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Geometrical Shape Effects of Surface Texture on the Elastic Deformation in
Soft-EHL Contacts

Binbin Su, Wei Huang, and Xiaolei Wang

National Key Laboratory of Science and Technology on Helicopter Transmission, Nanjing University of Aeronautics and Astronautics, Nanjing,
P. R. China

ABSTRACT
In order to investigate the elastic deformation behavior of surface texture on sliding bearings with
relatively soft material under lubricated condition, observation on the deformed surface around
the dimple patterns, including circular, elliptical, triangular, quadrangular, and diamond, is per-
formed by optical interferometry. Comparison of elastic deformation around different geometrical
shaped dimples is conducted. The results indicate that the geometrical shape of the dimple has
obvious influence on the elastic deformation of the textured surface; both the maximum and
scope of deformation are closely related to the geometrical shape of the dimple. The geometrical
shape effect becomes increasingly remarkable with growth of applied load. Finally, the optimum
geometrical shape of surface texture for soft-EHL contacts with respect to the minimum elastic
deformation is obtained.
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Introduction

Reliable and stable surface texture is essential to obtain the
optimum tribological properties of tribo-contacts (1–5).
Currently, most of the important texturing parameters,
including depth-to-diameter ratio, area ratio, and texture
size, have been extensively investigated through both theor-
etical and experimental methods (6–10).

In addition, the geometrical shape is another critical issue
for the design of surface texture. The effect of the geomet-
rical shape of surface texture on tribological behaviors has
also been studied (11–14). Elliptical dimples with the major
axis placed perpendicular to the sliding direction was theor-
etically found to perform better in regard to load-carrying
capacity (15, 16) and was experimentally verified to show
lower friction coefficient between conformal contacting sur-
face (17). Similar results were obtained in the gas-lubricated
parallel slider bearings textured by ellipsoidal shape concave
(18, 19). With the development of computer technology and
numerical simulation, various approaches for textural shape
optimization have emerged and outputted several novel geo-
metrical shapes for surface texture, such as the chevron-like
dimple shape (20) obtained by the Successive Quadratic
Programming (SQP) algorithm and the fish-shaped textures
(21) based on the Genetic Algorithm (GA) algorithm.

However, the optimized geometrical shape of the surface
texture revealed in the aforementioned research studies may
not be suitable for tribo-contacts made of relatively soft
materials, in which the elastic deformation of the contacting

surface cannot be ignored. Numerous studies (22–27) have
indicated that surface elastic deformation is playing an
increasingly important role in the performance of tribo-con-
tacts, especially for those made of relatively soft materials,
such as plastics and rubber. During a more generalized opti-
mization of texturing parameters, the optimal dimple area
density in regard to low friction on the surface of ultra-
high-molecular-weight polyethylene (UHMWPE) obviously
differs from that on the relatively rigid surface of steel (28,
29). Hence, more attention should be paid to elastic deform-
ation when studying the geometrical shape effects of surface
texture on tribological performance in soft contacts.

It interesting to question whether the deformation is
always bad for lubricated contacts. First, the maximum
hydrodynamic pressure is the most important design criter-
ion of surface texture for tribo-contacts under liquid lubrica-
tion. From this perspective, deformation may result in the
deviation from initial design intention, deteriorating the
hydrodynamic effect of surface texture (22, 30–34) by chang-
ing the optimized geometry of the textured surface. Second,
deformation always emerges at a high pressure zone, making
the high-pressure fluid prone to leakage, so that it seems dif-
ficult to have the surface texture achieve the best geometry
after deformation. On the other hand, deformation may
cause the rise of a partial area, which decreases the flatness
of the surface and decrease the film thickness of hydro-
dynamic lubrication. Therefore, there seem to be more rea-
sons to minimize the deformation of soft contacts in order
to maximize the hydrodynamic effect of surface texture.
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Different geometry of the surface texture may have differ-
ent deformation behavior. In order to experimentally inves-
tigate the effect of geometrical shape of dimple on the
elastic deformation of textured surface, this article presents
observations on the deformed surface textured by dimple
with various geometrical shapes through using optical inter-
ferometry. The soft tribo-contacts consist of a flat glass and
dimpled polydimethysiloxane (PDMS) sliders. Commonly
used geometrical shape of surface texture, including circular,
elliptical, triangular, quadrangular and diamond-shaped
dimples, are fabricated on the soft surface of PDMS sliders.
Interferometric images and their corresponding elastic
deformation across the contacting areas under various
applied loads are reported. The optimum geometrical shape
of surface texture for soft-EHL contacts is suggested in
regard to the minimum elastic deformation.

