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A B S T R A C T   

The three-dimensional gap distribution and area of true contact significantly affect sealing performance and 
tribological properties between rough surfaces. Current experimental approaches are limited in their ability to 
predict the evolution of the gap distribution and real contact area on assembled rough interfaces, particularly on 
non-transparent surfaces. In our previous study [1], we presented a X-ray computed tomography method to 
obtain these parameters between non-transparent assembled rough interfaces experimentally. In this study, 
contacts of higher complexity than in our previous work are studied and accuracy as well as limitations of the 
experimental method are discussed. Additionally, the experimental procedure and data-processing methods are 
detailed to help other researchers reproduce this work.   

1. Introduction 

Surfaces at a contact interface appear flat or smooth at the macro-
scale, but are actually rough at the microscale. When we measure them 
using, for example, an optical surface profilometer, many peaks and 
valleys can be detected. When two rough surfaces are squeezed together, 
although some higher peaks may be in contact, most of the lower peaks 
remain separated from the opposite surface. The contact zone, which 
makes up only a small part of the entire contact surface, largely depends 
on the squeeze load, surface materials, and surface topography. The area 
of true contact and gap distribution (also known as surface separation), 
significantly affect the sealing performance [2,3] and tribological 
properties [4]. Thus, it is very important to have a reliable experiment 
method to investigate the area of true contact and gap distribution for 
contact mechanics. 

Extensive experimental studies have been carried out to measure the 
real contact area between rough surfaces, some good reviews on this 
topic can be found in the literature [5,6]. For example, the thermal 
resistance [7], electric resistance [8], and ultrasonic reflection coeffi-
cient [9,10] have been measured and third bodies, such as 
pressure-sensitive films [11,12], polymer films [13], and gold films [6], 
have been used to experimentally measure the area of true contact, but 
all of these methods are limited in their ability to provide the distribu-
tion of the three-dimensional (3D) surface separation. Additionally, 
accuracy is significantly affected by the surface oxide layer [7–10] or the 

presence of the third bodies [6,11–13]. Optical experiments using sur-
face profilometers [14–19] or self-designed equipment [20–23] were 
another kind of methods to obtain the real contact area or gap between a 
rough interface and a flat transparent interface. However, local stress 
might destroy the flatness of the transparent surface if the rough surface 
is not sufficiently soft compared with the transparent surface, which 
may affect the accuracy of the results. Furthermore, assembling rough 
interface with transparent rigid flat interface is not common in engi-
neering applications. As for the experimental measurement of gap dis-
tribution or surface deformation in contact process, there are very few 
works. Among all the works mentioned above, only a few optical ex-
periments [22,23] were reported to measure the surface deformation. 
Other experiments such as wear measurements [24,25] were also car-
ried out to measure plastic deformation after unloading, but the mea-
surement of the elastic deformation was unavailable. In summary, it is 
still a big challenge to experimentally measure the real contact area and 
gap distribution between rough surfaces. 

CT technology is a new developed contact measurement method 
[26–28], which has the potential to measure both real contact area and 
gap distribution. Recently, we also reported an experimental method [1] 
to study contact mechanics between non-transparent rough surfaces by 
accurately measuring the area of true contact and 3D gap distribution by 
using X-ray CT technology; experiment results were compared with 
those of a finite element method (FEM) simulation. However, the 
detailed experimental procedure and data-processing method need to be 
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presented to assist other researchers to reproduce this work. Addition-
ally, the accuracy and limitations of the experimental method required 
further study. Herein, the experimental procedure and data processing 
are described in detail for the contact between four sets of aluminum 
(Al) contact pairs and two sets of polycarbonates (PC) contact pairs. The 
accuracy and limitations of this method are also discussed. Since X-ray 
CT technology has scarcely been applied to contact mechanics [1,26], 
we believe this work will provide scientists and engineers working in 
this field with new ideas and contribute to novel fundamental 
discoveries. 

2. Experimental description 

2.1. CT equipment and experiment setup 

High-resolution CT has become a powerful tool for a diversity of 
industrial, scientific, and metrological applications [29,30]. The spatial 
resolution (both lateral or normal resolution) of CT can be less than 200 
nm [31], which meets the requirements for microcontact observations. 
The instrument used in this work was the phoenix nanotom® m, a 180 
kV/20 W X-ray nano-CT system. Fig. 1 is an illustration of this system, 
which consists of a radioactive source, an objective table, and a detector. 
The highest possible spatial resolution of this CT equipment is 200 nm. 
However, the actual spatial resolution of the CT measurements is limited 
by the density and size of the analyte, and the experimental setup. If the 
density of the analyte or setup is too high, the power of X-ray might not 
be sufficient enough to achieve a high-resolution measurement. The size 
of the analyte and setup influence the spatial resolution by increasing 
the distance between the radioactive source and the analyte; the spatial 
resolution (length unit, e.g., nm) in an experiment is theoretically 
approximately proportional to the distance. With of all these factors 
considered, the actual spatial resolution achieved in this work was 2 μm. 

