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A B S T R A C T

The vibrational characteristics of ultrasonic vibration system play an important role in the stability and pro-
cessing effect in ultrasonic machining. In this study, a theoretical analysis and experimental verification were
employed to investigate the effect of the thermo-mechanical load on the vibrational characteristics of ultrasonic
vibration system. Initially, a dynamic model was designed to analyze the influence of the thermo-mechanical
load on the vibration characteristics. Based on the model, the single variable method was adopted to explore the
effect of different mechanical loading and the rigidity coefficient of the tool on the vibrational characteristics.
Then the experiment was conducted by imposing variable loads on the tool end face, and the amplitude, current,
frequency and temperature of ultrasonic system were measured. Finally, the ultrasonic vibration drilling test was
conducted to verify the experimental results. It was observed that the ultrasonic amplitude initially increased
and later decreased with the increase in static load. In addition, with the increase in static load, the thermal
effect was significant and the ultrasonic frequency presented a similar tendency, as the ultrasonic amplitude.
Meanwhile, the variation of ultrasonic frequency was not significant under the thermo-mechanical load. The
results of this study could provide a favorable reference in the design of an ultrasonic vibration system and
selection the different tools in ultrasonic machining.

1. Introduction

Ultrasonic machining is a non-traditional mechanical processing
method and widely utilized for the machining both conductive and non-
metallic materials [1]. During the processing, the vibrational tool leads
the abrasive particles contained in the slurry to impact the workpiece
surface, thereby causing the removal of the material by micro-chipping,
mechanical abrasion, cavitation effects and chemical action [2]. Si-
multaneously, it reduces the cutting force [3], cutting temperature [4],
and improves the integrity of the workpiece surface [5,6]. The ultra-
sonic machining is a compound machining process, in which some of its
processing variables are related to the feed rate of the tool and others
are related to ultrasonic parameters, such as the vibration amplitude
and the vibration frequency. The machining effect is generally de-
termined by the design of an ultrasonic vibration system. However,
when there is an imposed load on the vibration system, the character-
istic parameters such as the ultrasonic amplitude and resonant fre-
quency changes at some extent [7].

In general, during the ultrasonic machining, the whole vibration
system is expected to run at an optimized performance, wherein the

ultrasonic amplitude should reach a peak value at the resonant fre-
quency. Since it is difficult to measure the ultrasonic amplitude during
the processing, the ultrasonic vibration is supposed to be stable or
unchangeable in the ultrasonic machining, without considering the
influence of various processing parameters. Cong et al. using the the-
oretical and experimental results indicated that the cutting fore in the
rotary ultrasonic machining (RUM) decreased with an increase in the
ultrasonic amplitude [8]. In other words, the RUM was sensitive to the
load generated during the material removal process and the cutting
force exhibited a significant effect on the actual ultrasonic amplitude. It
was concluded by Wang et al. [9] that the feed rate demonstrated a
significant influence on the cutting force in the RUM process, and the
augment of the cutting force in RUM led to a decrease in the actual
ultrasonic amplitude, when the frequency was tuned at the resonant
frequency. Thus, the ultrasonic vibration was significantly influenced
by the processing parameters during its operation. Moreover, the ul-
trasonic vibration amplitude has exhibited a direct effect on the output
variables in RUM [10–13]. It is significant to elucidate the experi-
mentally observed phenomena by measuring the ultrasonic amplitude
in RUM. Till date, four methods have been reported for the
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measurement of the ultrasonic amplitude; including two direct mea-
suring methods viz. the optical vibration sensor method and the dial
indicator method, and the other two indirect measuring methods viz.
the microscopic observation method and the observation cutting force
variation [11,14,15]. The former two methods could not be directly
utilized to measure the ultrasonic amplitude during the RUM proces-
sing. The microscopic observation method was only used for the mea-
surement of ductile materials under RUM. The ultrasonic amplitude in
brittle materials was obtained through a mechanistic calculation model
between the ultrasonic vibration amplitude and the cutting force in
RUM of brittle materials. However, the method of ultrasonic amplitude
measurement did not consider the thermal effects in RUM, and only
analyzed the effect of the ultrasonic amplitude on the processing. It is
well known that the ultrasonic amplitude significantly depends on the
resonant frequency in ultrasonic machining. In other words, the de-
viation between the turning frequency and the resonant frequency
significantly affects the characteristics of ultrasonic vibration. Con-
sidering the state of the art regarding publications, few literatures were
used to report the vibrational characteristics under the action of
thermal-mechanical load. Wang et al. [16] considered the effect of the
thermal load on the vibration system, and explored the stability of the
vibration system under the thermo-mechanical load during RUM. It was
concluded that the resonant frequency increased with the increase in
the mechanical. In contrast, it decreased with the increase in thermal
load. In their experimentation, they adopted the change in the ultra-
sonic power to observe the vibrational characteristics in the processing.
Nevertheless, the relationships between the thermal-mechanical load
and the vibrational characteristics were not directly obtained in the
experiment.

