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Abstract

Deep hole structures are widely used in the fields of aerospace, engineering machinery,
marine, etc. During the deep hole machining processes, especially for boring procedures,
the vibration phenomenon caused by the large aspect ratio of boring tools seriously restricts
the machining accuracy and production efficiency. Therefore, extensive research has been
devoted to the design and development of damped boring tools with different structures
to suppress machining vibration. According to varied vibration reduction technologies,
the damped boring tools can be divided into active and passive categories. This paper
systematically reviews the advancements of vibration reduction principles, structure design,
and practical applications of typical active and passive damped boring tools. Active
damped boring tools rely on the synergistic action of sensors, actuators, and control systems,
which can monitor vibration signals in real-time during the machining process and achieve
dynamic vibration suppression through feedback adjustment. Their advantages include
strong adaptability and wide adjustment capability for different machining conditions,
including precision machining scenarios. Comparatively, vibration-absorbing units, such
as mass dampers and viscoelastic materials, are integrated into the boring bars for passive
damped tools, while an energy dissipation mechanism is utilized with the aid of boring
tool structures to suppress vibration. Their advantages include simple structure, low
manufacturing cost, and independence from an external energy supply. Furthermore, the
potential development directions of vibration damped boring bars are discussed. With the
development of intelligent manufacturing technologies, the multifunctional integration
of damped boring tools has become a research hotspot. Future research will focus more
on the development of an intelligent boring tool system to further improve the processing
efficiency of deep hole structures with difficult-to-machine materials.

Keywords: damped boring tool; machining; vibration suppression; active vibration
reduction; passive vibration reduction

1. Introduction

With the development of the modern manufacturing industry, the requirements for
component processing quality are constantly increasing in such fields as aerospace, engi-
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neering machinery, automotive, marine, etc. [1-3]. High-performance machining is one of
the most widely used methods to guarantee component quality due to its high processing
efficiency, high dimensional accuracy, and excellent machined surface integrity. Among
different machining processes, deep hole machining faces great challenges due to its high
technical complexity and manufacturing cost [4,5]. Deep hole components have been
regarded as typical difficult-to-machine structures.

In deep hole machining, boring is commonly chosen as a key procedure following the
drilling process to achieve tight dimensional tolerance and increase the machined surface
quality [6]. Due to the large aspect ratio of deep hole structures, the boring tools used
in these processes also feature a larger aspect ratio compared to tools used for ordinary
hole processing. Consequently, the large overhang length of the boring tool is prone to
inducing vibration during the machining process [7-9]. The machining vibration tends to
deteriorate the dimensional accuracy of hole structures, which would lead to a reduction
in assembly accuracy between different components. Meanwhile, the machined surface
roughness of the workpiece is generally increased under machining vibration conditions
that would affect the machined surface performance adversely. Furthermore, the dramatic
vibration between the tool and workpiece during the machining process may generate
excessive noise, exacerbate cutting tool wear, and even cause tool breakage or workpiece
damage [10,11]. Consequently, how to improve the machining stability of boring tools and
effectively improve their anti-vibration performance has become a research focus for both
industries and academic areas.

According to different vibration resistance methods, current research about damped
boring tools can be divided into active vibration reduction methods and passive vibration
reduction methods [12]. The active damped boring tools work through the integration of
sensing, control, and execution systems to achieve a real-time vibration resistance function,
thereby improving the machined surface quality and component dimensional accuracy.
High-sensitivity sensors are embedded in the boring bars to capture vibration signals in situ
during the boring process. These signals are transmitted to the control system for working
status analysis and data processing [13]. Afterward, corresponding control instructions
are generated by the control system based on the vibration signal, and the actuator can be
driven to exert a compensation force opposite to the vibration direction. Through these
actions, machining vibrations of the boring tools are effectively suppressed. Comparatively,
passive damped boring bars rely on structural design and material properties to absorb
or dissipate vibration energy, while they do not need external energy input to reduce the
amplitude of boring bar vibration during the machining process [14]. Due to the diverse
vibration reduction mechanisms and structural characteristics of vibration damped boring
tools, they exhibit different machining performances in different application scenarios.
Therefore, it is necessary to review and analyze the state of the art and the application
of vibration damped boring tools. It is expected to lay a technological foundation for
the design of damped boring tools and provide guidance on the appropriate selection of
damped tools for specific component machining.

During machining processes, vibrations are generally categorized into three types, free
vibration, forced vibration, and self-excited vibration, each defined by distinct mechanisms
and characteristics. Free vibration is triggered by transient disturbances or initial impacts.
In the absence of sustained energy input, it is governed by the inherent properties of the
system, with its frequency determined by the natural frequency of the machine tool—cutting
tool-workpiece system. This type of vibration is typically observed as a transient response
that gradually decays due to damping. Forced vibration is driven by external periodic
or non-periodic excitation sources (such as spindle imbalance, gear errors, transmission
irregularities, or periodic fluctuations in cutting forces), sharing the same frequency as the
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excitation source. When the system frequency approaches its natural frequency, resonance
can be induced, leading to a significant amplification of vibration amplitude that adversely
affects machining accuracy and tool life. Self-excited vibration is most commonly mani-
fested as cutting chatter [15], which is generated through positive feedback mechanisms,
such as regenerative effects during the cutting process. Unlike free or forced vibration, it
can be sustained without external excitation and is often characterized by large amplitudes
and irregular waveforms. Severe risks to workpiece surface quality and overall machining
stability are, therefore, posed by this vibration type.

In summary, free vibration is described as a transient response that decays naturally,
forced vibration is characterized as being driven by external excitation, and self-excited
vibration is sustained by internal energy feedback within the system. These three types
exhibit significant differences in energy sources, frequency characteristics, and machining
impacts. To ensure machining system stability and quality, identification and suppression
of these vibrations are required, typically through dynamic modeling and experimental
monitoring. The literature indicates that a high slenderness ratio is the primary cause of
boring bar vibration [16]. Among the available methods, active damped boring tools and
passive damped boring tools are effective means for suppressing tool vibration [17].

This paper systematically reviews the state of the art of vibration damped boring tools
from the perspectives of different reduction mechanisms and structural characteristics of
boring bars. Active and passive damped boring tools constituted with different damping
structures are analyzed. By comparing the machining performance accompanied by the
advantages and disadvantages of various types of vibration damped boring bars, the limita-
tions and superiorities of specific boring tools in practical applications are discussed. Based
on the summarization of current research progress, the development trend of vibration
damped boring tools and associated vibration reduction technologies is outlined. The
review can provide guidance on the design and application of damped boring tools for spe-
cific components machining, especially deep hole structures, and help to explore new ideas
for the development of new damped tools to further improve the cutting performance.

2. Active Damped Boring Tools

With the continuous development of intelligent structures and materials technology,
different active vibration damped boring tools emerged, and their associated functions
are also improved [18,19]. According to varied driving and control mechanisms, active
vibration damped boring tools can be divided into such types as piezoelectric-driven tools,
magnetostrictive actuator tools, magnetorheological fluid damped tools, electrorheological
fluid damped tools, and dynamically adjustable damped bars. Active vibration damped
tools possess good vibration suppression performance, real-time response abilities, and
an active adjustment function to various vibration conditions. Consequently, active vi-
bration damped tools demonstrate significant potential in the application of precision
machining areas.

2.1. Piezoelectric-Driven Damped Boring Tools

In piezoelectric-driven damped boring tools, vibration control forces are produced
through the electrostrictive effect of piezoelectric materials. The deformation of piezo-
electric ceramic elements or thin films under an applied electric field is utilized to drive
the boring tools, which then generate high-frequency vibrations that effectively suppress
vibrations induced by external loadings. Owing to their high sensitivity, rapid response,
and efficient energy conversion characteristics, piezoelectric materials have been regarded
as highly suitable for vibration suppression [20]. Consequently, their application in the
design of vibration damped boring tools has been extensively investigated.
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Within the framework of active vibration reduction technology, piezoelectric actu-
ators have been identified as essential components for vibration control in boring pro-
cesses, owing to their fast response speed, compact size, and high driving accuracy. Ac-
tive suppression of vibrations in slender boring bars during machining was achieved by
Tanaka et al. [21] through the use of piezoelectric actuators. The experimental results
verified that the active damping system was able to adapt to variations and fluctuations in
vibration frequency, thereby improving machined surface integrity and enhancing process
stability by two to five times. Furthermore, a vibration damped boring bar with an active
error compensation function, designed by Chiu and Chan [22] on the basis of piezoelectric
ceramics, was shown to automatically adjust tool displacement induced by cutting forces
during boring. This design demonstrated considerable potential for machining processes
with variable cutting depths.

Akesson et al. [23] used an active vibration reduction system with an embedded layout
of a piezoelectric ceramic analog controller, which can reduce the vibration level of the
boring tool by about 50 dB. Kong et al. [24] applied piezoelectric ceramics as sensors and
actuators to develop an active damped boring tool, combining them with control circuits
designed to implement control algorithms. Meanwhile, a dynamic finite element model
of the boring vibration system was established. Theoretical calculation and experimental
analysis showed that the active damped system can effectively suppress vibration during
the boring process. Matsubara et al. [25] designed a vibration reduction system with
piezoelectric actuators and inductive resistive circuits. An equivalent dynamic model
was established using stacked piezoelectric actuators, while inductance and resistance
parameters were optimized using the equal peak method. Two piezoelectric actuators were
installed within the boring bar, and the schematic diagram of the boring tool, accompanied
by the experimental setup, is shown in Figure 1. The experimental results showed that the
designed shock absorber can effectively suppress the vibration of the boring tool.
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Figure 1. Typical structures of the active vibration damped boring tool based on the piezoelectric
actuator and an associated experimental setup [25].