Experimental Details

A customized optical slider-on-disc test instrument (35)
based on the principle of interferometry is used in this study
to observe the deformed surface across soft-EHL contacts.
As schematically illustrated in Fig. 1, the soft-EHL contact,
which is submerged in simethicone with viscosity of
485mPa�s (26 �C), consists of a fixed-incline elastic slider
made of PDMS and a rotating transparent BK7 glass disk.
The PDMS slider comes into contacting with an initial
inclination angle a of 0.08 rad in order to ensure the
entrainment of the lubricant into the soft contacts. A con-
ventional monochromatic red light with wavelength of
650 nm is adopted as incident illumination. More detailed
information about the test procedure is available in our pre-
vious study (36).

The soft slider is made of polydimethylsiloxane prepoly-
mer (including the PDMS monomer and curing agent), a
kind of commercially available elastomer. The properties of
the final PDMS sliders samples used in the observation are
listed in Table 1. As shown in Table 1, the longer side of
the observing surface is oriented perpendicularly to the flow
direction of lubricant.

A micro-dimple with certain geometrical shape is fabri-
cated at the observing surface center of the PDMS slider by
lithography and replica technique during the mould proced-
ure, as described in detail earlier (37). In order to distin-
guish the effect of dimple shape, all designed textures with
various geometrical shapes have the same depth and equiva-
lent area, as shown in Table 2. Dimples are all situated
inside the converging gap with their centroids overlapped
on that of the observing surfaces. Dimple morphology meas-
ured with a white-light interfering three-dimensional (3D)
profilometer is also presented in Table 2.

In order for high-quality interference fringes, a chemical
deposit approach (38) is employed to coat a silver layer with
thickness of about 20 nm on the PDMS surface. The final
chemically deposited PDMS slider sample (displayed in
brown), as well as the sectional profile of dimple, is pre-
sented in Fig. 2. The sectional profile of dimple obviously
indicates that the designed morphology of the surface

texture is not affected by the deposited Ag coating, which is
experimentally found to markedly improve the light reflec-
tion performance of the PDMS slider sample.

All the observations on contacting surface are carried out
under the controlled environmental conditions with constant
room temperature of 26 �C. All interferograms are collected
when the oil lubrication is stabilized. Major testing parame-
ters are summarized in Table 3.

Results and discussions

The interferograms around the dimple in soft-EHL contacts
and its variation along with applied load are summarized; in
addition, corresponding sketches of deformed surface to typ-
ical interferograms are also presented, as described in
the following.

Light load

The typical interferograms around the dimple with different
geometrical shapes under the condition of light load
F¼ 3.92 N and U¼ 7.854mm/s are presented in Fig. 3. In
these and the following interferograms, the inlets of the
lubricant locate at the left of figures, with the direction of
main entrainment labeled by a yellow arrow. Under the light
load condition, owing to the initial inclination angle of the
soft slider, the slider surface at the trailing edge of the

Figure 1. Schematic of the slider-on-disc setup using optical interferometry.

Table 1. Properties of the PDMS slider samples.

Material Orientation
Dimension
l�w�h

Surface
roughness

Young
modulus

Poisson’s
ratio

PDMS 12� 5 � 10mm3 Ra < 10 nm 1.036MPa 0.49
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dimple (right part of the interferograms) comes into con-
tacting status preferentially, while a small gap is reserved at
the leading edge of the dimple (left part of the interfero-
grams), which makes the interference fringes dim, undistin-
guishable, and unable to be detected by the charge-coupled
device (CCD) camera because of the thick lubricant film, as
labeled by the red dotted line in Fig. 3 a.

As shown clearly by the pictures, all the fringes at the
trailing edge of the dimples roughly keep the same pattern
and bend upstream regardless of the dimple shape. In order
to visualize the deformed surface around the dimples
approximately, the sketch based on the interferograms is
drawn as shown in Fig. 3b, in which the yellow arrow repre-
sents the direction of main entrainment. The typical inter-
ferograms around the dimple with different geometrical
shapes are so similar that just the corresponding sketch of
the circular dimpled surface is given.

By common sense, around the convergent part of dimple,
the surface nearby would be concave owing to the effect of
hydrodynamic pressure, according to usual cognition.
However, as reflected by the sketch in Fig. 3b, the fringes at the
trailing edge of the dimple indicate the surface nearby becomes
convex. Under light load, the PDMS slider and glass disc gener-
ate a convergent wedge, as shown in Fig. 4, and interference
fringes bend toward the inlet of the contact; according to the
principle of equal thickness interference, it can be easy to judge
the convex deformation at the trailing edge of the dimple.

