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Boring bars are widely used in deep hole machining. Due to the low stiffness of the long cantilever boring bar, vibration often
occurs in the boring process. Vibration suppression can permit higher productivity and a better surface finish. To improve the
performance of boring operations, a variable stiffness dynamic vibration absorber (DVA) is added inside the boring bar to reduce
the vibration. (e stiffness of the DVA is provided by two rubber bushes placed inside the DVA. By changing the axial
compression, the stiffness of the DVA can be adjusted to accommodate different excitation frequencies. By establishing the
relationship between the stiffness of the DVA and the axial compression of the rubber bush, the optimal stiffness for different
excitation frequencies can always be found. A boring experiment is conducted, and the results show that, by selecting a reasonable
axial compression, the vibration of the boring bar can be effectively suppressed.

1. Introduction

Boring bars are widely used in deep hole machining. How-
ever, when the boring bar has a large length-to-diameter ratio,
vibration often occurs, which leads to a negative impact on the
processing quality and processing performance [1, 2]. Passive
and active methods can be used to reduce vibration [3–5].

Passive vibration reduction methods have been used in
engineering for many years. (e earlier scholars mainly fo-
cused on the mechanism structures, boring bar materials, and
theory of passive damping. Suyama et al. [6] determined that,
by using carbide rod materials, boring can accommodate a
longer overhang. In addition, the vibration can be reduced by
using particle impact dampers. Xia et al. [7] designed a boring
bar from a composite material. (e composite material can
increase the natural frequency, static stiffness, and damping
ratio of the boring bar. Cutting experiments indicated that
compared to results of the regular boring bar, the amplitude
can be reduced by 34%. Sortino et al. [8] illustrated the in-
fluence of the boring bar material, geometry, cutting edge
geometry, workpiece material, and cutting parameters on
process stability in boring. (e experimental results showed
that the process stability mainly depends on the ratio of the
boring bar overhang to the diameter. Houck et al. [9] designed

a tuned holder working as a DVA. By matching the natural
frequency of the holder to the natural frequency of the boring
bar, the stability of the boring bar was increased. Liu et al.
[10, 11] designed a novel variable stiffness DVA. (e stiffness
of the DVA could be changed by changing the overhang
length of the DVA. (en, the influences of the excitation
frequency and the overhang length of the DVA on the am-
plitude ratio were discussed, and the optimal curves were
obtained. Li and Sun [12] modeled the boring bar as a two-
degree-of-freedom system. (e stiffness of the DVA was
provided by two rubber bushes. (e simulation results
showed that the stiffness of the DVA consists of the radial
stiffness and the shear stiffness of the rubber bushes. Rubio
et al. [13] focused on the optimization of the passive DVA
parameters. (e optimization criterion consisted of the
maximization of the minimum values of the stability lobe
diagram. (e computed results showed a clear improvement
in the stability performance. Miguélez et al. [14] modeled the
boring bar with a passive DVA as a cantilever Euler beam.(e
stability was analyzed by constructing a stability diagram,
dependent on the boring bar characteristics and on the DVA
parameters. Sortino et al. [15] presented a hybrid dynamic
model method for boring bars based on empirical models.
(e model was refined by cutting experiments with different
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geometries and materials. (e predicted modal parameters
were in good accordance with the experimental values. Budak
and Ozturk [16] studied the dynamics and stability of a
parallel cutting boring bar. (e results showed that the dy-
namic interaction between the parallel tools creates an ab-
sorber effect on each other, which increases the stability of the
boring process. For the passive vibration reduction method,
the biggest problem is poor adaptability. (e vibration ab-
sorption effect is affected by the DVA parameters and the
cutting parameters. Once the cutting parameters change, the
DVA is not able to absorb the vibration effectively.

