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Abstract

Monitoring process stability and tool condition is essential for ensuring machining quality
and efficiency. This study investigates the influence of sensorized tool holders on dynamic
properties and machining results. Three clamping conditions, one conventional and two
different sensor-integrated tool holders (equipped with strain gauges or piezoelectric force
sensors), are compared. Experimental modal analyses are carried out to determine the
frequency-dependent dynamic compliance of the systems. Machining tests using a devel-
oped reference workpiece enable the investigation of process forces, wear development,
and the surface quality achieved under real conditions. The results show that the dynamic
behavior of the tools varies significantly depending on the respective excitation frequency,
whereby the different structural properties of the tool holders have a clearly measurable
influence on their dynamic properties, particularly near process-relevant excitation frequen-
cies. However, no clear deterioration in terms of process stability or machining performance
can be determined. In some cases, the sensorized tool holders can contribute to reduced tool
wear and improved process stability. These findings emphasize that sensorized tool holders
do not necessarily worsen the machining results and can be applied without negative
effects when aligned with the system’s modal characteristics.

Keywords: process monitoring; sensorized tool holders; dynamic compliance; machining
stability

1. Introduction

Modern production places high demands on manufacturing processes and tools in
terms of precision, efficiency, and reliability. In addition to economic challenges, manu-
facturing processes are also increasingly facing ecological challenges, meaning that sus-
tainability and resource efficiency are becoming ever more important. In order to meet
these challenges, continuous monitoring of manufacturing processes and the condition
of the tools is essential. There are various approaches to process monitoring and tool
condition monitoring. The measurement methods used are divided into direct/indirect
and online/offline methods with regard to the measurement principles. Direct approaches
are based on the direct acquisition and analysis of data, e.g., via the optical analysis of tools
or workpieces, whereas indirect approaches are based on the analysis of auxiliary acquired
data that correlates with directly measurable data. Examples of sensors used for indirect
approaches include vibration and force sensors. Online methods enable data to be recorded
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and analyzed in real-time, whereas with offline methods, data is acquired and analyzed
downstream of the process and often in special laboratories. The different approaches
have certain implications for applicability in the context of automation and with regard to
their accuracy and real-time capability. According to the current state of research, direct
approaches usually take place offline, which means real-time capability is not provided.
With regard to this real-time capability, online processes are preferable. For this reason,
indirect methods are usually chosen, especially in automated systems, although they are
more susceptible to noise due to the use of auxiliary signals and the associated longer
measuring distance [1,2].

Various research activities have demonstrated the ability to detect tool wear, chatter,
or other process anomalies using indirect online methods. The use of force signals is one
of the most common and promising, as shown by the large number of research activities
and commercially available systems. The force signals have a proven good correlation
with the occurrence of process disturbances and can be acquired in various ways [1,3].
One widely used method is the use of sensorized tool holders. Tools are clamped in the
sensorized tool holder, which in turn is clamped in the machine spindle. The sensors
integrated into the tool holder allow data to be acquired during the machining process.
The data is transmitted from the tool holder to a data analysis system in near real time,
enabling prompt and comprehensive evaluation. Commercially available systems enable,
for example, tool breakage detection or monitoring of tool wear [4,5].

Although sensorized tool holders enable efficient monitoring of the process, their
integration also affects the mechanical structure of the spindle-tool-holder combination.
In particular, the addition of sensors and transmission hardware, as well as altering the
geometry of the tool holder, can alter the mass distribution, stiffness, and damping charac-
teristics, which in turn influence the overall dynamic behavior of the system compared to
conventional tool holders. Changes in modal properties may affect process stability, tool
wear, and manufacturing results under real machining conditions [6-9].

Although the general impact of tool holder properties on machining dynamics is
established in the literature, only limited systematic investigations have quantified how
sensor integration specifically affects these dynamic properties. Most existing studies focus
on aspects such as signal quality, individual sensor types, or specific monitoring appli-
cations, while the broader implications for machining performance remain insufficiently
explored [1-3,10,11].

The present work addresses this research gap by systematically investigating the
influence of sensorized tool holders on dynamic properties and resulting machining be-
havior. To this end, two different sensorized tool holder concepts and one conventional
tool holder are compared under identical machining conditions. A specially developed
reference workpiece is used to ensure standardized and comparable testing. The analysis
focuses on four aspects:

*  Frequency-dependent dynamic compliance determined by experimental modal analysis;

¢ Cutting forces and bending moments measured during milling;

*  Tool wear progression (by means of the maximum width of the flank wear land VBmax)
over multiple operations;

*  Surface quality of the machined workpieces.

