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Abstract

Modulation-assisted machining (MAM) employs low-frequency feed-direction tool vibration to enhance conventionally continuous cutting pro-
cesses such as turning, drilling, and boring operations. The development of a suitable tool vibration system is critical for the success of MAM. In
this paper, a tool vibration system realized by using piezo stack actuation and linear guide coupling was designed and constructed. The perfor-
mance of the system was evaluated by conducting orthogonal tube face turning tests on AISI 1045 steel using a range of cutting and modulation
conditions. Cutting forces and tool vibration displacement were measured and analyzed. A mechanistic force model based on the variable uncut
chip thickness was used to predict the variable primary cutting and feed forces in MAM which showed good agreement with the measured forces.
Furthermore, It was found that the vibration amplitude with cutting was reduced when compared to the vibration amplitude without cutting. The
reduction in vibration amplitude was predictable as it depends on the feed force and the stiffness of the system. The results indicate good control
ability of the tool vibration system across a wide range of cutting and modulation conditions.
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1. Introduction

Modulation-assisted machining (MAM) is a novel machin-
ing process in which a controlled low-frequency (typically less
than 300 Hz) tool vibration is applied in the tool feed direc-
tion to enable periodic tool-chip and tool-work disengagements
during the cutting process. MAM can transform a conventional
continuous cutting process, such as turning, boring, or drilling,
into a discrete cutting process. There are many benefits re-
sulting from MAM. Firstly, chip breaking is guaranteed which
leads to better chip management. This is particularly useful
for improving chip ejection in deep hole drilling applications
[1][2]. Secondly, the cutting tool can be better cooled and lubri-
cated due to the periodic tool-chip disengagements [3]. This is
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particularly useful for reducing the tool wear and increasing the
tool life for machining difficult-to-cut materials. For instance, it
has been shown that MAM increases the tool life of cubic boron
nitride (CBN) tools at least 20 times when turning compacted
graphite iron (CGI) at a high speed of 730 m/min compared to
conventional machining (CM) [4]. Thirdly, the controlled low-
frequency tool vibration can suppress the high-frequency self-
excited chatter vibration leading to the improved dynamic sta-
bility of the cutting process [5][6]. Therefore, a higher material
removal rate can be achieved by MAM.

The development of a suitable tool vibration system is crit-
ical for the application of MAM. For MAM drilling, a range
of methods has been used to realize the feed-direction vibra-
tion of the drill tool. These methods include linear motor drives
[7][8], electromagnetic shakers [9], self-excited vibrating struc-
ture [10], bearings with wavy race surfaces [11], and piezoelec-
tric actuators [12].

For MAM turning, two general methods have been utilized.
The first method is to directly control the CNC machine slide
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Nomenclature

A modulation amplitude (mm)
h0 feed per revolution (mm/rev)
ϕ phase shift of tool path between successive spindle

revolutions (radians)
fm modulation frequency (Hz)
fw workpiece rotation frequency (Hz)
vc cutting speed (m/min)
h uncut chip thickness (mm)
b width of cut (mm)
App peak-to-peak modulation amplitude (mm)
Vpp peak-to-peak applied voltage amplitude (V)
Fc primary cutting force (N)
F f feed force (N)

to realize the modulation of the feed motion. The benefit is that
there is no need to attach additional tool vibration equipment to
the machine. For a common CNCmachine, this can be achieved
by special CNC programming. This has been termed as mod-
ulated tool path (MTP) technology [13]. However, due to the
large vibrating mass (machine slide) involved, the modulation
frequency which can be achieved is typically low (< 20 Hz).
Citizen Machinery in Japan has produced a special CNC Swiss
machine that can perform both turning and drilling with feed
motion modulation by controlling the X-axis and Z-axis mo-
tions. It has been termed alternatively as low-frequency vibra-
tion (LFV) machining [14]. The modulation in Z-axis is real-
ized by the work holding spindle while the X-axis modulation
is realized by the linear drive of the slide. It has been claimed
that the maximum modulation frequency that can be realized is
∼100 Hz. The Swiss machine is only used for machining small-
diameter parts (e.g., bone screws, etc.). This is why the Z-axis
modulation can be realized by vibrating the workpiece. How-
ever, this method imposes limitations on the size of the work-
piece.

