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A B S T R A C T A R T I C L E   I N F O 
In the realm of precision engineering, particularly in deep hole boring pro-
cesses, tool vibration emerges as a critical determinant of machining perfor-
mance. This investigation elucidates the genesis of self-excited vibrations 
within deep hole boring operations and delineates the underlying mecha-
nisms of cutting tool vibration. A focal point of this study is the optimal align-
ment of the boring bar to mitigate vibrational impacts, thereby enhancing 
surface finish quality and extending tool longevity. Central to this analysis is 
the employment of a Dynamic Vibration Absorber (DVA) aimed at attenuating 
cutting tool vibration. The deployment of DVA necessitates precise identifica-
tion of modal parameters, namely the equivalent stiffness (K) and mass (M) of 
the cutting tool. This research juxtaposes various scholarly methodologies to 
amalgamate theoretical calculations with simulation approaches, thereby 
acquiring accurate modal parameters. Utilizing Matlab software, the vibration 
amplitude of the boring bar under varying spring stiffness scenarios was 
examined. Results indicate a direct correlation between increased stiffness 
and reduced amplitude, particularly when the frequency ratio g ranges be-
tween 0.5 and 1.1. Consequently, a stiffer DVA configuration is posited as 
more effective in vibration reduction. Furthermore, the study conducted 
frequency sweep experiments on a damping boring bar, utilizing a vibration 
excitation platform. These experiments revealed the existence of an optimal 
stiffness value for the DVA, thereby underscoring the significance of stiffness 
matching in vibration mitigation strategies. 
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1. Introduction
In the domain of machining operations, tool vibration has been identified as a pivotal factor im-
pacting surface quality, material removal rates, and tool wear longevity [1-7]. Predominantly, 
self-excited vibrations manifest as the primary vibration type within machining contexts [8]. 
Chatter, a frequent occurrence, is typically initiated when the external excitation frequency 
aligns closely with the natural frequency of cutting tools. Intriguingly, a discrepancy between the 
excitation and natural frequencies, as depicted in Fig. 1, does not preclude chatter; it may arise 
owing to the phase differential between surface positions 𝑥𝑥(𝑡𝑡) and 𝑥𝑥(𝑡𝑡 − 𝑇𝑇) at distinct temporal 
intervals. Variability in cutting thickness, ℎ, during machining induces tool movement instability. 
Consequently, the excitation force encompasses a spectrum of frequencies, modulating in re-
sponse to alterations in cutting parameters and workpiece materials [9, 10]. 

The underlying cause of vibration issues is often traced to inadequate damping within the 
structural framework. The most straightforward remedial approach involves augmenting exter-
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nal damping to the mechanical structure. Yet, this strategy encounters limitations due to struc-
tural and spatial constraints, rendering its application scope somewhat limited. Over the past 
century, the development of DVA has emerged as a viable solution for vibration reduction. Its 
ease of implementation and simplistic design have garnered acclaim [11]. Several scholars [12, 
13] have undertaken simulation analyses to explore the impact of controlled vibration on sur-
face roughness. 

Fig. 2 illustrates the DVA, comprising a mass m, spring k, and damping c, a concept first intro-
duced by Ormondroyd and Den Hartog in 1928 [14]. The Vibration Controlled System (VCS), 
consisting of mass 𝑀𝑀 and spring 𝐾𝐾, integrates the DVA as an auxiliary kinetic system, thereby 
facilitating vibration energy absorption. 
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Fig. 1 Mechanism of regeneration 
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Fig. 2 Dynamic model of DVA 

 
Prior to the design of DVA, it is imperative to accurately ascertain the equivalent stiffness (𝐾𝐾) 

and mass (𝑀𝑀) of the cutting tool. Subsequently, the parameters of DVA, i.e., mass (𝑚𝑚), spring 
constant (𝑘𝑘), and damping coefficient (c), are determined through the application of dynamic 
mathematical methods. 

