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In the present study, monitoring of elliptical vibration cutting process by utilizing internal data in the ultrasonic elliptical vibration

device without external sensors such as a dynamometer and displacement sensor is investigated. The internal data utilized here is

the change of excitation frequency, i.e. resonant frequency of the device, voltages applied to the piezoelectric actuators composing

the device, and electric currents flowing through the actuators. These internal data change automatically in the elliptical vibration

control system in order to keep a constant elliptical vibration against the change of the cutting process. Correlativity between the

process and the internal data is described by using a vibration model of ultrasonic elliptical vibration cutting and verified by several

experiments, i.e. planing and mirror surface finishing of hardened die steel carried out with single crystalline diamond tools. As a

result, it is proved that it is possible to estimate the elements of elliptical vibration cutting process, e.g. tool wear and machining load,

which are important for stable cutting in such precision machining.
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1. Introduction

According to a recent trend toward manufacturing automation and

unmanned operation of a plant, the importance of machining process

monitoring has increased.1-3 To monitor a machining process, external

sensors such as a dynamometer and displacement sensor can be

applied. However, it is not desirable in general machining

environments since those sensors are expensive and sensitive, and there

is often no space near the machining point for their installation. There

are many researches about monitoring the machining process without

using the conventional sensors in order to increase the reliability of

manufacturing or to adaptively avoid vibration problems such as

chatter during the machining. For example, when chatter vibration

occurs, a loud and irritating sound can be captured by microphones. By

analyzing this sound, it is possible to change cutting conditions such as

spindle speed automatically and machine the material at more stable

cutting conditions.4,5 Especially, monitoring of cutting force is essential

not only for realizing fully automated machining but for improving

machining accuracy and efficiency, because the cutting force indicates

several critical states of the machining process such as tool wear or

breakage, chattering, and structural displacement which affect quality

of machined products. Many researchers have investigated to realize

technologies of sensor-less monitoring of cutting force. For example,

there is a cutting force monitoring approach that estimates the cutting

force based on current and speed of spindle motor or feed drive and a

model that relates these measurements to the cutting force.6-8 An in-

process monitoring method of tool wear is also proposed which

estimates the tool wear condition by investigating on the frequency

components of the cutting force signal and analyzing the changes of its

pattern in tool wearing process.7 In addition, a sensor-less tool breakage

monitoring approach is also investigated which estimates the tool

breakage based on analysis of driver current in CNC milling machines

and tool wear detection in milling based on the analysis of controlled

machine internal signals from spindle and axes motor drives.10,11

Meanwhile, elliptical vibration cutting technology has been

introduced for precision machining of dies and molds for optical parts

and other precision parts. Process monitoring is important not only for

automated machining but also for attended machining in such precision
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machining. Sharp tools are utilized for better surface finish and higher

machining accuracy, but such tools are fragile and it is difficult even for

operators to monitor the sharpness of tools during machining. Note that

the precision machining is preferably carried out in an enclosed

environment in order to keep the machining environment unchanged.

In order to overcome this problem, the authors proposed a new method

for monitoring of elliptical vibration cutting process by utilizing

internal data in the ultrasonic elliptical vibration device without

external sensors.12 The experimental results suggested that the internal

data correlates well with the machining process, i.e., depth of cut.12

However, the results are limited to orthogonal cutting with only a few

experimental conditions, and monitoring of the depth of cut is

insufficient when considering the practical usages of the ultrasonic

elliptical vibration cutting. To step further into the nature, more

comprehensive discussions in the elliptical vibration cutting model is

described in this research. Precisely, diamond cutting of hardened die

steel and mirror surface finishing are conducted which is the most

practical usage of the elliptical vibration cutting. As a result, additional

cutting process parameters, i.e., cutting width, average uncut chip

thickness, and, tool wear, can be estimated by analyzing the change of

internal data in the ultrasonic elliptical vibration device during the

machining. The basic principle of the elliptical vibration cutting and its

vibration model is described in Section 2. In Section 3, internal data of

elliptical vibration controller and the relationship between the internal

data and the elliptical vibration model are explained. Several

experimental verifications are carried out in Section 4 where the

experiment and data analysis methods are also explained. In Section 5,

the results of experiments and discussions are described. Conclusions

of the paper will follow in Section 6.

