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Abstract: Dielectric response measurement is a widely used technique for characterising dielectric materials in terms of their
capacitance and dielectric loss. However, the widely used approach with contact between samples and electrodes can in some
cases limit the accuracy of the measurement. The authors introduce an easily realised electrode arrangement for non-contact
measurements, which avoids these contact problems. The performance of the electrode arrangement in terms of the edge effect
is assessed. The non-contact and contact methods are compared based on error-sensitivity analysis and experimental results.
Differences are studied further, with attention to contact pressure. The non-contact method is also compared experimentally with
the one-sided non-contact method. Air-reference measurements, comparing the sample to an air-gap for improved calibration,
are used for all measurements. The results show that the non-contact method can be an alternative to reduce contact problems
between the sample and electrodes, although error sensitivity can be higher when the non-contact method is used. The noncontact method can decrease the influence of the pressure applied to the sample compared to the contact method, and can also
reduce the problem of poor contact that can arise from the absence of pressure in the one-sided non-contact method.

1

Introduction

Dielectric response measurement is a widely used method to assess
the condition of high voltage equipment [1, 2]. It can be divided
into time domain and frequency domain measurements. By
performing frequency domain spectroscopy (FDS) measurements,
the complex capacitance or complex permittivity can be
determined [3].
A common way to perform FDS measurement on a material
sample is to place the sample between two parallel electrodes, and
then apply a sinusoidal voltage between the electrodes while
measuring the current that flows between them. Some pressure is
usually applied by gravity, a spring or other clamping, to ensure
sufficient contact between the sample and electrode surfaces. This
method is convenient and well established. However, there are
several inherent deficiencies that may affect the reproducibility and
the accuracy of results. One potential problem is related to the
pressure applied by the electrodes on the sample. Either an
excessive or an insufficient pressure will lead to contact problems,
affecting the accuracy of the results [4]. An excessive pressure can
change the sample's behaviour, particularly for samples with some
kind of filler. An insufficient pressure will lead to small macro air
gaps between the sample and electrode surfaces, forming current
paths along the sample surface, which will yield a higher measured
loss factor. The existence of the unwanted air gaps will also change
results due to the additional air gaps connected in series with the
sample. Another potential drawback of contact-based
measurements is reactions at the sample/electrode interfaces. These
reactions can increase the number of mobile charge carriers,
leading to a conductivity that is beyond the level of the sample's
intrinsic behaviour [5]. For example, in the ferric-ferrous redox
reaction, an electron transfer takes place across the electrode
interface, forming ferrous ions though the combination of ferric
ions and electrons [6]. Experimental results in [7, 8] show that the
materials of the electrode have an influence on the results of
dielectric response measurements.
Several types of electrode arrangements have been introduced
to improve measurements. To obtain good contact between the
electrodes and sample, avoiding unintended air-gaps, a wide
variety of electrode types has been used. Mercury, as a liquid

metal, has been used in the past [9], but its toxicity limits its use
now. Another alternative is the foil electrode which consists of a
sheet of metal foil, for example tin, applied to either side of the
sample usually with a thin film of wax or petrolatum to serve as an
adhesive [10]. This has the advantages that it establishes good
contact between the irregular sample and electrodes, and the very
small thickness of the electrode reduces the error due to the field
from the side of the electrode passing partially through the air and
partially through the sample. However, some errors may result due
to the wax or petrolatum in series with the sample and used to
provide good adhesion contact with the sample [8]. A conducting
substance can be directly applied to the sample surfaces by
conductive paint or deposited metal (sputtered, vapour-deposited or
spray-deposited electrodes), establishing intimate contacts between
the sample and the coating [11, 12]. However, such electrodes are
also not easily removed, which can prevent the use of the sample in
further types of testing [13]. Besides this, diffusion can occur into
the sample, and the surface resistance of the coating materials may
affect results. Conductive rubber electrodes have been applied in
many fields outside dielectric measurements because of the
advantages of good elasticity and ageing resistance [14, 15].
Nevertheless, the high sensitivity of the conductive rubber to the
pressure can be a problem in the FDS measurements, as the
pressure can vary when using different electrode configurations or
measuring different samples [16].
The electrodes discussed above can improve the contact area of
electrodes on the sample to different extents, but they are not
helpful for blocking reactions occurring at the interfaces. For
avoiding reactions between the sample and electrodes, blocking
electrodes that include an insulating layer on the surface of the
electrode have been used. The insulating layers can effectively
block the reactions between the sample and the electrode, but the
insulating films will result in additional errors instead of improving
signal analysis, unless the frequency-dependent dielectric
properties of the thin films are accurately modelled [5].
In view of the problems associated with contacts between the
sample and electrodes, it is tempting to eliminate the direct
contacts. This is a long-established method in other disciplines that
typically work with high frequency and low voltage [17]. A noncontact, or more strictly a one-sided non-contact, electrode
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If the surfaces of the sample and electrodes are separated by air
gaps as shown in Fig. 1, then the contact is avoided but additional
capacitances of the air gaps are added in series with the sample.
∗
The total measured capacitance Ctotal
(ω) between the electrodes,
neglecting fringing, is then
1
1
1
1
V(ω)
= ∗
+ ∗
+ ∗
= jω
∗
I(ω)
Ctotal
(ω) Cair
Cair2(ω) Csample
(ω)
1(ω)

