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Abstract

This paper proposes a novel measurement method for the dynamic stiffness of
thin-walled workpieces. The proposed method is called the displacement sensorless
piezoexcitation (DSPE) method. The DSPE method uses a piezoelectric shaker attached
to a machine tool spindle. Sensor setup on workpieces is not required because
workpiece displacement is estimated from the excitation force and input voltage to the
shaker. A measurement instrument based on the DSPE method was developed. The
measurement accuracy of the DSPE method was verified by comparing its measurement
results to those of a conventional piezoexcitation method and impact tests. The
experimental results demonstrate that the DSPE method is almost comparable to the
conventional methods. Cutting experiments were conducted to analyze the workpiece
compliance measured by the DSPE method and the vibration amplitude during cutting.
The results demonstrate that the DSPE method can accurately evaluate the dynamic
stiffness affecting vibration during the cutting process.

Keywords:
on-machine measurement, dynamic stiffness, thin-walled workpiece, piezoelectric
shaker, sensorless
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1. Introduction

Machining thin-walled workpieces has recently become a popular topic in the
manufacturing field [1-3]. In particular, the aerospace industry demands high
productivity for such machining. The vibration of workpieces is a crucial issue because
it limits the productivity and accuracy of machining processes. Machining conditions
must be set based on the dynamic stiffness of workpieces. Therefore, the dynamic
stiffness measurement of workpieces is an important task.

Thin-walled workpieces are typically supported by fixtures to suppress vibration
during machining. Novel fixture systems using polymers and magnetorheological fluids
have been proposed to provide vibration damping [4-6]. Special robots can also be used
to provide mobile support [7]. Evaluation of the effects of these fixtures is an important
task for preventing failures during the machining process. Additionally, the dynamic
stiffness of a workpiece can change because workpiece thickness is reduced as the
machining process proceeds from roughing to finishing. Therefore, dynamic stiffness
should be measured several times between processes. An automated on-machine
measurement system for dynamic stiffness is essential for such frequent measurements.

Dynamic stiffness measurement of a workpiece has traditionally been conducted
through excitation tests using shakers and impulse hammers. Electromagnetic shakers
are used to provide random and sinusoidal excitations [8-10]. Although this excitation
energy is greater than that provided by impulse hammers, shaker setup is more time
consuming. Extra space for shaker setup is also required. Piezoelectric shakers can solve
the space issue because they are relatively compact [11].

Impact testing using impulse hammers is a common practice for measuring
dynamic stiffness [12, 13]. Impact testing is particularly popular for the dynamic
stiffness evaluation of thin-walled workpieces because it is fast and simple [14-17].
However, impact testing has uncertainty depending on operator skill. In particular,
measurement error caused by double hits can occur easily for low-stiffness objects, such
as thin-walled workpieces. An automated impact excitation system has been developed
using a solenoid to solve this problem [18].

In conventional methods, the excitation force and resultant displacement of a
workpiece must be measured to obtain a dynamic stiffness value. Accelerometers are
placed on a workpiece to obtain displacement measurements in most cases. Sensor setup
on a workpiece is a difficult task in the development of an automated measurement
system.

This paper proposes an on-machine measurement method for the dynamic stiffness
of thin-walled workpieces. The proposed method uses a piezoelectric shaker attached to
a machine tool spindle. Sensor setup on a workpiece is not required because the
proposed method does not use sensors, such as accelerometers, to measure workpiece
displacement. The proposed method is called the displacement sensorless
piezoexcitation (DSPE) method. We also developed a measurement instrument based on
the DSPE method. Its measurement accuracy was verified by comparing the DSPE
method to conventional excitation tests.

The on-machine measurement of the dynamic stiffness of thin-walled workpieces
using the conventional shaker method has been studied in our previous work [19]. The
previous work investigated the influence of the shaker mass on measurement result. The
development of the automated on-machine measurement system and the machining
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process based on the developed system will be presented in another publication. This
paper focuses on the DSPE method and investigates its validity.

