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Abstract
Thiswork investigates interfacial electro-mechanical properties, including electrical contact resistance,
interfacial capacitance and characteristic frequency of contacts formedwith various surface structures.
Fractal rough surfaceswere generated and characterised by fractal dimension and root-mean-square
(RMS) roughness. The rough surfacewith a thin oxide layerwas compressedby the rigidflat to forma
capacitor. Electrical impedances of this contact capacitorwere simulatedusing thefinite element
method across awide range of frequencies. A power-law relationshipwas foundbetween the electrical
contact resistance and applied compression load. An analyticalmodel is proposed to capture the
interfacial capacitance behaviourwith increasing contact loads, revealing a transitionof predominated
modes for the capacitance.Higher fractal dimension yields smaller overall capacitance in the gap
dominant and transition zones. Thedependence of the characteristic frequency oncompressionwas
found to followapower-law function at the low load range. It is found that the exponent andmagnitude
of obtained power-law relations show strong correlations to the fractal dimension andRMS roughness,
respectively. Results of thiswork provide insights into developing a potential impedancemeasurement
protocol to determine the thickness of the oxide layer on conductive fractal rough surfaces.

1. Introduction

Interfacial electro-mechanical behaviour plays an
essential role in energy storage and transport systems
such as lithium-ion batteries, solid oxide fuel cells and
supercapacitors [1, 2]. The performance of these
systems, represented by capacitance, is strongly
affected by surface properties of contacting compo-
nents, including electrical contact resistance [3], coat-
ing film thickness [4], bonding configuration [5], the
fringing effect [6], and environmental conditions [7].
These parameters represented by the mechanical and
electrical properties of granular electrode structure
can be linked tomicrostructural characteristics, which
are usually simplified in the existing theoretical and
numericalmodels [8, 9].

The formation of an oxide layer on electrodes is
reported to be the leading cause of electrical contact
deterioration [4]. While performing measurements of
the oxide layer on a naturally existing surface are still
challenging to undertake. Several methods such as the

thermo-graphic method [10], optical method [11],
and eddy current [12] have been adopted to investigate
the properties of coating films, which usually require
the coated surface to be adequately smooth and flat
[10–12]. Being of considerable significance in funda-
mental research and engineering practices, the devel-
opment of novel technologies for evaluating the
thickness on both rough and flat thin film efficiently
and accurately remains challenging.

Modelling conduction at rough interfaces under
compression has attracted extensive and increasing
interests since contact models by Greenwood et al
[13, 14], followed by models [4, 15–17] with assumed
surface roughness statistics and elastoplastic beha-
viour of individual asperities. Recent years also wit-
nessed advances in understanding contact and
conduction behaviour at rough interfaces with the
development of novel numerical tools, such as studies
on electrical conduction by finite element methods
(FEM) [18], contact stiffness by boundary element
method (BEM) [19], adhesion by molecular dynamics
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(MD) [20], thermal conduction by FEM [21, 22].
However, scale-dependent electrical properties and
multi-physic phenomena at interfaces bring numer-
ical challenges in efficiently and precisely simulating
electrical contact resistance at rough interfaces.

Pioneered by Dervos and Michaelides, the effec-
tive interfacial capacitance was found to depend on the
ratio of the apparent contact area and true contact
area, which is significantly smaller than the apparent
one because of the nature of the multi-spot contact
interface [23]. Zhao et al [24] theoretically studied the
effects of interface roughness on the electric field and
capacitance for capacitors formed by a thin insulating
film. Kogut [8] investigated the effects of surface topo-
graphy on the electro-mechanical characteristics of
parallel-plate capacitors formed between hemisphere
represented patterned surfaces. Patrikar [25] com-
puted electrical parameters on 2D self-similar fractal
surfaces for the application of capacitors by numerical
methods. Yu et al [9] and Chen et al [26] modelled
contact capacitors using rough surfaces with height
and radius of asperities following Gaussian distribu-
tions. Torabi et al [27] extended the parallel-plate
capacitor equation by Zhao [24] incorporating fractal
surfaces described by roughness exponent, the root-

mean-square roughness (RRMS) and correlation
length. Though capacitance of rough interfaces has
been extensively studied, the capacitance evolution at
the rough surface under compression and the present-
ing features of electrical contact impedance in fre-
quency domains necessitate further investigations.