Fig. 1 Sketch of the non-contact measurement

arrangement for a high-voltage engineering application was
introduced in [4]. In a measurement with this arrangement, the
sample is placed on the lower electrode and separated from the
upper electrode by an air gap. After the measurement, the
measured capacitance will be compensated with the air gap
capacitance in order to obtain the sample capacitance. A computer
model of the field pattern around the electrodes and sample can be
further used to improve the accuracy of the compensation by
considering fringing fields [18]. Studies have analysed the
sensitivity of the method to error sources [19], and the correction
of the geometric influence [20, 21], and have used this method to
measure the complex permittivity of silicone rubber [22]. However,
the ideal contact-free situation has not been realised as the sample
still needs to contact the lower electrode which will also probably
lead to surface resistance and contact problems. The contact quality
may indeed become worse at the lower electrode than in a contactbased arrangement, as there is no pressure applied from the upper
electrode.
In this paper, an electrode arrangement is introduced to realise
fully contact-free measurements within, intended primarily for the
frequency range of 0.1 mHz–1 kHz. This electrode arrangement's
fringing has been assessed by finite-element method (FEM). The
error sensitivity of the non-contact method is compared by
simulation with that of the conventional contact method. In
addition, non-contact measurements are compared experimentally
with contact and one-sided non-contact measurements.

2

∗
where Cairi
is the complex capacitance of air gap i, with area Sairi
and thickness dairi, leading to (4) if the air is assumed to have a
relative permittivity of 1

∗
∗
Cairi
(ω) = Cairi
= ε0

When a dielectric material is exposed to an electric field, a current
is caused by two mechanisms in the material: polarisation and
conduction. The polarisation includes several processes, such as
electronic polarisation, ionic polarisation and so on. The
conduction refers to the movement of charged particles that are not
limited in the extent of their movement as are those in polarisation
processes. The current through the dielectric material can be
expressed by

∫

f diel(τ)v(t − τ)dτ

(1)

0

where C0 is the geometrical capacitance of the sample, σ is the DC
conductivity of the tested sample, ε0 is the vacuum permittivity, ε∞
is the relative permittivity at high frequency, v(t) is the voltage
applied on the sample and f diel(t) is the dielectric response
function.
Applying Fourier transformation to (1), the resultant current can
be expressed in the frequency domain as a function of frequency
I(ω) = jωC0 ε∞ + χ′(ω) − j

σ
+ χ′′(ω) V(ω)
ε0ω

(2)

= jω C′(ω) − jC′′(ω) V(ω)
where
the
complex
dielectric
susceptibility
χ ∗(ω) = χ′(ω) − j χ′′(ω) is the Fourier transformation of the
dielectric response function. If the dimensions of the sample are
accurately known, the complex permittivity of the sample can be
computed.
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1
1 Csample + 1 C1 + 1 C2
CsampleC1C2
=
C1C2 + CsampleC2 + CsampleC1

(5)

1
1 Ctot − 1 C1 − 1 C2

(6)

Ctot =

∞

(4)

In this paper, the air reference method described in [4] is used to
compensate instrument errors such as a poorly known value of the
feedback admittance Y f . The capacitance of the air Cair without
sample inserted is measured and treated as a reference to eliminate
the common instrument error factor between the capacitance of the
sample Csample and air Cair by dividing Csample by Cair.
For deriving the permittivity of the sample, dimensions of the
sample and the air gaps need to be accurately measured, including
the thickness of the sample dsample and the thickness of the two air
gaps d1 and d2. With the use of the air reference method, the
thickness of the reference air gap also should be known, which is
the total of d1, d2 and dsample. The total capacitance Ctot is the
capacitance of two air gaps C1, C2 and the sample Csample
connected in series, as shown in (5). Therefore, the capacitance of
the sample can be derived by (6). By using the air reference
method, the complex permittivity of the sample can be calculated
by (7)

