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Abstract: Spindles are key components of machine tools. An efficient estimation of the spindle condi-
tion and its prognosis can improve production efficiency and quality due to predictive maintenance
planning. This paper proposes a method for predicting the remaining useful life (RUL) of machine
tool spindle bearings using a combined calculation and experimental approach. The calculation
model based on the ISO 281 standard uses monitored real loading conditions caused by the machining
process and the machine tool operation. The model enables the updated calculation of the spindle
lifetime L10h using real load distribution. Since the operation hours of the spindle are also monitored,
the remaining useful life (RUL) of the spindle can be calculated. This RUL value is corrected using a
bearing condition assessment based on the effective value of the vibration velocity RMS according
to the ISO 20816 standard and measured data from the machine tool control system. The proposed
method is tested on two different spindle types featuring three pieces of every type. The experimental
results of six spindles are compared and validated with a concurrent blind evaluation conducted by
a skilled expert. The validation shows a very good match of the proposed method and the expert
opinion. The method combining a calculation of the spindle lifetime using monitored real load
distribution and subsequent result correction using vibration signal enables the implementation of a
full automated estimation of the spindle RUL.

Keywords: spindle rolling bearing; bearing remaining useful life; spindle off-line monitoring

1. Introduction

The rolling bearings are the key design elements of the machine tool spindles. The
bearing design and arrangement affect the main spindle parameters: the maximum spindle
revolutions and maximum spindle load by the cutting process. Both of these parameters are
connected in the criterion of the maximum spindle life. The spindle lifetime L10h presented
in hours, meaning that 10% of the bearings will fail within the calculated lifetime running
under planned loading conditions, can be calculated based on the expected time distribution
of the axial and radial load and the time distribution of operational revolutions [1,2]. The
calculation equation is based on the statistical observation only.

The building of the load distribution is usually based on the experience of the spindle
designer and estimation of the operational conditions. The real loading may vary from
these expectations but can be continuously monitored during the machine tool operation.
This approach is based on the designer estimation and knowledge based on the expected
machining operations performed with the specific spindle type for the specific machining
operations. The initial value of the lifetime can be modified using correction variables [1,2]
with respect to the expected quality of lubrication or risk of bearing contamination. In the
bearing operation, the remaining useful life (RUL) of the bearing calculated as a difference
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between the expected bearing lifetime L10h and the operation time is an important parameter
for the planning of the spindle service. However, the real earing lifetime limit depends on
the real distribution of the bearing loading and revolutions.

The real load of the spindle during machine tool operations might be monitored and
processed, and a decision on the spindle state could be made automatically. This is the
concept of “smart machine tools” or “smart manufacturing systems”. There are several
publications describing these concepts. Liu [3] introduced a generic system architecture for
cyber-physical machine tools consisting of physical devices using the network services for
a connection with the machine tool virtual twin. The virtual twin is used for the evaluation
of the data acquired from the machine operation. Qu [4] provided state-of-the-art and
future trends of smart manufacturing systems. A hierarchical architecture with four specific
layers is introduced: a machine layer, control layer, planning player and execution layer.
Helu [5] described the concept of distributed production enabling shared processing and
an evaluation of the operation data from multiple machines (called “physical assets” in
this generalized concept) through connection to the shared virtual environment. Since
communication technologies are a keystone for digital manufacturing systems, Kurfess [6]
provided a systematic overview of current connection strategies and frameworks used for
various levels of communication. The operation data processing can be completed on-edge,
on-premise or on-cloud using communication protocols such as MTConnect or OPC-UA.

As presented, the smart production systems provide technical solutions for data
acquisition and processing. With respect to the topic of the RUL estimation of spindle
bearings, the monitoring of operation forces acting on the spindle bearings is a basic
approach for a calculation-based estimation of the bearing RUL. The loading forces can be
measured directly. The concept of the direct process force measurement can be based on
the integration of piezoelectric measurement cells [7,8], or it can use precise displacement
sensors and the spindle stiffness model [9]. The cutting forces can be also estimated
indirectly using the monitoring of the spindle power data using various edge monitoring
options of control systems, such as the Siemens Industrial Edge solution [10], FANUC
Focas communication library [11] or HEIDENHAIN DNC interface [12]. The power losses
of the specific spindle have to be identified in advance [13,14], and the transfer function
between the motor current and the cutting force should be identified [15,16]. The RUL of
all bearings can be calculated using a combination of the monitored loading history and the
total operation time of the spindle. The main advantage of this approach is the possibility
to observe the bearing lifetime limit change due to variations of the loading conditions and
estimations of the updated bearing lifetime based on the real loading history.

However, the real state of the spindle bearing not only depends on the variable load
and operation revolutions. The bearing failure can be initialized, e.g., by soft crashes of
the spindle or by bearing contamination due to the improper function of the contactless
sealing and by others. Thus, bearing condition monitoring is a very useful concurrent
approach for the real bearing fault state detection. The bearing diagnostics are based
on vibration signal analyses using time-domain methods, frequency-domain methods or
time-frequency-domain methods as presented in recent review papers [17,18]. The rolling
bearing degradation has four main stages in the rolling bearing model (bearing running-
in stage, bearing steady-state stage, defect initiation and propagation, damage growth;
see [19]). The key issue is the selection of appropriate signal features and the threshold
setting for the initial run of the device. Comparing historical vibration amplitude trends
with the current vibration amplitude is the basic method for estimating the current state of
the bearing damage. This approach is also being used for the prediction of the bearing RUL
using machine learning methods. Wu [20] combined the generalized Weibull failure rate
function (WFRF) and radial basis function neural network for the bearing RUL prediction.
Distinguishing between OK and non-OK bearings might be based on various parameters.
An et al. [21] predicted the RUL using an amplitude decrease at specific frequencies within
the vibration spectra. The degradation feature was identified in the frequency domain
using the PRONOSTIA experimental data set [22]. Hui [23] presented the RUL prediction
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method based on the combined neural network model involving a convolutional neural
network (CNN) for feature extraction and gated recurrent units (GRU) for data regression.
The results are denoised by the weighted average noise reduction method. The method
showed good prediction capability on the example using the PRONOSTIA data set [22].