The kinetic equation of the dynamic model, as illustrated in Fig. 2, is presented as follows 
[15]: 

�𝑀𝑀𝑥̈𝑥1 + 𝑐𝑐𝑥̇𝑥1 + (𝑘𝑘 + 𝐾𝐾)𝑥𝑥1 − 𝑐𝑐𝑥̇𝑥2 − 𝑘𝑘𝑥𝑥2 = 𝑝𝑝(𝑡𝑡)
𝑚𝑚𝑥̈𝑥2 + 𝑐𝑐𝑥̇𝑥2 + 𝑘𝑘𝑥𝑥2 − 𝑐𝑐𝑥̇𝑥1 − 𝑘𝑘𝑥𝑥2 = 0  (1) 

 

where 𝑝𝑝(𝑡𝑡) = 𝑝𝑝0 𝑠𝑠𝑠𝑠𝑠𝑠 𝜔𝜔 𝑡𝑡 is used to simulate external excitation signals. 
Through a complex derivation process [16-19], the vibration amplitude of the VCS is derived: 
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𝐴𝐴(𝑔𝑔) = �
(2𝜁𝜁𝜁𝜁)2 + (𝑔𝑔2 − 𝑓𝑓2)

(2𝜁𝜁𝜁𝜁)2(𝑔𝑔2 − 1 + 𝜇𝜇𝑔𝑔2)2 + [𝜇𝜇𝑓𝑓2𝑔𝑔2 − (𝑔𝑔2 − 1)(𝑔𝑔2 − 𝑓𝑓2)]2
 (2) 

 

where 𝜁𝜁 is the damping ratio given by 𝜁𝜁 = 𝑐𝑐/(2√𝑚𝑚𝑚𝑚), 𝜇𝜇 is the mass ratio given by 𝜇𝜇 = 𝑚𝑚/𝑀𝑀, g is 
the frequency ratio given by 𝑔𝑔 = 𝜔𝜔/𝜔𝜔𝑛𝑛, here 𝜔𝜔𝑛𝑛 is the natural frequency of the main mass 𝑀𝑀 
given by 𝜔𝜔𝑛𝑛 = �𝐾𝐾/𝑀𝑀, 𝑓𝑓 is the natural frequency ratio given by 𝑓𝑓 = 𝜔𝜔𝑎𝑎/𝜔𝜔𝑛𝑛, here 𝜔𝜔𝑎𝑎 is the natu-
ral frequency of the DVA given by 𝜔𝜔𝑎𝑎 = �𝑘𝑘/𝑚𝑚. 

The objective is to minimize the vibration amplitude of the VCS. Upon determining the VCS 
parameters, the next step involves selecting optimal parameters for the DVA to achieve exem-
plary vibration reduction. Generally, to minimize the DVA's volume, the mass 𝑚𝑚 should be set as 
large as possible. Given that the cutting tool body is typically composed of metal materials, the 
damping coefficient 𝑐𝑐 is relatively small, predominantly affecting the peak height of the VCS's 
vibration amplitude, while exerting minimal influence on the resonance frequency. Consequent-
ly, the primary parameter of concern is the spring constant 𝑘𝑘. 

Achieving optimal vibration reduction hinges on two critical factors: accurately determining 
the modal parameters of the cutting tool and identifying the optimal stiffness 𝑘𝑘. The modeling of 
the boring bar has been a subject of extensive research by several eminent scholars [20-23]. 
Tewani et al. [24] conceptualize the boring bar as an equivalent constant-section beam. Seto [25] 
has proposed equivalent methods for calculating the boring bar’s parameters. 

This study undertakes the theoretical modeling and analysis of the boring bar using three dis-
tinct methods. Subsequently, the impact of the absorber’s stiffness on the amplitude of the bor-
ing bar is examined using Matlab. Finally, a frequency sweep experiment of the damping boring 
bar is conducted on a vibration excitation platform, yielding some noteworthy results. 