2. Elliptical Vibration Cutting Model

Elliptical vibration cutting is a method which synchronizes two-

directional vibrations applied to the tool edge in the plane mainly

including the cutting direction (bending direction) and the chip flow

direction (axial direction) in such a way that the tool edge forms an

elliptical locus in each cycle of the vibration. Fig. 1 shows a schematic

illustration of the ultrasonic elliptical vibration cutting process. As the

maximum vibration speed is set to be higher than the cutting speed, the

tool separates from the chip in each cycle of the vibration. The cutting

takes place after the re-entrance of the cutting edge into the workpiece,

and the chip is mainly pulled up and formed while the tool moves

upward in the chip flow direction. The tool moves downward without

cutting while it is separated from the chip.13 That is, the ultrasonic

elliptical vibration cutting process can be divided into two parts: cutting

part and non-cutting part. In addition, the cutting part can be divided

into two cutting processes, i.e. ploughing process and material

removing process.

When the tool edge vibrates in two directions, cutting forces are

applied to the tool edge as additional periodic forces during machining.

These cutting forces can be separated into two components, which are

the bending directional cutting force and axial directional cutting force.

Fig. 2 shows schematic illustrations of a model of ultrasonic elliptical

vibration cutting system when it is (a) not machining and (b)

machining. The elliptical vibration cutting system can be described as

a two degree of freedom system. According to the position of the tool

edge in the elliptical locus, different cutting forces are applied to the

tool edge resulting from different cutting processes. In other words, the

cutting processes affect the vibration state of the cutting edge and the

cutting forces can be represented as additional springs and dampers in

the two degree of freedom vibration system. Moreover, these additional

dynamic parameters will be represented as changes of internal data in

the ultrasonic elliptical vibration controller, and they are described in

Section 3. To estimate the cutting processes from the internal data,

understanding of the relation between the cutting forces and the

additional dynamic parameters are needed first. 

When the tool edge passes through the bottom domain of the

elliptical locus (when the velocity of bending vibration is the maximum

and the position in the axial direction is the maximum toward the cut

surface side, as shown by t1 to tc in Fig. 3), the ploughing process acts

dominantly against the tool edge. Two components of the cutting force

are applied to the tool edge, which are the frictional force between the

cut surface and flank face and the normal force from the cut surface to

the flank face, as shown by Fbp and Fap in Fig. 3(a) respectively.

Fig. 1 Ultrasonic elliptical vibration cutting process13 (Adapted from

Ref. 13 with permission)

Fig. 2 Model of elliptical vibration cutting system, (a) Not machining,

(b) Machining
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Assume that ΔCbp, ΔCap, ΔKbp and ΔKap are the additional equivalent

damping and spring coefficients in the bending vibration and axial

vibration directions respectively which are caused by the ploughing

process. During the ploughing process, the directions of Fbp and

velocity of bending vibration are opposite, so that ΔCbp acts positively

to the vibration system which means more frictional or damping energy

is consumed. However, the directions of Fap and axial vibration are the

same in most of the ploughing process (they are opposite only in the

early moment of ploughing) so that ΔCap acts negatively to the

vibration system which means energy can be saved if the vibrational

state is constant. In addition, because the position of the tool edge is the

maximum toward the cut surface and Fap acts in the opposite direction

to it, ΔKap acts positively to the vibration system which means stiffness

of the axial vibration increases.

On the other hand, the material removing process occurs from the

end of the ploughing process to when the velocity of the tool edge

towards the cutting direction becomes zero (as shown by tc to t2 in Fig.