In this work, we developed an analytical solution
for obtaining the interfacial capacitance under the
mechanical compression, and validated by the FEM
simulation. In addition, an innovative approach was
proposed to estimate the oxide film thickness using
the electrical contact behaviours. In section 2, we pre-
sent the numerical framework used in this work for
generating rough surface and estimating the contact
behaviour, for both mechanical and electrical respon-
ses. ThemodifiedWeierstrass–Mandelbrot function is
adopted for generating fractal rough surfaces, char-
acterised by four methods regarding fractal dimen-
sion. The contact mechanics is extracted by the
truncation method, and the electrical behaviours of
the surfaces in contact are investigated by FEM. The
effects of surface roughness on electrical behaviours
are demonstrated in sections 3.1 and 3.2. Section 3.3
describes the derivation of the analytical model for
stress-dependent interfacial capacitance. The effects of

the oxide film thickness of both the FEM and analy-
tical method are then compared in section 3.4.
Section 3.5 provides the dependence of thickness elec-
trical contact impedance on the thickness of oxide film
on surface roughness. Finally, in section 4, we sum-
marise themain findings and conclude this work. This
study illustrates the essential prospects of amulti-phy-
sics understanding of the origin of the electro-
mechanical behaviour at interfaces so that the perfor-
mance and reliability of electrical contacts can be sig-
nificantly improved in energy systems. Besides that,
our work comes upwith a new technique that is able to
predict the oxide layer thickness of conductive rough
surface by using impedance measurements of the
interface. Comparing with the traditional approaches,
the technique we proposed can remarkably reduce the
sample preparation efforts and improve the measure-
ment accuracy.

2.Methods

2.1. Surface generation and characterisation
Rough surfaces used to form contact capacitor are
simulated by the modified Weierstrass–Mandelbrot
function [28]written as

where L represents the sample length, G is the fractal
roughness [29], which is a height scaling parameter
independent of the frequency. Din is the fractal dimen-
sion ranging from2 to 3. A higher value of Din results in
a rough surface with the structure dominated by high-
frequency textures. The parameter g determines the
density of frequencies to construct the surface profile,
which is set here as 1.5 after considering surface flatness
and frequency distribution density [30]. The factorM is
the number of superposed ridges that used to construct
the surface profiles, nmax represents the upper bound of
frequency index that can be determined by
( [ ( ) ]/ / g=n L Lint log logsmax ), Ls and L are the cut-
off length and roll-off wavelength, respectively [31],
and fm n, is a set of randomly distributed phase angles to
ensure the randomness.

Figure 1 shows five surfaces with 1024×1024
pixels over ´1 1mm2with the same roughness ampl-
itude and roll-off wavelength but different values of
fractal dimensions, demonstrating distinguished
structures especially at fine length scales, contributed
by high-frequency components. In this work, we con-
sidered surfaces structures with <D 2.5,in consider-
ing that the fractal dimension for engineering surfaces
are typically under 2.5 [32].
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The input parameter fractal dimension Din was
found not necessarily an accurate evaluation of the
generated rough surface profile [33]. Hence, four
widely-used methods are adopted here to estimate the
value of fractal dimension for generated rough sur-
faces including (1) power-spectrum method [34], (2)
box-counting method [35], (3) variance method
[36, 37] and (4) roughness-lengthmethod [38]. Values
of fractal dimension calculated based on these four
methods were found to be slightly different, but fol-
lowing the same trend, i.e., a higher Din resulted in a

higher evaluated value, as is shown in figure 2. It is
found that differences are relatively small between the
input parameter Din and the fractal dimension esti-
mated by the roughness-length method. Despite the
results of the power spectrummethod, the rest results
predicted by the other three methods highlight that
the trend of output fractal dimensions are consistent
with the input parameter D .in Besides the fractal
dimension, the conventional roughness parameter,
the root-mean-square roughness, R ,RMS was used to
characterise surface structures, calculated as :

Figure 1.Rough surface profiles simulated byW-M function ( m g= =R 10 m, 1.5,t = =M n10, 10,max and m=L 300 m,where
Rt is the roughness amplitude): (a) =D 2.1,in (b) =D 2.2,in (c) Din =2.3, (d) =D 2.4in and (e) =D 2.5.in

Figure 2.The comparison of input fractal dimension Din and calculated fractal dimension D using power spectrummethod,
box-countingmethod, variancemethod and roughness-lengthmethods. The error bar was obtained over ten realisations with the
same input.
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where N is pixel number on a profile along either X
and Y-axis, f̄ is the mean roughness height over all
pixels calculated based on equation (1). Desired
roughness amplitude Rt can be obtained by scaling the
roughness amplitude ( ( ) ¯)-f x y f, for self-similar
rough surfaces [30].