As visible from the presented literature search, the current state-of-art knowledge is
based either on calculation models or on machine learning approaches for the vibration
signal processing. The calculation models can estimate the total bearing lifetime with
low uncertainty if realistic loading information is used for the calculation. The vibration
signal analysis is very useful for the current estimation of the OK/NOK bearing state. As
presented, the definition of failure signals is challenging, and AI is one significant research
direction. In practice, the HI (human intelligence) of skilled specialists is the main source of
processed data evaluations especially for off-line spindle diagnostics. This paper presents a
method for a bearing RUL estimation combining both basic approaches: a calculation of
the total bearing lifetime based on the monitored real load distribution and the correction
of the calculated lifetime results using off-line bearing vibration diagnostics. This is the
novelty differing the proposed approach from the pure diagnostic approaches. The method
is designed as a low-cost method available for off-line diagnostic procedures often used
in the praxis. The results were compared with an independent expert evaluation of the
bearing status. The paper is organized as follows: the method background and workflow
are described in Section 2. The experimental results based on two sets of monitored spindles
are presented in Section 3. Method uncertainties and the further development potential are
discussed in Section 4. The paper concludes with Section 5.

2. Method Description

The presented bearing RUL model is based on the continuous monitoring of bearing
load and spindle operation hours and subsequent recalculation of the estimated bearing
lifetime according to existing standards. The RUL value obtained as a difference between
the estimated bearing lifetime and spindle operation hours is corrected with the current
vibrational state of the bearing; see Figure 1.

Machines 2023, 11, x FOR PEER REVIEW 3 of 22 
 

 

the vibration spectra. The degradation feature was identified in the frequency domain us-

ing the PRONOSTIA experimental data set [22]. Hui [23] presented the RUL prediction 

method based on the combined neural network model involving a convolutional neural 

network (CNN) for feature extraction and gated recurrent units (GRU) for data regression. 

The results are denoised by the weighted average noise reduction method. The method 

showed good prediction capability on the example using the PRONOSTIA data set [22]. 

As visible from the presented literature search, the current state-of-art knowledge is 

based either on calculation models or on machine learning approaches for the vibration 

signal processing. The calculation models can estimate the total bearing lifetime with low 

uncertainty if realistic loading information is used for the calculation. The vibration signal 

analysis is very useful for the current estimation of the OK/NOK bearing state. As pre-

sented, the definition of failure signals is challenging, and AI is one significant research 

direction. In practice, the HI (human intelligence) of skilled specialists is the main source 

of processed data evaluations especially for off-line spindle diagnostics. This paper pre-

sents a method for a bearing RUL estimation combining both basic approaches: a calcula-

tion of the total bearing lifetime based on the monitored real load distribution and the 

correction of the calculated lifetime results using off-line bearing vibration diagnostics. 

This is the novelty differing the proposed approach from the pure diagnostic approaches. 

The method is designed as a low-cost method available for off-line diagnostic procedures 

often used in the praxis. The results were compared with an independent expert evalua-

tion of the bearing status. The paper is organized as follows: the method background and 

workflow are described in Section 2. The experimental results based on two sets of moni-

tored spindles are presented in Section 3. Method uncertainties and the further develop-

ment potential are discussed in Section 4. The paper concludes with Section 5. 

2. Method Description 

The presented bearing RUL model is based on the continuous monitoring of bearing 

load and spindle operation hours and subsequent recalculation of the estimated bearing 

lifetime according to existing standards. The RUL value obtained as a difference between 

the estimated bearing lifetime and spindle operation hours is corrected with the current 

vibrational state of the bearing; see Figure 1. 

 

Figure 1. Flow chart for corrected bearing RUL estimation. Figure 1. Flow chart for corrected bearing RUL estimation.



Machines 2023, 11, 586 4 of 21

The process forces are monitored through the spindle torque. Concurrently, the
operation time under a specific load and total spindle operation time are monitored. The
spindle model is used for the calculation of the bearing load from the process forces. Using
the force load and bearing revolution information, the bearing lifetime L10h is estimated
according to ISO standard for the monitored real working conditions. Based on that, the
bearing RUL LRUL,10h is calculated. See Section 2.1 for more details.

The off-line measurement of the spindle vibration should be completed periodically,
e.g., once a month or quarterly. This measurement should check possible spindle damage
due to non-load factors, e.g., bearing damage due to sealing system misfunctions, etc.
The results from this in situ check of the real spindle state are used for the correction of
the RUL value—the corrected RUL value LcRUL,10h is calculated. See Sections 2.2–2.4 for
more details.

2.1. Acquisition of the Real Load Distribution

Standard design proposal methods for the spindle bearing lifetime are based on the
load distribution estimated by the design with respect to the expected application of the
spindle unit. A few typical loading conditions within the spindle torque characteristic
are defined as the pairing of the torque on the tool and the process-relevant revolutions,
including the relative time duration. See Figure 2a for an example of such initial loading
conditions used for the initial calculation for the spindle bearing selection. In reality, every
specific spindle works under its specific process load. A typical real loading situation can
be characterized as multiple loading pairs (a combination of torque on the tool and the
spindle revolution) with a lower relative time duration; see Figure 2b.
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Figure 2. Operating load distribution of spindle unit in a 3D graph. (a) Initial proposal of the spindle
load distribution used for the spindle bearing selection. (b) Example of real operation distribution of
the spindle load—many combinations, but lower relative time duration.

The real load distribution can be monitored through the machine tool control system
data. The spindle revolution and spindle bearing load caused by the process forces have
to be calculated. There are various methods for the process force estimation based only
on machine drive signals [24] or using a digital twin of the machining operation as a
supporting model for drive signal processing to calculate the cutting forces [24,25]. Since
the spindle lifetime is in thousands of hours, these calculations of load distribution can
be completed as a postprocess calculation after the cutting process because an estimation
delay of some minutes is completely acceptable.
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For three axis milling operations, following a very basic model is also acceptable. The
process tangential cutting force FT can be computed using the known spindle torque value
T and the tool diameter DC:

FT =
2·T
Dc

; [N] (1)

The spindle radial load at the end of the tool can be calculated as a vector sum of the
normal (radial) cutting force FN and the tangential cutting force FT:

FR =
√

F2
T + F2

N ; [N] (2)

If we assume the conventional ratio between the tangential, normal (radial) and
binormal (axial) cutting force component FT:FN:FBN = 4:2:1, we can calculate the radial
loading force resulting from the milling processes directly using the tangential cutting force
FT (1):

FR =
√

F2
T + F2

N =

√
F2

T +
1
4

F2
T =

√
5

2
·FT ; [N] (3)

By substituting the real spindle and clamped tool with the length of La with the
simplified beam model with two supports (Figure 3), the radial reaction forces RA, RB
acting at the bearing locations are calculated.
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Figure 3. Simplified model of the spindle unit (La—tool length; b—distance between spindle front
end and center of the front bearing group; L—distance between front and rear bearing group centers).

