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The objective of this study was to determine the ef-
fect of vibration behavior on workpiece surface prop-
erties in low-frequency vibration cutting. The effects
of the parameters that determine vibration behavior
on surface roughness were quantitatively evaluated
through a comparison with other cutting conditions.
Furthermore, by clarifying how the surface proper-
ties of the workpiece, such as roughness, roundness,
and cross-sectional curves, change depending on the
vibration behavior, a search for optimal conditions for
low-frequency vibration cutting was conducted. The
best surface properties were obtained under the con-
dition of spindle rotation per vibration EEE === 444...555. By
using a value close to the minimum possible spindle
rotation RRR === 000...555 when the workpiece is retracted, it
is expected to be effective in suppressing the varia-
tion in surface roughness at each phase angle; this
variation is characteristic of low-frequency vibration
cutting. Workpieces machined under low-frequency
vibration conditions such as (EEE === 222...555, RRR === 111...000) and
(EEE === 333...555, RRR === 111...000) were found to form characteristic
surface patterns on the workpiece surface owing to a
phenomenon in which the depth of the cut to the work-
piece changes.

Keywords: low-frequency vibration cutting, vibration
behavior, surface roughness, cross-sectional curve

1. Introduction

Continuous cutting, including turning, is widely used in
the machining of many parts [1], and research is still be-
ing conducted to realize high-speed, high-efficiency, and
high-precision continuous cutting [2]. However, the chips
ejected by continuous cutting can become entangled in
the workpiece, tools, and machine tools, resulting in op-
erating losses due to incidental work for chip removal [3].
These operations decrease productivity and are obstacles
to fully automated and unmanned continuous cutting [4].
In continuous cutting, the workpiece and tool are always
in contact, which increases the contact pressure between
the tool and chips [5]. Furthermore, in general-purpose
turning, supplying cutting fluid to the cutting point is dif-

ficult; therefore, the thermal and mechanical loads on
the tool are greater than those during intermittent cut-
ting [6,7]. Vibration cutting, in which vibration is applied
to the tool to perform machining, has been studied in re-
cent years as a solution to the abovementioned problems
in continuous cutting. In the past, ultrasonic and ellip-
tical vibrations have been used in vibration cutting, and
shakers such as piezoelectric devices have been mainly
used for vibration excitation [8]. However, conventional
methods have drawbacks in terms of vibration control and
restrictions on machining geometry due to the need for ad-
ditional equipment, and they are unable to handle various
types of turning operations, such as taper, arc, and drilling
operations.

In recent years, the chip-breaking effect of low-
frequency vibration cutting has made it possible to reduce
the aforementioned operating loss. Low-frequency vibra-
tion cutting is a method of cutting that numerically con-
trols the workpiece to vibrate in the cutting feed direction
while synchronizing the vibration with the spindle rota-
tion; by adding idle time during cutting, it is possible to
machine while breaking chips into small pieces [9].

Generally, there are three low-frequency vibration cut-
ting modes that match the machining task: Modes 1,
2, and 3 [10]. Fig. 1 shows the characteristics of each
mode and the cutting edge trajectory model. Mode 1 is
suitable for machining difficult-to-machine materials, and
sets the number of vibration cycles per workpiece rotation
to break up the chips into small pieces [5]. Mode 2 sets
the number of workpiece rotations per vibration when pe-
ripheral speed is required, such as in the machining of fine
workpieces and small-diameter deep holes. Therefore, it
is characterized by a coarser chip breakup than mode 1.
Mode 3 is used to break up chips during threading. More
research results have been reported on low-frequency vi-
bration cutting using mode 1 than using mode 2 [11].
In addition, the machining surface creation mechanism
of low-frequency vibration cutting and its effect on sur-
face shapes have been clarified. Furthermore, the opti-
mum values of feed rate f and vibration amplitude ra-
tio Q, which are the conditions for low-frequency vibra-
tion cutting in mode 1, have been clarified, and it has been
confirmed that the characteristic unevenness of the con-
tour shape, which has been an issue in low-frequency vi-
bration cutting, is suppressed [11, 12]. However, little is
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(a) Schematic diagram of low frequency vibration cutting.

f

(b) Low-frequency vibration behavior of mode 1: The number of
vibrations per workpiece rotation is specified. Chips are broken
into smaller pieces.

f

(c) Low-frequency vibration behavior of mode 2: The number of
rotations per vibration is specified. The machining speed is faster
than that in mode 1 because machining can be performed under
conditions with less vibration. This mode is suitable for machin-
ing that requires peripheral speed, such as small-diameter work
material machining and small-diameter deep hole machining.

(d) Low-frequency vibration behavior of mode 3: The vibration
timing is changed for each threading pass. By vibrating in the
cutting direction, chips are broken during thread cutting.

Fig. 1. Vibration behavior and characteristics in each mode.

known about the effects of vibration behavior on the cut-
ting resistance, tool load, and surface finish of the cut sur-
face, in addition to the effect of improved chip removal in
low-frequency vibration cutting technology using mode 2.
In particular, it has been reported that the characteristics
of low-frequency vibration cutting vary depending on the

vibration behavior [13]. However, experimental verifica-
tion of the effects of different vibration behaviors on the
cutting characteristics and changes in workpiece surface
properties is lacking. The low-frequency vibration condi-
tions for mode 2, which differ from those for mode 1, are
the spindle rotation per vibration E and the spindle rota-
tion when the workpiece is retracted R. The effects of the
above differences in vibration behavior on the changes in
cutting characteristics have not been experimentally veri-
fied. In addition, at production sites where the production
of many different products in small quantities is required,
a reduction in the cycle time is always being sought [13].