This study provides a comprehensive evaluation that links the structural dynamics of
the tool holders to measurable outcomes such as tool wear and surface finish. The findings
contribute to a deeper understanding of how sensor integration affects machining behavior
and provide guidance for process design and monitoring strategies using sensorized
tool holders.
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2. Materials and Methods
2.1. Tool and Machine Overview

The tool used was an uncoated solid carbide end mill with a diameter of 10 mm,
a number of teeth of 4, a helix angle of 30°, a cutting edge length L. of 25 mm, and a
corner chamfer angle of 45°.

The milling tests were carried out using a 5-axis CNC milling center, type: DMU 50
eVolution, from the manufacturer Deckel Maho Gildemeister (DMG, Bielefeld, Germany)
with the Siemens Sinumerik 840D (from the manufacturer Siemens AG, Berlin/Munich,
Germany) control system. The machine has a zero point clamping system in the form of an
NC high-pressure vice (type 125 from the manufacturer Hoffmann Supply Chain GmbH &
Co. (Nuremberg, Germany) KG) and corresponding clamping jaws, which can be used to
clamp the workpiece to the machine table. The workpiece is clamped with the maximum
clamping force of 40 kN.

Three tool holders were examined in this study. Two of these were sensorized for the
measurement of the process forces and torques occurring. Figure 1 provides an overview.
In addition, the names used over the course of the paper, e.g., in Section 3, are indicated
in the captions of the subfigures. The entire designation is structured as follows: first the
designation of the tool holder (configuration 0 represents “Clamping chuck”, configuration

1 represents “Sensorized tool holder, type: SPIKE®”, configuration 2 represents “Sensorized
tool holder, type: RCD (rotating cutting dynamometer)”), followed by the number of the
tool used after the underscore (e.g., “_1" stands for tool 1, “_2" for tool 2, etc.).

(a) Clamping chuck (conventional,  (b) Sensorized tool holder, type: (c) Sensorized tool holder, type:
without sensors), name: “configu- SPIKE®, class C, name: “configu-  RCD, name: “configuration 2”.
ration 0”. ration 1”.

Figure 1. Overview of the tool holders examined.

The sensorized tool holder SPIKE®, type C, from the manufacturer pro-micron is
equipped with a Multi-Lock chuck, whereas the Wireless RCD from Kistler Instrumente
GmbH (Winterthur, Switzerland) is equipped with a collet chuck, type: “ER32”. All tool
holders are mounted on the spindle using an HSK A63 interface.

2.2. Development of the Reference Workpiece and Process
2.2.1. Approach

The reference workpiece developed and presented in this paper should have a high
practical relevance. In addition, further components are to be integrated to characterize the
milling process. In summary, the reference workpiece includes

*  Real processing cases;
e  Stepped plates;
e  Line-by-line milling.
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Real processing cases were integrated into the reference workpiece to represent ma-
chining tasks under real operating conditions. These are based on the examination of real
components from companies in different industries, such as tool and die making or general
mechanical engineering, as well as expert knowledge from users and tool manufacturers.
The machining cases occurring in practice represent changing engagement conditions,
infeeds and engagement angles for the milling tool.

As described in Section 2.6, the occurrence of chatter vibrations is problematic, as they
cause poor surface quality and dimensional accuracy, heavy wear on the tool and machine,
and high noise pollution due to the large vibration amplitudes. In addition, the installed
main spindle power of the machine tool cannot be fully utilized, which reduces productivity.
This chatter behavior in machining processes is described with so-called stability maps.
Following these, in which the course of the limiting axial depth of cut a;,;;; is plotted
against the spindle speed #, the process stability is to be investigated by integrating stepped
plates into the reference workpiece.

Simple line-by-line milling operations are primarily used to quantify the wear behavior.
However, the wear behavior was investigated for all operations. In order to be able to
show the development of wear over the tool’s life, the end mills in clamped condition were
removed from the machine tool after each operation and measured in detail.

Another restriction was that all milled surfaces must still be present after the comple-
tion of the machining process in order to be able to assess the surface quality afterwards.
This is due to the measurement being performed by an external measuring device, which
had to be taken into account in the design as well as in the planning of the milling order.

2.2.2. Selection of the Reference Material

When defining a reference workpiece, it is important to select an appropriate material,
since the cutting forces are most strongly influenced by the composition of the material,
including the base metal and alloy components as well as the microstructure. Paucksch
recommends the mechanical parameters of hardness and tensile strength as useful compar-
ative values for the resulting cutting forces [12]. The study of Westermann et al. shows that
mainly steels with a tensile strength <900 N/mm? (62%) are machined with solid carbide
end mills [13]. A widely used representative of this grade is the unalloyed quenched and
tempered steel C45E (material number 1.1191), which has an average tensile strength of
775 MPa. This material is mainly used for components subject to medium stress [14] in
general mechanical and plant engineering [15] (e.g., shafts subject to normal stress [16]).
Thus, this is considered a suitable reference material and is specified for the reference
workpiece defined in this paper.

