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Design principles for the area density
of dimple patterns
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Abstract

Increasing interest has been paid to surface texturing in order to improve tribological properties of sliding surfaces.

Currently, the patterns of micro-dimples have attracted more attention since such closed texture cells are supposed to

generate additional hydrodynamic pressure easily. It has been proven that the area density of the dimple pattern is a

critical parameter for hydrodynamic pressure generation. However, the optimal values of area density obtained by

theoretical models are usually different to that obtained from experiments, which show material dependence. In

order to understand the design principles of the area density for mixed lubrication regime, a brief review on the studies

related to the area density issue of dimple patterns is carried out; the phenomena during contacting and sliding are

analyzed numerically in this paper. It is found that the stress concentration and deformation will occur on the contacting

and sliding area, and influence the tribological properties of the textured surface significantly depending on the area

density and material properties. These negative influences should be considered carefully during surface texture design.
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Introduction

TRIZ theory, i.e. the theory of inventive problem sol-
ving, has been promoted by Genrich Altshuller and
his colleagues, who studied about 400,000 technology
patents and from them drew out certain regularities
and basic patterns of evolution which governed the
processes of solving problems, creating new ideas,
and innovation.1

One of the most popular TRIZ tools is the ‘‘40
inventive principles’’, which consist of a group of gen-
eric solutions that solved technical contradictions
across many fields.2 The ‘‘40 inventive principles’’
includes: curvilinearity (instead of using rectilinear
forms, use curvilinear ones); asymmetry change
(introduce or increase the degree of asymmetry); com-
bining (combine in space); nesting (putting one thing
inside another); moving to a new dimension; replace
mechanical systems with fields; turn harm to benefits
(use harmful factors to achieve a positive effect); chan-
ging properties or parameters, etc.

Indeed, the above principles have been fully
reflected in the developing progress of surface texture.
As an effective approach to improve the tribological
properties of sliding surfaces, surface texture has been
studied intensively in the last decade. The advanced
manufacturing techniques such as laser and reactive
etching provide precision and freedom for the

fabrication of surface texture. So that, after the suc-
cessful application of cross-hatch pattern for the
cylinder liner of combustion engine, optimizations
have been continually conducted through the groove
angle, in combination with laser-etched patterns,
etc.;3–5 various types of surface texture, including
dimple and pillar patterns with different shapes and
internal structures appeared in engineering field;6–8

instead of uniformly distributed dimples, partial sur-
face texturing was proposed to improve hydro-
dynamic effect of sliding bearings;9 dimples with
different sizes were combines on the surface to
improve both hydrodynamic effect and running-in
process of silicon carbide in water lubrication;10 not
only the dimension of surface texture has been
expended from millimeter to nanometer scale, but
also micro-magnetic field array was added to work
together with the geometric structure;11 inspired by
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the surface structure of the toe pads of tree frog and
newt, the patterns for high friction was also studied
for the potential applications such as active capsule
endoscopy;12,13 and surface texturing has been applied
for various materials including the stiff materials such
as ceramics and steel, and also relative soft materials
such as UHMWPE and PDMS.

In order to obtain desired performance, increasing
attentions have been paid to the mechanisms and
design principles of surface texture. Usually, for the
objective to decrease friction, adhesion and wear of
mechanical components, related mechanisms of sur-
face texture include reserving lubricant to prevent
seizure, trapping wear debris to decrease further
wear, and particularly, providing additional hydro-
dynamic effect to increase the load-carrying capacity
of parallel sliding surfaces, which is regarded as the
most dominant effect of surface texture at the condi-
tions of high speed and low load.14

By the hydrodynamic mechanism, the micro-
irre-gularities on the surface are able to generate
additional hydrodynamic pressure to increase the
load-carrying capacity of sliding surfaces.15 In this
way, no matter how much the hydrodynamic pressure
is generated, it seems surface texture should be always
a good approach to enhance the hydrodynamic lubri-
cation to decrease friction and wear of contacting
surfaces. However, although there are a lot of docu-
mented results reporting that surface texture has
reduced friction successfully, the increase of friction
and wear also happens at certain circumstances,16 and
possibly not less than the cases of friction and wear
reduction at the complicated lubrication conditions,
in which contact and deformation take place. That
raises the question of if we are familiar to the mech-
anisms of friction increasing by surface texture? As
indicated by the ‘‘40 inventive principles’’ of TRIZ
tools, it is necessary to take action to prevent, or
reduce harmful effects. Hence, in order to decrease
the friction and wear, it is important to understand
the mechanisms to increase friction and wear by the
surface texture.