The second method is to utilize piezo stack actuation to
realize feed-direction tool vibration. This method requires in-
stalling additional equipment onto a CNC machine, but with
proper design, the vibrating mass can be minimized. This al-
lows more precise control of the vibration condition (frequency
and amplitude), and a wider range of vibration conditions can
be achieved. The main design challenge is how to couple the
piezo stack actuator with the tool holding structure such that
the feed direction tool vibration can be actuated by the piezo
stack while tool motion in the cutting and radial directions can
be constrained. One way is to utilize a flexural hinge struc-
ture [15][16]. This design is limited by the flexure hinges be-
cause the modulation frequency can be affected if the flexure
hinges deform too much. Therefore, the allowable modulation
frequency and feed rate are restricted due to hinge design. The
other way is to utilize a linear guide coupled with the piezo
stack actuator [17]. This is essentially to create an additional
small slide on the machine which will be driven only by the
piezo stack actuator. Since various types of linear guides are

Fig. 1: Schematic of orthogonal tube turning under a) CM, b)
in-phase MAM, c) out-of-phase MAM with insufficient ampli-
tude, and d) out-of-phase MAM with sufficient amplitude.

commercially available, the design and construction of a piezo
stack actuated tool vibration system can be simplified.

Previous studies have been mainly focused on the kinemat-
ics [18], mechanics [13][15], and dynamics of the MAM pro-
cess [5]. Additionally, investigations have explored the impact
of MAM on tool life [17] and surface finish [16]. In these stud-
ies, either the cutting conditions (speed, feed, and depth of cut)
or the modulation conditions (frequency and amplitude) that
can be tested are often restricted by the employed modulation
equipment and system. However, there have not been many re-
ported studies on evaluating the performance and limitations of
the modulation equipment. Such a study is important as the per-
formance of the modulation system is critical to the success of
MAM process. In this study, a simple modulation system real-
ized by coupling a piezo stack actuator and a linear guide is ex-
perimentally evaluated by conducting orthogonal tube turning
tests on AISI 1045 steel. The results show good control ability
of the modulation system across a wide range of cutting and
modulation conditions.

2. Kinematics of Modulation-Assisted Machining

To achieve effective MAM, the modulation frequency and
amplitude need to be properly controlled for the given cutting
conditions. This can be guided by the kinematic model of MAM
which is briefly reviewed here. Figure 1 illustrates the cutting
kinematics of MAM using the orthogonal tube turning configu-
ration. For conventional machining (CM) (Fig. 1a), the constant
feed rate generates a parallel helical tool path on the rotating
tube-shaped workpiece. The tool path does not intercept be-
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tween successive workpiece revolutions, so the tool is always
engaged with the workpiece producing continuous chips with
constant uncut chip thickness. The constant tool feed rate can be
modulated by superimposing a tool vibration in the feed direc-
tion to generate a wavy tool path with respect to the workpiece.
If the wavy tool path between successive workpiece revolutions
is in phase (Fig. 1b), the tool will still be always engaged with
the workpiece producing a continuous chip with constant uncut
chip thickness. However, when the wavy tool path between suc-
cessive workpiece revolutions is out of phase (Fig. 1c,1d), the
uncut chip thickness will vary periodically during cutting. If the
modulation amplitude is sufficiently high (Fig. 1d), the wavy
tool path between successive revolutions will intercept, leading
to the tool being periodically disengaged from the workpiece.
In this case, the continuous cutting transforms into discrete cut-
ting which is the desired MAM process.

The modulation amplitude required for realizing discrete
cutting or effective MAM depends on the tool feed per revolu-
tion (h0) and the phase shift (ϕ) of the wavy tool path between
successive revolutions as: [18]

A
h0
≥

1
2sin(ϕ/2)

(1)

The phase shift ϕ is determined by the modulation frequency
to rotation frequency ratio, or simply referred to as the fre-
quency ratio ( fm/ fw), as: [18]

ϕ = 2π
(
fm
fw
− INT

[
fm
fw

])
, 0 ≤ ϕ ≤ 2π (2)

where INT[] denotes the integer part of the modulation ratio.
Therefore, ϕ is merely determined by the fractional part of the
frequency ratio.

