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A method is presented to estimate the cutting forces in real time within machine tools for any spindle speed,
force profile, tool type, and cutting conditions. Before cutting, a metrology suite and instrumented tool holder
are used to induce magnetic forces during spindle rotation, while on-machine vibrations, magnetic forces,
and error motions are measured for various combinations of speeds and forces. A physics-inspired data-
driven model then relates the measured accelerations to the magnetic forces, such that during cutting, on-
machine measured vibrations are used in the model to estimate the cutting forces in real time.

Published by Elsevier Ltd on behalf of CIRP.

1. Introduction

The future of advanced manufacturing depends on transforming tra-
ditional machines into “smart” or “intelligent” machine tools with inno-
vative monitoring systems that are robust, reliable, and relatively
inexpensive [1,2]. For example, spindles should be integrated with sen-
sors for real-time monitoring of cutting forces and tool-tip displacements
so that tool wear and surface quality can be estimated in real time.

However, monitoring cutting forces and tool-tip displacements is
difficult because the force measurements require invasive sensors,
such as a dynamometer [3], and it is effectively impossible to directly
measure the tool-tip displacements during cutting [4]. Dynamome-
ters are the most accurate and reliable force measurement device
currently available to industry, but are impractical to use during
machining due to workspace constraints and inertial forces that may
corrupt the measured forces [5] or reduce the spindle stiffness [2].

Alternatively, indirect methods for estimating cutting forces and
tool-tip displacements have been investigated. Cutting force estima-
tion techniques include the use of motor currents [6,7] or spindle-
mounted accelerometers [8,9]. Accelerometers are advantageous
because they can be mounted within machine tool spindle housings
and are robust with relatively high sensitivities and bandwidths [2].
Tool-tip displacements have been estimated in part with measured
frequency response functions (FRFs) and receptance coupling sub-
structure analysis (RCSA) [10]. However, FRFs are typically measured
without spindle rotation via impact hammer testing, so these static
FRF models can be significantly different than the dynamic FRFs,
which depend on spindle speed and force levels [11-13]. Such differ-
ences can yield inaccurate predictions [11], which implies that the

* Corresponding author.
E-mail address: gvogl@nist.gov (G.W. Vogl).

https://doi.org/10.1016/j.cirp.2022.04.071
0007-8506/Published by Elsevier Ltd on behalf of CIRP.

spindle dynamics should be identified under operational conditions
with a rotating spindle [12]. Towards this end, various approaches
have included the use of a magnetic exciter and capacitive displace-
ment sensors [4], a cutting test procedure [11], and impact testing
during rotation with laser vibrometers for radial measurements [13].

Even though considerable research has been conducted to esti-
mate cutting forces and tool-tip displacements with accelerometers
and measured FRFs, one main challenge remains: a method must be
created to estimate the cutting forces and tool-tip displacements in
real-time for any spindle speed, force profile, tool type, and cutting
conditions. This paper introduces such a method for force estimation
and demonstrates its experimental validation.

2. Method

Fig. 1 shows a high-level overview of the proposed method for
real-time estimation of cutting forces using the spindle vibration
information measured by accelerometers. This method requires an
estimator to relate accelerations to varying forces experienced during
machining. The experimental approach was previously reported
[14,15] and is summarized here. To generate the estimator, an instru-
mented tool holder containing a magnet and an embedded laser
diode is placed within the machine tool spindle and positioned to
interact with a stationary metrology suite located on the machine
tool table. During spindle rotation, the rotating magnet of the tool
holder interacts with stationary magnets on the metrology suite, gen-
erating magnetic forces that simulate cutting forces. The radial sepa-
ration distance between the stationary and rotating magnets are
changed via linear positioning stages to change the radial force pro-
files. Force profiles in the axial direction can also be changed by mod-
ifying the axial position of the tool holder. While other methods have
utilized electromagnetic actuation to study spindle dynamics
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Fig. 1. Schematic of the method for estimating real-time tool-to-workpiece signals
(adapted from Refs. [14,15]).

