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Abstract

As Industry 4.0 becomes a reality in manufacturing, the need of accessing data
from machining processes increases. In this thesis two tool holders with sensors
equipped on them are evaluated and recommendations for future sensor equipped
tool holders are presented. The sensors are designed to provide the user with infor-
mation regarding bending moment and torque variation during machining in metal
materials. The two tool holders were evaluated against a numerical force model
and an external dynamometer as reference. An analysis of how having sensors
mounted on the tool holders affects their stability and sensitivity to regenera-
tive vibrations was also performed. Filters for reducing measurement distortion
due to equipment dynamic characteristics are also obtained, hereby increasing
the frequency range of the measurements. This was successfully implemented for
the external dynamometer, however due to the sampling frequency of the sensor
equipped tool holder such a filter could not be obtained.

This thesis was carried out at AB Sandvik Coromant.

i



ii



Acknowledgements

First I would like to thank everyone at CDPVV at AB Sandvik Coromant for giving
me the opportunity to conduct my master thesis there and utilize their facilities.
Especially I would like to express my sincerest gratitude to my supervisors PhD.
Anders Liljerehn, Per-Olov Gustansson, and Peter Eriksson for their invaluable
support and showing great interest in my work and finally to my supervisor at
EIT, PhD. Mikael Swartling for his guidance and help.

iii



iv



Table of Contents

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aim and objective . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.3 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Theory 3
2.1 Modelling of cutting forces . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Tool holder stability . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Measurements of cutting forces . . . . . . . . . . . . . . . . . . . . 8
2.4 Design of inverse filter . . . . . . . . . . . . . . . . . . . . . . . . . 12

3 Method 19
3.1 Measurement of the tool holders dynamic behaviour . . . . . . . . . 20
3.2 Measurement of multi component dynamometer dynamic behaviour . 21
3.3 Reduction of dynamic influence . . . . . . . . . . . . . . . . . . . . 22
3.4 Performance measurements of sensor equipped tool holders . . . . . 24

4 Results 27
4.1 Dynamic behaviour of tool holders . . . . . . . . . . . . . . . . . . . 27
4.2 Multi component dynamometer . . . . . . . . . . . . . . . . . . . . 29
4.3 Reduction of dynamic influence . . . . . . . . . . . . . . . . . . . . 30
4.4 Performance of sensor equipped tool holders . . . . . . . . . . . . . 36

5 Evaluation and Conclusion 57
5.1 Change in dynamic behaviour . . . . . . . . . . . . . . . . . . . . . 57
5.2 Inverse filter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.3 Sensor equipped tool holders . . . . . . . . . . . . . . . . . . . . . . 58

6 Discussion and future work 61
6.1 Error sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

Appendices 68

v



A Dynamic measurements 69

vi



Chapter1
Introduction

1.1 Background
In order to shape and process metal materials CNC-machines are commomly used.
Three very common processes used to shape material are milling, drilling and turn-
ing. During these processes both the workpiece material and the cutting tool are
subjected to cutting forces. The ability to measure these forces accurate is of great
importance in order to analyse the cutting process efficiency and estimate power,
torque requirements.

One way of measuring these forces is to use external piezoelectric dynamometers
mounted on the workpiece or on the tool. However, as machine integration be-
comes more and more important for the metal cutting industry, the need for these
kind of sensors integrated within the machine tool increases. Having these kind
of sensors integrated in the machine tool would expand the possibility of getting
useful data from the cutting process. This data can be used as feedback directly
to the machine tool or to the machine operator. Using the data in a smart way
can help prevent unexpected cutting process failures [1]. The measured cutting
forces have also be used as an input to a neural net to predict tool life in milling [2].

The first method for using integrated strain gauges to measure cutting force was
presented by M. Santochi et al. in [3], which was achieved by mounting strain
gauges close to the insert on a machine lathe. A wireless sensor integrated for
measuring torque during end-milling operation was presented in [4] and different
methods to measure cutting forces was researched in [5] and [6].

1.2 Aim and objective
The aim of this thesis is to evaluate and analyse if a sensor equipped tool holder
performs with such accuracy that it can be of assistance in cutting process evalu-
ation and cutting tool design. To determine this the objective is to compare two
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2 Introduction

sensor equipped tool holders, with a theoretical model, an external multi compo-
nent dynamometer and an external rotating multi component dynamometer. The
impact on the tool holders dynamic behaviour due to mounting of a sensor system
is to be investigated to determine its impact on the tool holders stiffness. Fur-
ther this investigation seeks to find an appropriate filtering technique to further
enhance the quality of the measured data.

1.2.1 Research question
1. How does the sensor equipped tool holders perform compared to theoretical

and established measurements systems in terms of amplitude, noise and
shape of milling and drilling cutting forces

2. Will the mounting of the sensor system affect the tool holders dynamic
behaviour and accessibility during cutting operations

3. How should a filter be designed to ensure minimal distortion of cutting force
measurements due to dynamic influence

1.2.2 Limitations
To keep the project within the scope and timeframe, some limitations have been
made.

• No study of thermal or spindle speed related measurement drift has been
conducted

• The experimental milling and drilling tests were limited to only one cutting
speed

• All experimental milling tests has been conducted using only one insert

• A filter for reducing dynamic influence has only been obtained for one ex-
perimental setup

• The filter for reducing dynamic influence were not adapted for zero phase
filtering

1.3 Thesis outline
• Chapter 1: Introduction to the thesis and objectives.

• Chapter 2: Describes the theory needed to make the desired evaluation.

• Chapter 3: Methods of performed measurements and implementations.

• Chapter 4: Results of performed measurements and implementations.

• Chapter 5: Result evaluation.

• Chapter 6: Discussion and future work.



Chapter2
Theory

This section contains the theoretical foundations of measurement and modelling of
cutting forces in metal machining. This provides knowledge of how these models
are obtained and how the different ways of measuring cutting forces work facili-
tates the evaluation. In order to understand how the mounting of a sensor system
impacts the dynamic behaviour of tool holders and thereby affects which cutting
parameters that may be used without causing an unstable cutting process, a math-
ematical connection between dynamic behaviour and its stability during machining
is provided. Concerning the inverse filter obtained and investigated in this thesis,
the theory behind it, its limitations and possibilities is required if such a filter is
to be obtained and implemented correctly for cutting force measurements.

2.1 Modelling of cutting forces
This section introduces the basic equations and theory that are used throughout
this thesis to perform the cutting force simulations. Most of the information in this
section has been obtained from [7]. An important note regarding the theoretical
calculations of cutting forces throughout this thesis is that the material dependent
cutting force constants, for example kq1 in equation 2.1, were obtained through
lathe tests, not milling tests.

The cutting force model used in this thesis is known as the Kienzle-model [8],
which distinguishing it self by having an exponential dependence between the chip
thickness and the specific cutting force. This is opposed to the model used in [7],
which is a linear model. The Kienzle model, which is the most commonly used at
AB Sandvik Coromant, is formulated as

Fq = kq1 · h1−mq · ap · (1−
γ

γcorr,q
) (2.1)

where h is the uncut chip thickness, ap is the depth of cut, γ is the rake angle, γcorr
is the correction factor of the rake angle, and kq1 and mq are material dependent
constants, which are obtained through experimental test data. Dividing this into
axial segments, the contribution from each segment in q-direction is formulated as

3



4 Theory

dFq = kq1 ·∆ap · h
1−mq

pjr · (1− γ

γcorr,q
) (2.2)

here k represents cutting tooth, j is the segment along the direction of depth of
cut ap, and p is the segment in angular rotation of the tool. This is visualised in
figures 2.1 and 2.2. The force contribution from each segment, dFq, is dependent
on which angular position, φpjr, the segment has. This since hpjr is dependent on
the segments angular position as

hpjr = fz · sin(φpjr) (2.3)

Here it should be noted that due to λs the angular position of each segment, φpjr,
will be dependent on its axial position, j, and on which tooth that the segment
is acting. Thereby φpjr might be different from the cutting tool angular position,
φp. The dependence is as

