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As well as the micro patterns, many functional surfaces exhibit micro/nano hierarchical patterns. Micro- and nano-patterned surfaces
can be fabricated using various techniques including photolithography, electron-beams, and so on. However, these processes were
developed for semiconductor fabrication and are not convenient for large-area applications. In this paper, we describe a
manufacturing process for micro/nano hierarchical patterns using a laser and an abrasive air jet, whereby the laser is used to
manufacture microscale patterns, and an abrasive air jet is applied to the micro-patterned surface to generate the nanoscale patterns.
This method is a simple process that can be used to rapidly manufacture hierarchical patterns, making it suitable for large-area
applications. We also developed a fiiction test system, which minimizes external vibrations and sample wear during the measurements.
Our results showed that the coefficient of friction of the hierarchical patterns was 12% smaller than that of microscale patterns.
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NOMENCLATURE

C, = Coefficient of maximum static friction

Ci = C; = Coefficient of kinematic friction

4= Dynamic viscosity

U = Velocity in friction test

P =Pressure in friction test

O = Initial sapphire surface

N =Nano patterned surface

M= Micro patterned surface

M+N = Micro/Nano hierarchical patterned surface

1. Introduction

Recently, there have been many global concerns, such as energy
shortages, resource depletion, and environmental pollution. For these
and other reasons, there has been great interest in ‘green’ technologies;
technologies to enhance energy efficiency have highlighted the
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importance of efficiency in ‘traditional’ systems. For example, an
important factor in energy efficiency is tribology, because reducing
friction can save energy. There are many methods of reducing friction,
such as surface coatings and the use of lubricants. Making a functional
surface through mechanical machining can also improve energy
efficiency by reducing friction. Friction characteristics depend on the
properties of the surface. There are numerous surface treatments that
aim to modify these surface properties, including methods to provide
functionality by texturing micron-scale patterns.'

Micro-processing can be used to enhance the frictional and
tribological properties of a surface. These techniques can be divided
into mechanical, electrical and chemical methods.” Recently, complex
micro/nano-scale patterns, as well as micro patterns, have attracted
interest because of the functionality that can be created using this type
of patterning. These functional surfaces can exhibit reduced friction,
thus modifying the wear and lubrication characteristics. Most studies
on functional surfaces that employ complex patterns have used
biomimetic designs, whereby naturally occurring surfaces are
mimicked.> For example, in the case of micro/nano hierarchical

patterns, mosquitoes can remain on the surface of water without
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moving; high-magnification images of their legs indicate that this is
due to the presence of micro/nano hierarchical patterns.* The
applications of surfaces with such complex patterns include friction
modification. In many mechanical systems, friction leads to wear. The
use of micro- and nano-patterned surfaces can lead to reduced frictional
forces, typically via storage of lubricant and binding to wear particles,
and hydrodynamic effects can enhance the load-carrying capacity.>”

There are several methods that can be used to manufacture micro/
nano hierarchical patterns. The formation of micro patterns and nano
patterns is typically carried out separately from other processes and
requires complex manufacturing techniques. Lithography (such as that
commonly used in semiconductor fabrication) can be applied to
fabricate such patterns, as well as abrasive air jets and three-
dimensional (3D) direct writing techniques that use high-energy
electron beams or laser beams.'“"" Furthermore, techniques such as
electric discharge machining (EDM), electrochemical machining
(ECM), and wire electrical discharge machining (WEDM) are
commonly used to manufacture microscale patterns.

In this paper, we describe our research to reduce friction by
providing texturing on a surface with micro/nano hierarchical patterns.
We also investigated the manufacture of micro/nano hierarchical
patterns manufactured on sapphire wafers. The process used to prepare
these micro/nano hierarchical patterns employs laser machining to form
the micro pattern, as well as abrasive air jet machining, whereby
polishing particles are sprayed onto the surface to form the nano-scale
pattern. This technique can be applied to large-area surfaces and rapid
processing. Nano-Scale patterns are small and are often referred to as
surface roughness. The frictional properties of the resulting surfaces
were characterized. During this process, we shielded the samples from
external vibrations, controlled the position, and measured the frictional
force with various loads and transfer speeds to plot Stribeck curves.

