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In this study, micro-dimples were prepared on a polyimide composite surface to obtain the dual benefits of
polymer materials and surface texture. Micro-ultrasonic machining is employed for the first time for micro-
dimple fabrication on polyimide composite surfaces. Surface textures of simple patterns were fabricated
successfully with dimple depths of 150 pm, side lengths of 225-425 pm, and area ratios of 10-30%. The
friction coefficient of the micro-dimple surfaces with side lengths of 325 or 425 pm could be increased by up
to 100% of that of non-textured surfaces, alongside a significant enhancement of wear resistance. The
results show that surface texturing of polyimide composite can be applied successfully to increase the
friction coefficient and reduce wear, thereby contributing to a large output torque.

Keywords friction, micro-dimple, micro-ultrasonic machining,
surface texture, ultrasonic motor

1. Introduction

Ultrasonic motors featuring small size, low weight, compact
structure, fast response times, low noise, and no electromag-
netic interference have been widely used in equipment designed
for precise and accurate speed and positioning (Ref 1-3).
Ultrasonic motors generate mechanical movement and torque
through frictional contact forces between the stator and rotor or
slider by utilizing the vibration of the elastic stator in the
ultrasonic frequency band and the reverse piezoelectric effect of
piezoelectric materials (Ref 1). Because the mechanical vibra-
tions are converted to linear or rotary motion by frictional
forces generated in the stator—rotor interface, both the efficiency
of energy conversion and the operating life of ultrasonic motors
depend to a great extent on the properties of frictional forces.
The friction coefficient of the sliding surface therefore plays an
important role in the output characteristics and life span of
ultrasonic motors, and an appropriate level of friction coeffi-
cient—varying according to motor type and driving condi-
tions—is essential for ultrasonic motors. In ultrasonic motors,
the contact interfaces need to possess both high friction
coefficients and excellent wear resistance. In some previous
reports on ultrasonic motors, polymer films, including poly-
imide (PI) composite, polytetrafluoroethylene (PTFE) compos-
ite, polyvinylidene fluoride (PVDF), polyetheretherketone
(PEEK), and polyphenylenesulfide (PPS), were glued to the
contacting surface to improve the friction coefficients and wear
characteristics (Ref 4-6).

Recently, the application of surface textures, including
micro-dimples, micro-pillar, and micro-grooves, has been
employed to improve the tribological performance of various
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engineering components (Ref 7-9). The results of these studies
indicated that the different geometrical properties of micro-
dimple surfaces, such as shape, diameter, depth, and area ratio,
have a significant influence on tribological performance (Ref
10). Under dry and oil-lubricated conditions, surface textures
with different parameters were able to not only reduce friction
coefficients but also increase them (Ref 10, 11). For ultrasonic
motors, enhancement of the friction coefficient is beneficial for
obtaining a high output torque in dry friction conditions. The
present paper focuses on the enhancement of the friction
coefficient in the contact interface of ultrasonic motors.

To generate surface textures, several micro-texturing tech-
niques can be employed, such as laser texturing (LST),
electrical discharge machining (EDM), electrochemical
machining (ECM), and micro-ultrasonic machining (MUSM)
(Ref 12, 13). Non-conducting non-metallic materials cannot be
machined by ECM or EDM. Compared with other methods,
MUSM is a promising machining technique with the following
advantages: It is independent of material conductivity, it is
capable of machining all kinds of hard and brittle materials, it
requires a relatively small cutting force and cutting heat, it does
not introduce deformation or burn, and it is convenient for
machining a variety of complex structures (Ref 14-16). Dimple
arrays with a diameter of 300 pm and depth of 600 pm were
successfully generated by PZT USM (Ref 17). Reference 18
developed an ultrasonic elliptical vibration texturing system
and fabricated micro-groove textures to reduce the adhesion of
the rake face of carbide cutting tools. So far, MUSM has mostly
been applied to process hard and brittle materials, such as
ceramic, silicon, and glass, because polymers are usually too
soft to be machined by USM. However, among new kinds of
polymers being developed, some products with good mechan-
ical properties have been found. For example, polyimide
composite is a kind of polymer material containing various
additives that enhance its mechanical properties. However, it
has not been reported whether USM might be used to treat this
material.