2. Theoretical analysis 
As depicted in Fig. 3, the boring bar functions akin to a cantilever beam during the cutting pro-
cess. During this operation, the cutting head is subjected to a wide-band signal, potentially in-
ducing multiple vibration modes within the boring bar. 

Cutting head
FixtureBody

 
Fig. 3 Boring bar 

 
Utilizing Abaqus software facilitates the determination of the boring bar's natural frequen-

cies. Fig. 4 illustrates these frequencies as 350.58 Hz, 350.98 Hz, 1837.5 Hz, and 1840.1 Hz, re-
spectively. However, the energy of high-frequency signals is comparatively weak, rarely mani-
festing in typical operations. Consequently, the primary focus is typically on the first-order fre-
quency. It is evident that the lower natural frequencies are associated with bending vibrations of 
the boring bar. 

Given the significance of the first-order bending vibration in the boring bar, the system is 
simplified for computational efficiency by modeling it as a one-degree-of-freedom system. This 
model, as illustrated in Fig. 5, is comprised of a spring and a mass, effectively capturing the es-
sential dynamics of the boring bar's behavior. 
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Fig. 4 Natural frequency of the boring bar 
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Fig. 5 Modeling of the boring bar 
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The equations for determining the equivalent stiffness and mass of the boring bar are as fol-
lows: 
 

𝐾𝐾 =
3𝐸𝐸𝐸𝐸
𝐿𝐿3

 (3) 
 

where 𝐿𝐿 represents the length of the boring bar, 𝐸𝐸 is the modulus of elasticity, and 𝐼𝐼 denotes the 
moment of inertia.  

The first-order natural frequency of a clamped beam is calculated using the equation: 
 

𝜔𝜔𝑛𝑛 = 3.52�
𝐸𝐸𝐸𝐸
𝜌𝜌𝐿𝐿4

 (4) 
 

where ρ is the mass per unit length of the boring bar.  
Then, we get the equivalent mass: 

 

𝑀𝑀 =
𝐾𝐾
𝜔𝜔𝑛𝑛2

 (5) 
 

Apart from the aforementioned computational methods, the equivalent mass can also be es-
timated using an empirical formula: 
 

𝑀𝑀 = 𝑚𝑚𝑜𝑜 + 0.243𝑚𝑚𝑏𝑏 (6) 
 

where, 𝑚𝑚𝑜𝑜 is the head mass of the boring bar, 𝑚𝑚𝑏𝑏 is the body mass of the hollow boring bar. 
Both these calculation approaches treat the boring bar as a beam with a constant cross-

section. Nonetheless, for the purposes of integrating the DVA, the boring bar often features a 
variable cross-section. To acquire more precise values for equivalent stiffness and mass, a meth-
od that accounts for cavities in the boring bar is proposed. As illustrated in Fig. 6, a force applied 
at the DVA's geometric center causes a minor displacement, 𝑑𝑑𝐸𝐸 , which can be quantified using 
the piece-wise superposition theory. Consequently, the equivalent stiffness is deduced as per Eq. 7: 
 

𝐾𝐾 =
𝐹𝐹
𝑑𝑑𝐸𝐸

=
𝐹𝐹

𝑑𝑑𝐸𝐸0 + 𝑑𝑑𝐶𝐶 + 1
2𝜃𝜃𝐶𝐶𝑙𝑙2

=
1

4𝑙𝑙1
3 + 6𝑙𝑙1

2𝑙𝑙2 + 3𝑙𝑙1𝑙𝑙2
2

12𝐸𝐸𝐼𝐼1
+ 𝐹𝐹𝑙𝑙2

3

24𝐸𝐸𝐼𝐼2

 (7) 

 

where 𝐼𝐼1 and 𝐼𝐼2 are the inertia moments of AC and CD separately. 
This is illustrated in Fig. 7, where the gravity acting on the boring bar induces a displacement, 

s, at point E. This displacement is analogous to the effect of applying a concentrated mass, M. 
 

