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Low-frequency vibration cutting is a machining technology in which chips are
broken by applying periodic vibrations along a specific axis. Periodic vibration
deteriorates the surface roughness and roundness of the workpiece when
compared to without vibration cutting. In this study, the properties of a machined
surface under low-frequency vibration were simulated. Based on the simulation
results, a tool was designed to reduce the effects of periodic vibration on the surface
properties. Actual machining experiments were conducted using the proposed tool
to clarify the relationship between tool shape, surface roughness, and roundness
under low-frequency vibration. Using the proposed tool on low-frequency vibration
cutting, the surface roughness was reduced (from 5.74 µm to .94 µm in Ra and
23.09 µm–6.66 µm in Rz), average roundness improved (from 4.73 µm to 2.95 µm),
and maximum roundness decreased (from 15.34 µm to 3.61 µm) compared with
those of the conventional tool.
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1 Introduction

During the turning process, long chips are generated, which can be entangled in the tool and
workpiece, thus causing machine downtime and failure (Copenhaver et al., 2017). Additionally,
these chips may cause peripheral equipment, such as chip conveyors, to malfunction. As a
countermeasure, high-pressure coolants and chip breakers are used to break long chips into
small portions (Berglind and Ziegert, 2015). However, the heat generated by the pump of high-
pressure coolants influences the machining accuracy of machine tools. Moreover, there are
issues associated with the floor space occupied by these devices. For chip breakers, several types
of chips cannot be broken by the chip breaker.

As an alternative approach, oscillating computer numeric control (CNC) toolpaths are used
to break up chips in which the tool is vibrated during machining. For example, Smith et al.
(Woody et al., 2008; Smith et al., 2009; Smith et al., 2010) used CNC toolpaths to generate
broken chips in single-point machining operations. The chip-breaking toolpath superimposes a
sinusoid onto the conventional tool path. This method was extended to modulation-assisted
machining (MAM) and modulated tool path (MTP). Mann et al. (Mann et al., 2011; Guo et al.,
2013; Yeung et al., 2013) reported that small discrete chips can be generated when machining
ductile alloys. They highlighted that the texture of the machined surface was influenced by
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modulation conditions (Mann et al., 2011). Moreover, low-frequency
vibration cutting, with low-frequency modulation of up to 100 Hz,
suppressed the distortion caused by machining and reduced the
cutting force compared with without vibration cutting (W/O
vibration) (Yeung et al., 2013). Berglind and Ziegert (2015) applied
this method to thread machining. Copenhaver et al. (2017) conducted
a fundamental study on the force, global temperature, feed motion,
tool wear, and chip formation of the MTP.

Thus, low-frequency vibration cutting such as MAM and MTP
was introduced and used to break chips. Regarding vibration-assisted
cutting, in the 1970s, the effect of breaking up chips was tested on a
lathe using a vibration generator with a lever clamp mechanism
(Hirota and Shinozaki, 1970). By using a device with a
piezoelectric element mounted onto a machine to generate
vibrations in an elliptical trajectory, this method can effectively
reduce the cutting force and suppress the generation of burrs
compared with W/O vibration (Moriwaki and Shamoto, 1995).

The effect of low-frequency vibration has been utilized,
particularly in drilling. Significant research was conducted on
vibration-assisted drilling to break chips. For example, Okamura
et al. (2006) added a controlled sinusoidal vibration in the drill
axis direction with constant feed motion. The relationships
between vibration conditions such as the vibration amplitude,
frequency, drill feed rate, chip formation, and drilling temperature
were investigated. Pecata and Brinksmeier (2014) conducted the
vibration-assisted drilling of CFRP/Ti6Al4V stack materials.
Bleicher et al. (2019) demonstrated that chip breaking is effective,
even in small-diameter drilling, and that the chip removal rate is
increased by reducing the frequency and increasing the amplitude. In
particular, this method was adopted for aerospace materials such as
CFRP/Ti6Al4V, CFRP/aluminum, and Ti-6Al-4V titanium alloy
(Hussein et al., 2019; Seeholzer et al., 2019; Yang et al., 2019;
Hussein et al., 2020; Paulsen et al., 2020).

