjacent
defects was 90 mm. The red dash-line shown in Figure 16
was the inspection path using the capacitive sensors. Based
on the simulation, to obtain the maximum penetration depth
and electric field strength, a lift-off of 0.1 mm was consid-
ered in all experiments.

4. Experimental results and discussion

4.1. Different shape of the electrodes with the
equal area

Two different shapes of coplanar electrodes with equal
overall areas are used in this section to demonstrate the effect
of these two electrode shapes on the sensor performance, as
shown in Figure 17, namely a capacitive probe with back-to-
back triangular electrodes (left side) and rectangular elec-
trodes (right side). The sensor dimensions evaluated here
are described in Figure 4. For the triangular electrodes, the
geometry can be specified by the size of the base (b) = 18
mm, the height (h) = 18 mm, and the separation between the
closest points of the two triangles (s) = 4.5 mm. For the rect-
angular electrodes, the geometry can be specified by the size
of the length (1) = 18 mm, the width (w) = 9 mm, and the
separation between the closest points of the two rectangles
(s) =4.5 mm.

The scan results over the hidden side of the defects which
are shown in Figure 18 indicate that none of the probes could
detect defect D6 which means both sensor shapes have the
same sensing depth and this is because the closest edge of
the driving and sensing electrode in both of them have the
same size (I = b). However, the measured voltage of the pair
of rectangular-shaped electrodes is higher. It can be inferred
that the most important parts in the single pair capacitive
sensors with the equal area of the electrodes and the same
separation between electrodes are the closest two edges of
the main electrodes which specify the output result. This
result is in good qualitative agreement with the simulation
conducted earlier.
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Figure 18: Experimental results showing output voltage with
two different shapes of the coplanar capacitive sensor: Rect-
angular probe and Triangular probe with the equal area, equal
separation distance, and equal close edge. The experiments
were performed in 0.1 mm lift-off.

4.2. The rectangular probe with different widths
of the electrodes

In addition to the basic geometry of the probe, the probe
performance is also determined by other parameters such as
its size and the separation distance between the electrodes.
To investigate the effect of the size of the coplanar electrodes
on the sensor performance, three different widths of the rect-
angular electrodes were considered while the length and the
separation between electrodes were kept constant. The width
of the electrodes is 12, 9, and 6 mm, their length is 18 mm
and the separation between them is 4.5 mm in each probe.
The three capacitive sensors are denoted according to their
size: LRE (Large rectangular electrode) when w = 12 mm,
MRE (Medium rectangular electrode) when w = 9 mm, and
SRE (Small rectangular electrode) when w = 6 mm. The di-
mension characteristics of these sensors are summarized in
Table 1.

Considering the effects of the electrode width on the sen-
sor performance results shown in Figure 19, for all three
pairs of rectangular electrodes, the output voltage amplitude
reduces with decreasing electrode width. The sensing depth

Table 1

Dimension characteristics of the three pairs of the rect-
angular probe with the different widths of the electrodes.
LRE, MRE, and SRE refer to to Large rectangular elec-
trode, Medium rectangular electrode, and Small rectan-
gular electrode, respectively.

| (mm) w (mm) s (mm)
LRE 18.0 12.0 4.5
MRE 18.0 9.0 45
SRE 18.0 6.0 4.5
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Figure 19: Experimental results showing output voltage with
three different widths of the rectangular coplanar capacitive
sensor: LRE (Large rectangular electrode) with w = 12 mm,
MRE (Medium rectangular electrode) with w = 9 mm, and
SRE (Small rectangular electrode) with w = 6 mm. The ex-
periments were performed in 0.1 mm lift-off.

of LRE and MRE is almost the same (since none of them
could detect D6) and greater than the sensing depth of SRE.
It was expected that the sensing depth of the sensor would in-
crease by increasing the electrode width and hence the elec-
trode area, but this increase was not directly proportional
which means the separation between the electrodes also has
an impact on the sensing depth, as indicated in the numerical
simulation and the next section.

4.3. The rectangular probe with different
separation distances between electrodes

The separation distance between the electrodes is one of
the other factors which affects the performance of the copla-
nar capacitive sensor. As might be expected, the voltage de-
tected on the sensing electrode decreases as the separation
between the two adjacent electrodes increases. Three differ-
ent separations distances (3, 4.5, and 6 mm) of the rectangu-
lar probe were selected to study the effect of this parameter,
while keeping the same overall electrode area. The dimen-
sion characteristics of these sensors are shown in Table 2.

The simulation section has indicated that a probe de-
sign with a larger separation distance between the two elec-

Table 2

Dimension characteristics of the three pairs of the rect-
angular probe with the different separation distances be-
tween the electrodes.

