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Abstract

Among all the monitoring data which could be captured in a machining process, the cutting forces
could convey key knowledge on the conditions of the process. When the machining involves a single
cutting edge the relationship between the output forces (measured with off-the-shelf dynamometers)
and condition of the process, is somehow straight forward. However, when multiple cutting edges are
in contact with the workpiece, the conventional dynamometers, that cannot separate the reaction forces
on each cutting edge, loose significant information that could be used to in-detail monitor the
machining process. To this end, this paper presents a novel concept of instrumented wireless milling
cutter system with embedded thin film sensors in each cutting inserts, thus the cutting forces acting on
each cutting edge could be monitored without reducing the stiffness and dynamic characteristics of the
machining system. For this to happen, a dedicated milling force decoupling model for the developed
instrumented milling cutter system is proposed and calibrated, and for the first time the accurate on-
line estimation of the separate inserts’ working conditions is achieved. The validation demonstrates a
satisfactory agreement between the forces measured from the dynamometer and the proposed
monitoring system prototype with the error less than 10%. Furthermore, the experimental results also
indicate that the monitoring system prototype could also identify the tool insert conditions such as
worn and chipped, which could be of high relevance to the analysis of the insert failure mechanism
and its progress. Not only the proposed method and easy implementable but above all, it allows the
monitoring of the condition (e.g. worn, chipped) of each insert, ability that has not been previously
reported.
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1. Introduction

With the demand of increasing the performance and the life of critical parts in industry (e.g. aerospace,
moulds & dies industries), there is a growing trend of applying intelligent manufacturing processes. In
this respect, one of key enablers for intelligent machining operations is process monitoring that needs
to provide timely, reliable and detailed information during the whole process. Among all the monitored
variables in machining process, cutting force is one of the most important signals since it is highly
related with cutting conditions such as tool wear [1, 2], machining vibration [3] and surface integrity
[2] etc. Currently, off-the-shelf cutting force monitoring devices, e.g. piezoelectric-based
dynamometers, are mainly adopted to conduct data collection or machining process optimization to
allow control of the machining process. However, this intrusive approach faces significant challenges:
(1) Such devices are usually mounted on the tooling/machine tools with detrimental effect on the
system stiffness and dynamic characteristics, thus the data collected may not be very representative
for the real system without these devices; (2) As such systems are, in general, difficult to fit within
industrial setups, most published data is generally collected/analysed under specific conditions, e.g.
research labs; thus, these lead to the need to perform repeated “calibrations” to enable the use of these

techniques in real environments, which is not trivial neither time/cost efficient.

To improve the monitoring ability of the machining process, embedding small sensors like acoustic
emission and force sensors in the machine tool or fixtures has been proposed [4]. One of the simple
and convenient methods for machining process monitoring is to use current signals or sever motors to
monitor the machining process, then the recorded signals are used to derive the cutting forces in the
machining process [5, 6]. However, this kind of signals are far from accurate to be used for machining
process diagnosis. For example, chipped insert can be detected based on the relationship between
spindle power and cutting forces [7], but the exact insert which is chipped cannot be identified. To get
more accurate data from the machining process, integrating sensors or monitoring devices with
machine tools and fixtures is a feasible method in workshop, which could record machining data during
the machining process. Shi and Gindy [8] developed a monitoring system to detect tool malfunctions
for machining processes by integrating strain sensor, accelerometer and power sensor into the machine
tool. Li et at. [9] developed a responsive fixture by embedding piezoelectric pressure sensor and eddy
current displacement sensor into the fixture to ensure the precision machining of large-scale aerospace
parts. Totis et al. [10] integrated tri-axial force sensor into the cutter to form a rotating dynamometer
for cutting force measurement in face milling. However, the high cost of this kind of sensors makes it

unaffordable in the workshop.