In recent years, low-frequency vibration machining has become
increasingly accessible with advances in numerical control systems. In
a previous study, low-frequency vibration was applied to the feed
direction during the turning process, and the chip breaking effect was
confirmed (Miyake et al., 2016). Additionally, this method can be
applied to cylindrical shapes, tapers, and arcs (Miyake et al., 2018). In
addition to chip breaking, low-frequency vibration cutting reduced the
cutting force and average cutting temperature during machining
(Maroju et al., 2017). Moreover, it was confirmed that low-
frequency vibration cutting reduces the cutting force compared
with W/O vibration (Yeung et al., 2013). Compared with W/O
vibration, the average value of the cutting force is lower due to the
uncut portion; however, the maximum value of the cutting force is
higher according to the experimental results (Miyake et al., 2018). It
was reported that the thrust force values may be influenced by the
vibration frequency (Yang et al., 2019).

Although low-frequency vibration cutting has advantages such as
chip breakup, there are also disadvantages. For example, the surface
roughness of a workpiece is higher than that with W/O vibration. The
deterioration of the surface roughness is a major issue regarding the
use of low-frequency vibration cutting in finishing operations where
accuracy is required. This limits its application in roughing,
particularly during turning. In low-frequency vibration cutting,
chips break when the tool leaves the work material. Furthermore,
vibration conditions were reported to influence the texture of
machined surfaces (Okamura et al., 2006). Miyake et al. (2020)

confirmed that adjusting the amplitude ratio influences the surface
roughness, which can be improved by changing the trajectory of the
tool as the parameter is optimized (Miyake et al., 2020).

Additionally, roundness can be improved by adjusting the
frequency ratio (Miyake et al., 2020). Thus, to an extent, the
surface roughness and roundness can be improved by optimizing
the amplitude and frequency ratios. However, deviations from W/O
vibration are typically observed in this case. Furthermore, limited
research was conducted on the improvement of the surface properties
based on the abovementioned parameter values and cutting
conditions. Therefore, this study aims to improve the surface
roughness and roundness by simulating the effects of low-
frequency vibration cutting on a machined surface profile and tool
shape that has a positive effect on the surface properties. The
effectiveness of this method was verified based on simulations and
actual machining experiments. The relationship between the tool
shape and cutting force under low-frequency vibration can be
clarified by measuring the cutting force in an actual machining
experiment. While previous studies have discussed improving
surface roughness by adjusting the argument of low-frequency
vibration, this paper shows that surface roughness and roundness
can be improved by optimal tool geometry. Theorizing for the optimal
straight section for the tool geometry, the proposed tool is structured
with two nose R settings and a straight section. The tool life and
cutting resistance are not significantly different from those of
conventional tools, and the tool can be used in practical machining.

2 Materials and methods

2.1 Overview of the low-frequency vibration
cutting method

Low-frequency vibration cutting breaks up chips by applying
vibration to the tool. It is a process of superimposing vibration on
the cutting feed, as shown in Figure 1. As shown in Figure 1, the air
cutting part is generated from the relationships between the tool paths.
This implies that the chip is broken in that part. The vibration
parameters are the amplitude and frequency of the sinusoid.