The equilibrium of moments and the resulting reaction force valid for location A
and B:

∑ MA = 0; RA =
FR ·(La + a + L)

L
(4)

∑ MB = 0; RB =
FR ·(La + a)

L
(5)

The axial load of the bearing is assumed to be the sum of the process binormal (axial)
force and the bearing preload force. The process forces are estimated from the machining
data processing as presented above. The preload force changes due to variations of the
spindle operation revolutions, and variations of the thermal situation of the spindle bearing
are neglected in this case.

The spindle operation conditions (process force magnitude and spatial direction,
rotation speed) typically vary due to changeable machining conditions. Thus, the bearing
lifetime has to be calculated for the limited number of particular load distribution; see
the example in Figure 4 [2]. The figure schematically presents various cutting conditions
resulting in various levels of forces Pi and revolutions ni with a duration time of Ui; see (8).
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Figure 4. The spindle load distribution composed as a time block with a constant load and
revolutions [2].

The spindle lifetime estimation might be calculated based on the monitored history of
real operation conditions using procedures presented in the international standards ISO
281 [26] and ISO 5593 [27]. The resulting bearing lifetime of L10h represents the estimated
bearing lifetime with a 90% probability based on its characteristic properties and operating
conditions. The lifetime under constant operating conditions can be calculated [1,2]:

L10i =

(
Cgroup

Pi

)p
(6)

where L10i is the basic lifetime (at 90% reliability) (million revolutions); Cgroup is the basic
dynamic load rating (kN) of the bearing group:

Cgroup = C·b0.7 (7)

C is one bearing basic dynamic load rating (kN); b is the number of bearings within
the bearing group; Pi is the equivalent dynamic bearing load (kN) calculated by the ISO
281 standard [26] from the radial FR and axial FA spindle load (see Figure 3); and p is the
exponent of the life equation (p = 3 for ball bearings, p = 10/3 for roller bearings). The life
cycle fraction based on the temporally constant revolutions can be calculated:

Ui =
qi·ni

∑n
i=1 qn·nn

(8)

where Ui is the life cycle fraction under the non-variable conditions i = 1, 2, . . . and qi is
the fraction of the non-variable time period (n and P); n is the rotational speed (rpm). The
spindle is then calculated as the sum of particular lifetimes:

L10 =
1

∑n
i=1

Ui
L10 i

=
1

U1
L10 1

+ U2
L10 2

+ · · ·+ Un
L10 n

(9)

where L10—the basic lifetime (at 90% reliability) (million revolutions), L10i—the basic rating
lives (at 90% reliability) under constant conditions 1, 2, . . . (million revolutions), and
Ui—the life cycle fraction under the conditions 1, 2, . . . Note: U1 + U2 + . . . +Un = 1.

The spindle mean revolutions nm during its whole operation time can be calculated
using the partial revolution level ni and their partial duration qi:

nm =
n

∑
i=1

ni·
qi

100
(10)

By substituting the values of Equations (9) and (10), the basic lifetime of bearings
according to the real operating load distribution in spindle operating hours ti is calculated:

L10h ti = L10·
106

60·nm
[hod] (11)
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where L10h—the basic lifetime (at 90% reliability) (operating hours), and nm—the mean
rotational speed (rpm).

2.2. Off-Line Monitoring of the Bearing Wear State

The operational diagnostics of the spindle units is an important part of the presented
method. The diagnostic method should check the current spindle condition. Nowadays,
the online condition monitoring of spindle units is still not commonly implemented in
machine control systems due to the costs of the system. Off-line diagnostics are commonly
used in practice as a cost-effective solution.

Measurements are only taken at specific time intervals during inspection diagnostics
during the periodic inspection of the machines. An expert evaluation and trend reporting
of the measured values are performed. The measured values are selected in terms of the
most commonly used evaluation parameters of the vibration state of the spindle units in
practice, e.g., the effective value of the vibration velocity vRMS and envelope of vibration
acceleration gE. The limits of the evaluated vibration parameters are defined by ISO 20
816-1 [28]. Exceeded limits of values in the vibration trend graphs indicate a damaged
condition of the spindle unit and bearings [29].

The following list provides an overview of key measured quantities, evaluated param-
eters and their limits for the estimation of the spindle unit state according to standards and
practical experience:

• Check of the vibration velocity vRMS trend (ISO 20816-1 [28]):

# Warning limit 1.12 mm/s;
# Damage limit 1.8 mm/s;
# Frequency range from 0 to 1000 Hz.

• Check of the vibration acceleration envelope spectra:

# Frequency range according to maximum spindle speed;
# The peak to peak value is typically evaluated.

• Tool interface runout ISO 10791-2 [30]:

# measured value < 0.002 mm.

• Runout on the test arbor ISO 10791-2 [30]:

# L = 50 mm; measured value < 0.010 mm;
# L = 300 mm; measured value < 0.020 mm.

• Size of clamping force:

# According to the spindle manufacturer specification.

• Check of the spindle operating hours.

The standard rules for the repeatability of diagnostic measurements must be followed
during the measurements, which are [31,32]:

• Defining the appropriate measuring points (vibration sensors);
• Definition of the position of the spindle unit in the workspace coordinate (x; y; z);
• Use balanced instruments (etalon) in the highest balance level G for vibration measurements;
• Use of calibrated measuring instruments and sensors;
• Measuring vibrations at the same operating parameters, i.e., speed, tool (etalon).

2.3. Calculation of the Remaining Useful Life

The absolute value of the RUL is defined as the difference between the calculated
theoretical value of the basic lifetime L10h for the specific operating conditions and the
operating hours of the spindle ti:

LRUL,10h ti = L10h ti − ti [h] (12)
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Such a calculation can be completed after a certain period of the spindle operation,
e.g., a few months, to update the RUL estimation; see Figure 5 for an example. The
calculation of the RUL trend graph typically represents the most loaded first bearing of
the front bearing group. If the loading conditions would not change, the curve would sink
linearly over time during the spindle operation time ti. However, the loading situation of
the spindle may vary due to various machining conditions. Figure 5 presents an example
of five evaluation periods. During every period, the real load distribution is monitored.
The monitored process data are used for the calculation of the mean load (see Section 2.1)
that is used for the updated spindle lifetime estimation. Since loading conditions may vary
(on average, higher or lower load and operation revolutions), the updated estimation of
the lifetime may also vary. It can even be increased in case of a really low process load (as
presented between the time points t2 and t3). If the value of the lifetime is negative, the
bearing can be said to have achieved its theoretical lifetime. Theoretical calculation values
of RUL are bounded by the interval of the estimated uncertainty deviation.