3). Therefore, the material removing process is mainly applied to the

tool edge when the velocity of axial vibration is the maximum and the

tool edge’s position in the bending direction is the maximum toward

the chip side. The workpiece material is sheared and removed as a chip,

while the tool moves mainly upward in the chip flow direction in the

elliptical vibration cutting. Moreover, the axial vibration speed is larger

than the chip flow speed so that frictional force between the chip and

rake face of the tool becomes reversed (shown by Fam in Fig. 3(b)) and

the tool can pull up the chip in this process. Fam is applied to the axial

vibration mode and a restoring force from the chip to the tool (shown

by Fbm in Fig. 3(b)) is applied to the bending vibration in the material

removing process. ΔCam, ΔCbm, ΔKam and ΔKbm are the additional

equivalent damping and spring coefficients in the axial and bending

vibration directions respectively which are caused by the material

removing process.

During the material removing process, the direction of Fam is

opposite compared to that of the ploughing process, hence ΔCam acts

positively to the vibration system which means more frictional or

damping energy is consumed. Regarding to the additional equivalent

spring coefficient in the axial vibration, it can be either positive or

negative because the tool edge passes the center of the axial vibration.

ΔKam acts positively to the vibration system before the center, while it

acts negatively after the center. It depends on the cutting and vibration

conditions.

As a result, ΔCa, ΔCb, ΔKa and ΔKb in the model of ultrasonic

elliptical vibration cutting system as shown in Fig. 2(b) can be

represented as follows.

ΔCa = −ΔCap + ΔCam (1)

ΔCb = ΔCbp + ΔCbm (2)

ΔKa = ΔKap± ΔKam (3)

ΔKb = ΔKbp+ ΔKbm (4)

3. Internal Data of Vibration Device for Process

Monitoring

The ultrasonic elliptical vibration device consists of an elliptical

vibration tool and its controller. The vibration tool utilizes two

piezoelectric actuators to excite the two directional resonant vibration

modes which are the 1st mode of axial vibration and the 3rd mode of

bending vibration. In order to keep large vibration amplitudes during

the machining, a constant alternating voltage having the same

frequency as the resonant frequency of the axial mode in this device

should be applied to the piezoelectric actuators.14 However, according

to the conditions of cutting load or tool wear, the resonant frequency of

the axial mode changes slightly. Therefore, the controller chases the

resonant frequency of the axial mode by using a system called Phase

Lock Loop (PLL), see Fig. 4. Two different voltages, which have a

phase difference between them, are applied to the two piezoelectric

actuators, and the actuators excite the axial and bending vibration

modes. The piezoelectric actuator a excites the axial mode, while the

actuator b excites the bending mode.

When cutting the material with this vibration tool, the energy

Fig. 3 Cutting processes, (a) Ploughing process and (b) Material removing process
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(dynamic) state of the vibration tool will be changed because of the

cutting forces. According to the states of the vibration tool, the

amplitudes or phases of the electric currents (shown by 

in Fig. 4) will change. Especially, as the vibration is in the resonant

mode, which means that the frequency of the excited voltage is the

same with the resonant frequency, the phase difference Δθ between the

excited voltage and electric current is zero. Therefore, to chase the

resonant frequency of the axial mode, the PLL is configured in order

to make the phase difference Δθ between the excited voltage and

electric current flowing in the piezoelectric actuator for the excitation

of the axial mode to be zero continuously. The voltages Va and Vb

applied to the piezoelectric actuators composing the device, the electric

currents Ia and Ib flowing through the actuators, and the excitation

frequency f are utilized as the internal data for process monitoring in

the proposed method.

Changes of electric powers ΔPa and ΔPb, which can be given as

products of the voltages and the currents for both piezoelectric

actuators, should correlate with the additional damping elements ΔCa

and ΔCb in Fig. 2(b) which are mainly caused from the frictional force

Fam between the chip and rake face of the tool due to the material

removing process and the frictional force Fbp between the cut surface

and flank face of the tool due to the ploughing process respectively.

This is because these frictional forces make the vibration tool to

consume the vibration energy, and they are applied when the vibration

tool moves with the maximum velocities of each vibration so that they

will act as dampers in the vibration model.