In this paper, surface texturing of polyimide composite by
MUSM is described for the first time. The influence of
variations in abrasive particle size, abrasive concentration, and
static load on the size of dimples is investigated. A dry friction
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test is also performed on the friction pair to investigate the
influence of textured polyimide composite on the friction
coefficient and wear characteristics.

2. Materials and Methods

MUSM accomplishes the removal of material by the
abrasive action of a particle-loaded slurry between the work-
piece and a tool that is vibrated at low amplitude (related to the
power rating) and high frequency (usually 16-25 kHz). For this
paper, experiments were conducted in a precise, integrated
USM machine system (Fig. 1) (BDC-150F; Beijing DMBEST
Tool and Die Tech Co., Ltd), consisting of an ultrasonic
generator, ultrasonic transducer, ultrasonic horn, tool, working
stage, power supply, and control unit. A high-power amplifier
IC was used in the ultrasonic generator, and the ultrasonic
vibration was generated by a digital piezoelectric transducer. It
has the function of automatic frequency tracking and can
maintain system resonance by automatic controls. The input
power ranges from zero to 150 W with a frequency of
20+ 4 kHz (the resonance frequency of the vibrator). The
workpiece was fixed on the stage, and the abrasive was
refreshed manually because of the small machining area and
depth.

The workpiece material investigated in this study was
polyimide composite, whose major properties at room temper-
ature are listed in Table 1. The ultrasonic tool with a micro-
square cylinder array (Fig. 2) was fabricated by wire-EDM
using mild steel.

The selected range of parameters listed in Table 2 was based
on the results of pilot experiments during machining of square
micro-dimple arrays on polyimide composite samples. Boron
carbide was employed as the abrasive material in this research
because of its economy and cutting rate.

The slurry was prepared in four different concentrations: 5,
15, 30, and 45% (wt% of abrasive in water). The static load
applied varied from 1.5 to 10 N, and all experiments were
performed with a machining time of 15 s. The performance of
the aforementioned process parameters on the size of dimples
machined was evaluated by determining the influence of each
parameter, while all others remained constant.

Aluminum is a popular material used for the rotor of
ultrasonic motors, and tin bronze is employed as the stator. To

Fig. 1 Schematic diagram and picture of MUSM machining system
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Table 1 Properties of polyimide composite

Property Value
Roughness, Ra 350 nm
Density l4gem™
Tensile strength 130 MPa
Breaking elongation 7%
Flexural strength 131 MPa
Flexural modulus 3.35 GPa

Compression modulus 1.5
Ball indentation hardness 169 MPa

$3400 20.0kV 29.9mm x16 SE

Fig. 2 Scanning electron microscope (SEM) image of ultrasonic
tool with micro-square cylinder array (side length 200 um, height
2 mm, area ratio 30%)

Table 2 Parameter settings employed in experiments

Parameter Value

Abrasive particle size
Abrasive concentration
Static load

1 pm, 10 pm, 40 pm
5%, 15%, 30%, 45%
ISN,3N,5N,7N, 20N
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Fig. 3 Schematic diagram of the sliding friction test
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Fig. 4 Effect of abrasive particle size on the machining depth and
side length of micro-dimples (concentration 15%, static load 7 N,
power rating 135 W)

increase the friction coefficient as well as reduce the wear
between the rotor and stator, the textured polyimide composite
material is laminated onto the rotor. Friction tests were
performed using a pin-on-flat tribometer under dry friction
conditions (Fig. 3). The lower samples were polyimide com-
posite blocks driven by a crank system under linear recipro-
cating motion at a constant frequency. The upper specimens
were tin bronze pins fixed into a metallic holder. Both the
friction coefficient and wear were investigated.