[4,16,17], permanent magnetic forces have advantages such as syn-
chronization to rotation without the need for external triggering and
exerting relatively high forces within a reasonable bandwidth. As the
tool holder rotates, accelerometers attached to the spindle housing
measure the spindle housing vibrations while the forces are mea-
sured by commercial strain-gauge-based force-torque sensors.
Simultaneously, a laser beam emitted from the laser diode in the tool
holder is split into two beams that are detected by laser position sen-
sors (LPSs) in the metrology suite for determination of the spindle
radial and tilt error motions. A dataset for simulated cutting condi-
tions is collected for various spindle speeds and force profiles, which
is then used to create the estimator relating the spindle vibrations to
the forces on the tool holder. Finally, during actual machining, the
vibrations are collected and used in the model to estimate the cutting
forces in real time. RCSA may also be utilized to improve the force
estimates via the inclusion of tool dynamics.

Thus, the method has several advantages over existing methods.
The method enables measurements synchronized to rotation without
external triggering. Also, no precise alignment is needed between the
instrumented tool holder and the metrology suite. Use of an embed-
ded diode laser allows for a relatively short, instrumented tool holder
to enable measurements with minimal modal disturbances. Every
sensor also has a bandwidth down to 0 Hz, which enables application
of the method for low-to-high spindle speeds as well as characteriza-
tion of the spindle stiffnesses. Furthermore, the method applies to all
cutting conditions and tool holders with the same taper mechanism
as the instrumented tool holder. Finally, the method does not affect
the cutting process and is not affected by workpiece dynamics.

3. Problem formulation and least-squares solution

The estimator relates on-machine vibration displacements, x;(t),
to any force, F;(t), as a function of spindle speed, Q, as

ZE) = > [H7 (%) + 96N (%) + PNy(H7 (x)] (1)

j=XYZ

where t is time, f is frequency, .7 is the Fourier transform operator, i
and j are any of the three axis directions (X, Y, or Z), F; is the force in
the ith direction, ; is x, y, or z; that is, the measured vibration dis-
placement in the jth direction, an overdot represents differentiation
with respect to time, and Hj, Gj, and N are FRFs. For any force,
Eq. (1) relates that force to all three vibration displacements via nine
FRFs. Also, because natural frequencies and damping can change
with spindle speed due to gyroscopic moments and centrifugal forces
[11-13], the model accounts for these effects with linear and qua-
dratic dependencies on spindle speed [18]. Eq. (1) applies for most

cases in which the vibrations are primarily influenced by cutting
forces; inertial forces such as those during high-speed contouring are
not separated in the method.

The simulated cutting dataset is then used to generate the system
of linear equations to solve for the nine FRFs in Eq. (1). First, each data
file for a specific spindle speed and force profile is processed with the
fast Fourier transform (FFT) to yield the FFTs for Eq. (1). Then, the FFTs
are curated to find the frequencies at which at least one of the FFTs has
a signal-to-noise amplitude ratio of at least 20. This step excludes the
majority of data that is composed of mainly noise and keeps the signif-
icant data, at which spindle speed harmonics reside, for modeling pur-
poses. Next, Eq. (1) is applied at each of these significant frequencies,
and then the individual frequency components on both sides of the
equation are equated to yield a total of M equations that are linear
with respect to the nine unknown FRFs. However, the FRFs are func-
tions applied at each of the significant frequencies, and if these
unknown function values are treated as independent variables to be
solved, then the system of equations would be indeterminate.

To reduce the number of variables and enable a unique solution
for the model, every FRF is approximated by linear interpolation
between N variables located at the frequencies fi,f>, . . ., fy with a fre-
quency spacing of Af, as seen in Fig. 2. This process is similar to that
used in another physics-inspired data-driven model [19]. The inter-
polation of a FRF at a frequency f;, can be expressed with a row vector
rm = [11(fm),72(fm), ..., n(fm)] of length N that has elements defined

as
(i1 —fm)/Af M=Kk
m(fm) =< (fm—fi)/Af n=k+1 (2)
0 otherwise

where f <fm<f..1. Consequently, the M equations to model the X-axis
force, Fx, may be set up as Ay = b; that is,

T10rn T 1(R)r 7 1(X)r
FTo(X)rs T 2(X)ry Q2T 2(X)r
A .2()2 2 ‘2()2 5 2$)2 (3)
Tu@r T @ Q47 m(X)ry

= [HXX7GXX7NXX7HXY7GXYrNXY7HX276XZ:«NXZ]T (3b)

T u(F)F (3¢)

where .7, is the component of the FFT at f = fi;, Q. is the spindle
speed for the mth equation, and each of the nine vector components
(e.g., Hxx) within the variable FRF vector y are composed of N
unknown FRF values at the frequencies f,f>, ..., fy (see Fig. 2). Note
that similar equations may be established to model any force as a
function of the vibrations.

b= [71(F), 7 2(Fx),...