During contact mechanics experiments, pressure must be applied and 
maintained to the contact interfaces. An experimental apparatus was 
designed to achieve this (Fig. 2). The setup consisted of a regulating bolt, 
transparent tube, pencil rod, pressure sensor, and load bolt, among other 
components. The samples were confined to the transparent tube and 
assembled between the regulating bolt and pencil rod, and the regu-
lating bolt was used to align the sample to the measurement region. The 
squeeze load was applied by screwing the load bolt. After measurement 
by the sensor, the load was transmitted to the samples and finally 
squeezed on the rough surfaces. The tube was designed to be slender to 
reduce the size of the setup; this helped achieve higher-resolution CT 
measurements. 

2.2. Sample preparation 

Six contact pairs were examined in this work. These contact pairs 
were numbered from Experiment 1 to Experiment 6, and each of them 
was constitutive of two cylindrical experimental samples, which were 
numbered as Sample x-1 and Sample x-2 (x refers to the contact pair). 
Fig. 3 shows the cylindrical samples used in the experiments and their 
size. The end faces of the two cylinders formed a contact pair. The details 
of the samples are summarized in Table 1. Among these contact pairs, 
the material of contact pair 3 and 5 was PC, while Al was used for the 
other contact pairs. Contact pair 4 was composed of two isotropic 
random rough surfaces (Fig. 4a), while the other contact pairs were 
composed of a relatively rough anisotropic surface having several par-
allel textures (Fig. 4b) and a relatively flat surface. 

2.3. Experimental procedure 

Each sample was aligned to the measurement region of the appa-
ratus. After applying the squeeze load (5, 50, 100, 200, 350, and 500 N 
for contact pairs 1–4; 5 and 125 N for contact pairs 5 and 6) by screwing 
the load bolt, the apparatus was set up on the objective table of the CT 
equipment. Then, the X-rays emitted by the radioactive source were 
passed through the sample and detected and recorded by the detector. 
The objective table was then rotated to a new position by a preset 
number of degrees, and the sample was irradiated by additional X-rays. 
The detection procedure continued until the objective table had been 
rotated by 360�. The data recorded in each position were processed 
based on tomographic reconstruction and other methods [32] to build a 
geometric model (Fig. 5). Specifically, this model was output in ster-
eolithography (STL) format and contained triangulated surfaces that 
defined the external surfaces of the contact solids, as well as point clouds 
defining the corners of the triangulated surfaces. 

3. Data processing and error estimation 

3.1. Calculation of the surface separation and normalized real contact 
area 

Stereolithography models are computer-aided design models that are 
widely used to describe the external surfaces of objects. In a contact pair, 
gaps exist between rough surfaces in the non-contact region, while the 
two solids come into contact in the contact region via the squeeze 
pressure. X-ray CT technology uses density contrast to identify the 
boundary of an analyte. The materials of Samples x-1 and x-2 were the 
same in this work; consequently, only the rough surfaces in the non- 
contact region were identified as the external surfaces. Fig. 6 is a 
sketch of the STL model of an experimentally observed contact pair. The 
red solid circles and lines correspond to the point cloud and triangulated 
surfaces on the upper rough surface, respectively, while the blue dashed 
circles and lines correspond to the point cloud and triangulated surfaces 
on the lower rough surface, respectively. The cavities between Samples 
x-1 and x-2 in section view A are non-contact regions, and the other 
zones between the samples occupied by the solid material are contact 
regions. There are no point clouds or triangulated surfaces in the STL 
models to define the boundary between Sample x-1 and x-2 in the 
contact regions, and the point clouds in the non-contact regions are not 
ordered. Experimental data need to be further processed to obtain the 
area of true contact and surface separation, and to help with further 
analysis of the contact behavior. 