 
Fig. 6 Modeling of equivalent stiffness 
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Consequently, the equivalent mass is determined as follows: 

𝑀𝑀 =
𝐾𝐾𝐾𝐾
𝑔𝑔

 (8) 
 

where s is obtained: 
 

𝑠𝑠 = 𝑠𝑠1 + 𝑠𝑠2 + 𝑠𝑠3 =
𝑞𝑞1𝑙𝑙14

8𝐸𝐸𝐼𝐼1
+
𝑞𝑞1𝑙𝑙13𝑙𝑙2
12𝐸𝐸𝐼𝐼1

+
𝑞𝑞2𝑙𝑙12𝑙𝑙22

3𝐸𝐸𝐼𝐼1
+
𝑞𝑞2𝑙𝑙12𝑙𝑙22

2𝐸𝐸𝐼𝐼1
 

+
𝑞𝑞2𝑙𝑙1𝑙𝑙23

4𝐸𝐸𝐼𝐼1
+

17𝑞𝑞2𝑙𝑙24

384𝐸𝐸𝐼𝐼2
+
𝑞𝑞3𝑙𝑙13𝑙𝑙3
3𝐸𝐸𝐼𝐼1

+
3𝑞𝑞3𝑙𝑙12𝑙𝑙2𝑙𝑙3

4𝐸𝐸𝐼𝐼1
+
𝑞𝑞3𝑙𝑙12𝑙𝑙32

4𝐸𝐸𝐼𝐼1
+
𝑞𝑞3𝑙𝑙1𝑙𝑙22𝑙𝑙3

2𝐸𝐸𝐼𝐼1
 

+
𝑞𝑞3𝑙𝑙1𝑙𝑙2𝑙𝑙32

4𝐸𝐸𝐼𝐼1
+

5𝑞𝑞3𝑙𝑙23𝑙𝑙3
48𝐸𝐸𝐼𝐼2

+
𝑞𝑞3𝑙𝑙22𝑙𝑙32

16𝐸𝐸𝐼𝐼2
 

(9) 

 

where 𝑠𝑠1, 𝑠𝑠2, 𝑠𝑠3 denote the displacements of the boring bar at point E, attributable to the gravita-
tional forces acting on different segments, as depicted in Fig. 8. 

 
Fig. 7 Modeling of equivalent mass 

 

 
Fig. 8 Displacements under different segment’s gravity  

 
Utilizing the aforementioned three methods of calculation, results for the equivalent stiffness 

and mass of the boring bar have been obtained, as summarized in Table 1. In comparison with 
the simulation result, which indicated a natural frequency of 351 Hz, the error values have also 
been calculated.  
 

Table 1 Results by using different calculation methods 
Method Equivalent stiffness (N/mm) Equivalent mass (kg) Frequency (Hz) Error value (Hz) 

1 2428 2.301 163.5 -186.5 
2 2428 0.671 302.7 -48.3 
3 2492 0.447 375.8 +24.8 
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It is evident that a degree of error is inherent in each calculation method used. A notable ob-
servation is the variation in equivalent mass values derived from different methods, which sig-
nificantly contributes to the overall error margin. To mitigate this issue, a combined approach 
integrating theoretical calculations with simulation methods is employed to identify the vibra-
tion modal parameters of the boring bar more accurately. Initially, Eq. 7 is utilized to ascertain 
the equivalent stiffness. Subsequently, the natural frequency is determined using Abaqus, as 
illustrated in Fig. 4. Finally, the equivalent mass is calculated employing the equation: 
 

𝑀𝑀 =
𝐾𝐾

4𝜋𝜋2𝑓𝑓2
 (10) 

 

Fig. 9 depicts the structure of the DVA, which comprises two springs and an inner core. This 
assembly is filled with silicone oil. Notably, the stiffness of the DVA can be adjusted by modifying 
the end cap, allowing for fine-tuning of the absorber's properties to suit specific vibration con-
trol requirements. 

