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Abstract. Contact maps of an electrical interface are acquired using an X-Ray Computer
Tomography (CT) technique without the need for dismantling the specimens. These maps
consist of approximately 1500 x 1500 pixels with each pixel relating to an 8.0µm by
8.0µm by 8.0µm volume at the interface. The specimens consist of bolting a cable lug to a
printed circuit board at various contact normal forces of between 0.8 – 3.2 kN. The contact
maps reveal a complex network of contacting “islands” with meandering perimeters
consisting of contacting “peninsulas” and non-contacting “fjords”. The fractal
characteristics of the spot spatial distribution show similar behaviour to the fractal
characteristics of the spot size distribution.
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1. Introduction

Real surfaces have a roughness on many scales. This is particular important on the microscopic
scale which influences mechanical contact when two surfaces are brought together. This
mechanical contact only occurs in a specific number of areas on the apparent area of contact as
visualized by Thomas and Probert. Indentations indicating contact are observed but the contacting
system had to be dismantled for analysis (micrographs reproduced in [1]). Swingler and Lalechos
[2] have visualized the area of contact with contact maps taken by using an X-Ray Computer
Tomography (CT) technique without dismantling the specimens. The mechanical area of contact
is determined which is in close agreement with a plastic deformation model of contact surface. In
addition, the spot size distribution shows a Korcak empirical number-area behaviour, analogues
to the size distribution of islands on Earth [3], from which fractal characteristics can be obtained.
Equation 1 shows this relationship as the spot size cumulative distribution function for the
number of spots of a particular size Ai which are equal or larger than a reference size [2, 4]. The
fractal dimension is given by D and AL is the largest spot size on the specimen.
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Majumdar and Bhushan [5] highlight the importance of the size and spatial distributions of
contact spots in developing theories in tribology and contact physics. The spot spatial distribution
is important in studying the stress and dynamic interactions between contacting spots. In an
electrical contact, spot spatial distribution is also important for determining the contact resistance.
Greenwood developed an expression for contact resistance by approximating the electrical
potential field due to a current flow through the cluster of spots [6]. Others have developed this
further to model the contact resistance from spot distributions [7-10].

This paper takes further the work already presented on the visualization and size distribution of
contact spots at a real un-dismantled bolted electrical interface [2] and focuses on clustering and
the spatial distribution of these contact spots. The interface is mapped using an X-ray CT
technique leaving it undisturbed in order to give a realistic representation of the area of contact
under the mechanically loaded conditions. An initial investigation into the effect of clustering
using the mapped data on contact resistance is presented.

2. Experimental Arrangement and Methodology

A bolted connector arrangement used to join a cable lug to a printed circuit board (PCB) is
investigated. Aluminium nuts and bolts are used due to their low density compared to copper
making it easier for the X-ray CT technique to acquire images [11]. The bolt has a screw diameter
of 6mm, length of 100mm and is tightened to between 1 ± 0.05 to 4 ± 0.05 Nm (0.8 – 3.2 kN).
Torque values are converted to contact normal force values using an appropriation equation with
the “nut factor” of 0.21 ± 0.01 [12]. Figure 1 illustrates the arrangement of fixing the cable lug to
the PCB with the bolt, nut and two types of washers [13]. A tripedal wavy washer makes contact
with the cable lug forming the interface under investigation.
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Figure 1 Bolted Connector Arrangement
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2.1. Visualization technique

The visualization technique consists of several stages starting with acquiring X-Ray images of the
specimen using a CT scanner. The CT scanner is an X-Tek CT 160Xi µCT fitted with a tungsten
X-ray target. The X-ray source is set to 160kV, which can give a 5µm focus capability and feature
recognition down to 1µm. The CT scanner acquires between 3,000 and 3,500 axial 2D X-ray
images by rotating the specimen through 360o.

The axial 2D X-ray images are then reconstructed as a 3D model of the bolted arrangement using
the “CTPro” software. “3D Studio Max” software is then used to generate 2D slice images from
the 3D reconstruction model which gives multiple cross-sectional views of the specimen. An
example of a slice is shown in Figure 2.