The objective of this study was to clarify how the vi-
bration behavior in mode 2 of low-frequency vibration
cutting affects the surface properties of the workpiece,
as a higher feed rate and cutting speed can be set in this
mode. In addition to examining the effects of different
vibration behaviors on the surface roughness and cross-
sectional profile, the optimal vibration conditions were in-
vestigated. Moreover, when discussing the machinability
of the processed materials, many factors affect the cut-
ting conditions in a complex manner [14]. Therefore,
the optimum vibration conditions were derived by eval-
uating the surface properties of the workpiece under a
large number of low-frequency vibration conditions and
examining the detailed surface roughness transitions and
their relationship to the vibration behavior. Furthermore,
the mechanism of regular cross-sectional curve forma-
tion in low-frequency vibration cutting, cutting resistance,
and changes in the effect of vibration behavior on surface
properties due to differences in tool geometry were also
investigated.

2. Characteristics of Low-Frequency Vibration
Cutting

2.1. Vibration Behavior Control by Low-Frequency
Vibration Parameters

In low-frequency vibration cutting using mode 2, the
feed of the spindle is controlled such that the feed rate
when moving in the +Z direction is equal to that when
moving in the −Z direction. Therefore, the feed changes
depending on the combination of the set feed rate and
arguments E and R. Table 1 lists the feed per spindle
rotation for each condition. This indicates that as argu-
ment E increases, the effect of spindle retraction is rela-
tively small and the feed rate approaches that of conven-
tional cutting. As argument R increases, the displacement
in the Z direction in one vibration is fixed and is therefore
greatly affected by spindle retraction, resulting in a larger
feed. Under the conditions of E = 4.5 and R = 0.5, the
feed per rotation was the smallest (0.058 mm), whereas
when E = 2.0 and R = 1.0, the feed per rotation was the
largest at 0.135 mm. This value was three times that of
the feed rate setting f = 0.045 mm/rev.

Here, we explain arguments E and R as parameters
for controlling low-frequency vibration using mode 2. E

Int. J. of Automation Technology Vol.17 No.5, 2023 435



Kodama, H. et al.

Table 1. Feed width per spindle revolution under each con-
dition.

(Unit : mm/rev)
R argument

0.5 0.6 0.7 0.8 0.9 1.0E argument
2.0 0.090 0.096 0.104 0.113 0.123 0.135
2.5 0.075 0.079 0.083 0.088 0.094 0.100
3.0 0.068 0.070 0.073 0.077 0.080 0.084
3.5 0.063 0.065 0.068 0.070 0.073 0.076
4.0 0.060 0.062 0.064 0.066 0.068 0.070
4.5 0.058 0.059 0.061 0.063 0.064 0.066

represents the spindle rotation per vibration and R repre-
sents the spindle rotation when the workpiece is retracted.
Fig. 2 shows examples of the three vibration behavior pat-
terns during low-frequency vibration cutting. The shaded
area indicates the idle zone, where the tool and workpiece
do not interfere during cutting, which enables machining
while intermittently breaking up chips.

Figure 2(a) shows the low-frequency vibration behav-
ior at a set feed rate of f = 0.03 mm/rev, E = 2.0,
and R = 1.0. Because the feed rate is 0.03 mm/rev, the
feed trajectory during conventional cutting is as shown
by the gray dotted line. The feed trajectory during low-
frequency vibration cutting is displaced in the +Z direc-
tion at the first rotation and in the −Z direction at the sec-
ond rotation, as shown in Fig. 2. Similarly, the displace-
ment at the third rotation is in the +Z direction, and that
at the fourth rotation is in the −Z direction. In this man-
ner, cutting is performed while repeating the displacement
behavior in the +Z direction for one rotation and then in
the −Z direction for one rotation. The light blue area indi-
cates the area to be cut when the workpiece is displaced in
the +Z direction, and the light red area indicates the area
to be cut when the workpiece is displaced in the −Z di-
rection.

As shown in Fig. 2(b), because the spindle rotation per
vibration is 4.0 and the spindle rotation during retraction
is 1.0, the displacement is in the +Z direction from the
first rotation, indicated by the blue line, to the third rota-
tion, indicated by the yellow line, then the displacement
switches to the −Z direction at the fourth rotation, indi-
cated by the red line. Next, from the fifth to seventh rota-
tions, the displacement is in the +Z direction, and in the
eighth rotation, the displacement is in the −Z direction.
As in Fig. 2(a), the light blue area indicates the area that
is cut when the workpiece is displaced in the +Z direc-
tion, and the light red area indicates the area that is cut
when the workpiece is displaced in the −Z direction.

In Fig. 2(c), the spindle rotation per vibration is 2.0,
as in (a); however, the spindle rotation during retraction
is 0.5, the vibration is displaced in the +Z direction dur-
ing the first rotation, and is then further displaced in the
+Z direction until the phase angle of 180° in the second
rotation. The vibration behavior is repeated with displace-
ment in the −Z direction in the remaining half of the sec-
ond rotation.
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Fig. 2. Low-frequency vibration behavior.
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Fig. 3. Vibration behavior measurement method by using
laser displacement meter.