Based on Eqs. 1 and 2, the threshold amplitude to the feed
per revolution ratio (A/h0) for achieving discrete cutting can be
depicted as a single U-shaped curve as a function of ϕ (Fig. 2a)
or depicted as a series of U-shaped curves as a function of the
frequency ratio fm/ fw (Fig. 2b). Clearly, the threshold ampli-
tude is the lowest when ϕ = π or fm/ fw is at a half value between
the integers, i.e., 0.5, 1.5, 2.5, etc. These points correspond to
the bottom location of each U-curve where the threshold ampli-
tude is only half of the feed per revolution (A = 0.5h0). Other
phase shifts or frequency ratios will result in higher threshold
amplitude. When the frequency ratio is at integer values corre-
sponding to ϕ = 0 or 2π (see Fig. 1b), the threshold amplitude
is approaching infinity. In other words, it is theoretically im-
possible to achieve discrete cutting at these frequency ratios.
From the control point of view, varying the integer part of the
frequency ratio is to change from one U-curve to another U-
curve, and varying the fractional part of the frequency ratio is
to change the phase shift within the same U-curve. A good mod-

(a)

(b)

Fig. 2: The discrete cutting regimes demarcated by U-shaped
curve of the threshold amplitude ratio as a function of (a) phase
shift and (b) frequency ratio.

ulation system should offer a wide range of modulation condi-
tions covering a sufficient number of U-curves with the ability
to accurately control the modulation frequency and amplitude.

3. Modulated Orthogonal Cutting Setup

A simple modulation system realized by piezo stack actu-
ation and linear guide coupling was designed and constructed
(Fig. 3). The modulation system includes (1) a stationary frame,
(2) a moving stage, (3) a linear guide/rail system, and (4) a
piezo stack actuator. The casing of the piezo actuator was fixed
with the vertical section of the stationary frame. The actuator
head was rigidly connected to the back of the moving stage us-
ing a screw connection. The bottom of the moving stage was
connected with the horizontal section of the stationary frame
through the linear guide/rail system. The tool holder was fixed
on the moving stage using a screw connection. Under the actua-
tion of the piezo stack, the tool holder, moving stage, and linear
guide will vibrate as a single rigid mass. The vibrating mass of
the current system was measured to be 0.85 kg. The piezo ac-
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Fig. 3: Modulated orthogonal cutting setup.

tuator has a nominal stroke of 100 µm which requires a driving
voltage of up to 150 V. The maximum force generation from
the actuator is 3500 N. The frequency and amplitude of the tool
vibration were controlled by controlling the sinusoidal voltage
input to the piezo actuator. A waveform generator (BK4007B)
and a power amplifier (MMech PX200) were used to produce
the sinusoidal voltage at the desired frequency and amplitude.

To measure the forces imposed on the modulation device, the
stationary frame was mounted on a 3-component dynamometer
(Kistler 9257B). To measure the vibration displacement of the
tool holder and the moving stage, a capacitance displacement
sensor probe was installed through a hole in the vertical section
of the stationary frame and was facing the back wall of the mov-
ing stage. The force and displacement signals were recorded
using a data acquisition system (National Instrument 6361) at
5000 samples per second and processed with a low-pass filter
with a cut-off frequency of 500 Hz.

The modulation device assembly was installed on the car-
riage of a Haas TL-1 toolroom lathe to conduct orthogonal tube
turning experiments (Fig. 3). The workpiece material was AISI
1045 steel. The wall thickness and the outer diameter of the
tube were 1.5 mm and 50-52 mm, respectively. Uniformity of
the wall thickness and concentricity with the spindle axis was
ensured by a finishing boring of 15 mm length of the tube prior
to the experiment. The cutting tool used was a TPG433 TiN
coated carbide insert. After installing on the tool holder, the
rake and relief angles of the tool were 0° and 11°, respectively.

4. Calibration of Modulation System

Before conducting the turning experiments, the modulation
system was calibrated by two simple tests. In the first test, the
device assembly was quasi-statically loaded in the axial (feed)
direction while the tool vibration was turned off. This was done
by slowly moving the lathe carriage to engage the cutting tool
with the workpiece which was held stationary (not rotating).
Figure 4 shows the measured force versus the deflection mea-

Fig. 4: Force versus deflection during quasi-static loading of
the device assembly in the feed direction.

sured at the back of the moving stage during the tool-workpiece
engagement. It can be seen that the generated deflection is lin-
early proportionate to the applied force in the axial direction.
The axial stiffness of the device assembly is reflected by the
slope of the linear curve fitting, which is 20.25 N/µm.