[ (mm) w (mm) s (mm)
Probe 1 18.0 9.0 3.0
Probe 2 18.0 9.0 45
Probe 3 18.0 9.0 6.0
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Figure 20: Experimental results showing output voltage with
three different separations (3.0, 4.5, and 6.0 mm) of the rect-
angular coplanar capacitive sensor. The experiments were per-
formed in 0.1 mm lift-off.

trodes decreases the electric field strength as the field lines
are spread over a larger volume of the sample, however, this
gives a greater penetration depth into the specimen. The
physical experiments confirm this result. From the exper-
imental results in Figure 20, it can be seen that the pene-
tration depth increases with the separation distance between
the electrodes while the output voltage amplitude decreases.
If the separation distance between the electrodes decreases,
the coupling between them is stronger and the electric field
lines will be more concentrated at the sample surface. Con-
versely, the greater distance between the electrodes leads to
a weaker coupling between them and the electric field lines
will be more prone to go further to reach the sensing elec-
trode. This increases the penetration depth and is hence use-
ful for the detection of deeper features. As is obvious, Probe
1 cannot detect D5 located at a depth of 6 mm, while Probe
2 and Probe 3 could easily detect this defect. In addition,
Probe 3 detected D6 located at a depth of 8 mm. However,
the measured voltage for Probe 3 is smaller than Probe 2,
and the measured voltage for Probe 2 is smaller than Probe
1. Therefore, there is a trade-off between measured voltage
and the penetration of the electric field into the specimen.

4.4. Discussion

Figure 21 presents the summary of the experimental re-
sults based on the defect depth (mm) and output voltage (mV).
According to the results in Figure 21 (a), for a rectangular
probe with constant length and separation distance between
the electrodes, the electrode with a larger width provides
a higher output voltage and can reach a deeper penetration
depth. Although the probe with w = 6 mm can detect the de-
fect at a depth of 3 mm and less, the output voltage is much
lower than the probe with w =9 and 12 mm. This is because
the size and separation distance between electrodes is small
in comparison with the size of the defects (diameter of the
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Figure 21: Summary of the experimental results: (a) the rectangular probe with | = 18, s = 4.5, and w = 12, 9, and 6 mm; (b)
the rectangular probe with | = 18, w = 9, and s = 3.0, 4.5, and 6.0 mm.

defect = 15 mm). The two other probes can detect the defect
at a depth of up to 6 mm. However, with w = 12 mm there
will be a higher output voltage and hence, a higher signal to
noise ratio.

In addition, increasing the separation between the elec-
trodes will increase the penetration depth, however, causes a
decrease in output voltage leading to a lower signal-to-noise
ratio. From the results in Figure 21 (b), it can be inferred that
for the rectangular probe with a constant length and width,
the sensor with a 3 mm separation distance between the elec-
trodes can be employed to detect the defect at a depth of 4
mm or less to achieve the maximum signal-to-noise ratio.
To inspect the defect at a depth between 4 and 6 mm, the
probe with s = 4.5 mm gives the best result, and likewise,
the probe with s = 6 mm can be applied to detect the defect
at a depth between 6 and 8 mm. Therefore, the coplanar ca-
pacitive sensor should be optimized based on the application
and features of the inspected defect which is mentioned in
the introduction. Furthermore, the size of the sensor and the
defect must be in the same range and comparable to obtain
the correct and desirable results.

Note that, the sensor design is based on the specimen
type, its thickness, and the size of the defects. For a sample
with a different thickness or material with a different relative
permittivity, and different size/type of defect, there should be
a compromise between the electrode size and the separation
distance between them.

5. Conclusions

In this paper, the influences of design parameters such
as shape/size/spacing, shielding plate and guard electrode on
the performance of the coplanar capacitive sensor were stud-
ied based on numerical simulations and experimental inves-
tigations. In addition, the effect of the frequency and lift-off
on the penetration depth and electric field strength were eval-
uated. The finite element modelling showed that frequency

is not the main factor for evaluating the performance of a
coplanar capacitive sensor and (within a limited range) has
no significant impact on penetration depth, affecting elec-
tric field strength. A triangular and a rectangular probe were
selected to study the impact of the electrode shape on the
sensor performance. It was shown that both probes have the
same penetration depth, however, the rectangular probe has
a greater electric field strength and it is recommended when
there is a space restriction. The effect of the presence or
absence of the shielding plate and guard electrode, as well
as the electrode size and separation distance, were consid-
ered through FEM for a rectangular probe. It was found
that the presence of both the shielding plate and guard elec-
trode increases the penetration depth but decreases the elec-
tric field strength. Furthermore, it was demonstrated that
both the electric field strength and penetration depth increase
by increasing the size of the coplanar electrodes. The sens-
ing depth of the coplanar capacitive sensor increases with
the increasing separation distance between the electrodes,
while the electric field strength decreases as the coupling
between the driving and sensing electrode will be weaker.
Moreover, it is inferred that the lift-off should be minimized
as much as possible in order to achieve greater output for a
non-conducting sample.

The experimental results suggest that for both triangular
and rectangular probes with an equal area of the electrodes
and the same separation distance, the penetration depth is al-
most the same, but the measured output voltage of the rect-
angular shape electrode is greater than the triangular shape
electrode. In order to demonstrate the impact of electrode
size on the electric field strength and sensing depth, three
different widths of the rectangular electrode were employed.
It was observed that by increasing the electrode width, the
measured output voltage amplitude increases as well as the
penetration depth. In addition, the results of the experiments
with three different separation distances of the rectangular
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probe showed that increasing the separation distance between
the driving and sensing electrodes leads to increasing the
penetration depth, while reducing the electric field strength.
The experimental results demonstrated a good qualitative
agreement with the numerical simulations.

In practice, the situation is usually rather more compli-
cated compared to the sample studied in this work. Defect
types and sizes will be unknown and 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 development of multi-electrode

capacitive sensors would be one of such improvements that
could provide more information on the defect properties. This
type of capacitive sensor will be studied in future works.
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