Machines 2023, 11, x FOR PEER REVIEW 8 of 22 
 

 

Such a calculation can be completed after a certain period of the spindle operation, 

e.g., a few months, to update the RUL estimation; see Figure 5 for an example. The calcu-

lation of the RUL trend graph typically represents the most loaded first bearing of the 

front bearing group. If the loading conditions would not change, the curve would sink 

linearly over time during the spindle operation time ti. However, the loading situation of 

the spindle may vary due to various machining conditions. Figure 5 presents an example 

of five evaluation periods. During every period, the real load distribution is monitored. 

The monitored process data are used for the calculation of the mean load (see Section 2.1) 

that is used for the updated spindle lifetime estimation. Since loading conditions may vary 

(on average, higher or lower load and operation revolutions), the updated estimation of 

the lifetime may also vary. It can even be increased in case of a really low process load (as 

presented between the time points t2 and t3). If the value of the lifetime is negative, the 

bearing can be said to have achieved its theoretical lifetime. Theoretical calculation values 

of RUL are bounded by the interval of the estimated uncertainty deviation. 

 

Figure 5. Trend graph of remaining useful life. 

The relative value of the RUL 𝐿𝑅𝑈𝐿,10%
  presents the “relative consumption” of the 

estimated total spindle lifetime. It can be calculated using the absolute value of the RUL 

and the operating hours of the spindle: 

𝐿𝑅𝑈𝐿,10% 𝑡𝑖
 =

𝐿𝑅𝑈𝐿,10ℎ 𝑡𝑖

𝐿10ℎ 𝑡𝑖

∙ 100 =
𝐿10ℎ 𝑡𝑖 − 𝑡𝑖

𝐿10ℎ 𝑡𝑖

∙ 100; [%] (13) 

2.4. Remaining Useful Life Correction Based on the Vibration Velocity 

The above-mentioned calculation of the RUL (𝐿𝑅𝑈𝐿,10ℎ 𝑡𝑖) is purely a computational 

approach. Although the calculations are based on the recorded real load distribution, this 

approach cannot cover all real situations. Typically, if the spindle bearings are damaged 

due to other non-loading cases, e.g., due to assembly imperfections, spindle contamina-

tion caused by sealing system misfunctions, etc., this situation requires some correction 

approach based on the off-line measurement of the spindle vibration. 

A correction factor of vibration Kv is introduced for the RUL value correction using 

the measured effective vibration velocity. The parameter of the effective vibration velocity 

has been selected because it is the most commonly used parameter for vibration monitor-

ing reported in practice, e.g., in standards ISO 20816-1 [28]; ISO 13373-1[33]; and ISO 230-

8 [34]. The vibration correction factor Kv is computed as the ratio between the measured 

effective value 𝑣𝑅𝑀𝑆
  to the given reference value. The corrected RUL theory is derived 

from practical experience based on the estimation of the effect of the dynamic load varia-

tion and bearing vibration described as Brüel and Kjæ r [35–37] and similar publications 

[38,39]. A similar approach is a vibration evaluation using a single parameter such as the 

Figure 5. Trend graph of remaining useful life.

The relative value of the RUL LRUL,10% presents the “relative consumption” of the
estimated total spindle lifetime. It can be calculated using the absolute value of the RUL
and the operating hours of the spindle:

LRUL,10% ti =
LRUL,10h ti

L10h ti
·100 =

L10h ti − ti

L10h ti
·100; [%] (13)

2.4. Remaining Useful Life Correction Based on the Vibration Velocity

The above-mentioned calculation of the RUL (LRUL,10h ti) is purely a computational
approach. Although the calculations are based on the recorded real load distribution, this
approach cannot cover all real situations. Typically, if the spindle bearings are damaged
due to other non-loading cases, e.g., due to assembly imperfections, spindle contamina-
tion caused by sealing system misfunctions, etc., this situation requires some correction
approach based on the off-line measurement of the spindle vibration.

A correction factor of vibration Kv is introduced for the RUL value correction using the
measured effective vibration velocity. The parameter of the effective vibration velocity has
been selected because it is the most commonly used parameter for vibration monitoring
reported in practice, e.g., in standards ISO 20816-1 [28]; ISO 13373-1 [33]; and ISO 230-8 [34].
The vibration correction factor Kv is computed as the ratio between the measured effec-
tive value vRMS to the given reference value. The corrected RUL theory is derived from
practical experience based on the estimation of the effect of the dynamic load variation
and bearing vibration described as Brüel and Kjær [35–37] and similar publications [38,39].
A similar approach is a vibration evaluation using a single parameter such as the SPM
method [40] or the trending of measured quantities with respect to the limit values of warn-
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ing
and damage.

The correction factor can be calculated:

Kv = 1 if
(

vRMS

vre f
RMS

)
< 1

Kv =

(
vRMS

vre f
RMS

)
if
(

vRMS

vre f
RMS

)
> 1

(14)

where vRMS is the current measured vibration velocity and vre f
RMS is the reference value of

the vibration velocity valid for a specific spindle. The reference value vre f
RMS is valid for a

steady-state condition during which the specific spindle can operate for a long time period
without any damage and can fulfill the required quality of the machined surfaces. With
respect to the knowledge about the specific spindle operation history, there are various
approaches for setting the reference value vre f

RMS:

• For a new spindle, it can be set as 1.25× the vibration velocity during the spindle run-
in at the manufacturer premises and overall quality control. The spindle manufacturer
provides a detailed quality check of the spindle. The measured value of the vibration
velocity means the OK state for the specific spindle. The increasing of the value by
+25% follows the standard ISO 13373-1 [33], which enables the increase in the vibration
limits. Setting the limit according to the run-in spindle conditions enables taking into
account the specific assembly quality of the spindle.

• For short operation spindles (up to 2000 h), the reference value can be set as the
measured vibration velocity increased by about 25%. These spindles are after the
initial run-in and generally are in good condition. This situation is similar to new
spindle state, but the spindle already has adjusted the vibration level. Concurrently,
other quality parameters (see Section 2.2) also should be checked to confirm the
spindle’s good condition (see “spindle A” in Section 3.2 for an example).