2.1 Non-contact measurement

σ
dv(t)
d
v(t) + ε∞
+
ε0
dt
dt

Sairi
dairi

2.2 Air reference method

Theory

i(t) = C0

(3)

Csample =

εr∗ = εr′ − jεr′′ =

3

Csample
dsample
Cairref d1 + d2 + dsample

(7)

Measurement design

3.1 Electrode arrangement
We designed an electrode arrangement for non-contact
measurements with the performed range of 0.1 mHz–1 kHz [23].
This arrangement consists of two similar electrode assemblies (see
Fig. 2a), each similar to the conventional measurement electrode
with a guard ring, which means that this non-contact arrangement
can be realised by adjusting the current electrode arrangement used
in most labs without complex manufacture.
Those two electrode assemblies together form a four-electrode
arrangement, of a measuring and guard electrode and a highvoltage and support electrode. The internal structure is shown in
Fig. 2b which shows the cross-section along the surface ‘A’ marked
in Fig. 2a, omitting the bolts through the ring electrodes and
frames. The measuring and the high-voltage electrodes have 27
mm radius, the guard and the support electrode have internal and
external radii of 30 and 40 mm, and all four electrodes are 5 mm in
the axial direction. For a non-contact measurement, thin insulating
films are inserted to hold the guard and support electrodes further
from their baseplates, causing these ring electrodes to extend
beyond the measuring and high-voltage electrodes that they
surround. The sample is clamped between the guard electrode and
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nine available resistances, at all decades from 100 Ω to 10 GΩ, and
six capacitances from 100 pF to 10 µF.
3.3 Experimental procedure

Fig. 2 Sketch of the non-contact electrode arrangement
(a) 3D structure of the electrode arrangement, (b) Cross-section through the surface A

Fig. 3 Diagram of the main parts in the system of electrodes and FDS
instrument

the support electrode, leaving an air gap between the sample and
the inner electrode surfaces in the direction of the electric field.
The four electrodes are fixed by conductive bolts to their own
baseplates that have a thickness of 1.5 mm and Y-shaped frames
with a thickness of 10 mm. The two parts of the electrode are fixed
together by long bolts through the Y-shaped frames, and then
screwed by nuts. In the measurement, the support electrode is
connected with the high-voltage electrode by connecting two bolts.
There is a spring setting in each long bolt, which can be used to
change the pressure applied to the sample. This electrode
arrangement can be placed vertically to avoid the case where a soft
sample droops under gravity and thereby forms unwanted contacts
with an electrode.
3.2 Measurement systems
Besides an electrode arrangement, a measurement of dielectric
response requires an instrument to measure the voltage and current.
The commercial FDS instrument IDAX300 was used in this work
to apply and measure a voltage and to measure the resulting current
through the sample. The current into the ‘measure’ terminal is
converted to a voltage signal through the electrometer EM and then
measured in the analogue–digital converter ADC1. The main parts
in this setup are shown in Fig. 3.
The electrometer's feedback is through a parallel capacitor and
resistor. The values of these components are chosen for each
measured voltage amplitude and frequency, in order to keep the
output voltage as high as possible within the limits of the
analogue–digital conversion. The instrument used in this work has

The experimental procedures mainly include processing samples,
adjusting the electrodes, measuring dimensions, and performing the
capacitance measurements. Before the measurements, each sample
was cleaned by rinsing it with isopropanol, and dried in a drying
oven for 24 h. Then, the sample's thickness dsample was measured,
which was an average value of ten different locations. In order to
avoid deformation of the sample by the micrometer, the sample
was clamped between two polycarbonate plates each of thickness
1.00 mm, and the total thickness was measured with a screw
micrometer, then the measured thickness of the polycarbonate was
subtracted from the total thickness measured by the micrometer.
In cases where the conventional contact measurement was
carried out for comparison, this measurement was the first to be
performed after measuring the sample thickness. In this
measurement, the electrodes were applied to the sample with
moderate pressure from the three bolts holding the electrodes
together. In order to have an air-reference measurement for the
contact-based material measurement, the sample was then
removed, and small pieces of sample or rings from the same batch
were placed between the guard and support electrodes in order to
make the separation similar to how it was in the material
measurement conditions, then the capacitance of this arrangement
was measured.
For the non-contact measurement, thin insulating films were
inserted between the annular outer electrodes (guard and support)
and their baseplates (Fig. 2), moving these electrodes’ surfaces
further from the baseplate than the surfaces of the inner electrodes
(measuring and high voltage). For calculating the permittivity of
the sample from the measured capacitance, the thickness of the air
gaps that in series with the sample is needed. This was determined
as the difference between lab and lac, shown in Fig. 2b, by
measuring the mean values over ten positions using a screw
micrometer. The thickness of each air gap was taken as the
difference between those two distances for the electrodes at that
side of the sample. The sample was then inserted between the
electrodes, and the springs were adjusted to the length to apply the
planned pressure to the sample. After the non-contact
measurement, the sample was replaced by sample pieces between
just the guard and support electrodes, in order to measure the airreference capacitance for the non-contact measurements.
Measurements were repeated according to the previous order of
contact measurement followed by non-contact measurement, to
evaluate the reproducibility of measurements. The flowchart of the
experimental procedure is shown in Fig. 4.