2. Manufacturing of Micro/Nano Hierarchical Pattern

In our research, frictional force was measured to evaluate the
functionality of micro/nano hierarchical patterns. Two different
surfaces in relative motion were used to measure the drag generated
while applying a normal force to the direction of motion. When a soft
material is used repetitively on the same contact surface or point,
abrasions may occur, which can lead to changes in the frictional forces.
To maintain stability of the micro/nano hierarchical patterns, a sapphire
sample with a Mohs hardness of 9 was used to minimize abrasion
during the measurements. A 2-inch sapphire wafer (thickness: 0.4 mm),
was lapped and cut into 20 mm x 20 mm samples; 10 mm x 10 mm
micro patterns, nano patterns, and a micro/nano hierarchical pattern

were manufactured at the center of these samples.

2.1 Manufacturing of Micro Pattern

Previous studies on the relationships between micro patterns and
frictional forces focused on analysis of the influence of the shape, size
and pitch of the patterns.'*!3 Methods for manufacturing patterns vary
according to the materials used. In this research, we used laser
machining, as it is suitable for large-area surfaces. Fig. 1 shows the

laser equipment used to form micro patterns on sapphire wafers; Table
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Fig. 1 Laser system for micro patterning on the sapphire

Table 1 Specifications of laser system

X-Axis 150 mm
. Stroke Y-Axis 150 mm
Me(;l)l{z;rsncal - Z-Axist‘ 501 mm
. inear motion .1 pm

Resolution 5 tary motion 0.0001
. Scan field 70 x 70
O:::ecjl Resolution 1.0 gm
Wavelength 355 nm

Laser Average power 13W

source Repetition times Max. 80 kHz

Table 2 Micro patterning conditions

Pattern sizes (diameter, @ x distance between center, zm)

Designed patterns Manufactured patterns Depth
@ 30 x (45, 60, 90) 0 40 x (60, 90, 150) 100
60 x (90, 120, 180) 0 70 x (90, 120, 180) 200

@90 x (135, 180, 270)
@ 120 x (180, 240, 360)
@ 150 x (225, 300, 450)

0 100 x (135, 180, 270) 300
0 130 x (180, 240, 360) 200
0 160 x (225, 300, 450) 200

1 lists the specifications of the equipment. The laser beam was focused
to a triangular shape to penetrate into the surface of the sapphire wafer,
allowing the circular conical micro patterns to be manufactured.

With the maximum laser power, the spot size was 20 um in
diameter. Since exact positional control was difficult, the real
manufactured patterns differed from the design value, with an error of
+ @ 10 gm. The micro patterns were manufactured on the sapphire
sample according to the conditions listed in Table 2.

2.2 Manufacturing of Nano Pattern

The sample used in the frictional force experiments was a lapped
sapphire wafer, with random nano patterns on the surface. The nano
patterns were manufactured using an abrasive air jet. An abrasive air jet

is a device for removing burrs generated by mechanical machining, and
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Fig. 2 Abrasive air jet system for nano patterning on the sapphire

Table 3 Abrasive air jet machining conditions

Powder material (size) Al O; (mean value: 25 gm)

Blasting pressure (psi) 100
Feed rate (mm/min) 10
Impact angle (°) 90
Mass flow rate (g/min) 90

involves spraying minute polishing particles. The size of these
particles, as well as the air pressure and processing speed, were varied
to control the nano patterns. Fig. 2 shows the abrasive air jet
equipment, and Table 3 lists the processing conditions.

To investigate changes to the surface, the surface following
processing with the abrasive air jet, were measured using a 3D non-
contact surface profiler. Nano patterns were manufactured on the
surface of the initial smooth sapphire sample, as well as on the lapped
surface, where a micro pattern already existed. Although it was not
possible to measure the nano patterns that were manufactured on the
micro patterns, both patterns were manufactured using an identical
abrasive air jet process, and it is reasonable to assume that the shape of
the nano patterns was identical. Fig. 3 shows a scanning electron

P

(b) 3D profile: Ra= 350 nm, Rq= 450 nm

Fig. 3 SEM image and 3D profile of surface after abrasive air jet
process

Fig. 4 Sapphire and PDMS samples including micro/nano pattern

microscope (SEM) image of the same sample surface that was
measured using the 3D non-contact surface profiler.