To achieve more compact monitoring method, small but low cost force sensors are being developed.
Such sensors, including Fibre Bragg grating sensor [11], surface acoustic wave strain sensor [12],
semi-conductive strain gauge [13], and piezoelectric sensors [14], can be utilised for milling process
monitoring. With the high sensing performance, these kind of sensors could be made in very small
size, especially the thickness of the sensor could be reduced to one-layer thin film [15]. These sensors
are easy to use, and can be integrated with existing equipment and fixture compactly. Because of the
above advantages, some remarkable applications have been achieved by integrating and embedding
thin film sensor elements into the structure body to sense the cutting forces [16] and pressure [17],
while the signals are sent out by wired connection or wireless transmission methods. Also, some sensor
solutions have been applied to milling process monitoring, for which Polyvinylidene fluoride (PVVDF)
films were glued to the cutter shank with validated effectiveness and advantages [14, 16]. However,
in these reports the measured outputs are the resultant forces acting on all cutting teeth simultaneously,
and for this reason such measured forces have significant limits if the interaction between a single
cutting edge and the workpiece needs to be investigated. Marinescu and Axinte [18] used acoustic
emission (AE) sensory measures for monitoring tool edge and/or workpiece surface anomalies in
milling operations, cutting edge malfunctions monitoring in multi-teeth cutting can be done by AE but

it is very expensive as computing power.

Thus, on reviewing of current solutions for cutting force measurement, it appears to be limited/scarce
reports on how monitoring setups could be constructed so that the interaction between a single cutting
edge and the workpiece could be captured in operations, e.g. milling, when multiple edges engage the
machined part. This not only limits the deeper understanding of the phenomena occurring at the level
of single cutting edge in milling operations but also reduces the possibility to take actions during the
process if malfunctions occur (e.g. chipped, wear). Therefore, measuring the single phase forces acting

on each flute or insert is required and could be the further step of the thin film sensors’ application.

In this paper, to address the research gap of measuring single phase forces of each insert, a novel
instrumented milling cutter system with embedded thin film sensors is proposed, modelled and
validated. To monitor the 3-axial specific cutting forces acting on single milling tooth, thin film sensors
are embedded into the seat of each cutting insert. Based on the monitored data from this sensory
system, for the first time the accurate on-line estimation of the separate inserts’ working conditions is
achieved. Because of the specific design of the cutting inserts, the thin film sensors are not orthogonally

arranged and this results in directional cross-talk of the output signals from each sensor. To address



this challenge, a dedicated 3-axis force decoupling model for the developed instrumented milling cutter
system has been developed. To validate the developed monitoring solution and models, milling tests
have been conducted with the instrumented cutter on which single cutting edges at different status (e.g.
new, worn and chipped) have been employed in machining conditions when multiple cutting edges are
in contact with the workpiece. The proposed monitoring system/solution proved its efficiency in

capturing/identifying the malfunctioned cutting edge.

2. Instrumented milling cutter sensing system

The proposed sensing system (Fig.1) consists of a set of PVDF thin film sensors which are placed
under the insert seats of a milling cutter (see detail Fig. 1), a charge amplifier, a wireless transmitter
unit with high speed A/D converter and a data receiver. The employed PVDF thin film sensors, with
the working frequency up to 1I0MHz and thickness from 10pum to hundreds of microns, have the linear
electromechanical interaction between the mechanical and the electrical state in crystalline materials
[19], leading to the wide range of the applications in industry such as energy harvesting [20], vibration
monitoring and control [21], dynamic force measurement and intelligent working condition monitoring
[22].

To measure the cutting forces acting on separate insert in milling process, the sensors should be placed
as close as possible to the cutter to generate the accurate electric charges when the cutting forces are
applied on the insert and its seat. Therefore, the PVDF sensors are placed between the seat and its
mounting surface of the cutter shank (see Fig.1). Electric charges will be generated on the sensors once
cutting forces is applied on the insert and seat. Then the charge amplifier outputs a voltage according
to the generated electric charges. After the analogue-to-digital convert, the force signals are transmitted
by the wireless transmitter. At the receiving end, the receiver receives the signals and sends to the
computer for further signal processing.
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Fig. 1. Schematic diagram of the wireless instrumented milling cutter system with embedded PVDF sensors.
2.1 Milling force decoupling