4

Evaluations of the non-contact method

Reliability, precision and error sensitivity are important aspects of
the measurement, and should be assessed. This section evaluates
the non-contact electrode arrangement and the non-contact method
by simulation.
4.1 Edge effect
Edge effect or ‘fringing’ refers to the electrostatic flux spreading
out at the edges of the electrodes and air, including a different area
of the sample compared to that of the electrode. Although the
guard ring effectively increases the homogeneity of the electric
field at the edge of the electrode, the fringing problem is not totally
solved. At the boundary of the electrode, the electrostatic flux that
is partly through the sample and partly through the air will still
have an effect both on the amplitude and the phase of the complex
capacitance. It is shown in [24] that for the measurement cell
design, involved materials, potential distribution and the test
specimen height are factors that influence the fringing. For the
four-electrode arrangement illustrated above, the fringing should be
assessed considering those aspects.
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Fig. 4 Flowchart of the experimental procedure

Fig. 5 Correction factors of the permittivity with different total air gap
distance, relative permittivity values and sample thickness (the potential of
the support electrode is set to be the same as for the high-voltage electrode.
ε: the set permittivity; d: the sample thickness)

thickness is 0.1 mm, the simulated permittivity deviates more from
the set values with increased air gap distance. The sample
permittivity makes a negligible difference to the results, while the
sample thickness (which affects the air-gap as the total electrode
spacing is kept constant) has a significant effect on the results.
Especially, the correction factors show that the deviation of the
permittivity goes through a maximum value and a minimum value
when the total thickness increases from 0.1 to 1 mm with a sample
thickness of 0.1 mm. If the sample thickness is bigger than the total
gap distance and the support electrode is connected to the voltage
source, the error caused by the edge effect does not exceed 1.5%
relative error even if the total air gap distance goes up to 1 mm.
Therefore, the results can be free from correcting in this case. The
influence of the sample radius has also been estimated and the
results show that the influence of the sample radius can be ignored
if the radius of the sample is bigger than that of the measuring
electrode.
Another alternative is to connect the support electrode with the
ground. The corresponding correction factors with different air gap
distance and sample permittivity values for this case are shown in
Fig. 6.
The results show that the simulated permittivities in this
situation are significantly smaller than the set permittivities, and
the correction factors are more sensitive to the air gap distances
and sample permittivity compared to the case when the support
electrode is connected to the voltage source. Therefore, this
alternative is not used in this work.
4.2 Error sensitivity analysis and simulation

Fig. 6 Correction factors of the permittivity with different total air gap
distance and relative permittivity values (the potential of the support
electrode is connected to ground. ε: the set permittivity)

FEM calculations were used to study the edge effect in the
electrode arrangement introduced in Section 3.1. This was done by
three-dimensional electrostatic simulation in Comsol Multiphysics.
In the simulation, the potential of the high-voltage electrode and
the support electrode is set to be 140 V (voltage source), and the
measuring electrode and the guard electrode is set to be 0 V. The
homogeneity of the electric field and the edge effect is assessed by
the correction factors of the permittivity, which is the ratio εsim /ε.
Here, ε is the permittivity set for the sample material in the
simulation, and εsim is the permittivity calculated from the
simulated current at the measuring electrode by the method
described in Section 2.1 for processing measurement results. The
correction factors as a function of the total air gap distance with
consideration of the relative sample permittivity and sample
thickness are shown in Fig. 5. Except for the case when the sample
756