With the development of smart materials, sensing tech-
nology, and control technology, active vibration absorption
technology has developed rapidly. Yigit et al. [17] studied the
effect of piezoelectric shunt damping in the boring process.
(e electrical impedance was connected to a piezoelectric
transducer that is bonded on the boring bar. (e effects of
optimizing piezoelectric shunt damping on the dynamic
stiffness and boring stability were studied experimentally.
Abele et al. [18] presented an actively damped boring tool and
showed themodelingmethod of the proposed boring bar.(e
requirements and the design of the actively damped tool
system were discussed. Alammari et al. [19] filled the boring
space with fluid and changed the natural frequency of the
boring bar based on semiactive fluid control. (e mass at the
end of the boring bar could be adjusted by changing the level
of the fluid. Chen et al. [20–22] designed an active damping
boring bar using a magnetic actuator. (e actuator was
designed to have a linear force output relative to the input
current and was used to control the boring bar vibration.
Matsubara et al. [23] installed piezoelectric actuators into the
boring bar to suppress vibration. An inductor-resister (LR)
circuit was designed as a mechanical DVA, and the chatter
vibration was successfully suppressed in the cutting test.
Compared to the passive vibration reduction method, the
active method is more adaptable. Different actuators and
control algorithms can be used to reduce the vibration of the
boring bar. However, active vibration reduction methods
require attachments of sensors and actuators, and the com-
plex structure brings some difficulties in application.

Passive and active vibration reduction methods both
have certain defects; however, the passive vibration re-
duction boring bar is more widely used in engineering, as it
has a simple structure and high reliability. As mentioned
before, the main problem of the passive vibration reduction
method is that it cannot realize the adjustment function for
different cutting parameters. In this paper, the boring bar
with a variable stiffness DVA is analyzed, and the stiffness of
the DVA is provided by two rubber bushes placed inside the
DVA. By adjusting the axial compression, the stiffness of the
DVA can be adjusted to accommodate different excitation
frequencies. By establishing the relationship between the
stiffness of the DVA and the axial compression of the rubber

bush, the optimal stiffness for different excitation fre-
quencies can always be found.

2. Dynamic Models of Boring Bars

Figure 1 shows the structure of the boring bar with a variable
stiffness DVA. (e DVA, consisting of a mass block, rubber
bush, and damping oil, is placed inside the boring bar. (e
mandrel is fixed with the boring bar. When vibration occurs,
the vibration energy is transmitted from the mandrel to the
mass block through the rubber bush and damping oil. When
the mass block vibrates and rubs against the damping oil, the
vibration energy is consumed.

(e dynamicmodel of the boring bar is established based
on the two-degree-of-freedom dynamic model. As shown in
Figure 2, the boring bar is subjected to three forces during
the cutting process, namely, axial force Ff , tangential force
Fc, and radial force Fp. However, the rigidity of the bar is
much higher along the feed or axial direction than in the
tangential and radial bending directions. On the contrary,
the bar exhibits higher stiffness in torsion than in bending.
(erefore, the bending vibrations caused by the tangential
force Fc and radial force Fp should be considered in the
analysis [24]. (e excitation force is expressed as follows:

F0
�→

� Fc
�→

+ Fp
�→

. (1)

To simplify the calculation, the excitation force can be
equivalent to a sine wave:

F0 � F sin(ωt), (2)

where F and ω are the amplitude and frequency of the
excitation force, respectively. (e dynamic model of the
boring bar with variable stiffness DVA can be expressed as
follows:

M €x1 +(C + c) _x1 +(K + k)x1 − c _x2 − kx2 � F sin(ωt),

m €x2 + c _x2 + kx2 − c _x1 − kx1 � 0,


(3)

where M and K are the equivalent mass and equivalent
stiffness of the boring bar, respectively. m, k, and c are the
equivalent mass, equivalent stiffness, and equivalent
damping of the DVA, respectively.