2.2.3. Construction

Figure 2 shows an isometric view of the developed reference workpiece, which allows a
standardized evaluation of vibrations and occurring cutting forces as well as surface quality
in metal milling operations. The solid plates used have the dimensions 125 x 125 x 20 mm.
The CAD software PTC creo parametric 10.0 was used for the CAD design. The transfer to
the machining center was carried out via a CAD-CAM link. Figure 3 shows the individual
features, which also correspond to the milling order.

2.2.4. Milling Order and Cutting Parameters

As described in Section 2.2.1, in addition to integrating real processing cases, stepped
plates, and line-by-line milling, care had to be taken in planning the milling order to
preserve essential elements of the surface after machining in order to subsequently measure
its quality.
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Figure 2. Isometric view of the developed reference workpiece.
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Figure 3. Measuring points for the surface quality assessment. The x mark the points where the
measurements are made.

To begin with, the solid plate described was prepared. For this purpose, both the
lateral dimensions were milled to size and the drill holes for fastening to a base plate were
machined. After this step, the actual machining of the reference workpiece took place.

The steps were created in preparation. These were designed in such a way that the
depth of cut a, increases in discrete steps up to Aa, =5 mm during subsequent over-milling.
As considerable differences in machining occur in practice in both the x and y directions,
the step plates were arranged symmetrically to compare the stability of the axis directions
so that the respective axis bore the main load.

As can be seen in the Figure 3, this was followed in Feature 1 and 2 by the milling of
the radiused slot end. These are milled with two different spindle speeds # at a constant
feed per tooth f, and with two different feeds per tooth f, at a constant spindle speed n.
In addition, the feed rate vy was also varied. The next step was the machining of the
pocket (Feature 3). For this purpose, the solid end mill was dipped to the defined depth
with a helix before the pocket was milled out. In Feature 4, a typical practical machining
operation was carried out—trimming. During programming, this was designed in such
a way that both axes of the plane move synchronously in order to bring out differences
there as well. In Feature 5, the closed radiused slot end was machined, which was first
dipped with a bevel (30) and then milled flat. The last step (Feature 6) did not involve direct
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drilling but was carried out by means of helical plunging (Spejix > Dto01)—as is common
in the industry.

The milling order can also be taken from Table 1 below, which also contains the
parameters selected for the milling tests with the tool described above.

Table 1. Example cutting parameters.

# Operation d, ap fz vy n

mm mm mm/tooth mm/min min—1
la/2a Radiused Slot End 10 1-5 0.05 382.0 1910
1b/2b Radiused Slot End 10 1-5 0.07 534.8 1910
1c/2c Radiused Slot End 10 1-5 0.05 458.4 2292
1d/2d Radiused Slot End 10 1-5 0.07 641.8 2292
3 Pocket 3 6 0.0615 469.9 1910
4 Trimming 2 10 0.0625 4775 1910
5 Closed Radiused Slot End 10 8 0.10 159.0 1590
6 Helical Plunging 1 0.10 159 1590

2.3. Experimental Modal Analysis

In order to investigate the dynamic behavior of the tool and the respective influence
of the different clamping configurations, an experimental modal analysis is carried out.
With the exception of the clamping configuration, the conditions of the experiments are kept
the same and the same tool with the same clamping length is used. An automatic impact
hammer of the type SAM1 from the company NV Tech Design GmbH (Steinheim, Germany)
is used to excite the tool clamped in the machine. The excitation takes place close to the tip
of the tool cutting edge so that an excitation situation as close to reality as possible is created.
A high-resolution Laser Doppler Vibrometer (LDV) (type PSV-I-680 QTec from Polytec
GmbH (Waldbronn, Germany)) is used to measure the velocity response. The contactless
measurement ensures precise measurement of the vibration response without interference
from a sensor mass or cabling. A measuring grid consisting of several measuring points
is distributed over the tool. The measurement is carried out sequentially, whereby three
successful strokes are recorded and averaged for each scan point. This approach ensures
that the influence of interfering noise is minimized and insights into the spatial resolution
are obtained. Data acquisition is carried out using the software “PSV 10.2 Datenerfassung”
and data evaluation using the software “PSV 10.2 Auswertung”. The excitation force and
the velocity response are measured and the transfer function is computed with the use of
the H1 estimation method. The common form of representation is dynamic compliance, so
that the frequency response function has to be converted into the corresponding form.

2.4. Force and Bending Moment Measurement

Direct force and bending moment measurements are performed using the integrated
sensor capabilities of the two sensorized tool holders for configuration 1 and configuration 2.
Between the two sensorized tool holders, the methodology differs regarding the distinct
sensor technologies.