In the second test, the tool vibration was turned on by vari-
ous sinusoidal voltage inputs while the device assembly was not
loaded. The actuated vibration displacement was measured by
the displacement sensor. The tool vibration was correlated with
the sinusoidal voltage signals. Figure 5 shows the applied volt-
age signals and the resulting tool vibrations at two frequencies.
It can be observed that the vibration followed the voltage signal
closely in the sinusoidal form. There is no phase shift between
the voltage signal and the generated tool vibration. Therefore,
the vibration frequency was the same as the frequency of the
applied voltage signal.

Furthermore, the amplitude of the generated vibration was
linearly dependent on the amplitude of the voltage signal. Fig-
ure 6 shows the peak-to-peak vibration amplitude (App) plot-
ted against the applied peak-to-peak voltage amplitude (Vpp) at
three different frequencies. The linear relationship between the
vibration amplitude and the voltage amplitude was basically the
same for different frequencies. This indicates that the vibration
amplitude is independent of the frequency. This becomes more
evident in Fig. 7, where the peak-to-peak vibration amplitude
at the maximum voltage (Vpp = 150 V) is plotted for differ-
ent frequencies ranging from 10 to 120 Hz. It can be seen that
the vibration amplitude (App) remained essentially the same at
about 95 µm in the frequency range tested. These results indi-
cate that the frequency and amplitude of the tool vibration can
be controlled independently by controlling the frequency and
amplitude of the voltage signal, respectively.

5. Orthogonal Cutting Experiments

The modulation system was used to conduct orthogonal tube
turning on AISI 1045 steel at various cutting and modulation
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(a) fm = 30 Hz

(b) fm = 90 Hz

Fig. 5: The corresponding sinusoidal voltage inputs and gener-
ated tool vibration displacements at two frequencies.

Fig. 6: The vibration amplitude (App) calibrated at different
voltage amplitudes (Vpp) and frequencies.

conditions. For all modulation conditions, the driving voltage
was always controlled at a peak-to-peak amplitude of 150 V
which utilized the full stroke of the piezo stack to actuate the
tool vibration.

5.1. Tests by varying frequency ratio

In the first set of tests, the frequency ratio and phase shift
were varied while the cutting speed and feed rate were fixed
at vc = 60 m/min and h0 = 0.06 mm/rev, respectively. Figure 8
shows the measured forces (Fc in the cutting direction and F f

Fig. 7: The vibration amplitude (App) calibrated at different fre-
quencies for Vpp = 150 V.

in the feed direction) and the vibration displacement (u) dur-
ing one spindle revolution for three frequency ratios. The three
frequency ratios had the same integer part but differed in their
fractional part, so they belonged to the same U-curve but re-
sulted in three different phase shifts. It can be seen in all cases,
the forces varied in a steady manner following closely the vibra-
tion cycle. The forces periodically reached zero indicating the
disengagement of the tool from the workpiece. The duration of
the tool-work disengagement within a vibration cycle increases
as ϕ changes from π/2 to 2π/3, and further to π. This is because
the actual applied amplitude ratios (A/h0) for the three ϕ were
0.72, 0.68, and 0.72, respectively (with Ameasured from vibra-
tion displacement), while the threshold amplitude ratios were
0.71, 0.57, and 0.5, respectively (per Eq. 1). At ϕ = π/2, the
applied amplitude exceeded the threshold by a small amount,
while at ϕ = π, the applied amplitude exceeded the threshold
by a large margin, resulting in a longer tool-work disengage-
ment duration. It can also be observed that the force cycles had
sharp peaks at ϕ = π/2 and 2π/3, while the force cycles had
flat peaks at ϕ = π. The peak force was noticeably higher at
ϕ = 2π/3 compared to ϕ = π/2 and π. For comparison, the
measured Fc and F f in CM were nearly constant at 194 N and
93 N, respectively, for the same cutting speed and feed rate.

Figure 9 shows the uncut chip thickness variation during one
vibration cycle for the three ϕ, which was calculated from the
tool path based on the corresponding cutting and modulation
conditions. It can be noted that the variation in forces (Fig. 8)
closely resembles the variation in the uncut chip thickness (Fig.
9). This means that the force variation in modulated cutting is
mainly caused by the variation in uncut chip thickness during
the process.