2. DSPE method

2.1 Fundamentals of DSPE method

Figure 1 presents a schematic of the excitation testing of a thin-walled workpiece.
Fig. 1(a) presents a conventional excitation test using a shaker. The shaker is attached to
the spindle of a machine tool by a tool holder. The shaker consists of a piezoelectric
actuator and force sensor. The workpiece is excited by the shaker and the excitation
force is measured by the force sensor. The resultant workpiece displacement is
measured by an accelerometer attached to the workpiece. Dynamic stiffness is obtained
in the frequency domain based on the measured force and displacement. This method is
referred to as the piezoexcitation (PE) method for the remainder of this paper.

In the PE method, excitation can be automatically applied if excitation commands
are synchronized with the computer numerical control of the machine tool. The
excitation point can be selected flexibly based on the positioning of the machine.
However, automatic sensor setup on a workpiece is difficult. However, it should be
possible if accelerometers can be attached by external robots. Another possible solution
is the use of a displacement sensor attached to the shaker. However, such solutions are
not practical because workspace and measurement points are limited. A real workpiece
has complicated shapes, such as ribs, slots, and holes. The fixture system for a
workpiece also reduces the available workspace.

This paper proposes the DSPE method presented in Fig. 1(b). Excitation and force
measurement in the DSPE method are similar to those in PE method. Workpiece
displacement is estimated from the displacement of a piezoelectric actuator. In the
DSPE method, workpiece stiffness is assumed to be much lower than that of the spindle,
shaker, and tool holder. A certain preload is placed on the piezoelectric actuator to
maintain contact between the workpiece and actuator. Under these conditions,
workpiece displacement is equal to the displacement of the piezoelectric actuator. The
displacement of the piezoelectric actuator is estimated from the excitation force and
input voltage, as described in Section 2.2.

In the DSPE method, sensor setup on a workpiece is not required. Currently, the
shaker must be attached to the machine tool spindle manually to handle the cables for
the piezoelectric actuator and force sensor. Automatic attachment of the shaker by an

Piezoelectric ["Spindle Piezoelectric ["Spindle
actuator actuator
Thin-walled Thin-walled
workpiece workpiece
Accelerometer
Tool holder Tool holder
Force sensor A Force sensor
Force —> . .
— Dynamic — Force Dynamic
Input voltage stiffness &— Input voltage stiffness
> Acceleration—>| calculation | Displacement estimation |_> calculation

(a) PE method (b) DSPE method
Fig. 1 Measurement methods for workpiece dynamic stiffness
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Fig. 2 Equivalent mechanical model of the piezoelectric actuator

automatic tool changer should be possible when the piezoelectric actuator and force
sensor become wireless in future, allowing complete automatic stiffness measurement to
be performed between machining processes.

2.2 Displacement model of piezoelectric actuator

In the DSPE method, workpiece displacement is estimated based on the
displacement of a piezoelectric actuator. A displacement model for a piezoelectric
actuator is described in this section. Fig. 2 presents the equivalent model of a
piezoelectric actuator proposed by Yamada et al. [20]. Point O is the tip of the
piezoelectric actuator; F is the reaction force under excitation, x is the displacement of
point O, kp and k; are the mechanical and electrical stiffness of the piezoelectric actuator,
respectively, 6y is the elemental electromechanical coupling coefficient, which is the
transformation coefficient between electric energy and mechanical energy, V is the input
voltage, and q is the charge. The force generated by the piezoelectric actuator is
expressed as dpV. The equation for equilibrium at point O is written as follows:

F=k,x — 6,V. (1)
The displacement x is obtained by the following equation:

x=é@+%m. @)

Therefore, the displacement of the piezoelectric actuator is derived from the V and F
values measured during excitation.

3. Excitation experiment

The dynamic stiffness of a thin-walled workpiece was measured using the DSPE
method. The measurement results were compared to the results of the conventional PE
method and impact testing results to verify the measurement accuracy of the DSPE
method. Strictly, the dynamic stiffness measured by impact testing may be different
from that by DSPE and PE methods because the shaker contacts the workpiece in the
DSPE and PE methods. The impact testing is used for comparison because it is the
unique practical method for dynamic stiffness evaluation.