For configuration 1, the sensorized tool holder Spike® 1.2, type C, is used. The mea-
surement is based on strain gauge technology and enables the measurement of process-
related measures such as bending moments in the x- and y-direction, the torsional moment,
and the axial force in the z-direction. A system for wireless data transmission to a receiver
unit located outside of the machine is integrated into the tool holder. There are different
holders for different measuring ranges. The maximum sampling rate of the system used
is 2500 Hz; the measuring range for tension is +53 kN for torque, it is 396 Nm; and for
bending, it is 2360 Nm with a resolution up to 16 bit. The software for data acquisition
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includes simple options for data processing, such as for compensating for thermal drift,
as well as for displaying the results.

For configuration 2, the Kistler Wireless RCD (Rotating Cutting Dynamometer) 9170B
tool holder is used. This system integrates piezoelectric sensors for the measurement of
cutting forces in the three directions (Fy, Fy, and F;). This tool holder also has a module for
wireless data transmission to a receiver unit located outside the machine. The maximum
sampling rate of the system used here is 10,000 Hz and the maximum measuring range for
Fy and F, is £5000 N; for F;, it is within 20,000 N; and for M, it is within +100 Nm with
a resolution of 16 bit. The system also has software for data acquisition, which has various
options for data processing and visualization.

For both configurations, the raw measurement data is saved in the respective standard
file formats and then analyzed using suitable scripts written in the Python 3.12 environment.
By analyzing and visualizing the signals in the time and frequency domain, a detailed
evaluation of the mechanical loads during machining is made possible and potential
instabilities can be detected.

2.5. Wear

Cutting materials are subject to a very complex load spectrum during the machining
process, which is characterized by high thermal and mechanical stresses and also favors
chemical reactions. These high stresses cause wear on the tool cutting edges. The causes
of wear include adhesion, abrasion, tribochemical reactions, and surface disruption [17].
In machining processes, tool wear is a critical factor, which influences productivity, work-
piece quality and process stability. Monitoring tool wear is therefore essential to ensure
the efficiency of the process and to prevent tool breakage. In the context of this study,
the observation of the wear progression is important to assess whether and how the use of
the different tool holder configurations influences the mechanical loading conditions at the
cutting edge and thus the tool life.

In this study, the measurement and evaluation of tool wear is performed using the
edgeControl universal measuring machine from ZOLLER and its software pilot 4.0. Af-
ter each of the different milling operations shown in Table 1, the tool is removed from the
milling machine and measured on the measuring device. The tool remains in the tool holder
for this process. Figure 4 shows a photograph of the measuring station and a detailed
representation of the measurement results.

_ mf

Tool with
tool holder

Measusing
device

Figure 4. Wear measurement device.

By using a suitable measurement program, the geometry and the condition of each
of the four cutting edges of the tool is captured. This is achieved by performing a three-
dimensional scan of each individual cutting edge. Using the data from this scan, a de-
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spiralized representation of each cutting edge is generated. The de-spiralized representation
enables a planar image of the actually spiralized cutting edge and thus a detailed analysis
of the signs of wear along the entire cutting edge.

In this study, the maximum width of the flank wear land (VBmax) is used as the
primary criterion for comparing tool wear between the operations and configurations. This
metric is determined by examining the two-dimensional de-spiralized representation of the
cutting edge and measuring the maximum extent of wear observed along the entire cutting
edge. By using this approach, consistent and reproducible measurements are ensured.

2.6. Surface Quality

The production of an ideal shape or ideally smooth component surfaces is not pos-
sible. The surface shape of machined components therefore exhibits position and shape
deviations, including surface waviness and surface roughness. These deviations must be
reduced to a just permissible level and can be determined by means of different measuring
methods and, depending on the filter used, by means of different profiles. According to the
DIN EN ISO 4287 standard [18], these are divided into primary profile, roughness profile,
and waviness profile. [19] Traditionally, comparative variables such as the arithmetical
mean roughness value R, or the mean roughness depth R, [18] are used to compare ma-
chined component surfaces. In the recent past, there has also been an increase in the use of
surface-based measurement methods with values such as the arithmetic mean of the height
in relation to the area definition range (S;) for determining roughness [20-22]. The DIN
EN ISO 25178-2 standard [23] takes this surface characterization into account. In addition,
the use of functional parameters, such as the core roughness depth Ry [24] or the core height
Sk [23], is increasing [25] and has gained industrial acceptance, especially in Europe [26].

The 3D profilometer used in this work, type VR-5000/VR-5200, from the manufacturer
Keyence, works according to the fringe light projection method. Due to the possibility of
both non-contact and surface-based measurement, area-based characteristic values can be
determined, which are expected to be more informative than line values [27]. Figure 5
shows the measurement setup for measuring the surface quality.