In both cases, the machining cycle time was similar to
that of conventional cutting. In Figs. 2(a) and (c), the
+Z-axis displacement of the workpiece after two rota-
tions is similar, and in Fig. 2(b), the +Z-axis displace-
ment of the workpiece after four rotations is similar.

Compared to conventional cutting, the feed increases
during low-frequency vibration cutting. As shown in the
figure, the feed increases because the workpiece is dis-
placed in the −Z direction during machining, even though
the machining cycle time is the same. Because the feed is
controlled such that the feed rates when moving in the
+Z direction and when moving in the −Z direction are
equal when R = 0.5, it is determined by the combination
of the set feed rate and arguments E and R.

2.2. Determination of Vibration Behavior and
Maximum Feed Rate Using a Laser
Displacement Meter

A laser displacement transducer (LK-G5000,
LK-H050, Keyence) was used to determine the low-
frequency vibration behavior in this experiment. Fig. 3
shows the method for measuring vibration behavior using
the laser displacement meter.

The laser displacement meter was fixed to a magnetic
stand so that the laser beam irradiated the edge surface
of the workpiece, and the low-frequency vibration behav-
ior was measured by displacing the workpiece in the cut-
ting feed direction while vibrating it at a low frequency.
The distance between the laser displacement meter and
the workpiece end face was 60 mm, even in the maximum
range. Considering this measurement range and the char-
acteristics of the machine tool, the vibration behavior was
measured without actually cutting the workpiece.

In low-frequency vibration cutting, the servomotor is
controlled by NC to vibrate the spindle; therefore, there is
a limit to the frequency of vibration. The same is true for
the feed rate. Therefore, we attempted to determine the
maximum feed rate before conducting this experiment.
Fig. 4 shows the results of overlaying the low-frequency
vibration behavior set at a feed rate of f = 0.05 mm/rev

f

E f

E f

Fig. 4. Comparison of vibration behavior and conventional
cutting.

Fig. 5. Workpiece shape (before and after cutting).

and the trajectory of conventional cutting at a feed rate
of f = 0.045 mm/rev. For both the E = 2.0 and E = 4.0
conditions, the valley of the waveform, which is the end of
each vibration, touches the black dashed line of the con-
ventional cutting trajectory, indicating that the machining
cycle time is the same in both methods. Therefore, the
above results confirm that the maximum feed rate in low-
frequency vibration cutting is f = 0.045 mm/rev.

3. Experimental Methods

3.1. Fundamental Experiments to Quantitatively
Evaluate the Influence of Vibration Behavior
on Workpiece Surface Properties

The workpiece material was free-cutting brass,
JIS C3604, which has excellent cutting trace transferabil-
ity [15]. C3604 is a cutting alloy in which Pb is added
to brass [16] and is widely used for water valve materials
and bearings because of its excellent free-cutting proper-
ties [17]. The material diameter, machining diameter, and
workpiece length used in this experiment are shown in
Fig. 5. Fig. 6 shows the rake face geometry of the tool. A
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Fig. 6. Cutting edge shape.
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Fig. 7. Workpiece measurement method.

tool with a single layer of TiAlN coating and relatively
high Al content manufactured by Mitsubishi Materials
Corporation was used. The rake angle was 12°, relief an-
gle was 7°, and tool edge roundness was r = 0.18 mm.

In this study, a CNC automatic lathe L12 equipped
with a low-frequency vibration function, manufactured by
Citizen Machinery, was used. This experimental machine
presses a tool against a rotating workpiece for machining.
The workpiece vibrates at a low frequency in the Z direc-
tion and is displaced in the positive direction while rotat-
ing to remove chips.

Figure 7 shows the workpiece measurement method.
For each workpiece machined in this study, the surface
roughness was measured at 12 points on the same circum-
ference of one workpiece using a SURFCOM 1500DX2
stylus-type roughness meter (Tokyo Seimitsu). For work-
pieces machined by low-frequency vibration cutting, the
starting point of measurement (0°) was defined as the
point of displacement in the Z direction during machining,
because different surface properties are formed depending
on the phase angle of the workpiece.

In this experiment, cutting resistance was measured by
using a strain gauge to investigate the cutting characteris-
tics and machining phenomena during low-frequency vi-
bration cutting. Fig. 8 shows an overview of the exper-
imental setup. A strain gauge was attached to the tool
holder to enable the measurement of the main force and
feed force during cutting. The strain gage is connected to
a lead wire, which is connected to a bridge box, dynamic
strain amplifier, and data logger to detect the main force
and feed force as voltage values. Furthermore, cutting re-
sistance was measured by converting the voltage values to
load. As shown in Fig. 8, during low-frequency vibration
cutting, the chips are removed while vibrating the work-
piece in the cutting feed direction (Z direction).

Fig. 8. Outline of experimental equipment.

Table 2. Cutting conditions.

Cutting machine L12 by Citizen Machinery Co., Ltd.

