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Abstract
Fiber-reinforced polymer and metal-laminated structures are widely used in aerospace and military fields because of their 
excellent mechanical and physical properties. However, the materials are prone to processing defects such as burring and 
furry during processing. According to the mechanism of vibration cutting, the mixed-frequency vibration tool holder (MFVT) 
with low frequency and ultrasonic-combined vibration is designed and manufactured in this paper. The low-frequency vibra-
tion module (LFVM) and the ultrasonic vibration module (UVM) of the tool holder are designed theoretically and studied 
experimentally. The working performance and stability of the MFVT are tested and analyzed. The results show that the 
combination of ultrasonic vibration and low-frequency vibration of the tool holder can meet the requirements of design and 
tool holder. Among them, the exciting surface has the greatest influence on the motion curve of the LFVM. The amplitude 
of low-frequency vibration decreases with the increase of tool holder speed. When the UVM is running continuously, the 
temperature rise tends to be balanced. The amplitude and resonant frequency of ultrasonic vibration will decrease with the 
increase of operating temperature. The heat generated at the end of the cutter chuck accounts for the total heat generated by 
the horn 98.7% of the amount, the stable temperature reached 231℃.
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1  Introduction

Fiber-reinforced polymer and metal laminated structures 
are widely applied in fields such as aerospace, aviation, and 
military, due to the excellent material properties [1–3]. In 
practical applications, it is often necessary to process fiber-
reinforced polymer and metal-laminated structures to meet 
the requirements of use. However, defects such as delamina-
tion and tearing are easy to occur in the fiber-reinforced pol-
ymer and metal-laminated structure in processing [4]. There-
fore, achieving precise, efficient, and low-defect processing 

of fiber-reinforced polymer and metal-laminated structures 
has become a crucial research direction for scholars.

Research indicates that vibration-assisted processing 
has many advantages compared to traditional machining, 
including reducing cutting forces, decreasing delamination 
defects, and improving machining surface quality. In the 
processing of fiber-reinforced composite metal-laminated 
structures, many scholars have carried out a lot of research 
on vibration-assisted processing technology. The types 
of vibration-assisted processing mainly include the low-
frequency vibration-assisted processing and the ultrasonic 
vibration–assisted processing. Lee et al. [5] pointed out that 
in single-hole drilling, anti-EDM processing, and multi-hole 
processing, low-frequency vibration is helpful to improve 
processing speed. Lukas et al. [6] pointed out that low-feed 
speed can obtain better inlet quality and high amplitude feed 
ratio can obtain better outlet quality when low frequency 
vibration drilling CFRP/Al laminated structure. Oliver et al. 
[7] summarized the tool wear of CFRP/Ti6Al4V-laminated 
structure was drilled with low-frequency vibration. It was 
found that the application of low-frequency vibration signifi-
cantly reduced the tool wear and cutting temperature. Sadek 
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et al. [8] carried out drilling tests on CFRP using the method 
of low-frequency vibration drilling. The results show that 
the drilling temperature and axial force of drilling process-
ing during low-frequency vibration drilling are reduced by 
50% and 40% compared with ordinary drilling. Lu et al. [9] 
analyzed the relevant characteristics of ultrasound-assisted 
processing and established an axial force model. It is pointed 
out that compared with traditional processing, the ultrasonic-
assisted drilling force of CFRP is reduced by 22.8 ~ 32.7%. 
Xu et al. [10] used longitudinal torsion ultrasonic vibration 
milling to processing AFRP, and the results showed that the 
ultrasonic-assisted processing burr had outstanding improve-
ment and enhancement effect, and the enhancement range 
was between 23 and 38%. Cong et al. [11, 12] concluded 
that rotary ultrasonic vibration drilling can reduce cutting 
force and torque. Ultrasonic vibration significantly decreases 
processing defects at the inlet of CFRP and the outlet of 
the titanium alloy. Zhang et al. [13] pointed out that the 
low-frequency vibration has better chip breaking effect on 
the processing of titanium alloy and can reduce the drilling 
temperature to the greatest extent. Ultrasonic vibration effec-
tively reduces the drilling axial force. High- and low-fre-
quency composite vibration drilling has addressed the issue 
of coordinating various material processing techniques for 
CFRP/titanium alloy–laminated structures. In conclusion, 
ultrasonic vibration–assisted processing is advantageous 
for the removal of brittle materials. Low-frequency vibra-
tion is beneficial for chip formation in ductile materials and 
reducing cutting temperatures. The combination of both can 
effectively reduce machining defects and improve process-
ing quality.

Because vibration-assisted processing has many advan-
tages, many scholars have carried out a lot of research on 
the design of vibration-assisted processing equipment. Ma 
et al. [14] developed a mechanical low-frequency drilling 
device using a swinging guide rod mechanism. The device 
can withstand large loads during operation. The amplitude 
and frequency are easily adjusted. Wu et  al. [15] stud-
ied a mechanical axial vibration worktable. The workta-
ble achieves axial vibration through a conical roller, cam 
structure, and spring. Laporte et al. [16] designed a low-
frequency vibration-assisted processing device using spring 
pile as elastic recovery mechanism. Jiao et al. [17] utilized 
a novel annular flexible hinge as an elastic recovery mecha-
nism and developed a low-frequency vibration-assisted drill-
ing device. Liu et al. [18] designed a tool holder with low-
frequency mechanical axial vibration. The tool holder uses 
the rotating motion of the spindle of the machine tool as the 
power input to drive the rotation of the sinusoidal surface 
and realize the amplitude output. Low-frequency vibration-
assisted processing devices mainly achieve low-frequency 
vibration through methods such as electromagnetic, hydrau-
lic, and mechanical means [19]. Due to its simple structure 

and stronger stability in output motion curves, the mechani-
cal low-frequency vibration devices are widely used in low-
frequency vibration-assisted machining.

Scholars have also conducted numerous studies on ultra-
sonic-assisted machining devices. Xu et al. [20] proposed 
an ultrasonic-assisted milling platform for workpiece vibra-
tion. The experimental results show that the designed device 
can effectively reduce cutting force and improve process-
ing accuracy. Harkness et al. [21] employed two methods 
to achieve a longitudinal-torsional–coupled vibration. One 
method is by machining spiral grooves on the side of the 
horn, transforming longitudinal vibration into longitudi-
nal-torsional vibration. The other method is longitudinal-
torsional coupling. Al-Budairi et al. [22] transformed the 
longitudinal vibration generated in the transducer into a 
longitudinal-torsional vibration response by modifying the 
geometric parameters of the waveguide. The method of 
altering the system frequency and torsional deflection was 
proposed. Tsujino et al. [23] used the method of creating 
oblique grooves on the surface near the nodes of a one-
dimensional longitudinal vibration transducer to achieve 
longitudinal-torsional resonance at the same frequency. Nath 
et al. [24] pasted PZT on the vertical plane of the stepped 
amplitude lever, achieving accurate control of the output 
of double-bending ultrasonic elliptical vibration. Kim et al. 
[25] arranged two groups of piezoelectric ceramic pieces in 
vertical and parallel ways respectively. Utilizing harmonic 
signals with a phase difference to excite two sets of piezoe-
lectric ceramic elements achieves ultrasonic elliptical vibra-
tion. Currently, the design of ultrasonic processing devices is 
mainly divided into one-dimensional, two-dimensional, and 
three-dimensional. Two-dimensional longitudinal-torsional 
composite ultrasonic processing devices have gained favor 
among scholars due to the simple structure and excellent 
processing characteristics.