Before the tests began, all of the samples were cleaned
ultrasonically in an acetone bath for 3 min. The tests were
conducted at a normal load of 60 N, a frequency of 5 Hz, and a
stroke length of 1.5 mm in a laboratory atmosphere (25 °C,
relative humidity 55%). The side length of the tin bronze was
2.5 mm, giving an apparent contact pressure in all the tests of
9.6 MPa. It took 10 min to complete the running-in process for
all of the specimens. The friction coefficient was obtained by
averaging the data over the following 20 min.
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Fig. 5 Micro-dimple profiles fabricated with different abrasive par-
ticle sizes
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Fig. 6 Effect of abrasive concentration on the machining depth and
side length of micro-dimples (static load 7 N, abrasive particle size
10 pwm, power rating 135 W)

3. Results and Discussion

3.1 Effect of Abrasive Particle Size

The effect of abrasive particle size on the micro-dimples is
shown in Fig. 4 at an abrasive concentration of 15%, a static
load of 7 N, and a power rating of 135 W. The machining depth
and side length were 51.0 um and 211 pm, respectively, for an
abrasive particle size of 1 um. When the abrasive particle size
was increased to 10 pm, the machining depth and side length
increased to 150 and 226 um, respectively. However, when the
abrasive particle size was increased further to 40 um, the
machining depth reduced to 97 um and the side length
increased to 269 um. This suggests that a small machining
depth is obtained when a larger abrasive particle size is
selected. This result can be explained by the fact that as the
abrasive particle size was increased, the amplitude of the tool
vibration could not provide sufficient space between the tool
face and the workpiece; thus, little cavitation erosion occurred.
In addition, the quantity of abrasive particles decreased when
the size of the abrasive particles was increased at the same
slurry concentration. A smaller abrasive particle size also led to
a small machining depth because of the low kinetic energy of a
single abrasive particle. As a result, the size of the dimples
machined increased with the increase in abrasive particle size.
Figure 5(a), (b), and (c) shows the profiles of micro-dimples
fabricated with abrasive particles of the three aforementioned
sizes. It can be seen that micro-dimples with large, rounded
corners formed with large abrasive particle size. In addition, a
convex shape appeared in the center of the micro-dimple
formed in the case with large abrasive particle size. This can be
explained by an increase in abrasive particle size making it
difficult for the abrasive particles to flow into the machining
areca, which results in the areca with the lowest number of
abrasive particles being in the center of the micro-dim-
ple—hence the convex shape appearing. Moreover, the unifor-
mity of the abrasive particles’ distribution was poor, which led
to a non-smooth surface machined at the bottom of the micro-
dimple.

3.2 Effect of Abrasive Concentration

Figure 6 and 7 show the effect of abrasive concentration on
the micro-dimples, while other parameters were kept constant,
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Fig. 7 Micro-dimple profiles fabricated with different abrasive con-
centrations

i.e., an abrasive particle size of 10 pm, a static load of 7 N, and
a power rating of 135 W. It can be seen that the side length of
the machined micro-dimples was scarcely affected by a change
in the abrasive concentration. The machining depth and side
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Fig. 8 Effect of static load on the machining depth and side length
of micro-dimples (concentration 15%, abrasive particle size 10 um,
power rating 135 W)

length were 38 and 224 pm, respectively, at 5% abrasive
concentration. When the abrasive concentration was increased
to 15%, the machining depth increased to 151 pm with almost
no change in the side length. However, when the abrasive
concentration was increased further, the machining depth
actually decreased, and the same phenomenon occurred for
the side length. It can be seen that the greatest machining depth
was obtained with an abrasive concentration of 15%. A low
abrasive concentration means that there are few abrasive
particles in the machining gap, so less erosion of material
occurs, leading to a small machining depth. The machining
depth increases with abrasive concentration because there are
more active abrasive particles available in the gap between the
tool and the workpiece. However, a decreased machining depth
is obtained with a high abrasive concentration because both the
circulation and impact of the abrasive particles on the
workpiece in the machining area are affected, with a corre-
sponding negative effect on machining depth.

