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ABSTRACT

This study aimed to develop a device to facilitate grinding experiments with

microvibration for analyzing the vibration effect on surface finish of ground

surfaces. A microvibration device was designed and fabricated. It can be used to

provide microvibration to the workpiece vertically and/or horizontally during

grinding. The relationship of the driving voltage, vibration displacement, and

frequency was established. The vibration displacement of the device developed is

proportional to the driving voltage amplitude for both vibration directions. The

vibration frequency and displacement can be adjusted during the grinding

process. Grinding experiments were carried out to compare the surface finish of

silicon samples ground with and without microvibration. The results verified that

microvibration of the workpiece along a certain direction during grinding can

affect the surface finish of the ground workpiece.
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1. INTRODUCTION

Grinding is often used after production of materials and products. The grinding
force level determines how fast the material removal rates are, how rough the
remaining surface is, and whether the workpiece is metallurgically damaged.[1–5]

Grinding is a major manufacturing process that accounts for about 20 to 25% of the
total production cost of machining of components.[6] Therefore, many manufactur-
ing companies have a growing interest in finding economical ways of improving
grinding productivity in terms of part quality and production cost.

Grinding of aspherical surfaces made of Si and SiC was carried out by using
diamond grinding wheels.[7,8] Mirrors were successfully obtained by automatic
grinding operations with mirror surface finish. Microphotographs demonstrated the
ductile mode in grinding of silicon. Ground silicon carbide had complete ductile
mode surfaces. By using a new device for dressing of a resin-bonded diamond wheel
and an improved coolant system, ductile mode grinding of silicon and glass was
achieved using an inexpensive, conventional surface grinding machine.[9] Silicon
samples were ground along different crystallographic directions under the same
experimental conditions. Ra and Rq values and microphotographs of ground silicon
surfaces showed the dependency of surface finish on the grinding direction.[10]

Previous work on vibration-assisted machining shows that a number of process
parameters can be influenced. Ductile cutting of soda-lime glass was realized by
grooving experiments and applying ultrasonic vibration to a single-crystal diamond
tool in the cutting direction. The critical depth of cut in grooving was increased to
about seven times of that for conventional cutting. Better machining performance
and reduction of tool wear were achieved. A transparent surface of soda-lime glass
was obtained by ultrasonic vibration cutting. An optical quality surface
(Rmax¼ 0.03 mm) was obtained.[11]

Ultraprecision diamond machining of steel, which was generally considered
impossible, was realized by applying ultrasonic vibration. High-quality surfaces with
roughness less than 0.1 mm in Rmax were obtained stably up to a cutting distance of
1600m. Better surface finish was obtained at smaller feed rates, and an optical
quality surface of 0.026 mm in Rmax was achieved at a feed rate of 3 mm/rev.[12]

Synchronized two-direction vibration was applied to the cutting edge in the
plane, including the cutting direction and the chip flow direction in such a way that
the cutting edge formed an elliptical locus in each cycle of the vibration. This
‘‘elliptical vibration cutting’’ was effective to reduce the chip thickness and the
cutting force, compared with the conventional cutting, including cutting with
vibration. The shear angle was much increased when the frequency of the elliptical
vibration was increased, and exceeded 60� at a frequency of 6Hz.[13]

Ultrasonic vibration was also used in grinding processes.[14–17] Vibration-
assisted grinding was examined,[18,19] and the results showed that surface roughness
was improved and grinding forces decreased. Low-frequency vibration (30Hz) was
introduced to the workpiece during creep feed grinding.[20] The vibration amplitude
was in the range of 0 to1.5mm. The risk of surface burning and tempering was
reduced with increased vibration amplitude. Vibration with a frequency up to 400Hz
was used and grinding of a hardened nickel alloy was carried out, resulting in
reduced cracking and surface burning.[21] A superposition of grinding kinematics
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with an axial tool oscillation in the ultrasonic range led to a significant increase in the
material removal rate.[13,22–24]

This study covers design, fabrication, and testing of a microvibration device. The
study also covers establishment of the relationships of the driving voltage, vibration
frequency, and displacement of the device. A comparison of ground surface quality
under different grinding conditions (without vibration, with microvibration in the
vertical, along or across the table-feed direction) is also included in the scope.