Based on the advantages of ultrasonic vibration–assisted 
machining and low-frequency vibration-assisted machining, 
scholars have designed processing devices that combine 
ultrasonic vibration and low-frequency vibration. Ishikawa 
et al. [26] designed a new drilling device that combined 
ultrasonic vibration of diamond core drilling with low-fre-
quency vibration of the workpiece. They pointed out that 
the combination of ultrasonic and low-frequency vibration 
is one of the most effective methods for drilling hard and 
brittle materials. Meng et al. [27] proposed a high and low 
frequency combined vibration drilling device by adding a 
low-frequency vibration form along the drilling direction. 
Li et al. [28] developed an integrated high-low frequency 
composite vibration processing tool holder. The tool holder 
achieves the composite vibration of high frequency and 
axial low frequency. At present, the high-frequency and 
low-frequency composite vibration processing devices are 
mainly split type and integrated type. The split-type device 
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is difficult to operate in practice and difficult to ensure accu-
racy, so it is necessary to develop an integrated composite 
vibration device.

Currently, single ultrasonic or low-frequency processing 
devices have been widely applied. The technology is rela-
tively mature. However, the research of ultrasonic- and low-
frequency-combined vibration processing equipment is rare. 
The MFVT with low-frequency and ultrasonic compound 
vibration is proposed. The LFVM and the UVM of the tool 
holder are designed theoretically. And the tool holder is stud-
ied experimentally. The vibration performance of the tool 
holder after processing is tested. Then, the position accuracy 
of the LFVM is deeply analyzed. The influence of position 
error and input speed on low-frequency vibration curves is 
analyzed by dynamic simulation. The vibration self-heating 
phenomenon of the UVM is simulated and verified by exper-
iment. The effects of the ultrasonic vibrator temperature on 
amplitude and resonant frequency are analyzed by experi-
ments and calculations.

2 � Design concepts of MFVT

The mixed-frequency vibration combines high-frequency 
vibration with axial low-frequency vibration. Mixed-fre-
quency devices can be divided into two types. The first is 
the integrated composite vibration processing device. The 
second is the modular composite vibration device. In each 
module, only one mode of vibration can be realized. Among 
them, the realization of the second type of device is more 
complicated, and the actual processing operation is diffi-
cult. Therefore, the integrated compound processing device 
is used to design the MFVT. As shown in Fig. 1, the design 
of the MFVT can be divided into two parts: the LFVM and 
the UVM.

From the motion trajectory equation of ultrasonic vibra-
tion and low-frequency vibration, the motion trajectory 
equation of mixing vibration can be obtained, as shown in 
Eq. (1).

Among them, the milling feed speed is represented by 
Vf, the milling tool radius is represented by RT, the spindle 
speed of the machine tool is represented by n, the ultrasonic 
longitudinal amplitude is represented by AH, the ultrasonic 
torsion amplitude is represented by AN, the low-frequency 
amplitude is represented by AL, the ultrasonic vibration fre-
quency is represented by fH, the low-frequency vibration 
frequency is represented by fD, and the Angle of torsion of 
ultrasonic vibration is ω.

The LFVM includes a toroidal exciting surface, ball cage, 
spline coupling, and return spring. The excitation ring is a 
circular sinusoidal surface plate. One side is a plane con-
nected with the spline coupling. The other side is a sinusoi-
dal exciting surface to provide excitation for the realization 
of low-frequency vibration. The ball cage is the fixed part 
of the LFVM. The ball cage comprises an upper cover plate 
and a cage, and the steel ball is embedded between the two. 
The spline coupling is the transmission mechanism of the 
low-frequency vibration module and is fixed and connected 
with the toroidal exciting surface. Two return springs are 
placed on each side of the end of the spline coupling to pro-
vide the preload force for the contact between the ball and 
the excitation surface.

The UVM includes the ultrasonic power supply, the con-
ductive slip ring, and the ultrasonic vibrator. The role of 
the ultrasonic power supply is to provide high-frequency 

(1)

⎧
⎪⎨⎪⎩

x(t) = Vf t + RTsin(2�nt∕60 + �)

y(t) = RTcos(2�nt∕60 + �)

z(t) = ADsin(fD × 2�nt∕60)+AHsin(2�fHt)

� = ATcos(2�fH + �)

Fig. 1   Structural design and 
spatial motion trajectory of the 
MFVT
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AC electrical signals matching the ultrasonic transducer. 
The alternating current signal can supply the excitation for 
the ultrasonic vibrator to generate vibration. The excita-
tion current is transmitted through the conductive slip ring. 
The ultrasonic vibrator comprises a transducer and a horn. 
The high-frequency alternating current electrical signal is 
converted into high-frequency mechanical vibration by the 
piezoelectric effect of the piezoelectric ceramic plate. The 
end of the horn holds the tool and causes the tool to vibrate 
ultrasonic.

3 � Design principles and modeling 
of the MFVT

3.1 � Design principle of LFVM

The MFVT adopts the CAM structure to realize low-fre-
quency vibration, so the realization of low-frequency vibra-
tion is directly related to the surface of excited vibration. 
Therefore, it is necessary to choose a reasonable motion 
law and design the corresponding exciting surface. When 
selecting the motion law of low-frequency vibration, vmax 
(the maximum velocity), amax (the maximum acceleration), 
and jmax (the acceleration change rate) of the motion curve 
should be considered. These parameters affect the perfor-
mance of the LFVM in different aspects. The smaller maxi-
mum velocity reduces mechanical wear between contact 
parts. The magnitude of the maximum acceleration directly 
affects the magnitude of the reciprocating inertial force of 
the LFVM during operation. The smaller rate of acceleration 
change can reduce the flexibility impact between compo-
nents. The motion performance of sinusoidal acceleration 
motion is balanced and chip breaking can be realized dur-
ing processing. The characteristics of sinusoidal acceleration 
motion are suitable for the working conditions of the tool 
holder. Therefore, the sinusoidal acceleration motion curve 
is selected as the motion output curve of the LFVM.

The displacement output curve of sine acceleration 
motion can be expressed as a sine function as follows: 
H = ADsin(2πfDt). The excitation surface of the toroidal 
exciting surface is designed according to the motion track of 
low-frequency vibration. In the LFVM, the desired low-fre-
quency vibration motion is realized by the contact transmis-
sion between the excitation surface and the ball surface. The 
excitation surface and the ball surface need to be designed 
to match each other to ensure good contact between the two 
parts. The matching design between components is benefi-
cial to achieve accurate motion curve control. The principle 
of conjugate surfaces provides an efficient, accurate, and 
stable method for the design of the excitation surface. The 
principle of conjugate surface can improve motion con-
trol and reduce wear, thereby improving the performance 

and reliability of mechanical systems. Therefore, accord-
ing to the determined structural parameters and motion law 
requirements, the excitation surface is designed using the 
conjugate surface principle.