The error sensitivity is the extent to which the result of the
measurement is affected by the variation of an input or system
parameter from its believed value. When measuring a material
permittivity, the sample thickness and area, the capacitance
(impedance) measurement, and further details of the test cell, e.g.
fringing, are all relevant, and all introduce uncertainty in the result.
It is of interest to study how the non-contact type of measurement
affects this sensitivity. The measurement errors can be classified by
either systematic error or random error. Most systematic errors,
such as the calibration error with constant error factor, can be
eliminated by using the air reference method. Therefore, the
random errors are mainly discussed in this section.
4.2.1 Error sensitivity analysis: The error sensitivity with the
consideration of errors in the thickness of air gaps and sample has
been discussed in detail in [4]. In this paper, the errors appearing in
capacitance measurements are considered. Since the capacitance
calculation involves the ratio of complex current and voltage,
errors of scaling or phase shift of either of these quantities can be
represented as errors of just one of these quantities. Based on this,
this sensitivity analysis can be simplified by assessing sensitivity
under the effect of amplitude and phase shift errors of the resultant
current, as well as the added noise in the measured current.
The capacitance of the tested sample with the area S, relative
permittivity εr and thickness dsample can be expressed as
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Csample = εrε0

S
dsample

(8)

where ε0 is the vacuum permittivity. In the contact measurement,
the capacitance between the measuring electrode and the highvoltage electrode Cc is exactly the capacitance of the sample. In the
non-contact measurements, the capacitance, consisting of the
sample and air gaps with a total thickness of dair connected in
series, is shown as
Cnc =

εrε0S
dsample + εrrdsample

(9)

where
r=

dair

dsample

(10)

(11)

The measured currents through the sample using the contact and
the non-contact measurements can be calculated by (12) and (13),
respectively
Ic_error = jωCcVK

(12)

Inc_error = jωCncVK

(13)

In the contact measurement, the measured capacitance Cc_error
considering the error factor can be calculated by (14), which is
equal to the measured sample capacitance considering errors
Csc_error. It can be found that the error sensitivity of contact
measurements is equal to the error coefficient K
Csc_error = Cc_error =

Ic_error
= CcK = CsampleK
jωV

(14)

On the other hand, the tested capacitance under the effect of errors
in the non-contact measurement is
Cnc_error =

Inc_error
εrε0S
= CncK =
⋅K
jωV
dsample + εrrdsample

(15)

The tested capacitance of the sample after compensating the air
gaps can be expressed as (16), showing the deviation coefficient of
K
when the error factor is
non-contact measurement is
rεr − Krεr + 1
K
Csnc_error = Csample

K
rεr − Krεr + 1

(16)

The relative error sensitivity of the contact and non-contact
measurements is the ratio of two deviation factors, shown as
Krelative = 1 + rεr(1 − K)

(17)

It can be deduced that an amplitude measurement error with the
coefficient k1 can lead to an amplitude error in the final capacitance
with the coefficient that is bigger than k1 by using the non-contact
method, and the situation is the same with regard to the phase error.
In contrast, the contact method transfers amplitude and phase
errors in the impedance measurement directly into corresponding
errors in the calculated sample capacitance.
For comparing error sensitivity of the two methods reacting to
the noise, the current through the sample can be expressed by (18)
and (19) for the contact and the non-contact methods, respectively

(18)

Inc_noise = jωCncV + krandom

(19)

Similarly, the measured capacitance in the contact measurements
and the non-contact measurements considering the influence of
noise can be expressed by (20) and (21), respectively. The
measured capacitance in the contact measurements is the measured
sample capacitance. In contrast to the scaling errors, the effect of
additive noise on the measured capacitance in the contact
measurements depends on the voltage source and the measurement
frequency, besides the properties of the noise itself. The error
caused by the noise increases with the decrease of the frequency
and the amplitude of the voltage source
Csc_noise = Cc_noise = Csample +

Here, it is assumed that the amplitude error factor is k1 and the
phase shift factor is k2, then the error factor can be expressed as
K = (1 + k1) ⋅ e jk2

Ic_noise = jωCcV + krandom

Cnc_noise = Cnc +

krandom
jωV

krandom
jωV

(20)
(21)

Further, the measured capacitance of the sample in the non-contact
measurements with the influence of noise can be obtained by
compensating the air gaps, as shown in (22). It is worth noting that
the sample capacitance measured by non-contact measurements
Cair ⋅ Cnc
without the influence of the noise is
, which is a
Cair − Cnc
component of the first term on the right side of (22). Comparing
(22) with (20) further, it is deduced that the noise only influences
the amplitude of the imaginary part of the capacitance with the use
of the contact measurements, while influences both the phase and
amplitude of the measured capacitance by using non-contact
measurements
Csnc_noise =

