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Abstract: In this paper, a variety of micro-textures made by imitating the biological body surface are
mentioned, and four common biomimetic texture types—convex hull, pit, groove and corrugation—are
summarized by referring to a large number of literatures. These texture types that are widely used
are those of the grooves and the pits of non-smooth surface because their viscosity drag reduction
effects are relatively optimal for wear-resistance; in view of these two types of textures (with others
including pit diameter, groove width, depth and area of share, and morphology spacing), we use
data analysis and comparisons to find optimal parameter values in order to find the optimal effect
of drag reduction and anti-sticking wear-resistance. Several texture processing methods are briefly
introduced through case analysis and an illustration of the viscosity drag reduction mechanism of
wear-resistance, and general fluid dynamic pressure is deduced from a theory formula in order to
facilitate future research work on the basis of the optimal parameters to further improve the friction,
wear lubrication, and hydrophobic properties, thus improving the bionic texture surface efficiency of
saving energy and reducing consumption in industrial applications.

Keywords: bionic texture; viscosity and drag reduction; wear resistance mechanism;
parameter optimization

1. Introduction

With the evolution of billions of years, the forms, structures, and functions of organisms in
nature have been optimized [1]. With the development of science and technology, the loss of energy
resources has gradually become serious. According to statistics, more than one-third of energy is
consumed by friction. In order to achieve the purposes of energy saving and efficiency improvement,
as well as to improve the performance of viscosity reduction, resistance reduction and wear resistance
in the machinery industry, bionic tribology theory has been introduced in industrial production.
Studies on surface texture properties, such as friction reduction, anti-adhesion, super-hydrophobic,
anti-wear, and high-efficiency lubrication mechanisms [2–5], have broadened the research field and
scientific basis of tribology. Bionic tribology can be divided into two categories: material bionics [6]
and texture bionics [7]. Texture bionics is a texture that is processed on the surface of a friction
pair to mimic the morphology of a biological surface. The research purpose of this paper was to
improve the operation of friction drag reduction on the surface of a friction pair in the process of
wear and lubrication performance through the analysis and summarization of experimental data in
different working conditions in order to find the optimal texture parameters of texture design; this
then allowed for an exploration of texture design’ influence on the coefficient of friction and wear
volume so that a desired surface performance, a further study of the tribological properties of materials,
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and improvements of the friction and wear mechanisms of the theory basis of the study of bionic
texture could be achieved. Further research on the tribological properties of materials and the solving
of the problems of friction and wear have great significance for China’s sustainable development;
they also have high academic value and broad application prospects. At present, the research of bionic
textures is extensive. Types of bionic textures mainly include the pit, groove, convex hull, corrugation,
scale, and even compound types. There are also very different types of texture parameters, processing
methods, and drag reduction, and wear-resistant lubrication mechanisms. The following is a detailed
introduction of several typical texture.

2. Mechanism of Surface Impedance Reduction Wear and Theoretical Analysis of Fluid
Dynamic Pressure

2.1. Impedance Reduction Grinding Mechanism of Micro-Pits/Grooves

The pit texture requires the processing of various shapes on the surface of a friction pair;
these shapes are arranged according to a certain rule. The workpiece generates a certain amount of
frictional heat and abrasion during friction. In a scenario in which frictional heat is too large and cannot
be used for a long time, there are several possible outcomes. If the heat dissipates, a mechanical knob is
produced to damage the workpiece, and if the grinding debris is not processed in time, it causes severe
friction on the surface of the friction pair, thus increasing the wear of the workpiece and reducing the
service life of the workpiece. Additionally, the pit texture has a special pit structure that can store
abrasive debris when the workpiece is in dry friction motion [8,9], thus avoiding the wear caused by
abrasive debris and maintaining a clean and smooth environment during the entire movement; the pit
type also has good resistance during oil lubrication because the lubricating oil can be stored in the pits.
If friction time is too long, it inevitably leads to insufficient oil supply and a lack of oil. At this time,
the lubricating oil that is stored in the pits is squeezed due to friction. The pressure squeezes the oil
out of the pits to achieve the purpose of secondary lubrication, which reduces the frictional resistance
and also reduces the amount of wear.