Consequently, it is of great significance to explore the effect thermo-
mechanical load on the vibrational characteristics on the ultrasonic
vibration system. In this study, the vibrational characteristics of the
ultrasonic system under thermo-mechanical load were investigated.
Initially, the dynamic model of the vibration system was established.
Subsequently, the relationship between the thermal-mechanical load
and the ultrasonic vibrational characteristics was directly obtained by
the experimental measurement, and the current was utilized to monitor
the stability of the ultrasonic vibration. Finally, the effect of the thermo-
mechanical load on the vibration system was verified using the ultra-
sonic vibration drilling test.

2. Theoretical analysis

2.1. Establishment of the dynamic model

The ultrasonic vibration system was composed of the transducer,
front cover, horn and tool. In the ultrasonic machining, the load of the
vibration system is usually variation with the tool wear. Meanwhile, the
variation of the load brings nonlinearity to the vibration system, affects
the vibrational characteristics of the ultrasonic vibration system, and
causes instability in the process [17]. The vibration system under the
load should follow the nonlinear load variation rule, in which the load
should be equivalent to the viscoelastic amplitude limiter, namely the
Kelvin model [18]. It is assumed that the shape of horn was cylindrical,
and the material of construction of the ultrasonic vibration system was
an isotropic homogeneous material. The dynamic model was exerted as
shown in Fig. 1. The imposed load was equivalent to a linear spring

with rigidity coefficient k and damping coefficient c.
When the load was superimposed on the end face of tool, the dy-

namic equation of the system can be obtained as follows.
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On the Laplace transformation of Eq. (1), the transfer function under
imposed load can be written as follows.
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where m0 is the quality of the piezoelectric ceramic parts, m1 is the
total mass of the preloaded bolt and front cover, m2 represents the total
mass of booster and tool, c is the damping coefficient, c1 is the damping
coefficient of the preloaded bolt and front cover, c2 is the damping
coefficient of booster and tool, k is the spring rigidity coefficient, k1 is
the rigidity coefficient of preloaded bolt and front cover, k2 is the ri-
gidity coefficient of booster and tool, x0 is the displacement of the
piezoelectric ceramics, x1 is the displacement of preloaded bolt and
front cover, and x2 is the displacement of booster and tool.

Eq. (2) shows that the variation of the rigidity coefficient k and the
damping coefficient c influences the transfer function of the vibration
system. It is assumed that the imposed load F on the tool end face
complies with the law of sinusoidal variation. In order to gain the re-
lationship between the load and rigidity coefficient k and the damping
coefficient c, the dynamic response model of load was introduced as
follows.
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where k i3 denotes the rigidity coefficient of tool, and the subscript i
represents the tool 1 and 2.

From the knowledge of material science [19], k3 is directly pro-
portional to the Young’s Modulus E of the material with a pro-
portionality coefficient of λ, which was deduced as:

= λEk3 (4)

where E is Young’s Modulus. It is well known that the Young’s Modulus
E of a material is related to the temperature T . For tungsten steel, the
Young’s Modulus E will decrease with an increase in temperature T .
Moreover, EΔ can be defined as the change in E due to an increase in
the temperature. When the temperature increases, the rigidity coeffi-
cient ′k3 of the tool can be denoted as follows.