Cair ⋅ Cnc
krandom
+
krandom
Cnc
krandom (22)
Cair − Cnc −
jωV 1 −
−
jωV
Cair
Cair

4.2.2 Simulation: Based on the analysis above, the following
simple numerical simulation compares the influence of errors on
the results obtained by contact measurements and non-contact
measurements. It is assumed, purely as an example, that the
polarisation of the sample has a Debye response. The complex
permittivity with the consideration of the prompt capacitance ε∞
and DC conductivity σ can be expressed as
∗
= ε∞ +
εsample

εs − ε∞
σdc
+
1 + jωτ jωε0

(23)

In the simulation, the dielectric properties of the sample material
are ε∞ = 2, εs = 6, τ = 2 s, σdc = 1 × 10−11S/m and its thickness is
2 mm. The radius of the sample is 30 mm, and the field is assumed
to have no fringing, so that a circuit model can be used. The two air
gaps in the non-contact measurements are each 0.2 mm. For the
errors, we assume k1 = 1 × 10−2, k2 = 4 × 10−3 and krandom is a series
of random values from −1.5 × 1012 to 1.5 × 1012. The simulation
results obtained by the contact method and the non-contact method
considering different error types are compared with the true results,
as shown in Figs. 7–9.
The noise and the slight error in measuring the amplitude have a
slight effect on the relative permittivities obtained by contact
measurements, but they clearly influence the results of non-contact
measurements, mainly at low frequencies. This is because of the
bigger loss angle in low frequencies, which can lead to a bigger
error under the same amplitude error or the same extent of random
errors in measured results compared to a smaller angle in high
frequencies. For the influence of the phase shift error, both the
results obtained by the contact method and the non-contact method
are affected, with deviation mainly exists in the lowest and highest
frequency range, as shown in Fig. 8. The non-contact method gives
a higher deviation than the contact method. The results have been
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in the imaginary part of permittivity caused by phase shift is not
considered here.
For decreasing the deviation, well-calibrated measurement
instruments are important. Good shielding and guarding are
necessary. In addition, using the air reference method can
effectively eliminate the deviation caused by systematic errors.

5

Results and discussions

The non-contact method was compared to both contact and onesided non-contact method, using air-reference in both cases. Four
types of the sample were used in the tests: polycarbonate, PVC
(polyvinyl chloride), epoxy with 60% quartz powder and high
temperature vulcanised (HTV) silicone rubber. They are examples
of polymers with, respectively, low loss, significant loss, rough
surfaces and soft surfaces.
5.1 Comparisons with contact method

Fig. 7 Complex permittivities of the sample with the effect of the amplitude
error

Fig. 8 Complex permittivities of the sample with the effect of the phase
shift error

Fig. 9 Complex permittivities of the sample with the effect of the noise

used to estimate the lowest frequency limit for both real and
imaginary permittivities with the threshold relative error of 5%.
The approximate frequency limits for different types of errors with
different values are shown in Table 1. The highest frequency limit
758