On the other hand, the change of the elliptical vibration frequency

Δfa, which is the resonant frequency of the axial mode, should correlate

mainly with the additional spring ΔKa due to the cutting processes. This

is because the resonant frequency is determined by the state of the

vibration system, especially the spring coefficient and it can be

indicated by Eq. (5).

(5)

Here, M and K are the total equivalent mass and spring coefficients

of vibration system respectively.

Therefore, if the tool wear increases which results in the increased

normal force Fap from the cut surface to tool edge, the additional spring

coefficient ΔKap will increase and hence the change of elliptical

vibration frequency Δfa will increase.

4. Methods for Experiments and Evaluation

4.1 Fundamental Cutting Experiments

Fundamental cutting experiments are carried out in order to

investigate the correlation between the elliptical vibration cutting

process and internal data in the elliptical vibration controller. The

machining load is varied with the depth of cut and pick feed, which

means different ploughing process and different material removing

process occur. In this paper, although the machining load is determined

by the depth of cut and pick feed, results of experiments are explained

with the cutting width and average uncut chip thickness. This is

because the cutting width is related to both the ploughing process and

material removing process, while the average uncut chip thickness is

mainly related to the material removing process in the elliptical

I
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Fig. 4 Block diagram of ultrasonic elliptical vibration control system
Fig. 5 Experimental method, (a) Photograph of experimental setup

and (b) Schematic illustration of cutting process

Fig. 6 Microphotograph of rake face of single crystalline diamond tool

Fig. 7 Measured locus of utilized elliptical vibration
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vibration cutting process. In this paper, the cutting width w and average

uncut chip thickness t are calculated as follows.

(6)

(7)

Here, R is the nose radius of the tool tip, and d and p are the depth

of cut and pick feed respectively.

The cutting experiments are carried out on an ultraprecision

machine tool (Fujikoshi, NANO ASPHER ASP01UPX) equipped with

an elliptical vibration tool. Fig. 5 shows a photograph of the

experimental setup and a schematic illustration of the cutting process.

The cutting process is a three-dimensional cutting using the nose of the

single crystalline diamond tool. Fig. 6 shows a microphotograph of the

rake face of the single crystalline diamond tool taken before the

experiments. Fig. 7 shows the locus of the elliptical vibration measured

at the tool tip with laser Doppler vibrometers (Graphtec Corp.,

AT3700-AT0042). It shows that the elliptical vibration tool generates

the elliptical vibration with amplitudes of about 10 μmp-p in the bending

direction and 8.5 μmp-p in the axial direction at 17.69 kHz, which

corresponds to the maximum vibration speed of 33.2 m/min and

28.1 m/min respectively. A typical hardened die steel of Stavax (AISI

420 modified) with hardness of 54 HRC is used as the workpiece

material, and it is fixed on a dynamometer (Kistler, 9256C) to measure

cutting forces as data for reference of the cutting process. Oil mist is

supplied to the cutting point during the machining. The experimental

conditions are summarized in Table 1.

4.2 Experimental Setup for Mirror Surface Finishing of

Hardened Die Steel with a Single Crystalline Diamond Tool

Considering the utilization of the proposed monitoring method,

mirror surface finishing of hardened die steel with a single crystalline

diamond (SCD) tool, which is the most common application of the

elliptical vibration cutting method, is carried out. This experiment is

carried out on the same precision machining tool and elliptical

vibration tool as the previous experiments (Section 4.1), but the pick

feed is restrained to 0.02 mm for obtaining a mirror surface. The depth

of cut is also fixed to be 0.1 mm. The experiments are continued until

the total cutting distance becomes more than 900 m, and in this series

of the machining experiments the tool wear is observed at some cutting

distances with a measuring microscope (Nikon, MM-40/L3U). It is

expected that the tool wear will increase as the cutting distance

becomes longer, which means that the effect of the cutting edge

condition on the internal data will be clarified.