′ = −λ E Ek ( Δ )3 (5)

Eq. (5) indicates that the rigidity coefficient decreased with an in-
crease in the temperature. Simultaneously, it can be seen from Eq. (3),
when rigidity coefficient k and the damping coefficient c were constant,
the variation load of the vibration system affected the amplitude and
the frequency to a certain extent.

2.2. Determination of the dynamic model parameters

The parameter of tools exhibits a significant influence on the load
variation of the vibration system. Since the damping coefficient has a
little influence on the temperature change and mechanical load [16], its
effect on the vibration characteristics of the vibration system can be
neglected. In order to obtain the influence of the different rigidity
coefficients on the vibration characteristics, two tools with different
outer diameter made of tungsten steel were used in this experiment.

k1

c1 c2

k2

m1

x1

k
m2

x2x0

c

m0

Fig. 1. Simplified model of ultrasonic vibration system.
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The outer diameter of the first tool (named tool 1) was 6mm, and the
outer diameter of the second tool (named tool 2) was 8mm. At ambient
temperatureT0 of 25 °C, the parameters of each segment in the vibration
system are shown in Table 1.

On substituting the above parameters into Eq. (2), the Bode diagram
of vibration system under different parameters can be plotted with the
Mathematics software. Fig. 2 presents variation in the frequency and
amplitude under different rigidity coefficients. Compared with the
frequency and amplitude under the rigidity coefficient k31, the fre-
quency decreased by 13.8% and the amplitude increased by 8.4% re-
spectively. Thus, the frequency decreased and the amplitude increased
with the increase in rigidity coefficient.

With the increase in temperature, according to Eq. (5), the rigidity
coefficient is ′ = ×k N m29.92 10 /31

7 at the temperature T1 of 96 °C. The
influence of the load on the amplitude and frequency at different
temperatures was plotted. Fig. 3 presents the effect of the mechanical
load on the amplitude under different temperatures. Compared to the
amplitude at the temperature T0, the amplitude at the temperature T1
decreased by 5.7%. In contrast, as presented in Fig. 4, the frequency at

the temperature T1 decreased by 0.51%.

3. Experiment

3.1. Experimental setup and methodology

The experiment was performed on X8130 universal tool milling
machine. The test principle employed is shown in Fig. 5. The mea-
surement device leadingly included the ultrasonic vibration system, the
load measurement system and the amplitude measurement system. The
ultrasonic vibration system was composed of the ultrasonic generator,
transducer, horn and machining tool. The ultrasonic generator was
primarily utilized to convert the alternating current into high-frequency
electric oscillation for the ultrasonic vibration system. Then the trans-
ducer converted the electric oscillation into mechanical vibration at
high-frequency. However, the amplitude of mechanical vibration gen-
erated by the transducer was generally too low to be used for me-
chanical machining. Consequently, the horn was added to amplify the
ultrasonic vibrational amplitude to an applicable magnitude. The value
of the imposed load was measured by a dynamometer (Kistler 9257B).
The ultrasonic amplitude was measured by a laser displacement sensor
(KEYENCE LK-G10). In order to measure the temperature during the
experiment, the different loads were imposed on the end face of tool for
at least 10 min. The temperature was measured with an infrared ther-
mometer (BENETECH GM300).

As shown in Fig. 6, the vibration system was fixed on the dynam-
ometer and the machine table was adjusted to make the squeeze head
contact with the tool end face. Then the laser displacement sensor was
adjusted to produce the laser signal on the tool end face. The switch of
ultrasonic generator was turned on, and a load was imposed on the tool
end face through adjusting the workbench vertical movement. The
value of load was displayed on computer 1, and the value of amplitude
was displayed on computer 2. At the same time, the value of frequency
and electric current was obtained from the control panel of the

Table 1
Parameters of each segment in ultrasonic vibration system.