Combined passive and active damping strategies based on piezoelectric actuators
have gradually attracted attention in the research of boring vibration control due to their
advantages, such as simple structure and efficient response. Combined active and passive
vibration reduction structures have demonstrated significant effectiveness in improving
structural damping, vibration suppression, and machining stability. Venter et al. [26]
embedded piezoelectric actuators in the cutting tool holder to develop a damped boring
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tool based on mixed active and passive vibration reduction strategies. In the passive
vibration damping strategy, the piezoelectric layer is connected to the inductor resistor
shunt circuit, while the piezoelectric layer is connected to the velocity feedback control
system for the active vibration damping strategy. The effectiveness of such mixed damping
strategies was verified through analyzing the frequency response function and stability
lobe diagram of the reference point located at the free end of the cutting tool holder. The
research results indicated that both strategies can reduce vibration amplitude by increasing
structural damping, thereby improving the stability of the boring process.

The effect of passive piezoelectric shunt damping on vibration during boring processes
was investigated by Yigit et al. [27]. In this study, a piezoelectric actuator with electrical
impedance was connected to the boring bar, and the circuit was adjusted to match the
frequency required for the boring process. The optimization of circuit parameters was
carried out according to the machining conditions. A representative experimental setup
of a piezoelectric shunt vibration damped boring tool is presented in Figure 2. Modal
characteristic test results indicated that, under optimized circuit parameters, the stability
limit was increased by 95%. Furthermore, in contrast to boring experiments, the absolute
stability limit of the machining process was improved from 50 um to 175 um, corresponding
to an increase of 250%.

Figure 2. A representative experimental setup of a piezoelectric shunt vibration damped bor-
ing tool [27].

As an efficient active vibration control device, piezoelectric patches can significantly
improve the dynamic stability and machining performance of boring tool systems through
the electromechanical coupling effect. Tang et al. [28] studied the application of piezoelectric
patches in the vibration control of boring tools. In their study, a nonlinear differential
equation describing the vibration characteristics of the boring tools was derived based
on the Kelvin—Voigt viscoelastic model, the nonlinear Von Karman strain theory, and the
Euler-Bernoulli beam theory. The motion equation was discretized using the Galerkin
method, and the effects of different system parameters on the machining stability and
vibration behavior, in addition to the vibration suppression response of the boring tool,
were systematically analyzed. The simplified model of the boring tool and the associated
piezoelectric patch model are shown in Figure 3. The research results indicated that
piezoelectric patches could increase the stable cutting area and effectively reduce the
vibration amplitude of the boring tool system. When a voltage of 20 V was applied, the
maximum stable cutting depth of the boring tool could reach up to 2.52 um, which was
115% higher than that of the boring tool without piezoelectric patches.
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Figure 3. Simplified model of the boring tool integrated with piezoelectric patch structures:
(a) schematic diagram of the boring process, (b) geometrical structures and external loading of
the boring tool, (c) configuration of piezoelectric patches [28].

Based on the above summarization, piezoelectric actuators have demonstrated su-
perior dynamic control capabilities, convenient structural integration, and high response
sensitivity in active vibration damped boring tools. Piezoelectric actuators have become
significant core components to realize vibration control during the deep hole machining
process. Through integrating with multiple sensors, controllers, and signal processing
circuits, piezoelectric actuators can not only regulate small displacements caused by vi-
brations during cutting processes but also effectively suppress multimodal vibrations to
improve machining stability and surface quality. With the rapid development of artificial
intelligence and adaptive control algorithms, piezoelectric components are expected to
further integrate with intelligent sensing networks. Consequently, the intelligent vibra-
tion damping system will realize such functions as self-perception, self-diagnosis, and
self-adjustment capabilities.

Piezoelectric devices still have some limitations, as their performances are easily
affected by temperature and other environmental factors, while their long-term working
stability also needs to be improved. Meanwhile, the high cost of high-performance control
systems also restricts their widespread application in industries. Therefore, future research
is required to focus on the improvement of damping system stability and the reduction in
damping component cost, which is beneficial for promoting the practical applications of
active vibration damped boring tools developed with piezoelectric actuators.

2.2. Magnetostrictive Actuator Damped Boring Tools

The deformation characteristics generated by magnetostrictive materials under the
action of an external magnetic field can be used to control the vibration of boring tools.
Magnetostrictive actuators can provide high power output and regulate vibration behavior
through the adjustment of current or magnetic field strength, and they have been widely
used in vibration damped boring tools [29].

Electromagnetic drive technology provides an effective solution for achieving high-
precision radial displacement control to tackle the machining accuracy challenge caused by
workpiece deformation during the boring process of non-circular holes. Zhang et al. [30,31]
proposed a specific electromagnetic drive method for boring of non-circular holes in small-
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sized precision parts to address the deformation issue during the machining process. The
machining system is composed of a rotating electromagnetic element consisting of a stator
and a rotor, which can provide a non-contact driving force for the boring tool. When the coil
current in the stator pole changes, the driving force will correspondingly change and drive
the rotor to produce the required micro-displacement in the radial direction. To achieve
high-precision stepwise rotational motion, Zhou et al. developed a giant magnetostrictive
rotational actuator [32]. It is mainly composed of a rotor, a stator, a driving mechanism, etc.
Figure 4 shows the overall structural schematic diagram.

Driving flexure hinge

Stator

Adjusting
mechanism

Clamping
flexure hinge
Driving
mechanism

Clamping
mechanism

Figure 4. Schematic diagram of the giant magnetostrictive rotary actuator [32].

Based on boring experiments, the machining trajectory of the boring tool center was
measured at low speeds, and the results showed that the radial micro-displacement of the
boring tool mainly depends on the applied control current. In addition, relevant research
about the design and modeling methods of deformable elements was conducted with finite
element methods to explore their deformation characteristics and influence factors of output
micro-displacement. After optimization, the maximum stress of the elastic deformation
unit was reduced by 30%, which was conducive to achieving precise control of radial
micro-displacements of boring tools.

The combination of high-precision real-time measurement and reliable non-contact
actuators has provided an important basis for vibration control of boring tools and the
improvement of machining accuracy. A real-time testing method for micro-displacement
measurement during the boring of non-cylindrical pinholes in precision pistons was pro-
posed by Wang et al. [33]. This method was implemented in a non-contact, interference-free
mode, with tool displacement data dynamically collected through two vertically arranged
eddy current sensors. Multiple experimental verifications confirmed that this approach
was capable of effectively measuring the micro-displacement of boring tools with high
accuracy and stability. In another study, a non-contact linear magnetic actuator for vibration
suppression of boring tools was developed by Lu et al. [34]. The actuator, consisting of
four identical magnetic units, was installed on a CNC lathe, as illustrated in Figure 5. Sen-
sors were integrated within the actuator to monitor boring tool displacement in real-time,
thereby enhancing the dynamic stiffness of the boring tool and improving vibration stability
of the machining system. The boring experimental results demonstrated that, at a spindle
speed of 1000 r/min, the boring stability was increased by 400%, while the stable cutting
depth was improved from 0.03 mm to 0.12 mm. This magnetic actuator has, therefore, been
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regarded as showing great potential for application in the fabrication of large boring bars
used in machining heavy-duty diesel engine cylinders and power turbine housings.

Turret

Displacement
Sensors

Magnetic actuator
Boring bar

Workpiece

Spindle

Figure 5. Typical components of a representative damped boring tool realized based on a magnetic
actuator [34].

The development of magnetic actuators with multiple degrees of freedom, combined
with an advanced active control strategy, effectively improves the dynamic stiffness and
damping performance of boring tools. Chen et al. [35-37] designed a magnetic actuator
with three degrees of freedom that can move independently in two radial and rotational
directions, thereby achieving effective suppression of lateral and torsional vibrations.
During the boring process, this actuator can significantly improve the damping and static
stiffness of the boring tool, as shown in Figure 6. The experimental results showed that
the static stiffness increased from 0.69 N/um to 3.75 N/um with a 5.43-fold increase in
stiffness. When the spindle speed was 750 r/min without the use of an active damping
controller, machining vibration occurred at a cutting depth of 0.04 mm. Comparatively, no
vibration occurred at a cutting depth of 0.08 mm when an active damping controller was
used. In addition, four different controllers were designed to suppress boring tool vibration
and improve vibration suppression stability during the machining process. Owing to the
active damping controller, the maximum stable cutting depth increased from 0.03 mm in
the uncontrolled state to 0.13 mm. At a spindle speed of 1500 r/min and a cutting depth of
0.04 mm, the machined surface roughness was 6.95 pm without using the controller, while
the machined surface roughness decreased to 0.67 pm with using the vibration controller,
and the cutting stability of the boring tool was significantly improved. Finally, a novel
multifunctional magnetic actuator was proposed, which can not only suppress machine tool
vibration but also enable real-time measurement of cutting forces. The cutting force was
estimated based on the displacement of the armature and the control current of the actuator.
The experimental results showed that the damping controller can effectively suppress the
vibration of boring tools and significantly improve the depth of vibration-free cutting.

Magnetostrictive actuators effectively suppress boring tool vibration through the in-
verse magnetostrictive effect and the multiple-parameter coupling action. Bak and Son [38]
utilized the inverse magnetostrictive effect in Terfenol-D and adopted an open-loop control
strategy to reduce boring tool vibration by generating a reverse signal through magne-
tostrictive actuators. Their experimental results indicated that the vibration amplitude
gradually decreased with the increase in DC power input, for which the flutter attenuation
rate was 0.5708, and the vibration amplitude decreased by about 43%. Liu et al. [39] pro-
posed a multiple-parameter coupling design method that combined a deformable boring
tool with an embedded giant magnetostrictive actuator to construct a dynamic model
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of the deformable boring bar, while nonlinear programming techniques were used to
solve the multiple-parameter coupling problem between the magnetostrictive actuator
and deformable boring bar. The designed embedded magnetostrictive intelligent boring
system is shown in Figure 7. The first natural frequency of the deformable boring bar and
spindle assembly of the system was tested as 370.7 Hz, which could satisfy the frequency
requirement of greater than 100 Hz during the machining process. Further experimental
results indicated that the system could meet the performance requirements for precision
machining of non-circular cylindrical piston pinholes.