2.3 Manufactured Micro/Nano Hierarchical Pattern

A 3D non-contact surface profiler is not useful for measuring the
depth of a micro pattern because of the optical diffusion and reflection
inside the pattern. Also, a contact-type surface profiler has a problem
in that the center of the pattern cannot be accurately characterized.
Measurements of the pattern depth were carried out by applying a
polydimethylsiloxane (PDMS) coating to the sample, and transcribing
it into a replica. Fig. 4 shows a sapphire sample processed with a
20 mm x 20 mm pattern, and the PDMS replica. Fig. 5 shows optical
microscope images of part of the micro pattern manufactured on the
sample, as well as the replica transcribed on PDMS. From left to right,
we show the micro pattern manufactured using laser patterning, the
micro/nano hierarchical pattern manufactured using laser patterning
and the abrasive air jet, and the PDMS replica. The sample conditions
and manufactured patterns are listed in Table 2.
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Fig. 5 Optical images of micro patterns, micro/nano hierarchical
patterns and the PDMS replica

3. Experimental Process

3.1 Configuration of the Friction Test Equipment

A tribometer measures friction and wear on a sample in rotary
motion based on the frictional force caused by a point contact;
however, the results may be insufficient for characterizing surface
contact with higher dimensionality. The tribometer should rotate for a
long period of time following loading; therefore, wear will occur at the
contact point. Because the results are obtained by averaging data,
which may occur throughout the measurement, it is difficult to
characterize accurately the frictional force on the initial sample surface.

The frictional force on the sample depends on the micro pattern, and
localized pressure caused by the size of the ball may lead to wear. This
also makes it difficult for the ball to remain at the center of the pattern.
Therefore, to enable surface contact measurements of the frictional
forces, and to minimize wear to the nano patterns, we developed a new
system to measure the frictional force over a single cycle.

Fig. 6 shows the friction test system used for measuring the
frictional force. Translation in the x-axis was enabled using an air

guideway, and vibration was minimized using an anti-vibration pad.

Fig. 6 Image of manufactured friction test system

Table 4 Dry friction test conditions for verification

Motion 1 cycle (One Way)
Stroke (mm) +20
Load (N) 6.6, 8.6, 10.6
Feed rate (mm/min) 10

Table 5 Specifications of tribometer (UFW200)

Rotation module
- Upper pin or ball specimen:
Stationary or automatic positioning
on disc radius 1 to 1,000 rpm
- Automatic radial positioning:
Range 15 mm, Resolution 0.1 mm

Linear reciprocation module

- Upper pin/Ball/Block
- Distance 0 - 25 mm
- Reciprocating frequency 0.1 - 20 Hz
- Reciprocating stroke 0.1 - 25 mm

Table 6 Compared results of coefficients of friction for verification

Developed friction

Tribometer model UFW200
test system

Coefficient of 6.6 N 0.108 0.098
maximum static 8.6 N 0.103 0.101
friction (Cy) 10.6 N 0.093 0.097
Coefficient of 6.6 N 0.091 0.081
kinematic 8.6N 0.089 0.084
friction (Cy) 10.6 N 0.088 0.083

Table 7 Friction test conditions with lubricant

Motion 1 cycle (One Way)
Stroke (mm) +20
Load (N) 1.6,2.6,4.6, 6.6, 8.6, 10.6
Feed rate (mm/min) 10

Installing load cells on the left and right enabled measurement of the
frictional force opposing translation. The load was applied to the y-
axis, and could be controlled. The ball on the tip of the stylus cut
vertically, and a sapphire surface was attached for the mating surface.
The sapphire sample was 0.4 mm thick and was cut to 2 mm x 2 mm.