A two-dimensional array is commonly used to describe the topog-
raphy of a rough surface or the gap distribution between a contact pair. 
Each array element represents a point on the xy plane, and the spacing 
between these points is equal. In this study, the data of the STL model 
were processed to yield an array representing the surface separation, 
and to calculate the real contact area. The data processing is actually an 
interpolation process. Both linear interpolation and cubic interpolation Fig. 1. The computed tomography (CT) system.  
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have been employed, and it was found that the effect of interpolation 
method on real contact area, gap distribution, surface roughness (RMS) 
and root mean square slope was negligible. As linear interpolation is less 
complicated, it was used in this work. During the data processing, the 
rough surfaces were assumed to be parallel to the xy plane and a grid, 
which consisted of a set of nodes pij (i ¼ 1;2…; I; j ¼ 1; 2;…; J), was 
defined on the xy plane. The coordinate of node pij is ðxi; yj; 0Þ, where 
xi ¼ ði � 1Þ⋅d, yi ¼ ðj � 1Þ⋅d, and d is the spacing between nodes. Then, 
the nodes in the circular nominal contact region were moved in the z 
direction to hit the triangulated surfaces. If a node was in the contact 
region, it would not hit any triangulated surface, while it would hit two 
triangulated surfaces if it was in the non-contact region. The z coordi-
nate of the upper hit point was named zm

ij and that of the lower hit point 
was named zn

ij. Thus, the gap was defined as gij¼ zm
ij � zn

ij in non-contact 
regions and gij ¼ 0 in contact regions. The number of the array elements 
when gij ¼ 0 was named Nc; this corresponds to the node count in con-
tact regions. The number of the nodes that were in the nominal contact 
region was named Nn. Thus, the normalized real contact area was a ¼
Nc=Nn. 

3.2. Determination of the grid spacing 

The spacing d between nodes on the grid can contribute to error in 
the data processing procedure. If the grid is too coarse (d is very large), 
some rough surface details will be missed. Theoretically, the finer the 
grid, the fewer details will be missed such that the data processing 
procedure will be more accurate. However, a grid with very small 
spacing can be computationally intensive. Thus, it is important to 
identify the optimal grid to achieve the lowest data processing error and 
lowest demand on computing resources. The spacing of the grid is 
influenced by the spatial resolution of the experiment and the statistical 
parameters of the rough surfaces. Thus, grid refinement studies should 
be done to identify the optimal grids. Herein, a series of grids with 
increasing d were used to process all the experimental data, and the 
average gap and normalized real contact area calculated from these 
grids. All experiment surfaces showed a convergence of the contact re-
sults as the decreasing of the spacing, experiment 2 with a 5-N squeeze 

Fig. 2. Experimental setup.  

Fig. 3. Experimental samples 2–1 and 2-2.  

Table 1 
Sample details.  

Experiment 
number 

Sample Material Type of 
surface 

Processing 
method 

Roughness 
μm 

1 1–1 Al Flat Turning 3 
1–2 Al Rough, 

anisotropic 
Milling 60 

2 2–1 Al Flat Turning 3 
2–2 Al Rough, 

anisotropic 
Knurling 43 

3 3–1 PC Flat Turning 3 
3–2 PC Rough, 

anisotropic 
Milling 60 

4 4–1 Al Rough, 
isotropic 

WEDM 20 

4–2 Al Rough, 
isotropic 

WEDM 22 

5 5–1 PC Flat Turning 3 
5–2 PC Rough, 

anisotropic 
Milling 106 

6 6–1 Al Flat Turning 3 
6–2 Al Rough, 

anisotropic 
Milling 56  
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load is presented as an example in Fig. 7. As the spacing d decreased 
from 0.04 to 0.005 mm, the average surface separation and real contact 
area fluctuated, but remained unchanged when the spacing d further 
decreased from 0.005 to 0.002 mm. This indicated that 0.005 mm was 
the largest grid spacing that was not likely to lead to significant data 
processing error. To ensure the accuracy of the results, all of the 
experimental data were processed with a 0.002 mm grid spacing. 

3.3. Error estimation 

Fig. 8 shows that the measured gap gij has an associated error Δgij in 
the vertical direction. This error results from the spatial resolution of the 
experiment. The error in the real contact area A is between Amin (the 
lower limit) and Amax (the upper limit). 

As noted above, the measured gap is defined as gij¼ zm
ij � zn

ij, so the 
gap error is Δgij � Δzm

ij þ Δzn
ij. In Fig. 9, Δzm

ij and Δzn
ij are the errors in 

height of the measured external surfaces (in the vertical direction). The 
experimental spatial resolution achieved in this work was 2 μm, such 
that the identified external surfaces had a maximum error of approxi-
mately 2 μm (denoted Δd) perpendicular to the surfaces. The relation-
ship between Δzm

ij and e can be expressed approximately by Equation 
(1): 