From the design concept of the excitation surface, it can 
be known that the designed excitation surface is tangent to 
the ball surface at any given moment. That is, the relative 
velocity Δv between the cam excitation surface and the ball 
surface is perpendicular to the normal vector n of the contact 
point. The meshing condition between the excitation surface 
and the ball surface is Δv·n = 0. The meshing condition can 
be converted in differential geometry to as follows [30]:

In the LFVM, the surface profile of the ball has been 
determined. The excitation surface is derived using the con-
jugate surface principle. As illustrated in Fig. 2, the s(o-xyz) 
coordinate system is a fixed coordinate system, the z-axis 
coincides with the rotation center axis of the excitation sur-
face, and the origin o is located at the center of the ball disk 
motion trajectory. The s1(o1-x1y1z1) coordinate system is a 
moving coordinate system and is fixedly connected to the 
excitation ring. The origin o1 coincides with the origin o of 
the s coordinate system. As the excitation surface rotates 
around the z-axis of the s coordinate system. The angle of 
rotation is set to θ. The coordinate system s2(o2-x2y2z2) is 
also a moving coordinate system and is fixedly connected 
to the balls on the ball cage. Among them, the directions of 
each directional axis of the s2 coordinate system are consist-
ent with the s coordinate system. The origin o2 reciprocates 
with the ball along the z-axis of the s coordinate system.

A certain contact point P is taken between the excitation 
surface and the ball, as presented in Fig. 2.

The coordinates of the contact point P in the s, s1, s2 
coordinate systems are as follows:

Among them, the right superscript is the coordinate system 
number, l0 is the distance between the inner surface of the ball 
and the origin, l is the projection of the contact point P on the 

(2)(���⃗R𝛿 ,
��⃗Rl,

���⃗R𝜃) = 0

(3)

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

�⃗R(2) =

⎛⎜⎜⎜⎝

r sin 𝛿

l0 + l

−r cos 𝛿

⎞⎟⎟⎟⎠

�⃗R = �⃗R(2) +

⎛⎜⎜⎜⎝

0

0

H

⎞⎟⎟⎟⎠
=

⎛⎜⎜⎜⎝

r sin 𝛿

l0 + l

−r cos 𝛿 + H

⎞⎟⎟⎟⎠

�⃗R(1) = Ek𝜃 �⃗R =

⎛⎜⎜⎜⎝

r sin 𝛿 cos 𝜃 − (l0 + l) sin 𝜃

r sin 𝛿 sin 𝜃 + (l0 + l) cos 𝜃

−r cos 𝛿 + H

⎞⎟⎟⎟⎠
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y-axis of the s2 coordinate system, and δ is the contact angle 
between the ball and the excitation curved surface at the posi-
tion radius of point P, Ekθ is the transformation matrix from 
the s coordinate system to the s1 coordinate system, H is the 
low-frequency vibration displacement curve.

Calculate the partial derivative of point P in the s1 coordi-
nate system with respect to δ, l, and θ, as follows:

From the meshing conditions of the contact point P, the 
direction angle δ of the contact point P can be obtained. The 
equations of the convex profile surface of the excitation surface 
can be obtained by sorting out the equations as follows:

(4)

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

�⃗R
(1)

𝛿
=

⎛⎜⎜⎜⎝

r cos 𝛿 cos 𝜃

r cos 𝛿 sin 𝜃

r sin 𝛿

⎞⎟⎟⎟⎠

�⃗R
(1)

l
=

⎛⎜⎜⎜⎝

− sin 𝜃

cos 𝜃

0

⎞⎟⎟⎟⎠

�⃗R
(1)

𝜃
=

⎛⎜⎜⎜⎝

−(l0 + l) sin 𝜃 − r sin 𝜃 sin 𝛿

−(l0 + l) cos 𝜃 + r cos 𝜃 sin 𝛿

H�

⎞⎟⎟⎟⎠

In the LFVM, the balls contact and move relative to 
the excitation surface, and the pressure angle affects 
the movement of the mechanism. The smaller pressure 
angle can reduce the normal force at the contact point, 
thereby reducing wear and increasing the service life of 
the mechanism. The pressure angle in the LFVM is the 
angle between the contour curve of the excitation surface 
and the ball in the normal direction of the contact point, 
as shown in Fig. 2. The magnitude of the pressure angle 
depends on the design of the excitation surface profile and 
the geometry of the balls. The structural parameters of the 
excitation surface are determined by reasonably designing 
the pressure angle. The expression of pressure angle αs is 
as follows [29]:

(5)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

�⃗R
(1)

𝜃
=

⎛⎜⎜⎜⎝

−(l0 + l) sin 𝜃 − r sin 𝜃 sin 𝛿

−(l0 + l) cos 𝜃 + r cos 𝜃 sin 𝛿

H�

⎞⎟⎟⎟⎠
𝛿 = arctan

H�

l0 + l

Fig. 2   Design of excitation surface of the LFVM
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According to the expression formula of the pressure 
angle, the size of the pressure angle αs is only related to the 
base cylinder radius D of the excitation cam surface and the 
running time t of the low-frequency vibration module. In the 
design of the low-frequency vibration module, the move-
ment law of the follower has been determined, that is, the t 
has been determined. Therefore, we only need to consider 
the influence of the base cylinder radius D of the excitation 
surface on the pressure angle. The larger the base cylinder 
radius D, the smaller the pressure angle αs.

According to the profile equation and structural param-
eters of the excitation surface, the three-dimensional model 
of the excitation surface is established. Since the ball is in 
point contact with the excitation surface, it is easy to cause 
fatigue and wear of the contact point. The surface trajectory 
on the excitation surface is set according to the size of the 
ball, as shown in Fig. 3.

3.2 � Dynamic theory and accuracy analysis 
modeling of LFVM

The LFVM is composed of multiple parts, and the theoreti-
cal rigid connection between the parts cannot be achieved 
in actual work. The frictional resistance between connected 
parts is not zero. The contact cannot be uniform. All parts 
are not absolutely rigid bodies and will undergo slight 
deformation during the operation of the LFVM. If all fac-
tors are taken into account to establish a dynamic model of 
the LFVM, the model will be complicated. In general, the 
complex dynamic models are not conducive to solution and 
interfere with the analysis of the dynamic characteristics 

(6)

⎧
⎪⎨⎪⎩

tan �s =
����
dy

dx

���� =
1

D

ds

d�
=

nA

D
�sin(n�t)�

�s = arctan[
nA

D
�sin(n�t)�]

of the LFVM. To sum up, when establishing the dynamic 
model of the LFVM, some secondary factors that have 
a small impact on the dynamic characteristics (such as 
machining errors, friction between the ball and the excita-
tion surface) are ignored. Each component of the LFVM is 
assumed to be a rigid body and all are rigidly connected.

As shown in Fig. 3, the dynamic model of the LFVM is 
established. The lower end surface of the excitation plate is 
used as the starting point of the displacement of the LFVM. At 
this time, the ball is located at the high point of the excitation 
surface. According to the Newton–Euler equation analysis, 
the dynamic balance equation of the LFVM can be obtained.