2. DESIGN OF A MICROVIBRATION DEVICE

Figure 1 shows the microvibration device designed. It consists of two mechanical
systems to provide microvibration in the vertical and horizontal directions. The
vertical vibration system has a sample plate and a sample base plate driven by three
piezoelectric actuators. The horizontal vibration system has a moving platform
driven by one piezoelectric actuator. The moving platform is fixed on the movable
blocks of three linear motion guides and can vibrate horizontally.

Fast response is one of the desirable features of piezoelectric actuators.
Minimum rise time of a piezoelectric actuator requires a power amplifier with
sufficient output current. A piezoelectric ceramic material can withstand
pressures up to a few hundred MPa before it breaks mechanically. Tensile loads
on nonpreloaded piezoelectric ceramic materials are limited to 5 to 10% of the
maximum compressive force. Preloaded elements are highly recommended
for dynamic applications. When operated well below the resonant frequency, a
piezoelectric actuator behaves as a capacitor (displacement is proportional to
charge). In dynamic applications, the power consumption increases linearly with
frequency and actuator capacitance.[25]

Multilayer piezoelectric actuators were chosen to be used in the device because
they have many advantages[26]: low power consumption, high energy-conversion

Linear motion guideBase plate Moving platformSide wall

Waterresistant plastic cover

Retaining plate

Sample plate Piezo actuator Sample base plate

Waterproof
aluminum cover

Spring

Bolt

Figure 1. The microvibration device designed.
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efficiency, large generated force, stable displacement, reduced shift and creep
phenomena, high response speed, low drive voltage, ease of use, and low cost. The
actuators selected have a resonance frequency of 69 kHz. They are driven by the
output driving voltage of a power amplifier that amplifies the small sinusoidal input
signal from a function generator.

Piezoelectric actuators are preloaded by springs and bolts. Piezoelectric ceramics
must be protected from humidity or fluid contamination. Therefore, an aluminum
waterproof cover and a plastic water-resistant cover are used to prevent coolant
from flowing into the device for keeping the piezoelectric actuators in a dry working
environment.

Three piezoelectric actuators are used to drive the sample plate and the sample
base plate to move them along the vertical axis. Three sets of piezoelectric actuator,
bolt, and spring are placed around the center of a retaining plate, which supports the
piezoelectric actuators, the sample plate, and the sample base plate.

The whole vertical mechanism is fixed on the moving platform to obtain
horizontal microvibration. Three linear motion guides support the moving platform
and the whole vertical mechanism. One piezoelectric actuator is fixed between the
moving platform and the side wall, along the central axis of the horizontal moving
platform, to drive the movable parts. Three linear motion guides are placed at the
vertexes of an isosceles triangle. The rails of the linear motion guides are aligned
parallel to the horizontal axis, and the whole setting ensures the platform moving
along the axis by constraining movements in other directions.

The whole device is made of aluminum except the base plate which is made of
cast iron. The base plate can be attracted and mounted on the magnetic table of a
grinding machine by its electromagnetic force.

The total available displacement can be calculated using the following
equation[25]:

�L � �L0
kT

kT þ kS

� �
ð1Þ

where �L is displacement with external spring load (m), �L0 is nominal
displacement without external force or restraint (m), kS is spring stiffness (N/m),
and kT is piezoelectric actuator stiffness. From Eq. (1), Eq. (2) is obtained for
calculating kS.

kS � kT

�L
�L0 ��Lð Þ ð2Þ

As �L0¼ 12.3 mm, kT¼ 190.2N/mm for the piezoelectric actuator selected, the
required spring stiffness can be calculated using Eq. (2) for certain total available
displacement. Table 1 lists different maximum displacement values of the vibration
device and the required spring stiffness.