When the excitation force on the boring bar is expressed
as F0 � Fejωt, the displacement of the boring bar can be
expressed as

x1 � X1e
jωt

, (4)

where X1 is the complex amplitude of the boring bar.
By solving equation (3), the complex steady-state am-

plitude can be obtained as

X1

F
(ω) �

− mω2 + k + jcω
Mmω4 − (Mk + mK + mk + cC)ω2 + kK[ ] + j − [Mc + m(C + c)]ω3 +(cK + Ck)ω{ }

. (5)
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(en, the real part of the steady-state amplitude can be
expressed as

X1

F
(ω) �

�����������������������

− (m/k)ω2 + 1( )
2

+((c/k)ω)2


���������������������������������������������������������������������������������������������������

(Mm/Kk)ω4 − ((M/K) +(m/k) +(m/K) +(Cc/Kk))ω2 + 1[ ]
2

+ − [(M/K) +(m(C/c + 1)/K)]ω3 +(1 +(Ck/Kc)){ }
2
((c/k)ω)2

 .

(6)

Let Ωn �
�����
K/M

√
, ωn �

����
k/m

√
, μ � m/M, ζ � c/2mωn,

Z � C/2MΩn, and Xst � F/K.
(e amplitude ratio of the boring bar can be expressed as
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(8)
To obtain the parameters of the boring bar, some ex-

perimental research was carried out. As shown in Figure 3,

the hollow boring bar without a DVA is fixed on a platform
with an overhang of 310mm. (e material of the tool bar is
steel. A mass block is placed at the end of the boring to
provide a load, and the displacement caused by the load can
be measured with a micrometer. To improve the accuracy of
the measurement, multiple sets of loading values are se-
lected. Figure 4 shows the force-displacement curve.
(rough a derivation, the stiffness of the boring bar can be
obtained.

To obtain the equivalent mass of the boring bar, an
impact test is carried out with an impulse hammer, as shown
in Figure 5. (e frequency response function (FRF) curve of
the boring bar (without a DVA) is obtained as shown in
Figure 6.

It is clear that the FRF has a distinct peak in the low-
frequency area, which corresponds to the first-order bending
natural frequency ω of the boring bar. As the stiffness K has
already been obtained, the equivalent mass M of the boring
bar can be calculated by

M �
K

ω2.
(9)

(e boring bar (without the DVA) can be regarded as a
damped single-degree-of-freedom system whose vibration
response can be expressed as

Rubber bush Damping oil Mandrel Knob

Boring barMass blockCutting head

Figure 1: Structure of the boring bar with a variable stiffness DVA.
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Figure 2: Dynamic model of the boring bar with a variable stiffness DVA.
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x(t) � e
− ζωt

x0 cosωdt +
ζωx0 + v0

ωd
sinωdt , (10)

where ζ is the damping ratio, ω is the undamped natural
frequency of the system, ωd is the damping natural fre-
quency of the system, x0 is the initial displacement, and v0 is
the initial velocity. Figure 7 is the response curve of free
vibration corresponding to formula (10). Using the atten-
uation ratio between the peak amplitudes, the damping of
the system can be calculated.

(e attenuation coefficient φ is introduced to charac-
terize the attenuation rate of the vibration amplitude:

φ �
Ak




Ak+1




�
e− ζωt x0 cosωdt + ζωx0 + v0/ωd( sinωdt( 

e− ζωt x0 cosωd(t + T) + ζωx0 + v0/ωd( sinωd(t + T) 

�
Ae− ξωt

Ae− ξω(t+T)
� e

ξωT
,

(11)

where Ak is the positive amplitude of the kth period, Ak+1 is
the positive amplitude of the k + 1th period, and T is the
vibration period.