4.3 Analytical Method for Internal Data

During the experiments mentioned above in Sections 4.1 and 4.2,

the internal data of the controller, i.e. voltages, currents, and vibration

frequency signal, are measured. Fig. 8 shows a photograph of

measurement setup of the ultrasonic elliptical vibration controller. Two

current probes (Yokogawa, 701933) and two passive probes

(Yokogawa, 700929) are utilized to measure the currents and voltages,

respectively. After the experiment, the analysis of the measured data is

conducted by MATLAB for calculating the power consumption and

resonant frequency.

Fig. 9 shows an example of the measured internal data, and Figs.

9(b) and 9(c) correspond to the data before machining and during

machining respectively. As shown in Figs. 9(a) to 9(c), amplitudes or

phases of currents change during the machining. However, the

amplitudes of applied voltages are maintained constantly, while the

oscillated frequency is changed slightly. This frequency is the same as

the resonant frequency for the chased axial vibration mode.

The average electric powers during a certain period T before

machining and during machining can be calculated by determining the

sum of products of the electric voltages and currents, and it can be

expressed as follows. In this research, T is set as 3 seconds.

(8)

The elliptical vibration frequency can be identified by using the

vibration frequency signal. It has a square wave form with a constant

voltage of 12 V and the fast Fourier transform (FFT) can be used to

compute the frequency of the signal. Fig. 10 shows the FFT results

of the vibration frequency signals before (from 1 sec to 4 sec in Fig.

9(a)) and during the machining (from 5.5 sec to 8.5 sec in Fig. 9(a)).

As shown in Fig. 10, the peak of the graph is shifted to a larger

frequency during the machining, which means that the resonant

frequency of the axial mode increases because of the elliptical

vibration cutting process. 
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Fig. 8 Photograph of measurement setup

Table 1 Experimental conditions

Workpiece
Material: Hardened die steel (Stavax)

Hardness: 54 HRC

Tool

Single crystalline diamond tool

Rake angle: 0o

Flank angle: 10o

Nose radius R: 0.8 mm

Vibration

conditions

Frequency: 17.69 kHz

Amplitude in bending direction: 10 μmp-p

Amplitude in axial direction: 8.5 μmp-p

Cutting

conditions

Depth of cut d (mm): 0.05 / 0.1 / 0.2

Pick feed p (mm): 0.005-0.18

Cutting speed: 1000 mm/min

Cutting fluid: Oil mist



576 / OCTOBER 2018 INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING-GREEN TECHNOLOGY  Vol. 5, No. 5

5. Results and Discussions

5.1 Results and Discussions of Fundamental Cutting Experiments

Fig. 11 shows the cutting forces measured during the machining.

The principal force increases as the uncut chip thickness and the cutting

width increase. When they increase, the area of cross section of the

uncut chip increases and it results in the increased shearing force to

remove the material and the increased principal force. The thrust force

increases until the uncut chip thickness reaches 0.01 mm. The thrust

force is different according to the cutting width. The increased thrust

force means that the ploughing process becomes stronger. However,

when the uncut chip thickness is larger than 0.01 mm, the thrust forces

decrease. This can be explained by the chip-pulling effect of the

material removing process as explained in Section 2. When the uncut

chip thickness increases, the contact area between the chip and rake

face of the tool also increases, and it results in an increase of the chip-

pulling force. This means that there is a reversed frictional force

applied between the chip and rake face during the material removing

process, so that it leads to the decreased thrust force.

The internal data, i.e. change of power consumption for the axial

vibration ΔPa and change of power consumption for the bending

vibration ΔPb are plotted in Figs. 12 and 13 respectively.

As shown in Fig. 12(a), the change of power consumption for the

axial vibration ΔPa increases with the increase of the uncut chip

thickness. This is because of the increased chip-pulling force or reversed

friction which acts as an additional damping for the axial mode (shown

by ΔCam in Fig. 3). As a result, more power is required to maintain the

constant vibration states. Meanwhile, when the uncut chip thickness is

smaller than about 0.007 mm (Fig. 12(b)), the power consumption for

axial vibration is smaller than zero. This also corresponds to the vibration

model of elliptical vibration cutting process. When the thickness is small,

the ploughing process affects dominantly so that Fap mainly works in the

axial vibration direction. According to the phase relationship between Fap

and velocity of the axial vibration, the force acts as an additional negative

damping to the axial vibration (shown by −ΔCap in Fig. 3). As a result,

less power is required to maintain the constant vibration states.