However, the total available displacement can be achieved by choosing a spring
with appropriate stiffness KS. If a spring with stiffness of 0.1KT is selected, the total
available displacement for horizontal vibration driven by one actuator with one
spring is 11 mm. Similarly, the total available displacement for vertical vibration
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driven by one actuator with three springs can be calculated to be 9.5 mm. If the
applied sinusoidal voltage varies between 0 and 100V, the vibration displacement
varies between 0 and 11 mm for horizontal vibration and 0 and 9.5 mm for vertical
vibration. The maximum vibration displacement will decrease a little with loads.

3. EXPERIMENTATAL RESULTS AND DISCUSSION

Figures 2 and 3 show two photographs of the microvibration device
fabricated. The piezoelectric actuators, the aluminum waterproof cover, and the

Figure 3. Top view of the microvibration device fabricated.

Figure 2. Front view of the microvibration device fabricated.

Table 1. Spring stiffness and maximum displacement of the vibration device.

�L (mm) 2 3 4 5 6 7 8 9 10 11 12

kS (N/mm) 980 590 395 278 200 144 102 70 44 22 5
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plastic water-resistant cover are removed to show the inside structure. The whole
device is covered by the water-resistant cover and water-resistant plastics during

grinding.
The original design was that one piezoelectric actuator was installed at position

1, while the other three piezoelectric actuators were installed at position 2 along with

the three bolts. However, due to the capacitive loading limit of the power amplifier
used, only one piezoelectric actuator could be driven at one time by one power

amplifier. Therefore, for the experiments, one piezoelectric actuator was installed at
the center of the retaining plate to generate the vertical microvibration. Because the

vibration displacement was in micrometer order and the workpiece was fixed on
the center of the sample plate surface, three bolts and three springs could balance the

driving force to a certain extent.
The vibration displacement was measured using an accelerometer. A charge

amplifier was used to amplify the output signal of the accelerometer for monitoring.

An oscilloscope was used for monitoring the driving voltage signal and the output
signal from a function generator in the time domain. A dynamic signal analyzer was

used for monitoring the driving voltage signal and the vibration displacement signal
from the charge amplifier in the frequency domain. The relationships of the
vibration displacement, driving voltage amplitude, and frequency were measured for

the vertical and horizontal vibration systems.
The maximum operating frequency, fmax, of the driving power amplifier used

can be calculated using Eq. (3)[25]:

fmax � imax

�CVp�p
ð3Þ

where imax is peak amplifier source/sink current (A), C is piezoelectric actuator

capacitance (F), and Vp�p is peak-to-peak driving voltage (V). When imax¼ 0.1A,
Vp�p¼ 86.6V, and C¼ 5.4 mF, the maximum operating frequency is 68Hz.

Figure 4 shows that when the frequency was higher than 68 Hz, the driving

voltage (output of the driving power amplifier) Vp�p dropped down, which caused
the vertical vibration displacement to drop significantly. The system was stable when

the driving frequency was between 18 and 68Hz. This range was much smaller than
the theoretically calculated range because of the restriction of the capacity-loading

ability of the power amplifier used.
The driving voltage was increased continuously while the driving frequency was

kept at 40Hz, and the vibration displacement was recorded. The results are plotted
in Fig. 5. The vibration displacement is proportional to the driving voltage Vp�p as

shown by the chart. The relationship can be presented as y¼ 0.0966x� 0.0559,
where y is vibration displacement (mm) and x is driving voltage Vp�p (V). The

maximum displacement is 9.4 mm, which is approximately equal to the value (9.5 mm)
theoretically calculated using Eq. (1).

Figure 6 illustrates measurement results of horizontal direction vibration of

the device. The maximum operating frequency calculated using Eq. (3) is
68Hz. Figure 6 shows that the driving voltage Vp�p and the vibration displacement

decrease with increasing vibration frequency when the frequency is higher than
68Hz.
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The driving voltage was increased continuously while the driving frequency was

kept at 80Hz, and the horizontal vibration displacement was recorded. Figure 7

shows that the vibration displacement is proportional to the driving voltage Vp�p.