The vibration is applied to a specified axis based on the following
equation:

osci � KF

2
cos

πSI

30
t( ) − 1{ }. (1)

where I is the frequency ratio of the low-frequency vibration [-] with
respect to the spindle speed S (min−1), and K is the amplitude ratio of
the low-frequency vibration [-] with respect to the feed rate F (mm/
rev). To break up chips, it is necessary to set the frequency and
amplitude ratios such that the tool paths through the area that has
already been cut, and the uncut portion is generated. The cutting-edge
position is obtained using the following equation:

pos � FS

60
t + KF

2
cos

πSI

30
t( ) − 1{ }. (2)

The spindle and tool-edge positions are calculated based on the
calculation formula. Depending on the frequency and amplitude
ratios, the location and size of the uncut portion changes relative
to the spindle phase. When the frequency ratio is set to I = 1.0, an
uncut portion is not generated.
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2.2 Experimental setup

In this study, a multi-turret CNC lathe with two spindles on the
left and right sides, two turrets with Z-axis, X-axis, and Y-axis on the
upper part, and one turret with X-axis, Z-axis, and Y-axis on the lower
part. In the experiment, the lower turret and right-hand spindle were
used for machining. The lower turret has three axes and can reach the
right spindle, as shown in Figure 2A. As shown in Table 1, 304 stainless
steel was used because it is prone to chip disposal problems. The
diameter of the material was 39.4 mm. A carbide insert
(DNMG150408N-SM, Tungaloy) with an R0.8 rhombic 55° nose
was used as the conventional tool. The cutting speed was 90 m/
min, feed rate was .2 mm/rev, and cutting depth was .2 mm. The
arguments for low-frequency vibration cutting were I = .5 and K = 1.5.
A jig was constructed, as shown in Figure 2A, and a Kistler
9,121 dynamometer was installed on the tool-mounting area. The
dynamometer amplifier was a Kistler 5,019 system, the high-speed
analog measurement unit was a NR-HA08 (KEYENCE) system, and
the data logger used was a NR-500 (KEYENCE) system, as shown in
Figure 2B. The surface roughness was measured using a SURFCOM
1500DX (Tokyo Seimitsu) system with a diamond stylus with a radius
of 2 μm and tip angle of 60°. Roundness was measured using a
RONDCOM 44 (Tokyo Seimitsu) system, which was equipped
with a tungsten carbide stylus with a diameter of 1.6 mm as the
measuring element.

For surface roughness, the maximum height Rz and arithmetical
mean height Ra were calculated in accordance with the JIS B
0601 standard.

3 Issues associated with low-frequency
vibration

3.1 Surface topography by low-frequency
vibration cutting

Simulations were utilized to demonstrate the machined surface
properties by plotting the tool trajectory based on the tool nose R,

frequency ratio, and amplitude ratio (Miyake et al., 2020). The tool
path can be calculated as follows:

θ � πS

30
t rad[ ] : phase ofworkpiece. (3)

From Eqs 3, 2 can be expressed using θ as follows:

pos � FS

60
t + KF

2
cos

πSI

30
t( ) − 1[ ] � F

2π
θ + KF

2
cosIθ − 1( )θ

� πS

30
t: phase ofworkpiece. (4)

Figure 3 is a color map with respect to the height of the machined
surface when the parameters I and K were .5 and 1.5, respectively. The
axes indicated the feed position, phase, and surface height of the
workpiece, respectively. This allowed visual confirmation of the
cutting area, air cutting, and machined surface when the I and K
values were varied. The simulationmethod was based on a Z-map. The
division width of the workpiece surface was set to 5 μm and .9° in the
axial and peripheral directions, respectively. The division width of the
ridge representing the cutting-edge shape of the tool was calculated as
1 μm. From Figure 3, it is confirmed how the surface is finished with
the vibration. As the phase of cutting-edge changes, the contact point
between the workpiece and tool also changes. As shown in Figure 3C,
the surface roughness deteriorated according to the combination of I
and K.

Based on the simulation results shown in Figure 3, when the
parameters of I and K were .5 and 1.5, respectively, the surface
roughness in low-frequency vibration cutting was 210.5% higher
in Ra and 213.2% higher in Rz compared with that in W/O
vibration.

Subsequently, the surface roughness and roundness were
evaluated using the experimental system described in Section 2.2.
The surface roughness varied depending on the phase, as shown in
Figure 4; Table 2. In Figure 4, the horizontal and vertical axes denote
the phase of the workpiece and surface roughness, respectively. The
surface roughness during low-frequency vibration cutting was higher
by up to 334.4% for Ra and up to 192.9% for Rz compared with that
during W/O vibration.