The tested samples were both measured by using contact and noncontact measurements. Two influences were considered: the
pressure applied to the sample, and control of the FDS instrument
to lock the feedback selection to be the same for each sample and
reference pair. The electrode configuration in Fig. 2 and the
measurement system in Fig. 3 were used, following the procedures
presented in Fig. 4. In order to eliminate the systematic errors by
using the air reference method, the instrument's settings at each
frequency, including its choice of feedback components, should be
the same between the measurements on the sample and on the airreference. Here, the relative permittivity of the PVC and the
polycarbonate obtained with the feedback sequence locked
between each sample/air-reference pair of measurements is
compared with that obtained in auto mode where the feedback
components are selected independently between different
measurements.
5.1.1 Polyvinyl chloride: The thickness of the PVC is 1.00 mm,
and the thicknesses of the two air gaps in the non-contact
measurement are 0.115 and 0.11 mm. The complex permittivity of
the PVC measured using the contact method and the non-contact
method are compared in Fig. 10. Comparing the results obtained by
the contact method and the non-contact method, it shows that the
real part of the permittivity obtained by the non-contact method is
bigger than that obtained by the contact method. For the imaginary
permittivity, the values in the low frequencies for non-contact
measurements are smaller than values for contact measurements,
possibly because the loss caused by the surface conductivity has
been decreased in the non-contact measurements. By locking
feedback, the air reference method can effectively eliminate jumps
that otherwise happened at 0.46 and 0.046 Hz, and also smooth the
curve.
5.1.2 Polycarbonate: The permittivity of the polycarbonate
measured by the contact and the non-contact measurement with the
feedback locked and unlocked is compared in Fig. 11. The
thickness of the polycarbonate is 1 mm, and the thicknesses of the
two air gaps are 0.16 and 0.19 mm. Comparing the results obtained
by the contact and the non-contact methods, it is seen that the real
part of the permittivity obtained by the non-contact measurement is
smaller than that obtained by the contact measurement, while the
imaginary permittivity of the non-contact measurement is bigger
than that of the contact measurement. For the imaginary part of the
permittivity, the data obtained by contact measurements are flat in
the range from 1000 to 0.01 Hz, while the results obtained by the
non-contact measurement have a relaxation peak in this range.
From 0.01 to 0.001 Hz, the results obtained by the non-contact
method have an obvious increase, while that measured by the
contact method decreases sharply to the negative.
The results show again the importance of locked feedback.
There are also several points go down to negative in the imaginary
part of the permittivity. Using locked feedback eliminates the
negative points and forms a relatively smooth curve in the
frequencies of 220, 110, 22 and 0.001 Hz. The reason why jumps
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Table 1 Estimation of the low frequency limit for 5% relative error
k1
f lim_real
f lim_imag

k2
f lim_real
f lim_imag
krandom
f lim_real
f lim_imag

1.4 × 10−4
−3

5 × 10−3
−3

1.0 × 10−2
−2

2 × 10−2
−2

5.0 × 10−2

4.0 × 10

8.6 × 10

1.2 × 10

1.6 × 10

—

1.4 × 10−4

6.3 × 10−4

1.2 × 10−3

8.6 × 10−2

—

2.0 × 10−4

5.0 × 10−4

1.0 × 10−3

4.0 × 10−3

1 × 10−2

4.0 × 10−4

1.0 × 10−3

1.8 × 10−3

7.4 × 10−3

2.2 × 10−2

−4

−4

−4

−3

6.3 × 10−3

−12

1 × 10−11

−3

1.4 × 10
1 × 10

−14
−4

3.4 × 10

−13

1.0 × 10

−3

7.4 × 10

−13

5.0 × 10

1.0 × 10

4.7 × 10

1.2 × 10

2.2 × 10

4.6 × 10

1.4 × 10−2

2.2 × 10−4

4.7 × 10−4

1.4 × 10−3

2.2 × 10−3

4.6 × 10−3

Fig. 10 Complex permittivities of the PVC (NC: non-contact; C: contact;
UL: unlocked feedback; L: locked feedback)

−3

2.9 × 10

Fig. 12 Resistance of the feedback used for measuring polycarbonate in
auto mode

Fig. 11 Complex permittivities of polycarbonate (NC: non-contact; C:
contact; UL: unlocked feedback; L: locked feedback)

Fig. 13 Capacitances of the reference air and the polycarbonate in the
non-contact measurements with feedback locked and unlocked

happen can be understood by comparing the resistance of the
feedback (each resistance is an integer power of ten, but extra
values were added for distinguishing) used for measuring the
reference air and the sample in auto mode, as shown in Fig. 12. It
can be seen the resistance sequence used for the sample is not the
same as the sequence for the corresponding reference air in auto
mode. In this case, the systematic errors of the feedback
components cannot be eliminated, and the superposition of errors
in two pairs of feedback components can even lead to a bigger
error in the measured capacitance. The reason why locking
feedback can eliminate the jumps can be further explained by
comparing capacitances of the sample and the reference air

measured in auto mode and feedback locked conditions. Fig. 13
shows capacitances measured by the non-contact measurements
with the feedback locked and unlocked: the curves are divided into
several parts using shading and the same resistance is used in each
shaded area in feedback locked mode. It can be found that there are
jumps in the measured capacitance every three or four frequency
points, form a sawtooth curve. Comparing Figs. 12 and 13, it is
seen that the jumps happen when the resistance of the feedback
shifts from one value to another value, and the curve is relatively
continuous when the capacitances are measured using the same
feedback. If the feedback is not fixed in the measurements, the
frequencies where jump points happen in the measurement of
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Fig. 16 Sketch of the non-contact measurement when the sample is uneven