— (b)

Up stator

6 direction
displacement sensor

Right stator

Down stator

Figure 6. Magnetic drive type vibration reduction boring bar: (a) schematic diagram, (b) photo of the
boring tool setup [35].

Figure 7. System of the giant magnetostrictive actuator with a constant output force [39].

In summary, magnetostrictive actuators exhibit significant advantages in boring tool
vibration reduction, such as fast response, high torque output, and compact structure
characteristics. Through multiple-parameter coupling designs and nonlinear control meth-
ods, magnetostrictive systems can achieve precise manipulation for complex targets and
meet the requirements of high-speed and high-frequency deep hole machining. They are
expected to further promote the integration of magnetostrictive actuators with sensing
and data processing technology, based on which multifunctional integration of vibration
reduction, measurement, and diagnosis can be achieved to enhance the deep hole machin-
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ing equipment towards high-performance directions. The current open-loop control of
magnetostrictive actuators has limited their robustness, leading to difficulties in coping
with changes in system parameters and external disturbances. In addition, the design of
multiple degrees of freedom control and coupled dynamic models is complex, requiring
high integration of different algorithms and hardware. Therefore, future research is sug-
gested to focus on developing intelligent control algorithms and more efficient multiple
degrees of freedom control strategies for boring tool components and utilizing digital twin
technology to establish accurate dynamic models.

Machine learning has been increasingly applied in intelligent manufacturing, where
significant advantages have been demonstrated in surface roughness prediction and tool
condition monitoring [40,41]. It has been reported that a mapping relationship established
between cutting forces, vibration signals, and surface roughness through data acquisition
can achieve more than 10% higher accuracy in online prediction compared with direct
fitting [42]. It has also been shown that data-driven methods based on audio and vibration
signals are capable of fully extracting machine status information during machining, with
classification accuracies reaching up to 100%, thereby confirming their effectiveness in
condition monitoring [43]. In addition, the integration of vibration analysis with deep
learning has been applied to chatter detection, and its potential has been demonstrated
even under suboptimal sensor placement and actual machining noise interference [44]. For
tool wear monitoring, a modified residual network (MSW-1D ResNet) has been proposed,
in which raw cutting signals are directly utilized as input, thus eliminating manual feature
extraction and enhancing modeling efficiency [45]. Furthermore, deep learning-based con-
dition detection methods utilizing vibration signals have been systematically summarized
in the existing literature [46].

Yesilli et al. proposed an alternative classification and flutter detection method based
on the K-Nearest Neighbor (KNN) algorithm [47]. This approach combines time series
similarity with machine learning techniques, achieving a prediction accuracy of up to
98%. Furthermore, by incorporating an approximate search with elimination algorithms,
the method enables rapid detection, making it suitable for online flutter detection. As
shown in Figure 8, the turning experimental setup and the classification of the KNN
classification example are presented. Although purely data-driven approaches have been
shown to excel in feature learning and condition recognition, their predictive accuracy
has been constrained by insufficient training data and risks of misclassification. Therefore,
optimization of the overall workflow is considered dependent on the identification of key
sensor metrics and the systematic evaluation of their impact on model performance [48].
In contrast, physics-based methods are observed to generate false alarms during transient
excitations or near-stable boundaries, while empirical methods have relied on experimental
data for chatter detection model training. To overcome these limitations, a hybrid approach
combining machine learning networks with models based on self-excited vibration theory
was proposed by Rahimi et al. [49], and improved accuracy and robustness in chatter
detection were achieved. To facilitate the acquisition of state signals during machining
processes, intelligent toolholders were developed and designed, as shown in Figure 9.
Overall, the integration of machine learning with vibration signal analysis is recognized as
providing robust support for surface quality prediction and tool condition monitoring in
smart manufacturing. Nevertheless, further development has been regarded as necessary
in model optimization and multi-source information fusion.
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Figure 8. The turning experimental setup and the classification of the KNN classification example [47]:
(a) turning experimental setup, (b) schematic of the KNN algorithm.
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Figure 9. Smart tool holder [45]: (a) vibration-sensing design, (b) testing and assembly.

To address the challenge of adapting active vibration control systems to complex
operating conditions, intelligent adaptive algorithms and digital twin models have been in-
troduced for predictive parameter adjustment. System robustness is significantly enhanced
while the need for costly trial-and-error adjustments has been reduced. By integrating pas-
sive and active control hybrid solutions, reliability and low cost have been ensured, while
selective active intervention has been enabled during critical operating conditions. In this
way, an optimal balance between economic efficiency and performance has been achieved.

2.3. Magnetorheological Fluid Damped Boring Tools

Under the action of an external magnetic field, magnetorheological fluids experience
reversible changes in viscosity and stiffness. They exhibit good controllability and rapid
response characteristics, thus enabling dynamic adjustment of vibration reduction sys-
tems [50]. By controlling the external magnetic field strength, the flow characteristics of
magnetorheological fluid can be altered to suppress the vibration of the boring tools.
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By combining intelligent control of magnetorheological fluid with a parameter excita-
tion mechanism, the damping and natural frequency of boring tools can be adjusted. A
vibration control method for boring tools based on magnetorheological fluid was proposed
by Mei et al. [51,52]. The magnetic system inside the boring tool was designed through
finite element analysis, and a Euler-Bernoulli dynamic beam model of the boring tool was
established to further evaluate the influence of magnetorheological fluid on machining
stability. The experimental results showed that, at an excitation frequency of 1 Hz and
with a square wave current of 0-2 A, the machined surface roughness was reduced from
5 um to 1 pm under identical boring conditions, while the time domain vibration acceler-
ation signal of the boring tool was significantly decreased. At the same time, machining
chatter was effectively suppressed by adjusting the damping and natural frequency of the
machining system.

Afterwards, the energy method was used to analyze the cutting dynamic stability
under different natural frequencies of the boring tool structures. The natural frequency
of the tool structure and the spindle speed have been recognized as main factors that
affect the cutting stability, and experiments were conducted using excitation currents with
different waveforms and frequencies. The results indicated that the optimum machining
performance was achieved at a square wave current with a frequency of 4-6 Hz and
an amplitude of 0-2 A. Yao et al. [53] used the averaging method to study the effect of
parameter excitation on van der Pol-Duffing oscillators with time-delayed feedback. The
experimental device for modal testing of boring tool vibration is shown in Figure 10.
Through stability analysis, it was found that when the excitation amplitude was large
enough with appropriate frequencies, various waveform parameter excitations demonstrate
good vibration suppression effects.

Charge amplifier

Signal generator

Power amplifier
DC power '
supply

Figure 10. Experimental setup for the shaker modal testing of the magnetorheological fluid-controlled
boring tool [53].

Magnetorheological fluid exhibits good adjustability and vibration reduction effect
during the boring process, which can achieve adaptive control of cutting tool stiffness
and damping through adjusting the current, thereby improving the cutting stability and
machining quality. Pour and Behbahani [54] designed an integrated mechatronics model by
adjusting the stiffness and damping of the cutting tool with magnetorheological dampers,
resulting in a 50% increase in stable cutting depth. Biju and Shunmugam [55] developed a
frequency-adjustable boring tool based on magnetorheological fluid damping media, as
shown in Figure 11. The dynamic characteristics of the designed boring tool were obtained
based on impact and vibrator excitation tests, based on which a stability lobe diagram was
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drawn. The results showed that as the input current increased, the stability lobes moved
upward and to the right. The boring experiments indicated that when the input current
was 3.5 A, the vibration amplitude of the boring tool decreased by 29-44%, while the
machined surface roughness and workpiece roundness decreased by 14-59% and 5-41%,
respectively. Niu et al. [56] established a single degree of freedom nonlinear dynamic
model for boring bars and used the fractional derivative Bingham model to describe the
damping force of magnetorheological fluids. Their study adopted a semi-active on—off
control strategy to suppress the host resonance response of the machining system and
obtained an approximate analytical solution with the averaging method. Compared with
magnetorheological fluids under passive control, semi-active on—off control can improve
the vibration reduction effect of the boring tool system.
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Figure 11. Development of the magnetorheological fluid-based tunable frequency boring tool,
(a) schematic of the boring tool structure, (b) components of the boring tool [55].

Prabhu et al. [57] used a semi-active radial arrangement of magnetorheological fluid
dampers to suppress boring bar vibration. The average main frequency during the boring
process increased as the input current increased from 0 to 3 A. Meanwhile, boring exper-
iments were conducted on low-carbon steel workpieces at different spindle speeds, and
the results showed that both machined surface roughness and vibration acceleration were
effectively reduced.

To enhance the comprehensive performance of magnetorheological fluid in the deep
hole machining process, researchers have tried to explore the combination path of multi-
functional damping structures and intelligent control methods. Saleh et al. [58,59] designed
a type of sponge magnetorheological vibration damped boring tool. The damper can
provide effective damping in all radial directions around the boring bar. The magne-
torheological damper consisted of three main components, including a sponge layer of
dual-dispersed magnetic fluid, an electromagnetic coil component, and a damper bracket.