FIGURE 1
Concept of low-frequency vibration cutting.
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As shown in Table 3, the average and maximum roundness during
low-frequency vibration cutting was 146.4% and 575.8% higher,
respectively, than that during W/O vibration. In terms of shape, a
trend toward an elliptical shape was observed, which is similar to the
simulation results. Based on the results for the cutting forces in
Table 4, when compared with W/O vibration, the cutting force of
low-frequency vibration cutting was higher by 50.8% for the principal
force, 68% for the thrust force, and 40.8% for the feed force in terms of
the maximum values. In terms of the average values, the values of the
three component forces in low-frequency vibration cutting were lower
than those in W/O vibration.

3.2 Challenges of low-frequency vibration
cutting

The surface roughness of low-frequency vibration cutting resulted
in an Ra value that was 334.4% higher than that of W/O vibration. The
periodic change in the tool path in low-frequency vibration cutting
changed the height of the convexity formed on the finished surface and
influenced the surface roughness.

Figure 5 shows the relationship between tool path variation and
surface roughness at I = .5 and K = 1.5. In Figure 5, Z represents the
axial position. The orange and blue lines represent the toolpath and
surface roughness at each phase, respectively. As shown in Figure 5,
the peak of the surface roughness was observed in the phase where the
cutting-edge path distance was the maximum, which corresponded to
twice the command feed rate. This was the case when K ≤ 2. The range
in which K > 2 was considered difficult to use in practical applications
due to the effect of vibration on the machine. The necessity for
optimizing the amplitude according to the characteristics of the
work material was discussed in a previous study (Paulsen et al.,
2020). A practical range was reported in terms of chip breakup
and its effect on the surface roughness (Miyake et al., 2020).

Additionally, even if arguments such as I (frequency ratio) and K
(amplitude ratio) are adjusted, the spacing between the cutting-edge
paths does not change at points where the gap between the cutting-
edge paths is the widest. Therefore, this issue cannot be resolved by
adjusting the arguments. In W/O vibration, the surface roughness can
be improved by adjusting the feed rate. As reported, the feed rate
increases or decreases to produce a machining path that breaks up
chips (Smith et al., 2010). For low-frequency vibration cutting, the
maximum feed rate is obtained as follows:

Fmax � F × πIK + 1( ). (5)

Here, Fmax is the maximum feed rate (mm/rev) during low-frequency
vibration cutting, and F is the commanded feed rate (mm/rev). I is the
frequency ratio of the low-frequency vibration [-], and K is the
amplitude ratio of the low-frequency vibration [-]. Therefore, there
is a periodic variation between the commanded and maximum feed
rates. Adjusting the feed rate based on the maximum feed rate may
result in inappropriate tool cutting conditions or a significant increase
in the machining time. Hence, it is more difficult to adjust the feed rate
in low-frequency cutting than in W/O vibration.

FIGURE 2
Configuration of experimental system.

TABLE 1 Machining conditions.

Machine tools NTY3-100 (nakamura-tome)

Material SUS304

Cutting tools Conventional: DNMG150408-SM (Tungaloy) proposed tool

Cutting speed 90 m/min

Feed speed .2 mm/rev

Depth of cut .2 mm

Vibration (I, K) = (.5, 1.5), (.5, 2), (.55, 2)
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FIGURE 4
Measured surface roughness.

FIGURE 3
Prediction of surface roughness by low-frequency vibration (I = .5 and K = 1).

TABLE 2 Summary of surface roughness results.