Therefore, a brief review is conducted to summar-
ize the theoretical and experimental studies related to
the area density of dimple patterns. Then, numerical
analysis is carried out to investigate the contact stress
on the edge of surface texture and deformation during
contact, which always happens in mixed lubrication
regime.

The area density of dimple patterns

In the 1960s, Hamilton et al. indicated that the micro-
irregularities on the surface are able to generate the
additional hydrodynamic pressure to increase the
load-carrying capacity of the sliding surfaces.
Although new mechanisms such as ‘‘inlet suction’’,17

boundary conditions related to cavitation,18–20 and
new modeling method21 are studied continually,

micro-hydrodynamic effect is regarded as the most
dominant effect of surface texture at the conditions
of high speed and low load.

The patterns of micro-dimples have attracted more
attentions since such closed texture cells are supposed
to generate hydrodynamic pressure easily.22 Dimple
diameter, depth, and area density are the major par-
ameters of evenly distributed dimple patterns. Many
researchers have contributed to the investigation on
the influences of the above parameters on friction and
load-carrying capacity of sliding surfaces. It is well
accepted that the depth-to-diameter ratio is the most
important parameter for the load-carrying capacity of
parallel sliding surfaces.

According to the theory of Rayleigh step bearing,
the load-carrying capacity varies for different h1/h0,
and achieves its maximum at h1/h0¼ 1.866, where h1
and h0 are the inlet film thickness and the outlet film
thickness, respectively. So, it is understandable that
the dimple depth equivalent to the film thickness
could obtain high hydrodynamic pressure.

The area density of micro-dimples is another
important parameter. An objective study by orthog-
onal method indicated that area density is more sig-
nificant for the tribological performance than the
depth or diameter of dimples.23

What is the optimal area density for high load-
carrying capacity? As early as in 1999, Etsion et al.
developed a model for mechanical seals with regular
dimple patterns. The simulation results suggested that
the preferable percentage of area density is 20%, and
above this value the rate of performance improvement
becomes small.24 After that, a series models based on
Reynolds equation have been developed. Usually,
these analytical models suggested that the area ratio
of 20–40% would be preferable since the total hydro-
dynamic pressure is maximized within this range.
These results were obtained from various simulation
conditions including water lubricated bearing,25 air
bearing,26 gas seal,27 and even for the contact with
soft elastic materials.28

At the same time, a series experiments were carried
out to investigate the effects of micro-dimples on vari-
ous surfaces including silicon carbide, metals, and
elastomer under different lubrication conditions. It is
interesting that the optimal values of area density
obtained by experiments were usually different to
the theoretical results if the objective was to reduce
friction by enhancing hydrodynamic effect in mixed
lubrication regime.

For the case of self-mated silicon carbide sliding in
water, the experiments showed that the laser textured
dimple pattern with the low area density of 2.8% had
the effect of friction reduction.29 Further experiments
on the dimple patterns fabricated by reactive ion etching
were conducted to obtain the effects of multi-
parameters of dimple patterns. The results indicated
that the hydrodynamic lubrication could be achieved
easily, and the load-carrying capacity could be increased
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more than two times by the patterns with the optimized
parameters of the dimples, which is 4.9% for area dens-
ity, and 0.01–0.02 for depth-to-diameter ratio.25

For the tribo-pairs of metals lubricated by oil, the
optimal area density seems to be slightly higher than
that for silicon carbide. Several studies under con-
trolled laboratory conditions support that the area
density in the range 5–13% is preferable for friction
reduction, and the area density of above 20% usually
causes friction increasing. The detailed testing condi-
tions and preferable value of the area density are
listed in Table 1.

It needs to be noted that the objective of above
researches is to obtain low friction by surface texture.
If the anti-seizure ability or friction reduction at
boundary lubrication condition is the high priority,
particularly at starved lubrication condition, high
area density may result in good tribological perform-
ance even for hard materials.36–38 For example, the
data of laser texturing on metals show that the pat-
tern of dimples (’90 mm, depth 2–20 mm, 25%)
could increase the maximum PV value (load velocity
product) of the mechanical seal obviously;39 and the
dimple pattern with the area density of 15% shows an
obvious increase of the critical load for SiC sliding in
water.37 This might because that a relative high area
density is helpful to retain lubricant.