3.1 Experimental method

Figure 3 presents the experimental setup. A medium size vertical machining center
was used in the experiment. The shaker described in Section 2.1 was attached to the
spindle. Figure 4 presents a schematic of the piezoelectric actuator used in this
experiment. Because the tip of the actuator is a small half sphere, the actuator contacts
the workpiece at a single point. A thin-walled plate of carbon steel (JIS S50C) was used
for the workpiece. An accelerometer (PCB Piezotronics) was attached to the workpiece.
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Figure 5 presents a schematic of the workpiece. The workpiece was fixed using a vise.
The thickness of the workpiece was 5 mm. The excitation point and measurement point
of acceleration are depicted in Fig. 5.

For excitation using the PE method, a 120 N preload and swept sine command
were provided to the piezoelectric actuator. The frequency of the swept sine command
was increased from 1 Hz to 2200 Hz over 30 s. The excitation force was measured by
the force sensor (Kistler) in the shaker. The measured excitation force and workpiece
acceleration were recorded using a data logger with a 24 bit analog-to-digital resolution.
The sampling frequency was set to 15 kHz. Workpiece accelerance was calculated
based on H: estimation. Compliance was obtained by integrating the results. For the
DSPE method, the measurement procedure was similar to that of the PE method. A
monitor signal of the input voltage to the piezoelectric actuator was measured instead of
the workpiece acceleration because the input voltage is used to obtain the resultant
displacement using Eq.(2). The specifications of the measurement instruments are
summarized in Table 1.

In the impact test, the workpiece was excited by an impulse hammer (PCB
Piezotronics). The shaker was removed from the workpiece. Workpiece accelerance was
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Table 1 Specifications of measuring instruments

Force sensor Measurement range 26 kN
Sensitivity -3.8 pC/N
Accelerometer Measurement range +10000 m/s?
Sensitivity 1 mV/(m/s?)
Piezoelectric actuator Size ¢12x33 mm
Maximum input voltage 150 Vv
Maximum displacement Approximately 17 um

Mechanical spring constantk, 45.9 N/um

Electromechanical ~ coupling 68 %

factor G,
Capacitance 1.4 uF
<
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Fig. 6 Measured workpiece compliance

calculated based on H;: estimation. Compliance was obtained by integrating the results.
The bandwidth of the measurement was set to 4000 Hz and the number of data points
was 8192. The number of averaging was 5.

3.2 Comparison of compliance

Fig. 6 presents a comparison of the compliance values obtained during the
experiment. In the magnitude plot in Fig. 6, one peak can be observed at approximately
390 Hz. This peak corresponds to the natural frequency of the bending mode of the
workpiece. Another small peak is visible at approximately 900-950 Hz. This small peak
corresponds to the torsional mode.

In the phase plot in Fig.6, the results by DSPE and PE methods are different from
that by the impact test at approximately 1300 Hz and 1700 Hz. These discrepancies are
caused by the resonance of the shaker-spindle system. The bandwidth of the on-machine
measurement system is limited by the compliance of the tool-workpiece loop. The
influence of the shaker-spindle system compliance is discussed in Section 4.
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Fig. 7 presents magnified views of magnitude around the natural frequency. The
natural frequency measured by the DSPE method is similar to that measured by the PE
method. When comparing the DSPE method to the impact test, the natural frequency by
the impact test is higher than that by the DSPE method. The differences of the natural
frequency are 10 Hz in the bending mode and 50 Hz in the torsional mode. Further
investigation revealed that this natural frequency difference appears because the mass of
the tip of the piezoelectric actuator acts as an additional mass [19]. A larger equivalent
mass of a workpiece results in a smaller natural frequency difference. When the
additional mass is less than 5% of the workpiece equivalent mass, the difference in
natural frequency is less than 10 Hz, which is negligible. The effect of the additional
mass can be manually corrected in cases where the workpiece equivalent mass is small
[21].