In the current case, on one hand, the thickness of lubri-
cant film is much larger than the depth of the dimple with
the light load on the slider, so the hydrodynamic effect on
the surface texture is extremely small. On the other hand,
the dimple is not completely inside the contacting area, and
the divergent part of the dimple has a good exposure to the
inlet ambient owing to the existence of initial slider

Table 2. Geometry parameters of the patterns of dimples.

Geometrical
shape

Dimple
Morphology Description Depth Parameter

Circle 5mm r ¼ 300 mm

Ellipse (a ¼ 2b) 5mm b ¼ 212.132 mm
a ¼ 424.264 mm

Quadrate 5mm a ¼ 531.601 mm

Triangle 5mm a ¼ 807.859 mm

Diamond 5mm a ¼ 531.601 mm
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inclination and elastic deformation, which implies the low
pressure zone in the divergent part of the dimple would be
limited. Consequently, Poiseuille flow, which sucks lubricant
into the contacting area, presents to be slight; then, the
hydrodynamic pressure around the convergent part of the
dimple would be tiny and would have a weak effect on total
deformation. The effect of viscous shear stress caused by
Couette flow will play the main role in the total deformation
and finally lead to a convex surface.

Although the deformation at the trailing edge of various
shaped dimples presents the same pattern of “convex” as
shown in Fig. 3a, the degrees of deformation are different
and can be reflected by the density and bending intensity of
the interference fringes. It is noticeable that the fringes at
the trailing edge of triangular dimple distribute rather
closely and bend more severely, meaning a larger elastic
deformation. Owing to the rapidly converging sharp angle
of the triangle along the sliding direction on a two-dimen-
sional plane, the Couette flow across the dimple driven by
the sliding surface will gather at the sharp-angled convergent
edge and lead to a more serious viscous shear stress, which
finally induces a larger elastic deformation. On the contrary,
much more gently does the Couette flow pass the elliptical
dimple as the longest transverse and slowly converging edge,
resulting in relatively alleviated deformation.

Figure 5 shows a sequence of interferograms around the
dimple with different geometrical shapes at the constant sliding
velocity of 7.854mm/s and various light load of 1.96–5.88 N.
The figures clearly show that all the fringes near the trailing

edge of the dimple, regardless of the geometrical shape, roughly
keep the same trend of bending upstream. In the meantime, the
fringes near the leading edge of dimple become increasingly
detectable by the CCD camera as the lubricant film thickness
decreases gradually with the growth of applied load F.

Furthermore, the bending of the fringes at the trailing edge
of the dimple is readily found to becomes increasingly severe
first and then alleviated, as shown in Fig. 5. With the growth
of applied load, the increasing bending and density of fringes
can be attributed to the increasingly aggravated effect of shear
strain caused by Couette flow with the decrease of lubricant
film thickness; meanwhile, the compressive strain caused by
hydrodynamic pressure becomes gradually obvious and serves
to alleviate the bending of the fringes.

Medium load

The typical interferograms around the dimple with different
geometrical shapes under the condition of medium load
F¼ 13.72 N and U¼ 7.854mm/s are presented in Fig. 6. In
this case, the dimple completely steps into the contacting
area, and the film thickness across the soft contacts
decreases as a larger load on the slider, so the interference
fringes across the dimpled surface can be clearly detected by
the CCD camera. One of the most prominent characteristics
of the interferograms is the emergence of the mushroom-
shaped fringes around the dimple.

As depicted by the sketch in Fig. 6b, the mushroom-
shaped fringes imply concave deformation around the dim-
ple. The interference intensity I for bright fringes versus the
film thickness h follows a negative correlation (35),

I / I0e
�ah [1]

where I0 is the intensity of incident light and a is the light
absorption coefficient for lubricant oil; the detailed derivation
for Eq. [1] is presented in the appendix. Resorting to the rela-
tionship in Eq. [1], the deformation pattern around the dim-
ple can be judged through the comparison of the interference
intensity I for bright fringes. Under medium load, interference
intensity distribution across the dimple is shown in Fig. 7.
The interference intensity for bright fringes at regions A, B,
and C are labeled, and this clearly shows that the interference
intensity for bright fringes at region A is higher than those at
regions B and C. Thus, the films at regions B and C are
thicker, which implies a concave surface nearby based on the
flat surface of region A, as depicted by the sketch in Fig. 6b.