A simple cutter body-insert module is presented in Fig. 2(a) to show its structure. Generally, the cutting
forces acting on the insert could be decomposed into three directions: tangential (F,), radial (F.) and
axial (F,) cutting forces. To sense these forces, as shown in Fig. 2(b) and (c), three PVDF sensors are
placed on the bottom and side faces of the insert to record the dynamic cutting forces. However, as
shown in Fig. 2(d), the measured forces: F;, F, and F; corresponding to PVDF 1, 2 and 3 shown in
Fig. 2(b) and (c), are not all parallel with the F;, F. and E,, thus a cross-talk will be introduced since
there will be forces on other directions when a force is applied along one direction. Therefore, a
decoupling model of the forces measured from the PVDF sensors is required to export the F;, F,. and

F, acting on the insert.
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Fig. 2. Spatial relationship between the PVDF sensors and the cutting body, including: (a) the general view of the whole

cutting body, the relative positions of the PVDF sensors and (b) the cutter body and (c) the module base, (d) the force
analysis of the integrated PVVDF sensors.

Based on the forces analysis presented in Fig. 2(d), according to the balance of the forces on the insert,
the following formulas can be derived:

F, + F; + F;sin6; + F3sinf; — F,sin6; =0 (D
F;cos0; —F. =0 (2)
F, —F,cos0; + F,cos8; =0 3)

E, is the force acting on the inclined face as shown in Fig. 2(d), 6, is the angle between F, and Z axis,
6, is the angle between F, and Z axis, and 65 is the angle between F; and Y axis. In order to decouple
forces acting on the PVDF sensors, a rotational equilibrium equation about X axis direction is derived
as:

F3l3cos 03 — F.l. + Fyly — F; 1;c0s 0, + Eyl,,cos0; =0 4)



where [ is the corresponding arm of forces. By solving equations (1)-(4) simultaneously, the

relationship can be derived as:

Fy -1 A Bl[h
El=10 o0 C||F )
F, 0 D EILF;
where A, B, C, D and E are decoupling coefficients and can be expressed as follows.
A = —sin 92 __tan6j;-cos 65-(lg—13) (6)
Ip-lg
B = —sin 93 __tan6j;-cos 05-(Iz—-1;) (7)
Ip—la
C = cosbs (8)
cos 03-(Lp=13)
D= —l:)_l‘; 2 ©))
E = cos 8- (3 —1y) (10)

Ip—lq

In the milling test with single insert, cutting forces can be measured with both instrumented cutter (F;,
F,, F3) and table dynamometers (F;, F,, F,) at the same time. By submitting these data into equation
(5), the above five parameters can be calibrated. Usually at least five groups of data should be used for

calibration to get accurate calibration results.

2.2 Charge calculation for PVDF sensors

The PVDF sensor has a multilayer sandwich structure consisting of a PVDF film, electrodes and
protective coatings (see Fig. 3a), both sides of PVDF film are covered by electrodes, and the whole
structure is wrapped by coatings for protection and insulation. To compute the electric charges
generated by the mechanical strains of the sensor due to applied force component, the electric

displacements D needs to be integrated over the electrode areas as follows [23]:
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Fig. 3. The general model of the PVDF sensor, including: (a) the structure and (b) the sensitivity directions of the PVDF

Sensor.
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where A4, A, and A5 are the components of the electrode area in the 2-3, 1-3 and 1-2 planes of the
sensor (see Fig. 3b), respectively [19]. Please note the i-j denotes the plane formed by i and j axes in
Fig. 3(b).

Since the PVDF element can be treated as orthotropic material after being poled with the symmetry
axes coincident with the geometric axes while the thickness of the PVDF sensor is very small, the
sensor can be assumed to be in plane stress state [19]. Therefore, assuming the load is applied only on

the normal face of the sensor, the expression for charge induced can be reduced from (4) as:

q= ff D3dA; (12)

For a PVDF thin film sensor, if the pressure is applied on the normal face, the strain mainly exists in
the normal direction, and the shear strain caused by torsion or slide could be neglected since the PVDF
sensor is insensitive to the in-plane shear strain. Thus the charged induced in element area dA; can be
derived as:

q; = d330;dA; = d33dF; (13)

where d;4 is the piezoelectric constant in the 3 direction and the stress g; can be expressed as [24]:

o; = dF;/dA; (14)
2.3 Signal processing
In order to record the signals induced by the cutting forces, the output charge is converted to voltage
by a charge amplifier and then filtered by a filter circuit. The output voltage of charger amplifier can
be expressed as [19]:

V=q/C (15)
where Cy is the electric capacitance of the circuit feedback loop, and it could be calibrated by the
experiments.