In the resonance shown in Fig.7(a) and (b), the magnitude by the DSPE method are
13% and 86% larger than those by the impact test, respectively. This magnitude
difference can be caused by the low S/N ratio in the force data. In the DSPE method, the
excitation force depends on the workpiece compliance because the displacement
amplitude of the piezoelectric actuator is almost constant over the entire frequency
range. The measurement accuracy in force measurement is decreased at the natural
frequency because the large workpiece compliance decreases the excitation force.

When the DSPE method is compared to the PE method, the magnitude of the DSPE
method are 26% and 38% larger in the resonance shown in Fig.7(a) and (b). Also in the
result shown in Fig.6, the magnitude of the DSPE method is approximately 30% larger
than that of the PE method over the entire frequency range. Because the force data is
common in the DSPE and PE methods, this magnitude difference is caused by the
estimation error of displacement. The parameter error of the displacement model is
possible reason of the estimation error.

The experimental results show that the frequency dependency of the compliance
and the resonance frequency can be evaluated using the DSPE method. The quantitative
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Fig. 8 Experimental setup in impact test

measurement accuracy of the compliance magnitude will be investigated and improved
in future work.

4. Influence of shaker-spindle system compliance

As described in section 3.2, the tool-workpiece loop compliance influences the
result by the DSPE method. In many cases, the compliance of the tool dominates the
maximum loop compliance of vertical machining centers. The influence of compliance
of the shaker-spindle system on the measurement using the DSPE method is
investigated in this section.

4.1 Experimental method

Fig. 8 shows the experimental setup. The impact test of the shaker was conducted
for free-free condition to obtain the dynamic stiffness of the shaker. The shaker was
removed from the spindle and put on an urethane cushion. The impact test was also
conducted when the shaker was attached on the spindle to obtain the dynamic stiffness
of the shaker-spindle system. In both conditions, the tip of the piezoelectric actuator is
excited using an impulse hammer. The acceleration in the excitation direction was
measured using a 1-axis accelerometer attached near the excitation point. The
accelerance was obtained from the measured excitation force and acceleration. The
compliance was calculated by integration. The experimental condition is similar to that
described in section 3.1. In this experiment, the sensitivity of the accelerometer is
10mV/(m/s?).

4.2 Experimental result

Fig. 9 presents the compliance of the shaker for free-free condition. The highest
resonance peak is observed at approximately 2300 Hz. Fig. 10 presents the compliance
of the shaker attached on the spindle. Three resonance peaks are observed at
approximately 1200 Hz, 2350 Hz and 3300 Hz. The second peak can be caused by the
resonance of the shaker itself because the natural frequency is similar to that in Fig.9.
The first and third peaks are caused by the resonance of the spindle or tool holder.

In Fig.10, the magnitude is less than 0.06 um/N in the frequency range of 70-1000
Hz. The large magnitude observed in the frequency range of 0-70 Hz is caused typically
by the integration of the noise in acceleration measurement. Thus, when the workpiece
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compliance is larger than 0.6 um/N, the influence of the dynamic stiffness of the
shaker-spindle system is negligible. The 1000 Hz bandwidth is high enough for many
workpieces. In the similar manner, the workpiece compliance should be larger than 1.3
um/N when the measurement bandwidth is increased to 4000 Hz because the magnitude
shown in Fig.10 is less than 0.13 pm/N.

The required workpiece compliance depends on the machine because the
tool-workpiece compliance depends on the machine type and size. In our previous
investigation, the tool-workpiece compliance was less than 0.3 um/N for two different
vertical machining centers of medium size [22, 23]. Thus, the authors expect that the
DSPE method can be applied for various vertical machining centers of medium size
when the workpiece compliance is larger than 3 um/N.

5. Cutting experiment

For practical verification of the DSPE method, cutting experiments were conducted.
Workpiece compliance was measured using the DSPE method. The vibration amplitude
during cutting was compared to the measured compliance.