The groove texture is a densely arranged array structure that is processed on the surface of a
workpiece. When the friction direction is parallel to the groove direction, it produces a unidirectional
convergence effect, and, especially under oil lubrication conditions, the convergence area produces
a strong dynamic pressure and dynamic pressure effect [10,11]. Avoiding direct contact between
the rough peaks can effectively reduce wear; additionally, the design of the groove texture can also
reduce the contact area between friction pairs, and if the abrasive particles are not lubricated in time,
micro-cutting occurs on the surface. In severe cases, the particles are brittlely exfoliated after severe
extrusion, and the workpiece is damaged. The groove can also achieve a secondary oil supply and
dynamic pressure lubrication, which not only reduce frictional resistance but also greatly reduce the
amount of wear.

2.2. Universal Theory of Hydrodynamic Lubrication Based on Couette Flow

There are two mechanisms of fluid lubrication: One is the artificial input of lubricating oil between
the surfaces, which balances the external load so as to separate the contact surfaces—this is called
hydrostatic lubrication. In the second method, the relative motion of a friction pair is used to bring
the lubricating oil into the friction surface to form a pressure oil film to separate it, this is called
hydrodynamic lubrication. In general, each micro-morphology on the friction pair surface has a
fluid dynamic pressure distribution, and the two parallel surfaces are separated by oil film. Such
micro-morphology has wedge micro-convex hull, micro-concave pits, and a micro-groove, all of which
play a role in the “wedge micro-bearing” in the process of dynamic pressure lubrication (as shown in
Figure 1).
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Figure 1. Dynamic pressure lubrication.

Hydrodynamic lubrication is often accompanied by cavitation, where the fluid velocity sharply
changes at the divergence end, so negative pressure occurs. When the negative pressure breaks
the critical value, cavitation occurs. Cavitation and fluid dynamic pressure act on both sides of the
micro-pit unit so that the fluid on the unit has a “net” positive pressure and the lubrication film has a
certain bearing capacity [12,13]. When the fluid that is affected by the micro-crater passes through the
right side of the crater, the liquid flux increases, and an additional supporting force is applied to the
surface to increase the thickness of the oil film. The following equation is the simplified Navier–Stokes
equation in the form of Couette flow:

Vx(y)
y

= U
1
h0
−

1
2µ

dp
dx

(h 0−y) (1)

where P = dp/dx. Equation (2) represents the relationship between fluid velocity and pressure, and
there are no parameters that represent friction and the coefficient of friction, so this equation needs
to be related to the coefficient of friction and other parameters through an intermediate equation.
Therefore, by substituting the equation into a pressure–friction conversion equation (Equation (3)),
Equation (4) is obtained.
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where dp/dx·(D1 −D2)/n is a unit area of the pressure value, n is the experimental specimen surface
texture distribution of the number, D1 is used for the experimental value of the grinding head outer
diameter, D2 is the experimental value of the grinding head inner diameter, h0 is oil film thickness
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between two motion friction pairs, µ is the dynamic viscosity, U is the power for the plate movement

speed, y is the film thickness direction of the independent variable, and Vx(y)
y is the lubricating oil flow

velocity in the X direction of first order partial derivative. Equation (4) is used for friction and fluid
flow characteristics, and the relationship between the coefficient of friction is the ratio of loading force
and friction force; as such, there is a need to continue equation. Thus comes Equation (5) which shows
the relationship between the coefficient of friction and fluid mechanics parameters.

F
f
=

P·S
f

=
P·S(h 0−y)·n(

U
h0
−

Vx(y)
y

)
·2µ(D1−D2)π

(4)

where S is the actual contact area between the grinding head and the specimen in the experiment, and
P is the internal pressure of the lubricant fluid that is obtained from the loading force and the actual
contact area in the experiment. The ratio of the product to the friction force is the coefficient of friction.

3. Biomimetic Microtextured Surfaces

3.1. Revelation of Nature

Figure 2 shows some typical organisms and their micro-textured surfaces. Soil organisms
(earthworms [14], dung beetles, and pangolins) crawl and move in the soil throughout the year.
They do not stick to the soil, cannot be hurt by hard stones, and can keep moving steadily while keeping
themselves clean, mainly due to the special texture morphologies of their body surfaces; a non-smooth
texture morphology has anti-adhesion, drag reduction, and wear-resistant performance, as well as a
self-cleaning function. According to the special functionality of the body’s surface, non-stick pans and
bionic ploughshares are imitated. Aquatic creatures (sharks) need to overcome the resistance of water
flow to maintain high-speed movement in order to prey and avoid natural enemies. A more severe test,
relying on the uniformly distributed groove structure on the surface of the body, can reduce turbulence
while reducing shear stress and greatly reducing resistance to water movement, thus increasing the
speed. The researchers imitated this characteristic which is also found sharkskin swimsuits; there are
also some flying animals (spike tail swifts and butterflies) that need to overcome air resistance while
ensuring the speed of flight, and their body textures can also be used for special weather such as
rain or snow. This texture allows for an animal to fly as usual without being hit by raindrops. Its
feather structure has not only a drag reduction function but also a certain hydrophobic performance.
This microstructure is applied to the surface of automobile aircraft to achieve energy savings and
consumption reductions. The appearance is designed to improve lift; in addition, some plants (lotus
and Nepenthes) show strong hydrophilia/hydrophobicity and self-cleaning abilities, which makes them
worthy of further exploration by researchers.