The three-dimensional model of the boring tool and magnetorheological damper is
shown in Figure 12. Under different cutting conditions, boring experiments were conducted
on Inconel 718 and Al7075 workpiece materials, and the results showed that the machined
surface qualities of different workpieces were improved. During machining of Inconel
718 workpiece material, the vibration-free cutting depth of the absolute stability limit was
increased from 0.05 mm to 0.23 mm. Subsequently, a sliding mode control method of the
magnetorheological fluid damper was proposed, and a variable gain super twisted sliding
film control algorithm was designed to overcome the discontinuity problem in traditional
sliding film control. Through boring experiments on Al7075 workpiece material, the radial
stable cutting depth was increased from 0.03 mm to 0.10 mm, and the machined surface
roughness was decreased by 50-80%.
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Figure 12. CAD model of the boring tool integrated with magnetorheological (i.e., MR in the figure)
damper components [58].

The vibration suppression performance of boring tools can be effectively improved
by magnetorheological fluid dampers through dynamic modeling, material optimization,
and composite structure design. A dual degree of freedom dynamic model of a magne-
torheological fluid dynamic damper was established by Hou et al. [60], and the Lyapunov
method was applied to analyze system stability under semi-active control. Compared
with passive control systems, the semi-active speed control mode was shown to provide
superior suppression of vibration amplitude. Magnetorheological dampers with optimized
fluid properties were designed by Aralikatti et al. [61], who investigated the effects of oil
viscosity and hydroxyl iron particle concentration on maximum yield stress and effective
damping range. Optimization of the component compositions was carried out using a
genetic algorithm, and the effectiveness of the optimized design was subsequently verified
through experiments. Boring experiments demonstrated that, with a magnetorheological
damper, tool vibration was reduced by 28.66%, cutting force amplitude was decreased by
68.18%, and machined surface roughness was improved from 4.8 um to 1.6 um. In another
study, a magnetorheological fluid foam damper was developed by Sarath et al. [62] to exam-
ine the influence of different polyurethane foam parameters and magnetorheological fluid
properties on absorption efficiency and damping capacity. This damper was successfully
applied to the boring tool system. The experimental results indicated that its application
reduced the cutting force by 78%, improved the machined surface roughness by 91%, and
decreased tool wear by 91%.

Magnetorheological fluid damping technology has certain superior performance in
boring bar vibration control. Its performance can be quickly adjusted by applying an
external magnetic field, based on which real-time suppression of boring tool vibration can
be achieved, and the machined surface quality of workpieces can be effectively improved.
In addition, magnetorheological fluid dampers possess such advantages as fast response,
strong adaptability, and the capacity to meet the dynamic vibration reduction requirements
under different working conditions. By combining advanced damping materials and new
structural design, it can be expected to promote the development of magnetorheological
fluid vibration reduction technology towards high-performance machining. However,
the high manufacturing cost of magnetorheological fluid dampers still limits their wide
application. The semi-active control algorithm for magnetorheological fluid damping is
complex, and critical challenges occur in designing vibration reduction control systems and
complex coupled dynamic models with multiple degrees of freedom. Therefore, the future
research direction should be focused on the development of more efficient and robust
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semi-active and active control algorithms to achieve precise control of a multiple degrees of
freedom damping system. Meanwhile, a combination of intelligent sensing and adaptive
control technology should also be explored to achieve real-time monitoring and dynamic
adjustment of vibration status.

For intelligent control algorithms, adaptive control systems dynamically adjust damp-
ing parameters based on real-time vibration feedback, ensuring stable vibration suppression
across operating conditions. Additionally, machine learning and deep learning models
enable predictive identification of vibration trends for proactive intervention. Digital
twin technology further enhances system robustness by enabling real-time simulation and
optimization of control strategies through virtual modeling. These innovative designs,
intelligent algorithms, and optimization strategies advance the widespread adoption of
active vibration reduction technology in manufacturing while ensuring system stability
and efficiency.

2.4. Electrorheological Fluid Damped Boring Tools

The flow characteristics of electrorheological fluids can be regulated under the action
of an electric field, thereby affecting the damping characteristics of the working system.
The response time of electrorheological fluid is in the millisecond range, and its viscosity
and yield stress can be adjusted by precisely controlling the electric field strength, making
it easy to be integrated with electronic control systems [63]. Continuous control of vibration
reduction can be achieved with an electric current variable fluid damped boring tool
through adjusting the electric field strength.

Researchers have proposed boring bar structures with variable stiffness components
based on electrorheological fluid, which can dynamically control the stiffness and damping
characteristics of the boring tool. Wang and Fei [64,65] developed a variable stiffness
boring bar based on electrorheological fluid, with which the global stiffness and capacity
dissipation characteristics of the boring bar can be adjusted through changing the elec-
tric field strength. The experimental results indicated that vibration reduction could be
effectively achieved by continuously adjusting the stiffness of the boring bar during the
machining process. Subsequently, the electrorheological fluid was adopted to suppress
machining chattering.

The deformation mode of the electrorheological fluid depends on the applied electric
field and strain amplitude. By utilizing the sensitivity of the fluid deformation mode to
small changes in vibration amplitude, it is possible to prevent an increase in vibration am-
plitude. The experimental results demonstrated that the selection of electric field strength
was related to the deformation amplitude of the electrorheological fluid during the machin-
ing process [50]. When the electric field strength was below 1.2 kV/mm, the amplitude
of vibration acceleration gradually decreased, and the dynamic stiffness of the boring
tool exhibited high sensitivity to small changes in cutting vibration amplitude. When the
electric field strength was higher than 1.2 kV/mm, the amplitude of vibration acceleration
gradually increased. The optimal electric field strength for chattering suppression was
recognized as 1.2 kV/mm.

To achieve rapid detection and real-time suppression of chattering during boring
process, an electrorheological fluid damped boring tool with adaptive adjustment capability
has been developed. Wang and Fei [66,67] proposed an adaptive control system based on
an electrorheological fluid damped boring bar. This system could automatically adjust the
dynamic characteristics of the boring tool based on the information from the monitoring
sensor signals. Using a radial basis function neural network based on locally optimum
decision rules for signal reconstruction, the reconstructed acceleration signal was identified
using a fuzzy ARTMAP neural network, and the chattering signal was extracted from
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the power spectrum of the vibration signal. Within boring experiments, it was found
that the best vibration reduction effect was achieved when the electric field strength was
0.8 kV/mm for machining with a spindle speed of 200 r/min, a feed rate of 0.08 mm/r,
and a cutting depth of 0.1 mm. By utilizing the electrically controlled nonlinear dynamic
characteristics of the electrorheological fluid, an intelligent boring tool with stable cutting,
online detection, and adaptive adjustment can be developed.

The electrorheological fluid damped boring tool can achieve rapid online control
of stiffness and damping of tools by adjusting the external electric field strength, which
has the advantages of fast response speed and low energy consumption. Nevertheless,
electrorheological fluids have low shear strength, limited damping capacity, and high
integration difficulty. Future research directions are suggested to focus on developing low
driving voltage, high performance, and stable new materials for electrorheological fluids.
The design of miniaturized and highly integrated electronic control systems should also
be explored, based on which wider engineering applications of electrorheological fluid
damping technology can be promoted.

2.5. Damped Boring Tools with the Variable Parameter Dynamic Vibration Absorber

Power absorbers are structures consisting of additional mass, springs, and dampers.
Such structures can adapt to vibrations with different frequencies by adjusting their internal
damping, stiffness, and other relevant parameters. When the main vibration frequency
changes, the dynamic absorber can automatically adjust its parameters to maintain a stable
damping effect [68].

Active and adjustable power absorbers have become important components to realize
vibration suppression and improve the vibration reduction performance of boring tools
under complex machining conditions. Tewani et al. [69,70] analyzed the cutting stability of
boring bars with active dynamic absorbers, in which an equivalent mass model for such a
boring tool was proposed, and the cutting process, considering dynamic changes of the
shear angle and friction angle, was applied to the centralized mass model. The vibration-
free cutting boundaries of ordinary boring bars, boring bars with passive power absorbers,
and boring bars with active power absorbers were compared. The results indicated that
the maximum cutting depth in the stable cutting range significantly increased within the
spindle speed range of 235-600 r/min. Moradi et al. [71] applied adjustable absorbers to
boring tools and established a dynamic model with cantilevered Euler-Bernoulli beam
theory. Meanwhile, a modal summation algorithm was adopted to determine the optimal
specifications of the absorbers. The modal test results indicated that the first three natural
frequencies of the boring tool with and without absorbers were almost the same. Research
has shown that larger critical cutting depths can be achieved in higher-order frequency
modes, thereby improving material removal rates. As shown in Figure 13, the automatically
tuned boring bar system structure is presented. The stiffness of the shock absorber is
adjusted automatically by the screw servo motor [72]. Liu et al. [73] proposed a vibration
damped boring bar with a variable stiffness dynamic absorber, which was installed in
the cavity at the front of the vibration damped boring bar. A dynamic model of the
boring bar system was established, while the effects of excitation frequency and suspension
length of the variable stiffness dynamic absorber on the amplitude ratio were analyzed.
Through stimulation analyses, impact tests, and boring experiments, the amplitude of
the acceleration curve was found to decrease from 19.64 m/s? to 10.53 m/s?. The results
demonstrated that under different cutting speed conditions, the vibration acceleration of a
regular boring bar was more than twice that of the vibration damped boring tool. When
the excitation frequency was constant, the best vibration reduction effect could be obtained
through adjusting the overhang length of the boring tool. The stability cutting area and
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chattering area under different excitation frequencies and overhang lengths were further
determined through boring experiments.
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Figure 13. The structures of the adaptively tuned boring bar system [72].