3.3 Effect of Static Load

In MUSM, an adaptive feed is implemented by means of
springs or by magnetic, hydraulic, or gravitational forces
instead of the tool being fed rigidly at a constant speed. Static
load is therefore an important parameter in MUSM. The effect
of static load on the micro-dimples is shown in Fig. 8 and 9 for
a 10-um abrasive particle size, 15% abrasive concentration, and
135-W power rating. An appropriate static load between the
tool and workpiece should be ensured. The static load has a
remarkable effect on machining depth but little effect on the
side length of the micro-dimples. A light static load leads to
poor machining depth because the increase in the gap between
the tool face and the workpiece weakens the impact and depth
of the abrasive on the workpiece. During the impact process,
there is too much energy loss, and hence the impact is
weakened. Too large a static load may similarly not contribute
to machining depth because the decrease in the gap between the
tool face and the workpiece blocks the abrasive particles from
entering the machining area and removing the product. Higher
loads decrease the amplitude of tool tip vibration and prolong
the contact time. Excessive loads can lead to improper vibration
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Fig. 9 Micro-dimple profiles fabricated with different static loads

of the tool and are also not beneficial for improving machining
depth. The side length of the micro-dimples machined was
largely unaffected by the static load.
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Fig. 10 Effect of power rating on the machining depth and side
length of micro-dimples (concentration 15%, abrasive particle size
10 pm, static load 7 N)

3.4 Effect of Power Rating

The effect of power rating on the micro-dimples is shown in
Fig. 10 and 11 for a 10-um abrasive particle size, 15% abrasive
concentration, and a static load of 7 N. It can be seen that the
machining depth increased with the power rating, with the
biggest machining depth obtained when the highest power
rating of 135 W was applied. The amplitude of the tool tip
vibration increased with the power rating. A large amplitude
leads to a large dynamic force on the workpiece, which means
an increase in the momentum and kinetic energy of the abrasive
particles in slurry hammering. Moreover, a large amplitude of
the tool tip vibration is also beneficial for flushing away the
machining products. Both of these positive effects should lead
to an increased machining depth. It is important to note that the
side length of micro-dimples machined was largely unaffected
by the power rating.

3.5 Tribological Evaluation of Textured Surfaces

To assess the effect of the micro-dimple arrays on the
tribological properties of polyimide composite, the friction
coefficients of the surfaces with and without micro-dimple
arrays were investigated under a load of 60 N. Tools with a
micro-square cylinder array of different sizes (Table 3) were
fabricated (Fig. 12).

Micro-dimple arrays of various dimensions were pattern
machined onto the sample surface using MUSM (abrasive
particle size 10 pm, abrasive concentration 15%, static load
7 N, power rating 135 W). Figure 13 shows the micro-dimple
arrays generated with side lengths of 225+35, 32545, and
425£5 pum at a depth of 150£5 pm and an area ratio of
approximately 30%.

The test results from these samples are shown in Fig. 14.
Compared with a non-dimple surface, the samples with micro-
dimple arrays had increased friction coefficients. The pattern
with a dimple side length of 225 pm did not lead to a
significant increase in the friction coefficient, but applying a
pattern with dimple side lengths of 325 or 425 um increased
the friction coefficient to as high as 0.3, which is nearly twice
that of the non-dimple pattern and shows an effective way to
increase the friction coefficient. By comparing the friction
coefficient of samples with the same side length and different
area ratios, it was found that for a dimple side length of
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Fig. 11 Micro-dimple profiles fabricated with different power rat-
ings

325 um, the friction coefficient increased with the area ratio,
increasing to approximately 0.35 for an area ratio of 30%. For a
dimple side length of 425 pm, a maximum friction coefficient
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Table 3 Size of tools employed with micro-square cylin- of 0.326 was observed for an area ratio of 20%. These results
der array indicate that the maximum friction coefficient could be
obtained for conditions of dimple side length equal to