5.1 Experimental method

The experimental setup is presented in Fig. 11. The thin-walled workpiece
presented in Fig. 12 was machined using an end mill. The workpiece material was
carbon steel (JIS S50C). The vibration amplitude of the workpiece was measured by the
accelerometer as the workpiece was excited by the cutting force. The spindle speed was
varied to modify the tooth passing frequency, which represents the excitation frequency.
A relationship between tooth passing frequency and vibration amplitude was obtained.
The obtained relationship was compared to the workpiece compliance measured by the
DSPE method. When the feed per tooth and axial depth of cut are constant, the variation
in the vibration amplitude should correspond to the workpiece compliance, even if the
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spindle speed changes. This is because the cutting force is theoretically constant when
the influence of cutting speed on specific cutting force is small.

The accelerometer used in this experiment was a piezoelectric sensor with a
sensitivity of 1 mV/(m/s?). The tool was a carbide square end mill with six teeth and a
diameter of 6 mm. The workpiece was fixed by a vise. The tool was attached to the
spindle using a tool holder with a spring collet. The cutting conditions are listed in
Table 2. The axial depth of cut was 0.1 mm. Based on changes in the spindle speed, the
feed rate was also changed to maintain a constant removal volume per tooth. The
workpiece was replaced with a new piece for every trial.

5.2 Experimental results

The workpiece acceleration measured for case four are presented in Fig. 13. The
number of teeth engaging the workpiece varied from one to three during machining
because the machining process was a slotting operation. A schematic drawing of tooth
engagement is presented in Fig. 14. To derive a relationship between tooth passing
frequency and excitation frequency, we focused on the period when only one tooth
engaged the workpiece. The amplitude of workpiece displacement for each tooth
passing frequency was obtained in the frequency domain. The displacement was
calculated from acceleration via integration. The relationship between amplitude and
tooth passing frequency is presented in Fig. 15. The amplitude is maximized at 370 Hz,
which corresponds to case six.
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Table2  Cutting conditions
Tooth passing Spindle

Case Feed rate
number frequency speed (mm/min)
(Hz) (min?)

1 310 3100 176
2 330 3300 188
3 340 3400 194
4 350 3500 199
5 360 3600 205
6 370 3700 211
7 380 3800 216
8 400 4000 227
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Fig. 14 Engagement between tool and workpiece
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Fig. 16 Measured workpiece compliance

The workpiece compliances measured by the three methods are compared in
Fig. 16. Resonance resulting from bending vibration can be observed in each result. The
resonant frequency for the PE and DSPE methods is 355 Hz, which is approximately
13 Hz lower than that for the impact test. This frequency difference is caused by the
additional mass of the piezoelectric actuator, as described in Section 3.2. When Figs. 15
and 16 are compared, the variations in the vibration amplitude correspond to the
measured compliances. This result indicates that the proposed on-machine measurement
device can accurately evaluate the dynamic stiffness affecting vibration during the
cutting process.

6. Conclusion

The DSPE method was proposed to measure the dynamic stiffness of thin-walled
workpieces. The DSPE method does not require sensor setup on a workpiece because
workpiece displacement is estimated from the excitation force and input voltage to a
piezoelectric actuator. A displacement model for a piezoelectric actuator was also
proposed. A measurement instrument was developed based on the DSPE method. The
measurement accuracy of the DSPE method was verified by comparing the DSPE
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method to the conventional PE method and impact testing. The experimental results
demonstrate that the variation of the compliance and the resonance frequency can be
correctly obtained by the DSPE method. Although the DSPE method is almost
comparable to the PE method, the quantitative measurement accuracy of the compliance
magnitude should be improved. For the machine tool used in this study, when the
measurement bandwidth is less than 1000 Hz, the workpiece compliance should be
larger than 0.6 um/N to neglect the influence of the dynamic stiffness of the
shaker-spindle system. When the measurement bandwidth is increased to 4000 Hz, the
workpiece compliance should be larger than 1.3 pum/N. The experimental results
demonstrate that the DSPE method can evaluate the dynamic stiffness affecting
vibration during the cutting process.
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