Conventional tool Proposed tool

Simulation value Measurement value Simulation value Measurement value

Ra Rz Ra Rz Ra Rz Ra Rz

W/O Vibration 1.61 6.21 1.32 7.88 W/O Vibration .08 .39 .47 3.59

I0.5, K1.5 5 19.45 5.74 23.09 I0.5, K1.5 .15 .56 .94 6.66

I0.5, K2 6.37 24.7 5.19 23.62 I0.5, K2 .16 .64 1 6.68

I0.55, K2 3.19 17.11 3.69 24 I0.55, K2 .11 .53 1.11 8.59
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The roundness at the average and maximum values in low-
frequency cutting is larger than that in W/O vibration. This is
because, in W/O vibration, the tool path is periodically changed,
and the workpiece does not constantly have contact with the cutting
edge during cutting, which reduces the roundness.

4 Design of cutting tool for low-
frequency vibration

4.1 Proposal of tool geometry

This study proposes a tool shape that improves the surface
roughness and roundness to address the shortcomings of low-
frequency vibration cutting. The surface roughness deteriorates due
to the relationship between the tool geometry and path with the
conventional tool, as shown in Figure 3. There are two strategies to
improve this. The first is to increase the nose radius of the cutting tool,
and the second is to use a straight edge at the tip of the cutting tool, as
shown in Figure 6. Preliminary experiments revealed that a cutting
tool with a large nose radius does not sufficiently improve surface
roughness. However, when a cutting tool has a straight edge, such as a
tool for hard skiving, the contact area between the workpiece and
cutting tool increases, making chattering vibration more probable.
Given that the chattering vibration exhibits a negative influence on the
machined surface, the straight part should be maximally short.
Therefore, a cutting tool with a large nose radius and straight edge,
which is similar to a wiper cutting tool, was proposed. Commercially
available wiper chips have straight sections that are either too short,
such as .2 mm, or too long, such as over .45 mm. Furthermore, both R1
and R2 in commercial wiper tools have an average smaller R than the
proposed tool. The proposed tool consists of a straight section L and

two radius sections R1 and R2, as shown in Figure 6. As previously
mentioned, a long straight section induces chattering vibration;
therefore, it is necessary to accurately determine these parameters
considering the low-frequency vibration cutting mechanism.

4.2 Optimization of tool shape

Figure 7 presents a schematic of the proposed cutting tool. As
previously mentioned, the cutting tool had a straight section on
the nose. To improve the roughness of the machined surface, the
parameters L, R1, and R2, as shown in Figure 7, should be
determined.

To determine the length L, it is necessary to obtain the feed
amount during low-frequency vibration cutting. However, owing to
the back cutting caused by minor cutting edge, as shown in Figure 3B,
the finished surface could be re-cut. In general, the feed amount
considering future cutting can be calculated as follows:

Fr � FNf + FNf

2π
θ + KF

2
cos Iθ + φf( ) − 1[ ]}

−FNb + FNb

2π
θ + KF

2
cos Iθ + φb( ) − 1[ ]},

where Nb � . . . , K − 2, K − 1, K; Nf � K + 1, K + 2, K + 3, · · ·;{
K ∈ Zφf � 2πINf − 2πN, N ∈ Z;

φb � 2πINb − 2πN, N ∈ Z θ ∈ 0, 2π[ ]
(6)

Nf and Nb refer the number of upcoming and previous cutting
paths, respectively. The first part of the equation represents the
minimum feed amount of the upcoming cutting, while the second
part is the maximum feed amount of the previous cutting. Based on
Eq. 6, the relationship between I, K, and the maximum feed amount
can be obtained. In Figure 8A, the black lines represent the feed
amount of the cutting tool, and the orange line represents the
maximum feed, whose vertical axis is on the right side. The
maximum feed occurs in the phase where two adjacent feed paths
cross each other. The maximum feed is .4 mm when I and K are
.5 and 1.5, respectively. Figure 8B presents the maximum feed for a
larger range of I andK. It can be observed that themaximum feed amount
varies with different combinations of I and K. In addition, by setting the
threshold value of the maximum feed amount to 2F, an appropriate range
of I and K can be determined, in which I is centered around .5 and K

TABLE 4 Summary of cutting force results.