(en, the logarithmic attenuation ratio rate is

δ � lnφ � ξωT, (12)

ξω �
δ
T

, (13)

where

T �
2π

���������

ω2 − (ξω)2
 . (14)

Substituting formula (14) into formula (13), we get

δ �
2πξ
�����

1 − ξ2
 . (15)

(en, the damping radio can be calculated as

ξ �
δ

�������
4π2 + δ2

 . (16)

(e damping constant C of the boring bar can be
expressed as

C � 2ξ
����
MK

√
�

2δ
����
MK

√

�������
4π2 + δ2

 . (17)

(e DVA is also tested by the above method. Table 1
shows the test results. It can be seen that the equivalent
stiffness and equivalent mass of the boring bar with DVA are
lower than those of the regular boring bar. (e main reason
is that, in order to place the DVA, a cylindrical cavity is
processed at the end of the boring bar. Compared with the
response of the regular boring bar, the natural frequency of
the proposed boring bar increased from 225.6Hz to
268.60Hz. (is means that the rigidity of the proposed
boring bar is higher, which is beneficial to the stability of the
system.

3. Analysis of the Vibration Characteristics of
the Boring Bar

By substituting the parameter values in Table 1 into formula
(7), the amplitude ratio of the boring bar can be obtained, as
shown in Figure 8. (e black curve indicates the boring bar

Boring bar

Micrometer

Mass block

Figure 3: Photograph of a stiffness test of the boring bar.
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Figure 4: Force-displacement curve of the boring bar.
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Figure 5: Impact test of the boring bar.

4 Shock and Vibration



without the DVA, while the red, green, yellow, and blue
curves indicate the boring bar with the DVA. For the boring
bar without the DVA, the amplitude ratio has only one peak.
(e amplitude ratio reaches a maximum point when the
frequency ratio is approximately 1. At this point, the exci-
tation frequency is close to the natural frequency of the
boring bar, which means that the boring bar is working in a
resonance state. In addition, when the frequency ratio is less
than 1.4, the amplitude ratio of the boring bar (without
DVA) is greater than 1, indicating that the vibration am-
plitude of the boring bar is greater than its static dis-
placement, which means that the frequency range where the
boring bar can cut stably is very narrow. By adding the DVA,
the boring bar becomes a two-degree-of-freedom system
with two peaks. Between the two peaks, an area with an

amplitude ratio of less than 1 appears. In other words, the
addition of DVA expands the frequency range where the
boring can cut stably, which has a positive effect on in-
creasing the stability of the boring bar. With the increasing
stiffness of the DVA, both peaks move to the right, and the
amplitude ratio of the left peak increases, while the am-
plitude ratio of the right peak decreases. At the same time,
the frequency range between the two peaks where the boring
can cut stably is expanded. As an example, when the stiffness
of the DVA is 6e5 (N/mm), the range of the frequency
between the two peaks where the boring can cut stably is
0.50–0.62. When the stiffness reaches 10e5 (N/mm), the
range of the frequency is expanded to 0.58–0.88. (e fre-
quency range is increased by 150% from 0.12 to 0.30. In
general, the variable stiffness of the DVA improves the
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Figure 6: Frequency response function (FRF) curve of the boring bar.
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Table 1: Parameters of the boring bar with a variable stiffness DVA.

Equivalent stiffness
of the boring bar, K

(N/mm)

Equivalent mass
of the boring bar,

M (kg)

Natural
frequency of the
boring bar, ω

(Hz)

Time
period,
T (s)

Damping
coefficient of the
boring bar, C

(N·s/m)

Equivalent
mass of the
DVA, m (kg)

Damping
coefficient of the
DVA, c (N·s/m)

Boring bar
with a DVA 2496.6 0.8764 268.62 0.02339 9.98 0.9126 249.92

Regular
boring bar
without a
DVA

2563.2 1.2757 225.60 0.02785 9.99 — —
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stability of the boring bar, and through the selection of
different stiffnesses, the boring bar can be adapted to dif-
ferent excitation frequencies.