Tool
Cem ented Carbide

Coting material: TiAIN
rake angle: 12°, escape angle: 7°

Made by Mitsubishi Materials Corporation

Machining atmosphere Wet (Scut FS-308CZ)
Work material JIS C3604
Material diameter D [mm] 8.50
Machining length L [mm] 47.0
Rotational speed N [rpm] 5625
Cutting speed VC [m/min] 150
Depth of cut t [mm] 1.30
Feed rate F [mm/rev] 0.045
Frequency fv [Hz] 20.8–46.9
Spindle rotation per vibration E 2.0, 2.5, 3.0, 3.5, 4.0, 4.5
Spindle rotation during retract R 0.5, 0.6, 0.7, 0.8, 0.9, 1.0

3.2. Cutting Conditions
The experimental conditions are listed in Table 2. In

this experiment, a test to change argument E was con-
ducted using six conditions, namely setting argument E
in increments of 0.5 from 2.0 (the minimum value) to 4.5
(the maximum value that can be set without changing the
cutting speed). In the test to change argument R, it was
changed from 0.5, the minimum value that could be set to
the maximum value of 1.0, in increments of 0.1.

4. Vibration Parameter Change Test Results
and Discussion

4.1. Results of Cutting Resistance Measurement
Using Strain Gauge Method

Figure 9 shows the cutting resistance during 0.1 sec-
onds of conventional cutting. The principal cutting and
feed forces during conventional cutting show steady-state
conditions. This is because continuous cutting was per-
formed while maintaining a constant feed rate during con-
ventional cutting.
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F
F

Fig. 9. Cutting resistance during conventional cutting.

(a) E = 2.0, R = 1.0

F
F

(b) E = 4.5, R = 1.0

Fig. 10. Cutting resistance in low-frequency vibration cutting.

The cutting resistance during low-frequency vibration
cutting is shown in Fig. 10. It can be seen that the pri-
mary cutting force and feed force under the conditions of
E = 2.0 and R = 1.0, as shown in Fig. 10(a), fluctuate
periodically owing to the effect of low-frequency vibra-
tion. The vibration frequency under these conditions is
46.9 Hz, and the cutting resistance in Fig. 10(a) shows
an oscillation behavior of approximately 4.5 times per
0.1 seconds, which is consistent with the vibration fre-
quency. The minimum cutting resistance was close to 0 N
for both the primary cutting force and feed force, which
is considered to be due to the fact that the tool and work-
piece do not interfere with each other in the idle region
that is characteristic of low-frequency vibration cutting.

Conversely, the peak values of the primary cutting force

R

Fig. 11. Comparison of vibration behavior and surface
roughness (E = 2.0, R = 1.0).

and feed force were large compared to the steady-state
values in conventional cutting. This is because the cut-
ting resistance depends on the cutting cross-section [18],
and the cutting area is characterized by constant fluctua-
tions during low-frequency vibration cutting. Because the
cutting cross-section is larger at the moment of maximum
feed than during conventional cutting, the load on the tool
at that time is also considered to be larger. As shown in
Figs. 9 and 10(a), the maximum value of the cutting re-
sistance obtained during low-frequency vibration cutting
is approximately twice that obtained using conventional
cutting. In this case, the resistance is almost the same
as that obtained using conventional cutting. Therefore,
the cutting temperature generated at the cutting edge dur-
ing low-frequency vibration cutting in mode 2, which was
verified in this study, was on average the same as that gen-
erated during conventional cutting.

Figure 10(b) shows the cutting resistance measurement
results for E = 4.5 and R = 1.0. As in Fig. 10(a), the cut-
ting resistance fluctuates owing to the vibration behavior.
The vibration frequency under this condition is 20.8 Hz,
and the waveform of the cutting resistance shows approx-
imately two vibrations, which is consistent with the vi-
bration frequency. The peak value is smaller than that for
E = 2.0 and R = 1.0. This result is thought to be due
to the difference in the feed per spindle rotation shown
in Table 1, where the feed is larger than in conventional
cutting but smaller than in E = 2.0 and R = 1.0.

4.2. Results and Discussion of Workpiece Surface
Properties Measurements

4.2.1. Relationship Between Surface Roughness and
Vibration Behavior

Figure 11 shows the vibration behavior and transi-
tion of surface roughness measured at 12 points on the
same circumference under the conditions of E = 2.0 and
R= 1.0. First, it can be seen that the value of Ra decreases
at a phase angle of 0°. This is due to the idle region in-
dicated by the shaded line in the vibration behavior dia-
gram, where the workpiece pre-grinding surface is evened
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(a) Ra maximum phase angle (60°)

(b) Ra minimum phase angle (0°)

Fig. 12. Difference in cross-sectional curve by phase angle
(E = 2.0, R = 1.0).

out by the cutting edge, which suppresses the increase in
surface roughness. Next, it can be confirmed that the Ra
value increases mainly in the vicinity of 90° and 270°.
This phase angle corresponds to the phase angle at which
the light-blue line, indicating the cutting edge path dur-
ing spindle advancement, and the red line, indicating the
path during spindle retraction in the vibration behavior di-
agram, intersect. At this phase angle, where the cutting
edge lines in the spindle advancement and in the spindle
retraction intersect, the distance between the cutting edges
increases, which increases the surface roughness owing to
the greater unevenness formed on the cross-section. Con-
versely, at phase angles of 120°–240°, the cutting edges in
the spindle advancement and retraction alternately form
the cross-section, resulting in a smaller cutting edge spac-
ing, which suppresses the increase in surface roughness.
Thus, low-frequency vibration cutting is characterized by
a constant change in the edge spacing depending on the
phase angle of the workpiece, which in turn causes a
change in the surface roughness.