The cutting forces can be related to the uncut chip thickness
by a simple mechanistic force model as [19]:

Fc = Kcsbh + Kceb
F f = K f sbh + K f eb

(3)
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(a) ϕ = π/2, fm/ fw = 4.25, fm=25.5 Hz (b) ϕ = 2π/3, fm/ fw = 4.33, fm =26 Hz (c) ϕ = π, fm/ fw = 4.5, fm = 27 Hz

Fig. 8: Forces and vibration displacements for different phase shifts at vc = 60 m/min and h0 = 0.06 mm/rev.

(a) ϕ = π/2 (b) ϕ = 2π/3 (c) ϕ = π

Fig. 9: The variation of uncut chip thickness during one vi-
bration cycle determined analytically for the three conditions
corresponding to Fig. 8.

Table 1: Experimentally determined cutting force coefficients.

Force coefficients Values

Kcs 2043.2 [N/mm2]
Kce 15.6 [N/mm]
K f s 1149.8 [N/mm2]
K f e 2.6 [N/mm]

where h is the uncut chip thickness and b is the width of the
cut. Kcs and K f s are the force coefficients related to shearing for
the primary cutting force and feed force, respectively. Kce and
K f e are the force coefficients related to the plowing at the tool
edge. These force coefficients can be determined by conducting
conventional orthogonal cutting at various feed rates. Table 1
lists the experimentally determined force coefficients for cutting
AISI 1045 steel at the speed of vc = 60 m/min.

Using the mechanistic force model described by Eq. 3 and
the uncut chip thickness variations shown in Fig. 9, the forces
during modulated cutting were calculated and shown by the
dashed profiles in Fig. 8. The calculated forces were in good
agreement with the measured forces at all three phase shifts.

Figure 10 shows the forces and vibration displacement dur-
ing one spindle revolution for three frequency ratios where only
the integer part of the frequency ratio was varied. The three fre-
quency ratios belong to three different U-curves but result in
the same phase shift (ϕ = π). It can be observed that the vi-
bration remained well in the sinusoidal form as the frequency
increased up to 56.8 Hz. Furthermore, the force variation during
each vibration cycle and the peak force was generally the same
for the three frequency ratios. This is because the same phase
shift leads to the same variation of uncut chip thickness dur-
ing each vibration cycle. The increase in the integer part of the
frequency ratio just leads to the same force variation cycle oc-
curring faster; there are effectively more vibration cycles during
one spindle revolution. The forces calculated based on Eq. 3 and
the uncut chip thickness variation again agree reasonably well
with the measured forces for all three frequency ratios. These
results also demonstrate the good control ability and robustness
of the modulation system in conducting modulated cutting.

5.2. Tests by varying feed rate and speed

In the second set of tests, the cutting parameters (feed rate
and speed) were varied while the frequency ratio was fixed at
4.5 and the peak-to-peak voltage amplitude was fixed at 150 V.
Figure 11 shows the measured forces for three feed rates (h0 =
0.04, 0.06, and 0.08 mm/rev) at the cutting speed of vc = 90
m/min. Based on the same applied frequency ratio, the thresh-
old peak-to-peak vibration amplitude (App) is 0.04, 0.06, and
0.08 mm for the three feed rates. The actually applied App was
slightly larger than 0.08 mm, so discrete cutting was realized for
all three feed rates. This is evident by the fact that the measured
forces periodically reached zero. However, as the feed rate in-
creases, the margin by which the applied vibration amplitude
exceeded the threshold amplitude decreases, which leads to a
decrease in the duration of tool disengagement. It is observed
the peak force during each vibration cycle increases with the
feed rate. This is because the maximum uncut chip thickness
increases with the feed rate.

Figure 12 shows the measured forces for three cutting speeds
(vc = 60, 90, 120 m/min) at the same feed rate (h0 = 0.06
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(a) fm/ fw = 1.5, fm = 9 Hz (b) fm/ fw = 4.5, fm = 27 Hz (c) fm/ fw = 9.5, fm = 56.8 Hz

Fig. 10: Forces and vibration displacements for different frequency ratios with same phase shift at vc = 60 m/min, h0 = 0.06 mm/rev.

(a) h0 = 0.04 mm/rev (b) h0 = 0.06 mm/rev (c) h0 = 0.08 mm/rev

Fig. 11: Measured forces for different feed rates at fm/ fw = 4.5 and vc = 90 m/min.