Figure 9 shows the three-dimensional surface of the
amplitude ratio under the influence of the coupling of the
frequency ratio and the stiffness of the DVA. (e frequency
ratio is in the range of 0–2.2, while the stiffness is in the range
of 2e5–10e5 (N/m). (e entire area is divided into two parts:
the low-frequency area A and the high-frequency area B.(e
dividing line is located at a frequency ratio of approximately
1.55. In area B, the excitation frequency is far from the
natural frequency of the boring bar, and the amplitude ratio
is always below 1, which means that the boring bar can cut
stably. Moreover, in area B, with increasing frequency ratio
and stiffness, the amplitude ratio decreases. In area A, two
ridges can be found where the amplitude ratio is very high;
once the boring bar works near the two ridges, the boring bar
vibrates violently. (erefore, when the boring bar is working
in the low-frequency area A, it is necessary to avoid the two
ridges. Fortunately, in the valley between the two ridges, an
optimal curve can be found located in the frequency range
0.4–0.8, where the amplitude ratio is less than 1. (erefore,
in low-frequency areas, the boring bar’s cutting parameters
should be selected as close as possible to the optimal curve.
Figure 10 shows the amplitude ratio of the optimal curve;
most of the curve is below 1, indicating that with reasonable
parameter selection, the variable stiffness DVA can play a
good role in suppressing vibration in the low-frequency area.

In machining, different cutting parameters, including
the cutting speed, cutting depth, and cutting feed, are
selected based on different workpiece materials and dif-
ferent quality requirements. Once the cutting parameters
are selected, the spindle speed f(r/s) is determined, which
means that the main frequency of the excitation force
ω � 2πf(rad/s) is also determined. At this time, the most
important thing is to select the suitable stiffness of the DVA
according to the different frequency of the excitation force
ω or the frequency radio ω/Ωn. Figure 11 shows the am-
plitude ratio of the boring bar with a certain frequency ratio
ω/Ωn.(e frequency ratio is divided into six parts, 0.05–0.2,
0.25–0.45, 0.5–0.6, 0.7–1.0, 1.1–1.25, and 1.3–2.4, corre-
sponding to Figures 11(a)–11(f ). It is easy to find that, for
some special frequency ratio bands, the amplitude ratio is

always greater than 1, which means that regardless of how
the parameters are adjusted, the dynamic displacement of
the boring bar is always greater than the static displacement.
For this reason, these frequency bands should be avoided as
much as possible when selecting the cutting parameters in
engineering. However, when these frequency bands cannot
be avoided in engineering, we should also choose a rea-
sonable DVA stiffness to make the amplitude ratio as low as
possible. It can be seen that, among different ranges of
frequency ratios, the amplitude ratio shows a completely
different law of change. In Figure 11(a), the amplitude ratio
decreases with increasing stiffness of the DVA; therefore, the
stiffness of the DVA should be selected to be as large as
possible. In this range of frequency ratios, the curves are
almost straight lines, indicating that the amplitude ratio is
not sensitive to the stiffness of the DVA. (erefore, if the
rubber bush is not able to provide a sufficiently large
stiffness, it is also possible to use a slightly lower stiffness. In
Figure 11(b), the maximum point of the curve lies inside the
stiffness range, and those maximum points should be
avoided when selecting the cutting parameters. Moreover,
compared to the response of the high-stiffness region, in the
low-stiffness region, the amplitude ratio is lower, which
means a low stiffness is more advantageous for obtaining
stable cutting. In Figure 11(c), some minimum points can be
found whose amplitude ratio is less than 1; if the boring bar
can work at those minimum points, the vibration can be
suppressed effectively. (e curves in Figure 11(d) are similar
to the curves in Figure 11(a). However, the slope is larger,
which means that the amplitude ratio is sensitive to the
stiffness, but by selecting a large stiffness of the DVA, the
amplitude ratio can still be effectively controlled. (e curves
in Figure 11(e) are similar to the curves in Figure 11(b), but
not all the curves obtain the best vibration suppression effect
in the low-stiffness area. When the frequency ratio is 1.1 and
1.15, a higher stiffness is more beneficial for suppressing
vibration. Conversely, when the frequency ratio is 1.2 and
1.25, a lower stiffness is more beneficial for suppressing
vibration. (e curves in Figure 11(f) have completely op-
posite law to the curves in Figures 11(a) and 11(d); the
amplitude ratio increases with increasing stiffness of the
DVA; therefore, the stiffness of the DVA should be selected
to be as low as possible.