In the formula, M is the overall weight of the excitation 
ring and the UVM, in kg; k1, k2 are the stiffness coefficients 
of the spring; c is the viscous damping coefficient of the 
spring; z is the lower end surface of the toroidal exciting 
surface. The output displacement of the starting point; l0 is 
the initial preload of the spring.

For the simple harmonic motion of the LFVM as follows:

where ω is the angular velocity of the output shaft, rad/s.
When the excitation cam curved surface remains in con-

tact with the ball, the pressure surface at the bottom of the 
ball concentrates the tangential reaction force generated 
by the driving torque. According to the torque balance, the 
dynamic equation of the LFVM can be obtained as follows:

(7)c
dz

dt
+ k1(z + l0) + k2(z + l0) = Fn(t) +Mg +M

d2z

dt2

(8)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

z = A sin(n�t)

dy

dt
= An� cos(n�t)

d2y

dt2
= −An2�2 sin(n�t)

Fn(t) = A(2k + N2�2M) sin(N�t) + 2cAn� cos(n�t) + 2kl0 −Mg

Fig. 3   Dynamic model of LFVM
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The LFVM is a force-closed vibration system. The return 
spring is to ensure that the excitation surface and the ball are 
always in contact during the operation of the mechanism. 
A reasonable selection of the stiffness and preload amount 
of the spring will help prevent deviations in the movement 
pattern of the mechanism. Excessive spring preload will 
increase the contact stress between the excitation cam sur-
face and the balls.

According to the established dynamic equation, dimen-
sionless quantities are introduced into the dynamic equation 
[30] as follows:

where ωn is the natural frequency of the undamped system 
and c is the damping factor.

The expression of the minimum contact force between the 
excitation surface and the ball is as follows:

where cos (nωt + η) = 0.
The critical conditions for the separation of the excitation 

surface and the ball are as follows:

In the design of the LFVM, the preload amount l0 of the 
spring should be selected so that the value of Δ is greater 
than the critical condition.

The processing error of the MFVT and the matching 
clearance of the kinematic pair will cause errors in the 
motion curve output by the LFVM. In order to control the 
output error of the LFVM, the common original errors in 
the low-frequency vibration module are analyzed. Assuming 
that all the forces in the mechanism are parallel to the motion 

(9)
⎧
⎪⎨⎪⎩

T = F�D = Fn × tan �s × D

T(t) = nA2(k + n2�2M) sin2(n�t) +
cA2n2

2
sin(2n�t) + nA(kl0 −Mg) sin(n�t)

(10)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

F0(t) =
Fn(t)

Ak

� =
n�

�n

� =
c

m��n

Δ =
2kl0−Mg

Ak

F0(t) =

��
1 + �2

�2
+ �2�2sin(n�t + �) + Δ, tan� =

1+�2

��

(11)

⎧⎪⎨⎪⎩

dF0

dt
= n�

√
(1 + �2)2 + �2�2 cos(n�t + �) = 0

(F0)min = Δ −
√
(1 + �2)2 + �2�2

(12)Δ =
√
(1 + �2)2 + �2�2

plane of the MFVT, the influence of various original errors 
on the axial output curve of the mechanism can be obtained.

(1)	 Local position error caused by ball cage gap

The outer diameter tolerance of the ball is Δr1, and the 
gap between the ball and the ball cage is Δr2. Therefore, 
the local position error of the push rod caused by the gap 
between the ball and the ball cage is as follows:

where α is the pressure angle of the ball center on the theo-
retical profile of the excitation surface.

(2) Local position error caused by excitation surface con-
tour error

The radial size of the excitation surface is R + ΔR, so the 
original radial error of the cam outline is the dimensional 
tolerance as follows:

(3) Local position error caused by spline coupling gap 
error

For the spline coupling to move within the guide path, there 
must be a gap between the two. Then, there is as follows:

The superposition of the above local position errors con-
stitutes the original axial error of the LFVM.

Based on the above theoretical error calculation model, the 
ideal dynamics simulation model of the LFVM and the original 
position error dynamics simulation model of the LFVM. The 
models are established to analyze the impact of the original 
position error on the low-frequency vibration motion curve.

(13)Δr = Δr1 + Δr2

(14)Δhr =
Δr

cos �
=

Δr1 + Δr2

cos �

(15)ΔhR = ΔR

(16)

⎧⎪⎨⎪⎩

Δh� = h − h cos �

� = arctan
Dmax − dmin

l

(17)ΔhΣ = Δhr + ΔhR + Δh�
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3.3 � Design principle of UVM

Ultrasonic vibration is realized by the ultrasonic power sup-
ply, conductive slip ring, and ultrasonic vibrator. Among 
them, the ultrasonic vibrator is the most important com-
ponent in the UVM. The ultrasonic vibrator will directly 
affect the ultrasonic vibration performance of the mixing 
tool holder. Therefore, the ultrasonic vibrator needs to be 
accurately designed.

It is assumed that the variable-section rod is composed 
of uniform and isotropic materials, and its mechanical loss 
is not considered. The plane longitudinal wave propagates 
along the axial direction of the variable-section rod, and the 
stress is evenly distributed on the cross-section of the vari-
able-section rod. As displayed in Fig. 4, the central axis of 
the variable-section rod is the x-axis, and the left end surface 
of the variable-section rod is the origin of the x-axis. The 
longitudinal vibration wave equation of the variable-section 
rod can be obtained as follows:

(18)

⎧⎪⎪⎨⎪⎪⎩

�2�

�x2
+

1

S

�S

�x

��

�x
+ k2� = 0

k =
√
�2∕c2

c =

�
E

�

where S = S(x) is the cross-sectional area function of the 
variable-section rod, ε = ε(x) is the displacement function of 
the particle, ρ is the material density of the variable-section 
rod, k is the circular wave number, ω is the circular fre-
quency, c is the propagation velocity of sound waves in the 
variable-section rod, and E is the Young’s modulus of the 
cross-section rod material.

When the rod is a rod of equal cross-section, Eq. (24) can 
be simplified to as follows:

According to the simple harmonic motion v = jωε, the 
general solution of the Eq. (25) is as follows:

where F(x) is the stress distribution equation of the rod, A 
and B are undetermined coefficients, Z is the acoustic imped-
ance characteristic of the rod, Z = ρcS.

When the rod is a rod with a conical section, the general 
solution can be obtained from the Eq. (24):

(19)�2�
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Fig. 4   Structural design of the ultrasonic vibrator
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where D1 and D2 are the diameters of the big end and small 
end of the conical cross-section rod.

As shown in Fig. 4, according to the vibration velocity 
and stress continuity at the interface, the boundary condition 
on the right side of the ultrasonic vibrator node plane can be 
obtained as follows:

The frequency equation on the right side of the node 
plane can be obtained as follows:

The horn on the left side of the node plane is a 
fourth-order horn, and it is easier to solve it using 
the four-terminal network method. Each section of the 
horn is equivalent to a mechanical four-terminal net-
work. By using the continuity of stress and vibration 
velocity, the transmission matrix composed of each 
four-terminal network is multiplied successively. The 
overall transmission matrix of the composite horn is 
obtained. The frequency equation of the ultrasonic 
vibration system can be derived from the overall trans-
mission matrix.