Proposed tool

Maximum (N) Average (N)

Thrust Principle Feed Thrust Principle Feed

Conventional 84.07 137.22 55.5 66.03 123.8 46.68

I0.5, K1.5 122.89 216.9 74.57 71.89 123.41 41.9

I0.5, K2 120.08 212.07 73.91 69.17 122.26 40.41

I0.55, K2 157.23 252.81 85.64 72.34 123.56 40.25

TABLE 3 Summary of roundness results.

Conventional tool Proposed tool

Maximum Average Maximum Average

W/O Vibration 2.27 1.92 2.83 2.21

I0.5, K1.5 15.34 4.73 3.61 2.95

I0.5, K2 18.77 16.09 4.55 4.01

I0.55, K2 18.04 15.33 4.65 3.86
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determines the range. Considering the periodicity in Eq. 6, the same
results can be achieved for other values of I.

Compared with W/O vibration, determining suitable parameters
for I and K could make the feed smaller than 2F in low-frequency

vibration cutting. Although there is an optimal combination of I and K
for the minimum feed amount, a series of calculations is necessary.
Moreover, for values of I other than .5, where the maximum feed is
always 2F, the influence of the parameter K can be ignored. Therefore,

FIGURE 6
Design strategy of cutting tool for low-frequency vibration.

FIGURE 5
Path of the cutting edge and surface roughness in phase.
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in this study, the maximum feed in low-frequency vibration cutting
was considered as 2F.

In the low-frequency vibration cutting process, the straight section
of the tool edge influences the workpiece surface when its length is
greater than 2F, and the theoretical surface roughness is 0. Conversely,
when it is smaller than 2F, the surface roughness is greater because all
feed marks remaining on the workpiece surface are influenced by the R
sections before and after the straight section. The scallop height is
approximately expressed by the following equation:

h � 2F − L( )2
2R1 + 2R2 + 4

����
R1R2

√ 2F> L (7)

Therefore, the optimum value of the proposed tool shape can be
obtained by first determining the machining conditions to an extent
(feed rate), then optimizing the length of the straight section.
However, if the length of the straight section exceeds a certain
level, it may have a negative effect on cutting resistance. Therefore,

their lengths are limited. The length of the proposed tool is set to
.41 mm, which is twice as long as F = .2 mm/rev, and a finishing feed is
used. Accordingly, the proposed tool is shown in Figure 9.

Figure 10 presents the surface roughness simulation of low-
frequency vibration cutting for the conventional and proposed
tools. In Figure 10, the horizontal and vertical axes represent the
longitudinal position and phase of the workpiece, respectively. The
conditions are identical to those shown in Figure 3. As observed, using
the proposed tool, the surface roughness can be reduced from 5.00 µm
to .15 µm in Ra and from 19.45 µm to .56 µm in Rz. Thus, the
proposed tool is effective for vibration-assisted cutting.

5 Results

Based on the analytical results, experiments were conducted
to clarify the surface roughness, roundness, and cutting force of

FIGURE 7
Parameters of proposed cutting tool for low-frequency vibration.

FIGURE 8
Maximum feed amount in low-frequency vibration.
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low-frequency vibration cutting by installing the proposed tool
in a multi-turret CNC lathe, as shown in Figure 2. The
experimental configuration is listed in Table 1. The cutting
speed was 90 m/min, feed rate was .2 mm/rev, and cutting
depth was .2 mm. The parameters for low-frequency vibration
cutting were (I, K) = (.5 1.5), (.5, 2), and (.55, 2). The
combinations of I and K were changed, and their influences
were investigated.

5.1 Cutting chips

Figure 11 presents a comparison of the chips between the two tool
types. Four patterns based on the cutting method and cutting tool were
used in the experiment. With both the conventional and proposed tools,
the chips were broken up when vibration was added, in contrast to the
long pieces in W/O vibration. Based on the results, vibration-assisted
machining with I = .5 andK = 1.5 can reliably break up chips. In addition,

FIGURE 9
Proposed and manufactured cutting tool.