The mechanism of the concave surface can be explained
as follows: The soft surface around the convergent part of
the dimple is positively depressed owing to the generated
hydrodynamic pressure, while the divergent step wedge is
tangentially stretched and collapsed owing to the effect of
viscous shear strain. In this case, a low pressure zone
emerges at the divergent part of dimple; the pressure differ-
ence between the inlet ambient and low pressure zone indu-
ces obvious Poiseuille flow owing to the effect of “inlet
suction” proposed by Olver et al. (39, 40), which is the main
generation mechanism for the additional hydrodynamic
pressure around the convergent part of dimples. Owing to

Figure 2. Photographic image and 3D profile of the textured PDMS slider sam-
ple with chemically deposited Ag coating.

Table 3. Testing parameters.

Item Value

Load F 1.96–19.6 N
Mean pressure P 0.032–0.32MPa
Sliding velocity U 7.854mm/s
Initial inclination angle a 0.08 rad
Viscosity of lubricant g0 485mPa�s (26 �C)
Atmosphere pressure Pa 1� 105 Pa
Cavitation pressure Pcav 1� 105 Pa
Initial film thickness in simulation h0 5 lm
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the thinner lubricant film, the effect of viscous shear strain
caused by Couette flow plays a main role in the total
deformation around the divergent part of the dimples.

It is clearly displayed in Fig. 6a that the sparsest fringes,
as well as the minimum occupied region, appear at the trail-
ing edge of elliptical dimple, which indicates the most alle-
viative deformation nearby. Instead, the reverse happens on
the triangular dimpled surface, along with the severest
deformation at the trailing edge. As the positive deformation
closely depends on the hydrodynamic pressure generated
around the convergent parts of dimple, it is necessary to
analyze the pressure distribution across the textured contacts
in order to explain the geometrical shape effect of dimple
on the elastic deformation. Figure 8 presents the pressure

distribution of the elliptical and triangular dimples obtained
by numerical simulation with identical operating conditions
(initial film thickness h0 ¼ 5 mm); the direction of main
entrainment speed is from left to right in the figure, and it
is easy to recognize that when the pressure builds up along
the converging edge of the dimple, high pressure at the trail-
ing edge of triangular dimple becomes much more concen-
trated around the sharp corner owing to a confluent
Poiseuille flow and results in a larger deformation nearby.
Decentralized high pressure arises in an elliptical dimpled
surface and lead to a smaller deformation finally.

Figure 9 shows a sequence of interferograms around the
dimple with different geometrical shapes at the constant sliding
velocity of 7.854mm/s and various medium loads of 10.78–14.7
N. With the growth of applied load F, the interferograms
around a certain shape of dimple keep basically similar, but an
increasing number of closed fringes emerge at the leading edge
of the dimples owing to the increasing Couette shear stress
caused by decreasing film thickness; in the meantime, the inter-
ference fringes at the trailing edge of the dimples keeps increas-
ing and expanding outward, which is induced by an increasing
Poiseuille flow across the convergent part of dimple because of
the lowering pressure at the divergent zone of the dimple.

Heavy load

The typical interferograms around the dimple with different
geometrical shapes under the condition of heavy load

Figure 3. Typical interferograms and corresponding sketch of deformed surface around the dimple with different geometrical shapes under light load F¼ 3.92 N
and U¼ 7.854mm/s.

Figure 4. Equal thickness interference formed by the convergent wedge.

596 B. SU ET AL.



Figure 5. Optical interferograms around the dimple with different geometrical shapes for various light load F at a constant sliding velocity of 7.854mm/s.

Figure 6. Typical interferograms and corresponding sketch of deformed surface around the dimple with different geometrical shapes under medium load F¼ 13.72
N and U¼ 7.854mm/s.
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F¼ 18.62 N and U¼ 7.854mm/s, as well as the correspond-
ing sketch of the deformed surface, are presented in Fig. 10.
In addition to the mushroom-shaped fringes appearing
around the dimple, another interesting finding is the emer-
gence of the new crescent-shape fringes at the upstream of
the dimple.

Compared with those under medium applied load, the
fringes at the trailing edge of the dimples become much
denser owing to the increasing effect of hydrodynamic pres-
sure and their corresponding scopes expand outward con-
sistently, while the fringes at the leading edge of the dimples
are compressed into a limited scope. In addition to the
depressed deformation occupied by the mushroom-shaped
fringes around the dimples, special attention deserves to be
given to the protuberances, which correspond to the cres-
cent-shape fringes at the upstream of the dimples, caused by

the stacking of materials as a result of the much more ser-
ious Couette shear stress, as shown in the sketch in Fig. 10b.