Fig. 14 Complex permittivities of the epoxy with 60% quartz powder with
different pressure (NC: non-contact; C: contact)

under low pressure (around 20 N) and high pressure (around 120
N), respectively. The thickness of the sample is 2.15 mm, and the
thickness of air gaps in non-contact measurement is 0.295 and
0.17 mm, respectively. The results are shown in Fig. 14. It is seen
that the non-contact measurement is less influenced by the pressure
applied to the sample compared with the contact measurement. The
relative errors are within the range of 7–8% in the real part and 11–
15% in the imaginary part by using the non-contact method. The
errors are probably due to the spacing change caused by the high
pressure between the guard electrode and the support electrode
which is not fully taken into account when calculating permittivity.
The relative errors with the use of the contact method are more
significant, which are in the range of 4–14% in the real part, and
25–45% in the imaginary part.
5.2 Comparisons with one-sided non-contact method

Fig. 15 Complex permittivities of HTV silicone rubber

polycarbonate cannot correspond to that in the measurement of the
reference air. In this situation, the systematic errors are combined
rather than equalised. If the feedback sequence is fixed to be the
same between the measurement of the polycarbonate and the
measurement of the reference air, the plot of the polycarbonate and
the reference air coincide with each other. After locking the
feedback, the variation trends of the sample and the reference air
are controlled to be similar, so the air reference can effectively
decrease the errors caused by systematic errors.
5.1.3 Influence of the pressure: The results of the FDS
measurements are influenced by the contact situations between
electrode surfaces and sample surfaces to some extent. The contact
situation is partially determined by the pressure applied to the
sample by the electrodes. A high pressure can reduce the small
local gaps between the electrode and the sample, but it can deform
the sample or change the thickness of the sample. A low pressure
can avoid the deformation of the sample from the electrodes, but
lacking sufficient pressure between the sample and the electrodes
can be a problem with additional unintended gaps. The non-contact
method has the advantage of avoiding contacts between the
effective area of the sample and the electrodes, avoiding the
contact problems occurring in the contact measurements.
Here, the influences of the pressure on the contact and the noncontact measurements are compared. The epoxy with 60% quartz
powder is used as the tested sample, which has rough surfaces. The
non-contact and the contact measurements are both performed
760

Both the non-contact measurements and the one-sided non-contact
measurements discussed in [4] were used for measurements on
HTV silicone rubber. For the one-sided non-contact measurement,
the electrode arrangement in Fig. 2 was used, with the upper
electrode fixed by the nuts on the screws to give a chosen thickness
of the air gap above the sample: refer to [4] for more detail about
the procedure. The thickness of the silicone rubber is 2.00 mm. The
thickness of the air gap is 0.45 mm in the one-sided non-contact
measurements, and the thickness of the two air gaps in the noncontact measurements is 0.27 and 0.335 mm, respectively. The
relative permittivities obtained by both methods are presented in
Fig. 15. Both the real and imaginary parts of permittivity obtained
by the one-sided non-contact method are bigger than the values
from the non-contact method. This is probably caused by the
rubber not lying so flat, due to the absence of pressure from the
upper electrode, leading the electric lines to go through a bigger
area of the sample, as shown in Fig. 16. In addition, there is an
extra relaxation peak in high frequency by using the one-sided noncontact measurement, which may be caused by the bulk
capacitance and surface resistance of the sample in regions with
poor electrode contact as shown encircled in Fig. 16. The
relaxation peak appearing in the one-sided non-contact
measurement changes in amplitude and frequency when the sample
is removed and placed again in the cell for repeated measurements,
as shown in Fig. 15. Results from the non-contact method do not
show this peak and are more consistent between repetitions. This
observation supports the explanation of the extra relaxation peak as
an artefact of the contact with the electrode.

6

Conclusion

In this paper, the non-contact method is introduced to perform FDS
measurements using a new electrode arrangement that is simple to
fabricate. The electrode arrangement was evaluated considering the
edge effect. FDS measurements were carried out to study the
influence of fixing the instrument's feedback and of the pressure
applied to the sample by the electrodes. The evaluation and the
analysis by simulations and experiments show that the non-contact
method can be an alternative to reduce contact problems between
the sample and electrodes, although error sensitivity can be higher
when the non-contact method is used. Compared with the contact
measurement, the non-contact measurement decreases the
influence of the surface conductivity and the pressure applied to
the sample. It can also decrease the problem in the one-sided noncontact measurements that can arise due to the absence of pressure
from the upper electrode. The air reference method used with
locked feedback components is effective in reducing systematic
errors in the values of feedback components.
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