-------- True
Interpolated

FRF

1 I
fl fZ fk fm fk+1 fN

1 1

Af |
Fig. 2. Illustration of a piecewise linear approximation of a FRF and linear interpolation
at a frequency f,,.

Finally, the least-squares solution of the complex matrix equation
Ay =b is y = (A*A)"TA*b, where A* is the conjugate transpose of A.
Because the piecewise linear approximations for the nine FRFs
(Hxx(f), Gxx(f), Nxx(f), etc.) are known, Eq. (1) estimates Fx(t) given
any measured vibrations via the inverse FFT.

4. Experimental setup

To validate the proposed method, it was applied on a vertical
machining center, as seen in Fig. 3. First, the metrology suite, instru-
mented tool holder, accelerometers, and data acquisition (DAQ) box
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were set up within the machine tool (see Fig. 3a, b). Each stationary
magnet was moved via its linear positioning stage to be as far away
from the tool holder as possible. Data was then collected repeatedly
at 10 kHz over a duration of 1 s while increasing the spindle speed
from 500 rpm to about 7500 rpm with an increment of 37 rpm over a
period of about 5 min. Next, the stationary magnet mounted in the
X-direction was set closer to the tool holder, such that the force range
was about 10 N during rotation. Data was then collected during rota-
tion with the same speed-ramping procedure. Then, the same mag-
net was repositioned such that the force range was about 20 N, and
data was collected again. This process was repeated until the force
range was about 80 N. The data collected with various spindle speeds
and magnetic forces constitutes the simulated cutting dataset from
which the force estimation model will be created. However, due to
limitations in generating large forces with the existing setup, the
resulting model is most applicable for finish machining operations.
To compare the estimated forces with the actual forces measured
during cutting, after the estimator is generated using the simulated

Fig. 3. (a) Metrology suite on machine tool, (b) instrumented tool holder, and (c) shell
mill and (d) end mill with dynamometer.

cutting dataset, the instrumentation was removed from the machine
tool, but the accelerometers remained on the spindle housing. A
dynamometer was then set up on the worktable with an aluminum
alloy test workpiece to independently measure cutting forces during
machining. Next, cuts were made in the Y-axis direction at a spindle
speed of 2500 rpm with an indexable shell mill (see Fig. 3c) having a
nominal diameter of 76.2 mm. Six cutting passes were performed
with a nominal axial depth of 0.762 mm, radial immersion of 100%
(76.2 mm), and feed per tooth from 25.4 pm to 88.9 pm with an incre-
ment of 12.7 pm. Finally, a new test workpiece was attached to the
dynamometer and cuts were made in the same direction at the same
spindle speed of 2500 rpm with a three-fluted end mill (see Fig. 3d)
having a nominal diameter of 12.7 mm. Six cutting passes were per-
formed with a nominal axial depth of 6.35 mm, radial immersion of
25% (3.175 mm), and feed per tooth from 25.4 pm to 152.4 pm with
an increment of 25.4 pm.

5. Results

An estimator for the X-axis force was created with a frequency
spacing Af of 5 Hz, based on the assumption that modal damping is
sufficiently high such that the frequency spacing will capture the fre-
quency changes of the FRFs. A low frequency f; (see Fig. 2) was cho-
sen to be 7 Hz, which is less than the lowest speed of 500 rpm. Also, a
high frequency fy of 500 Hz was chosen so that apparent tool-related
resonances around 850 Hz, as seen in the measured tool-tip FRFs in
Fig. 4, will not affect the force estimation. In this way, RCSA will not
be needed for force estimation because each mill is dynamically static
for force components below 500 Hz. Furthermore, use of various

22 A A
B g 0 Yt Shell Mill, X
T (@) ¥ v a1
SRR | A S I Shell Mill, Y
—~ End Mill, X
e 0 —————s f
£ Z ) \/ ———————————— End Mill, Y
TEYm | \
E 3 04 : ‘ :

1 2 3 4

Frequency (kHz)

Fig. 4. (a) Real part and (b) imaginary part of the measured tool-tip FRFs for the index-
able shell mill and the three-fluted end mill.

subsets of the full dataset revealed that five minutes of collected data
per axis is typically needed to achieve a sufficiently accurate force
model.