Fig. 9 Measured voltages, currents, vibration frequency signal, and cutting forces (Experiment results in Section 4.1_workpiece: Hardened die

steel, tool : Single crystalline diamond tool, cutting speed: 1000 mm/min, depth of cut: 0.2 mm, pick feed: 0.07 mm) (a) Graph of

measured internal data and cutting forces, (b) Magnified graph of measured internal data and cutting forces before machining, and (c)

Magnified graph of measured internal data and cutting forces during machining

Fig. 10 FFT results of vibration frequency signals before machining

and during machining (Experimental results in Section 4.1

workpiece: Hardened die steel, tool: Single crystalline

diamond tool, cutting speed: 1000 mm/min, depth of cut:

0.2 mm, pick feed: 0.07 mm)



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING-GREEN TECHNOLOGY  Vol. 5, No. 5 OCTOBER 2018 / 577

Fig. 13 indicates the change of power consumption for the bending

vibration ΔPb. As shown in Fig. 13, ΔPb increases radically with the

increase of uncut chip thickness until the uncut chip thickness reaches

about 0.01 mm. However, its inclination relaxes after 0.01 mm. This

can be considered as the magnitude difference between the damping

coefficients for the bending vibration caused by the ploughing process

and the material removing process (shown by ΔCbp and ΔCbm in Fig. 3).

When the cutting edge engages the workpiece in the ploughing process,

it moves with a higher velocity for the bending vibration direction

compared with when the cutting edge engages in the material removing

process. When the bending directional velocity is higher

(corresponding with the ploughing process), the consumed energy

increases because of the increased velocity. It means that ΔCbp is larger

than ΔCbm. As a result, the inclination of the change of power

consumption in the bending vibration is also large when the uncut chip

thickness is in a range from 0 mm to 0.01 mm. However, when the chip

thickness is large, the effect of the ploughing process will not change

so much. Therefore, the inclination of the change of power

consumption in the bending vibration is small. When the uncut chip

thickness is around 0.06 mm, the inclination increases again, and this

can be explained by the increase of ΔCbm. 

Fig. 14 shows the phase of admittances calculated from the applied

voltages (shown by Va, Vb in Fig. 4) and currents (shown by Ia, Ib in

Fig. 4) flowing through the piezoelectric actuators a and b.

As shown by “be-axial” in Fig. 14, the phases of admittance of

piezoelectric actuator a before the machining are -40 deg, but it should

be 0 deg because the elliptical vibration controller chases the resonant

frequency of the axial vibration as explained in Section 3. The reason

can be considered as follows. At first, the elliptical vibration controller

used in this research adopts switching amplifiers, hence Ia contains

harmonic components of the excitation frequency. This results in the

deformed waveform of Ia as shown in Figs. 9(b) to 9(c). Moreover,

because the controller chases the anti-resonance with the alternative

voltage which has a constant magnitude, the magnitude of current is the

minimum. These facts lead to an error in the phase detector (see Fig.

4) detecting the phase differences between Va and Ia with the zero-

crossing method.

However, note that the magnitude of admittance at the anti-

resonance is an inflection point, and the phase is changed from -90 deg

to 90 deg before and after the resonant frequency, which is a change

that happens too drastically. Therefore, even though the phase

differences are -40 deg, it still can be concluded that the PLL control

system chases the resonant frequency of the axial vibration in a way. 