FIGURE 10
Surface roughness simulation of low-frequency vibration cutting (I = .5 and K = 1.5).
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the curl radius of the cutting chips using the proposed tool was smaller
than that of the conventional tool. This was owing to the contact length
between the tool and chip. More focus should be directed toward the
difference in chip speeds between the front and back sides.

5.2 Surface roughness

Figure 12 presents the results of the surface roughness obtained using
the proposed tool (I = .5 and K = 1.5). Table 2 presents a summary of the
surface roughness that changed the vibration conditions. The
experimental results revealed that the surface roughness when using
the proposed tool significantly improved from 5.74 µm to .94 µm in
Ra and from 23.09 µm to 6.66 µm in Rz.

From Table 2, several points have to be considered. First, the error
between the simulation and measurement was small for the conventional
tool. This was true for cases with and without vibration. However, when
using the proposed tool, the error between the simulation and
measurement was not negligible; that is, experimental results had
poorer performance than the simulation results. This may be because
cutting with the proposed tool was slightly less stable due to the contact
length. However, the surface roughness of the proposed tool was superior
than that of conventional cutting (using conventional tools W/O
vibration) and vibration-assisted cutting. When the parameters of
vibrations I and K were changed, the difference was not significant.
The influence of I and K should be further investigated; however, when
the parameter K was large, the surface properties were degraded. This
indicates that having a large amplitude influences cutting stability. In
addition, the limitation of the relationship between I and K should be
considered to break the chips. When the parameter I was set to .55, the

vibration phase changed at each rotation. Moreover, the surface
roughness was expected to improve due to the dispersion effect of the
tool path (Miyake et al., 2018). In particular, this effect was confirmed only
in the simulation results for the conventional tool. Thus, this area requires
further investigation.

5.3 Roundness

Figure 13 presents the roundness of the workpiece after turning.
Roundness is one of the most critical evaluations of themachining results.
In the case of normal turning under the abovementioned conditions, the
average roundness was 1.92 µm and the maximum roundness was
2.27 µm, as shown in Figure 13 and Table 3. As shown in Figures
13B, C, vibration-assisted machining did not produce roundness of
the same quality as that of the normal turning process, which is a
common problem associated with vibration-assisted machining.

However, when the proposed tool was used, the average roundness
improved, as shown from Figures 13B, C. The average roundness
decreased from 4.73 µm to 2.95 µm, and the maximum roundness
decreased from 15.34 µm to 3.61 µm.

5.4 Cutting force

The results for the cutting forces are presented in Figure 14 and
Table 4. The data were calculated from 10 vibration cycles. The
coordinate system of the machine tool is illustrated in Figure 2. In
the case of low-frequency vibration cutting with the proposed tool, the
average value of the cutting force was almost the same as that of W/O

FIGURE 11
Cutting chips (I = .5 and K = 1.5 for vibration-assisted cutting).
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vibration. Regarding the maximum cutting force, the thrust, principal,
and feed force values of low-frequency vibration cutting were 46.2%,
58.1%, and 34.4% higher, respectively, than those of W/O vibration.

The average and maximum values of the cutting forces using the
proposed tool were found to be lower than those of the conventional
tool. The maximum and average thrust force, where the largest
difference was observed, when using the proposed tool were 29.7%
and 35.7% lower, respectively, than when using the conventional tool.

5.5 Tool wear

The effect of low-frequency vibration cutting on the tool life
was investigated using both the conventional and proposed tools.
In the experiment, actual machining was performed using a multi-

turret CNC lathe (NTY3-100), and tool wear was observed using an
electron microscope (Keyence, VK-X210). The conditions were V =
90 m/min, F = .2 mm/rev, and t = .4 mm. The material was SUS304.
A non-coated insert (Tungaloy, DNMA150408 TH10) was used as
the conventional tool. Figure 15 shows the cutting distance and
flank wear width on the horizontal and vertical axis, respectively.
From Figure 15, the proposed tool with low-frequency vibration
cutting and conventional tool with W/O vibration exhibited almost
the same service lives.