φpjr = φci + p ·∆φ+ (r − 1)φpitch −
2 tan(λs)
Dcap

· j ·∆ap (2.4)

where φpitch is the angle between each cutting tooth and ∆φ is the angular dif-
ference between each angle segment, φp. During a milling process, the total force
is divided into 3 components: tangential, radial and axial force. Which each con-
tribute to the total force acting on the workpiece. Using equation 2.2 and summing
over all r, and j the contribution from each of these forces for each angle of the
tool, φp, is expressed as

Ft(φp) =
z∑
r=1

L∑
j=0

dFt(φpjr) Fr(φp) =
z∑
r=1

L∑
j=0

dFr(φpjr) Fa(φp) =
z∑
r=1

L∑
j=0

dFa(φpjr)

(2.5)
where φci < φijk < φco, φci and φco are the angular span between which the tooth
enters and exits cutting, and z is the number of teeth. If a tooth is outside this
region its contribution to the respective force is 0.
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Figure 2.1: Top view of milling engagement with visualisation of
notations
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Figure 2.2: Side view of mill with visualisation of notations

Calculating the sums in equation 2.5 for each φp gives an estimation of how the
cutting forces varies throughout a cutting engagement. Figure 2.3 shows an ex-
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ample of a milling operation simulated with the method described above, using
cutting force coefficients derived from for workpiece material 34CrNiMo56.

As the reference measurements with the multi component force dynamometer
is performed in stationary Cartesian coordinates while the sensor equipped tool
hoders measures in a rotating coordinate system, a transformation is needed. This
transformation to a stationary coordinate system, Fx and Fy, is calculated as

[
Fx(φ(t))
Fy(φ(t))

]
=
[
− cos(φ(t)) − sin(φ(t))
sin(φ(t)) − cos(φ(t))

] [
Ft(φ(t))
Fr(φ(t))

]
(2.6)

The force acting in the axial direction, Fa, was not considered in the milling eval-
uation.
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Figure 2.3: Shows example of Ft, Fr, Fx, and Fy for a single tooth,
z = 1, milling operation with ae = 5 mm, fz = 0.15 mm, ap =
3 mm, γ = −20, γcorr,t = 100, and γcorr,r = 40 simulated for 3
revolutions
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2.2 Tool holder stability
Given the input force signal, xF (t), and the output acceleration, xa(t), the coher-
ence between these is calculated as

Cxy(f) = |PxaxF
(f)|2

Pxaxa
(f)PxF xF

(f) (2.7)

where Pxaxa
(f) and PxF xF

(f) are the power spectral densities and PxaxF
(f) is

the cross power spectral density, of the time sequences xF (t) and xa(t). This is
ideally equal to 1 for all frequencies, which would indicate a linear relationship
between xF (t) and xa(t). However, in this thesis this was used to determine if
the measurement of accelerance FRF, Ha(ω), was good enough, or if it had be
performed once again. The measured FRFs and their corresponding coherence
can be seen in appendix A. The FRF, Ha(ω), is obtained by using the frequency
domain representation of the signals, xF (t) and xa(t) as

Ha(ω) = Xa(ω)
XF (ω) (2.8)

The FRFs for velocity and displacement is obtained by integrating Ha(ω) in fre-
quency domain according to

Hv(ω) = Ha(ω)
iω

(2.9)

and
Hd(ω) = Hv(ω)

iω
(2.10)

Having the FRF in displacement, Hd(ω), is needed for calculations of the chatter
stability lobes and the critical depth of cut, alim

p ; which is the maximum depth of
cut for which the cutting process is stable for all spindle speeds. The relationship
between these is seen in figure 2.4. Using the theory on chatter vibrations described
in [9], [10] and [11], the relationship between acquired Hd and alim

p is as

alim
p = −2π={λ}

Nkt
(κ+ 1

κ
) (2.11)

if a 2DOF system is assumed, where

λ = − 1
2α0
· (α1 ±

√
α2

1 − 4α0)

α0 = Hxx
d (ω) ·Hyy

d (ω) · (αxxαyy − αxyαyx)

α1 = αxxH
xx
d (ω) + αyyH

yy
d (ω)

here ω is the angular frequency at which Hqq
d has its minimal real value and

αxx = 1
2

[
cos 2φ− 2kr

kt
φ+ kr

kt
sin 2φ

]φex

φst
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αyy = 1
2

[
− cos 2φ− 2kr

kt
φ− kr
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sin 2φ

]φex

φst

αxy = 1
2

[
− sin 2φ− 2φ+ kr

kt
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φst

αxx = 1
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κ = ={λ}
<{λ}

Figure 2.4: Shows the connection between alim
p and the stability

lobes. Cutting operations with ap below the solid black curve
will be stable, while cutting operations with ap above this curve
will be unstable

2.3 Measurements of cutting forces
The two sensor types used to measure during cutting operations throughout this
thesis are piezoelectric and strain gauges sensors. In the multi component dy-
namometer and the rotating multi component dynamometer the sensor type are
piezoelectric and in the sensor equipped tool holders the sensor type is strain
gauges. A more profound comparison of different techniques for cutting force
measurements is available in [6].

2.3.1 Piezoelectric sensors
Piezoelectric sensors are made of material that when subjected to a force a charge
displacement occurs, which can be measured. A commonly used piezoelectric ma-
terial is quartz. Using piezoelectric sensors is the most common way of measuring
multi component cutting forces [6].
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In quartz, which is the material used in the multi component dynamometers,
there are three piezoelectric effects: the longitudinal effect, transverse effect, and
shear effect [12]. For the longitudinal effect the charge is proportional to the force
acting on the piezoelectric object according to

Cq = dqqFq (2.12)

where d is a piezoelectric constant [pC/N]. This is shown in figure 2.5a. For the
transverse effect the charge can be formulated as

Cq = dqq′Fq ·
a

b
(2.13)

where d is a transverse piezoelectric constant, q′ is the orthogonal direction to q,
a is the charge generation axis, and b is the neutral axis. Shown in figure 2.5b.
The shear effect can be formulated as

Cq = 2dqqFq (2.14)

as shown in figure 2.5c.

In the piezoelectric multi component dynamometer used in this thesis the quartz
crystals are organised in thin plates, which are used to measure the force and the
bending moment acting on the multi component dynamometer.

A piezoelectric material yields electric charge when a force is exerted on it. A
readable voltage that is proportional to the force acting on the piezoelectric ele-
ments can be obtained by connecting a charge amplifier to the multi component
dynamometer. The constant dqq in equation 2.12 is used in the charge amplifier
in order to get the correct amplification. The entire connection setup is shown in
figure 2.6. For more in-depth information on piezoelectric sensors see [12], [13],
and [14].
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(a) Longitudinal effect

(b) Transverse effect

(c) Shear effect

Figure 2.5: The three types of piezoelectric effect

Force Dynamometer Charge amplifier Signal conditioning

DAQ Computer

Figure 2.6: Data flow for the piezoelectric measurement equipment

2.3.2 Strain gauges
Strain gauges works by the principle that its electrical resistance changes when
its area changes. Due to the design of the strain gauge, its electrical resistance is
mainly sensitive to size change in one direction; change in the orthogonal direc-
tion does not affect its resistance. A common way of measuring this change is by
connecting the strain gauge in a full bridge connection, as seen in figure 2.7. For
this setup, the voltage U1 is dependent on the current value of R1, R2, R3, and
R4. For the sensor equipped tool holders used the strain gauges are not presenting
measured forces in radial or tangential direction, instead the accompanying soft-
ware presents the bending moment acting on them, Mt and Mr. There is however
a strain gauge mounted in such way that it is sensitive to force acting in the axial
direction, Fz. Despite not measuring the force, it can be calculated knowing the
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bending moment in a direction, Mq. The force acting on the tool in that direction,
Fq, can be calculated as

Fq = Mq

L
(2.15)

where L is the distance from the tool tip to the strain gauges. The value of L for
the two tool holders in the conducted experiments is shown in table 2.1.