Considering the pressure over the sensor is evenly distributed, the output voltage is then related to the

applied force F by the relation:
(16)
Since an insert usually has three faces where sensors are attached, a choosing circuit is used to select

signals from the three circuits connected to the sensors in sequence, and then the chosen signal can be

transmitted. The sampling frequency of the choosing circuit is set to high enough (10000 Hz) to avoid



signal distortion.
Using V3, V, and V5 to denote the output voltages from the sensors, by combining (5) and (16), the
relationship between the applied cutting forces in three directions and output voltages can be

established as:

F; c -1 A B[V
El==Llo o c||% (17)
Fl1 "#lo D Ellv;

3. Validation and discussion of milling force monitoring for separate insert

In this section, an instrumented milling cutter prototype with embedded PVDF sensors is presented

and the validation results in milling process with new, worn and chipped cutters are described.

3.1 Instrumented milling cutter prototyping with three sensors

To validate the proposed sensing cutter system, an instrumented cutter modified from the commercial
available indexable milling cutter was developed, the cutting insert used here is MITSUBISHI
APMT1135PDER-M2 VP15TF, the diameter of the cutter is 32mm. For simplicity, three PVDF
sensors were placed on planar face under the modular base. As shown in Fig. 4, the insert was fixed to
the modular base by means of preloading screw. The modular base was then clamped by the keep
plate, which was fixed to cutter body by screw. The advantages for using modular base lies in the
applicability for different types of insert. A spacer was placed between the keep plate and the cutter
body, which has an inclined plane with the same angle on the modular base. One PVDF sensor was
placed between the bottom surface of the modular base and the cutter body. When the keep plate is
preloaded by the screw, preload is also applied on the PVDF sensors.

The keep plate was fixed with bolt and connected to the cutter body. In this case, preload was applied
on all the PVDF sensors through the modular base. Since the thickness of the PVDF sensor is very
small and with inclined planes design, the modular base would not slide or rotate when the cutting
force is applied on the insert, and it could be assumed that only normal pressure forces are applied on

the PVDF sensors. Thus the shear effect of the sensor is neglected.



Protection
""" cover

Data acquisition and
wireless transmission
system (under the cover)

Cutter body
PVDF

sen:izorS |Modular base

Fig. 4. The structure of the developed instrumented milling cutter with embedded PVVDF sensors.
3.2 Natural frequency analysis

The natural frequency of the instrumented tool was investigated by the modal testing, and the results
for the cutter as well as for the three sensors at one insert position are shown in Fig. 5. For the cutter,
the impact point is the tool tip, the impact is along radial, axial and tangential directions of the cutting
insert. The first order natural frequency of the instrumented tool directly determines the frequency
response of the measuring arrangement. The modal testing results demonstrate that the dominant
modes of the cutter and PVDF sensors are larger than 1100Hz, indicating that such measuring system
is suitable for most of the milling processes, in which the tool passing frequencies are usually below
1000Hz.
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Fig. 5. Modal testing results for the instrumented cutter.