Ultra-high molecular weight polyethylene
(UHMWPE) has been chosen as the material of con-
cave components of Charnley’s low frictional torque
joint which is famous and widely used in orthopedic
surgeries for nearly 50 years. It has proven that the
surface texture is effective to decrease the friction
between the contact of UHMWPE and steel.
However, the tribological performances are different
for the cases whether dimples are on the surface of
steel or UHMWPE. While the dimples were on
the surface of steel, the area density in the range of
5–15% is effective to reduce friction at a light load. If
the dimples were fabricated on the surface of
UHMWPE, the dimple area density as high as 30%
had the effects of both friction and wear reduction

under water lubrication even at a relative high
load.40,41

The above results raised the question of what the
optimal area density would be if the material becomes
softer. Hence, an elastomer with low Young’s modu-
lus, polydimethylsiloxane (PDMS), was used as the
specimen for further study. The lithography and rep-
lica processes were used for surface texture fabrication
on the surfaces of PDMS. Dimple patterns with a
dimple depth of 5 mm, diameters of 50, 100, and
200mm, and area densities from 2.6% to 40.1%
were fabricated. The original surface of PDMS is
hydrophobic with the contact angle around 110�.
An oxygen plasma treatment was used to hydrophilize
the surface of the PDMS. After the treatment, the
contact angle could be decreased to the range of
15�–20�. The friction tests of the PDMS disks sliding
against a spherical pin were carried out using both
water and a glycerol solution for lubrication. It is
found the frictional behavior of surface texture is dif-
ferent for the surfaces of PDMS with different wetting
properties. For the hydrophobic surface, high area
density and a large number of dimples become critical
for reducing friction. In this study, the smallest dim-
ples (with a diameter of 50mm) and highest area dens-
ity (40.1%) reduced friction the most. But for the
hydrophilic surface, the best area density was
around 23% in this experimental condition.42

Figure 1 is the summary of the above experimen-
tal data. The Y coordinate represents the prefer-
able area density of dimple pattern for friction
reduction in mixed lubrication regime. The X coord-
inate represents the contact modulus E*, which is
defined as

1

E�
¼

1� �21
E1
þ
1� �22
E2

where E1, E2 are the Young’s modulus, �1, �2 are the
Poisson’s ratio of each side of the tribo-pair, respect-
ively. It could be found that along the decrease of the
contact modulus E*, the dimple patterns with high

Table 1. Testing conditions and preferred values of the area density for metals.

Author/Year Testing condition

Area density, r

References

Friction

reduction

Friction

increase

Ryk/2002 Ring/liner reciprocating 13% 30

Kovalchenko/2004 52100 Pin/H-13 disk 12% 30%, 40% 31

Kovalchenko/2005 52100 Pin/H-13 disk 7%, 12% 32

Costa/2007 Steel cylinder/plane reciprocating 11% 33

Galda/2009 Ring/block 10%, 12.5% 20% 34

Yan/2010 Ring/disk 5%, 10% 20% 23

Grabon/2013 Ring/cylinder 13% 35
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area density could be designed for the surfaces to
obtain low friction in mixed lubrication regime.

What are the reasons for the difference between
analytical and experimental results? It is obvious
that the most theoretical models only consider the
hydrodynamic effect while the experiments usually
can not avoid contact between two surfaces.
Therefore, the contact problem including contact
stress and deformation will be analyzed in the follow-
ing parts.

The contact stress at the edges of surface
texture

For the surfaces sliding in mixed lubrication regime,
there is always a portion of area contacting in solid.
Hence, the geometric contour of surface texture
would definitely influence the contact pressure distri-
bution between surfaces.

An finite element method (FEM) analysis was car-
ried out to simulate the contact situation of the edges
of surface texture during sliding.43 Figure 2 shows
both the model and the simulation results. The con-
tact problem was simplified as a block sliding against
a plane surface with contact. So the two edges of the
block are perpendicular and parallel to the sliding dir-
ection, respectively. The width and length of the upper
block are 0.1mm, and the height of the block is
0.02mm. Both contacting surfaces are smooth ignor-
ing surface roughness. The element ‘‘structural’’
was used and the simulation conditions are listed
in Table 2.