(a) vc = 60 m/min, fm = 27 Hz (b) vc = 90 m/min, fm = 40.5 Hz (c) vc = 120 m/min, fm = 55.8 Hz

Fig. 12: Measured forces for different cutting speeds at fm/ fw = 4.5 and h0 = 0.06 mm/rev.

mm/rev). To maintain the same frequency ratio for the three
speeds, the vibration frequency has to be increased propor-
tionally with the workpiece rotational frequency. Force varia-
tion during modulated cutting remains unchanged with cutting
speed because frequency ratio and feed rate were constant, re-
sulting in the same uncut chip thickness variation in each vibra-
tion cycle. Forces continue to be primarily influenced by uncut
chip thickness.

It can also be observed that chatter vibration occurred dur-
ing conventional cutting at the speed of vc = 120 m/min, but it
did not occur during modulated cutting at the same speed. This
indicates that modulated cutting has the capability to suppress
chatter and increase the dynamic stability of the cutting process.
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Table 2: Comparison of calculated and measured vibration amplitudes for all modulated cutting tests.

vc (m/min) fm/ fw ϕ h0 (mm/rev) fm (Hz) Measured amplitude Calculated amplitude % Error
App (µm) App (µm)

60 1.5 π 0.06 9 86.64 85.58 1.22
60 4.25 π/2 0.06 25.5 86.98 85.57 1.62
60 4.33 2π/3 0.06 26 83.44 83.61 0.2
60 4.5 π 0.06 27 86.18 85.73 0.52
60 9.5 π 0.06 56.8 85.12 85.60 0.57
90 4.5 π 0.04 40.5 86.41 86.39 0.02
90 4.5 π 0.06 40.5 83.99 84.60 0.73
90 4.5 π 0.08 40.5 82.77 82.63 0.17
120 4.5 π 0.06 55.8 83.4 84.99 1.91

5.3. Amplitude reduction

In all modulated cutting tests, it was found that the vibration
amplitude during cutting was always smaller than the calibrated
amplitude when the device assembly was not loaded. The cal-
ibrated App at Vpp = 150 V was about 95 µm (Fig. 7). Table 2
lists all modulated cutting tests and the measured App. The mea-
sured App values range from 82−87 µm which are all below the
calibrated value of 95 µm. The reduction in vibration amplitude
is caused by the finite stiffness of the device assembly in the ac-
tuation (or feed) direction. Under the variable feed force during
modulated cutting, the device assembly also undergoes variable
elastic deformation in the actuation direction. This leads to the
reduction of vibration amplitude. Therefore, the amplitude re-
duction ∆App can be calculated as:

∆App = Fmax/k (4)

where Fmax is the feed force corresponding to the peak dis-
placement in a vibration cycle and k is the stiffness of the device
assembly which was determined to be 20.25 N/µm (see Fig. 4).
Using Eq. 4 and the calibrated amplitude under the no-load con-
dition, the reduced vibration amplitude during modulated cut-
ting can be calculated. The calculated values of App are also
listed in Table 2. It can be seen that the calculated values are in
good agreement with the measured values as the error is within
2% for all cases.

6. Summary

In this study, a modulated orthogonal cutting setup was real-
ized by piezo stack actuation and linear guide coupling. The
modulation system was evaluated by conducting orthogonal
tube turning tests on AISI 1045 steel, and measuring the forces
and vibration displacements during the test for various cutting
and modulation conditions. The results demonstrate that the

modulation system is able to accurately control the frequency
and amplitude of the tool vibration to achieve desired frequency
ratio fm/ fw, phase shift ϕ, and amplitude ratio A/h0 for a good
range of practical cutting speeds and feeds.

The force variation during modulated cutting is mainly
caused by the variation in the uncut chip thickness during each
tool vibration cycle which is determined by the phase shift ϕ.
The mechanistic model based on experimentally determined
force coefficients and theoretically determined uncut chip thick-
ness can be used to calculate the forces for given modulation
conditions, which are found to be in good agreement with the
measured forces.

The modulation device assembly has finite stiffness. The
elastic deformation under the variable forces in the actuation
(feed) direction results in the reduction in vibration amplitude
during modulated cutting. However, the actual vibration ampli-
tude during cutting can be calculated based on the measured
feed force and the stiffness of the device assembly, which are
found to be in good agreement with the measured vibration am-
plitude.
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