The basic structure and equivalent four-termi-
nal network of a single-shaped rod are presented 
in Fig. 4. Among them, v1 and v2 are the vibration 
speeds of the input end and the output end; F1 and 
F2 are the elastic forces of the input end and the out-
put end; a11, a12, a21, and a22 are the four-terminal 
network parameters. The transmission characteristic 
equation of a single-section rod can be obtained as 
follows:

The four-terminal network parameters of the equal-
section rod are as follows:

(22)

⎧
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(24)

⎧⎪⎪⎨⎪⎪⎩

�
v2

F2

�
=

�
a11 a12
a21 a22

��
v1

F1

�

A =

�
a11 a12
a21 a22

�

The four-terminal network parameters of the tapered 
cross-section rod are as follows:

According to the transmission characteristics of the 
four-terminal network, the four-terminal network trans-
mission matrix of the horn can be obtained. When the 
ultrasonic oscillator is unloaded, the frequency equation 
on the left side of the node plane is as follows:

After completing the derivation of the frequency equation 
of the ultrasonic vibrator, the structural length of the ultra-
sonic vibrator can be designed according to requirements. 
In this article, the frequency of the ultrasonic vibrator is 
selected as 33 kHz, and the materials of the back cover and 
horn are selected as 45 steel. The detailed material param-
eters are shown in Table 2. Two annular PZT-8 piezoelectric 
ceramic sheets are selected, the size parameters are: outer 
diameter 30 mm, inner diameter 20 mm, and thickness 
5 mm. The structural length of the ultrasonic vibrator is cal-
culated through MATLAB, and the specific parameters are 
shown in Table 3.

3.4 � Vibration self‑heating simulation modeling 
of the UVM

When the UVM is working, the piezoelectric ceramic piece 
in the transducer is excited by the ultrasonic power source 

(25)
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to generate high-frequency mechanical vibration. Due to the 
viscoelastic effect of the material, the vibration wave will 
produce mechanical losses and generate a large amount of 
heat during the propagation of the horn. As the main com-
ponent of ultrasonic vibration, the piezoelectric ceramic 
sheet’s inherent vibration frequency is greatly affected by 
temperature. As the temperature of the working environment 
increases, the energy conversion rate of the piezoelectric 
ceramic sheet will gradually decrease. When the extreme 
temperature is exceeded, the piezoelectric ceramic sheet will 
depolarize.

In order to study the heat energy generation mechanism 
of the UVM, the vibration self-heating simulation analy-
sis of the horn was carried out through the finite element 
simulation software COMSOL. The vibration self-heating 
simulation combines the frequency domain analysis of the 
horn structure with the heat transfer simulation analysis 
to simulate the temperature rise of the UVM in the work-
ing process. According to the design principle of the horn, 
various parameters of the horn are obtained, and the overall 
three-dimensional simulation model of the horn is estab-
lished, as shown in Fig. 4. Due to the complexity of the tool 
modeling, meshing is more difficult in the simulation analy-
sis and has little impact on the simulation results. Therefore, 
the actual tool is replaced by a round bar of the same length 
and material in the analysis.

The coupling physical field analysis of heat transfer and 
structural mechanics in COMSOL was selected and the horn 
3D simulation model was introduced. The whole model 
was meshed using the meshing component included with 
the simulation analysis software. In the material properties 
module, the material parameters of each structure are set 
respectively, as shown in Table 2.

In the solid mechanics module, the frequency domain 
type of the equation form is selected and the corresponding 

Fig. 5   The MVFT device and the 3D model of the MVFT

Table 1   Design parameters of the excitation ring

Items Value

Vibration amplitude 0.06 (mm)
Internal ring radius 145 (mm)
Ball radius 5 (mm)
Number of balls 4

Table 2   Main properties of the ultrasonic vibrator

Items Value

45 steel Thermal conductivity 48 W/(m·K)
Density 7850 kg/m3

Constant pressure heat capacity 460 J/(kg·K)
Young’s modulus 209 GPa
Poisson’s ratio 0.28

YG6X Thermal conductivity 79.6 W/(m·K)
Density 14600 kg/m3

Constant pressure heat capacity 220 J/(kg·K)
Young’s modulus 640 GPa
Poisson’s ratio 0.22

PZT-8 Thermal conductivity 7 W/(m·K)
Density 7500 kg/m3

Constant pressure heat capacity 750 J/(kg·K)
Young’s modulus 60 GPa
Poisson’s ratio 0.31

65 Mn Thermal conductivity 46.6 W/(m·K)
Density 7800 kg/m3

Constant pressure heat capacity 487 J/(kg·K)
Young’s modulus 170 GPa
Poisson’s ratio 0.29
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frequency value is set. The vibration frequency of the horn 
is 33 kHz. The isotropic loss factor of each material and 
set the materials to linear elastic materials is added. Fixed 
constraints are added to the flange of the horn to simulate 
the actual working state of the horn. The displacement load 
is set at the rear end of the horn, that is, the excitation ampli-
tude of the horn loaded by the transducer is simulated.

In the solid heat transfer analysis component, the rise in 
horn temperature is obtained from the heat transfer equation 
as follows:

where k is the thermal conductivity of the material, ρCp is 
the volume-specific heat capacity, Qh is the heat source, T 
is the average temperature in the time period of 2π/ω, η is 
the loss factor, ω is the angular excitation frequency, ε is 
the strain tensor, C is the elasticity tensor. According to the 
Dulong-Petit law, the volume-specific heat capacity has 
nothing to do with temperature.

The initial temperature of the horn and the external ambi-
ent temperature are both set to 293.15 K. Thermal insula-
tion conditions are set at the rear end of the horn that bears 
the displacement load. The heat exchange mode between 
the horn and the external environment to convection heat 
exchange is set. The contact boundaries between the tool, 
chuck, and horn are set as internal boundaries. The convec-
tive exchange conditions between the remaining boundaries 
and the external environment are as follows:

where h is the heat transfer coefficient, set to 20 W/(m2·K), 
Text is the external ambient temperature.

(28)
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4 � Experimental procedures

Through experimental research, the performance of the 
MFVT is analyzed, and the reliability of the LFVM and 
the UVM are analyzed. The performance of low-frequency 
vibration and ultrasonic vibration of the mixing tool holder 
was tested under different parameters. The changes in the 
self-heating temperature of the UVM and the influence of 
temperature on the vibration performance of the ultrasonic 
vibrator are analyzed, and the influence of the spindle veloc-
ity on the vibration performance of the LFVM is studied.

4.1 � Experimental conditions

(1)	 Experimental subject

Experimental analysis was conducted on the MFVT, as 
shown in Fig. 5. The theoretical performance parameters 
are as follows: the vibration mode is longitudinal-torsional, 
the vibration frequency is 33 kHz, the axial amplitude is 
5 μm, and the amplitude ratio of longitudinal vibration to 
torsional vibration is 1:1. The amplitude of low-frequency 
vibration is 60 μm.