3.3 Wireless transmission

In milling process, when the dynamic cutting forces are applied on the PVDF thin film sensors, electric
charges will be generated on the surface of the thin film. The electric charge is then amplified by the
charge amplifier and converted to voltage signals. The voltage signals are then amplified by the
preamplifier unit and sent to the interference signal filtering and suppression unit. After that, voltage
signals collected by the 16bit high speed analog to digital converter (16bit high speed ADC). Processed
signals are then sent to a high-speed DSP processor, which will then send the digital signals to the
transmitter. The system block diagram for the on-shell data acquisition and wireless transmission

system is shown in Fig. 6. The power of the entire circuit is about 2.1W, and a 5V battery is used as

the power supply.
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Fig. 6. System block diagram and circuit board for the on-shell data acquisition and wireless transmission system.
3.4 Calibration and validation of the instrumented milling system

To study the sensing performance of the instrumented milling cutter system, calibration has been
conducted first. The workpiece material was Aluminium alloy 7075, the spindle speed was 600r/min,
and the feedrate was 100mm/min. The axial cutting depth was 0.9mm and radial cutting depth was
0.3mm, up milling method was applied in the calibration process. A new insert was used in the test, a
table dynamometer Kistler 9257B was used to record cutting force acting on the workpiece. The
sampling frequency for each channel of the dynamometer and the instrumented cutter was set to
10kHz. During the cutting test, both signals from the dynamometer and the instrumented cutter were
recorded. According to calibration method presented in Section 2.1, N groups of data were selected
for solving unknown parameters in (5). Taken A and B as example, by using F; and F;, F,, F5, the

following equations can be obtained based on (5):

R R [F]

2
F2 F} P3| 4| =|F] (18)
[ A [F{VJ

There are two undetermined parameters in the above equation, but there are N > 2 groups of data.
Therefore, the above equation forms morbid contradictory equations and it can be simplified as:
MN =F, (19)
Where M is a column full rank matrix, let M7 be the transpose matrix of M, then MTM is real
symmetric positive definite matrix. By multiplying M7, equation (19) can be changed to the following
MTMN = M"F, (20)
By using least squares method, the solution for equation (20) can be get. The same procedure can be

used for solving C, D, and E. Finally, the five calibrated parameters are:

A =00319
B =01618

C = 0.6426 1)
D =—14212
\E = —0.0081



To validate the calibration results, a worn insert was assembled on the cutter to conduct the trials, and
the cutting parameters were the same as above. Cutting forces from both the dynamometer and the
instrumented cutter are compared and shown in Fig. 7, confidence interval for average cutting forces
are shown in Fig. 8. Results show that both the profile and amplitude coincide with each other well,
which demonstrates the effectiveness of the instrumented cutter system. Therefore, the developed
instrumented cutter can be used for monitoring cutting forces acting on each insert, thus can be further

used for tool condition monitoring.
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Fig. 7. Comparison of cutting forces measured from the dynamometer and the instrumented cutter. (a) Radial direction.
(b) Tangential direction. (c) Axial direction.
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To further validate the developed instrumented cutter, a 2 levels Design of Experiments (DoE) with
new insert were carried out: two spindle speed 1000 rpm and 1500rpm, two axial cutting depth 0.4mm
and 0.6mm. Sampling frequency of each channel for both the dynamometer and the instrumented cutter
is set to 20kHz. Experimental results are shown in Fig. 9 in terms of forces in the radial, tangential and
axial directions, the radial cutting depth was set to 0.5mm. Results show that both the profile and
amplitude coincide with each other well except some small deviation, which demonstrates the

effectiveness of the instrumented cutter system.
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Fig. 9. Comparison of cutting forces measured from the dynamometer and the instrumented cutter for different spindle
speed and axial cutting depth. (a) Spindle speed: 1000rpm, cutting depth: 0.4mm. (b) Spindle speed 1500rpm, cutting
depth: 0.4mm. (c) Spindle speed: 1000rpm, cutting depth: 0.6mm. (d) Spindle speed: 1500rpm, cutting depth: 0.6mm.

3.5 Validation of cutting forces monitoring for separate insert

To validate the single phase cutting force monitoring performance of the instrumented cutter system
in milling process, milling tests with new, worn and chipped inserts were performed, as shown in Fig.
10. The diameter of the cutter was 32 mm, the workpiece material was Aluminium alloy 7075. Cutting
parameters were set as: axial depth of cut 0.9mm, radial depth of cut 0.3mm, spindle speed 600r/min,
feedrate 100mm/min. Sampling frequency of each channel for both the dynamometer and the
instrumented cutter is set to 10kHz. Cutting forces from the workpiece side were also recorded by the
table dynamometer.
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Fig. 10. Photos taken by Alicona Infinitefocus G4 for inserts used in milling tests. (a) New insert. (b) Worn insert. (c)

Inserts with flank edge chipped.