The reliability of the data was assessed prior to the experiments. We
compared the coefficient of friction of the friction test system developed
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Fig. 7 Stribeck curves of friction tests under lubricating and surface types

here and a commercial tribometer. The initial sapphire sample was used to
measure the frictional force. An identical sample was used as the mating
surface to minimize wear generated during measurement. Dry friction
analysis was carried out to measure the friction coefficient. The coefficient
of maximum static friction of the sapphire-sapphire interface was 0.1,

according to the manufacturer of the sapphire wafer and other
references.'*!> Table 4 lists the experimental conditions used during the
friction experiment. The actual load was 0.6 N greater than the applied load,
to account for the mass of the stylus (Fig. 6). The minimum applied load
was 5 N, and we investigated loads of 6.6 N, 8.6 N, and 10.6 N (Table 4).
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Fig. 8 Stribeck curves of friction tests under lubricating and variations distance of micro patterns

Table 5 lists the specifications of the commercial tribometer
(NEOPLUS’s UFW200).! Table 6 lists the measured coefficients of
friction characterized in identical conditions, using the friction test system
developed in this research and the commercial tribometer. The coefficient

of maximum static friction, Cs, was 0.1, giving an error of + 5%.

3.2 Friction Test of Each Pattern Types

The four types of sapphire surface (the initial sapphire surface, the
micro-patterned surface, the nano-patterned surface with applied
surface roughness and the micro/nano hierarchical pattern) were used

in the surface contact frictional experiments, and the frictional forces
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were measured using a 2 mm x 2 mm sapphire sample as the mating
surface. To investigate the effects of the patterning, the coefficient of
friction was measured for a single cycle, along a straight line. To
include the entire pattern, the measurement length was 20 mm, and the
transfer speed was 10 mm/min. Table 7 lists the conditions during the
measurements. In all experiments, a lubricant was applied to minimize
wear; we used a commercially available oil with a viscosity of
27.44 cP.

4. Results and Discussions

To compare frictional forces between micro-patterned and nano-
patterned surfaces, the surfaces of the samples were classified into four
types: the initial smooth sapphire surface (original surface), micro-
patterned surfaces (micro patterns), nano-patterned surface (nano
patterns), and surfaces with micro/nano hierarchical patterns (micro/
nano patterns). After adding lubricant, experiments were carried out
according to the conditions listed in Table 7, and the coefficients of
kinematic friction were measured (Ck = Cf). The number of data points
was 1,080 (4 surface types x 15 samples each x 6 loads x 3 repetitions
of each measurement). Fig. 7 shows the resulting Stribeck curves on
different surface types. The frictional force was measured for different
surface types manufactured using the conditions listed in Table 2 and
Fig. 8 shows a comparison of the Stribeck curves according to different
sized micro/nano patterns, which was derived by the distance between
micro patterns. In Figs. 7 and 8, the Stribeck number is a dimensionless
number given by (uxU) / P, where g is the lubricant dynamic
viscosity, U is the velocity (= feed rate in Table 7), and P is the contact
pressure in the friction test.''®

Table 8 lists the coefficients of friction for the four types of surface.
The coefficient of friction was largest for the initial sapphire surface
(O), followed by the nano-patterned surface (N) and the micro-
patterned surface (M). The coefficient of friction was smallest for the
micro/nano hierarchical patterned (M+N) surface.

The nano-patterned surface has a surface roughness governed by
its nano patterns. Compared with the initial sapphire surface, the
coefficient of friction of the nano-patterned surface is attributable to
the low contact area due to the nano patterns between the mating
surfaces.!” Thus, the nano-patterned surface showed a lower
coefficient of friction than the initial sapphire surface. The micro-
patterned surface has dimple patterns. It was considered that the
hydrodynamic pressure, caused by fluid flow changes, increased
locally near the dimple patterns and the load-carrying capacity of
lubricant film was improved by the shape of the dimple patterns.?’!
The micro/nano hierarchical-patterned surface had both the effects of
the nano patterns, with a low contact area, and that due to the micro
patterns, with hydrodynamic pressure and load-supporting capacity.
Consequently, the micro/nano hierarchical-patterned surface showed
the lowest coefficient of friction.