Tool holder A Tool holder B

L 71 mm 96 mm

Table 2.1: L for the two sensor equipped tool holders

Tool holder A Tool holder B

Fz 6.527 94 2.754 85
Torque 0.044 342 7 0.020 628 3
Mr 0.026 61 0.014 879 4
Mt 0.026 502 7 0.015 013 8

Table 2.2: Calibration values for the two sensor equipped tool hold-
ers

The mounting of the strain gauge is of particular importance to assure proper
functionality. Each strain gauge has a specified linear measuring range. If placed
in a position where the strain exceeds this range, inaccurate measurements will
follow and in worst case the strain gauge detaches from the mounting surface. The
specified measuring range for each tool holder is shown in table 2.3.

Tool holder A Tool holder B

Axial force ±88.7 kN ±34.7 kN
Torque ±602.4 N m ±280.2 N m
Bending moment ±360 N m ±203.9 N m
Max speed 18 000 RPM 18 000 RPM

Table 2.3: Specified measuring ranges for the sensor equipped tool
holders

Due to the mounting of the strain gauges in the sensor equipped tool holders, both
the number of revolutions per minute and temperature changes affects the reading.
This since both increased RPM and temperature causes the tool holder to expand,
and thereby changing the size of the strain gauges. This can be compensated for
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by assuming that there is a constant offset and reset at what is the new zero-
level. Another phenomena that may occur is drift during measurements, then
every sample is adjusted according to a linear model of the drift. Investigations
of how much the drift affects the measurements, or if the drift is purely linear has
been left out due to thesis limitations.

R1 R2

V

U1

R3 R4

+Udd

Figure 2.7: Schematic strain gauge sensor coupling in a full bridge
where R1 is the strain gauge, U1 is measured

2.4 Design of inverse filter
The inverse filter obtained is based on the multi component dynamometers mea-
sured FRF, with a modification to ensure stability and invertability. This modifi-
cation of the FRF is conversion to its minimum phase representation, which also
entails that the approximated filter will be minimum phase. Without this conver-
sion the inverse filter would not be stable. Since using filtering may cause phase
distortions, a filtering method for removing this, named zero phase filtering, is
used when applicable.

2.4.1 Stability properties
With stability of a filter it means that the filter is BIBO-stable, i.e. bounded
input gives a bounded output. This is a highly desired property. Let h(n) be the
impulse response of a filter, the filter is then stable if the following constrain holds
true [15, p. 88]

∞∑
n=−∞

|h(n)| = ||h||1 <∞ (2.16)

This can be expressed in the z-domain, given that the filter transfer function in
the z-domain is written as

H(z) = B(z)
A(z) (2.17)
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where B(z) and A(z) are the numerator and denominator polynomials, respec-
tively. The filter is unstable if A(z) has roots outside the unit circle.

2.4.2 Minimum phase
A filter, H(z), is said to be a minimum phase filter if all roots of A(z) and B(z)
are within the unit circle, which can be expressed as

max{|ni|} < 1 and max{|pi|} < 1

Given a non-minimum phase filter on the form as in equation 2.17, by reflecting
all of its zeros outside the unit circle inside of the unit circle transforms the filter
to its minimum phase representation can be achieved by

ni = ni
|ni|2

(2.18)

The magnitude response is unchanged by this operation, though it changes the
phase response. If the FRF of the filter is known and the H(z) is unknown, the
transformation to its minimum phase representation can be made by using the
FRFs real and complex cepstrum. A method which was presented by Soo-Chang
Pei and Huei-Shan Lin in [16]. Given a causal real valued sequence, h(n), which
Fourier transform is H(ω) the method is as follows. Let ĥ(n) be the complex
cepstrum of h(n), the Fourier transform of ĥ(n) is obtained as

Ĥ(ω) = log[H(ω)] (2.19)

The Fourier transform of h(n)′s real cepstrum is

Ĉ(ω) = <e[Ĥ(ω)] (2.20)

which gives that the real cepstrum is

ĉ(n) = F−1{Ĉ(ω)} (2.21)

Since h(n) is a casual sequence its minimum phase representation, hmin(n), is then
obtained as

ĥmin(n) =


0 n < 0
ĉ(n) n = 0
2ĉ(n) n > 0

and reversing equation 2.19, the minimum phase FRF is then acquired as

Hmin(ω) = eF{ĥmin(n)} (2.22)

Hmin(ω) is the minimum phase representation of H(ω). This is the method that
was used through out this thesis. If a filter, H(z), is in its minimum phase rep-
resentation the denominator and numerator can be switched, without causing
instability. Given a minimum phase filter as

H(z) = B(z)
A(z)
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it has the BIBO-stable inverse

H−1(z) = A(z)
B(z)

2.4.3 Zero phase filtering
By using forward-backward filtering it is possible to achieve zero phase-distortions
with IIR-filters, this is achieved when the filter is first applied forwards and then
backwards [17]. The output from a filter with input x(n) and impulse response
h(n) can in frequency domain be written as

Y (ω) = X(ω) ·H(ω)

Applying the same filter once again from the negative direction can hence be
expressed as

Y (ω) = X(ω) ·H(ω) ·H(−ω) (2.23)

which for a filter with real value coefficients is

Y (ω) = X(ω) ·H(ω) ·H∗(ω) = X(ω) · |H(ω)|2 (2.24)

where H∗(ω) is the complex conjugate of H(ω). As seen in equation 2.24 the
output has zero phase distortions, since |H(ω)|2 is real valued. It however changes
the cut off-frequency, which affects the filter design. Throughout this thesis the
type of filter used for low pass filtering was Butterworth-filters, for this reason
only the effect on Butterworth-filter from zero phase filtering is covered. For a
Butterworth filter of n:th-order the gain is [18]

Gbutter(ω) = |Hbutter(iω)| = 1√
1 + ( ωωc

)2n
(2.25)

using the result from equation 2.24 yields

Gzero phase(ω) = 1
1 + ( ωωc

)2n (2.26)

from equation 2.25 and 2.26 it can be shown that the new cut off-frequency is

ωnew c = (
√

2− 1) 1
2n · ωc (2.27)

2.4.4 Filter fitting
Assuming a minimum phase FRF as described in subsection 2.4.2 and given a
measured FRF, H(ω), an approximation of this H(ω) is found by minimising the
following error function

E =
Sn∑
k=1

∣∣∣∣H(ωk)− B(ωk)
A(ωk)

∣∣∣∣ (2.28)
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This is performed by first by minimising equation 2.29

E =
Sn∑
k=1
|A(ω(k))H(ω(k))−B(ω(k))|2 (2.29)

where A and B are polynomials, and Sn is the number of samples in the measured
FRF, with respect to A and B. The method used to do this is presented in [19]
and is as follow. Define the estimated transfer function G(iω) as

G(iω) = A0 +A1(iω) +A2(iω)2...

B0 +B1(iω) +B2(iω)2...
(2.30)

where B0 ≡ 1 and the error as the difference between the measured and estimated

ε(ω) = H(ω)−G(ω) (2.31)

G(ω) can be re-written as B(ω)
A(ω) then

A(ω)ε(ω) = A(ω)H(ω)−B(ω) (2.32)

Re-writing the right hand side of equation 2.32 as a sum of its real and imaginary
parts yields

A(ω)ε(ω) = a(ω) + ib(ω) (2.33)

thus the error E can be defined as

E =
Sn∑
k=1

a2(ωk) + b2(ωk) (2.34)

where a and b is a function of both ω and the unknown coefficients Ai and Bi,
and n is the number of sample points. If G(iω) is expressed as

G(iω) = α+ iωβ

σ + iωτ
(2.35)

where
α = A0 −A2ω

2 +A4ω
4...

β = A1 −A3ω
2 +A5ω

4...

σ = B0 −B2ω
2 +B4ω

4...