The relationship can be presented as y¼ 0.083x� 0.2398, where y is vibration

displacement (mm) and x is driving voltage Vp�p (V).

y = 0.0966 x − 0.0559

R2 = 0.9989
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Figure 5. Vibration displacement vs. peak-to-peak driving voltage for verticaldirection

motion.
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Figure 4. Vibration displacement and peak-to-peak driving voltage measured for vertical-

direction motion.
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Four silicon samples were cut from the same wafer for grinding experiments
without vibration (sample 1) and with microvibration in vertical (sample 2),
table-feed (sample 3), and cross-feed (sample 4) directions. The samples were
fixed on the center of the sample plate of the microvibration device using wax.
The microvibration device was then mounted on the table of a surface grinding

y = 0.083 x − 0.2398

R2 = 0.9962
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Figure 7. Vibration displacement versus peak-to-peak driving voltage for horizontal

direction motion.
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Figure 6. Vibration displacement and peak-to-peak driving voltage measured for horizontal

direction motion.
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machine. The grinding conditions are listed in Table 2. The vibration parameters for
grinding of the four samples are shown in Table 3.

The grinding procedures were the same for the four experiments:

1. Truing and dressing of the diamond grinding wheel.
2. Grinding of 10 mm by 1 mm of down feed.
3. Grinding of 5 mm by 0.5 mm of down feed.
4. Grinding of 2 mm by 0.2 mm of down feed.

A precision surface roughness tester was used to measure the surface roughness
of the ground samples. Each sample was measured five times along the cross-feed
direction. Table 4 and Figs. 8 and 9 show the average values of the surface roughness
heights for comparison. The surface roughness of the silicon sample ground with
microvibration in the cross-feed direction was the best, with 45 to 50% of the
roughness heights of the sample ground without vibration. The roughness of
the sample ground with microvibration in the vertical direction was the next best.

Table 4. Average values of the surface roughness heights.

Ra Rq Rt Rz

Sample mm % mm % mm % mm %

1 0.098 100 0.126 100 0.801 100 0.630 100

2 0.047 48 0.060 48 0.382 48 0.324 51

3 0.051 52 0.067 53 0.535 67 0.383 61

4 0.046 47 0.057 45 0.365 46 0.312 50

Table 2. Grinding conditions.

Workpiece material Silicon

Grind wheel Resin bond diamond wheel, diameter¼ 355mm, width¼ 10mm

Wheel speed 27m/s (1,450 rpm)

Cross feed 1mm

Table speed 5m/min

Table 3. Vibration parameters for grinding of the four samples.

Sample 1 2 3 4

Vibration direction Without Vertical Table feed Cross feed

Driving frequency (Hz) 0 114 80 66

Driving voltage Vp�p (V) 0 46.6 66.4 108

Vibration displacement (mm) 0 3.3 5 9.1
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Figure 9. Surface roughness Rt and Rz of the ground silicon samples.
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Figure 8. Surface roughness Ra and Rq of the ground silicon samples.
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The surface roughness heights of the sample ground with microvibration in the table-
feed direction were 33 to 48% better than those of the sample ground without
vibration. This result is in line with what we have estimated: microvibration of the
workpiece along a certain direction during grinding can improve the surface finish of
the ground workpiece.

4. CONCLUSION

A microvibration device with adjustable vibration frequency and displacement
was designed and fabricated to facilitate grinding experiments for analyzing the
effect of workpiece microvibration on workpiece surface finish. The device can
provide microvibration in vertical and horizontal directions. The relationships of the
driving voltage, vibration displacement, and frequency were established. Grinding
experiments were carried out to test the functions of the microvibration device and
compare surface roughness of silicon samples ground with and without vibration.
The results verified that microvibration of the workpiece along a certain direction
during grinding can affect the surface finish of the ground workpiece. Further
detailed research and improvement, such as increase of the stiffness of the device and
more grinding experiments using a better power amplifier, will be carried out.
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