Measuring "
device Workpiece

Analysis ’ Measuring
software COMPUtEr o

Figure 5. Surface measurement device.

By evaluating the surface quality, far-reaching insights can be gained. The effects
of vibrations on the tool or machining center as well as wear on the tool can be seen on
the surface.
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3. Results and Discussion
3.1. Results of the Experimental Modal Analysis

Figure 6 shows the result of the experimental modal analysis. The H1 transfer functions
of the dynamic compliance of the three clamping configurations in the frequency range be-

tween 4000 Hz and 8000 Hz are shown. According to the analysis of the scans, the dominant
natural bending frequencies of the configurations are located in this frequency range.

40 4 —— configuration 0
—— configuration 1
30 - — configuration 2

dynamic compliance [pm/N]

T T T T T T T T
4000 4500 5000 5500 6000 6500 7000 7500 8000
frequency [Hz]

Figure 6. Results of the experimental modal analysis, showing the dynamic compliance in the range
of the dominant natural frequencies of the three configurations.

The peaks in the curves represent frequencies at which the system reacts stronger
to external excitation, i.e., the tool deflection in a particular direction is larger in terms
of um/N. Within the scope of the investigation, the focus is primarily on the dominant
natural bending frequency in the direction of excitation. This is approximately 5950 Hz for
configuration 0, approximately 5200 Hz for configuration 1, and approximately 6300 Hz
for configuration 2. The amplitudes at the respective natural bending frequencies are
approximately 25 um/N for configuration 0, approximately 16 um/N for configuration 1,
and approximately 42 pm/N for configuration 2. In general, it can be observed that the
dynamic compliance is largely similar for all configurations as long as excitation does
not take place at a frequency close to the natural frequency. In the case of excitation at
natural frequency, the dynamic compliance for configurations 0 and 1 is in a comparable
range, although the displacement at configuration 1 is somewhat smaller. This suggests
that the damping is slightly better with this configuration. The amplitude of configuration
2 at the corresponding natural frequency is significantly higher than for the other two
configurations. However, the dynamic compliance depends significantly on the three
influencing factors of mass, damping, and stiffness, and since the respective clamping
configurations have different masses and stiffnesses, isolated statements on damping
behavior are only possible to a limited extent.

In addition to considering the dynamic compliance in the range of the dominant
natural frequencies, analyzing the frequencies of the vibration excitation to be expected
during processing is useful. The main excitation frequency during milling corresponds to
the tooth passing frequency. Therefore, the dynamic compliance is also analyzed at the
frequencies that will occur during the tests. The tooth passing frequency f;, is calculated
using the following Equation (1) with the spindle speed #n and the number of teeth Nj..s;:

n
ftp = 60 * Nigern  [Hz] 1)

According to Table 1, three different spindle speeds are used in the tests, resulting
in tooth passing frequencies of 106.00 Hz, 127.33 Hz, and 152.80 Hz. Figure 7 shows
the dynamic compliance in the range between 90 Hz and 200 Hz, with the tooth passing
frequencies shown as dashed vertical lines. It can be seen that the amplitudes of the
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different configurations differ at the relevant frequencies. Table 2 shows the amplitudes at
the frequencies that occur in the process. The differences between configurations 1 and 2 in
relation to configuration 0 are shown in brackets.

'-.E: 1 1 1 —_— i i

= 60 4 - I I conffgurat.lon 0
e I | 1 —— configuration 1
a 1 1 1 —— configuration 2
& 40 I | 1

a 1 | 1

g 1 1 1

S o0 1 I 1

= 1 1 |

& A 1 [

= et
® 0 i 1 1

T
100 120 140 160 180 200
frequency [Hz]

Figure 7. Results of the experimental modal analysis, showing the dynamic compliance in the range
of the tooth passing frequencies (vertical dashed lines).

Table 2. Amplitudes occurring in the process at the respective frequencies.

Operations Frequency Configuration 0  Configuration1  Configuration 2
Hz um/N pum/N um/N

5/6 106.00 6.60 3.30 (—50.09%) 2.46 (—62.77%)

la/1b/2a/2b/3/4 127.33 3.67 2.09 (—42.96%) 3.92 (+6.62%)

1c/1d/2¢/2d 152.80 1.07 1.62 (+50.89%)  5.20 (+385.17%)