According to the LFVM design theory, the design param-
eters of the excitation ring are selected, as shown in Table 1.

The material parameters of the ultrasonic vibrator are 
illustrated in Table 2.

The size parameters of each structure of the ultrasonic 
vibrator can be obtained from the frequency equation of the 
ultrasonic vibrator, as illustrated in Table 3.

The thermophysical parameters 45 steel are shown in 
Table 4.

(2) Experimental platform

The low-frequency vibration test was conducted on the 
VMC850LA CNC machine tool. The operating tempera-
ture of the ultrasonic vibrator is measured using the FLIR-
SC325 infrared thermometer. The room temperature during 
the temperature measurement test is 20 °C. The amplitude 
was measured by KEYENCE LK-H020 laser displacement 
sensor. The impedance of ultrasonic vibrator was analyzed 
by the PV510A impedance analyzer. The MD-X2000A laser 
marking machine is used to mark the amplitude measuring 
plane on the cutting edge of the fish scale–milling tool.

Table 3   Size parameters the 
ultrasonic vibrator structural

Items L2 L3 L4 L5 L6 L7

Value 16 mm 11 mm 7 mm 7 mm 20 mm 8 mm

Table 4   Thermophysical parameters of 45 steel

Items Value

45 steel Thermal expansion coefficient 20℃ 11.6 (10−6/℃)
100℃ 13.2 (10−6/℃)
200℃ 14.8 (10−6/℃)

Young’s modulus 20℃ 209 GPa
100℃ 207 GPa
200℃ 202 GPa
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4.2 � Experimental details

1. The influence of spindle speed on low-frequency 
amplitude of the MFVT
Using a single factor test, the machine tool spindle speed 
is set to 500 ~ 2000 rpm. The displacement curves of low-
frequency axial vibration are measured at different rota-
tional speeds. The low-frequency vibration performance 
test was conducted on the VMC850LA CNC machine 
tool. The performance test of the low-frequency vibration 
module is carried out in the no-load state of the mixed-
frequency vibration tool holder, as reported in Fig. 6. 

When the MFVT is tested for low-frequency vibration, 
the ultrasonic power supply is turned off.
2. The influence of the temperature generated by the self-
heating of ultrasonic vibration on the amplitude and reso-
nant frequency of the ultrasonic vibrator
The laser displacement sensor is used to measure the 
amplitude of the ultrasonic vibrator from the initial 
moment of operation to 600 s of operation. The FLIR-
SC325 infrared thermometer to measure the temperature 
of the working horn is used, as presented in Fig. 6.
3. The influence of ultrasonic power supply working 
power on ultrasonic amplitude

Fig. 6   Low-frequency amplitude and the horn temperature measurement site

Fig. 7   Plane etching, ultrasonic amplitude measurement, impedance testing site
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The impedance analysis of ultrasonic vibrator is carried 
out by impedance analyzer to verify whether the ultrasonic 
vibrator meets the design requirements. Using a single-factor 
test, the operating power of the ultrasonic power supply was 
set to 25%, 50%, 75%, and 100% of the total power of the 
power supply. The displacement curve of ultrasonic axial 
vibration is measured. In the ultrasonic vibration perfor-
mance test experiment, the laser displacement sensor model 
KEYENCE LK-H020 was used to measure the amplitude of 
the ultrasonic vibration module, as shown in Fig. 7. Since 
the vibration mode of the ultrasonic vibration module is 
the longitudinal-torsional composite vibration, it includes 
longitudinal vibration and torsional vibration. Two laser 
displacement sensors are used to simultaneously measure 
longitudinal and torsional amplitudes.

The amplitude measurement plane is marked on the edge of 
the fish scale–milling cutter using the Keyence MD-X2000A 
laser marking machine. The plane is used for a longitudinal 
amplitude determination. When measuring the longitudinal 

vibration amplitude, the laser beam of the displacement sensor 
at the plane etched by the tool is aimed. When measuring the 
torsional amplitude, the laser beam is directed vertically from 
the side to the side plane of the blade.

5 � Discussion

5.1 � Vibration performance analysis of the LFVM

5.1.1 � Simulation analysis of the LFVM

The simulation 3D model was drawn by SolidWorks and 
imported into ADAMS dynamic analysis software for 
dynamic analysis, as shown in Fig. 8a. When the input speed 
is 100 rpm, the rigid body dynamics simulation of the low-
frequency vibration module is conducted. The particle is 
taken on the spline coupling and the motion curve of the par-
ticle is analyzed, as illustrated in Fig. 8a. At the beginning 

Fig. 8   Influence of position 
error on motion curve of the 
LFVM

(a) Ideal dynamic simulation model and simulation results
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of the simulation, there are some fluctuations in the motion 
curve. However, the trend of the waveform and the points 
with the maximum and minimum values are consistent with 
the theoretical sine curve. The causes of error are analyzed. 
During the modeling process, some parts of the assembly 
are simplified in order to reduce the calculation time of the 
simulation model. Because of the defects of the modeling 
software itself, the model cannot achieve the sine curve in 
the true sense. The physical parameters of the finite element 
model cannot be completely consistent with the theoretical 
state.

Based on the analysis of the original position error of 
the LFVM mentioned above, dynamic simulation models 
were established respectively for the ball cage gap error, 
the exciting surface contour error, the spline coupling 
gap error, and the comprehensive error. The simulation 
results are presented in Fig. 8. The clearance error and the 
contour error led to different degrees of deviation in the 
initial position of the motion curve. The error simulation 
results of the ball cage are analyzed. The trend of the out-
put motion curve is basically consistent with the theoreti-
cal sine curve. However, the movement curve fluctuated. 
Due to the gap between the ball and the ball cage, the ball 
pulsates during the operation of the LFVM. Under the 
action of the spring, the ball collides with the exciting 

surface. The collision causes the output motion curve to 
fluctuate. In the simulation results of the contour error 
of the excited surface, the output motion curve deviates 
from the theoretical motion curve. According to the design 
principle of the LFVM, the shape of the excitation surface 
directly affects the output displacement curve. Therefore, 
the contour error of the excitation surface has the great-
est influence on the displacement curve. In the simulation 
results of the gap error of the spline, the wave direction 
of the output motion curve is consistent with the theo-
retical motion curve, but the point with the maximum and 
minimum values is different. The gap between the spline 
coupling and the guide causes the vibration output part of 
the LFVM to skew during rotating motion. The deviation 
direction of spline coupling is random, which will increase 
the instability of low-frequency vibration. The working 
speed of the MFVT cannot be a single speed. Therefore, 
it is necessary to simulate and analyze the working condi-
tions of the MFVT under different speeds. First, the theo-
retical model was simulated at different speeds, as can 
be seen from Fig. 9a. When the spindle speed rises from 
500 to 2000 rpm, the motion curve of the LFVM is basi-
cally consistent with the theoretical sine motion curve. 
With the increase in rotational speed, the whole motion 
curve fluctuates periodically. The average amplitude of 

(a) Theoretical model (b) Ball cage gap error model

(c) Excitation surface error model (d) Spline gap error model

Fig. 9   The influence of error on the motion curve of the LFVM at different spindle speed
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the motion curve decreases to a certain extent, and the 
simulation results are consistent with the amplitude test 
results of the LFVM.