Figure 12 shows the cross-sectional curves for E = 2.0
and R = 1.0. Fig. 12(a) shows the cross-sectional curve
at 60°, where Ra is increasing. It can be confirmed that
peaks and valleys are periodically formed and their pitch
is consistent with 0.09 mm, which is the spindle feed for
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Fig. 13. Comparison of vibration behavior and surface
roughness (E = 2.5, R = 1.0).

one cycle of the vibration. As mentioned above, at this
phase angle, the cutting edge during the spindle advance
and the cutting edge during the spindle retract overlap,
and the cutting edge interval is larger than the set feed
rate f = 0.045 mm/rev, resulting in an increase in the sur-
face roughness. In contrast, Fig. 12(b) shows the cross-
sectional curve at 0°, where Ra is the lowest among the
12 points. As in Fig. 12(a), the length of one cycle of the
peaks and valleys in the cross-sectional curve is 0.09 mm;
however, the pitch of the peaks and valleys is 0.045 mm
because two valleys are formed in one cycle, which ap-
pear to be the traces of the cutting edge. This is consistent
with the feed rate f = 0.045 mm/rev, indicating that the
surface roughness at this phase angle is equivalent to that
of conventional cutting.

In low-frequency vibration cutting, the characteristics
of the vibration behavior are different for integer and non-
integer values of argument E. Fig. 13 shows the vibra-
tion behavior and surface roughness transition for the non-
integer value of the argument (E = 2.5, R = 1.0). Under
the condition in which argument E is a non-integer, the
cycle is displaced by 180° for each vibration. Therefore,
the cycle of the cutting edge at the phase angle is formed
with a spindle rotation equal to twice the value of argu-
ment E. In the case of E = 2.5, a cross-section of one
cycle is formed in five rotations. As shown in Fig. 14, the
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R

E
E

E

(a) E is an integer

E

E

E

Ra

(b) E is a non-integer

Fig. 14. Transition of workpiece surface roughness due to
differences in E .

variation in the surface roughness increases at the phase
angles (30°, 150°, 210°, and 330° in the vibration be-
havior diagram) where the cutting edge line during spin-
dle advancement and that during spindle retraction cross,
whereas the surface roughness decreases at phase angles
of 90° and 270°, where the cutting edge lines are evenly
spaced. When argument E is a non-integer, the variation
in surface roughness due to differences in the phase angle
is smaller than that when argument E is an integer. This
is thought to be due to the fact that the shift in the vi-
bration behavior suppresses the increase in edge interval
even at the phase angles where the cutting edge lines cross
between the forward and backward spindle motions.

4.2.2. Results of Workpiece Surface Roughness Mea-
surement

Figure 14 shows the results of plotting the surface
roughness of 12 workpiece points for each phase angle
under each condition of argument E. Fig. 14(a) shows the
transition of the surface roughness for the integer value of
argument E. It can be seen that the values of Ra vary
greatly with the phase angle for all conditions. The peak
value of Ra is approximately 2–3 times higher than the
lowest Ra value. Comparing the surface roughness at
the peaks, the Ra value for the E = 3.0 condition is the
largest, while the Ra value for the E = 2.0 condition is

(a) E is an integer

(b) E is a non-integer

Fig. 15. Surface roughness measurement results.

the smallest. However, under E = 3.0 and E = 4.0, the
surface roughness peaks at one location, whereas under
E = 2.0, the surface roughness increases at two phase an-
gles. This is due to the difference in vibration behavior.
As mentioned above, there is only one phase angle where
the cutting edge line during spindle advancement and that
during spindle retraction intersect under the conditions of
E = 3.0 and 4.0, whereas there are two phase angles under
the condition of E = 2.0, as shown in Fig. 15. Therefore,
we observed two phase angles that exhibit peak values of
Ra.

Figure 14(b) shows the transition of surface rough-
ness under the conditions of non-integer values of ar-
gument E. As shown in Fig. 14(b), the surface rough-
ness varies depending on the phase angle. However, the
range of variation is smaller than that for the integer val-
ues of argument E. In particular, the difference between
the largest and smallest Ra values is very small, approx-
imately 0.3 µm, for E = 4.5. In addition, when argu-
ment E is a non-integer, the Ra value tends to decrease as
E increases. Especially under the condition of E = 4.5,
the surface roughness was the best among the six condi-
tions in this experiment, and the variation was small.

Figure 15 shows the average Ra and its variation for the
12 points measured for the surface roughness under each
condition, with argument R set to either the minimum
(0.5) or the maximum (1.0). Fig. 15(a) shows the results
for integer values of E. As argument E increases, the av-
erage Ra tends to decrease, that is, the surface roughness
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R
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RR
R R

R

Fig. 16. Transition of workpiece surface roughness due to
differences in R.

improves. In this section, it was mentioned that the sur-
face roughness increases when E = 3.0. This is because
the edge interval becomes extremely large for the E = 3.0
condition when different conditions are compared at the
phase angle at which Ra reaches its maximum value. This
is because the feed rate per spindle rotation is affected by
the difference in vibration behavior. The feed rate listed
in Table 1 decreases as argument E increases. Therefore,
it is considered that the average value of Ra is smaller un-
der conditions where the cutting edge interval is shorter
and argument E is larger. The variation of argument R is
smaller when R = 0.5 for all conditions. The reason for
this is discussed in this section.