As shown in Fig. 14, the phases of admittance of piezoelectric

actuator a during the machining (shown by “du-axial”) change

compared to the results of those before the machining, and these

differences change against the machining load, too. In addition, the

Fig. 11 Measured cutting forces, (a) Principal and (b) Thrust

Fig. 12 Change of power for axial vibration, (a) Results at the all

cutting conditions and (b) Magnified graph in the range from

0 mm to 0.02 mm

Fig. 13 Change of power for bending vibration
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magnitude of Va and Ia do not change as shown in Fig. 9(a). This

implies that the changes of power consumption ΔPa against the change

of machining load are caused by the change of phase differences rather

than the change of the magnitude of the current.

Meanwhile, as shown by “be-bend” and “du-bend” in Fig. 14, the

phases of admittance at the piezoelectric actuator b before and during

the machining do not change compared to the results of axial vibration.

The values are about -90 deg. This indicates that the resonant frequency

of the bending vibration is slightly larger than that of the axial

vibration. As shown in Fig. 9(a), the magnitude of the current Ib

changes during the machining. This implies that the changes of power

consumption ΔPb against the change of machining load are caused by

the change of the magnitude of the current rather than the change of

phase differences.

As mentioned in Section 4.1, the cutting width affects the material

removing process and ploughing process, and the average uncut chip

thickness affects the material removing process during the machining.

Therefore, it is difficult to distinguish the effect of each process on the

stiffness or resonant frequency of the vibration system. In this research,

a normalization of the change of resonant frequency of the axial

vibration Δfa is carried out to distinguish them. Fig. 15 shows the

normalized change of resonant frequency of the axial vibration mode

against uncut chip thickness. The results are calculated from the change

of resonant frequency of the axial vibration mode divided by the area

of cross section of the uncut chip. As shown in Fig. 15, when the uncut

chip thickness is small, i.e. ploughing process occurs mainly, the

normalized results are larger compared to those of when the uncut chip

thickness is large. It implies that ΔKap is larger than ΔKam, and this

corresponds to the proposed model. It is because the position of the

cutting edge is the maximum in the axial vibration during the

ploughing process, while it is around the center of the axial vibration

during the material removing process. Therefore, it can be concluded

that the change of resonant frequency of the axial vibration mode is

mainly affected by the ploughing process.

However, as mentioned in the discussion of the phase difference, the

chasing of resonant frequency of the axial mode is not accurate.

Therefore, it is considered that the reliability of the resonant frequency

data is relatively lower to monitor the cutting process than the other

internal data.

5.2 Results of Mirror Surface Finishing

The cutting forces measured during the experiment mentioned in

Section 4.2 are plotted against the cutting distance in Fig. 16.

Although the change of the cutting forces is discontinuous because

the tool wear observations are carried out at some cutting distances,

all components increase gradually as the machining progresses. This

is because the tool is worn according to the cutting distance, so that

the sharp cutting tool edge at the beginning becomes dull gradually.

In the ordinary cutting method, it is hard to machine hardened steel

with a diamond tool because of its rapid tool wear. However, in the

elliptical vibration cutting, the tool wear of diamond tool is

drastically decreased because of its unique characteristic, i.e.

intermittent cutting.15,16 

The moments where the tool observations are carried out are

marked by green dashed lines in Fig. 16, and they correspond with

Figs. 16(b) to 16(f).

Fig. 17(a) indicates the schematic illustration of the cutting process,

and the red area corresponds to the area of cross section of the uncut

chip when the cutting condition is set as depth of cut d and pick feed

p. Figs. 17(b) to 17(f) show the photographs of the rake face of the tool,

and this supports the fact that the tool wear progresses gradually and

continuously. As shown in Fig. 17, the tool wear is different along the

cutting edge. Where the uncut cut chip thickness is small, a small tool

wear is observed even though the cutting distance is more than 900 m.