Through observation and research on earthworms, dung beetles, sharks, lotus leaves and other
organisms, it has found that a non-smooth texture morphology at the micro/nano scale exists on
the surface of these organisms (see Figure 3 [15]). Figure 3a is an SEM diagram of the pit texture,
as represented by the body surface of a dung beetle. Pits in the beetle’s back reduce resistance. Figure 3b
is an SEM diagram of a convex hull texture. For example, there is a similar micro-texture on the
surface of the lotus leaf. Figure 3c shows the microstructure of a corrugated texture. The surface of an
earthworm is such a structure, which can achieve self-cleaning and resistance reduction. Figure 3d
shows the groove texture of a typical shark body surface, which has the functions of reducing drag of
storing grinding debris and secondary lubrication when applied to industries.
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3.2. Research Status of Two Widely Used Biomimetic Textures

The most widely studied textures are those of the pit and groove types, which have good effects
of reducing viscosity and resistance. For example, Tan A et al. [16] designed and processed a bionic
pit-type texture on the surface of a drilling mud pump piston, and they found that this texture was
could significantly improve the service life of the piston. Yu et al. [17] explored the optimization of
the parameters of the groove texture with reference to shark skin. Research on surface textures has
shown that [18] the shape, direction, size and working conditions of textures have a great impact of the
tribological properties on texture surfaces. AHMED A et al. [19] used the basic geometry of the groove
texture to design and process parameters of depth, width, and pitch, multi-scale groove textures with
various gradient changes.

4. Surface Texture Processing Technology

In recent years, the study of the tribological properties of bionic textures has reached a new
level, but the study of tribological properties is closely related to the processing technology of surface
texture. The maturity of processing technology deeply affects research results. Therefore, research
on processing technology is also crucial. Processing technology is mainly divided into micro-cutting
processing technology, electrolytic processing technology, electric discharge machining technology,
reactive ion etching processing technology, micro-abrasive jet processing technology, and laser surface
texture technology [20,21]. Among them, reactive ion etching and laser surface texture technology are
the most widely using.
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(1) Micro-cutting processing technology refers to a technology that uses a special processing tool
and a specific processing machine to process a small texture with a certain shape and size on
the surface of a workpiece. The requirements for cutting tools and machine tools are high,
especially the hardness and wear resistance of the cutting tool, and the anti-adhesion to the
workpiece is better. This processing technology has the advantages of a high efficiency and wide
processing range.

(2) Electric discharge machining (EDM) technology refers to a special processing technology that
uses the high temperature generated by EDM to melt the surface of a workpiece to produce
the required texture. The purpose of material removal is achieved by the electric erosion effect
that is formed by the pulse discharge between the two electrodes. D.P. Chowdhury et al. used
EDM technology to study process methods. Anonymous et al. [22] studied EDM technology
through experiments and obtained an optimal combination of electrical parameters that greatly
improved efficiency.

(3) Electrolytic processing is a processing technology that uses the principle of the electrochemical
anode dissolution of metallic materials in electrolytes to form anode workpieces. It has many
advantages, such as a good processing quality, a wide range, and high efficiency. The method
is costly. Some domestic and foreign scholars have proposed the use of an electrochemical
machining method to remove sample metal materials to get the pits and to clean the surface
mask to obtain a sample with a desired surface texture. This method can improve the friction
performance, wear performance, and service life of mechanical seals.