2.2. Contactmodel
As a conventional method in contact mechanics,
two rough surfaces in close contact (figure 3(a))
can be considered as equivalent to a system of a
rigid flat surface compressing a rough surface
(figure 3(b)) with a reduced Young’s modulus
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where v E v, ,1 1 2 and E2 are

the Poisson ratio and Young’s modulus of the
compressed rough surface and opposing flat surface.
Therefore, the study investigates the contact electrical
behaviours between two rough surfaces are repre-
sented by the same equivalent system where a rough
surface covered by a thin oxide layer is compressed by
a rigid flat.

Since the main objective here is to reveal the elec-
trical behaviour of rough interface during surface con-
tact, the contactmodel is simplified in order to achieve
computational efficiency. Therefore, the truncation
contact model [30] is adopted here to capture the con-
tact behaviours between the surface compression pro-
cess. In the truncation model, the contact area was
estimated by the truncation area as the surface
approaching. During the flattening processing, the
corresponding contact stiffness at each truncation
stage is updated based on [39]:

( )b
p

=k E A
2

3r c

where k is the contact stiffness with the unit of N/m, β
is a geometrical constant, set as 1 for a flat punch [30].
Er denotes the reduced Young’s modulus introduced

above. Ac is the real contact area at each truncating
step, which equals to the area was flattened by the flat
rigid surface. An integration with respect to flatten
increment is applied in order to carry out the contact
force, based on ( )w w=dF k d , where wd denotes the
interference increment. The adoptedmethod provides
an easily incorporated and highly effective numerical
method for predicting contact stiffness under condi-
tions of small tomedium loads for a single asperity and
fractal rough surfaces. For a fractal rough surface
compressed by a rigid flat, the numerical solution with
this method for contact stiffness versus contact load
well agrees with the classical theory result. However, as
the compression and truncation depth increase, the
applicability of the presented method merits further
discussion, due to the complex deformation of the
compressed asperities, the interaction between neigh-
bouring asperities, adhesion, and friction [30]. There-
fore, the applied compression is constrained to a level
of < -10F

EA
2 and the overall compression depth

dmax is limited to R0.3 t in this work. Furthermore, the
penetration increment is considered as w dd max to
achieve validity and computational efficiency. In
addition, for simplicity, the oxide layer covered on the
surface has similar properties as the bulk and is
assumed to keep intact during the different loading
process. More details regarding this adopted contact
model can be referred to Ref [30]. Note that, the oxide
layer on the surface has similar properties as the bulk
and is assumed to keep intact during different loading
process for simplicity. However, future work should
address the fracture effects of the oxide layer under
permanent deformation, which can be achieved by
explicitly simulating the coupled mechanical and
electrical properties of the oxide layer.

2.3. Interfacial impedance responses
The electrical impedance responses were considered as
a conductive rigid flat in contact with a fractal rough
surface covered by an oxide layer of uniform thickness
since the previous contact model simplification, as
illustrated in figures 3(a) and (b). The top surface of

Figure 3. (a)Geometricmodel of FEM simulation in theCOMSOLMULTIPHYSICS. (b)A2D schematic for the electrical contact
model with equivalent surface roughness and reducedYoung’smodulus. (c)The equivalent electrical circuit of the contact interface.
Rc and Cc are the electrical contact resistance and capacitance, which are contributed by the contact spots between two opposing
surfaces; Ca denotes the capacitance induced by the air trapped in the interstitial gap, and Co is the capacitance from the non-contact
oxide film that is in series with C .a
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the rigid flat was set as the terminal electrode with a
controlled alternating voltage. While the compressed
rough surfaces were generated using the modified
Weierstrass–Mandelbrot function (see section 2.1)
and the bottoms of the samples were set as ground
with the electric potential of 0. The conductive rough
surface was covered by an oxide layer of a given
thickness =d 100s nm [40–42], as a typical value for
copper oxide films varying from 40 nm to 450 nm.
Due to the conductivity contrast between the oxide
layer and bulk material, the thickness of the samples
has negligible influences on the overall behaviour. For
a rough surface with given values of fractal dimension
and R ,RMS ten typical truncation planes at various
depths with the same height intervals ( R0.03 t ) were
simulated to obtain their electrical impedance, during
the compression process.