In the case of different speeds, the influence of each error 
on the motion output curve is analyzed. The simulation results 
of the ball cage gap error model are illustrated in Fig. 9b. The 
amplitude of the motion curve fluctuates to a certain extent 
with the increase of the spindle speed, but the motion curve 
remains sinusoidal. The gap between the ball and the ball 
cage. The collision between the ball and the ball cage and 
the exciting surface is aggravated by the increase in rotating 
speed. When the spindle speed reaches 2000 rpm, there is a 
big change in the motion curve. The reason for the change is 
that the exciting surface has a violent collision with the ball. 
As a component that directly affects the output motion curve 
of the LFVM, the excitation surface contour plays a role in 
amplifying its error, as presented in Fig. 9c. With the gradual 
increase of the speed, the output motion curve appears more 
serious deviation. The simulation results of the spline coupling 
clearance error are shown in Fig. 9d. With the increase of the 
speed, the deviation of the motion curve gradually becomes 
larger. As the spindle speed increases, the impact between 
the spline coupling and the tool holder’s rear end gradually 
increases. The impact affects the output of the motion curve 
of the LFVM, and the actual motion curve deviates from the 
theoretical motion curve. The influence of the error on the 
motion output of the LFVM is random and difficult to control.

During the operation of the LFVM, the gap between the 
two components will cause the impact between the compo-
nents and affect the output motion curve. The increase in rota-
tional speed will also aggravate the impact, which makes the 
deviation between the actual motion curve and the theoretical 
motion curve of the LFVM larger. For the error caused by the 
contour of the excited surface, the high-processing accuracy 

should be selected during processing to reduce the influence 
of the contour of the surface on the low-frequency vibration 
output curve. The dimensional accuracy of each component of 
the LFVM should be selected reasonably to reduce the influ-
ence of the clearance error of the moving pair on the motion 
accuracy.

After determining the relative dimensional accuracy of 
each part, the total position error of the LFVM is calculated. 
The total position error is based on the limit size given in the 
design. The actual processing installation dimensions must 
be discrete. The maximum position error of the dimensional 
design can meet the design accuracy, then the reliability of the 
LFVM can be guaranteed. The LFVM related design dimen-
sions are as follows: The maximum clearance of the spline pair 
is 0.67 mm, and the maximum clearance between the ball and 
the ball cage is 0.004 mm. The position error is calculated, as 
shown in Eq. (30) equation.

In summary, the axial error of the mechanism is 0.00906, 
which can meet the requirements of reliable operation of the 
mechanism.

5.1.2 � Influence of spindle speed on the amplitude 
of the LFVM

The LFVM is tested and analyzed, as depicted in Fig. 10a, 
which is the test result of low-frequency vibration when the 
spindle speed of the machine tool is 100 rpm. The maximum 

(30)
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ΔhΣ = Δhr + ΔhR + Δh� = 0.00906 (mm)

Δhr = Δr1 + Δr2 = 0.001 + 0.003 = 0.004

ΔhR = ΔR = 0.005

Δh� = h − h cos � = 0.00006

(a) Vibration amplitude of the LFVM (b) Amplitude at different spindle speeds

Fig. 10   Determination results of the low-frequency vibration amplitude
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low-frequency vibration amplitude is 57 μm, which is 3 μm 
different from the theoretical design value of the low-fre-
quency amplitude, and the low-frequency vibration wave-
form is consistent with the theoretical design sine waveform.

The amplitude of the mixing vibration tool holder was 
tested at different machine tool spindle speeds. The test 
results are illustrated in Fig. 10b. With the increase of spin-
dle speed, the amplitude of the LFVM decreases as a whole. 
The high spindle speed makes the negative acceleration of 
the exciting surface gradually increase, and the inertia force 
during rotation increases with it. When the inertia force of 
high-speed rotation exceeds the spring elasticity, the spring 

recovery is not timely. The excitation surface and the ball 
will be out of contact. The exciting surface will be separated 
from the ball briefly, resulting in a certain reduction in the 
low-frequency vibration amplitude.

5.2 � Vibration performance analysis of the UVM

5.2.1 � Modal and impedance analysis of UVM

The size parameters of the horn can be obtained from the 
design theory of the ultrasonic vibrator, which is modeled 
by SolidWorks. The whole model of the ultrasonic vibrator 

Fig. 11   Modal analysis and 
impedance test results of the 
ultrasonic vibrator

Fig. 12   Temperature variation 
curve of horn during operation
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is imported into ANSYS, and the whole modal analysis of 
the ultrasonic vibrator is carried out.

As reported in Fig. 11, the simulation results of the 
modal analysis of the ultrasonic vibrator show that the 
mode of ultrasonic vibration is a longitudinal-torsional 
compound, and the vibration frequency is 33,205 Hz. The 
difference between the simulated vibration frequency and 
the designed theoretical vibration frequency is 205 Hz, 
which meets the design requirements. Due to the devia-
tion between the performance parameters of the actual 
material and the theoretical values, errors in processing 
manufacturing, and assembly are unavoidable. As a result, 
the theoretical design of the ultrasonic vibrator cannot be 
consistent with the physical vibration frequency, and the 
impedance analysis of the ultrasonic vibrator is needed. 
As can be seen from Fig. 11, the circularity of the admit-
tance circle is good, and no parasitic circle appears. The 
resonant frequency of the ultrasonic vibrator is 33,011 Hz, 
which meets the design requirements. Among them, the 
value of the mechanical quality factor is 423, indicating 
that the electroacoustic conversion efficiency of the vibra-
tor of the ultrasonic vibration system is high. The dynamic 
resistance is 0.185, that is, the heat loss of the ultrasonic 
vibration system is small. In summary, the ultrasonic 
vibrator meets the design standards and the application 
requirements.

5.2.2 � Temperature variation of the UVM during working 
process

The overall temperature variation rule of the horn was 
analyzed, as shown in Fig. 12. The variation trend of the 
working temperature curve of horn obtained by the simula-
tion model is consistent. When the ultrasonic power supply 
begins to give excitation voltage, the transducer generates 

high-frequency vibration. The temperature of the horn 
increases rapidly when the horn is stimulated by vibration 
from 0 to 200 s. From 200 to 500 s, the velocity of the tem-
perature rise of the horn gradually slows down. The tem-
perature equilibrium is gradually reached after 500 s. In the 
temperature equilibrium stage, the maximum temperature 
of the horn of the simulation model is 251℃, which is 9% 
different from the maximum equilibrium temperature of the 
experimental results.