The values shown in Table 2 show that the dynamic compliance of configuration 0 is
highest for operations 5 and 6. It can therefore be concluded that the process is the most
unstable in comparison with these operations. The values for configurations 1 and 2 are
approximately 50% and approximately 63% lower, respectively. For the operations in which
the tooth passing frequency is 127.33 Hz, the dynamic compliance of configurations 0
and 2 is at a similar level with values of 3.67 um/N and 3.92 pm/N, respectively. At this
frequency, configuration 1 has a dynamic compliance that is approximately 43% lower than
that of configuration 0. The lowest dynamic compliance for configuration 0 and configura-
tion 1 is achieved for the operations with a tooth passing frequency of 152.8 Hz. The value
for configuration 2 is significantly higher than the values for the other configurations,
with an increase of over 385% compared to configuration 0. For the frequencies relevant to
machining, configuration 1 shows a rather favorable dynamic behavior overall. Configura-
tion 2 has an advantageous effect at the lower frequencies, but shows clear disadvantages
at the highest frequency. The results make it clear that a frequency-dependent evaluation of
the tool holders is necessary. It is clear that the influence cannot be assessed as positive or
negative across the board but must be considered in a differentiated manner in the context
of the prevailing modal properties and the machining parameters. However, with slight
deviations in the frequency or spindle speed, which can occur to a certain extent during
real machining, the amplitudes of the different configurations sometimes deviate greatly
from each other. Under certain circumstances, this influence can lead to chatter and thus to
poor machining results or accelerated wear of the tool.

3.2. Results of the Force and Bending Moment Measurements

The comparison of the measured forces between the two sensorized tool holders
provides insights into how different structural and sensor integration concepts affect the
interaction between tool and workpiece. This is relevant for assessing process stability, tool
wear behavior, and the applicability of different tool holder systems to process monitor-
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ing in industrial practice. When analyzing the results of the force and bending moment
measurements, the differences in the measurement approach must be taken into account.
As bending moments are output using the tool holder of configuration 1 and forces di-
rectly using the tool holder of configuration 2, the signals must be converted for better
comparability. The bending moment signals of configuration 1 can be converted into force
signals using the equation F = M}/ Lj,y.r. According to the manufacturer’s drawing for
the selected type, the respective lever L;,,., must be calculated using Equation (2) with the
values of the effective length Ly and the depth of cut 4. The constant value of 69 mm is
dependent on the fixed axial positioning of the strain gage sensors within the sensorized
tool holder, as specified by the manufacturer [28]. (The maximum deviation of the lever is
4.43% for the depths of cut between 1 and 10 mm that occurred during the tests. The vary-
ing depths of cut in the case of continuously rising or falling cuts only minimally distort
the results of the calculations.)

1
Liyer = Lo + 69 mm — 3 *a, [mm] 2)

It should be noted that part of the observed differences in absolute force levels between
configurations is caused by the altered mechanical behavior of the respective tool holder.
Variations in clamping, stiffness, mass distribution, and damping affect the load transmis-
sion path between the cutting edge and the spindle, leading to different effective forces
even under identical cutting conditions. Hence, the differences represent real physical
effects and influencing factors. Therefore, when analyzing the force signals, the focus
is on the relative differences and the respective developments of the force signals of the
individual sensorized tool holders throughout a machining process.

Figures 8-12 show excerpts of the force and bending moment measurements for each
operation. Within the tool holders, the results are not significantly different across the test
series, which is why only one signal per tool holder is shown as an example to provide a
better overview.

2000 —— configuration 1

configuration 2
1000

L
—1000
—2000
T T T T T
10 20 30 40 50 &0
tlsec]

Figure 8. Results of F, for operation 1.

Figure 8 shows the results for operation 1. The diagram shows four successive machin-
ing operations, each of which corresponds to a slot milling operation. Five plateau-shaped
steps can be recognized within each slot, which correspond to the steps in increasing
depth of cut. The curves show a similar pattern for both configurations: within each slot
milling operation, a typical increase in force values can be seen with each additional stage.
There are no significant differences in the pattern between the configurations, but there
are systematic differences in the force level. For each stage, the signal of configuration 2
is higher than that of configuration 1. The difference is consistently recognizable across
all machining operations and is particularly evident at higher depths of cut. Both the
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signals for operation 2 and the consideration of the forces in the y-direction provide the

same findings.
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Figure 9. Results of F, for operation 3.
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In Figure 9, the results for operation 3 are shown. The results for the two different con-
figurations are very similar, while the force measured with configuration 2 is approximately

12% higher on average.
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Figure 10. Results of F, for operation 4.
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Figure 10 shows the 10 cuts in operation 4. These become increasingly longer in terms
of the time required, whereby the amplitude is largely similar from the second cut onward.
The maximum amplitudes are on average 40 % higher for configuration 2 compared to

configuration 1.

| |
—— configuration 1
-+ . . i i
2000 configuration 2
1000 |
= 0
u
—1000
—2000
5.0 75 125 15.0 175 200

Figure 11. Results of Fy for operation 5.
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The forces in the x-direction for operation 5 are shown in Figure 11. The machining
operation can be divided into two recognizable parts. The first part shows the plunge with
a linear ramp to the final depth of the slot, and the second part shows the machining in the
opposite direction and the removal of the remaining part of the ramp to the final depth.
For both configurations and for both parts of the machining process, the course of the force
shows a continuous increase in each case, whereby this also has a sudden increase for the
first part of the machining process. On average, the results of the force measurement in the
x-direction are approximately 25 % higher for configuration 2 compared to configuration 1.

configuration 1
configuration 2

200 A

T T T T T T T
0 100 200 300 400 500 600 700
t[sec]

Figure 12. Results of F, for operation 6.