The 2D slice images are then analysed with a code developed by Lalechos [11, 13] to render the
2D “contact map” which identifies the contact areas on the interface. This map consists of
approximately 1500 x 1500 pixels to a linear resolution of 8µm depending upon the CT scanner
set-up. If a pixel is in contact it is assigned the value 1; if not in contact it is assigned value 0.
Figure 3 illustrates typical contact maps found by this technique [2]. These contact maps are then
used to characterise the contact interface.
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Figure 2 A 2D Slice Image of the Bolted Connection
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3. Analysis and Results

3.1 Observations from the Contact Maps

Figure 3 illustrates three contact maps of the bolted connector at different contact forces where
the white areas indicate mechanical areas of contact. These white areas consist of “contacting”
pixels. Increasing the force results in an increased number of contacting pixels (see Table I) and
thus an increase in the mechanical area of contact.

3.
2

kN
1.

6
kN

0.
8

kN
3.

2
kN

1.
6

kN
0.

8
kN

Figure 3 Contact Maps
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In this study, a contact spot is defined as a collection of contacting pixels which are neighbouring
other pixels by at least one of their sides. Figure 4 illustrates 3 contact spots: spot 1 consists of 18
contacting pixels, spot 2 consists of only one contacting pixel and spot 3 consists of 10 contact
pixels. Note that a pixel which is only a diagonal neighbour with a pixel belonging to a spot is not
considered to be a part of that spot (see spot 2 and 3 of Figure 4).

Table I gives the number of pixels for the specimen of a particular normal force which increases
with normal force. However the maximum number of spots is found at 1.6 kN.

Table I Characteristics of Maps

Normal
Force /

kN

Number
of Pixels

Number
of Spots

0.8

1.6

3.2

1.32×105

4.64×105

6.34×105

2714

5945

1226

Figure 5 shows three maps relating to the three contact forces applied. These maps are close-up
views of an edge portion of the largest spot on each specimen. The white areas indicate areas of
contact and the black areas indicate areas of non-contact.
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Figure 4 Contact spots and indexing
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At the lower force level of 0.8 kN the largest spot is perforated with many areas of non-contact
(lakes). The perimeter (coastline) of the spot meanders with a “peninsulas” and “fjords”
structures. Many differently sized islands of contact spots can be seen around the edge of this
largest spot. At the higher force level of 3.2 kN, the largest spot has fewer lakes and fewer
smaller spots.

a) 0.8 kN b) 1.6 kN c) 3.2 kN

200 µm

a) 0.8 kN b) 1.6 kN c) 3.2 kN

200 µm

Figure 5 Maps of Close-up Views at the Edge
of a Large Spot at Different Normal Force



7

3.2. Pixel spatial distribution investigation

The clustering of contacting pixels is investigated by determining the number of pixels separated
by distance sij. (note: lower case s refers to pixels and upper case S refers to spots in this study).
Figure 6 contains three graphs showing the cumulative pixel separation distribution function
Np(sij≤ sref) for each of the three contact forces applied. Np(sij≤ sref) is the number of pixels with a
separation less than or the same as a reference pixel separation, sref. This data is shown up to a
maximum separation of 6 mm.
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Figure 6 Contacting Cumulative Pixel Spatial Distribution Functions
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3.3. Spot spatial distribution investigation

In the spot spatial distribution ns(Sij) investigation, the number of spots i which have a separation
Sij with spot j are analysed. However, defining the separation Sij of spot i to spot j is not trivial as
several methods could be used. The first is to define Sij as the distance between the nearest edges
of spot i to spot j giving the gap between the spots. The second method is defining Sij as the
distance between the “centre of gravity” of spot i to the “centre of gravity” of spot j. When using
these methods it should be noted that the spots have intricate shapes as illustrated in Figure 5
which may influence the properties of the spot clusters.

For simplicity in extracting data from the maps, the method used in this study is to identify an
index pixel which is the lowest left pixel on the spot (as illustrated in Figure 4) and to use this to
identify Sij for a pair of spots. The cumulative spot separation distribution function, Ns(Sij≤ Sref), 
is then found using this definition of Sij. Ns(Sij≤ Sref) is the number of spots with this separation
less than or the same as a reference spot separation. This is used to determine the spot spatial
fractal dimension of Ds as in Equation 5.

sD

res

ref
resrefijs S

S
nSSN 








=≤ )( (5) 

 
Where nres is defined as the number of spots i separated from spots j by the resolution of the
technique (8µm). Note that these are spots which are diagonally placed with other spots by

( )282 mµ× which rounds down to 8µm. Figure 4 illustrates an example of a diagonally placed

single pixel spot near a larger spot.