• If the spindle is operated longer than one-half of the planned lifetime (approx. more
than 6000 h), the reference value should be set on the warning limit defined by the
above-mentioned ISO standards. The reason is that the spindle might already have
some initial damage, and the current measured vibration velocity cannot be used as
the reference value (see “spindle B” in Section 3.2 for an example).

The value of the corrected RUL is defined as the difference between the calculated
theoretical value of the basic lifetime L10h and the operating conditions to the operating
hours of the spindle ti, corrected for the assessment of the actual condition of the spindle
before the first signs of material fatigue damage appear on the bearing. The corrected RUL
calculated at time ti can be expressed:

LcRUL,10h ti =
(L10h ti − ti)

Kv3 =
LRUL,10h ti

Kv3 ; [hrs] (15)

Following [35–37], the influence of the increased vibration velocity represented by
the correction factor Kv is cubic. This means that if the real spindle vibration is over the
estimated reference value, the estimation of the RUL is intensively decreased. This is
presented on the following figures for illustration.

Figure 6 shows an example of a periodic check of the spindle vibration. The initial
vibration velocity measured after the run-in was 0.65 mm/s (dashed green line). Thus,
the vibration reference value was calculated as 0.8 mm/s (dashed red line). The vibration
velocity value measured on the spindle was stable during the measurement of time t1
and t2. Then, it increased slowly in every other measurement (full blue line). The last
two vibration values were even over the warning limit defined by ISO 13373-1 [33]. The
RUL correction factor calculated for every measurement time is also presented in the figure.
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Figure 6. Vibration velocity plot. The vibration is measured off-line in discrete time points with
longer period (within range of months).

Figure 7 shows a comparison of the corrected and non-corrected RUL estimation. For
the uncorrected RUL LRUL,10h (blue line), there is a uniform decrease in time with respect
to the load on the spindle. The corrected RUL LcRUL,10h has the same trend. Since the
measured vibrations increased from the measurement time point t3, the corrected RUL
decreases more intensively due to effect of the correction factor Kv (15). Based on this trend,
the real end of life of the spindle is expected earlier.
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The relative corrected RUL LRUL,10% can be expressed as a percentage:

LcRUL,10% =
LcRUL,10h ti

L10h ti
·100; [%] (16)

The value of the relative corrected RUL LcRUL,10% is defined as the ratio of the corrected
RUL LcRUL,10h to the calculated theoretical value of the basic lifetime L10h depending on the
actual load spectrum of the spindle unit, expressed as a percentage, before the first signs of
material fatigue damage appear on the bearing.

The advantage of the theory of the corrected RUL over the theoretical RUL presented
in Section 2.3 is the consideration of the actual diagnostic condition of the spindle assessing
lifetime: not the theoretical operating conditions in the load spectrum caused by normal
wear, but the real operation condition taking into consideration the vibration manifestation
of the spindle unit. The method has good automation potential for the low-cost off-line
vibration measurement data and RUL prediction with respect to the spindle loading



Machines 2023, 11, 586 11 of 21

history. The application of this approach is shown in the next section on two groups of
operation spindles.

3. Validation Use Cases

The theory described in the previous section is demonstrated on real use cases in
this section. There is an example of two spindle types working in the serial large-series
production of the roughing and finishing of steel-welded parts and cast-iron parts. There
were two groups of milling machines with three machines within one group. All three
machines in one specific group have been used for the same machining operations. This
unique constellation brings two groups of different spindle types with three spindle pieces
with the same design in every group. This is an acceptably large basis for the validation of
the presented theory.

3.1. Description of Spindle Units and Used Measuring Equipment

The main technical parameters of the tested spindles are presented in Tables 1 and 2.
The two spindle types are identified as “type A” and “type B” in the following text. Each
type of spindle unit is represented in the practical experiment by three pieces of the
spindle units mounted on identical types of machine tools located at the same shop floor
with the same production, i.e., the same process load distribution. However, the real
operation of each spindle led to a different vibration progress due to minor variations of
working conditions.

Table 1. Specifications of spindle units type A.

Specification: Type A
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 Specification: Type A 

 

 
 

 

  

Type of machine tool: 5-axis machine center 

Type of spindle: Electrospindle 

Orientation: Horizontal 

Max. power (S6/S1): 27/20 kW 

Max. speed: 10,000 rpm 

Tool interface: HSK-A 100 

Front bearing arrangement: // \ 

Front bearings: HC7020-E-T-P4S 

Rear bearing arrangement: / \ 

Rear bearings: HC7016-E-T-P4S 

Distance between bearings: L = 480 mm 

Distance to the face: a = 120 mm 

  

Type of machine tool: 5-axis machine center

Type of spindle: Electrospindle

Orientation: Horizontal

Max. power (S6/S1): 27/20 kW

Max. speed: 10,000 rpm

Tool interface: HSK-A 100

Front bearing arrangement: // \
Front bearings: HC7020-E-T-P4S

Rear bearing arrangement: / \
Rear bearings: HC7016-E-T-P4S

Distance between bearings: L = 480 mm

Distance to the face: a = 120 mm

During the experiment, it was possible to monitor and analyze the behavior in the
individual phases of the spindle units. The lifetime calculation focuses only on the front
bearings because they are more loaded and are dominantly responsible for the spindle
stiffness and accuracy. The current state of the spindle was measured and evaluated
periodically. The spindle load was not measured continuously through the machine tool,
but the load spectrum was calculated postprocess using the known cutting and engagement
parameters of all processes.

The equipment presented in Table 3 was used for the measurement and evaluation of
every individual spindle state during the on-route off-line diagnostic. The measurements
of all spindle unit states also include measurements of the accuracy of the runout on the
arbor according to ISO 10791-2 [30] and the check of the tool clamping force, which are
very useful for the mechanical condition of the spindle unit.
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Table 2. Specifications of spindle units type B.