(4) Reactive ion etching (RIE) is an etching method based on physical and chemical reactions. After the
ions that are generated in the ion source are extracted, they are accelerated and focused to form
an ion beam, which impacts the workpiece surface in a vacuum and uses its kinetic energy for
processing [23]. Compared with LIGA (Lithogrophy electroforming micro molding) technology,
RIE technology can perform engraving at less than 50 nm at a relatively fast direct write speed,
and it is a computer-controlled mask-free injection without development etching that enables the
directly fabrication of various nanodevice structures. RIE technology is a suitable choice for the
preparation of small-scale and high-precision micro-textures in laboratory experiments. However,
there are also some problems in the processing process of RIE technology such as the prominent
damage that is created, the difficulty in controlling the ion beam processing precision, a control
precision that is not high enough, and the requirement of expensive experimental environment.
Additionally, the initial basic experimental equipment of this technology is expensive, the whole
production cycle is long, and the process is complex. In terms of cost and efficiency, RIE technology
is still slightly flawed [24,25]. Before processing, a photoresist mask is usually made on the surface
of the workpiece by using traditional photolithography technology to protect the surface before
processing. This technique has strong anisotropy and high selectivity. The entire processing
process needs to be performed in a vacuum environment, which also increases its cost.

(5) Micro-abrasive jet processing technology is mainly divided into micro-abrasive air jet processing
technology and micro-abrasive water jet processing technology. High-pressure air or water is
used as the medium to drive the micro-abrasive to form a high-pressure jet in a special nozzle.
The interaction between the abrasive particles and the work piece can achieve the effect of material
removal, which is suitable for the micro-cutting and polishing of hard, brittle, and composite
materials. However, the jet diffusion phenomenon exists. When the jet distance is large, the size
and surface quality of the processing area are not easy to control. Therefore, this processing
method can be used to process simple grooves and small-size micro-textures at a small jet
distance [26–28].

(6) Laser surface texture (LST) technology is a kind of the nanosecond modelling of femtosecond
lasers in micron or nanometer level surface processing technology; it can produce all kinds of
precise shapes that are flexible in complex surface textures, its size control ability is strong, and its
manufacturing processing speed is fast. Thus, the LST is one of the more successful methods,
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it is the most widely used surface micro texture technology [29,30], and it has the advantages
of environmental protection and no “tool” wear. Since the laser equipment itself is relatively
expensive compared with general processing equipment and the environmental requirements in
the actual processing process are higher, the initial and later costs of LST technology are relatively
high. In addition, after LST processing, there are bumps on the surface that require later polishing
or chemical treatment, thus increasing the workload and cost. Third, due to the high energy
density of laser, LST technology inevitably causes associated damage to the surrounding surface
of the texture, and, due to the penetrability of light, LST technology cannot be used for transparent
or other materials with special optical properties. These insurmountable defects also limit the
development of LST technology in practical applications [31]. GOYA K et al. [32] gave a detailed
review of femtosecond laser processing at home and abroad. Mistry V et al. [33] used finite
element simulation technology to analyze key process parameters in liquid-assisted laser beam
micromachining. Ahmmed K M T et al. [34] studied laser processing technology in regards to
the grooves on the surface of a complex curved surface—parameters such as laser power and
scanning frequency were experimentally compared to determine optimal parameters.

5. The Effect of Texture Size on Frictional Wear Property

5.1. Pit Diameter

A reasonable pit texture can reduce wear and improve bearing capacity because of the texture’s
function of storing abrasive debris and secondary lubrication [35,36]. However, a specific effect must
be considered in combination with actual working conditions. The friction reduction mechanisms of
the pit texture under oil lubrication and dry friction are very different [37–39]. In the past, the shape,
size, effect of depth, etc., on friction and wear performance [40,41] have had little attention pad to
them in regards to surface texture under the conditions of dry friction and spent oil. In long-term,
high-speed operation, running out of oil is inevitable, and an insufficient oil supply may lead to a
sudden rise in the temperature between friction pairs and the instantaneous failure of the workpiece.
In order to ensure that a workpiece has a certain life in the case of lubrication failure, it is of great
significance to study friction and wear in cases of dry friction and spent oil.

Figures 4 and 5 show SEM images of four different diameters of pit texture [42,43] as 10 µm, 50 µm,
100 µm, and 150 µm that were achieved with a laser processing method under the dry friction and spent
lubrication oil conditions, respectively during the friction and wear experiments. Mainly abrasive and
adhesive wear can be seen from the diagrams, with both being visible in Figure 4a–c, where the pit
diameter was refined grain and the wear was more serious. One can also see a little of flake material,
and the diameter of the pit in Figure 4d, Figure 4e had a lighter abrasive wear lighter compared with
the other figures. Figure 4e mainly shows obvious adhesive wear, because the larger the pit diameter
is, the more dust can be stored to avoid abrasive wear.