The 3 directions cutting forces recorded by the dynamometer and the developed instrumented cutter
are compared and shown in Fig. 11. Indicating that worn insert results in the largest force amplitude,
and the chipped insert provides the smallest forces. As for the time period, worn insert has almost the
same time period with new insert during one insert cutting process, which is about 4.5ms, while the
cutting time about 4.0ms for chipped insert is a little shorter. Since the insert cutting edge is chipped,
the effective cutter radius is bit smaller than new insert. Therefore, the actual chip thickness is a bit
smaller thus leading to lower cutting force and shorter cutting time period.

Cutting forces recorded by the developed instrumented cutter come to the same conclusion as the
dynamometer signals demonstrate: the worn insert results in the largest force, and the chipped insert
results in the smallest force. Among three PVDF sensors, the first one recorded the largest force, which
is corresponding to the tangential direction force. The second PVDF sensor also recorded large force,
it shares a large portion of radial cutting force. The third PVDF sensor recorded the smallest force,
which is relative to the axial cutting force. Furthermore, the signals recorded from the PVDF sensors
show a satisfactory agreement with the dynamometer measured signals. Indicating that the developed

instrument cutter works well and could distinguish the single cutter insert condition.
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Fig. 11. Comparison of forces in three directions with signals from the dynamometer and instrumented cutter for (a) new, (b) worn and (c) chipped inserts.



The deformed chips for three inserts are presented in Fig. 12. For the new insert, the deformed chip
has relatively regular shape (see Fig. 12a). For the worn insert, since the cutting edge is not sharp
anymore, there exists the extrusion between the insert and the workpiece material, which results in
large force. For the chipped insert, it cuts less amount of material and the force is much smaller. By
comparing recorded cutting forces in Fig. 11 and deformed chips in Fig. 12, it is clear that the
developed instrumented cutter can identify the abnormal phenomenon from the cutter for different
inserts in the milling process. Both experimented comparison results and theoretical analysis show
clearly the advantages of the developed instrumented cutter system. It shins the lights on fast and

accurate cutter wear monitoring and estimation in production line.
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1.427mm
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Fig. 12. Deformed chip for three inserts. (a) New insert. (b) Worn insert. (c) Chipped insert.

4. Conclusions

A novel instrumented milling cutter system with embedded thin film sensors is proposed, modelled
and validated in this paper. The advantage of using such cutter over the off-the-shelf dynamometers is
that it can be used for measuring forces on each cutting edge as well as to identify cutter edge
malfunctions separately. Furthermore, the developed system can be implanted in the production lines
with minimal disturbance of the machining systems. The main contributions of this paper can be
concluded as follows:

e Thin film sensors are embedded into the cutter for separate insert to monitor the specific
cutting forces acting on single milling tooth, and for the first time the accurate on-line
estimation of the separate inserts’ working conditions is achieved.

e A dedicated milling force decoupling model to overcome cross-talk due to non-orthogonal
placement of sensors for the developed instrumented milling cutter system is proposed,

enabling the estimation of the separate inserts’ working conditions by analysing the cutting



forces acting on the insert.
e The validation demonstrates that the presented monitoring system prototype could measure

the cutting forces accurately compared with the dynamometer with the error less than 10%.

Furthermore, the proposed instrumented milling cutter system with embedded thin film

sensors could also identify the tool insert conditions such as worn and chipped, such

information cannot be obtained from the dynamometer.
Therefore, the developed instrumented milling cutter could be directly used in the workshop to ensure
the high-value added parts are machined properly since the tool conditions of each insert are monitored
and estimated during the whole machining process. Furthermore, the developed instrumented cutter
also opens avenue for analysing insert failure mechanism and its progress by collecting the single
insert’s force data. Further research to overcome some limitations of the developed system such as,
embedding sensors directly under the insert as well as to improve the wireless transmission rate will
be carried out.
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