Figure 15(b) shows the results for non-integer E. As in
Fig.15(a), the value of Ra tends to decrease as argument E
increases and has a smaller variation when argument R
is small. When argument E is a non-integer, the overall
surface roughness variation is smaller than when E is an
integer.

Figure 16 shows the results of the workpiece sur-
face roughness measurements for each argument R when
E = 2.0. As shown, the Ra values for each phase angle
are plotted to examine the transition in the surface rough-
ness. There were no significant differences in the maxi-
mum and minimum values of Ra for any condition. How-
ever, for R values of 0.5 to 0.7, the value of Ra was smaller
at the phase angle of 0°; in contrast, for R values of 0.8 to
1.0, there was one more phase angle, in addition to the
phase angle of 0°, where the value of Ra is smaller. This
may be due to the difference in vibration behavior caused
by changing argument R. From Figs. 2(a) and (c), it can
be confirmed that the idle region indicated by the shaded
area is larger under conditions with large R values. As
mentioned earlier, this idle region suppresses the increase
in the surface roughness. It is considered that the surface
roughness value is suppressed at the phase angle where
the idle region is located because it is affected to a greater
extent under the condition of a large R value.

These results indicate that the difference in argument E
has a significant effect on the surface roughness of the
workpiece, and that the difference in argument R affects

the variation in surface roughness at the phase angle of
the workpiece, although the effect is not as large as that
of argument E. Argument E should be set to avoid inte-
ger multiples; setting it as large as possible is expected
to suppress the increase in surface roughness. For ar-
gument R, using the smallest possible value can be ex-
pected to suppress the variation in surface roughness at
each phase angle characteristic of low-frequency vibra-
tion cutting. However, it should be noted that the smaller
the R value, the more difficult it is to break up chips.

4.3. Mechanism of Cross-Sectional Curve
Formation in Low-Frequency Vibration
Cutting

4.3.1. Cross-Sectional Curve Measurement Results
Figure 17 shows the cross-sectional curves at the phase

angles with the maximum and minimum Ra values for
workpieces machined under integer values of E. Fig. 18
shows an example of the 3D profile under each vibration
condition measured using a scanning white light interfer-
ometer (Zygo: NewView 7300). The lengths of the peaks
and valleys are equal to the value of argument E multi-
plied by the set feed rate f = 0.045 mm/rev. This im-
plies that the same machining phenomenon is repeated
for each oscillation of the vibration behavior, which is
a cutting characteristic of low-frequency vibration cut-
ting. However, the phase angles of the maximum and
minimum surface roughness for conditions of E = 2.0,
3.0, and 4.0 show significantly different cross-sectional
curves. The cross-sectional curve for the phase angle with
minimum Ra at E = 2.0 and 3.0 has twice the number
of edge traces and half the pitch, because another edge
trace is seen in the center of each peak, collapsing the
peak. The oscillation amplitude of the cross-sectional
curve is reduced because the edge traces are seen on the
highest peaks of the phase angle with the maximum Ra
even when E = 4.0. The number of times that the cutting
edge is transferred to the cross-section of the workpiece
machined using low-frequency vibration cutting increases
for different phase angles, and the phase angle at which
Ra is minimized further evens out the interval, which is
thought to cause this change in the cross-sectional curve.

Figure 19 shows the cross-sectional curves of each
workpiece under non-integer E conditions, it can be seen
from the cross-sectional curves that the length curve is
twice as long as the value obtained by multiplying argu-
ment E by the feed rate under all conditions. This im-
plies that under the non-integer argument E, the machin-
ing phenomenon at the same phase angle is repeated every
two vibrations because the vibration behavior is displaced
by 180° in each vibration. Comparing the cross-sectional
curves of the phase angles with the maximum and mini-
mum Ra values for each condition, it can be seen that the
pitch of the cutting edge trace is similar for each condi-
tion; however, there is a difference in the cutting edge cut
depth. This difference is especially noticeable for E = 2.5
and 3.5. When E = 4.5, both Figs. 19(e) and (f) show
similar cross-sectional curves in terms of the edge inter-
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(a) Ra maximum phase angle (E = 2.0, R = 1.0, 60°) (b) Ra minimum phase angle (E = 2.0, R = 1.0, 0°)

(c) Ra maximum phase angle (E = 3.0, R = 1.0, 180°) (d) Ra minimum phase angle (E = 3.0, R = 1.0, 60°)

(e) Ra maximum phase angle (E = 4.0, R = 1.0, 180°) (f) Ra minimum phase angle (E = 4.0, R = 1.0, 30°)

Fig. 17. Comparison of cross-sectional curves with integer multiples of E .

val and oscillation amplitude, indicating that the variation
in surface roughness is small.