From the simulation analysis, it can be seen that the great-
est impact on the temperature of the horn is the energy loss 
at the contact position between the collet and the tool. As 
can be seen from Fig. 12, the maximum temperature of the 
horn is located at the end of the collet (that is, the position 
where the collet contacts the tool). The experimental results 
are consistent with the simulation results. Its overall tem-
perature change curve is similar to the temperature change 
law of vibration self-heating simulation. The analysis rea-
sons are as follows. The materials of the horn, collet, and 
tool are different. The damping of different materials is dif-
ferent, that is, the isotropic internal loss factor is different. 
Among them, the isotropic internal loss factor of spring steel 
is 0.00005. The horn and tool collet are connected by bolts, 
which can be equivalent to equivalent viscous damping, and 
its damping is 0.05. Mechanical vibration waves will cause 
losses when they are transmitted through different materials, 
and this loss will be converted into the heat energy of the 
components. The connection between the tool and the collet 
results in a gap between the two. Mechanical vibration waves 
are reflected and refracted in these gaps, resulting in energy 
loss and heat energy.

The results of vibration self-heating simulation and 
experiments prove that the temperature of the horn will 
eventually reach thermal equilibrium, as reported in Fig. 12. 
The reason for reaching thermal equilibrium is as follows. 

(a) Power density distribution of cross-section (b) Temperature field distribution of cross-section

Fig. 13   Temperature field and power density distribution of the horn section
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When the temperature rises, the speed at which the horn 
exchanges heat with the outside world increases. As the tem-
perature of the horn increases, the amplitude will decrease 
and the resonant frequency will decrease. As a result, the 
energy loss of the horn caused by mechanical vibration is 
reduced. Therefore, under the combined effect of these two 
aspects, the temperature of the horn will gradually reach 
thermal equilibrium after a certain period of time.

In order to understand the thermal energy generation 
mechanism of the horn, the temperature variation of the 
horn during operation is simulated and analyzed. The total 
power density distribution of the horn cross-section is shown 
in Fig. 13a. The total power density peaks at the position 
where the collet contacts the tool, reaching 4.65 × 107W/
m3. During the working process of the ultrasonic vibrator, 
a lot of heat is generated at the end of the collet, and the 
heat is transferred to the rest of the ultrasonic vibrator. At 
high-frequency vibration, the mechanical loss caused by the 

damping of the horn material is small, and the influence on 
the overall temperature change of the ultrasonic vibrator is 
small. The peak temperature occurs at the position where 
the collet contacts the tool, and the temperature at this posi-
tion is 251℃. As can be seen from Fig. 13b, the small tem-
perature change at the back end of the horn is conducive to 
maintaining a good energy conversion rate of the ultrasonic 
vibrator in operation.

5.2.3 � Influence of temperature on the resonant frequency 
of the UVM

The UVM is tested and analyzed, and the amplitude is meas-
ured when the ultrasonic vibration module is running stably. 
The measurement are taken multiple times, and the results 
are averaged. The longitudinal vibration amplitude measure-
ment results are shown in Fig. 14a, and the torsional ampli-
tude measurement results are illustrated in Fig. 14b. The 

Fig. 14   Ultrasonic amplitude measurement results
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longitudinal amplitude is 4.8 μm and the torsional amplitude 
is 4.1 μm, which meets the design requirements.

In ultrasonic vibration–assisted processing, the amplitude 
plays a decisive role in cutting processing. When process-
ing different materials, corresponding and reasonable ampli-
tudes need to be selected. Therefore, the amplitude of the 
ultrasonic power supply under different power states was 
tested. The test results are depicted in Fig. 14c. The ampli-
tude increases with increasing power supply. As the power 
supply increases, the acoustic-electrical effect increases, and 
the amplitude of ultrasonic vibration increases. The laser 
displacement sensor was used to measure the amplitude at 
the initial moment and at 600 s of vibration.

The output of ultrasonic longitudinal vibration and ultra-
sonic torsional vibration should be considered comprehen-
sively in the actual processing. Based on the principle of 
acoustic refraction, the UVM converts longitudinal ultra-
sonic vibration into longitudinal and torsional combined 
vibration. The amplitude of longitudinal ultrasonic vibration 
is easy to measure. Therefore, the influence of temperature 
on the vibration performance of the UVM was studied by 
measuring the longitudinal ultrasonic vibration amplitude 
of the UVM. As can be seen from Fig. 14d, the test results 
show that the amplitude dropped from 4.7 to 3.4 μm. The 
amplitude after vibration heating is smaller than the initial 
amplitude. As the temperature increases, the resonant fre-
quency of the horn continues to decrease. The excitation fre-
quency of 33,000 Hz at the big end of the horn will continu-
ously deviate from the resonant frequency of the horn. The 
amplitude is the largest under resonance. After the resonant 
frequency of the horn continues to deviate from the resonant 
frequency, the amplitude will decrease.

For the ultrasonic vibrator, its temperature increases grad-
ually with the increase of working time. Assuming that the 
temperature of the horn is uniformly distributed, the formula 
of its longitudinal resonance frequency is as follows:

where L0 is the initial length of the horn, α is the coeffi-
cient of thermal expansion, E0 is the elastic modulus of horn 
material, ρ0 is the initial density, and ri is the radius of the 
structure of each part of the ultrasonic vibrator.

As can be seen from Eq. (42), the frequency drift is nega-
tively correlated with temperature rise. With the increase in 
temperature, the frequency drift of the horn will increase 
continuously. As the temperature of the material increases, 
the elastic modulus decreases, and the coefficient of thermal 
expansion increases. With the increase of the thermal expan-
sion coefficient, the structural length of the horn increases 
and the density decreases. The change of thermal expansion 

(31)f =
1

2L0(1 + �ΔT)

√
E0(1 − �ΔT)

�0∕(1 + �r2
i
�ΔT)

coefficient and elastic modulus of 45 steel with temperature, 
as can be seen from Table 4. The corresponding parameters 
are substituted into Eq. (40) for calculation. The results 
show that the resonant frequency of ultrasonic vibrator shifts 
with the change of material properties. The resonant fre-
quency will decrease with the increase in temperature. When 
T = 251℃, the resonant frequency becomes 32,641 Hz.

6 � Conclusion

Based on the advantages of ultrasonic vibration and low-
frequency vibration, the combination of high-frequency and 
low-frequency vibration–assisted processing devices are pro-
posed. The simulation and experimental study of the MFVT 
are carried out. Then, the main conclusions are as follows:

(1)	 Based on the kinematic model of high- or low-fre-
quency complex vibration, the overall design scheme of 
MFVT is determined and the design theory of MFVT is 
derived. The performance of LFVM and UVM is veri-
fied by testing, and the design requirements are met.

(2)	 The transmission accuracy of LFVM is verified by cal-
culating the position error, and the contour error of the 
exciting surface has the greatest influence on the output 
curve. With the increase of the speed, the deviation of 
the motion curve will be greater. The low-frequency 
vibration amplitude decreases with the increase of tool 
holder speed.

(3)	 The heat generated at the end of the tool chuck of the 
ultrasonic vibration module is the main heat source of 
the ultrasonic vibrator. Both the amplitude and reso-
nant frequency of the ultrasonic vibrator decay with the 
increase of temperature. The material used for making 
ultrasonic vibrators should have the characteristics of 
low damping, high strength, and strong thermal stabil-
ity. The bolt material at the joint shall be consistent 
with that of the horn.
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