Specification: Type B
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Type of machine tool: 3-axis machine center

Type of spindle: Electro spindle

Orientation: Horizontal

Max. power (S6/S1): 18.5/11 kW

Max. speed: 14,000 rpm

Tool interface: MAS BT40

Front bearing arrangement: / \
Front bearings: HC7016-EDLR-T-P4S-UL

Rear bearing arrangement: / \
Rear bearings: HC7011-C-T-P4S

Distance between bearings: L = 320 mm

Distance to the face: a = 90 mm

Table 3. Description of equipment used for off-line spindle diagnostic.
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Vibration analyzer:
Type: SKF Microlog CMXA 48

Vibration sensors:
Type: ICP 608A11
S.n.: LW229726(1); LW229727(2)
Sensitivity (±15%): 100 mV/g
Measuring range: ±50 g
Frequency range (±3 dB): 0.5 to 10,000 Hz

Clamping force sensor:
Type: OTT POWER CHECK-2 75 kN
S.n.: 574,582
Measuring range: 10 to 75 kN
Uncertainty≤ 0.2% (+/−)

Test bars for spindle runout calibration:
HSK-A100 DIN 69893
MAS BT40 (JIS B 6339)

The off-line measurements were carried out according to the standard rules for di-
agnosing spindle units in order to guarantee the repeatability and comparability of the
measurement results:

• Measurements using calibrated devices and calibrated sensors.
• The same position of the spindle unit in the workspace (x, y, z coordinates).
• Positioning of the sensors in identical positions (marks on spindle units 1 and 2).
• Measurements made under the same conditions and with the same running-in cycle

of the spindle unit.
• The vibration measurement with the balanced reference tool at the same speed (maxi-

mum spindle speed).
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3.2. Experiment Results and Validation Method

In this section, the measured results for both spindle types are presented and analyzed.
An overview of the results is provided in Table 4 for spindle type A and in Table 5 for
spindle type B. The structure of the diagrams is the same as in the commented general
example on Figures 6 and 7. The load spectrum of the spindle units was identified using a
postprocess calculation using known process parameters. The resulting load distributions
are shown for every spindle unit in a 3D bar diagram in the time of the initial and final
measurement. Six measurements of the spindle quality and vibration state were taken
during the analyzed period. The standard diagnostics methods described in Section 2.2
were used to perform the condition monitoring of the spindle units, i.e., the evaluation of
the vibration acceleration spectra, vibration velocity RMS, vibration enveloping, runout
of a test mandrel, clamping force measurement, etc. The RUL was calculated for every
spindle after every off-line diagnostic analysis. The presented RUL trend estimation is the
linear extrapolation of the last six measurement results.

Table 4. Measured results of spindle type A (max. speed: 10,000 rpm).

Spindle Unit A1
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Table 4. Cont.

Spindle unit A3
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The validation of the proposed method was completed using a blind comparison of
calculated results of relative RUL with the experienced opinion of a spindle diagnostic
expert. This expert with 10+ years of practical experience was a different person than
the person making the calculations of RUL using validated methods. This approach was
chosen because any spindle failed during the monitored period. The last known spindle
state and final estimation of relative RUL by the expert is presented in Table 7.

3.2.1. Comments on Measurement Results of the Spindle Unit Type A

The results of all lifetime measurements for spindle type A are presented in Table 4.
The spindle state was checked during the lifetime monitored operation period five or
six times. The measurements were completed on the same day. Since some machines were
off during some production periods, the working hour axis at lifetime diagrams in Table 4
shows different values for every specific spindle for the same condition measurement. All
spindles were used for the same type of production. The wear intensity of all spindle units
corresponds with the number of operation hours. All spindles were installed at the same
time. The measurement of the initial vibration velocity was not completed after lifetime
spindle installation. Thus, the reference value of the vibration velocity was defined after
the first diagnostic measurement, which was before 1000 operation hours.

Spindle unit A1 had a low vibration velocity of 0.573 mm/s during the first mea-
surement, which was after 603 operation hours. The reference velocity value was set at
about 25% at 0.8 mm/s. The measured vibration velocity value is shown in the graph
trend of vibration velocity vRMS (see Table 4-A1). The continuous worsening of the bearing
condition is visible. Following that situation, the calculated corrected RUL shown in the
trend graph Table 4-A1 was reduced; see Table 6-A1. The spindle is still in relatively good
condition based on the evaluation of the RUL and considering 4256 operating hours of the
spindle. The spindle can work for almost RUL = 2000 h to reach the estimated end of life
at 6000 h. Thus, the relative RUL is 34% (Table 6-A1). The spindle condition evaluation
conducted independently by a spindle diagnostic expert based on the vibration spectra,
spindle running accuracy and changes of the clamping force is approximately 40% of the
relative RUL (Table 7-A1). So, the calculated relative RUL using the model corrected with
respect to the vibration level and the relative RUL estimated by an experienced expert are
very similar.
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Table 5. Measured results of spindle type B (max. speed: 14,000 rpm).

Spindle Unit B1
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Table 6. RUL and corrected of the A spindle units after last diagnostic measurement.

Spindle
Type

Spindle Operation
Hours (hrs)

vref
RMS

(mm/s)
L10h
(hrs)

LRUL,10h
(hrs)

LRUL,10%
(%)

LcRUL,10h
(hrs)

LcRUL,10%
(%)

A1 4256 0.8 33,990 29,734 87.5 11,627 34%
A2 4358 1.1 34,010 29,652 87.1 14,538 43%
A3 4368 1.12 32,780 28,412 86.7 4371 0%

Table 7. Spindle condition of the A spindle units after last diagnostic measurement and relative RUL
estimated by the expert based on this data.

Type Spindle Operation
Hours (hrs)

VRMS
(mm/s)

Clamping
Force (kN)

Runout (mm) RUL Estimated
by ExpertHollow L = 50 mm L = 300 mm

A1 4256 1.094 38.1 0.003 0.006 0.012 40%
A2 4358 1.395 38.1 0.006 0.012 0.020 40%
A3 4368 2.091 40.5 0.003 0.006 0.006 30%

Status: OK Warning Damage

Spindle unit A2 had a vibration velocity of 1.004 mm/s during the first measurement,
which was after 925 operation hours. The value is slightly under the warning limit valid
for this type of spindle. The reference velocity value was set on the warning threshold of
1.1 mm/s. The measured vibration velocity value is shown in the graph trend of the vibra-
tion velocity vRMS (see Table 4-A2). As can be seen, the worsening of the bearing condition
was very moderate, almost stagnating. Following that situation, the calculated corrected
RUL shown in the trend graph Table 4-A2 was reduced; see Table 6-A2. The spindle is
still in relatively good condition based on the evaluation of the RUL and considering
4358 operating hours of the spindle. The spindle can work for almost RUL = 3000 h to
reach the estimated end of life at 7500 h. Thus, the relative RUL is 43% (Table 6-A2). The
spindle condition evaluation conducted independently by a spindle diagnostic expert based
on the vibration spectra, spindle running accuracy and changes of the clamping force is
approximately 40% of the relative RUL (Table 7-A2). So, the calculated relative RUL using
the model corrected with respect to the vibration level and the relative RUL estimated by
an experienced expert are very similar.