The colors on the upper block represent von
Mises stress obtained by the simulation. It is obvious
that there is relatively high stress at the edge while it is
perpendicular to the sliding direction. Comparatively,
there is almost no stress while the edge is parallel
to the sliding direction. The edge stresses should
be caused by not only the stress discontinuity because
of sharp changes in profile but also the motion of

Figure 2. Contacting stress at the edges with different sliding directions.
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sliding. Therefore, as illustrated in Figure 2(b) and (c),
if there are grooves on the contacting surface,
the stress is different depending on whether the
groove is parallel or perpendicular to the sliding
direction. For same reason, the contact stress at the
edge of a dimple would also depend on its relationship
to sliding direction. This phenomenon needs to be
noted particularly while the shape of the dimples is
not circular.

Next question is whether there is any difference for
fabricating the surface texture on a stiff or a soft
material. A simulation by the FEM software
ANSYS was carried out to investigate the stress dis-
tribution around the edge of a dimple.40 The contact
problem was simplified as a dimpled block sliding
against a plane surface with contact. The size of the
dimple is 50 mm in diameter. Both contacting surfaces
are smooth, ignoring surface roughness. SiC was
selected as the stiff materials, UHMWPE as the rela-
tive soft material, for texturing, and sliding against
the same material, SUS 316 stainless steel.

The element ‘‘structural’’ was used and simulation
conditions are listed in Table 3.

Figure 3 presents the contact stress distribution
around the dimple. Figure 3(a) shows the results of
dimpled SiC contacting and sliding against SUS 316,
and Figure 3(b) is the case of dimpled UHMWPE
sliding against SUS 316. Clearly, although the average
contact pressures are the same, the stress is

concentrate along the edge of the dimple for the stiff
material SiC, as well as the stress relatively spread
over the whole contacting surface for the case of
UHMWPE.

Figure 3(c) shows the stress profile along the hori-
zontal central line of the dimple. It is obvious that
stress at the edge of SiC is higher than that of
UHMWPE although their average contact pressures
are the same. For the same surface, the stress at the
edge of converging side is higher than that at the edge
of diverging side due to the motion of sliding. The
difference for the highest stress is larger than 50% in
this simulation condition. If the average contact pres-
sure is increased, the difference of stress will also
increase. High contact stress will induce large deform-
ation at specific locations, i.e. the area contacted by
the edge of dimple in this case, which results in the
increase of overall friction force. That may be the
reason that usually the ultra-smooth surface is used
for current design of artificial joint.
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Table 3. Simulation conditions for the dimpled block sliding

against a plane surface.

Contact pressure, P¼ 1.67 MPa

Young’s modulus of SiC, E1¼ 450 GPa

Young’s modulus of UHMWPE, E2¼ 0.69 GPa

Young’s modulus of 316 steel, E3¼ 199 GPa

Poisson’s ratio of SiC, �1¼ 0.14

Poisson’s ratio of UHMWPE, �2¼ 0.49

Poisson’s ratio of SUS 316, �3¼ 0.26

Friction coefficient, �¼ 0.10

Area density, r¼ 20%

Sliding velocity, V¼ 0.1 mm/s

Table 2. Simulation conditions for the block sliding against a

plane surface.

Contact pressure, P¼ 0.5 MPa

Young’s modulus, E¼ 120 GPa

Poisson’s ratio, �¼ 0.25

Friction coefficient, �¼ 0.10

Sliding velocity, V¼ 0.1 mm/s
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Therefore, if the dimple is fabricated on the stiff
material, higher stress will generated on the edge
perpendicular to the sliding direction. And higher
area density means there are more high stressed
area, which is critical for stiff materials. This stress
will definitely results in deformation, energy con-
sumption, which will finally cause a friction increase,
particularly when the contact pressure is high.
Therefore, the optimal value of the area density
obtained by experiment is usually lower than that
by the theoretical analysis only based on Reynolds
equation, and the optimal value of the area density
for ceramics is lower than that for metals and
polymers.

Surface texture induced deformation

The load-carrying capacity could be increased by the
dimples on the surface, which are considered as
micro-step bearings. As shown in Figure 4, in a
Rayleigh step bearing, the load-carrying capacity
varies for different h1/h0, and achieves its maximum
at h1/h0¼ 1.866, where h1 and h0 are the inlet film
thickness and the outlet film thickness, respectively.
By a relative sliding, the hydrodynamic pressure
will be generated and distribute as a triangle shown
in Figure 4, at which the highest pressure will be at
the edge of the step. Yagi and Sugimura44 conducted
an elastohydrodynamic numerical simulation for
one-dimensional Rayleigh step bearings made of
steel. It is found that a small elastic deformation of
less than 200 nm is responsible for film formation in
thin film hydrodynamic lubrication. As the film
thickness decreases to the scale of sub-micro meter,
the divergent shape in the step zone causes delay
in pressure growth, resulting in considerable reduc-
tion of load capacity while the convergent shape in
the land zone improves slightly load capacity in
some cases.