Figure 5 shows surface micro-morphologies under oil-depleted conditions. Under abrasive
conditions, abrasive grains are mainly used. Figure 5a shows the micro-morphology of a non-textured
surface. Here, the grain and peeling pits were more severely worn; the diameter of the pits in Figure 5b
was 10 µm, and their spacing was small and their degree of wear is light, because a large number of
pits can form a continuous lubrication film that has a good lubrication effect. The adhesion on the
surface of the texture shown Figure 5c, Figure 5e was lighter, mainly due to abrasive wear, the degree
of which was not very serious. However, in Figure 11d, furrows can be clearly seen, and these were
accompanied by spalling pits with slight adhesive wear.
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After observing friction and wear experiments, it could be concluded that pit diameter, under the
conditions of dry friction, drag reduction, wear resistance, does not have a large effect, because no
lubrication effects of the dry friction itself, roughness or diameter produce any large reduction values
during the processes of wear and tear. However, with an increase of diameter, the same area of the
unit may reduce the number of pits, thus moving further from abrasive wear to adhesive wear and
leading to decreased wear and tear. Under the condition of a lack of oil, a 10 µm pit diameter leads to
the best reduction of wear-resistance effect, and a larger the diameter leads to worse effects. This is
because a small diameter, a small number of pits, and small indentation spacing make it easy to form a



Coatings 2020, 10, 171 9 of 18

continuous state of lubricating film under a lack of oil, all of which increase the lubrication effect and
decrease the friction coefficient and wear rate.

5.2. Pit Depth

Dimples of a certain shape and depth can have drag reduction effects under certain lubrication
conditions. During the friction process, due to design and actual working conditions, there may be an
oil shortage. Pits with different depths were machined on the surface of a friction pair, and their effects
on the lubrication effect were analyzed through experiments. The samples with depths of 1, 3, and
5 µm were selected, and the friction factors were analyzed under the conditions of loads of 100, 200,
and 300 N. From Figure 6, it can be seen that the coefficient of friction at each depth appeared as the
load increased. There was decreasing trend, indicating that the magnitude of the load had almost no
effect on the friction coefficient of the different pit depths, and the magnitude had a relationship with
the pit depth itself, but this relationship did not increase or decrease non-linearly. A measurement
of the coefficient of friction was taken at a depth of 3 µm. The minimum value exceeded this depth,
and the coefficient of friction again increased. This was because the pit texture could store not only
lubricating oil but also micro-bubbles during friction in the absence of oil; as such, the gas participated
in lubrication and loading, and then it changed the contact. Physical properties, such as the viscosity
of the oil film, should be adjusted so that the pits are not too deep or too shallow.
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5.3. Groove Width

A large number of experimental analyses showed that micro texture has the effect of reducing
the coefficient of friction and wear of the surface of a friction pair. The final effect depends on
a number of factors, including groove width, pitch, density, applied load, and substrate material.
Groove width [44] has been found to have a certain effect on the coefficient of friction. Under certain
conditions, a reasonable arrangement of groove width can effectively improve secondary lubrication,
thereby reducing the coefficient of friction. At present, there are four main types of bionic texture base
materials: #45 steel [29], gray cast iron [45], high-speed steel [46], and cemented carbide [47]. The base
material also has a great influence on drag reduction and wear resistance. The specific effects of base
materials still need to be explored in depth. Samples with widths of 60, 120, and 180 µm were selected.
A comparison was made between 45# steel (150 N), gray cast iron (300 N), high speed steel (450 N),
and hard alloy (600 N) with pitches of 70, 135, and 200 µm. The analysis of the coefficient of friction is
shown in Figure 7.
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Figure 7. Effect of width on the coefficient of friction under different spacings.

It can be seen from Figure 7a that when the distance was 70 µm, the coefficient of friction under
each load changed irregularly with the increase of the width, indicating that the influence of the
distance and load on the coefficient of friction was obvious at this time. When the distance was
constant, a small width and a low load that effect of drag reduction was the best; Figure 7b shows the
coefficient of friction measured at a distance of 135 µm. It first increased and then decreased with the
increase of the width. Compared with Figure 7a, the distance increased, and the 600 N load achieved a
minimum value at a small width. Because the number of grooves decreased with the increase of the
distance, a larger load was required during the friction process to form a dynamic pressure lubrication
effect between the grooves, and the oil in the grooves was squeezed out to achieve lubrication and
drag reduction; Figure 7c shows the same trend as that of Figure 7b, and the mechanism was the same
here. However, when the width was 60 µm, the coefficient of friction was very different, and when the
width was 180 µm, the four loads converged to one point. This indicates that at this interval, it is not
appropriate to have a large width. No matter what the load was, the friction effect at this width the
significance was not great, because the excessive width did not highlight the advantage of texturing,
instead forming a furrow on the surface that defeated the purpose of the research. In summary,
no matter how big the load or pitch was, a width of 60 µm was able to achieve the minimum coefficient
of friction and the best drag reduction effect.
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6. The Effect of Texture Spacing on Frictional Wear Properties