Spindle unit A3 had a vibration velocity of 1.638 mm/s during the first measurement
completed after 896 operation hours, which is over the warning limit. The reference
velocity value was set on the warning limit defined by the ISO standards at 1.12 mm/s.
The measured vibration velocity value is shown in the graph trend of the vibration velocity
vRMS (see Table 4-A3). The continuous worsening of the bearing condition around to the
limit values of damage is visible. Following that situation, the calculated corrected RUL
shown in the trend graph Table 4-A3 was reduced; see Table 6-A3. The spindle is in bad
condition based on the evaluation of the RUL and considering 4368 operating hours of the
spindle. The spindle can work for almost RUL = 32 h to reach the estimated end of life
at approx. 4400 h. Thus, the relative RUL is 0.7% (Table 6-A3), which means immediate
service is needed. The spindle condition evaluation conducted independently by a spindle
diagnostic expert based on the vibration spectra, spindle running accuracy and changes
of the clamping force is approximately 30% of relative RUL (Table 7-A3). This estimation
is based on a stabilized vibration level. Although the vibration velocity was high since
the spindle has been monitored, the vibration level does not have any progress in time.
Moreover, the spindle has a low runout and no critical peaks in the vibration spectra. So,
there are significant differences between the calculated relative RUL using the corrected
model and the relative RUL estimated by an experienced expert in this case.

3.2.2. Comments on Measurement Results of the Spindle Unit Type B

The results of all measurements for spindle type B are presented in Table 5. The
spindle state was checked during a monitored operation period four or five times. All
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spindles were used for the series production. The spindle units were in different stages
of their lifetime in terms of their age. All three spindle units of type B had a different
operation load distribution compared to each other, unlike the type A spindles. The wear
intensity of spindle unit types B1 and B2 corresponds to the failure condition, and type B3
corresponds to the number of operation hours. These three spindles were not installed at
the same time. The measurement of the initial vibration velocity was not taken after the
spindle installation. Therefore, for the spindles of type B1 and B2, the reference value of the
vibration velocity was defined on the warning limit defined by the above-mentioned ISO
standards and for the spindle of type B3, while the reference value of the vibration velocity
was defined after the first diagnostic measurement taken before 1000 operation hours.

Spindle unit B1 had a vibration velocity of 1.835 mm/s during the first measurement
taken after 21,256 operation hours, which is over the damage limit. The reference veloc-
ity value was set on the warning limit defined by the ISO standards at 1.12 mm/s. The
measured vibration velocity value is shown in the graph trend of the vibration velocity
vRMS (see Table 5-B1). The spindle unit was in bad condition for a long time. The bearing
condition above the limit values of damage is visible. Following that situation, the calcu-
lated corrected RUL shown in the trend graph Table 5-B1 was significantly reduced; see
Table 8-B1. The spindle is in bad condition based on the evaluation of the RUL and con-
sidering 23667 operating hours of the spindle. The spindle can work for the maximum
RUL = 500 h to reach the estimated end of life at 24,000 h. Thus, the relative RUL is
1% (Table 8-B1), and the spindle should be serviced. The spindle condition evaluation
conducted independently by a spindle diagnostic expert based on the vibration spectra,
spindle running accuracy and changes of the clamping force is 0% (i.e., failure condition) of
the relative RUL (Table 9-B1). So, the calculated relative RUL using the model corrected
with respect to the vibration level and relative RUL estimated by an experienced expert are
very similar.

Table 8. Condition of the evaluation of the RUL of the spindle units type B.

Spindle
Type

Spindle Operation
Hours (hrs)

vref
RMS

(mm/s)
L10h
(hrs)

LRUL,10h
(hrs)

LRUL,10%
(%)

LcRUL,10h
(hrs)

LcRUL,10%
(%)

B1 23,667 1.12 32,521 11,854 33.4 495 1.4
B2 17,705 1.12 21,102 3397 16.1 11 0.05
B3 3458 0.4 34,721 31,263 90.0 31,263 90.0

Table 9. Condition for evaluation of accuracy of spindle units type B.

Type Spindle Operation
Hours (hrs)

VRMS
(mm/s)

Clamping
Force (kN)

Runout (mm) RUL Estimated
by ExpertHollow L = 50 mm L = 300 mm

B1 23,667 3.805 9.2 0.008 0.040 0.174 0%
B2 17,705 8.863 13.1 0.008 0.020 0.130 0%
B3 3458 0.273 9.2 0.002 0.002 0.002 80%

Status: OK Warning Damage

Spindle unit B2 had a vibration velocity of 5.694 mm/s during the first measurement
taken after 12,198 operation hours, which is over the damage limit. The reference velocity
value was set on the warning limit defined by the ISO standards at 1.12 mm/s. The
measured vibration velocity value is shown in the graph trend of the vibration velocity
vRMS (see Table 5-B2). The spindle unit was in bad condition for a longer time. Following
that situation, the calculated corrected RUL shown in the trend graph Table 5-B2 was
reduced; see Table 8-B2. The spindle is in bad condition based on the evaluation of the
RUL and considering 17,705 operating hours of the spindle. The spindle unit should have
already been replaced. Thus, the relative RUL is 0% (Table 8-B2). The spindle condition
evaluation conducted independently by a spindle diagnostic expert based on the vibration
spectra, spindle running accuracy and changes of the clamping force is approximately
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0% (i.e., failure condition) of the relative RUL (Table 9-B2). So, the calculated relative RUL
using the model corrected with respect to the vibration level and relative RUL estimated by
an experienced expert are very similar.

Spindle unit B3 had a vibration velocity of 0.363 mm/s during the first measurement
taken after 1006 operation hours. The reference velocity value was set at about 25% at
0.4 mm/s. The measured vibration velocity value is shown in the graph trend of the
vibration velocity vRMS (see Table 5-B3) and shows the bearing condition is at a low
vibration level: below the warning limit. Following that situation, the calculated corrected
RUL shown in the trend graph of Table 5-B3 was not reduced; see Table 8-B3. The spindle is
still in good condition based on the evaluation of the RUL and considering 3458 operating
hours of the spindle. The spindle can work for almost RUL = 30500 h to reach the estimated
end of life at 34000 h. Thus, the relative RUL is 90% (Table 8-B3). The spindle condition
evaluation conducted independently by a spindle diagnostic expert based on the vibration
spectra, spindle running accuracy and changes of the clamping force is approximately
80% of the relative RUL (Table 9-B3). So, the calculated relative RUL using the model
corrected with respect to the vibration level and relative RUL estimated by an experienced
expert are very similar.