Component Material Density (kg/m3) Elastic modulus (N/m2) Parameters

Piezo-ceramics PZT-4 7700 6×1010 = × −m kg116.054 100 3

Pre-load bolt and Front cover 45steel 7890 21×1010 = × =
= ×

−m kg c
k N m

193.239 10 , 0.005
40.3 10 /

1 3 1

1 7

Horn 45steel 7890 21×1010 = × =
= ×

−m kg c
k N m

420.919 10 , 0.005
25.08 10 /

2 3 2

2 7

Tool 1 tungsten steel 7290 40×1010 = × =k N m c30.55 10 / , 0.00831 7 3
Tool 2 tungsten steel 7290 40×1010 = × =k N m c54.31 10 / , 0.00832 7 3

Fig. 2. Bode diagram of the vibration system under different load parameters.

Fig. 3. Effects of the mechanical load on amplitude under different tempera-
tures.

Fig. 4. Effect of mechanical load on frequency under different temperatures.
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ultrasonic generator.
In order to obtain the relationship between the resonant frequency

and the ultrasonic amplitude, the tool 1 and tool 2 were utilized in
experiment without any kind of load. Simultaneously, the relationship
between the resonant frequency and the electric current was also
gained. It was observed from Figs. 7 and 8 that the amplitude and
electric current initially increased, while later decreased with the fre-
quency increasing for both tools. The resonant frequency of tool 1 was
35.14 kHz and that of tool 2 was 34.87 kHz, and the corresponding
current was 0.21A and 0.23A, respectively.

Experiments were conducted in two groups, in order to obtain the
relationship between the ultrasonic amplitude, resonant frequency,
temperature, current and the imposed load on the ultrasonic vibration
system. The experimental variables are provided in Table 2. Firstly, the
ultrasonic frequency was tuned at the resonant frequency of
f1= 35.14 kHz, and a load was imposed on the end face of tool 1. In
order to monitor the temperature variation, the time for each load on
the tool 1 lasted approximately 10min. The next experiment was con-
ducted when the temperature of tool was consistent with the ambient
temperature. Secondly, the ultrasonic frequency was tuned at resonant
frequency of f2= 34.87 kHz, and a load was imposed on the end face of
tool 2. The experiment of tool 2 was performed according to the above-
mentioned method. In order to obtain credible data, each test was re-
peated three times and the measured results were averaged to get the
final value.

3.2. Result and discussion

As presented in Fig. 9, the variation tendencies of the ultrasonic
amplitude and current for both tools 1 and 2 were identical with the
increase in the imposed load. The ultrasonic amplitude initially in-
creased and then decreased with the increase in load, as well as current.
Fig. 11 demonstrates the effect of load on the frequency and tempera-
ture of the vibration system. When the load was lower than 200 N, the
variation of temperature was not significant, and the thermal effect on
the vibration system was also negligible. In the stage, the mechanical
load primarily acted on the vibration system and led to the resonant
frequency increase. Consequently, the amplitude increased with the
increased load in the stage. However, the thermal effect was distinct
when the load was higher than 200 N, and with the load increasing, the

ultrasonic amplitude exhibited a decreasing tendency. Simultaneously,
the variation of current for the ultrasonic vibration system presented
the same tendency as that of the ultrasonic amplitude. The change of
current indirectly reflected the change of amplitude of the vibration
system to some extent. Fig. 10 presents the relationship between the
current and the ultrasonic amplitude. It could be seen form Fig. 10 that
the ultrasonic amplitude increased with the increase in the current. In
addition, the current of tool 2 increased by 15.7%, compared with that
of the tool 1. Compared with the ultrasonic amplitude of tool 1 under
the load 200 N, the amplitude of tool 2 increased by 9.4%. The ex-
perimental results were in good consistency with the theoretical ana-
lysis.