Figure 7 shows three sets of two graphs for the contact forces investigated. The spot size
cumulative distribution, N(Ai≥ Aref), for spots with size equal or greater the a reference size, and
the spot separation cumulative distribution for spots separation equal or smaller than a reference
separation, Ns(Sij ≤ Sref), are plotted. The cumulative spot separation distribution, N(Sij ≤ Sref), as
with Equation 5, shows a Korcak type behaviour similar to the cumulative spot size distribution
as with Equation 1. The spot spatial fractal dimension, Ds, is indicated on the figure for each force
level.
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4. Discussion

The real un-dismantled contact interface consists of multiple contact spots of different sizes
which are dispersed across the apparent area of contact. A complex network of contacting
“islands” are observed which have meandering perimeters consisting of contacting “peninsulas”
and non-contacting “fjords”.

It is found that the spot spatial fractal dimension, Ds, follows a similar trend to the spot size
fractal dimension, D, with varying contact forces. That is at the medium normal force value of 1.6
kN, the fractal dimensions are at a maxima and at the highest normal force value of 3.2 kN, the
fractal dimensions are at a minima. Table II lists some of the interface characteristics where AL is
the largest spot, Am is the mechanical area of contact and Aa is the apparent area of contact.

Table II: Summary of the relationship of normal force to surface characteristics

Increasing the contact force from 0.8 kN to 1.6 kN results in an increase in the spot size fractal
dimension, D, which indicates that the spot number is increasing at a faster rate than an increase
in the areas of the spots. The decrease in the AL/Am ratio (the ratio of largest spot size, AL, to the
mechanical area of contact, Am) shows that the largest spot is growing at a smaller rate compared
to the mechanical area of contact which may give an indication that generally all spots are not
growing as fast as the mechanical area of contact. The spot spatial fractal dimension, Ds, also
increases with an increase of force from 0.8 kN to 1.6 kN which indicates that the spot number
(or more precisely interaction between spots) is increasing at a faster rate than an increase in the
spatial separation of spots. Once again this indicates that by flattening the tripedal wavy washer, a
dispersion of multiple smaller spots fill the apparent area of contact.

Increasing the contact force from 1.6 kN to 3.2 kN results in a large decrease in the spot size
fractal dimension, D, which indicates that the areas of the spots are increasing at a faster rate than
the spot number. As can be seen from Table II the spot number is actually reducing so that all
spots are increasing in size as indicated by the AL/Am ratio. The spot spatial fractal dimension, Ds,
also decreases with an increase of contact force from 1.6 kN to 3.2 kN which indicates a decrease
in spot number with an increase in spot separation. A condition is reached where the boundary of
the apparent area of contact has an influence on the growth of the number of spots. As a
consequence, the AL/Am ratio increases and there are fewer spots with smaller spot spatial
separation. Therefore the fractal dimension decreases which has the possibility of converging to
1.  
 

Normal
Force /

kN

Number of
Spots

Spot Area
Dimension

D
AL/Am

Am/Aa

±5%
Spot Spatial
Dimension

Ds

0.8

1.6

3.2

2.71×103

5.95×103

1.23×103

1.57

1.62

1.26

0.080

0.067

0.204

0.118

0.378

0.647

1.48

1.70

1.10



11

5. Conclusion

The X-Ray CT technique successfully renders contact maps to a resolution of 8.0 µm x 8.0 µm
(64.0 x 10-6 mm2) in the x-y plane for a sampling length of 12mm. The advantage of this
technique is to visualize the mechanical area of contact without the need to dismantle the
specimens and thus to alter the surface topology. The contact maps contain information on the
size distribution, spatial distribution, and shape of the contact spots across the apparent area of
contact. Bolted connector interfaces are investigated at different force levels which reveal a
complex network of contact spots or “islands”. These “islands” have meandering perimeters,
consisting of contacting “peninsulas” and non-contacting “fjords”, and non-contacting “lakes”
within the “islands” which also have meandering perimeters.

The spot spatial distribution is found to exhibit a Korcak type empirical number-separation
relationship with fractal behaviour. It is found that the spot spatial fractal dimension varies with
contact force in a similar fashion to the spot size fractal dimension.
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