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RESEARCH OF NATURAL FREQUENCIES
OF THE CUTTER-OSCILLATOR DURING TURNING

Purpose. To investigate the main methods for determining the natural frequency of the cutter-oscillator X and to
analyze the influence of its geometric and inertial parameters on the dynamic characteristics during the study of the
physical foundations of cutting process dynamics in turning conditions.

Research methods. The experimental study was carried out using the impact hammer test, in which the additional
mass and the tool overhang were varied. During each test, oscillation oscillograms were recorded, allowing for the
determination of the corresponding natural frequencies. The analytical approach involved deriving formulas for estimat-
ing the natural frequency based on the geometric and mass-inertial characteristics of the structure. The SolidWorks
software system with the Simulation module was used for the numerical simulation of the spatial oscillations of the cutter-
oscillator X, which provides frequency analysis and model creation considering real geometric parameters.

Results. Comparison of the analytical, experimental, and numerical methods for determining the natural frequency
of the cutter-oscillator X showed high consistency of the results, confirming their reliability and practical applicability.
The influence of geometric and inertial parameters on the dynamic characteristics of the cutter-oscillator X was deter-
mined. In particular, when increasing the overhang from 60 mm to 140 mm, the natural frequency decreased by 3.6...4.1
times, and when increasing the mass of the concentrated load from 0.2 kg to 0.52 kg — by 1.4...1.6 times. Frequency
analysis in SolidWorks Simulation demonstrated sufficient accuracy (error of 2...3%), high efficiency, and cost-effective-
ness, especially when designing complex structures. Numerical simulation proved to be a convenient tool for optimizing
structures and reducing costs at the development stage.

Scientific novelty. For the first time, a comprehensive comparison of analytical, experimental, and numerical meth-
ods for determining the natural frequency of the cutter-oscillator X was carried out. The influence of geometric and
inertial parameters on its dynamic characteristics was analyzed. The effectiveness of using frequency analysis in CAD
systems for studying the dynamics of the turning process was demonstrated, which is relevant for optimizing complex
structures.

Practical value. The computer simulation method demonstrated high accuracy and repeatability of results in deter-
mining the natural frequency of the cutter-oscillator X, confirming its suitability for vibration analysis of lathe cutting
tools. Using frequency analysis in SolidWorks Simulation simplifies design, reduces costs, and is especially effective for
complex structures.

Key words: regenerative self-oscillations, cutter-oscillator, oscillogram, natural frequency, overhang, concentrated
mass.

Introduction

The cutting process is the main operational process
that exerts a force influence on the technological system
"machine-device-tool-workpiece" [1]. In studies of cutting
dynamics, the machine and devices are considered abso-
lutely rigid, and the influence of other processes is disre-
garded. To simplify the research, the workpiece must be
rigid, and the lathe cutting tool serves as an oscillator. The
oscillations of the cutting edge of the lathe cutting tool
within the cutting allowance volume are considered as the
result of elastic displacements of the oscillator under the
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action of all types of forces arising during the cutting pro-
Cess.

During turning, the lathe cutting tool has a decisive
influence on the efficiency of the process, which largely
depends on its static and dynamic characteristics [2]. Under
unfavorable machining parameters, vibrations may occur,
which deteriorate the accuracy, worsen the machining
quality and reduce the wear resistance of the tool [3, 4].
The most undesirable vibrations are regenerative self-os-
cillations, which are self-excited and arise due to variations
in the thickness of the cut allowance, caused by waves on
the cutting surface [5].
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Understanding the physical causes of regenerative
self-oscillations allows reducing its intensity. The most ef-
fective way to study such oscillations is to use a cutter-os-
cillator with a single degree of freedom [6, 7], the direction
of oscillation of which coincides with the direction of cut-
ting thickness variation (along the X-axis) —i.e., the cutter-
oscillator X.

Since regenerative self-oscillations occur in reso-
nance mode, when the natural frequency (NF) of the cutter-
oscillator X coincides with the self-oscillation frequency,
it is important to be able to accurately determine and pre-
dict changes in the NF depending on the geometric and in-
ertial parameters of the cutter-oscillator X.