Boring bar
without a DVA

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency ratio, ω/Ωn

k = 4e5 (N/m)

k = 6e5 (N/m)

k = 8e5 (N/m)

k = 10e5 (N/m)

5
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Figure 8: Amplitude ratio of the boring bar under different stiffnesses of the DVA.
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From the above analysis, it is easy to see that the stiffness
of the DVA has an important influence on the vibration
suppression effect of the boring bar. (en, adjusting the
rubber bushing in engineering to meet the requirements
becomes an important issue.

4. Analysis of the Stiffness of the DVA

As shown in Figure 1, the stiffness of the DVA is provided by
two rubber bushes. (e vibration causes the mass block to
vibrate in the radial direction.(e radial stiffness of the DVA
can be adjusted by rotating the knob at the end of the DVA
(as shown in Figure 1) to change the compression sDVA (as
shown in Figure 12) in the axial direction. When the knob is
turned clockwise, sDVA increases, and then the radial stiff-
ness of the DVA also increases. Conversely, if the knob is
turned counterclockwise, sDVA decreases, and the radial
stiffness of the DVA also decreases. (erefore, the key to the
problem is to find the relationship between the radial
stiffness and axial compression sDVA. For this purpose, the
finite element analysis and experiment are conducted as
follows.

(e finite element model of a single rubber bush is
established in Abaqus, as shown in Figure 12. Using re-
duced-integration hybridization elements, a total of 25636
elements were obtained.(e inner cylinder is fixed, while the
outer cylinder can move in the axial direction. By changing
the axial compression s, the axial compression can be ad-
justed. A force F is loaded on the outer cylinder to create a
displacement d, and then the radial stiffness of a single
rubber bush can be obtained:

ksingle �
F

d
. (18)

As there are two rubber bushes placed parallel inside the
DVA, the stiffness of the DVA can be calculated by

k � 2ksingle. (19)

To make the simulation accurate, it is important to find
the parameters of the rubber bush. Since the parameters of
the rubber material are inconvenient to measure directly, it
is better to reverse the parameters from experimental results.
Since the formula for calculating the radial stiffness of the
rubber bush is not yet mature but the formula for calculating
the axial stiffness of the rubber bush has been widely used
[25], the axial stiffness test is used to extract the parameters.
(e axial compression experiment is carried out as shown in
Figure 13. A load is applied in the axial direction, and then
the axial stiffness can be obtained by constructing the force-
displacement curve.

(e axial stiffness of a rubber bush can be expressed by
the following equation [25]:

ka � Ea
π D2 − d2( 

4h
, (20)

where D, d, and h are the outer diameter, inner diameter,
and height of the rubber bush, respectively, and Ea is the
appropriate apparent Young’s modulus:

Ea � iG, (21)

where i � 3.6(1 + 1.65S2) is the geometric shape factor for
an annular rubber bush and S � (D − d)/4h is the area ratio
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of the loaded surface to the force-free surface. Young’s
modulus E � 3Ea.

(en, the parameters of the rubber bush can be obtained,
as shown in Table 2.

By substituting the parameter values in Table 2 into the
finite element model and selecting different axial com-
pression values s, the force-displacement curve of the rubber
bush can be obtained, and then the radial stiffness can be

obtained by deriving the force-displacement curve. It is
worth noting that since a DVA contains two rubber bushes,
the axial compression s of a single rubber bush is only half of
the DVA’s axial compression:

sDVA � 2s. (22)

(e experiment of the radial stiffness of the DVA is also
carried out to verify the simulation results, as shown in
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Figure 11: Amplitude ratio of the boring bar for certain frequency ratios. Frequency ratios: (a) 0.05–0.2; (b) 0.25–0.45; (c) 0.5–0.6; (d) 0.7–1.0;
(e) 1.1–1.25; (f) 1.3–2.4.
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Figure 14. Figure 15 shows a comparison of the experimental
and simulation results.