Δzm
ij ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔdÞ2 þ ðΔd⋅tan αÞ2
q

¼Δd
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
�
rzm

ij
�2

q

(1)  

where tan α is the gradient of the surface at point ðxi; yj; zm
ij Þ (tan α ¼

rzm
ij ). Likewise, the error in height at point ðxi; yj; zn

ijÞ can be calculated 
based on rzn

ij and Δd. The derivation of the gap error Δgij is shown in 
Equation (2): 

Δgij¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�
Δzm

ij
�2
þ
�
Δzn

ij
�2

q

¼Δd
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2þ
�
rzm

ij
�2
þ
�
rzn

ij
�2

q

(2) 

Fig. 8 also illuminates that the error in area of true contact can be 
expressed as ΔA ¼ Amax � Amin � 2⋅ðAmax � AÞ. Thus, the normalized real 
contact area error (denoted as Δa) can be deduced by Equation (3): 

Δa� 2⋅ðamax � aÞ (3)  

where amax represents the upper limit of the normalized real contact area 
which is dependent on the lower limit of the gap (gij �

1
2Δgij). The 

number of array elements for which gij �
1
2Δgij � 0 was named Nmax

c ; this 
corresponds to the maximum possible node count in contact regions. 
Thus, the upper limit of the normalized real contact area is amax ¼

Nmax
c =Nn. 

4. Results and discussion 

4.1. Evolution and error of the surface separation 

The 3D surface separation distribution was obtained by processing 
the data in the geometric model, and the average gap was calculated 
based on the 3D surface separation distribution. Fig. 10 presents the 

Fig. 4. Surface topography (measured using a surface profilometer).  

Fig. 5. Geometric model of Experiment 4 with a 100-N load measured using the CT system (grey zones correspond to the contact zone).  
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evolution of the average gaps and gap errors. The measured errors could 
be neglected because they were sufficiently small compared with the 
average gaps. This demonstrated that the evolution of the surface 
deformation could be measured directly and accurately. 

4.2. Evolution and error of the normalized real contact area 

The normalized real contact area was calculated by further pro-
cessing the gap distribution. The evolution of the normalized real con-
tact area over the squeeze pressure are shown in Fig. 11. The errors 
(Fig. 11) were all relatively small. However, although the error for the 
isotropic rough surfaces (Experiment 4) clearly decreased with 
increasing squeeze pressure and real contact area, the errors for the 
anisotropic surfaces (Experiments 1–3) remained constant. This was 
attributed to differences in surface topography. For anisotropic surfaces 
with parallel textures, the perimeter of the contact patches remains 
constant with increasing real contact area. However, for random rough 
surfaces, the perimeter lengthens with increasing real contact area. 

Fig. 6. Sketch of the stereolithography model of an experimentally observed contact pair.  

Fig. 7. Grid refinement results (Experiment 2 with a 5-N squeeze load is presented as an example).  

Fig. 8. Measured gap, real contact area, and error (schematic).  
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4.3. Limitations of our method 

The major limitation of this experimental method is the measure-
ment spatial resolution. In our experiments, the spatial resolution was 2 
μm, so any zone where the separation was less than 2 μm could be 
considered as a contact zone. Thus, the measured area of true contact 
was larger than the actual value. This could explain the nonzero 
normalized real contact area experimentally measured under conditions 
of very low load (Fig. 11). Such error would likely be lower for mea-
surements obtained at higher resolution. To ensure the accuracy of the 

measurements using our material and setup, the roughness of the 
experimental surfaces should exceed Ra 20 μm. Nano-CT is a rapidly 
developing technology. The spatial resolution of commercial X-ray CT 
systems has increased from 2 μm in 2009 to 200 nm currently, and it is 
predicted to improve further in the future (Table 2). The measurement 
error of this experimental method will decrease as nano-CT technology 
further develops. 

Another limitation of this method is that the surface topography in 
the contact regions between two samples made of the same material 
cannot be identified and measured. However, if the samples are made 
from different materials, especially materials of different density, this 
limitation disappears. This is because X-ray CT technology uses density 
contrast to identify the boundary of the analyte. If the material of two 
samples is the same, the material density on both sides of the boundary 
in the contact regions is the same such that the boundary cannot be 
identified. 

4.4. Advantages of our method 

The major advantages of this method are that it allows accurate 
measurement of the 3D gap distribution and area of true contact on 
assembled rough surfaces that are not transparent. 

Compared with current technologies, our CT method also has 
another important advantage. At present, analytical, numerical, and 
experimental methods can only solve the contact problem for surfaces 
that can be represented by an analytical function of two in-plane co-
ordinates (each x, y position has a unique z value); this kind of surface is 
called an “ideal rough surface” (Fig. 12a). However, the CT experiments 
revealed more complex contact phenomena because some contact pairs’ 
rough surfaces were not ideal. Fig. 12b shows that some x, y positions of 
the rough surfaces had more than one z value; these were defined as 
surface defects. Such surface defects differ from standard surface 
roughness and cannot be measured using normal optical surface pro-
filometry, nor by other approaches. These defects may significantly in-
fluence contact mechanics that cannot be elucidated by current 
analytical, numerical, and experimental methods. 