4.3.2. Relationship Between Workpiece Feed Rate and
Depth of Cut

As shown in Figs. 17(e) and 19(a), (b), and (d) in
the previous section, the depth of cut fluctuated for
workpieces machined under specific conditions of low-
frequency vibration cutting. The cause of this phe-
nomenon was examined by focusing on changes in the
feed rate in the vibration behavior of low-frequency vi-
bration cutting. As indicated by the curved path of the
cutting edge in the vibration behavior diagram in Fig. 1,
the feed rate constantly changes during machining during
low-frequency vibration cutting. In particular, the feed
rate is instantaneously zero at the phase angle at which
the spindle feed switches from a forward trajectory to a
backward trajectory, and the feed rate is considered to be
small at the phase angles around this point. The following

experiments were conducted to clarify the effect of such
changes in feed rate on the depth of cut of the workpiece.

Figure 20 shows a schematic of the experiment, in
which the feed rate was changed during the conventional
cutting of one workpiece. The conditions for increasing
the feed rate stepwise during machining are expressed in
1©. The workpiece is cut at a feed rate of f = 0.03 mm/rev

from the start of machining to an arbitrary point, and then
the feed rate is changed to f = 0.06 mm/rev from that
point. After cutting a certain distance from that point, the
feed rate is further increased, and cutting is performed at
a feed rate of f = 0.09 mm/rev until the end of machin-
ing. When the feed speed changes, there is a pause of
0.5 seconds (at a feed rate of 0 mm/rev) before switching
to the next speed because of the characteristics of the ma-
chining program. In contrast to condition 1©, condition 2©
shows a stepwise decrease in the feed rate. Under condi-
tion 3©, the feed rate is constant; however, the effect of
this condition was investigated by creating a pause period
during machining. Machining was performed using these
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(a) E = 2.0, R = 1.0, 60°

(b) E = 2.0, R = 1.0, 0°

(c) E = 4.0, R = 1.0, 180°

(d) E = 4.0, R = 1.0, 30°

Fig. 18. Measurement example of 3D cross-sectional curves
with integer multiples of E .

three conditions, and the effect of feed rate variation was
examined by examining the cross-sectional curves of the
workpieces.

Figure 21 shows the results of the feed rate change
tests. Figs. 21(a) and (b) show the results of cross-
sectional curve measurements over the distance of 1.0 mm
including the speed change point on a workpiece ma-
chined using condition 1©, in which the feed rate is in-
creased in steps. In Fig. 21(a), it can be seen that the
cutting depth is 1.0 to 2.0 µm deeper after the feed rate
change than before the change. In Fig. 21(b), the cut-
ting depth is further increased by about 2.0 µm. In ad-
dition, the cutting depth temporarily became shallower at
the feed stop point for the change of the feed rate. The
same is true for the results for condition 2© as indicated
by Figs. 21(c) and (d). The results show that the depth
of the cut becomes deeper when the feed rate is large,
and the depth of the cut becomes shallower when the feed
rate changes to a small value. In the cross-sectional curve
shown in Fig. 21(e), it can be confirmed that the cutting
depth temporarily became shallower at around 0.4 mm.
This is considered to be the point where the feed was sta-
tionary, and the depth of cut became shallower because
the feed rate was 0.

The above results indicate that the depth of cut of

the cross-sectional curve of the workpiece is affected by
changes in the feed rate, and that the greater the feed rate,
the deeper the cut. In other words, the change in the cut-
ting depth under certain conditions in low-frequency vi-
bration cutting is thought to be influenced by the differ-
ence in the feed rate during cutting [19]. The cause of the
increase in the cutting depth due to the feed rate changes
is thought to be the combined effects of the shape and ma-
terial of the chips and the rigidity of the machine, which
causes the tool to be caught in the workpiece [20]. In
mode 2, the acceleration/deceleration gradient when the
tool tip vibrates is steeper than that in general-purpose
cutting and mode 1; therefore, the instantaneous feed rate
becomes faster than the set feed rate. Therefore, the work
material is considered to undergo thermal expansion ow-
ing to the influence of the cutting temperature generated
by the high feed rate on soft materials, such as free-cutting
brass. The linear expansion coefficient (thermal expan-
sion coefficient) of the free-cutting brass (JIS C3602) used
in this verification experiment was 20.5× 10−6 1/K [21].
Because the linear expansion coefficient of general struc-
tural carbon steel is 11.8×10−6 1/K [21], it is likely to be
affected by thermal expansion due to the cutting temper-
ature. Considering the physical properties of JIS C3604
and the shape of the work material, the outer diameter
expands by about 3.0 µm with a temperature change of
about 25°C. Similar verifications have not been performed
for other work materials; however, for mode 2, there is a
possibility that the depth of the cut will change in the same
way for structural carbon steel. In addition, when the rake
angle of the tool is large, it is considered that the depth of
cut also changes because the tool is pulled in during cut-
ting. Therefore, it is speculated that the phenomenon in
which the depth of cut changes can generally occur.

4.3.3. Visualization of Cross-Sectional Curve Forma-
tion Mechanism

Considering the effects described in Section 4.3.2, the
mechanism of the cross-sectional curves formed from the
low-frequency vibration behavior is discussed. In Fig. 22,
the cross-sectional curve for E = 4.0 and R = 1.0 shown
by the vibration behavior is described. In this vibration
behavior, the spindle rotates forward three times and then
rotates backward once. The mechanism of the cross-
sectional curve formation was investigated for a phase an-
gle of 180° in the vibration behavior diagram, which is
considered to increase the surface roughness the most.