τ = B1 −B3ω
2 +B5ω

4...

then equation 2.34 may be written as

E =
Sn∑
k=1

(σk·<{H(ωk)}−αk−={H(ωk)}·ωk·τk)2+(={H(ωk)}·σk+<{H(ωk)}·ωk·τk−ωk·βk)2

(2.36)
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Differentiating equation 2.36 with respect to Ai and Bi yields the following set of
equations

∂E

∂A0
=

Sn∑
k=1
−2 · ak,

∂E

∂A1
=

Sn∑
k=1
−2 · ωk · bk,

∂E

∂A2
=

Sn∑
k=1

2 · ω2
k · ak ...

∂E

∂B1
=

Sn∑
k=1

[−2 · ωk · ak · ={H(ωk)}+ 2 · ωk · bk · <{H(ωk)}],

∂E

∂B2
=

Sn∑
k=1

[−2 · ω2
k · ak · <{H(ωk)} − 2 · ω2

k · bk · ={H(ωk)}],

∂E

∂B3
=

Sn∑
k=1

[2 · ω3
k · ak · ={H(ωk)} − 2 · ω3

k · bk · <{H(ωk)}]

...

Setting all of the above equations to 0 and using the linear transformations given
in [19] yields a set of linear equations that may be written in matrix form as

M ·N = C (2.37)

where

M =



λ0 0 −λ2 0 · · · T1 S2 −T3 −S4 · · ·
0 λ2 0 −λ4 · · · −S2 T3 S4 −T5 · · ·
λ2 0 −λ4 0 · · · T3 S4 −T5 −S6 · · ·
...

...
...

...
...

...
...

...
...

...
T1 −S2 −T3 S4 · · · U2 0 −U4 0 · · ·
S2 T3 −S4 −T5 · · · 0 U4 0 −U6 · · ·
T3 −S4 −T5 S6 · · · U4 0 −U6 0 · · ·
...

...
...

...
...

...
...

...
...

...


(2.38)

and where

N =
(
A0 A1 A2 · · · B1 B2 B3 · · ·

)T (2.39)

and

C =
(
S0 T1 S2 · · · 0 U2 0 · · ·

)T (2.40)

Thus
N = M−1 · C (2.41)

The elements of N is the coefficients that minimises equation 2.32.
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The solution obtained from equation 2.41 is used as the initial guess in the damped
Gauss-Newton [20] iterative search for the minimal value of the error function

E =
Sn∑
k=1

∣∣∣∣H(ωk)− B(ωk)
A(ωk)

∣∣∣∣ (2.42)

which is minimised by the iterative scheme

x̄i+1 = x̄i − λi
(
J(x̄i)T · J(x̄i)

)−1 · J(x̄i)T ·R(x̄i) (2.43)

The reason that the coefficients which minimises 2.29 is not used as filter coeffi-
cients is since they do not guarantee stability. In this thesis this was performed
with MATLAB using the built-in function invfreqz.
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Chapter3
Method

This thesis is performed in several steps in order to make an as good evaluation
of the sensor equipped tool holders as possible.

At first the dynamic behaviour of both the un-modified and sensor equipped tool
holders A and B, with dummy tools mounted, is measured. This yields a FRF
for each setup of the tool holders, that has been used to predict the critical depth
of cut, alim

p , with respect to cutting process parameters and selected work piece
material [9]. A comparison between the un-modified and sensor equipped tool
holders A and B dynamic characteristics is made, this to evaluate how much the
dynamic behaviour of the tool holder is affected after sensor integration.

During the previous mentioned measuring of dynamic characteristics the force im-
pulse response from the multi component force dynamometer, and sensor equipped
tool holder A and B is recorded. This is used to approximate the FRF with an
IIR-model, the model is then used to obtain an inverse model that can be used to
reduce the dynamic influence on cutting force measurements.

The performance evaluation of the mounted sensors was conducted by the same
milling and drilling operation for both sensor equipped tool holders A and B. The
output from the sensor equipped tool holders is compared to a theoretical simula-
tion and measurement data acquired from a multi component dynamometer. This
test was repeated for several variations of cutting parameters. For the drilling ex-
periments, the measurements from the sensor equipped tool holders is compared
with measurement data from both a stationary multi component dynamometer
and a rotating multi component dynamometer.

19
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3.1 Measurement of the tool holders dynamic behaviour

There were in total eight dynamic measurements performed on the tool holders,
two for each tool holder; un-modified tool holder A and B, and sensor equipped
tool holder A and B. The first measurement per tool holder was performed with
a blank 20 mm diameter tool, while the second measurement was with a blank
12 mm diameter tool. A principal sketch of how the sensor system was mounted
on the tool holders is seen in figure 3.1.

Blank tool

Tool
holder

(a) Tool holder without sensor system

Sensor
system

Blank tool

Tool
holder

(b) Tool holder with sensor system

Figure 3.1: Principal sketch over how the sensor system was
mounted on the tool holders

The purpose of the following measurements was to measure the dynamic behaviour
of the tool holders and obtain Hd for calculation of alim

p . The tool holders were
mounted in a test rig as seen in figure 3.2, while figure 3.3 shows how the mea-
surement equipment was connected.
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xa

xF

Accelerometer

Figure 3.2: Measurement setup, with un-modified tool holder A and
dummy tool, to measure tool holder dynamics

Accelerometer

Impulse force hammer

DAQ Computer

Figure 3.3: The data flow during the measurements

An impulse force hammer was used to strike the tip of the dummy tool, thus
yielding both an input force signal, xF (t), and the output acceleration signal,
xa(t), that was registered by an accelerometer mounted on the opposite side of
the blank tool tip. These signals were then used to calculate alim

p as described in
section 2.2.

3.2 Measurement of multi component dynamometer dy-
namic behaviour

The multi-component dynamometer was mounted as seen in figure 3.4 and con-
nected as seen in figure 3.5. As opposed to the measurements on the tool holders
where an accelerometer was used in order to measure the output, the multi compo-
nent dynamometers force signal was used. This means that the transfer function
was force to force, and not force to acceleration as for the tool holder measure-
ments.
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The impulse force hammer was used to strike the workpiece mounted on the multi
component force dynamometer in both x and y direction and the force output in
the respective direction was recorded. This yielded an input force signal xi

F (t) and
an output signal xo

F (t), using the same procedure as the tool holders a transfer
function measurements

H(ω) = Xo
F (ω)

X i
F (ω) (3.1)

Here it should be noted that no integration was performed, as it was for the tool
holders, since the desired transfer function was directly obtained.

Figure 3.4: The multi-component dynamometer with workpiece
mounted in CNC-machine

Force Dynamometer

Impulse force hammer

Charge amplifier DAQ Computer

Figure 3.5: Schematic connection description of multi component
force dynamometer during measurements of dynamic behaviour

3.3 Reduction of dynamic influence
A method for obtaing an inverse filter for milling applications was presented by
M. Magnevall et al. in [21], this method is the method that is used in this the-
sis. Similiar methods can be found in the literature and examples of such using
Kalman-filters have been researched in [5] [22]. Using the theory described in sub-
section 2.4.2 and subsection 2.4.4, together with the method presented in [21] to
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obtain a minimum phase-representation of the FRFs in 4.2a and 4.2b. The FRFs
were approximated using a filter as

Hest
qq (z) = A0 +A1z

−1 + ..+A400z
−400

1 +B1z−1 + ...+B50z−50 (3.2)

Switching the numerator and denominator in Hest
qq yields the inverse filter in the

respective direction. As the filter is approximated using the sample rate used of
dynamic measurements, a re-sampling of the cutting force signal is necessary if
the sample rate is different. The data flow through the filters is shown in figure
3.6.