Fig. 5 shows that the proposed method models the dependence of
FRFs on spindle speed, in which FRFxx, FRFxy, and FRFy; are the FRFs
relating Fx and the vibrations in the X-, Y-, and Z-direction, respec-
tively. Partial validation is provided via impact testing on the instru-
mented tool holder with no spindle rotation and 20 impacts for
calculations of means and coherences. In general, as seen in Fig. 5,
the estimated FRF magnitudes change with spindle speed. Typically,
no speed-dependent term in Eq. (1) is dominant except when fre-
quencies are less than 20 Hz, where the centrifugal-related term may
dominate. In that regime, as the spindle speed increases, the FRF
magnitudes tend to decrease. Thus, vibrations with frequencies less
than 20 Hz will decrease for constant force components, possibly due
to centrifugal effects.

5000 rpm
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e 0 rpm (Exp.)
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Fig. 5. Magnitudes of (a) X-axis, (b) Y-axis, and (c) Z-axis components of the estimated
complex FRF for the X-axis force for various spindle speeds. The experimentally mea-
sured values (“Exp.”) from impact testing are where coherence > 0.80.

Comparisons of the measured (by dynamometer) and modeled
forces are shown in Figs. 6 and 7. The measured forces were low-pass
filtered with a cutoff frequency of 500 Hz for a fairer comparison
with the modeled forces with the same upper frequency limit. Like-
wise, the modeled forces were adjusted with direct current (DC)
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Fig. 6. Measured (by dynamometer) and modeled (with added DC term) X-axis forces
for the indexable shell mill with passes of increasing feed per tooth from (a) 25.4 pm
(0.001 in) to (f) 88.9 pm (0.0035 in).
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Fig. 7. Measured (by dynamometer) and modeled (with added DC term) X-axis forces
for the three-fluted end mill with passes of increasing feed per tooth from (a) 25.4 pm
(0.001 in) to (f) 152.4 um (0.006 in).

terms for matching the peak values of the dynamometer and mod-
eled forces, because the estimator currently does not output DC
terms. While DC forces may be theoretically estimated due to sensor
bandwidths down to 0 Hz, in practice, the cross-axis sensitivities of
the accelerometers corrupted their DC values; reliable estimation of
the DC force levels was not achieved. Nonetheless, the range of mod-
eled forces match the range of measured forces fairly well (see Fig. 8),
e.g., with a mean absolute error of about four percent for the shell
mill test.
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Fig. 8. Median force ranges for the cutting passes for the (a) shell mill and the (b) end
mill as a function of feed per tooth (FPT).

6. Conclusions

A new method is proposed to estimate cutting forces in real time
during machining via accelerometers and a physics-inspired data-
driven model. Before cutting, an instrumented tool holder is rotated
to induce magnetic forces measured with a metrology suite while
on-machine vibrations are measured with accelerometers. The pro-
cess simulates cutting for various combinations of spindle speeds and
forces. The harmonic content in the simulated cutting dataset is then
used to model the speed-dependent relationships between forces
and the spindle vibrations. The model is physics-inspired and data-
driven because it includes speed dependencies and arises from a
least-squares solution instead of physical parameters, respectively.
Finally, the model uses the known spindle speed and the accelera-
tions collected during cutting to estimate the cutting forces. Cutting
tests and impact testing with two types of milling cutters validated
the new approach when tool dynamics can be neglected.

The proposed method was developed for industrial application
with any spindle speed, force profile, tool type, and cutting condi-
tions, as well as for potential integration within machine tools to
advance the control of milling processes and optimize production.
For example, the instrumented tool holder can be installed in a tool-
holder carousel, and the metrology suite can be miniaturized for
installation and automated usage, similar to tool-setting stations.

Future work includes the advancement of the method via addi-
tional sensors, such as motor current sensors, to achieve estimation
of DC forces. Another important future task is the extension of the

method for modeling radial and tilt error motions. Because the stan-
dard deviations of the noise of the radial and tilt error motions are
about 0.11 pm and 0.32 prad, respectively, for a bandwidth of 10 kHz,
the error motion changes due to varying forces and spindle speeds
are observable. Other future work includes uncertainty analysis of
method outputs, testing for all cutting force components on multiple
machine tools, optimization of the solution algorithm for real and
imaginary terms, the use of RCSA, and modeling with additional non-
linearities.
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