This position of the tool mainly engages for finishing the mirror surface

Fig. 14 Phases of admittance

Fig. 15 Normalized change of resonant frequency of axial vibration

mode against uncut chip thickness

Fig. 16 Measured cutting forces against cutting distance
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so that a high quality mirror surface can be obtained although tool wear

is observed in a different position of the cutting edge.14

Fig. 18 shows the changes of power consumptions for axial

vibration and bending vibration during the experiment. ΔPb gradually

increases as the cutting distance increases. Affected by the tool wear,

the roundness of the cutting edge becomes larger, and the frictional

force between the cut surface and cutting edge increases in the

ploughing process (shown by Fbp in Fig. 3). Fbp acts as an additional

damping for the bending mode (shown by ΔCbp in Fig. 3). Moreover,

the change of ΔPb correlates well with the change of the principal force

shown in Fig. 16. The cutting conditions are constant in this

experiment, so it can be concluded that the increase of the principal

force is caused by the tool wear which is indicated in the change of

ΔPb.

Compared to ΔPb, ΔPa generally decreases during the experiment.

Considering the cutting condition, the average uncut chip thickness is

about 0.007 mm. Because of its small uncut chip thickness, the effect

of the chip-pulling process is minor. This is also indicated by the

positively increased thrust force in Fig. 16. 

When the chip-pulling process is minor, the frictional force between

the chip and rake face does not act dominantly as an additional

damping for the axial mode (shown by ΔCam in Fig. 3). Instead, the

force resulting from the ploughing process acts as a negative damping

and a positive spring (shown by −ΔCap, ΔKap in Fig. 3). As a result, the

change of the power consumption for axial vibration decreases (Fig.

18) and the change of resonant frequency for axial vibration increases

(Fig. 19).

6. Conclusion

Monitoring of ultrasonic elliptical vibration cutting process by

utilizing internal data in the ultrasonic elliptical vibration device

without utilizing external sensors such as a dynamometer and

displacement sensor is investigated. The internal data of the ultrasonic

elliptical vibration device, i.e. voltages applied to the piezoelectric

actuators composing the device, electric currents flowing through the

actuators, and resonant frequency of the axial vibration mode chased by

PLL, were measured before and during machining under various

conditions. Through several experiments of diamond cutting of

hardened die steel experiments, the following conclusions can be

drawn.

(1) The internal data changes according to the states of the cutting

process. By calculating the changes of the internal data between before

the machining and during the machining, it is possible to estimate the

cutting process.

(2) When the average uncut chip thickness is small, the change of

Fig. 17 Tool wear observation, (a) Schematic illustration of uncut

chip and Microphotographs of rake face when the cutting

distance is (b) 141 m, (c) 305 m, (d) 456 m, (e) 612 m, and

(f) 914 m

Fig. 18 Change of power consumption

Fig. 19 Change of resonant frequency of axial vibration mode against

cutting distance
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power consumption for axial vibration is smaller than zero or

decreases. This corresponds to the increase of the thrust force.

However, the power consumption increases when the uncut chip

thickness is large because of the increased material removing process.

This corresponds to the decrease of thrust force. When the tool wear

progresses, the power consumption for the axial vibration decreases

gradually because of the decreased chip pulling effect and increased

ploughing process.

(3) When the average uncut chip thickness is small, the change

of power consumption for the bending vibration increases with a

large inclination against the uncut chip thickness because of the

increased ploughing process. However, its inclination decreases

when the uncut chip thickness is large. This is because when the

uncut chip thickness is large, the ploughing process does not change

so much against the uncut chip thickness. Therefore, the effect of

material removing process on the equivalent damping of bending

vibration is smaller than that of the ploughing process. Moreover,

when the tool wear progresses, the change of power consumption for

the bending vibration increases because of the increased ploughing

process.

(4) When the cutting width increases and the tool wear progresses,

the change of resonant frequency for the axial vibration increases

because the increased ploughing process yields a larger additional

spring. However, it has a low reliability compared to the other internal

data. This is because the resonance chasing of axial vibration mode is

not accurate. The chasing error is caused by the switching amplifier

which generates the harmonic components of the current and hence

leads to an error of the phase detection.

As a result, it is clarified that the internal data, i.e. the changes of

power consumption in each vibration, correlates well with the

machining process. The correlations agree with the proposed model,

and hence it is expected that the internal data can be utilized to realize

the proposed monitoring of the elliptical vibration cutting process, such

as tool wear and sudden change of machining load. 
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