It can be seen that as the axial compression increases,
the stiffness of the DVA increases nonlinearly. In addition,

the simulation results are slightly larger than the experi-
mental results. (is condition occurs because, in the
simulation, the inner and outer cylinders are set as rigid
bodies, which means they have no deformations regardless

Outer
cylinder

Inner
cylinder

Rubber
bush

Radial
stiffness
direction

SDVA

F

Figure 12: Finite element model of a single rubber bush.

Figure 13: Axial compression experiment of the rubber bush.

Table 2: Parameters of the rubber bush.

D (mm) d (mm) h (mm) Ea (MPa) E (MPa)

24.2 11.5 7.1 0.5 1.5

Fixture

DVA

Knob

Force and
displacement

sensors

Figure 14: Experiment of the radial stiffness of the DVA.
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Figure 15: Experiment and simulation results of the stiffness of the
DVA.
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of how large the load is. However, the inner and outer
cylinders are actually made of metal. (us, in the experi-
mental situation, they exhibit a slight deformation under
load.(is deformation is superimposed on the deformation
of the rubber bush, resulting in the lower experimental
result. However, even at the maximum compression, the
error is still less than 5%.

(us, the relationship between the radial stiffness and
axial compression of the DVA has been established, and
then, the relationship between the amplitude ratio and the
axial compression can be established indirectly. In engi-
neering, we first select the excitation frequency, then de-
termine the optimal DVA stiffness, and finally obtain
the corresponding axial compression. By selecting the ap-
propriate axial compression, the boring bar can work in a
stable state.

5. Boring Experiments

(e boring experiments were carried out to analyze the
vibration suppression effect of the boring bar with a variable
stiffness DVA. As shown in Figure 16, the workpiece is a
hollow cylinder with an inner diameter of 100mm and an
outer diameter of 160mm; the material is C45E4. (e
cutting force and moment are detected by a dynamometer
from Kistler (type: 9129AA).

(e excitation frequency can be adjusted by changing the
spindle speed.(e stable and unstable states can be evaluated
by comparing the values of the cutting force and moment.
Figures 17 and 18 show the cutting force and moment of
stable and unstable states, respectively. Table 3 shows the
statistical results of the cutting force and moment. It can be
seen that when the boring works in a stable state, the

Fx

Fy

Fz

Workpiece Boring bar Force sensor

15

Fixture

FzFy
Fx

Figure 16: Boring experiment.
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Figure 17: Stable states.
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amplitude is small, and every curve can be clearly distin-
guished. However, when the boring works in an unstable
state, the amplitude is large, causing all the curves to overlap.
As mentioned before, the tangential force Fc and radial force

Fp have the most important influence on chip thickness
variation, so in Table 3, the amplitude increase radio for the
tangential Fy and radial forces Fz are larger than the axial
force Fx.
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Figure 19: Stable and unstable cutting experiment results.
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Figure 18: Unstable states.

Table 3: Statistical results of the cutting force and moment of the stable and unstable states.

States Fx (N) Fy (N) Fz (N) Mx (Nm) My (Nm) Mz (Nm)

Stable
Min. 8.270 − 163.20 − 82.96 − 4.738 − 17.51 39.51
Max. 110.0 − 75.12 − 10.99 − 0.430 − 12.01 48.75

Amplitude 50.9 44.04 35.99 2.154 2.75 4.62

Unstable
Min. − 153.0 − 398.8 − 238.6 − 14.09 − 37.60 14.37
Max. 261.3 129.4 174.7 7.461 9.256 96.8