The complex electric field, current and potential
distributions of the conducting rough surfaces were
governed by the following equations (4)–(7):

· ( ) =J Q 4j v,

( ) ( )s w e e= + +J j E J 5a rc e e0

( )= -E V 6e

( )e e=D E 7rc e0

where J and Je denote the internal and external
current density, s is the electrical conductivity of
copper, Ee is the electric field intensity, V is the electric
potential,D is the electric displacement, e0 and erc are
the permittivity of vacuum and the relative permit-
tivity of copper, respectively, and wa is the angular
frequency w p= f2 .a Here, the inductive effects were
negligible, considering the system dimensions. The
oxide layer on the rough surface was modelled as an
insulative material with the electrical response in the
frequency domain governed by :

· ( )( ) ( )s we e= + -n J
d

j V V
1

8
s

o ro1 0 1 2

· ( )( ) ( )s we e= + -n J
d

j V V
1

9
s

o ro2 0 2 1

where J J,1 2 are the current density of two sides of an
oxide film; ds denotes the surface thickness of the
modelled boundary elements; so and ero are the
electrical conductivity and relative permittivity of the
oxidefilm; j is the dimensionless imaginary unit.

The electrical impedance spectra of the contact
and the current flow through the rough interfaces
were then simulated by the commercial finite element
method (FEM) package, COMSOL Multiphysics ver-
sion 5.3a. The total current flowing from the rigid top
flat (terminal electrode) to the compressed rough sur-
face (the ground electrode) was obtained by integrat-
ing the current density across the interface. Therefore,
the effective admittance, Y, can be determined by
using the applied voltage and integrated total current
density. The electrical contact resistance (ECR) and
interfacial capacitance (C) can be calculated from the

impedance, Z. The following expressions show their
relationship:

( )= = ¢ + Z
Y

Z Z j
1

10

where ¢Z and Z denote the real and imaginary parts
of the complex impedance. The ECR values can be
obtained as the real part of the interfacial impedance,
while the capacitance is calculated by an encompassing
electrostatic formula, i.e., ( ( ))/w w=C YIm , where

( )wY is the interfacial admittance, and w is the angular
frequency.

The electrical contact impedance of a series of
compressed surfaces is simulated with a fractal dimen-
sion of < D2 2.5in and RRMS of

m m R1.6 m 16 mRMS and apparent projection
area of m´256 256 m .2 Geometrical (fractal dimen-
sion, RRMS can be included in the table) and physical
parameters used in simulations are listed in table 1. A
mesh sensitivity study has been performed to ensure
the electrical impedance converges to an asymptotic
value. In this work, the mesh comprises 735,362 tetra-
hedral elements. The minimum mesh elements con-
centrate at the local roughness asperities have a size of
2.55 μm enabling computing the interfacial electrical
behaviours accurately (the difference between the
results of the selected mesh sizes and the extremely
finemesh is within 5%).

3. Results and discussion

3.1. Electrical contact resistance
Results are demonstrated for various roughness para-
meters to reveal the effects of surface topographies on
ECR in figure 4. To examine the effects of the scale-
invariant parameter, the fractal dimension varies in
the range of  FD2.1 2.5 whilst the RMS rough-
ness was fixed (RMS= m1.6 m). Figure 4(a) shows the
dependence of ECR on fractal dimension and normal-
ised applied force for fixed RMS roughness. The ECR
decreases with the increase of applied contact load due
to the increase of the true contact area during the
surface compression process, while for a fixed contact

Table 1.Geometrical and physical parameters of the three-
dimension fractal rough samples and the oxide layer used in
numerical simulations [40, 41, 43–45].

Parameters Value

Dimensions of compressed surface (μm2) ´256 256

Permittivity of air, e0 ( F

m
) (−) ´ -8.854 10 12

Electrical conductivity of copper,σ (S/m) ´ -5.998 10 7

Relative permittivity of copper, erc(−) 1

Elasticmodulus of copper, E (GPa) 128

Thickness of copper oxide layer (nm) 100

Electrical conductivity of oxide layer, so (Sm
−1) 0.01

Relative permittivity of the oxide layer, ero(-) 25

Poisson’s ratio, n (-) 0.3

Yield strength of copper, G (MPa) 210
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load, the contact area is larger for the surface with
smaller fractal dimension, therefore, decreases the
ECR As predicted, smaller fractal dimension values
corresponding to a smoother surface profile, leading
to a larger true contact area and hence a lower ECR It is
worth to mention that the slope for each curve, at the
log-log space, with varying fractal dimension is
different, rougher surface with higher fractal dimen-
sion shows a greater slope. This is because the
correlation between the contact area and contact load
for the fractal rough surface is a power-law relation-
ship, and the power exponent is positive proportion to
the fractal dimension [5, 19, 46]. The ECR values are
not distinguishable for surfaces with different fractal
dimensions when the non-dimension contact load,
/F EA, is large than 10−3. The reason is that the

majority of microcontacts are deformed fully plasti-
cally, and the ECR values become independent of the
surface topography parameters [4], in other words, the
contact behaviour is insensitive to the initial fractal
dimensionwhen the contact loading is extensive.