To enhance the vibration reduction efficiency and robustness of boring tools, re-
searchers have optimized the design and parameter configuration of dynamic vibration
absorbers by integrating nonlinear energy absorbers, adjustable damping structures, and
adaptive mass adjustment mechanisms. Lv et al. [74] developed a three degrees of freedom
model of a boring bar system equipped with both a dynamic absorber and a nonlinear
energy absorber and analyzed their combined effects on damping performance. The study
revealed that while dynamic absorbers alone suppress vibrations, the addition of nonlinear
energy absorbers further improves the vibration reduction capability and strengthens the
overall system robustness. Similarly, Liu et al. [75] proposed a dynamic absorber incorporat-
ing a variable damping mechanism, in which the damping force applied to the mass block
was controlled by adjusting the excitation coil voltage. A dynamic model was established
to evaluate the influence of damping characteristics, and performance tests confirmed that
decreasing the air gap length and increasing the voltage effectively reduced the vibration
displacement of the mass block. Under different cutting parameters, the damping boring
bar achieved a maximum vibration acceleration reduction of 34.7%, thereby verifying the
feasibility of this design.

Shi et al. [76] proposed an equivalent linear method for hyperelastic rubber rings and
analyzed the stiffness characteristics of rubber rings of different sizes in dynamic absorbers
through experiments and numerical simulations. The dynamic characteristics of the boring
bar were analyzed to determine the optimal stiffness and damping parameters for the
vibration damped boring tool. Compared with ordinary boring tools, the vibration peak
of the damped boring tool was reduced by more than 45%. Van Zyl et al. [77] modeled
a large aspect ratio boring bar using Timoshenko beam elements for an adaptive mass
damped tool and designed a universal mass damping absorber consisting of a hard alloy
block, an oil bag, and two rubber O-rings. The adjustable boring bar assembly is shown in
Figure 14. Research has shown that when the aspect ratio is 14, the production efficiency



Machines 2025, 13, 883

18 of 37

Lead screw nut with Lead screw

of the tool can be increased by 70.6 times by adjusting the damping ratio and natural
frequency compared to traditional boring tools. Meanwhile, the critical stable cutting depth
was increased from 0.008 mm to 1.27 mm.
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Figure 14. Schematic diagram of the boring tool structure with an adaptive tuning mass damper [77].

By adjusting the mechanical parameters of the vibration absorber to achieve adaptive
vibration control, the vibration reduction effect of the boring bar can be improved at
different excitation frequencies. Li et al. [78,79] designed a variable stiffness dynamic
absorber inside the boring bar consisting of two rubber bushings. The relationship between
theoretical stiffness and axial compression was established in their study, indicating that the
stiffness of the dynamic absorber could be adjusted through changing the axial compression
and allowing the boring tool to adapt to different excitation frequencies. The boring
experimental results showed that by selecting an appropriate axial compression value,
the cutting force and torque during the boring process could be reduced. Afterwards,
theoretical calculations and simulation methods were used to identify the modal parameters
of the dynamic absorber in the damped boring bar, and the vibration amplitudes of the
boring tool under different spring stiffness conditions could be obtained. The optimal
stiffness value of the dynamic absorber was determined through frequency scanning
experiments on the vibration damping boring bar. In addition, a nonlinear model was
developed to analyze the vibration stability during the boring process. The Runge-Kutta
method was used to solve the dimensionless parameters of the model, and the results
showed that the amplitude of the boring bar decreased by 37.6%. Through analyzing the
effects of nonlinear parameters related to damping and stiffness of the absorber on the
vibration characteristics of the boring bar, it was proposed that the cubic stiffness elements
could be introduced to further reduce the vibration amplitude.

By adjusting the stiffness and damping of the vibration absorber, the damped boring
tool embedded with a variable dynamic vibration absorber can achieve adaptive vibration
control under different excitation frequencies and processing conditions. At the same time,
combining with nonlinear model analysis and intelligent control technology, the robustness
and adaptability of the variable parameter vibration absorber would be strengthened. The
structures of vibration absorbers currently used are generally complex, and the dynamic
modeling and nonlinear coupling effects of machining systems with multiple degrees of
freedom have not been fully solved, which affects the control accuracy and response speed
of damped tools. Future research directions are suggested to be focused on the design
of intelligent vibration absorber components with simpler structures and more sensitive
response capabilities. Meanwhile, dynamic modeling for machining systems with multiple
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degrees of freedom and multiple physical field coupling effects should be strengthened,
which can help promote the industrialization of high-performance intelligent vibration
damped boring tools. As shown in Table 1, the types, working principles, and advantages
of the active damped boring tools are summarized.

Table 1. Types of active damping boring tools, structural features, and advantages.

Research Methods Boring Bar Type Working Principle Advantages References
Experiments and . C Piezoelectric ceramic High sensitivity, fast
. Piezoelectric-driven .
theoretical . elements deform under the = response, high energy [20-24]
. damped boring bar . L - .
calculations influence of an electric field  conversion efficiency
Experiments and Magnetostrictive Material deforms under the . . .
= . High-precision radial
finite element actuator damped influence of an external . [29-34]
. X s displacement control
analysis boring tool magnetic field
Finite e?ement Magnetorheological Flow characteristics of . .
analysis and . . . Reversible changes in
. fluid damped magnetorheological fluids N . [51-55]
experimental and . P viscosity and stiffness
. . boring tool suppress tool vibration
dynamic modeling
Structural design . eological Rheological fluids modulate Pregsg control of
. fluid-damped . .. electric field strength [64-66]
and experiments . damping characteristics . o
boring tool to adjust viscosity
. . Adjust internal damping ~ Automatic adjustment
Dynamic modelsand  Variable parameter and stiffness to of parameters for the [68-70]

experiments

damped boring tool

accommodate vibration motion absorber

3. Passive Damped Boring Tools

The research on passive vibration damped boring bars has been widely reported and
employed in practical industrial applications. According to different principles and design
methods of vibration reduction, passive vibration damped boring tools can be divided
into structure-optimized damped boring tools, material-optimized damped boring tools,
damped boring tools with an impact damper, and friction energy dissipation damped
boring tools [80,81]. Passive vibration damped boring tools have such advantages as simple
structure, low cost, reliable vibration damping effect, strong applicability, and no need for
external energy.

3.1. Damped Boring Tools with Structural Optimization

By changing the structure of boring tools and adding auxiliary supports or clamp-
ing devices, the stiffness and vibration reduction performance of the boring tool can be
effectively improved.

The clamping conditions of boring tools have significant effects on the dynamic per-
formance and machining stability of cutting tools. A reasonable clamping method can
improve machining quality and cutting tool life. Akesson et al. [82] studied the influence
of different clamping conditions on the dynamic performance of boring tools and ana-
lyzed the effects of the number, diameter size, tightening torque, and tightening sequence
of clamping screws on the characteristic frequency and cutting stability of boring tools.
The experimental results of modal analysis indicated that different clamping conditions
could cause differences in the dynamic characteristics of boring tools, and optimizing the
clamping conditions could help to improve boring stability. Yan and Sun [83] proposed a
method of suppressing boring tool vibration by adjusting clamping conditions, in which
the stiffness and damping of the boring tool were improved through changing the natural
frequency of the boring tool system.
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a- The illustration of substurctures

The adjustable device consisted of four parts, a connecting plate, a tool baffle, a
damping layer, and a tuning damper, as shown in Figure 15. Experimental verification
showed that the clamping device could meet the vibration suppression requirements of the
boring tool during the machining process. In the clamping scheme, the inner diameter of
the tuning damper was 40 mm, and the length was 30 mm. Two screws were applied at the
tail of the tool, one of which was a countersunk screw and the other was a ball screw. When
the spindle speed was 1953 r/min, the stable cutting depth increased from 0.1185 mm to
0.6356 mm with an increase of 5.36 times. Meanwhile, the machined surface roughness
decreased from 2.106 um to 1.239 um with a decrease of 41.2%.

b- The diagram of the adjustable device
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Figure 15. Schematic illustration of an adjustable clamping device used for the machining process [83].

The design of conical boring tools provides a new solution method for a vibration
reduction in boring tools. Zhang et al. [84] designed a conical composite boring bar. The
natural frequency of the boring tool was calculated using the modified decomposition
method, and the convergence of the conical composite boring tool was verified in terms
of vibration stability. Research has shown that the natural frequency of conical composite
boring tools is affected by the layer angle, aspect ratio, thickness-to-diameter ratio, and
composite material. Choosing smaller layer angles, taper ratios, or aspect ratios can result
in higher natural frequencies. In addition, through analyzing the boring stability under
different machining parameters, it was found that the boring stability increased with the
decrease in the taper ratio, layer angle, or aspect ratio. Liu et al. invented a novel CFRP
boring bar featuring a CLD structure. Compared to tungsten carbide boring bars, it exhibits
a 35.4% increase in natural frequency and a 40% reduction in amplitude. Machining stability
is maintained at a long-to-diameter ratio of L/D = 8.78 [85].

The use of auxiliary support in a deep hole boring device can effectively reduce boring
tool vibration and deformation. Cai et al. [86] designed a deep hole boring device with
auxiliary support, which can play a fixed and guiding role during the machining process,
effectively reducing machining vibration and improving machining accuracy. The structure
of the designed boring device is composed of a conical surface core rod and two adjustable
brackets installed inside to control the radial movement of the adjustable brackets. Through
boring experiments, it was shown that the error between different hole diameters processed
by the device did not exceed 0.03 mm, and the machined surface roughness was below
Ral.6, which could meet the machining requirements.