The deformation would be more obvious if the step
side is made of a softer material. It will influence the
pressure distribution even while the film thickness is

relative thick. Figure 5(a) is a simple simulation result
showing the deformation of PDMS caused by hydro-
dynamic pressure. The simulation conditions are
listed in Table 4.

By a set of optimized parameters, h0¼ 3 mm,
h1¼ 5.6 mm, B1¼ 2mm, B2¼ 2mm, without consider-
ing the deformation, the highest pressure at the edge
of the step can be obtained as shown in Figure 5(b).

By the hydrodynamic pressure, the step side made
of low Young’s modulus material will be pressed to
form a deformation. The dot line in Figure 5(a) shows
original shape of the step, while the colored area
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Table 4. Simulation conditions for the deformation of PDMS.

Material of step side: PDMS

Young’s modulus of PDMS, E1¼ 750 kPa

Poisson’s ratio of PDMS, �1¼ 0.5

Sliding velocity, V¼ 0.5 m/s

The plain side is rigid, ignoring deformation.

PDMS: polydimethylsiloxane.
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shows the shape after deformation. The colors present
the displacements of the materials. It could be found
the maximum deformation will be near 3 mm under
above condition if the change of hydrodynamic pres-
sure were ignored. This deformation changes the
shape of the step bearing greatly. Fortunately, the
converging wedge is still there, so that the hydro-
dynamic pressure is still generated. But definitely,
the step bearing will lose it optimized parameter.
Both the maximum pressure and the load-carrying
capacity decrease as shown in Figure 5(b). Of
course, it is just a simple simulation ignoring the
change of pressure during the deformation. On the
other hand, for the possibility that the hydrodynamic
pressure and load-carrying capacity are increased
after deformation, it needs further study considering
mutual influence of hydrodynamic pressure and the
deformation. Another problem is the leakage,
caused by deformation while regional pressure
becomes high enough. These are the reasons that
stiff bearings usually offering theoretically greater
load-bearing capacity than comparable elastic
bearings.

Figure 6 shows the simulation results of a dimpled
stainless steel 316 contacted with a plane surface of
UHMWPE by the elements of ‘‘fluent’’ and ‘‘struc-
tural’’. By the contact pressure of 1.67MPa, the con-
tacting surface of UHMWPE would be pressed, while
the surface inside of the dimple will ‘‘swell up’’ rela-
tively. The difference of the height inside and outside
the dimple will be up to 0.1–0.2 mm in this simulation
condition. Therefore, if the stiff surface slides against
the soft surface with relative high contact pressure, the

continuous deformation on the soft material will con-
sume energy, result in friction increase. More ser-
iously, if the dimple edge on the stiff material is
sharp enough and the deformation is large enough,
the cutting wear will happen easily. Therefore, the
experimental results show that the preferable area
density for stiff material could not be as high as that
for soft materials.

Summary

As an effective approach, surface texture provides
various ways to improve the tribological properties
of sliding surfaces. Although the design principle of
dimple patterns following hydrodynamic theory has
been well accepted, experimental and analytical stu-
dies carried out by different researchers suggest that in
order to obtain desirable tribological performance,
the surface texture design needs to be conducted
according to the type of contact, materials of the
tribo-pair, and operating conditions.

Area density is an important parameter in dimple
pattern design. Theoretical models based on hydro-
dynamic principles usually suggest a relative high
area density to maximize the load-carrying capacity.
However, in the mixed lubrication regime with high
contact pressure, the stress concentration at the edges
of surface texture need to be carefully considered, par-
ticularly, for the case while the texture is fabricated on
the stiff material with high area density.

For the tribo-pairs with relative soft materials,
deformation happened on the soft material. It needs
to be further studied since deformation will influence

Figure 6. Deformation of UHMWPE while it contacts with a dimpled stainless steel.
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the hydrodynamic pressure distribution, also may
induce cutting wear on the soft material.
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Appendix

Notation

B1, B2 length
E, E1, E2, E3 Young’s modulus (GPa)
E* contact modulus (MPa)
h0 outlet film thickness (mm)
h1 inlet film thickness (mm)
P contact pressure (MPa)
r area density (%)
V sliding velocity
W load

� friction coefficient
�, �1, �2 Poisson’s ratio
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