In this study, the specific parameters under consideration are: K = 2492 N/mm, M = 0.512 kg, 
m = 0.9162 kg, c = 237 kg/s. Utilizing Matlab, as illustrated in Fig. 10, the vibration amplitude of 
the VCS is calculated across a range of spring stiffness values. 

An analysis of the resultant curve reveals two distinct peaks. It is observed that as the stiff-
ness increases, the amplitude of the first peak also rises, which is contrary to the desired out-
come. However, it is important to note that the machine's excitation frequency component typi-
cally exceeds 200 Hz. This implies that the damping boring bar becomes effective when the pa-
rameter g is greater than 0.57. As depicted in Fig. 10, within the range of 0.5 to 1.1 for the pa-
rameter g, an increase in stiffness correlates with a reduction in amplitude. Therefore, to achieve 
more effective vibration reduction, a preference for higher stiffness is suggested. 
 

 
Fig. 9 Structure of the DVA 

 

 
Fig. 10 Vibration amplitude of the VCS under different spring stiffness 
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3. Experimental work 
To corroborate the analytical results, a frequency sweep experiment was conducted on a vibra-
tion excitation platform, as depicted in Fig. 11. This platform can generate a sine signal with a 
frequency range spanning from 20 Hz to 1200 Hz. The input control channel, responsible for 
maintaining the amplitude of the input signal at 1g, is strategically positioned at the tail end of 
the boring bar. 

The experiment was conducted under four distinct conditions, paralleling the simulations 
previously described. 
 

    

Vibration excitation platform

Damping boring bar

Input control
Output

Fixture

 
Fig. 11 Frequency sweep experiment 

 

 
Fig. 12 Harmonic response under four different conditions 

 
Fig. 12 presents the results of the experiment, and when compared with Fig. 10, the trends in 

both figures are observed to be consistent. The following key observations can be made: (1) 
While the spring stiffness does affect the first-order natural frequency, this impact is relatively 
subtle, with recorded frequencies at 110 Hz, 100 Hz, 105 Hz, and 103 Hz, respectively; (2) An 
increase in stiffness leads to a higher peak amplitude of the first-order natural frequency; (3) As 
previously emphasized, the primary focus is on the amplitude when the excitation frequency 
exceeds 200 Hz. In the context of the four experimental conditions detailed in this study, the 
lowest vibration amplitude of the boring bar is achieved with a spring stiffness of 900 N/m. 
However, this finding deviates from the earlier simulation results. This discrepancy can be at-
tributed to the fact that at very high stiffness levels, the inner core and the boring bar behave as 
a single entity, thereby rendering the damping boring bar no longer a two-degree-of-freedom 
system but a more complex dynamic system. 
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4. Conclusion 
Vibration is an inherent phenomenon in machining processes. The DVA is recognized as an effec-
tive solution for vibration mitigation, owing to its simplicity in implementation and structure. To 
optimize the vibration reduction efficacy of the DVA, two critical aspects must be addressed: 
accurately determining the modal parameters of the cutting tool, and identifying the optimal 
spring stiffness, k. A combination of theoretical calculations and simulation methods is employed 
to ascertain these modal parameters, including the equivalent stiffness (K) and mass (M). Simu-
lations conducted using Matlab reveal the relationship between spring stiffness and the vibra-
tion amplitude of the VCS. The results indicate an increase in the peak amplitude of the first-
order natural frequency with higher stiffness. However, within the parameter g range of 0.5 to 
1.1, a decrease in amplitude is observed, suggesting that a larger stiffness is preferable for im-
proved vibration reduction. 

Experimental validation was performed through frequency sweep experiments on a damping 
boring bar using a vibration excitation platform. It was found that exceedingly high stiffness 
levels cause the inner core and the boring bar to function as a single unit, thereby altering the 
system's dynamics from a two-degree-of-freedom to a more complex state. Consequently, exces-
sively high stiffness does not yield optimal vibration reduction. Thus, it is imperative to select a 
stiffness level that is appropriate for the specific machining model to achieve the best vibration 
reduction outcome. 
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