Resampling Inverse filter Low pass filterRaw data Filtered data

Figure 3.6: The flow of the data through the filters

All the filtering with low pass-filters were made using the zero phase filtering
method, described in subsection 2.4.3 and the cut off frequency was adjusted as
in equation 2.27.
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3.4 Performance measurements of sensor equipped tool
holders

Using the software provided with the sensor equipped tool holder, the toolholder
was connected as in figure 3.7. The wireless connection was with radio at the
2.4 GHz band with 16 channels. For the milling tests the sensor equipped tool
holders were compared against the stationary multi component dynamometer;
which was connected as in figure 3.8. The cutting parameters used for all milling
tests performed were

• Cutting tool: R331.35-050A20EM100

• Instert: N331.1A-08 45 08M-PM4230

• Workpiece: 34CrNiMo6

• z = 1

• γ = −20

• vc = 220 m/min

• ap = 3 mm

• ae = 5 mm, 10 mm, 25 mm and 50 mm

• fz = 0.05 mm, 0.1 mm and 0.15 mm

The selection of only one cutting tooth and fixed values of vc, ap, ae, and fz pro-
vides periodic and well separated cutting engagements.

In the drilling tests both a stationary and rotating multi component dynamometer
were used as references, the stationary multi component was used for measuring Fz
and the rotating for measuring torque. The rotating multi component dynamome-
ter was also connected as in figure 3.8. The following were the cutting parameters
for the drill tests

• Drill: R840-1200-30-A0A 1220

• Workpiece: 34CrNiMo6

• vc = 80 m/min

• fn = 0.12 mm and 0.2 mm

Sensor equipped
tool holder

Radio
receiver

Computer

Figure 3.7: Connection of sensor equipped tool holder



Method 25

Force Dynamometer Charge amplifier Signal conditioning

DAQ Computer

Figure 3.8: Connection of external multi component dynamometers
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Chapter4
Results

The results presented in this chapter are: the critical depth of cut for each tool
holder, FRFs for the multi component dynamometer, implementation and result
of filter for reduction of dynamic influence, and a comparison between the sensor
equipped tool holders with a multi component dynamometer.

4.1 Dynamic behaviour of tool holders

In the calculations of alim
p it was assumed that Hxx = Hyy, which is not entirely

true despite the tool holders being cylindrical. Yet, this assumption makes for a
valid evaluation of the tool holder performance. The calculated critical depth of
cut for all tool holders, both sensor equipped and un-modified, for φst = π/2 rad
and φex = π rad, is shown in table 4.1 and 4.2. The cutting force coefficients used
were kr = 405 N/mm2 and kt = 1370 N/mm2 which were derived from turning
tests in the workpiece material 34CrNiMo56. <{Hd} for all tool holders is shown
in figure 4.1. The coherence- and FRF-plots are avalible in appendix A.

Tool holder A Tool holder B Sensored Sensored
tool holder A tool holder B

alim
p 5.15 mm 3.69 mm 5.32 mm 4.03 mm

Table 4.1: Shows alim
p for all tool holder with 12 mm dummy tool

Tool holder A Tool holder B Sensored Sensored
tool holder A tool holder B

alim
p 2.93 mm 2.93 mm 4.77 mm 7.44 mm

Table 4.2: Shows alim
p for all tool holder with 20 mm dummy tool
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Figure 4.1: Shows <{Hd} for all tool holders
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4.2 Multi component dynamometer

Figure 4.2a - 4.3b shows the result from the measurements where the ideal result
should be that H(ω) = 1 for all frequencies, this is however not the case. The
cross-transfer functions, Hxy andHyx, are not of significant amplitude and therefor
not shown. Figures 4.4a and 4.4b shows the phase after the FRF have been
converted to its minimum phase representation using the method described in
subsection 2.4.2.
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(a) |Hxx|
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(b) |Hyy|

Figure 4.2: Amplitude of measured transfer functions for multi com-
ponent dynamometer
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(a) Phase response of measured Hxx
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(b) Phase response of measured Hyy

Figure 4.3: Phase responses of measured transfer functions for multi
component dynamometer
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(a) Phase response Hmin
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(b) Phase response Hmin
yy

Figure 4.4: Phase responses of the minimum phase representations

4.3 Reduction of dynamic influence
As seen in figures 4.2a and 4.2b, the multi component force dynamometer signif-
icantly amplifies and attenuates certain frequencies, which causes a distortion in
the measurements. This is a known phenomena and the current practice is to use
a Butterworth low pass-filter to cut off frequencies above 250 Hz. This method
leads to loss of information about the cutting forces. However, not applying a low
pass-filter would mean that cutting force signal is distorted due to the workpiece
and multi component dynamometers dynamic behaviour acting as a mechanical
filter.

The approximations of the measured multi component dynamometers FRFs is
shown in figure 4.5, in respective direction. The approximation closely matches
the measured FRF. Switching numerator and denominator in Hest

xx and Hest
yy and

filtering the recorded impulse response with the inverse filters yields the FRFs in
figure 4.6. The phase response of the obtained inverse filter is seen in figure 4.7.
As the phase is linear up to 2000 Hz the low pass-filter shown in 3.6 has the cut
off-frequency set to fc = 2000 Hz, this to avoid further signal distortion.
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Figure 4.5: Left: approximation of FRFxx,Hestxx
Right: approximation of FRFyy, Hest

yy

0 1000 2000 3000 4000 5000 6000

0

0.5

1

1.5

2

2.5

3

3.5

4

0 1000 2000 3000 4000 5000 6000

0

0.5

1

1.5

2

2.5

3

3.5

4

Figure 4.6: The FRF of the inverse filtered impulse response for
each direction
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Figure 4.7: Phase response of inverse filters in respective direction
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In figures 4.8-4.13 a comparison between the raw data, inverse and low pass-
filtered data, simulation of milling operation and low pass-filtered data is displayed.
For small radial engagement ae, as in figure 4.9, the inverse filter reduces the
oscillations without affecting the shape of the cutting force. As a comparison, the
low pass-filter also reduces the amount of oscillations, however it also distorts the
signal as seen in figure 4.9. For larger ae, as figure 4.13, the difference between
use of the inverse filter and the low pass-filter is not as significant as for smaller
ae. In figure 4.9 it is seen how the use of an inverse filter or low pass- filter
reduces the dynamic influence from the multi component dynamometer. The
oscillations in cutting force between the cutting engagements that can be seen in
the measured raw data, does not exist; it is the multi component dynamometers
dynamic behaviour that causes them. Under more detailed investigations it was
noticed that the inverse filter in x-direction had a greater need of low pass-filtering,
than the inverse filter in y-direction.
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Figure 4.8: The comparison on Fx between the use of inverse fil-
tered data, low pass filtered, measured raw data, and simulated
milling force. ae = 5 mm, fz = 0.15 mm, ap = 3 mm, and
vc = 220 m/min
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Figure 4.9: The comparison on Fy between the use of inverse fil-
tered data, low pass filtered, measured raw data, and simulated
milling force. ae = 5 mm, fz = 0.15 mm, ap = 3 mm, and
vc = 220 m/min
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Figure 4.10: The comparison on Fx between the use of inverse fil-
tered data, low pass filtered, measured raw data, and simulated
milling force. ae = 25 mm, fz = 0.15 mm, ap = 3 mm, and
vc = 220 m/min
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Figure 4.11: The comparison on Fy between the use of inverse fil-
tered data, low pass filtered, measured raw data, and simulated
milling force. ae = 25 mm, fz = 0.15 mm, ap = 3 mm, and
vc = 220 m/min
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Figure 4.12: The comparison on Fx between the use of inverse fil-
tered data, low pass filtered, measured raw data, and simulated
milling force. ae = 50 mm, fz = 0.1 mm, ap = 3 mm, and
vc = 220 m/min
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Figure 4.13: The comparison on Fy between the use of inverse fil-
tered data, low pass filtered, measured raw data, and simulated
milling force. ae = 50 mm, fz = 0.1 mm, ap = 3 mm, and
vc = 220 m/min
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Figure 4.14: Same milling operation as in figure 4.8 without low
pass-filter
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4.4 Performance of sensor equipped tool holders

4.4.1 Milling
Figures 4.15-4.22 shows extracts of cutting force measurements with data obtained
from sensor equipped tool holder A, compared with extracts from the inverse fil-
tered data obtained with the multi component dynamometer. In figures 4.23 and
4.24 the total force, Ftot, obtained from sensor equipped tool holder A is shown for
entire cutting operations. In figures 4.25-4.32 extracts of cutting force measure-
ments obtained with sensor equipped tool holder B is shown. The total cutting
force for two cutting operations obtained from sensor equipped tool holder B is
shown in figures 4.34 and 4.36; the cutting parameters were the same as for fig-
ures 4.23 and 4.24, respectively. To compare the sensor equipped tool holders
consistency the total force acquired with the multi component dynamometer for
identical cutting operations as for the sensor equipped tool holders is shown in
figures 4.33 and 4.35.