Fig. 11 presented the relationships between the frequency, tem-
perature and imposed load for both tools 1 and 2. With the increase in
the load, the frequency of both tools increased firstly and then de-
creased, while the temperature of the tool increased until reached
thermal equilibrium. When the load was less than 250 N, the frequency
increased, however, the frequency decreased when the values of the
load were between 250 N and 400 N. The temperature of both the tools
1 and 2 increased when the load was lower than 300 N. When the load
was higher than 300 N, the temperature reached a thermal equilibrium
and result in the temperature stability. It is well known that the load is
always coupled with the thermal effect for ultrasonic vibration system
[20]. The effects of thermo-mechanical load on the ultrasonic vibration
were presented in Fig. 12. The mechanical load increased the resonant
frequency of the ultrasonic machining, while the thermal effect of ul-
trasonic vibration decreased the resonant frequency. Consequently, the
resonant frequency did not monotonously increase with the increasing
mechanical load, while due to the effect of thermo-mechanical load, the
resonant frequency decreased at the higher temperature.

It can be summarized that, according to the theoretical analysis, the
frequency of the vibration system decreased with the increase in the
rigidity coefficient, while the amplitude was increased. The experi-
mentally analysis found that the frequency and amplitude of the vi-
bration system tends to increase firstly and then decreased with the
increase in load, when the temperature of the system increased.

Fig. 5. Schematic of the experiment.
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4. Ultrasonic vibration drilling test

4.1. Experimental setup and methodology

The ultrasonic vibration drilling test was performed on a modified
CNC machine center (VMC850E) assisted with self-designed ultrasonic
vibration devices. The experimental setup is shown in Fig. 13. The ul-
trasonic vibration system was fixed on the spindle of the machining
using a clamp. The dynamometer (Kistler9257B) was mounted on the
working table of the machine center to hold the workpiece with a jaw
vice. The dynamometer was used to record the drilling force along the
feed direction during the processing. In order to effectively verify the
experimental measurement, both the tools 1 and 2 were used in the
ultrasonic vibration drilling test. The test conditions are shown in
Table 3. In order to obtain the different loads on the ultrasonic vibra-
tion system, the various feed rate were adopted in the test. Under each
feed rate, the drilling time lasted for 2min and the measured process
was discrete. The load, temperature, current and ultrasonic frequency

Computer 1
Charge amplifier

(a)

Computer 2

Data acquisition card

Ultrasonic generator

 

Dynamometer

Workbench

Power transmission 
system

Tool holder

Booster

Squeeze head

Spindle

Laser displacement sensor 

Tool

(b)

Fig. 6. Experimental apparatus (a) Data acquisition. (b) Experimental installation.

Fig. 7. Relationship between the frequency and amplitude.
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were discretely measured during the drilling time. These measurements
were conducted in the next drilling time until the temperature of vi-
bration system was consistent with the ambient temperature. The
temperature of vibration system was measured by an infrared thermo-
meter (BENETECH GM300). Simultaneously, the value of frequency
and electric current was obtained from the control panel of the ultra-
sonic generator. In the test, the machine spindle was kept constant at
the speed of 1500 r/min. In order to gain reliable data, each test was
repeated three times and a final average value was obtained by aver-
aging the measured results.

4.2. Experiment result analysis

In general, the ultrasonic frequency was dramatically higher than
the natural frequency of dynamometer (Kistler 9257B), and the mea-
sured force was the maximum value of drilling force. Therefore, it was
unreasonable to be regarded as an evaluation index of the machining
performance. However, the average drilling force could be used as an
index to depict the real-time vibration characteristics of the vibration
system. As presented in Fig. 14, in the typical curve of the measured
drilling force vs time, the average drilling force Fd was calculated by the
following equation:

∫
=

−
F

F

t t

dt
d

t
t

1 0

0
1

(6)

where F was the time-varying measured drilling force, t0 and t1 denotes
the time when the tool began and completed the drilling, respectively.

As presented in Fig. 15, the average drilling force and the tem-
perature for both the tools of ultrasonic vibration system increased with
the increase in the feed rate. Compared with the average drilling force
and the temperature of tool 1 under the feed rate 15mm/min, the force
of tool 2 increased by 8.2%, and the temperature increased by 5.5%.
The variation of feed rate of both tools was to be equivalent to impose
different loads on the vibration system. Since the amplitude of the
system cannot be directly measured in the ultrasonic vibration drilling
test, as described in Section 3.2, the current change of the system in-
directly reflected the change of amplitude of the system to some extent.