Based on anisotropic stiffness design, the dynamic stiffness of the machining system
during the boring process can be improved by optimizing the geometric shape of the boring
tool. Takahashi et al. [87] proposed a method that utilized the anisotropy of boring tools
to increase the dynamic stiffness during the cutting process. This method was based on
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anisotropic design theory of infinite stiffness, and the optimal rotation angle of 148° and
the optimal compliance ratio range of 1-3 were determined. The basic design method is
shown in Figure 16, which utilizes the mode expansion effect caused by the horn shape to
achieve anisotropic stiffness and improve machining stability. The study used the finite
element method to simulate and analyze boring tools with aspect ratios of 4 and 10, and
the results showed that it is necessary to select appropriate tool geometry and machining
conditions to guarantee the stability of the boring process.
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Figure 16. The structure and working characteristics of a self-designed boring bar with anisotropic
attributes [87].

Structural optimization of boring tools can improve machining efficiency and reduce
vibration by optimizing geometric shapes or adding auxiliary supports. Improvement of
the boring tool structure is beneficial for achieving lightweight design, expanding stable
cutting areas, and realizing high-performance machining targets. However, there are
also technical challenges for structural optimization of boring tools due to such factors
as manufacturing process limitations, complex tool structures leading to high costs, and
difficulties in accurately controlling dynamic tool response under actual working conditions.
In the future, intelligent materials and adaptive damping structures can be combined to
improve the integration ability of the boring tool structure and achieve an efficient and
stable boring process.

For structural optimization design, multi-layer sandwich structures incorporating
metal damping constraint-layer configurations are developed. Interlayer friction and
shear deformation enhance energy dissipation efficiency. Replaceable or micro-adjustable
damping blocks/filler particles are embedded within the tool body to improve adaptability
to varying vibration frequencies. Finite element and topology optimization methods
are employed to refine tool geometry and material distribution, maximizing damping
performance while ensuring structural integrity.
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3.2. Damped Boring Tools with Material Optimization

The choice of boring bar material directly affects its stiffness or damping behavior,
which in turn affects the vibration reduction performance of the boring tool. At present,
most studies apply high stiffness or high damping materials to boring tools, which can
effectively absorb vibration energy and reduce vibration amplitude.

Composite boring bars have significant advantages in improving the stability and
vibration reduction effect within the boring process due to their excellent stiffness and
damping characteristics. Nagano et al. [88] developed a composite boring bar with asphalt-
based carbon fiber-reinforced plastic. The core rods of boring tools were designed with four
different shapes of steel bars. The experimental results indicated that the boring bar em-
bedded with a cross-shaped steel core presented the best vibration reduction performance.
When the aspect ratio was seven, it exhibited excellent cutting performance compared to
traditional cemented carbide boring bars. Lee et al. [89,90] designed and manufactured
a rotary boring bar with high-stiffness asphalt-based carbon fiber epoxy resin composite
materials. By testing the damping performance of core materials, the damping part of the
composite boring bar was selected, and its machining performance was verified in the
boring of an aluminum specimen for the engine cylinder block. The experimental results
have shown that when the spindle speed was 2500 r/min, a composite boring bar with
a length-to-diameter ratio of 10.7 could still maintain stable cutting, while the maximum
length-to-diameter ratio for the stable cutting of tungsten carbide boring bars was 8. The
natural frequency, damping ratio, and dynamic stiffness of composite boring bars were
tested as being 72%, 168%, and 28% higher than those of cemented carbide boring bars.
The metal cutting ability of composite boring bars was tested as being 33% higher than
that of cemented carbide boring bars. Wang et al. [91] designed a damped boring bar with
a layered composite structure composed of carbon fiber composite and metal materials.
Finite element simulation analysis showed that the designed boring tool is more suitable
for the high-speed boring process.

Improving the dynamic performance and damping characteristics of the boring tool
system is the key to enhancing boring stability and machining quality. Sortino et al. [92]
proposed an innovative hybrid dynamic model for boring tool systems based on finite
element beams and empirical models. This study conducted modal testing on boring bars
made of different shapes and materials, as well as boring bars with different diameters and
aspect ratios. The impact experimental setup and adopted finite element model are shown
in Figure 17. The experimental results indicated that the damping value was mainly affected
by the aspect ratio of the boring bar and the tool material. Ordinary boring bars have lower
natural frequencies and a smaller damping ratio and are susceptible to resonance due to
the influence of excitation frequencies.

Khatake and Nitnaware [93] applied passive dampers to minimize the loss of static
stiffness of the boring tool, and the experimental results showed a significant improvement
in the machined surface quality of workpiece materials. Akdeniz and Arslan [94] used
high-damping material TiNi3 to prepare a boring bar. The experiment test showed that the
amplitude of vibration acceleration was decreased by 43.1%. Compared with commercial
boring bars, the vibration acceleration during the machining process was reduced by 60.2%
with the optimized boring bar.
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Figure 17. Experimental setup and model of boring tools. (a) Experimental setup for impact testing
of boring tools, (b) schematic representation of the tooling system, (c) adopted FE model [92].

The design of boring tools with a constrained composite damping layer significantly
enhances the vibration reduction effect and cutting stability of the boring tools. Song
et al. [95] proposed a specialized boring tool design and optimization method with con-
strained damping bars based on the theory of constrained damping layer beams and the
finite element method. The designed boring tool was composed of four modules: the tool
head, substrate layer, and damping layer. By changing the dynamic stiffness through the
constraint layer and improving the damping performance through the damping layer, it
was found that the vibration reduction ability of the boring tool was five times higher than
that of ordinary boring bars. Zhang et al. [96] developed a theoretical analysis model for
predicting the chattering stability of a composite boring bar with constrained damping
layers. Their model was developed based on the Euler-Bernoulli beam theory and the
complex stiffness method of constrained damping layers. The dynamic model of the vi-
bration damped boring tool was derived, and the structural parameters of the boring bar
were optimized. Nanda and Srinivas [97] studied a passive constrained damped boring bar
with a mixed damping layer and validated its dynamic behavior through finite element
modeling. Compared with traditional boring tools, the vibration displacement of boring
tools with constrained damping layers was reduced by more than five times. Lu et al. [98]
prepared a boring bar with composite materials and a constrained damping layer structure
optimized based on the finite element method. The dynamic characteristics of the damped
boring bar were analyzed using the bending strain energy method and cantilever beam
theory. The modal testing results showed that when the aspect ratio was 8.4, the damped
boring bar demonstrated a higher natural frequency and smaller vibration amplitude. The
vibration attenuation time of the damped boring bar was 0.115 s, while that of the contrast
cemented carbide boring bar was 0.167 s. Boring experiments showed that under the same
machining parameters, the damped boring bar presented higher machining accuracy.

The application of new materials and structural design has promoted the development
of high-precision boring tools. Ghorbani et al. [99] studied boring bars with longitudinal
grooves of different cross-sections filled with epoxy granite. By measuring the vibration
acoustic signals during the machining process, it was found that the amplitude in the
vertical direction of the boring bar could be reduced from 79 m/s? to 13.7 m/s?, and
the amplitude in the horizontal direction could be reduced from 132 m/ s? to 56 m/s?.
Compared with ordinary boring bars, the developed vibration damped bar improved the
cutting tool dynamic stiffness, while the natural frequency of the boring bar was reduced,
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and chattering during the machining process was effectively suppressed. Moreover, the
vibration damped boring bar improved the machined surface quality by 30% during the
boring process. Singaravelu et al. [100] embedded copper-based shape memory alloys
into boring bars and studied the effect of different machining parameters on cutting
performance. Their experimental results showed that at a cutting depth of 0.25 mm,
a feed rate of 0.08 mm/r, and a spindle speed of 300 r/min, the cutting temperature,
boring tool displacement, machined surface roughness, and tool wear of the damped
boring tool were reduced by 19.2%, 55%, 59.9%, and 78.1% compared with the ordinary
boring tool, respectively. Inspired by the vibration damping mechanism in woodpecker
heads, a biomimetic damping boring bar was developed, as shown in Figure 18 [101].
This biomimetic damping enhances modal parameters and cutting stability. Compared
to carbide tools, the natural frequency increased by 20% and the stiffness improved by
1.7 times.
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Figure 18. Bionic vibration damping boring bar process. (a) Schematic diagram of the damping
material design for the shock absorber, (b) Schematic diagram of the damping structure of the
constraint layer of the tool holder body [101].

Surface coating technology, as an important method to improve the vibration reduction
performance and processing quality of boring tools, has demonstrated significant applica-
tion potential. Fu et al. [102] used a plasma-enhanced chemical vapor deposition method to
deposit a carbon-based nanocomposite damping coating on a boring bar. By comparing the
performance of the coated boring bar and the uncoated boring bar, the results showed that
the coated tool could reduce the absolute sound level during the boring process by about
90% and significantly improve the workpiece machining accuracy, reaching twice that of
the uncoated boring tool. Meanwhile, adding anti-vibration coating did not present other
adverse effects on the cutting performance of tools. Chockalingam et al. [103] conducted a
nickel phosphorus chemical coating treatment on high carbon steel boring bars to reduce
tool vibration and studied the effect of different treated pH values on the damping effect of
coating materials. The experimental results indicated that the pH value and heat treatment
process played an important role in improving the damping performance of the boring bar.

The damping characteristics of the rotating conical boring bar have significant effects
on the stability of the cutting system. Ren and Zhang [104] and Zhang et al. [105] studied the
effect of damping on the stability of a rotating conical boring system. Based on Hamilton’s
principle and Euler—Bernoulli beam theory, the partial differential motion equation of the
boring bar was derived. By comparing the stability prediction results in the frequency
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domain and time domain, it was found that the rotation effect and internal damping of
the boring bar are key factors affecting the dynamic characteristics and cutting stability of
the boring system. Furthermore, a dynamic model of a rotating conical composite boring
bar was developed, which included internal and external damping effects to predict the
vibration stability during the boring process.