The sensor equipped tool holders also have the same kind of dynamic distortion of
measurements as the multi component dynamometer, which can be seen in figure
4.25 and 4.27. Obtaining a filter similar to the one obtained for the multi compo-
nent dynamometer is desirable. However, due to the low sampling rate, 2500 Hz,
of the sensor equipped tool holders, a creation of such a filter was not possible as
the sampling rate was too low to correctly capture the impulse forces.

Sensor equipped tool holder A

Some issues were observed with sensor equipped tool holder A where the sampling
rate did not correspond to the time stamps. Therefor each sample was recalculated
before the plots were made. The sample rate were not consistent, which is why
the time between the cutting engagements, as in figure 4.18, varies. This problem
is described in section 5.3.
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Figure 4.15: Comparison of Fx for top: sensor equipped tool holder
A and bottom: multi component dynamometer with simula-
tion for ae = 5 mm, fz = 0.15 mm, ap = 3 mm and vc =
220 m/min
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Figure 4.16: Comparison of Fy for sensor equipped tool holder A and
bottom: multi component dynamometer with simulation for
ae = 5 mm, fz = 0.15 mm, ap = 3 mm and vc = 220 m/min
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Figure 4.17: Comparison of Fx for top: sensor equipped tool holder
A and bottom: multi component dynamometer with simula-
tion for ae = 10 mm, fz = 0.1 mm, ap = 3 mm and vc =
220 m/min
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Figure 4.18: Comparison of Fy for top: sensor equipped tool holder
A and bottom: multi component dynamometer with simula-
tion for ae = 10 mm, fz = 0.1 mm, ap = 3 mm and vc =
220 m/min
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Figure 4.19: Comparison of Fx for top: sensor equipped tool holder
A and bottom: multi component dynamometer with simula-
tion for ae = 25 mm, fz = 0.05 mm, ap = 3 mm and vc =
220 m/min
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Figure 4.20: Comparison of Fy for top: sensor equipped tool holder
A and bottom: multi component dynamometer with simula-
tion for ae = 25 mm, fz = 0.05 mm, ap = 3 mm and vc =
220 m/min
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Figure 4.21: Comparison of Fx for top: sensor equipped tool holder
A and bottom: multi component dynamometer with simula-
tion for ae = 50 mm, fz = 0.15 mm, ap = 3 mm and vc =
220 m/min

2.94 2.96 2.98 3 3.02 3.04 3.06

-500

0

500

1000

1500

9.54 9.56 9.58 9.6 9.62 9.64 9.66 9.68

-500

0

500

1000

1500

Figure 4.22: Comparison of Fy for top: sensor equipped tool holder
A and bottom: multi component dynamometer with simula-
tion for ae = 50 mm, fz = 0.15 mm, ap = 3 mm and vc =
220 m/min
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Figure 4.23: |Ftot| acquired from sensor equipped tool holder A for
ae = 5 mm, fz = 0.15 mm, ap = 3 mm and vc = 220 m/min
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Figure 4.24: |Ftot| acquired from sensor equipped tool holder A for
ae = 50 mm, fz = 0.15 mm, ap = 3 mm and vc = 220 m/min
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Sensor equipped tool holder B
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Figure 4.25: Comparison of Fx for top: sensor equipped tool holder
B and bottom: multi component dynamometer with simula-
tion for ae = 5 mm, fz = 0.15 mm, ap = 3 mm and vc =
220 m/min
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Figure 4.26: Comparison of Fy for top: sensor equipped tool holder
B and bottom: multi component dynamometer with simula-
tion for ae = 5 mm, fz = 0.15 mm, ap = 3 mm and vc =
220 m/min
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Figure 4.27: Comparison of Fx for top: sensor equipped tool holder
B and bottom: multi component dynamometer with simula-
tion for ae = 10 mm, fz = 0.1 mm, ap = 3 mm and vc =
220 m/min
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Figure 4.28: Comparison of Fy for top: sensor equipped tool holder
B and bottom: multi component dynamometer with simula-
tion for ae = 10 mm, fz = 0.1 mm, ap = 3 mm and vc =
220 m/min
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Figure 4.29: Comparison of Fx for top: sensor equipped tool holder
B and bottom: multi component dynamometer with simula-
tion for ae = 25 mm, fz = 0.05 mm, ap = 3 mm and vc =
220 m/min
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Figure 4.30: Comparison of Fy for top: sensor equipped tool holder
B and bottom: multi component dynamometer with simula-
tion for ae = 25 mm, fz = 0.05 mm, ap = 3 mm and vc =
220 m/min
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Figure 4.31: Comparison of Fx for top: sensor equipped tool holder
B and bottom: multi component dynamometer with simula-
tion for ae = 50 mm, fz = 0.15 mm, ap = 3 mm and vc =
220 m/min
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Figure 4.32: Comparison of Fy for top: sensor equipped tool holder
B and bottom: multi component dynamometer with simula-
tion for ae = 50 mm, fz = 0.15 mm, ap = 3 mm and vc =
220 m/min
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Figure 4.33: |Ftot| acquired from multi component dynamometer for
ae = 5 mm, fz = 0.15 mm, ap = 3 mm and vc = 220 m/min
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Figure 4.34: |Ftot| acquired from sensor equipped tool holder B for
ae = 5 mm, fz = 0.15 mm, ap = 3 mm and vc = 220 m/min
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Figure 4.35: |Ftot| acquired from multi component dynamometer for
ae = 50 mm, fz = 0.15 mm, ap = 3 mm and vc = 220 m/min
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Figure 4.36: |Ftot| acquired from sensor equipped tool holder B for
ae = 50 mm, fz = 0.15 mm, ap = 3 mm and vc = 220 m/min
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Figure 4.37: MA-filter of length 10 applied on data acquired from
sensor equipped tool holder B for ae = 5 mm, fz = 0.15 mm,
ap = 3 mm and vc = 220 m/min
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4.4.2 Drilling

Figures 4.39, 4.40, 4.43, and 4.44 shows the raw measurement data of axial force,
Fz, for the drilling operations that were conducted. Due to the use of a symmetrical
drill, figure 4.38, the force components in x− and y− direction cancels each other
out in the multi component dynamometer. Both the methods of measuring axial
force yields similar results, with the sensor equipped tool holder having a higher
noise level; ±150 N according to the manufacturer. The proposed solution by
the manufacturer is to use a MA filter of length 1 to 100, which also is their
proposed filter for milling. In figures 4.41, 4.42, 4.45, and 4.46 the torque for the
drilling operations is shown. The tables 4.3 and 4.4 shows the standard deviation
of the noise and the mean value during engagement for both torque and Fz in
the respective drilling measurement. In the drilling tests both a stationary and
rotating multi component dynamometer were used as references and the stationary
multi component was used for measuring Fz and the rotating for measuring torque.