It can be seen from Fig. 16 that the resonant frequency of the vibration
system presented a drift with the feed rate increase, and the current
increased firstly and then decreased. When the feed rate was 15mm/
min, the current of tool 2 increased by 17.8% than that of the tool 1.
The results indirectly verified that the amplitude increases with the
increase of the rigidity coefficient. During the ultrasonic vibration
drilling, it was also observed that the feed rate played an important role
on the vibrational characteristic. When the feed rate was lower than
15mm/min, the variation of temperature was not obvious and the
thermal effect on the vibration system was also smaller. In the stage, the
mechanical load was primarily acting on the vibration system and led to
an increase in the resonant frequency and the amplitude with the feed
rate increasing. However, the thermal effect was distinct when the feed
rate was higher than 15mm/min, and with the increasing feed rate, the
resonant frequency and the ultrasonic amplitude appeared decrease
tendency. This result was in good agreement with the experimental
results. It also indicated that the mechanical load and the thermal effect

Fig. 8. Relationship between the frequency and current.

Table 2
Experimental variables.

Experiment Tool Frequency (kHz) Imposed load (N)

Group 1 Tool 1 35.14 0, 50, 100, 150, 200, 250, 300, 350, 400
Group 2 Tool 2 34.87 0, 50, 100, 150, 200, 250, 300, 350, 400

Fig. 9. Influence of load on amplitude and current of the vibration system.

Fig. 10. Relationship between the current and the ultrasonic amplitude.
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Fig. 11. Influence of load on the frequency and temperature of vibration
system.

Fig. 12. Relationship between thermal load and mechanical load and resonant
frequency.

 Jaw vice 

Ultrasonic generator

Computer 

Charge amplifier

Data acquisition card

Dynamometer

Workpiece

Power transmission 
system

Tool holder

Booster

Spindle

Tool

Fig. 13. Setup for the ultrasonic vibration drilling test.

Table 3
Test conditions during the ultrasonic vibration drilling.

Parameters Value

Feed rate v (mm/min) 5, 10, 15, 20
Spindle speed (r/min) 1500
Frequency (kHz) 35.14, 34.87
Tool tool 1, tool 2
Rigidity coefficient of tool (N/m) 30.55× 107, 54.31× 107

Damping coefficient of tool 0.008

Fig. 14. Calculation of average drilling force.

Fig. 15. Influence of the feed rate on average drilling force and temperature.
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were coupled in the ultrasonic machining, and the action of thermo-
mechanical load exhibited a significant effect on the vibrational char-
acteristics.

The action of the thermo-mechanical load on the ultrasonic system
in a certain range was responsible for an optimized performance of the
whole ultrasonic system. In this study, the rigidity coefficient of the tool
and the feed rate dramatically influenced the vibrational character-
istics. Therefore, the tool with a higher rigidity coefficient and a rea-
sonable feed rate should be selected during the ultrasonic vibration
drilling.

5. Conclusion

The effects of thermo-mechanical load on the vibrational char-
acteristics were investigated in the present study by means of theore-
tical analysis and a subsequent experimental verification. A theoretical
model was developed to reveal the influence of the rigidity coefficient
on the frequency and amplitude of the ultrasonic vibration system, and
also to demonstrate the effects of thermo-mechanical load. The main
conclusions can be obtained as follows:

(1) It was observed that, during the machining of the ultrasonic vi-
bration system, the ultrasonic amplitude and frequency were vari-
able. Under the action of thermo-mechanical load, there was a
critical load effect on the vibration system. Before the point of the
critical load, the ultrasonic amplitude and the frequency increased
with an increase in the static load, while after the critical load, the
tendency of ultrasonic amplitude and frequency inversed.

(2) It was experimentally found that the variation in the current of the
ultrasonic vibration system presented the same trend as the ultra-
sonic amplitude. Consequently, to a certain extent, the change of
current indirectly reflected the change of amplitude of the vibration
system.

(3) In ultrasonic vibration drilling test, the feed rate of the tools was to
be equivalent to different load on the vibration system. The varia-
tions in the ultrasonic frequency and the current with the increase

in feed rate in the test were in good agreement with the measure-
ment experimental results.
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