6.1. Pit Spacing

Research on the effects of the texture of pits on friction and wear performance has not only
considered the diameter of the texture and depth but also the distance between textures. It has been
found that appropriate texture spacing can have good wear resistance effect and that there are certain
differences in the drag reduction of wear-resistance under different working conditions. In view of
the research that has been done to achieve precise values, we attempted to select appropriate spacing
selections of 20 and 30 µm. A traditional lubricating oil extraction process that consumes resources
also produces pollution to the environment; thus, to improve this situation, many researchers have
considered friction and wear under the conditions of water and seawater. The coefficient of friction
and wear capacity were compared under the lubrication conditions of seawater and oil [48], and the
results are shown in Table 1 and Figure 8.

Table 1. The coefficients of friction of pits with different pitches.

Coefficient of Friction Textureless Surface Spacing 20 µm Spacing 30 µm

Water 0.549 0.502 0.527
Seawater 0.493 0.465 0.479

Oil 0.442 0.177 0.198
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As shown in Table 1, the coefficient of friction of the sample with a distance of 20 µm reached a
minimum value under oil lubrication. Compared with a smooth surface, the surface coefficient of the
friction of the pit texture had a larger change, but the coefficients of friction of the two distances were
different. This indicates that micro textures must be set on the surface in order to achieve the effect of
drag reduction and wear resistance, and different texture intervals have little effect on the coefficient of
friction; from the analysis of the wear amount in Figure 8, it can be seen that the two distances under
three lubrication conditions the change trend were the same, and the minimum wear amount of the
20 µm pitch was reached under oil lubrication. Corresponding to the results in Table 1, because there
were more pits with 20 µm pitches, the fluid lubrication effect was more obvious, and this effect
was able to effectively avoid the roughness of the friction pair between peaks. As far as lubrication
conditions are concerned, seawater is rich in various ions that are corrosive and abrasion-based [49].
The metal chlorides FeCl2 and CrCl3, as well as the salts CrO2

2− and CrO4
2−, have the effect of reducing

friction and abrasion. Salinity in seawater also affects the amount of wear; there may be oxidative wear
in water that increases the coefficient of friction and amount of wear, so oil lubrication has the best
chance of reducing drag and abrasion.
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6.2. Groove Spacing

Similarly, samples with distances of 70, 135, and 200 µm were selected to analyze the effect of the
load on the coefficient of friction at a certain distances under different width conditions. In Figure 9,
the abscissa represents groove spacing, the ordinate represents the coefficient of friction, and each
curve represents a different load.
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As can be seen from the above figure, groove spacing had a significant effect on the coefficient
of friction of the texture, and this effect is corroborated by Figure 9. In Figure 9a, the curve of the
four loads varied greatly. The coefficient of friction of the 150 and 300 N loads varied with increasing
distance, and the coefficients of friction of the 450 and 600 N loads gradually decreased and reached
minimum value at 200 µm. This indicates that when the distance is larger, a larger load can form a
good fluid dynamic pressure effect, thereby reducing friction when the distance is small. Additionally,
and excessive load can rupture an oil film and reduce its bearing capacity, which does not help to
reduce friction. It can be seen in Figure 9b that the trend of the coefficient of friction of each load
was also irregular. It can be said that the 450 N test piece achieved a minimum value at a distance
of 70 µm. In Figure 9c, the curves of the 150 and 300 N loads are relatively smooth and their change
rates are small, which indicates that the groove spacing under these two loads had a small effect on the
coefficient of friction. Additionally, the curve change rates of the 450 N and 600 N loads are relatively
large, showing a trend of first decreasing and then increasing; the coefficient of friction was the smallest
and the friction reduction effect was the best at 135 µm. In summary, the optimal value was not
obtained when only distance was considered. Each parameter had a certain effect on the coefficient
of friction. Therefore, it is necessary to choose an appropriate groove distance and comprehensively
analyze the parameters, operating conditions, and the material itself.
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7. The Effect of Texture Occupancy on Frictional Wear Properties