This provides some evidence of the functionality of the micro/
nano hierarchical patterns; however, when the distance of the micro
patterns increased to more than three times the size of the features of
the pattern, the frictional force for the micro-patterned surface was

greater than that for the nano-patterned surface. This is attributed to

Table 8 Comparison of coefficients of friction according to surface
types (Surface types: O, M, N, M+N)

Pattern sizes, @ (zm) Pattern Coefficients of friction

» 10 U distance (zm) (surface conditions)

40 60 O>N>M>M+N

. . 90 O>M>N>M+N
(Designed size : 30)

150 O0>M>N>M+N

70 90 O>N>M>M+N

. . 120 O>N>M>M+N
(Designed size : 60)

180 O0>M>N>M+N

100 135 O>N>M>M+N

. . 180 O>N>M>M+N
(Designed size : 90)

270 O0>M>N>M+N

130 180 O>N>M>M+N

. . 240 O>N>M>M+N
(Designed size : 120)

360 O>M>N>M+N

160 225 O>N>M>M+N

. . 300 O>N>M>M+N
(Designed size : 150)

450 O>M>N>M+N

Table 9 Comparison of coefficients of friction according to distance
of the micro patterns (Surface types : O, M, N, M+N)

Surface Patter sizes, @ (zm) Coefficients of friction
conditions ? (Patterns conditions)
M 40 150> 90 > 60
M+N (Designed size : 30) 150 >90 > 60
M 70 180 > 120 > 900
M+N (Designed size : 60) 180 > 120 > 900
M 100 270> 180> 135
M+N (Designed size : 90) 270 > 180 > 135
M 130 360 > 240 > 180
M+N (Designed size : 120) 360 > 240 > 180
M 160 450 > 300 > 225
M+N (Designed size : 150) 450 > 300 > 225

insufficient force supporting the load between the corresponding
surfaces.

Table 9 shows the ranges of the coefficients of friction according to
distance between micro patterns. With the micro-patterned surfaces (M)
and the micro/nano hierarchical-patterned surfaces (M+N), the
coefficient of friction increased as the distance of the micro patterns
increased. For a given distance, the coefficient of friction for the micro/
nano hierarchical-patterned surface was - 12% smaller than that of the
micro-patterned surface.

In any pattern on a surface having a friction-reducing effect,
durability is an important factor. If the durability is poor, the
friction-reducing effect will decline as the pattern becomes broken
and scratched. However, the surface material used here was
sapphire, which has high hardness and wear resistance. In the case
of a micro/nano hierarchical pattern or nano pattern, it may show
less durability than the micro-patterned surface alone and the initial
sapphire surface due to its rough surface, but the coefficient of
friction will be lower as a functional benefit. After 1080 repetitions
of the friction tests in this study, there was no evidence of
degradation in the pattern shapes. Thus, all of the patterns on
sapphire, including the micro/nano hierarchical pattern, showed
good long-term durability.
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5. Conclusions

We
sapphire wafers using laser machining and abrasive air jet machining,

fabricated micro/nano hierarchical-patterned surfaces on
and measured the frictional properties of the resulting surfaces. The
major results of this work can be summarized as follows:

(1) Laser machining and an abrasive air jet were used to form
micro/nano hierarchical-patterned surfaces on sapphire and were
suitable for large-area manufacturing. Circular conical patterns were
manufactured with a diameter of 40 - 160 xm. Using the abrasive air
jet, a micro/nano hierarchical pattern was prepared with a surface
roughness of Rq =450 nm. The micro/nano hierarchical pattern was
transcribed onto a PDMS replica to measure the depth of the
patterns.

(2) Time-averaged rotary motion or reciprocating motion can be
used to measure the coefficient of friction; however, this causes wear,
changing the properties of the surface during the experiment. Instead,
we developed a friction test system: we used an x-y linear translation
set-up to minimize wear to the surface, to measure the frictional
properties. An air guide was used to minimize external vibration.

(3) The surfaces of the sapphire samples were classified into four
types. The coefficient of friction was largest for the initial smooth
sapphire surface (O), followed by the nano-patterned surface (N), the
micro-patterned surface (M), and the micro/nano hierarchical-patterned
(M+N) surface. Thus, the micro/nano hierarchical pattern was effective
in reducing friction. However, when the distance between the micro
patterns increased to more than three times the size of the micro
pattern, the frictional force for the micro-patterned surface was greater
than that for the nano-patterned surface. As the distance of both the
micro and micro/nano hierarchical patterns increased, so did the
coefficient of friction. The coefficient of friction of the micro/nano
hierarchical patterned surfaces (M+N) was - 12% lower than that of the

micro-patterned surfaces (M).
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