Cutting edge

Fq/2

-Fq/2
n

Figure 4.38: Example of top view on a symmetrical drill

Sensor equipped tool holder A

Due to the sampling problem mentioned in subsection 4.4.1 the time stamps for
each sample in the drilling measurements were recalculated for sensor equipped
tool holder A.
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Figure 4.39: Comparison between sensor equipped tool holder A
and stationary multi component dynamometer, Fz for vc =
80 m/min and fn = 0.2 mm
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Figure 4.40: Comparison between sensor equipped tool holder A
and stationary multi component dynamometer, Fz for vc =
80 m/min and fn = 0.12 mm
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Figure 4.41: Comparison between sensor equipped tool holder A
and rotating multi component dynamometer, torque for vc =
80 m/min and fn = 0.2 mm
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Figure 4.42: Comparison between sensor equipped tool holder A
and rotating multi component dynamometer, torque for vc =
80 m/min and fn = 0.12 mm
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Sensor equipped tool holder B

The sensor equipped tool holder B had the same sampling frequency as specified
hence no modification of the time stamps was needed.
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Figure 4.43: Comparison between sensor equipped tool holder B
and stationary multi component dynamometer, Fz for vc =
80 m/min and fn = 0.2 mm
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Figure 4.44: Comparison between sensor equipped tool holder B
and stationary multi component dynamometer, Fz for vc =
80 m/min and fn = 0.12 mm
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Figure 4.45: Comparison between sensor equipped tool holder B
and rotating multi component dynamometer, torque for vc =
80 m/min and fn = 0.2 mm
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Figure 4.46: Comparison between sensor equipped tool holder B
and rotating multi component dynamometer, torque for vc =
80 m/min and fn = 0.12 mm

Tool holder A Tool holder B Stationary Rotating
dynamometer dynamometer

σTorque 1.01 N m 0.76 N m - 0.04 N m
σFz 135.65 N 104.28 N 1.30 N 4.09 N
µTorque 11.11 N m 8.89 N m - 9.66 N m
µFz 1539.11 N 1909.80 N 2092.86 N 2066.79 N

Table 4.3: Standard deviation and mean for drilling measurements
with vc = 80 m/min and fn = 0.2. Torque was not measured
with the stationary multi component dynamometer hence it is
not shown.
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Tool holder A Tool holder B Stationary Rotating
dynamometer dynamometer

σTorque 1.01 N m 0.77 N m - 0.04 N m
σFz 143.81 N 102.58 N 1.31 N 3.82 N
µTorque 8.07 N m 6.23 N m - 6.87 N m
µFz 1449.84 N 1380.05 N 1547.44 N 1513.79 N

Table 4.4: Standard deviation and mean for drilling measurements
with vc = 80 m/min and fn = 0.12. Torque was not measured
with the stationary multi component dynamometer hence it is
not shown.

Figure 4.47 shows an example of how the data may look after a Butterworth and
MA-filter is applied, the normalized cut off-frequency was set to fc = 0.1 where 1
is the Nyquist-frequency, fs

2 . Table 4.5 shows the standard deviation of the noise,
which has been significantly reduced. The cut off-frequency for the MA-filter was
calculated as. Given a MA filter of length N it has the amplitude response

|H(ω)| = 1
N
·

∣∣∣∣∣ sin ωN
2

sin ω
2

∣∣∣∣∣ (4.1)

which for fc = 0.1 yielded that N ≈ 9.



56 Results

4.5 5 5.5 6 6.5 7 7.5 8 8.5 9

-1000

0

1000

2000

4.5 5 5.5 6 6.5 7 7.5 8 8.5 9

-1000

0

1000

2000

Figure 4.47: Data from sensor equipped tool holder B after different
low pass-filter with normalised fc = 0.1

Butterworth filter MA-filter

σF z 18.11 N 22.53 N

Table 4.5: Standard deviation of noise after filter



Chapter5
Evaluation and Conclusion

The evaluation of the work presented in this thesis is divided into three parts: dy-
namic behaviour, performance of inverse filter, and sensor equipped tool holders
performance. This to make a distinct separation of the evaluations since they are
based on different measurements and results. Even though the inverse filter was
used when comparing the sensor equipped tool holders with the multi component
dynamometer, the process to obtain the inverse filter and evaluating it was sep-
arated from the evaluation of the sensor equipped tool holders. The evaluation
covers the possibilities and limitations of the obtained inverse filter and the sensor
equipped tool holders.

5.1 Change in dynamic behaviour
An analysis of the results, in table 4.1 and 4.2, from the dynamic testing shows that
the dynamic stiffness increases by the mounting of the sensor. This is due to the
mounting of the sensor ring on the outside of the tool holder structure. Although
the sensor-system increases stiffness, due to its mounting, figure 3.1, it impairs the
accessibility of the tool holder. Meaning that depending on the workpiece, using
the sensor equipped tool holders makes certain cutting operations impossible. The
reason that the sensor-system stiffens tool holder B more than A, is thought to
be that the original design of tool holder B is straight compared to tool holder
A which has a cone like-shape. The more slender design is impairing tool holder
B from a machining stability perspective and is therefor more susceptible for the
increased stiffness caused by the sensor system.

5.2 Inverse filter
The filter obtained to remove the multi component dynamometers dynamic influ-
ence from cutting force measurements was successfully implemented during this
thesis. Comparing the method of using an inverse filter and low pass-filter at
2000 Hz, with the current method of just a low pass-filter at 250 Hz, yields that
there is less signal distortion. Comparing the inverse filter-method with raw data
it can be seen that the inverse filter-method successfully reduces the amount of
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signal distortion due to dynamic influence yet preserves the distinct response at
tool engagement entry.

As mentioned in chapter 4 the filter in x-direction was more sensitive to noise,
compared to the y−direction. The reason for this might be that at 3030 Hz there
is dip in FRF of the multi component dynamometer, figure 4.2a. This led to that
the inverse filter had a high amplification at this frequency and if there was any
noise present at this frequency it was amplified.

Another aspect that is of importance when applying an obtained inverse filter
is that the data that is filtered has the same sampling frequency as the measure-
ment of the multi component dynamometer FRFs, otherwise the filter will not
work as intended. In this thesis this was solved by down-sampling the raw data
from the multi component dynamometer from its original sample rate of 19 200 Hz
to 12 000 Hz. This was achieved by interpolating the measured raw data using
the desired number of sample points. This did not lead to any noticeable loss of
crucial information.

Here it should strongly be emphasised that the inverse filter is dependent on the
workpiece mounted on the multi component dynamometer. This means that the
filter obtained in this thesis will not work as intended if applied on a measurement
with the same multi component dynamometer with a different workpiece. Also the
machine tool where the multi component force dynamometer is mounted affects its
dynamic properties, and thereby the FRFs. Due to this it is not possible to have
one filter that works for all setups of the multi component dynamometer. It is
however possible to standardise the procedure of the cutting force measurements
in such way that during the mounting of the workpiece a measurement of the FRF
is performed. Given the FRF the calculation of an inverse filter, and re-sampling
of the cutting force signal can be done automatically.

5.3 Sensor equipped tool holders
As said in subsection 4.4.1 the actual sampling frequency was not the same as the
saved measurement files indicated for the sensor equipped tool holder A. This was
first noticed when calculating RPM for the milling tests. The sampling frequency
according to the measurement data was 2500 Hz, the frequency according to the
documentation was 1600 Hz. Conformation of a difference between the sampling
rates was performed by checking that

T · fs = Sn (5.1)

held true, where T is the measurement time, in seconds, fs the specified sampling
frequency, and Sn the number of samples collected. Equation 5.1 held true for
both the multi component dynamometer and the sensor equipped tool holder B,
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while it did not for the sensor equipped tool holder A. Here it should be empha-
sised that the sampling frequency was calculated using the time stamps in the
saved data files from the measurements, which eliminates the possibility of a set-
ting being wrong. For both sensor equipped tool holders the time between each
sample was 0.0004 s, according to each of the saved data files. However, the actual
time between each sample for sensor equipped tool holder A was 0.000 571 second
to 0.000 625 second.