To further elucidate the role of rough topography,
the effects of RMS roughness was studied. Figure 4(b)
illustrates the dependence of ECR values concerning
contact load and RMS roughness for the fractal
dimension =FD 2.3. For a fixed fractal dimension
value, the ECR is decreasing with the increase of con-
tact load since the contact area increases as well,
whereas, for a fixed contact load, the ECR increase
with RMS roughness values due to more considerable
RMS value corresponding to the rougher surface, pro-
ducing smaller contact area at the same contact force.

The ECR for different fractal dimension shows a
converging trend as the compression increases. For a
given Din at a fixed compression level, ECR was found

to increase with R ,RMS which tend to play a minor role
on the slope of power-law dependence of ECR on
compression. These relationships can be then descri-
bed by:

⎛
⎝

⎞
⎠

( )
s

a= µ
b

R
d

A
A

F

EA

1
, 11

o

s

c
c c

c

where so and ds are the electrical conductivity and
thickness of oxide film, and Ac is the true contact
area, ac and bc are the parameters obtained by
correlation analyses for ECR of various surface
roughness. This relationship between a b,c c and
D R,in RMS are extensively investigated by previous
studies [5, 19, 46], which shows the relation between
the constriction conductance and compression force
of contact of two surfaces. The slope and intersect
parameters ac (in equation (11)) and bc can be
affected by the mechanical properties of contact
material such as Young’s modulus E and yield stress
G. In the current simulation, the material mechanical
properties are considered by the contact model (i.e.,
truncation method) regarding the conversion from
contact area to contact force. Considering silver
as a replacement material, for example, different
combinations of Young’s modulus and yield stress
can be applied in the truncation contact model,
leading to a similar power-law relationship but with
distinctive slope bc and intersect ac. Table 2 summa-
ries the coefficients fitted based on the dataset from
figure 4(a) for a given RRMS value, to show the
dependences on the fractal dimension. These results
also indicate that the in situ ECR measurements can
be used to identify the metallic contact conditions
since they are sensitive to the surface roughness and
the contact information [47].

Figure 4.Effects of (a) fractal dimensionwith RRMS=1.6μmand (b) RRMS with Din=2.3 on electrical contact resistance (ECR).
The ECR value is normalised by the contact resistance of a perfectly smooth interface, R .0 The compression is normalised by the
product ofEA.
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3.2. Interfacial capacitance
The dependence of interfacial capacitance on rough-
ness parameters was examined, and the results are
shown in figure 5. A clear stress-dependent transition
can be observed as the compression increases. The
interfacial capacitance is contributed by both air gap
and micro-contacts on oxide, dominating the capaci-
tance at low and high loading levels, respectively, as is
discussed in section 3.3.

The results shown infigure 5(a) describe the effects
of scale-invariant fractal parameters on the interfacial
capacitance under varying contact load. For fixed D ,in

the interfacial capacitance increases with increasing of
contact load due to the decrease of the distance of the
air gap and the excess capacitance produced by the
oxide layer with increasing contact area. Moreover, as
shown in the insertion of figure 5(a), the slope for
interfacial capacitance variation decreases with
increase with D .in For fixed contact load, the inter-
facial capacitance is decreasing with the increase of
fractal dimension when the dimensionless contact
load is at lower to intermediate contact loading regime

( < -10F

EA
4). However, the differences in interfacial

capacitance with various fractal dimension are rela-
tively small when the contact load get even more sig-
nificant. This is because the capacitance at the high
contact load level is dominant by the capacitance pro-
duced by the contact oxide film, which is illustrated in
the later section 3.3. At the same time, the fractal
dimension is not capable of distinguishing the contact
behaviours at that contact load range. Nevertheless,
the slope of capacitance versus contact load curves at a
higher contact range is still different for various fractal
dimension, and a higher fractal dimension yields a
higher slope for the capacitance evolution. These
results coincide with the previous study regarding
contact stiffness of fractal rough surface [48].

Figure 5(b) presents the relationships between
interfacial capacitance and contact load with the
change of RRMS ( m m R1.6 m 16 mRMS ). It can be
observed that the RRMS roughness has a more sig-
nificant effect on the interfacial capacitance over the
fractal dimension. For a fixed contact load, the inter-
facial capacitance decreases with increasing the RRMS

parameters due to the increase of gap distance and the
decrease of the true contact area. Since higher RRMS

values are corresponding to rougher surfaces, yielding

more considerable gap distance and smaller true con-
tact area and, thus, smaller interfacial capacitance.