Similarly, the already-mentioned deformation also can be
judged through the comparison of the interference intensity
for bright fringes. Figure 11 presents the interference inten-
sity distribution across the dimple under heavy load. The
interference intensity for bright fringes at regions A, B. C,
and D can easily reflect the deformation pattern around the
dimple, based on the flat surface of region A, the “crescent-
shape” protuberance that emerges at region B, and the dis-
torted “mushroom-shape” concave effect at regions C and
D, as depicted by the sketch in Fig. 10b.

As shown clearly in Fig. 10a, the sparsest fringes still
appear at the trailing edge of the elliptical dimple, which
indicates the most alleviative deformation nearby. In add-
ition to the sparse fringes, the location offset of the

Figure 7. Interference intensity distribution across the dimple under medium load.

Figure 8. Pressure distribution of different shaped dimples obtained by numerical simulation.
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Figure 9. Optical interferograms around the dimple with different geometrical shapes for various applied medium loads F at a constant sliding velocity of
7.854mm/s.

Figure 10. Typical interferograms and corresponding sketch of deformed surface around the dimple with different geometrical shapes under heavy load, F¼ 18.62
N and U¼ 7.854mm/s.
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Figure 11. Interference intensity distribution across the dimple under heavy load.

Figure 12. Optical interferograms around the dimple with different geometrical shapes for various applied heavy loads F at a constant sliding velocity of 7.854mm/s.
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maximum deformation at the trailing edge of the elliptical
dimple caused by a more severe Couette shear stress
presents much more distinctly than that under the condition
of medium applied load, as pointed out in Fig. 10a. Instead,
the severest deformation revealed by the densest and
expanding fringes emerges at the trailing edge of the tri-
angular dimple due to the confluent Poiseuille flow.

Figure 12 shows a sequence of interferograms around the
dimple with different geometrical shapes at a constant sliding
velocity of 7.854mm/s and various heavy loads of 15.68–19.6
N. Except for the increasing closed fringes at the leading and
trailing edges of the dimples, protuberances caused by the
shear strain at the upstream of the dimples become increas-
ingly obvious along with the growth of applied load.
Furthermore, the scope of fringes constantly expands at the
trailing edge of dimples while condensing at the leading edge.

Conclusion

The experimental observation on the deformed surface
around various shaped dimples, including circular, elliptical,
triangular, quadrangular, and diamond, was carried out in
soft-EHL contacts by using optical interferometry. The follow-
ing are the key conclusions drawn from the present study:

1. The pattern of elastic deformation around dimple in
soft-EHL contacts changes along with the applied load.
Under a certain type of applied load, the patterns of
elastic deformation around the dimple are basically
similar regardless of the geometrical shape of dimple.
However, owing to the different hydrodynamic pressure
distribution and local structural rigidity induced by
various dimple shapes, the degree of deformation,
including the maximum and deformed scope, closely
depends on the geometrical shape of dimple.
Furthermore, the geometrical shape effect of surface tex-
ture on deformation degree becomes increasingly
remarkable as the growth of applied load.

2. For maximum hydrodynamic effect of the surface tex-
ture, the elliptical dimple with major axis perpendicular
to the sliding direction is recommended to be the opti-
mum geometrical shape of surface texture in soft-EHL
contacts. A textural shape with sharp-angled converging
edge, such as a triangular and a diamond dimple, indu-
ces more severe deformation and should be avoided in
surface texture design.
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Appendix: Derivation of the negative correlation
between interference intensity of bright fringes and
film thickness

Figure S1 gives the measurement principles of the interferometry in
this article. The incident light of wavelength k is projected perpendicu-
larly onto the lubricated soft contact of film thickness h. Beams 1 and
2 are those first reflected light from the beam splitter and the slider
surface, respectively. The interference intensity I versus the film thick-
ness h follows a cosine relationship,

I / I1þ I2þ
ffiffiffiffiffi
I1

p ffiffiffiffiffi
I2

p
cos

2p
k
h

� �
[S-1]

where I1 and I2 are the intensities of beams 1 and 2, respectively.
Bright fringes are obtained when h ¼ N � kðN ¼ 0; 1; 2; 3:::Þ; so the

interference intensity I for bright fringes can be expressed as follows:

I / I1þ I2þ
ffiffiffiffiffi
I1

p ffiffiffiffiffi
I2

p
[S-2]

As the reflected beam 2 pass through the film, the intensity I2 can
be formulated as

I2 ¼ I0e
�ah [S-3]

where I0 is the intensity of incident light and a is the light absorption
coefficient for lubricant oil.

Thus, the interference intensity I for bright fringes can be restruc-
tured as follows:

I / I0e
�ah [S-4]

Figure S1. Measurement principles of the interferometry.
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