Figure 23 shows the cross-sectional curve formation
process. First, the first rotation in the vibration behavior,
as indicated by the red plot at the bottom of Fig. 22, is
shown in Fig. 23(a). At this point, the tool tip trace, indi-
cated by the blue object, is transferred to the workpiece.
The machining conditions up to the third rotation of the
vibration behavior are shown in Fig. 23(b). After the tool
tip of the first rotation passes, the tip trace of the second
rotation is transferred at a phase angle of 180°, where the
workpiece is fed by 0.08 mm, as shown in Fig. 22. As
the third rotation is also in the spindle advance trajectory,
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(a) Ra maximum phase angle (E = 2.5, R = 1.0, 60°) (b) Ra minimum phase angle (E = 2.5, R = 1.0, 0°)

(c) Ra maximum phase angle (E = 3.5, R = 1.0, 90°) (d) Ra minimum phase angle (E = 3.5, R = 1.0, 180°)

(e) Ra maximum phase angle (E = 4.5, R = 1.0, 120°) (f) Ra minimum phase angle (E = 4.5, R = 1.0, 30°)

Fig. 19. Comparison of cross-sectional curves with non-integer multiples of E .

Feed rate f (mm/rev) 
condition 0.03 0.06 0.09
condition 0.09 0.06 0.03
condition 0.03 0.03 0.03

0.5s 0.5s

Fig. 20. Feed rate change test (Conventional cutting).

the cutting edge of the third rotation passes through af-
ter the work is fed by 0.08 mm in the same manner. The
gradual deepening of the cutting depth in Fig. 23(b) con-
siders the phenomenon of the tool being caught toward the
workpiece, as described in Section 4.3.2. Next, Fig. 23(c)
shows the state of the workpiece after one vibration. After
the spindle moves forward with three rotations, the cutting
edge passes in the spindle retraction with the fourth rota-

tion. The cutting edge is indicated as a pink object. The
tool is caught as the spindle advances; however, when the
spindle retracts, the tool and workpiece are free from in-
terference, and the tool-catching force is released imme-
diately. Then, the cutting depth of the cutting edge trace
during spindle retraction rapidly becomes shallower. The
cross-sectional curve formed by the repetition of this vi-
bration behavior is shown in Fig. 23(d). The solid red line
indicates the transfer mark of the cutting edge, which is
formed as a cross-sectional curve. The values correspond-
ing to the cutting edge interval in the vibration behavior
diagram are shown in the figure. A comparison of the
cutting edge interval with the interval between the peaks
and valleys of the cross-sectional curve obtained from ac-
tual measurements confirms that the two values are almost
identical. Similar results were obtained for different cut
depths. The cross-sectional curve formed from the vibra-
tion behavior diagram could be predicted by considering
the effect of the vibration behavior on the surface proper-
ties of the workpiece.
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(a) Feed rate f = 0.03 mm/rev → f = 0.06 mm/rev (condition 1©)

(b) Feed rate f = 0.06 mm/rev → f = 0.09 mm/rev (condition 1©)

(c) Feed rate f = 0.09 mm/rev → f = 0.06 mm/rev (condition 2©)

(d) Feed rate f = 0.06 mm/rev → f = 0.03 mm/rev (condition 2©)

(e) Feed rate f = 0.03 mm/rev → f = 0.03 mm/rev (condition 3©)

Fig. 21. Feed rate change test cross-sectional curve mea-
surement results.
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Fig. 22. Estimation of cutting edge spacing from vibration
behavior diagram (E = 4.0, R = 1.0).

(a) At the start of cutting

(b) At the end of the tool advancement

(c) At the end of one vibration

(d) After cutting

Fig. 23. Cross-sectional curve formation mechanism (E =
4.0, R = 1.0).
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5. Conclusions

The objective of this study was to clarify the effect of
vibration behavior on workpiece surface properties dur-
ing low-frequency vibration cutting. First, the effects of
the parameters that determine the vibration behavior on
surface roughness were quantitatively evaluated and com-
pared with the results of other cutting conditions. Then,
we examined how the surface properties of the workpiece,
such as surface roughness, roundness, and cross-sectional
curves, were affected by different vibration behaviors,
and, taking these results into account, we searched for op-
timal conditions for low-frequency vibration cutting. The
main results of this study are as follows.

(1) It is preferable to set argument E, which determines
low-frequency vibration behavior, to a non-integer
value. Large values of E can suppress the increase
in surface roughness or the variation in the phase an-
gle. In the present study, the condition of E = 4.5
gives the best result for the surface roughness.

(2) Compared to argument E, argument R does not af-
fect the surface roughness. R = 0.5, which is the
minimum value that can be set, is expected to sup-
press the variation in surface roughness that arises
depending on the phase-angle characteristics of low-
frequency vibration cutting.

(3) In some workpieces machined under low-frequency
vibration conditions, such as (E = 2.5, R = 1.0)
or (E = 3.5, R = 1.0), the tool could be caught in
the workpieces owing to the effect of the feed rate
change during machining. This phenomenon could
change the cutting depth of the workpiece and form
a characteristic surface pattern on the workpiece sur-
face.
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