7.1. Pit Occupancy Rate

This section comprehensively analyzes the friction characteristics of the pit texture test specimens
under different area occupancy rates [50,51]. In addition to the texture morphology parameters,
the speed, experimental force and area occupancy were found to synthesize the coefficient of friction of
the test specimen. Figure 10 is Schematic diagram of pit texture. From the histogram below, it can be
seen that the formula for the area occupation rate is:

r =
πD2

4L2 (5)

Here, r is the area occupation rate, D is the dimple diameter, and L is the adjacent pit distance.Coatings 2020, 10, x FOR PEER REVIEW 13 of 18 

 

 
Figure 10. Schematic diagram of pit texture. 

As shown in Figure 11, the area occupancy rate had a very significant effect on the friction 
characteristics of the test piece. The occupancy rate of 14.8% had a generally higher effect than that 
the area occupancy rate of 19.6% and 25.3%. Under different working conditions with different 
speeds and experimental forces, the texture surface with an occupancy rate of about 20% had a 
relatively low coefficient of friction value. In addition, the coefficients of friction of the test pieces 
with different area occupancy ratios under low speeds and load capacities were generally much 
higher than the coefficient of friction values under high speeds and load capacities. The effect was 
obvious. The high rotation speed promoted the effective output of the lubricating oil in the pit, thus 
realizing the timely supply of the oil body between the friction pairs and the high continuity of the 
fluid flow, and this reduced the surface coefficient of friction. At the speed of 40 r/min, each 
occupancy rate linearly decreased with the increase of experimental force. There was no such trend 
at other speeds. The lowest coefficient of friction at each speed was around 300 N. At 180 r/min with 
an occupancy rate of 19.6%, the coefficient of friction reached its lowest value. 

50 100 200 300
0.00
0.03
0.06
0.09
0.12
0.15
0.18
0.21
0.24
0.27
0.30

Co
ef

fic
ie

nt
 o

f f
ric

tio
n

Experimental power（N）

Rotating speed：40r/min
 Occupancy rate14.8%
 Occupancy rate19.6%
 Occupancy rate25.3%

 

50 100 200 300
0.00
0.03
0.06
0.09
0.12
0.15
0.18
0.21
0.24
0.27
0.30

Co
ef

fic
ie

nt
 o

f f
ric

tio
n

Experimental power（N）

Rotating speed：80r/min
 Occupancy rate14.8%
 Occupancy rate19.6%
 Occupancy rate25.3%

 

(a) Rotate speed of 40 (r/min) (b) Rotate speed of 40 (r/min) 

Figure 10. Schematic diagram of pit texture.

As shown in Figure 11, the area occupancy rate had a very significant effect on the friction
characteristics of the test piece. The occupancy rate of 14.8% had a generally higher effect than that the
area occupancy rate of 19.6% and 25.3%. Under different working conditions with different speeds
and experimental forces, the texture surface with an occupancy rate of about 20% had a relatively low
coefficient of friction value. In addition, the coefficients of friction of the test pieces with different area
occupancy ratios under low speeds and load capacities were generally much higher than the coefficient
of friction values under high speeds and load capacities. The effect was obvious. The high rotation
speed promoted the effective output of the lubricating oil in the pit, thus realizing the timely supply of
the oil body between the friction pairs and the high continuity of the fluid flow, and this reduced the
surface coefficient of friction. At the speed of 40 r/min, each occupancy rate linearly decreased with
the increase of experimental force. There was no such trend at other speeds. The lowest coefficient of
friction at each speed was around 300 N. At 180 r/min with an occupancy rate of 19.6%, the coefficient
of friction reached its lowest value.
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7.2. Groove Occupancy Rate

The area occupancy is the density distribution of the texture elements on the surface of a friction
pair. Generally, multiple rectangles are regularly arranged in order to form the texture region of the
groove shape, as shown in Figure 12. The formula for the area occupancy per unit area is:

γ =
B

(2B + l)
(6)

Here, γ is the area occupation rate, B is the groove width, and l is the groove spacing.