6 Discussions

The experimental results revealed that the deterioration of the
surface roughness and roundness caused by low-frequency vibration

FIGURE 12
Results of surface roughness measurement for the proposed tool.

FIGURE 13
Roundness measurement results for the proposed tool.
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cutting can be reduced by designing an appropriate tool shape. The
surface roughness of the proposed tool was significantly lower than that
of the conventional tool because the straight part of the tool filled the gap
and reduced the convexity to the point at which the gap between the

cutting-edge paths increased in size. There were several differences
between the values measured in the simulation and those obtained from
actual machining using the proposed tool. Depending on the cutting
conditions, the chip form become tear type, and the machine surface get

FIGURE 14
Cutting force results (I = .5 and K = 1.5).

FIGURE 15
Comparison of chip flank wear width in oscillating cutting.
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clouded. This might have influenced the gap in the simulation and
actual machining results. This situation was likely to occur because of
the reduced peripheral speed and material used (stainless steel). The
roundness of the proposed tool was improved compared with that of the
conventional tool. This result is attributed to the fact that the effect of
the periodic machining path was reduced by the straight section, and the
cutting edge had contacts with the workpiece more consistently.

Regarding the cutting force using the conventional tool, the
average value was not significantly different from that of the W/O
vibration, whereas the maximum value of each cutting force was
higher than those ofW/O vibration. This trend can be attributed to the
presence of a peak in the cutting force due to periodic vibration;
however, the creation of the uncut portion resulted in a low average
value. In terms of the proposed tool, the maximum values of cutting
force were higher than those of W/O vibration. With respect to
maximum values of thrust and principal forces, the gaps were
larger than those of the conventional tools. The straight section
extended the time for which the tool was in contact with the
workpiece. Then, periodic trajectory changes led to peaks in the
cutting force. These factors were considered to influence the gaps
between the cutting methods. Based on a comparison of the cutting
forces of the proposed and conventional tools, the average value of the
thrust force using the proposed tool were significantly smaller. The
side cutting edge angle of the proposed tool is smaller than that of the
conventional tool. Thrust force decreases as the side cutting edge angle
decreases in the case that side cutting edge corner is in contact with the
workpiece (Lee et al., 2007). The side cutting edge angle of the
proposed tool is smaller than that of the conventional tool. It’s
possible that the thrust force of the proposal tool was smaller than
that of the conventional tool because of its effect. Variations in the
cutting force influenced the tool life. The tool-life measurement results
revealed that there was no significant difference between the proposed
tool with low-frequency vibration cutting and the conventional tool
with W/O vibration. The relationship between these variations in the
cutting load and tool life will be the focus of future research. The
findings of this study demonstrate that the surface roughness and
roundness in low-frequency vibration cutting can be improved using
the proposed tool shape.

7 Conclusion

This paper proposes a cutting tool designed for low-frequency
vibration cutting. In this study, simulations and experiments were
conducted to clarify the effects on surface roughness and roundness.

1. During low-frequency vibration cutting with the proposed tool, the
surface roughness was reduced, from 5.74 µm to .94 µm in Ra and
from 23.09 µm to 6.66 µm in Rz, compared with that of the
conventional tool.

2. The average roundness with the proposed tool on low-frequency
vibration improved, from 4.73 µm to 2.95 µm, when compared

with that of the conventional tool. The maximum value was
reduced from 15.34 µm to 3.61 µm using the proposed tool.
Moreover, the roundness of the low-frequency vibration should
be investigated further.

3. Regarding the cutting force, the average and maximum values of
the proposed tool were lower than those of the conventional tool.
The maximum and average thrust force of the proposed tool, where
the largest difference was observed, was 29.7% and 35.7% lower,
respectively, than those of the conventional tool.
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