Figure 12 shows the signals of the helical plunging of operation 6. The signals of the
six milling operations have the same basic structure within the respective configuration.
Configuration 2 shows a continuous increase in the signal, which is significantly weaker in
configuration 1. Configuration 2 tends to measure higher peak forces at the end of each
processing step. However, on average, the forces measured with configuration 1 are greater
compared to configuration 2 for this feature.

In general, it can be stated that the measured forces for configuration 1 are significantly
lower on average in most of the operations compared to configuration 2. The deviation
varies depending on the machining process. An exception to this is operation 6, where the
average forces for configuration 1 are higher than those measured using configuration 2.

3.3. Results of the Wear Measurement

The results of the wear measurements are shown in Figure 13. The box plot shows
the maximum width of the flank wear land in the six different milling operations for the
different configurations. The boxes illustrate the distribution of VBmax from three repeated
tests per configuration and operation. The median value and the upper and lower outliers
are shown.

Across operations, a general trend of increasing wear can be observed with advancing
machining. This can be seen particularly clearly with configuration 0 and configuration 1
and is less pronounced with configuration 2. A comparison of the configurations reveals
that configuration 1 has the highest average values for operations 1 to 3. From operation
4 onward, there is a massive increase with configuration 0, which means that the highest
average values are obtained with this configuration from operation 4 onward. The increase
with configuration 1 follows the trend, albeit with a lower gradient. Configuration 2 shows
lower values. In particular, the trend across the operations is less steep than with the other
configurations. The scattering of the results is highest for configuration 0. Configurations 1
and 2 have lower scatter.
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Figure 13. Maximum width of the flank wear land (VBmax) per operation for each clamping configu-
ration. The boxplots show data from three repeated tests.

The large scattering of the results for configuration 0 implies poor reproducibility of
the test series, which could be an indication of dynamic instability. Such scattering must
be regarded as extremely critical with regard to the real use of the tools, as conditions and
developments that are as constant as possible are to be preferred with regard to a constant
production result. With regard to the maximum width of the flank wear lands at the end of
the test series, configuration 0 performs worst. This suggests that the use of sensorized tool
holders has a positive influence on wear development during the tests. In terms of tool life,
stability and reproducibility, configuration 2 proved to be the best in the tests among the
three configurations.

3.4. Results for Surface Quality

Figure 14 shows excerpts of the roughness measurement results. The results show
the distribution of the measured surface roughness values S, in the form of box plots.
The first graph shows the results for operation 1, and the second graph shows the results
for operations 2 to 6. For operations 1 and 2, the surface roughness values are shown for
each milled slot, whereby only the last measuring points at the end of the slot are included
in the diagram, as the quality of the surface achieved there is expected to be the worst.
For operations 3 to 5, the median of all the measuring points of the corresponding feature
per test series was calculated. For operation 6, the median of all edge points was used for
each test series.
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Figure 14. Results of the surface roughness S, for operation 1 (top) and operations 2 to 6 (bottom).
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For operation 1, configuration 0 shows the highest median values and generally a
greater scattering than the other two configurations. On average, configuration 1 produces
the lowest surface roughness values for this operation. Overall, the surface roughnesses
achieved in operation 1 are in a wide range, between approximately 4 pm and 12 pm, and
are therefore significantly worse than with all other operations.

In operation 2, configuration 1 delivers the worst results for the first two slots. The re-
sults for the other two slots are comparable with each other. Overall, the scatter for
operation 2 is lower than for operation 1, with the exception of the third slot for con-
figuration 1, where the scatter is significantly higher than for the other configurations.
The roughness values here are in a range between approximately 1 um and 3 pm and are
therefore significantly lower than for operation 1 despite the same machining parameters,
albeit in a different coordinate direction.

Operations 3 to 6 tend to achieve lower roughness values of between approximately
1.6 um to 3 um. The higher scatter in operations 5 and 6 should be emphasized here,
although the values are better overall than in operation 1.

3.5. Discussion

The aim of this study was the investigation of the influence of sensorized tool holders
on the dynamic behavior of the system, the resulting machining forces, tool wear progres-
sion, and the surface quality of the machined components. A conventional tool holder
(configuration 0) was compared with two sensorized tool holders (configurations 1 and
2) from different manufacturers and with different sensor principles. The discussion of
the results will lead to differentiated conclusions regarding the advantages and potential
drawbacks of using sensorized tool holders.