5.3.1 Milling tests
As seen in the figures displaying extracts of all cutting force measurements for the
milling tests, the sensor equipped tool holders performance is not as good as the
multi component dynamometer or the theoretical simulations in terms of accuracy,
consistency and periodicity. In figures 4.17, 4.18, 4.19, and 4.20 it is seen that the
issue with sampling frequency for sensor equipped tool holder A causes the time
between engagements to vary; this should not be the case. Overlooking this it can
be seen that both sensor equipped tool holder seems to have similar problems with
consistency. The issue with consistency can clearly be seen in figure 4.32, where
it on the third peak does not capture the decline in Fy and in the first two peaks
there is a case of package loss during the engagement. This is however a problem
with the wireless communication, and not with the sensors them self.

Comparing figure 4.33 with figure 4.34 and 4.23 it is seen that the sensor equipped
tool holders fails to capture all force peaks correctly. All peaks in total cutting
force should have similar peak value, since the peaks represents identical cutting
engagements. This is most likely due to the sampling frequency of the sensor
equipped tool holder, this since it does not have the same behaviour for larger ae
as in figures 4.36 and 4.24 or in the drilling tests; where high sampling rate is not
as crucial. Comparing figure 4.23 and 4.34 the issue with varying sampling rate
for the sensor equipped tool holder A is seen. As the varying amplitude on the
force peaks is periodic in figure 4.34 where the sampling frequency is constant,
while it is not as periodic in figure 4.23 where the sampling frequency varies. Ftot
is calculated as

Ftot =
√
F 2

x + F 2
y (5.2)

for the multi component dynamometer, and as

Ftot =
√
F 2

r + F 2
t (5.3)

for the sensor equipped tool holders. The use of different coordinate systems do
not affect the absolute value of the cutting force. It should be pointed out that
using cutting speeds larger than vc = 220 m/min would result in higher spindle
speeds, which for small ae would decrease the accuracy of the sensor equipped
tool holders. This since a higher spindle speed would lead to that every cutting
engagement frequency would increase, thus decreasing the number of samples per
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engagement and thereby the accuracy and consistency.

5.3.2 Drilling tests
On the drilling tests, the sensor equipped tool holders performance is more con-
sistent. Since high sampling rate is not as important in drilling as it is in milling,
the sensor equipped tool holder does not miss events as it does in figure example
4.32. The noise that is apparent in figure 4.39-4.46, standard deviation of the noise
is shown in table 4.3, for the sensor equipped tool holder can be reduced by low
pass-filtering, either a butterworth-filter or, as suggested by the manufacturer, a
MA-filter. Usage of a MA-filter on a milling operation is seen in figure 4.37, as seen
this filtering method distorts the signal for short milling engagements and hence is
it not to recommend. The length of the filter was 10 samples, using an even longer
MA-filter would distort the signal more. Comparing the effect of a MA-filter on a
drilling measurement, figure 4.47, with the effect on milling measurements, figure
4.37, it is seen that MA-filters is more suitable for drilling applications since there
is less distortions. Table 4.5 shows the noise level, which has been reduced, with
use of low pass-filter. The reason for the higher noise level in Fz compared to the
torque, table 4.3 and 4.4, is most likely due to the calibration values of the strain
gauges being significantly larger, table 2.2, in this direction.



Chapter6
Discussion and future work

The discussion in this section covers what could have been done to improve the
evaluation and measurements. Due to time frames and limitations in measure-
ments equipment, it was not possible to achieve ideal measurement conditions.
Regarding sensor equipped tool holders there are some suggestions on what need
to be adjusted if they are to be considered a reliable tool in cutting process evalu-
ations. Concerning the use of inverse filtering to enhance quality of cutting force
measurements, recommendations of how to implement this method are presented.

6.1 Error sources
A potential source of uncertainty was the limited access to computers during the
milling and drilling measurements. Due to this the cutting operation was hence
performed sequentially; once for the sensor equipped tool holder and once for the
multi component dynamometer. Although the cutting parameters, CNC-machine,
tool, and cutting data was the same, having the two measurements system mea-
sure simultaneously on the same cutting operation would have been ideal. The
probability of the two measurement systems interfering with each other is consid-
ered negligible.

As previously mentioned, the sensor equipped tool holder measure bending mo-
ment and not force, however the force could be calculated if the lever arm was
known. This lever arm was measured using calipers, this could cause the length
of the lever arm to not be accurate to the true value. However, this would only
affect the amplitude of the signal, and not its dynamic behaviour, for example as
in figure 4.25.

For the drilling measurements, the tests with the rotating multi component dy-
namometer were performed on a different CNC-machine than the tests with the
sensor equipped tool holders. This since the rotating multi component dynamome-
ter could not be mounted in the same machine tool as where the other tests were
performed. Both the cutting parameters and the tool were the same, which should
make the effect of having used two different CNC-machines negligible. In figure
4.45 and 4.46 torque has a lower gradient in the beginning of the engagement
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for the rotating multi component dynamometer compared to the sensor equipped
tool holder and stationary multi component dynamometer. This is because a hole
was pre-drilled before the measurement with the sensor equipped tool holder and
stationary multi component dynamometer. Due the shape of the drill, see figure
6.1, if there is a pre-drilled hole the entire cutting edges of the drill will come in
contact with the workpiece directly and therefore resulting in a quick rise as in
figure 4.44.

f
Workpiece

Figure 6.1: Example of side view of drill

6.1.1 Sampling frequency
As mentioned in subsection 4.4.1, the sampling frequency was not the same as the
specified. Knowing the cutting parameters for the milling operations performed,
the true sample frequency could be calculated. For all tests n = 1400 rev/min,
which for a sample rate of fs = 2500 samples/s would be 107 samples between
the engagements. This was the case for sensor equipped tool holder B, while it
for sensor equipped tool holder A was either 67 samples and 75 samples between
each engagement. Indicating a sample frequency alternating between 1600 Hz and
1750 Hz during the measurement. In figures 4.15-4.22 the time stamps was recalcu-
lated using fs = 1600 Hz, which is why the time between the cutting engagements
sometimes varies. Even though the time stamps may not be correct, the accuracy
and consistency of sensor equipped tool holder A was still evaluated.

6.1.2 Wireless communication
The wireless communication in the sensor equipped tool holders sends data in
packages of seven samples. The sensor equipped tool holder saves seven samples
of data, time, tension, torque, bending moment x, and bending moment y, before
the package is sent to the receiver.

Figure 6.2 shows an example of a case of packet loss during a milling operation.
The peak at Λ4.7 second is missing. Due to loss of a packet during the engagement
the peak is absent for both the bending moment and torque, this is also the case
for tension for this measurement. The reason for these kind of losses can be many,
although one of the most likely cases during the measurements performed for this
thesis is that someone outside the machine tool or something inside the machine
tool was blocking the signal. This reason is likely because the machine operator
being positioned between the sensor equipped tool holder and the radio receiver
and the fixture and spindle is moving inside the machine tool during machining.
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It should also be noticed that the wireless communication between the sensor
equipped tool holders and radio receiver is in the 2.4 GHz frequency band, which
is unlicensed and therefore crowded [23]. Having much interference in the channel
used for communication may increase the risk of packet loss. The channel used for
communication can be changed if needed.

Figure 6.2: Example of packet loss during a cutting engagement
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6.2 Future work
As said in chapter 5, the sensor equipped tool holders requires a considerable in-
crease in sampling frequency. If the sensor equipped tool holder should be suitable
for general milling applications it is to be recommended that sampling frequency
should be at least 10 kHz. If the sensor equipped tool holders are to be used for
direct feedback to the machine tool, a more robust communication protocol is nec-
essary.

In order to make reduction of dynamic influence a method that is practically
applicable at AB Sandvik Coromant, knowledge on how dynamic influence distort
measurement data must be increased. Then since a new filter is needed for each
measurement, a standardised procedure of obtaining an inverse filter is required.
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Figure A.1: The coherence for all measurements of dynamics on the
tool holders
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Figure A.2: Transfer functions Ha, Hv, and Hd for all tool holders
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