3.3. Summary of the Experiment Data

The method of the corrected RUL calculation was verified on two types of different
designs of electric spindles. Each type of spindle unit was represented by three samples of
spindle units mounted on identical types of machines tools. Concurrently, there was a blind
estimation of the relative RUL by a diagnostics expert. The comparison of the results is
presented in Table 10. As can be seen, the non-corrected RUL using real loading conditions
does not provide good results. The RUL estimation error compared to the expert opinion
is about ±40%. If the calculated RUL is corrected using the current vibration level, the
difference between this proposed method and the experienced specialist is ±10%. The
only exceptional case is the situation of spindle A3, where the calculation method detects
RUL = 0% and the expert estimates RUL = 30%. This difference is caused by the expert
opinion that the vibration level does not increase too much from the initial value and the
spindle has a low runout; thus, the spindle can continue working. From a practical point of
view, the vibration level is high in absolute value, and an accelerated spindle degradation
may soon occur.

Table 10. Results of RUL according to the method.

Diagnostic
Evaluation

(%)

RUL LRUL,10% Corrected RUL LcRUL,10%Type of
Spindle Front

(%)
Difference to

Evaluation (%)
Front
(%)

Difference to
Evaluation (%)

A1 40 88 −48 34 6
A2 40 87 −47 43 −3
A3 30 87 −37 0 30
B1 0 33 33 1.4 1.4
B2 0 16 16 0.05 0.05
B3 80 90 −10 90.0 −10

It is necessary to understand that the presented validation results are a relative com-
parison of two estimation approaches. It was not possible to validate the corrected RUL
approach and also the expert estimation with the absolute data represented, e.g., with
the complete jamming of a specific spindle. With this perspective, Table 10 is just a rela-
tive comparison of two estimation methods where both methods have their own specific
uncertainty level.

4. Discussion

The proposed method of the spindle RUL estimation is based on the lifetime calculation
using real loading conditions and subsequently the correction of the calculated value based
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on the off-line measured vibration level of the spindle. The method was validated using a
blind comparison with the opinion of a skilled expert. Unless the presented results show
good results from the proposed approach, there are some points that should be critically
discussed.

• The results of the RUL calculation after correction are sensitive to the reference value
setting. The rules for the reference setting are defined in Section 2.4. The key limit for
spindles with an unknown history is the warning limit according to ISO 20816-1 [28].
If the spindle has a low vibration level in the initial life stage, the reference should be
increased by about 25% to allow vibrations rising without the immediate shortening
of the RUL value. The value of 25% is based on ISO 13373-1 [29], which enables the
increase in the vibration limits.

• The correction is based on one scalar value of the effective vibration velocity vRMS.
This is a significant simplification, but practical results show that this parameter is
appropriate for the simplified characterization of the spindle or bearing condition. As
future work, the correction criterion could also be enhanced with other parameters
sensitive to the state of the vibration spectra.

• The results show that the spindle lifetime cannot be estimated using real loading
inputs only, but it needs some correction with respect to the possible damage of the
bearing caused by non-loading reasons, e.g., bearing contamination.

• The method is based on the continuous monitoring of the loading cases. It is currently
possible using the continuous reading of the machine tool control system data and
subsequent calculation of the process forces. Nevertheless, these data are always
available on the machine tool. The additional accelerometers can be used for off-line
vibration measurements only. Thus, the method is low-cost and also useful for older
machine tools.

• The vibration level of the spindle has to be measured every time during the same
boundary conditions.

• The thermo-mechanical effects (e.g., increasing the axial preload force due to the
increased working temperature of the bearing) are not directly considered in the
method. If the thermo-mechanical situation is not stable, the spindle can be jammed,
which is out of the prediction possibilities of this method. If the realistic thermal
situation results in the overloading of the bearing, it can be detected due to the
progress of the measured vibration signal.

• The estimation accuracy of the method is approx. ±20%, which is acceptable. This
value is based on the simplification used in the process force estimation and inaccura-
cies in the vibration velocity measurement.

5. Conclusions

This paper described the method for predicting the remaining useful life (RUL) of
spindle bearings through a combination of methods for calculating the rating life L10h
according to the standard ISO 281 and the bearing condition assessment based on the
effective value of vibration velocity RMS according to the standard ISO 20816 and measured
machine data from the machine tool control system. The calculation model of the updated
lifetime L10h is based on the continuous monitoring on the loading distribution of the
spindle load and the operating hours in the machine tool. The final estimation of the RUL
with respect to the current condition of the spindle must be corrected with the correction
factor. The correction factor of vibration Kv is a ratio between the current vibration velocity
and the reference effective vibration velocity vRMS. The rules for the reference value
definition are proposed in the paper.

An experiment using the long-term observation of real spindles was used for the
validation of the method. Two groups of motor spindles with three spindles of the same
design were observed. The estimation of the proposed method was compared with an
expert evaluation of the specific spindle state in a blind test. The proposed method provided
results similar to the expert. The expert used multiple inputs for the evaluation: vibration
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velocity, vibration spectra, check of the clamping force, check of the spindle runout. All
the data were evaluated using human experience. Contrary to that, the proposed method
was used to implement an algorithm and perform automatic processing. The method can
be reliably used for electric spindles of various designs to estimate the residual life of the
spindle bearings with regard to the current condition vibration of the bearings.

The key knowledge from the validation test is that the RUL estimation cannot be
based just on the knowledge of the loading history of the spindle, but it is necessary to
correct it through the Kv factor that enables covering the progress of bearing damage caused
by non-loading reasons. The difference between the corrected RUL estimation and the
human expert estimation were in the blind test under 10%. The uncorrected RUL estimation
differed about 40% from the reference expert estimation.

The main advantage of the proposed method is its simplicity from the sensorics
point of view. This could be also the weakness of the method. Future work should be
focused on enhancing the basic sensor set with other types of sensors (e.g., for temperature
measurement) and involve the additional information in the evaluation of the spindle state.
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