Coatings 2020, 10, x FOR PEER REVIEW 14 of 18 

 

50 100 200 300
0.00
0.03
0.06
0.09
0.12
0.15
0.18
0.21
0.24
0.27
0.30

Co
ef

fic
ie

nt
 o

f f
ric

tio
n

Experimental power(N)

Rotating speed：120r/min
 Occupancy rate14.8%
 Occupancy rate19.6%
 Occupancy rate25.3%

 

50 100 200 300
0.00
0.03
0.06
0.09
0.12
0.15
0.18
0.21
0.24
0.27
0.30

Co
ef

fic
ie

nt
 o

f f
ric

tio
n

Experimental power（N）

Rotating speed：180r/min
 Occupancy rate14.8%
 Occupancy rate19.6%
 Occupancy rate25.3%

 

(c) Rotate speed of 120 (r/min) (d) Rotate speed of 180 (r/min) 

Figure 11. Coefficients of friction corresponding to different occupancy rates. 

7.2. Groove Occupancy Rate 

The area occupancy is the density distribution of the texture elements on the surface of a friction 
pair. Generally, multiple rectangles are regularly arranged in order to form the texture region of the 
groove shape, as shown in Figure 12. The formula for the area occupancy per unit area is: ߛ = ܤ2)ܤ + ݈) (6) 

Here, ߛ is the area occupation rate, B is the groove width, and l is the groove spacing. 

 
Figure 12. Schematic diagram of groove texture. 

The impacts of the occupancy rates of 0%, 23%, 37%, and 46% on the coefficient of friction can 
be seen in Figure 13. The coefficient of friction of the 150 N output load increased with the increase 
of the density. The other three loads showed a trend of rising, then falling, and then rising, and all 
had a minimum value at a density of 37%. The coefficient of friction of the 450 N load was the 
smallest. The effect of reducing friction was the best with the 450 N load, so when designing the 
texture layout, rather than increasing the load, it is better to choose an appropriate density to improve 
resistance and wear resistance. 

Figure 12. Schematic diagram of groove texture.



Coatings 2020, 10, 171 15 of 18

The impacts of the occupancy rates of 0%, 23%, 37%, and 46% on the coefficient of friction can be
seen in Figure 13. The coefficient of friction of the 150 N output load increased with the increase of
the density. The other three loads showed a trend of rising, then falling, and then rising, and all had
a minimum value at a density of 37%. The coefficient of friction of the 450 N load was the smallest.
The effect of reducing friction was the best with the 450 N load, so when designing the texture layout,
rather than increasing the load, it is better to choose an appropriate density to improve resistance and
wear resistance.
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8. Conclusions

A growing number of researchers have dedicated their time to bionic texture drag reduction and
wear-resistance, and they have made progress. In industrial production especially, the application
of bionic surface micro texture tests has achieved considerable drag reduction, wear resistance,
and lubrication effects while simultaneously saving resources, saving costs, and improving efficiency
and working life. However, bionic texture belongs to micro technology, so further research is needed
to realize large-scale applications.

(1) The most widely studied textures are those of the pit and groove types, of which the pit type has
better wear resistance effects and the groove type has better drag reduction and lubrication effects.

(2) Here, the sample with a pit diameter of 10 µm had the lowest coefficient of friction and abrasion
amounts in the oil-free condition, and the pit with a depth of 3 µm had the best wear resistance
and wear rate; these findings can help to further improve friction and wear performance.

(3) Here, the effect of wear resistance and wear rate reduction was best when the groove width was
60 µm. Meanwhile, a reasonable groove pitch of 135 µm was adopted, and this groove’s density
was 37%.

(4) Micro-pits can store grinding debris under dry friction conditions and realize secondary lubrication
under oil lubrication. When the oil is lubricated, a micro-groove can form a dynamic pressure effect
in the convergence field, which can also realize secondary lubrication and reduce contact area.

(5) In order to analyze the dynamic pressure lubrication mechanism, one must set the boundary,
simplify the Navier–Stokes equation according to the Couette flow, and obtain the relationship
between the coefficient of friction and hydrodynamic parameters.

At present, the requirements of vehicle energy saving and emission reduction are becoming
increasingly strict, and research in this field has become a hot spot. Due to the advancements in
research on it and its gradually widening industrial applications, bionic textures will soon be used in
space transportation system (they can be used to reduce the viscous resistance of wings and fuselage
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that is produced by the air friction speed), rail transit systems (they can be used to reduce the viscous
resistance of end cars, trucks, pantographs and other important areas), automobiles, ship structures,
and other objects that are widely used in high-speed movement. As such, bionic textures can and
should be used to contribute to energy saving.
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