In addition, regardless of the interfacial capaci-
tance is increasing with the applied contact load, it is
noted that the rates of increase with respect to given
contact load are different, and the increasing rate is
small at a low to intermediate contact load, while this
rate is keeping increase as the contact load increases,
and it will end up with a constant when the contact
load is sufficiently large. This is because the total inter-
facial capacitance is contributed by two components:
capacitance from gap and contact oxide layer [9, 26].
Those two components both vary with the increase of
contact load since the gap distance between two sur-
faces is getting smaller, whilst the true contact area
keeps increasing. Therefore, the overall trend of capa-
citance variation can be explained; the total capaci-
tance is dominant by the contribution from the gap
capacitance under low contact load, this is why the
increase rate is low at the beginning since the gap dis-
tance variation is relatively small. As the contact load
getting higher, the increase rate accelerates due to the
contact capacitance is getting larger that is compatible
with the gap capacitance. Eventually, the contact capa-
citance will be significantly higher than the gap capaci-
tance, and dominant the overall behaviours. Base on
the above mechanism, we derive an analytical model
to predict the interfacial capacitance during the con-
tact processing, and the detailed demonstrations are
given in the later section.

3.3. Analyticalmodel for stress-dependent
interfacial capacitance
As discussed in the previous section, the total effective
contact capacitance of the studied interface can be
expressed as:

( )= +C C C 12t c g

where Cc is the capacitance contributed by all the
microcontacts, calculated by the classical parallel
capacitor equation, å= =

=
C c ,c i

i n
ci1

with the capaci-

tance of each microcontact calculated by = e eC .ci
A

d
r c

s

0

where er and e0 denote the relative permittivity of the
oxide layer and absolute permittivity of vacuum,
respectively. Here, Ac is the true contact area at a given
contact load, which is accessible in our contact
analysis, and ds is the thickness of the oxide layer.

The capacitance Cg is the gap capacitance that
accounts for non-contacting regions at the interface, it
can be considered as the capacitance induced by the air
gap in series with capacitance due to oxide layer:

( )= +
C C C

1 1 1
13

g a o

where Ca and Co are the capacitance contributed by air
and non-contact oxide layer respectively. The capaci-
tance of the non-contact oxide layer Co can be
obtained as a rough capacitor with uniform inner
distance d ,s for given surface structures, as:

Table 2. Fitting parameters of ac and bc with respect to the
rough surfaces with varying fractal dimension and afixed
RRMS (1.6μm).

Fractal dimension ac bc R-Square

2.1 -6.136 -1.301 0.9971

2.2 -6.700 -1.394 0.9999

2.3 -6.956 -1.438 0.9993

2.4 -8.860 -1.699 0.9911

2.5 -9.455 -1.806 0.9948
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( ) ( )e e e e
=

-
@C

A A

d

A

d
14o

r t c

s

r t

s

0 0

where At is the total area of the rough bottom surface.
Since the real contact area is significantly small
compared to the apparent contact area [49]
( A At c), the term of contact area (Ac) can be
neglected ( - @A A At c t). Thus, the equation of
non-contact oxide layer capacitance (equation (14)) is
simplified. However, it is difficult to determine the
actual capacitance resulted from the air gap due to the
existence of the roughness textures. We assume that
the overall capacitance is composed of infinite small
micro capacitors connected in parallel with various
separate distances. The capacitance for the infinitesi-
mal capacitor can be expressed as:

( )e e
=

-
@

-
dC

A

d Z

A

R Z

d d
15

t i t i

0 0

Rt denotes the roughness amplitude that is the
distance between the peak and valley of surface
topography, and ( )f x y, is the surface profile
( ( ) [ ]Îf x y R, 0, t ), and dt is the height of terminal,
which approximate as roughness amplitude (Rt )when
the contact force is relatively small, leading to the
expression on the right side. Hence, the total capaci-
tance contributed by air can be calculated by treating
these micro capacitors as parallel plate capacitors,
calculated as:

( )
( )ò

e
=

-
C

R f x y
A

,
d . 16a

A

t0

0

It is found that the capacitance contributed by the air
gap is dramatically smaller than that of the non-
contact oxide layer, thus, its reciprocal dominating the
overall contact capacitance. The non-contact oxide
layer capacitance term can be neglected according to
equation (15), yielding the approximated total

capacitance expression:

( )ò
e e e

= +
-

C
A

d

dA

R Z
. 17t

r c

s

A

t i

0

0

0

Figure 6 illustrates the comparison between simu-
lated dimensionless capacitance and analytical results
from the previously introduced model with varying
R .RMS The analytical model prediction and numerical
simulation results show a good agreement, validating
the proposed analytical model in the previous section.
There are three regimes dominant the stress-depen-
dent interfacial capacitance on fractal rough surfaces:
(1) capacitance from air gap dominant as contact load
is low, (2) transition zone that the magnitude of the
gap and contact capacitance are compatible when the
contact load is low to intermediate, and (3) contact
capacitance dominant under large contact loads. Base
on the proposed analytical model, we are able to pre-
dict the contact-induced interfacial capacitance for
given surface topography. It is interesting to note that,
for smaller R ,RMS the prediction from the analytical
model is slightly smaller than the simulation results;
this is due to the neglected contribution from non-
contact oxide layer capacitance, yielding a slight
underprediction.

3.4. Effects of oxidefilm thickness on interfacial
capacitance
The role of oxide layer thickness on stress-dependent
capacitance was evaluated by a further parametric
study. As is shown in figure 7, the transition point
tends to appear at high compression for cases with a
thicker oxide layer. This trend can be potentially used
to determine the oxide layer from the measurements
of contact load and interfacial capacitance, provided
surface topographies are known.

Figure 5. Stress-dependent interfacial capacitance for surfaces with different roughness: (a) Interfacial capacitance versus
dimensionless applied force for contacting surface with m=R 1.6 m,RMS and varying D .in The insertion is the zoom-in of capacitance
variation at lower contact force regime for better visualization. (b) Interfacial capacitance versus dimensionless applied force for
contacting surfacewith =D 2.3,in and varying R .RMS
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3.5. Characteristic frequencywith the presence of
oxidefilm
It is necessary to know the entire surface topology in
order to obtain the thickness of the oxide layer from
the stress-dependent expression of interfacial capaci-
tance shown in equation (17). This process is iterative
and tedious to measure the surface topology after each
increment of contact load and impedance analysis.

However, characteristic frequency plays an essential
role in studying the behaviours of the interface, which
has the advantage that is easy to measure, and
correlates with both stress-dependent electrical
restriction resistance R and interface capacitance C
aswell.

The characteristic frequency is defined as the fre-
quency that the real part of impedance equals the

Figure 6.Comparison of the analytical solutions and FEMsimulations for the interfacial capacitance of surfaces with =D 2.3in and
various R .RMS Scatter points show the FEM simulated capacitance, and the dashed lines represent the analyticalmodel predictions.
Note that the colour of FEM simulation and derivedmodel results for the same surface parameter is the same for the reason of
comparison.

Figure 7.Normalised interfacial capacitance versus dimensionless contact load for contacting rough surfaces with various oxide layer
thickness ( m= =FD RMS2.3, 3.2 m). Scatter points indicate the capacitance fromFEMsimulations, while the dash lines represent
the prediction by the analyticalmodel. Note that the colour of FEM simulation and derivedmodel results for the same surface
parameter is the same for the reason of comparison.
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imagining part of impedance during the frequency
spectrum. For the interface that we are interested in,
an RC parallel circuit can be considered as an equiva-
lent circuit model [7, 50, 51], shown in figure 3. There-
fore, the equivalent impedance can be calculated as:

( )
w

=
+

Z
R

j C1
18

Here Z is the equivalent impedance, R and C denote
electrical constriction resistance and interfacial capa-
citance for a given load, respectively, and w is the
angular frequency that can be determined by ordinary
frequency: w pt= 2 . Thus, the characteristic fre-
quency of the equivalent circuit can be expressed as:

( )t
p

=
CR

1

2
19

The characteristic frequency is determined by the
product of resistance R and capacitance C. Since the
interfacial capacitance shows a non-linear relationship
with increasing contact load, it will alter the behaviour
of characteristic frequency under the surface contact-
ing. By substituting equations (11) and (17) into
equation (19), the variation of characteristic frequency
with increasing of contact load can be determined,
yielding the expression:

⎛
⎝

⎞
⎠

( )

ò
t

p e e r r
=

+ e
-

A

1

2 d

20

r
d

A

A

R Z0
0

s

c t i

0

It is interesting to point out that the characteristic
frequencies for varying oxide layer thickness cases are
converging to a specific frequency as the contact load
increasing, this is because the interfacial capacitance is
dominant by the capacitance from the contact oxide
layer at high contact load. Therefore, the term
determines gap capacitance in equation (20) can be

neglected, yielding the upper bound characteristic
frequency t pre e=¥ ½ ,r 0 which is determined by
the material properties of the oxide layer (r e, r and
e0 ), which can not be used to determine the thickness
of the oxide film. Figure 8 shows the performance of
characteristic frequency during the initial compres-
sion for contacting the fractal rough surface with

=FD 2.1and m=R 3.2 mRMS with varying oxidefilm
thickness.