The material optimization of the boring bar effectively improves its dynamic stiffness,
damping performance, and cutting stability through introducing high-damping materials
or functional coatings that can significantly reduce machining vibration and improve
machining accuracy. Material optimization of boring tools still faces such challenges as high
material costs, complex manufacturing processes, and insufficient long-term performance
stability verification. Future potential directions can be focused on the development of new
high-performance damping composite materials, the design of multifunctional damping
structures, and the application of nanocoating technology to further promote the machining
performance of damped tools.

Regarding the development and application of novel damping materials, carbon
fiber-reinforced composites, ceramic matrix composites, or metal matrix composites are
employed to achieve a balance between high stiffness and high damping. Adaptive smart
materials, such as shape memory alloys (SMAs) and magnetorheological/electrorheological
elastomers, are introduced to adjust stiffness and damping characteristics in response to ex-
ternal conditions (e.g., temperature, magnetic fields, or electric fields), enabling semi-active
regulation. Nano-functional fillers (e.g., graphene and carbon nanotubes) are employed to
enhance material energy dissipation capacity and stability.

3.3. Damping Boring Tools with Shock Absorbers

Shock absorbers mainly achieve vibration reduction through continuous nonlinear
collision between two objects. During the collision process, the kinetic energy of the
system is continuously dissipated. Using impact dampers installed inside the boring
bar as damping components can absorb or dissipate vibration energy during machining
processes [106].

The impact damper effectively enhances the vibration reduction capability and cutting
stability of the boring tool through external structural design. Ema and Marui [107]
designed a vibration damped boring tool with external installation of impact dampers
and installed impactors on the top, side, and along the central axis of the boring bar. The
center axis of the impactor was 40 mm away from the cutting edge, and the structure of
the boring tool is shown in Figure 19. The effects of three different installation methods of
impact dampers on the vibration reduction performance of boring tools were studied. The
experimental results showed that all three types of impact dampers could achieve effective
vibration reduction in the vertical vibration direction. Compared with commercial boring
tools, the vibration damped boring bars effectively improved the machining efficiency
of workpieces.

Lawrance et al. [108] conducted boring experiments by installing spring-controlled
impact dampers on the tool holder and systematically analyzed the vibration reduction
performance of different damper materials. Research has shown that low-carbon steel
presents excellent mechanical properties. According to boring experiments conducted
on AISI4340 steel with an impact damper installed on the head of the boring bar, it was
found that a 42% reduction in cutting force, a 48% reduction in tool vibration, and a
55% improvement in machined surface quality were obtained. The impact damper can
effectively suppress the vibration of the boring tool, accompanied by an improvement in
machined surface smoothness.
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Figure 19. Schematic diagram of boring tools integrated with impact dampers [107].

Particle damping technology can effectively enhance the dissipation capacity and
vibration control effect of boring tools by regulating the particle size and filling rate. Kumar
et al. [109] studied the influences of the size and filling rate of copper/lead particles on
the damping ratio control efficiency of boring tools. Experimental tests on the vibration
reduction effect of different types of particles showed that the best damping effect occurred
when copper particles with a diameter of 4.75 mm were used, for which a vibration
displacement reduction of 80% was obtained. As the particle size increases, impact damping
becomes the main vibration reduction mechanism. As the particle size decreases, the
frictional shear force increases, thereby improving the vibration reduction effect. Biju and
Shunmugam [110] developed a boring bar based on particle impact damping. A cavity was
set at the front end of the boring bar, partially filled with spherical particles. By analyzing
the boring tool performance through impact and vibration experiments, it was found
that the combination of a particle size of 3.17 mm and a volume fraction of 50% could
effectively reduce the amplitude response of the boring bar. Under the same processing
parameters, using a particle vibration damped boring bar improved workpiece roundness
by 12.08-61.76% and reduced machining vibration amplitude by 25.81-71%. The collision of
particles reduces regenerative vibration through energy dissipation, effectively increasing
the stability of boring processes. Meanwhile, the radial vibration of the boring bar has
significant effects on the machined surface morphology.

Particle damping technology mitigates boring bar vibration, enhances machining
surface finish, and reduces tool wear by embedding metallic particles inside the bar. De-
varaj et al. [111] applied fine particle impact damping to boring bars and demonstrated its
effectiveness in improving the surface quality of machined parts. In another study, Chock-
alingam et al. [112] inserted copper and zinc particles in equal proportions into the boring
bar, and the experimental results revealed that vibration displacement amplitude and
machined surface roughness were reduced by 55% and 80%, respectively. Similarly, Singh
et al. [113] filled the rear end of the boring bar with steel particles and investigated per-
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formance under different conditions, including varying overhang lengths, spindle speeds,
and feed rates. Their findings confirmed that particle damped boring bars significantly
improve surface quality and effectively minimize tool wear.

The use of impact dampers and particle impact damping technology can improve the
vibration reduction performance of boring bars, not only extending the overhang length
to achieve stable deep hole machining but also significantly improving the machined
surface quality of workpieces. Thomas et al. [114] conducted a comparative analysis of
three damped boring bars with different-sized impact dampers to verify their vibration
reduction performance. By comparing the machined surface roughness, tool vibration,
and tool life, the results showed that using an impact damper to reduce boring vibration
can effectively increase the overhang length of the boring bar, thereby achieving stable
machining of deeper holes. De Aguiar et al. [115] studied the improvement effect of particle
impact passive dampers assisted by compressed air on the machined surface roughness
of workpieces. By analyzing the effects of different particle materials, particle sizes, and
filling ratios on vibration reduction performance, the experimental results indicated that
particle materials have the greatest effect on the machined surface roughness, followed by
the particle size and filling ratio. When the overhang length was 120 mm, the workpiece
machined surface roughness generated with the vibration damped boring bar was reduced
by 60%.

Filling stainless steel balls inside the boring bar to form an impact damping structure
can reduce vibration and tool wear during the boring process. Lawrance et al. [116,117]
developed a vibration damped boring bar filled with stainless steel spheres as impact
dampers. The Taguchi method was used to conduct experiments on the selected machining
parameters, and the signal-to-noise ratio method was used to analyze the experimental
results. Compared with ordinary boring bars, the impact damped boring bar filled with
stainless steel spheres reduced the machined surface roughness by 78% and tool wear by
80% during the machining process, indicating that the damped boring bar can effectively
suppress tool vibration. Subsequently, researchers designed and fabricated impact damped
boring bars with variable materials, sizes, and filling ratios and further studied the effects of
such factors on the vibration reduction performance of boring bars. Through experimental
optimization of different parameters, the results showed that the best vibration reduction
effect was achieved with a particle size of 2 mm. For boring experiments of AISI4340 steel
with the impact damped boring tool, the cutting force was reduced by 90% and the tool
vibration was reduced by 95%.

The combination of particle impact and tuned mass dampers applied to boring bars
can improve machining stability within different ranges of the length-to-diameter ratio.
Thomas et al. [118] proposed prediction models of particle impact dampers and tuned
mass dampers for boring tools to determine vibration displacement amplitudes at natural
frequencies. Their results indicated that the damped boring tool with particle impact
dampers exhibited higher machining stability over a wider overhang range. The length-to-
diameter ratio range for stable boring of the particle damped boring bar is 3-8, while that
for stable boring of the tuned mass damper boring bar is 4.50-7.75.

Particle damping technology can also effectively improve the vibration reduction
performance and machining quality during the boring process by optimizing the inter-
nal damping structure of boring bars. Ramu et al. [119] studied the different damping
performances of damped boring tools with single-element dampers, multiple elements in
horizontal arrangement, and multiple elements in vertical arrangement. For the boring
bar with a length-to-diameter ratio of 7.5, copper and zinc particles were used as particle
dampers. Multiple damping units, including horizontal and vertical arrangements, were
designed to flexibly distribute damping within the boring bar. By evaluating the dynamic
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properties of the damped boring tools, such as modal characteristics, the logarithmic decay
rate, and the damping ratio, it was found that the boring tool with multiple damping ele-
ments arranged in the vertical direction exhibited the best vibration reduction performance
during the boring process. A minimum machined surface roughness of 0.84 um and a
lowest cutting temperature of 252 °C were achieved during the cutting process with such
damped tools. Furthermore, Figure 20 illustrates that the cavity of the anti-vibration tool is
composed of a metallic lattice structure [120]. Damping particles are embedded within the
lattice structure inside the tool. The dynamic absorption effect of the particles and filler
within the lattice enhances the system’s dynamic stiffness.
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Figure 20. Vibration-resistant cutting tools combining the crystal structure with particle damping [120].

Particle damping boring bar achieves vibration suppression through rational design
and optimization of particle parameters. Tian et al. [121] designed a particle damped boring
bar with the structure. The modal characteristics of the boring bar were analyzed using
the finite element method, and the energy dissipation mechanism of the damping particles
inside the boring bar was studied with the discrete element method. The effects of particle
parameters on energy dissipation were studied through discrete element simulation, and
the optimal combination of particle parameters was determined. Modal testing and cutting
experiments were conducted to measure the modal parameters and vibration signals of
boring bars with different particle configurations. The experimental results showed that
using YG6 tungsten carbide particles with a size of 1 mm and a filling rate of 90% could
achieve the best damping effect. Compared with traditional cemented carbide boring bars,
the damping ratio of the damped tool was increased by 70%, based on which the cutting
stability and machined surface quality were significantly improved.