However, the X-ray CT method can help to solve this problem. Fig. 13 
shows the contact behavior of a defective rough surface. The defects 
might be caused by some unavoidable and unpredictable factors, such as 
cavities in the material, cracks resulting from the processing stress, and 
impurities on the surfaces. Furthermore, Fig. 14 shows how ideal rough 

Fig. 9. Measured external surfaces and possible contact zone of the surfaces (schematic).  

Fig. 10. Evolution of the average surface separation and the errors.  

Fig. 11. Evolution of the normalized real contact area and the errors.  

Table 2 
Spatial resolution of commercial X-ray computed tomography systems.  

Date Product Maximum 
resolution (μm) 

Maximum resolution under 
experimental conditions (μm) 

2009 phoenix v| 
tome|x s 

2 – 

2011 phoenix 
nanotom s 

0.5 4 

Current phoenix 
nanotom s 

0.2 2  
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surfaces can become defective due to shearing of asperities caused by 
tangential deformation. These contact phenomena cannot be observed 
by conventional approaches, but can be investigated using the X-ray CT 
method. 

5. Conclusions 

It is difficult to accurately measure the area of true contact and gap 
distribution on assembled rough interfaces, particularly on non- 
transparent surfaces. In this study, the capability of the novel experi-
mental method based on X-ray CT technology used in Ref. [1] to study 
the contact mechanics on assembled non-transparent rough interfaces 
was further investigated. To facilitate the reproduction of this work by 
other researchers, the experimental procedure and data-processing 
method are described in detail. The evolution of the surface deforma-
tion and the normalized real contact area over the squeeze pressure were 
investigated using this method, and the experimental error was also 
estimated. Furthermore, complex contact behaviors involving surface 
defects and the shearing of asperities were also observed; such behaviors 
cannot be investigated using other current methods. This is yet another 
advantage of the CT technology. 

The spatial resolution is the main limitation of this technology. We 
achieved a resolution of 2 μm, which is sufficient to demonstrate that 
current X-ray CT technology is capable of analyzing contact between 
rough surfaces at the micron scale. It remains challenging to study 

contact mechanics at smaller scales, although use of an advanced CT 
system (with a higher-power X-ray source or a higher-resolution de-
tector) might improve the spatial resolution and enable analysis of a 
larger sample. Another limitation of this experimental method is that CT 
technology cannot identify the boundaries between rough surfaces in 
the contact region if the contact surfaces are of the same density. 
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Appendix A. Experimental measured probability distribution of gap for the random rough surface 

Notably, the probability distribution of gap for the random rough surface has also been calculated (as shown in Fig. A), as it is decisive for the leak 
rate of Reynolds flow through leak channels. When the squeeze load is small, there is only one peak on the distribution curve. With the increase of the 
squeeze load, a second peak with very small gap exists. The detailed discussion on this phenomenon can be found in Ref. [33].

Fig. A. Probability distribution of gap for the random rough surface (Experiment 4).  

Appendix B. Experimental measured contact pressure, average surface separation, and real contact area (Table A, B, C and D) 

Table A 
Experiment 1  

Contact pressure (MPa) 1.5 10.4 20.4 40.1 65.6 91.8 

Average gap (μm) 109.6 104.5 98.9 89.4 72.5 52.9 
Real contact area (%) 4.9 7.7 11.5 17.8 27.8 39.7   

Table B 
Experiment 2  

Contact pressure (MPa) 2.5 12.2 23.6 43.6 71.1 99.1 

Average gap (μm) 71.2 62.4 59.7 53.3 41.1 33.7 
Real contact area (%) 4.4 11.3 14.2 20.2 34.1 44.0   

Table C 
Experiment 3  

Contact pressure (MPa) 0.8 9.8 19.2 39.0 66.5 94.5 

Average gap (μm) 109.5 99.7 93.0 69.1 52.6 34.0 
Real contact area (%) 4.4 10.2 14.4 25.4 36.2 48.8   
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Table D 
Experiment 4  

Contact pressure (MPa) 2.3 11.4 23.1 45.7 78.1 109.9 

Average gap (μm) 56.3 51.1 44.3 33.7 26.0 18.8 
Real contact area (%) 2.8 4.4 7.7 16.3 26.5 37.8  
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