The experimental modal analysis showed differences in dynamic compliance depend-
ing on the configuration. In general, configuration 2 has the highest dynamic compliance
at its dominant natural frequency, while the dynamic compliance of configurations 0 and
1 is about 50 % lower. The evaluation at the tooth passing frequencies relevant to actual
machining, configuration 1 performed favorably across the majority of the frequencies.
At the highest relevant tooth passing frequency, configuration 2 shows the highest increase
in dynamic compliance of 385.17 % compared to configuration 0. The frequency-dependent
and frequency-specific behavior shows that a general characterization of the dynamic
responses of sensorized tool holders as better or worse is not immediately possible. Instead,
the dynamic behavior must always be evaluated in the context of the processing parameters.

When measuring the forces and moments occurring, only configurations 1 and 2 could
be taken into account. With the exception of operation 6, the consistent pattern was that the
amplitudes of configuration 2 were higher. The difference in amplitudes varied depending
on the operation but was consistent within the operation, regardless of the test number.
In operation 6, the amplitudes of configuration 1 are higher, which may be due to the
special characteristics of the helical plunging operation. The systematically lower forces
with configuration 1 indicate a potentially favored interaction between tool and workpiece,
possibly due to better dynamic properties for the rest of the operations.

In terms of wear development, configuration 2 showed the least wear and the most
stable development over time. Configuration 0 showed significantly higher wear from
operation 4 onward, coupled with greater scatter. The low reproducibility in configura-
tion 0 suggests unstable cutting conditions, likely due to unfavorable dynamic properties,
which can lead to premature tool wear. Configuration 1 showed a moderate behavior,
with the values for operations 1 to 3 being the highest on average and from operation 4
onward being between the other two configurations. The scatter of the wear values for
configuration 1 is comparatively low. Although configuration 2 had higher cutting forces
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in most operations, its dynamic properties suggest a better system response with reduced
load fluctuations. This more stable cutting behavior can mitigate wear mechanisms despite
higher absolute forces, explaining the observed lower and more consistent wear progres-
sion for configuration 2. These results suggest that the use of sensorized tool holders does
not necessarily have a negative influence on wear development; in contrast, under certain
conditions, it can provide increased stability.

The analysis of the surface roughness achieved showed that the surface quality
achieved during the use of sensorized tool holders is mostly the same or only minimally
different compared to configuration 0. For operation 1, configuration 1 yielded the best
results, despite this operation produced the roughest surfaces overall, indicating unfavor-
able cutting conditions on this machine in this specific direction. Overall, no definitive
preference emerges in terms of surface quality, making it difficult to ascertain a distinctly
positive or negative impact from the use of sensorized tool holders.

The results demonstrate that sensorized tool holders do not systematically degrade
machining performance. In some configurations, the differing dynamic properties regard-
ing structural mass, stiffness, and damping of the sensorized tool holders can even enhance
process behavior.

4. Conclusions

The study investigated the impact of using sensorized tool holders on various aspects
of machining performance, including dynamic behavior, process forces, tool wear, and
the surface quality of the workpiece. Three different clamping conditions, including one
standard clamping chuck and two sensorized tool holders from different manufacturers,
were compared in a structured experiment in which standard machining operations were
performed using a developed reference workpiece. The key findings of the experiments in-
clude the following:

*  The dynamic compliance of the tool holder systems differs depending on frequency,
with configuration 1 showing more favorable dynamic characteristics across most
relevant frequencies.

e The force signals for configuration 1 were consistently lower than those for con-
figuration 2 for most operations, indicating a potentially more stable and efficient
cutting process.

¢ Tool wear progression was most pronounced with the standard clamping chuck, while
configuration 2 achieved the most stable wear behavior with minimal scattering.

*  The surface roughness measurements showed comparable results for all configura-
tions, whereby the machining direction appears to have a greater influence than the
choice of clamping.

In summary, the use of sensorized tool holders does not necessarily have a negative
influence on machining performance. Instead, both sensorized configurations can some-
times contribute positively to process stability and tool life. These findings suggest that the
integration of sensors and the electronics into tool holder systems not only enables better
monitoring of machining processes but can also contribute positively to robustness and
process stability.

Thus, from both a technical and a practical standpoint, sensorized tool holders can be
a useful solution for indirect online monitoring of machining processes without negatively
affecting the results of machining operations.
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Abbreviations

The following abbreviations are used in this manuscript:

EMA Experimental modal analysis

Fy Force in x-direction

ap Depth of cut

Lo Effective length

Lieer Lever length

VBmax Maximum width of flank wear land

Sa Arithmetic mean surface roughness
Nieoth Number of teeth

fip Tooth passing frequency

n Spindle speed
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