The impact damped boring tools improve the damping ratio and dynamic stiffness
of the boring bar through embedding high-damping materials inside or on the surface
of the boring bar. The impact damped tools can effectively suppress chattering during
the machining process, improve the machined surface quality, extend the cutting tool
life, and expand the aspect ratio range of boring bars in a stable machining status. Such
damped tools have significant vibration reduction effects, high processing stability, strong
adaptability, and the capability to improve machining performance through structural
parameters optimization.
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3.4. Damped Boring Tools with Friction Energy Dissipation Components

Friction materials or friction dampers can also be used to improve the damping
performance of boring tools. Friction damping generally utilizes the friction between
objects to dissipate the vibration energy of different structures and achieve a vibration
reduction effect. Friction dampers, as an effective damping component, have been gradually
used in damped boring bars.

Friction damping technology has become an effective way of suppressing high-
frequency vibrations due to its simple structure and good dissipation ability. Edi and
Hoshi [122] used friction dampers to suppress high-frequency vibrations in the precision
boring process. The basic structure of friction dampers includes a mass body and a per-
manent magnet. The mass body consumes vibration energy through friction, while the
permanent magnet adjusts the performance of the damper to achieve the vibration reduc-
tion effect together. To evaluate the effects of introducing elastic damping elements with
different parallel groove structures into friction systems, Lu et al. designed and machined
multiple parallel groove configurations on the surface of the damping elements, as shown
in Figure 21 [123]. The research findings indicate that systems equipped with such damping
elements can effectively suppress friction-induced vibrations and significantly improve

their wear characteristics.
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Figure 21. Structures of the boring bar with friction damping components [123].

The squeezed liquid film damping technology dissipates vibration energy through
liquid friction, which can be used to reduce the vibration amplitude of boring bars. Zhao
et al. [124,125] used squeezed liquid film damping technology in the precision boring
process. The system consisted of a damping sleeve and a machined hole, which formed a
gap between the outer surface of the damping sleeve and the inner surface of the machined
hole to be filled with liquid. When the spindle rotated and the boring bar experienced
radial vibration, the two surfaces approached each other, causing the liquid within the
gap to be squeezed, thereby forming a squeezed liquid film. The damping force generated
by squeezing the liquid film was essentially pure liquid friction, which could effectively
dissipate the vibration energy of the boring bar. In practical experiments, the vibration
amplitude was reduced by 20% after adopting this technology, while the average machined
surface roughness was reduced by 40%. The liquid film damped precision boring system
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was regarded as a vibration reduction system with multiple degrees of freedom, and the
vibration reduction design parameters could be optimized through a simulation model,
which has been verified in an actual machining process. Shao et al. [126] conducted static ex-
citation vibration experiments, dynamic experiments, and boring experiments to verify the
machining performance of damped boring tools. The experimental results indicated that as
the damping coefficient increased, the vibration amplitude did not decrease monotonically,
and there existed an optimal damping value instead. The liquid film damping system can
significantly improve the dynamic performance of the machine tool in precision boring
without adversely affecting other machining performance, which can improve machining
efficiency and enhance the machining quality of precision holes.

The combination of nonlinear tuned mass dampers and dry friction technology pro-
vides a solution for vibration control and stability improvement of boring systems. Wang
etal. [127,128] proposed a nonlinear tuned mass damper that included additional elastic-
supported dry friction elements. The proposed nonlinear tuned mass damper can effectively
suppress the vibration amplitude of the real part of the frequency response function of
the machining system. A mathematical model for the damped processing coefficient of
a nonlinear tuned mass damper was established with the first-order harmonic balance
method. The experimental results showed that using a nonlinear tuned mass damper with
a mass ratio of 0.01 could increase the critical stable cutting depth by 150-180%. Afterwards,
a mathematical model of the friction damper was established to describe the forces at the
friction interface between the friction damper body and the matrix structure.

Friction damped boring bars realize vibration suppression through internal longitu-
dinal cavity design and parameter optimization. Hayati et al. [129] developed a friction
damped boring bar with longitudinal holes inside and proposed a mathematical model
for calculating energy dissipation. Through this model, the structural parameters of the
damper were optimized, including the number and size of longitudinal holes. Four longi-
tudinal holes with a diameter of 4.99 mm and a depth of 235 mm were prepared within
the boring bar. Afterwards, a pin with a diameter of 5 mm was pressed into the holes.
Compared with ordinary boring tools, the damping ratio of friction damped boring bars
increased by an average of 34.9%, and the stiffness increased by an average of 2.4%. The
vibration reduction performance of the friction damped boring bar was evaluated through
sound analysis and machined surface quality at different cutting speeds. The experimen-
tal results showed that the friction damped boring bar significantly reduced the sound
amplitude during the machining process. Under the selected cutting parameters, it could
effectively improve the machining stability and machined surface quality.

The vibration damped boring tools integrated with friction energy dissipation compo-
nents dissipate vibration energy through the friction damping mechanism and have the
advantages of simple structure, flexible adjustment, and significant vibration reduction
effects. They can improve machining stability and surface quality under high-frequency vi-
bration conditions. However, their damping performance is greatly affected by the friction
material, contact state, and environment, resulting in insufficient friction loss and damping
performance attenuation. Future development can focus on the research and develop-
ment of new friction materials, intelligent control of friction interface states, and design
of multifunctional composite damping structures to meet high-precision vibration reduc-
tion requirements in complex processing environments. As shown in Table 2, the types,
structural features, and advantages of the passive damped boring tools are summarized.
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Table 2. Damped boring tool types, structural features, and advantages.

Research Methods Boring Bar Type Structural Features Advantages References
Experiment and Structure-optimized  Auxiliary support or En};?gf;;:ﬁ glagrflg and [82-84]
structural design damping boring tool clamping device pmg

performance of boring tools
Finite element Material-optimized High-stiffness or Absorb vibration energy
simulation and dampin bgrin tool high-damping and reduce vibration [88-90]
experiment ping & materials amplitude
Damping boring tool Continuous Damping components
Structural design png 5 nonlinear collisions P compe
. i with a shock . . . absorb or dissipate [107-110]
and experimentation achieve vibration S
absorber reduction vibrational energy
Structural design Damping 1.301.r1ng tool Friction material or Simple structure a}nd
. . for friction . excellent dissipation [122-125]
and experimentation friction damper s
components capability

4. Conclusions

As a key technology for improving deep hole machining accuracy and increasing

machining efficiency, vibration damped boring tools have played an important role in

manufacturing industries and attracted wide attention in academic areas. With increasing

demand for processing quality in manufacturing industries, it is urgent to further enhance

the development of vibration damped boring tools technology. Vibration damped boring

tools can be divided into active vibration damped bars and passive vibration damped tools,

according to different working principles, while different damped tools have their own

advantages and disadvantages. This paper systematically reviews the research progress

and application of these two types of vibration damped tools, which can help guide the

tool design and the appropriate selection of different tools for specific applications. The

main conclusions are as follows.

1.

The active damped boring tools are performed through an external driving system
to achieve the effect of vibration reduction in real-time, which has strong adaptabil-
ity and machining accuracy. Active vibration damped boring tools mainly include
piezoelectric-driven damped tools, magnetostrictive actuator damped bars, magne-
torheological damped tools, electrorheological fluid damped tools, and dynamically
adjustable damped tools. The above-mentioned boring tools can be adjusted accord-
ing to the frequency changes of vibration during the machining process using different
driving methods, thereby improving machining stability. These technologies provide
a foundation for the intelligent and functional development of vibration damped
boring tools. However, the complexity and high equipment cost of active vibration
damped tools limit their widespread application in the industrial field. Future re-
search directions can be focused on the reduction in the tool preparation cost and
further improvement of the machining system stability.

Passive vibration damped boring tools are performed through structural optimization,
damped material integration, and other passive methods to improve the tool damping
performance and suppress machining vibration. Their advantages include a simple
tool structure, low preparation cost, good stability, etc. Passive vibration damped bor-
ing tools mainly include structure-optimized damped boring tools, material-optimized
damped boring tools, damped boring tools with an impact damper, and friction energy
dissipation damped boring tools. Passive vibration reduction technology is suitable
for various processing environments and is suitable for long-term, stable processing
tasks. The main limitation for the damping effect of passive damped boring tools lies
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in the static characteristics and material properties of the tool design, and the damped
tools cannot be adjusted in real-time according to actual machining vibration changes.
Future research directions can be focused on new damping materials and structures
to further improve their damping performance and adaptability.

3.  The rise of hybrid vibration damping technology provides new ideas for breaking
through the limitations of active and passive vibration reduction methods. Through
integrating passive structures and active control systems in the boring tools, closed-
loop control of vibration signal sensing, processing, and responding can be achieved.
It not only expands the frequency domain range of vibration reduction for the bor-
ing tools but also significantly improves the robustness and response flexibility of
the machining system under complex working conditions. Hybrid damped tool
systems are particularly suitable for processing tasks with variable frequencies and
unstable cutting loads, which can help to improve the reliability and accuracy of the
manufacturing process. However, such systems also face challenges such as high
integration difficulty, high energy consumption, and complex control algorithms.
Future research directions can be focused on the collaborative optimization of system
miniaturization, intelligent control algorithms, and multifunctional integration, in
order to promote the widespread application of hybrid vibration damping technology
in various machining environments.

4. The integration of artificial intelligence and digital technology is constantly expanding
the functional boundaries of vibration damped boring tools. With the rapid develop-
ment of sensor technology and artificial intelligence, intelligent damped boring tools
can collect significant information such as vibration, temperature, and tool wear in
real-time. Through machine learning and data-driven modeling, machining status
can be evaluated in real-time, and damped tools can be dynamically adjusted to
optimize cutting performance. At the same time, digital twin technology has shown
great potential in the design of vibration damped boring bars and cutting tool sta-
tus monitoring, which enables rapid iteration and tool failure prediction in virtual
environments. Future research directions can be focused on the strengthening of
the integrated design of damped tool software and hardware, the development of
high-precision and low-latency machining data process platforms, and industrial
promotion of damped boring tools in different machining scenarios.
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