The linear relationship between the characteristic
frequency and the applied load in a log-log scale sug-
gests a power-law relationship, which can be described
as:

⎛
⎝

⎞
⎠

( )t a= t

btF

EA
21

where the parameter a bt t, is related to the surface
roughness parameters and thickness of the oxide layer.
The fitting parameters and the goodness of fitting (R-
Square) are reported in table 3 below. Similar to the
relationship between ECR and contact force, the
formatof thepower-law relationship (in equation (21))
here can be applied to various conductive materials.
However, the particular values of intersect at and

Figure 8.Normalised characteristic frequency versus dimensionless contact load for contacting rough surfaces with various oxide
layer thickness ( =FD 2.1, and m=R 3.2 mRMS ).

Table 3. Fitting parameters of a bt t, andR-Square with respect to
the rough surfacewith fractal dimension (Din=2.1) andfixed
RRMS (1.6 mm).

Film thick-

ness ( )nm

Coefficient of

correlation

(for at)

Coefficient of

correlation

(for bt) R-Square

10 30.82 0.63 1.26 0.04 0.9689

20 32.03 0.23 1.43 0.06 0.9731

50 32.87 0.12 1.54 0.05 0.9675

100 33.66 0.27 1.62 0.08 0.9610

200 34.20 0.48 1.68 0.09 0.9540
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slope bt are affected by the mechanical properties of
contactmaterial in the contactmodel.

The predicted oxide layer thickness exhibits a
power-law relationship with respect to thefitting para-
meter bt, which can be observed in figure 9. As a
result, by employing the power-law correlation
between bt and oxide film thickness, the oxide layer
thickness can be determined from simple measure-
ments of the contact load and characteristic frequency.
It worth mentioning that oxide film thickness can be
obtained with known surface topology and character-
istic frequency variation during the surface indenta-
tion and without understanding the correlation
between fitting parameters at , bt and fractal dimen-
sion and R .RMS

4. Conclusions

We performed numerical and theoretical investiga-
tions on the stress-dependent impedance at the fractal
rough interfaces. The combination of the truncation
approach and simulation of interfacial impedance
responses at given truncation height enabled the
investigation of the stress-dependent impedance beha-
viour of fractal rough surfaces. Through parametric
analyses, the relationships between the fractal dimen-
sion, RRMS and oxide layer thickness and the electrical
contact resistance, interfacial capacitance and charac-
teristic frequency were established, yielding an explicit
expression to describe these relationships. This simple
expression provides insights into the estimation of
oxide thickness of rough surfaces based on electrical
impedance measurements. In view of the demon-
strated results and discussion, the following main
conclusions can be drawn:

(1) For various surface structures with the presence
of a thin oxide layer, stress-dependent interfacial
electrical responses have been observed, mani-
fested in terms of contact resistance, interfacial
capacitance and characteristic frequency.

(2) An analytical model is proposed to investigate the
interfacial capacitance with varying contact load,
and its validity is verified by the FEM simulation
results. The model reveals the predominance of
the gap capacitance mechanism under light load,
while the interfacial capacitance is dominant by
the contact layer capacitance mechanism in large
contact load.

(3) The interfacial capacitance increases with increas-
ing the contact load and decreases with the
increase of R .RMS As for the effect of fractal
dimension, higher fractal dimension yields smal-
ler capacitance in the gap dominant and transition
zone, while the capacitance values are not distin-
guishable due to the majority of microcontacts
are flattened, which are in plastic deformation
regime and would be insensitive to surface
topography.

(4) The relationship between characteristic frequency
and contact load is examined and can be
expressed as a power law. In addition, the
parameters bt and at show power-law relation-
ships with the thickness of the oxide layer. This
implies that impedance measurements during
surface contacting can be used to determine the
thickness of the oxide layer on the conductive
fractal rough surface with known surface
topologies.

Figure 9.Correlation between oxide layer thickness and the values of thefitting parameter at (a) and bt (b) on the surface under the
logarithm scalewith various of Din and R .RMS They indicate that there is a possibility of predicting the thickness of oxidefilm, using
the impedancemeasurements during the surface compression/indentation.
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