Height Side length, pm Area ratio, % 325 pwm and an area ratio of 30%.
It is well known that the friction coefficient is associated
2 mm ggg 10, 20, 30 with adhesion, plowing, and deformation and collision of
400 asperities (Ref 11). Compared with the non-dimple surface, the
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Fig. 12 SEM images of ultrasonic tool with micro-square cylinder . . . .
arrays of different side lengths (area ratio 30%) Fig. 13 Micro-dimple arrays machined by MUSM
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real contact area between two micro-dimple surfaces sliding dimple area ratio, it is known that the effect of deformation of

relative to each other reduces, which results in weak adhesion the asperity component is almost the same as that of adhesion
and plowing. Plowing is weakened further because the wear and plowing. Therefore, compared with the non-dimple surface,
particles can be trapped by the micro-dimples. All of this little change in the friction coefficient occurs with this dimple
reduces the friction coefficient. However, compared with non- surface. Moreover, with increasing micro-dimple area ratio, the
dimple surfaces, larger deformations of asperity components real contact area between two surfaces sliding relative to each
occur in micro-dimple surfaces, which would increase the other increases, which leads to the enhancement of adhesion
friction coefficient. A change in the friction coefficient is and plowing and to weakness in deformation, which results in a
considered to be related to these three competing factors. For gradual increase in the friction coefficient. For the micro-

the micro-dimple surface of 225 pm side length and 10% dimple surface with 325 pm side length and 10% dimple area
density, the effect of deformation of the asperity component is

0.4 ~ _ greater than with that of adhesion and plowing, leading to a

2:: ::2;?0 0 .rapid increase in the frictign coqfﬁcient. A similar phenomen.on

NS Area ratio=20 % is also observed in a micro-dimple surface of 425 pm side

= 03 rea ratio=30 % ;;:;:;:% length. Compared with the micro-dimple surface of 225 um
[} $959% 3 : 3

5 ???\ side length, a greater .deformatlon pccurred for §1de lenths of

&5 oal Eggg\ 325 and 425 pm, which resulted in a prompt increase in the

S E§§§§ .fricti.onh coefficient. Referepce 19 r;ported that the enhancemeqt

g :.:;:;:\ V%gg\ in frlcFlon between polydlmethy151l.0xane (PDMS) and a rabbit

5 01k /Egggi\ /iiii‘iﬁ\ small-mtes‘gmal tract.mlgh‘F be obtained by altering the size a}nd

= /%ggi %?gg pillar density of micro-pillar surfaces. In short, the friction

L §§§§i /Eggg coefficient of micro-dimple surfaces of polyimide composite

0.0 ARl R can be tailored by altering their size and dimple density, which

225 325 is significant for USM.

Dimple diameter (um) Figure 15 shows the morphology of the wear track on both

flat and micro-dimple surfaces. The wear resistance of the flat

Fig. 14  Effect of micro-dimple arrays on the friction coefficient surface is obviously lower than that of the micro-dimple
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Fig. 15 SEM images of (a) flat and (b) dimpled surface after friction test
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surface. Abrasive and adhesive wear occurred simultaneously
on the flat surface. Reference 20 reported similar results in their
experimental investigation of the tribological behavior of
several polymer materials. However, abrasive wear was not
observed on the micro-dimple surface. This is because the wear
particles can be trapped by the micro-dimples, reducing the
frictional plowing component. Therefore, surface texturing of
polyimide composite is beneficial for increasing the friction
coefficient and for reducing wear, which is helpful for obtaining
a large output torque.

4. Conclusions

In this paper, MUSM was used for the first time for micro-
dimple fabrication on polyimide composite surfaces. In
MUSM, the side length of micro-dimples increases with the
abrasive particle size; abrasive concentration and static load
have little effect on it. However, the machining depth of micro-
dimples increases with the abrasive particle size, abrasive
concentration, and initial static load. Simple patterns of surface
textures with dimple depths of 150 pm, side lengths of 225-425
pm, and area ratios of 10-30% were fabricated. It was
demonstrated clearly that surface texture could increase friction
under a load of 60 N. The friction coefficient of the micro-
dimple surface with a side length of 325 or 425 pm could be
increased by up to 100% of that of non-textured samples, and
its wear resistance was significantly enhanced at the same time.
The results show that surface texturing of polyimide composite
has the dual beneficial effects of increasing the friction
coefficient and reducing wear—useful for obtaining a large
output torque.
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