Amplitude 207.2 264.1 206.7 10.78 23.43 41.22
Amplitude increase radio 307% 500% 474% 400% 752% 792%
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Figure 19 shows the stable and unstable cutting exper-
iment results; it can be seen the cutting stable states can be
adjusted by changing the axial compression sDVA of the DVA
at different frequency ratios. (e stiffness of the DVA
changes along with the axial compression. For example,
when the frequency ratio is approximately 0.4, it is better to
use a small axial compression, while when the frequency
ratio is approximately 1, it is better to use a large axial
compression. However, when the frequency ratio is ap-
proximately 1.2, the boring bar always works in an unstable
state. (is frequency ratio should be avoided when selecting
the spindle speed. (e pink line in Figure 19 corresponds to
the projection of the optimal curve in Figure 9. When the
boring bar’s cutting parameters are selected close to the
optimal curve, the boring bar can work at a stable state,
verifying the rationality of the previous modeling and
analysis. (e experimental results indicate that the boring
bar with a variable stiffness DVA can suppress the vibration
over a larger excitation frequency range. By changing the
axial compression sDVA of the DVA, the boring bar can work
at a stable state.

6. Conclusions

(e vibration characteristics of the boring bar with a variable
stiffness DVA are investigated. A two-degree-of-freedom
dynamic model is established, and the parameters measured
through the experiment are submitted to the kinetic
equation to analyze the vibration characteristics of the
boring bar. (e vibration characteristics of the boring bar
with a variable stiffness DVA and those of the regular boring
bar without a DVA are compared, and the result shows that
the boring bar with a variable stiffness DVA has a better
vibration reduction effect. In addition, the amplitude ratio of
the boring bar differs greatly by changing the stiffness of the
DVA; only in certain frequency ranges can the amplitude
ratio be less than 1. (e entire frequency ratio area, in the
range of 0–2.2, is divided into two parts: the low-frequency
area A and the high-frequency area B. (e dividing line is
located at a frequency ratio of approximately 1.55. In area B,
the boring bar can always have the effect of vibration re-
duction, but in area A, there are two ridges where the
amplitude ratio is very high. In the valley between the two
ridges, an optimal curve can be found in the frequency range
0.4–0.8, where the amplitude ratio is less than 1. In previous
studies, the purpose of optimization has been to equalize the
heights of the two peaks over a large excitation frequency
range. However, in engineering practice, the excitation
frequency is generally a certain value for a specific processing
condition.(is means that making two peaks equal in height
cannot provide the optimal parameter. (erefore, in engi-
neering practice, the most important thing is to select the
appropriate stiffness of the DVA according to the different
frequencies of the excitation force; thus, in this paper, the
amplitude ratio of the boring bar with a certain frequency
ratio is studied. (e frequency ratio is divided into six parts:
0.05–0.2, 0.25–0.45, 0.5–0.6, 0.7–1.0, 1.1–1.25, and 1.3–2.4.
With different frequency ratios, the amplitude ratio shows a
completely different law of change, but by selecting a certain

stiffness of the DVA, the vibration can be effectively sup-
pressed. It is worth noting that how to achieve the stiffness
value by engineers is what we focus on mostly. (erefore,
this paper establishes the relationship between the theo-
retical stiffness value and the axial compression.(e stiffness
of the DVA is provided by the radial stiffness of two rubber
bushes equipped inside the DVA. By changing the axial
compression of the DVA, the radial stiffness of the rubber
bushes is changed; at the same time, the stiffness of the DVA
is also changed. (en, the simulations and experiments
focusing on the stiffness of the DVA are conducted to es-
tablish the relationship between the axial compression and
the stiffness. By selecting the appropriate axial compression,
the boring bar can work under the steady state. Finally, a
boring experiment with different axial compressions of the
DVA is conducted to detect the stable and unstable states.
(e results show that when the boring bar works in an
unstable state, the amplitude increase ratio of the cutting
force and the moment, especially for the tangential Fy and
radial forces Fz increases substantially. (e experimental
results verify the accuracy of the previous modeling and
analysis. Based on this research, in engineering practice, we
first select the excitation frequency, then determine the
optimal DVA stiffness, and finally obtain the corresponding
axial compression. By changing the axial compression of the
DVA, the boring bar can cut at a stable state, which can
guide the parameter implementation in engineering
application.
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