Analysis of Research and Publications

Three main methods are used to study the dynamic
characteristics of oscillators: analytical [8], simulation [9],
and experimental [10]. For the analytical calculation of the
NF of oscillators, approximate methods are applied, such
as the Rayleigh-Ritz method, Grammel’s method,
Dunkerley’s formula, the method of successive approxima-
tions, and others.

The dynamic models of cutter-oscillators are usually
studied using Euler-Bernoulli beam theory [4] and verified
through finite element modeling (FEM). The frequency re-
sponse functions (FRF), obtained through the impact ham-
mer tests, are used to evaluate the modal parameters of cut-
ter-oscillators. These modal parameters are then used to
construct semi-analytical stability lobe diagrams (SLD),
which are employed to assess machining stability (absence
of vibrations) during turning. Additionally, the oscillations
of the cutter-oscillator can be simulated as a mass-spring-
damper system [11].

Computer simulation is the most efficient method for
evaluating the dynamic characteristics of oscillators [12].
For example, in study [9], a 3D model of a cutter-oscillator
with three degrees of freedom is used to simulate the turn-
ing process under both stable conditions and the presence
of vibrations. In work [13], a combination of FEM and ex-
perimental verification is used to analyze the machining
mechanisms of a copper workpiece, with a detailed study
of the vibrating tool behavior. Compared to experimental
results, computer simulation allows for more accurate esti-
mation of modal parameters and better prediction of vibra-
tions.

For experimental investigation of the NF of cutter-os-
cillator, the impact hammer method is often used, involv-
ing a special hammer equipped with a piezoelectric force
transducer [14, 15]. The resulting vibrations are then meas-
ured using displacement sensors [16, 5] or accelerometers
[17, 18, 19].

Each of the above-mentioned methods for studying
the NF of cutter-oscillators has its own advantages and lim-
itations, which justifies the combined use of these methods
to obtain the most reliable results.

Purpose of the Work

The purpose of the work is to investigate the main
methods for determining the NF of the cutter-oscillator X
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and to analyze the influence of its geometric and inertial
parameters on the dynamic characteristics during the study
of the physical foundations of cutting process dynamics in
turning conditions.

Research Material and Methodology

The research methodology includes both analytical,
numerical simulation, and experimental investigation.

The cutter-oscillator X (Fig. 1) consists of a rectangu-
lar cross-section holder and a head on which a cutting insert
is mounted, with the possibility of attaching additional
masses. The cutter-oscillator X has one degree of freedom
in the direction of cutting thickness variation [7]. To ensure
this, the holder was structurally designed to provide maxi-
mum stiffness relative to the z and y axes and minimum
stiffness relative to the x axis [6]. To eliminate torsional
vibrations, the cutting edge had a principal approach angle
of 90° and was positioned along the y-axis — the symmetry
axis of the holder.

4ﬁw&kr

head

A —

f _cuthing insert

Figure 1. Design of the cutter-oscillator X (a) and photo of the
cutter-oscillator X mounted in a device for installation
on a lathe (b)

For the experimental studies, the cutter-oscillator X
was manufactured from steel 65G (steel 66Mn4) (p = 7850
kg/m3), with holder dimensions of bxh =0.008 m x 0.06 m
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and the possibility to vary the overhang | during clamping
from 0.08 m to 0.14 m. To determine the mass of the head
(concentrated mass) of the cutter-oscillator X, the mass of
the holder was subtracted from the total weight. The holder
mass was calculated based on its geometric dimensions and
material density. The resulting head mass was ms; = 0.2 kg.
During the study, the mass of the head was varied from
0.2 kg to 0.52 kg by attaching additional weights of 0.1 kg
and 0.32 kg. These parameters were used for the analytical
determination of the NF and for computer simulation.

The analytical method for determining the NF of the
cutter-oscillator X, which is a cantilever beam with a con-
centrated mass at its free end, is based on the derivation of
calculation formulas.

For 3D computer simulation of the cutter-oscillator
X, the SolidWorks software with the Simulation module
was used.

Analytical Method for Determining the NF of Cutter-
Oscillator X

The following assumptions were made for the analyt-
ical calculation of the NF of the cutter-oscillator X:

1. The bending deformations of the holder during os-
cillations are small compared to its thickness, and elastic
deformations obey Hooke's law.

2. The cutter-oscillator X has a constant cross-sec-
tion of the holder.

3. The material of the cutter-oscillator X is homoge-
neous and isotropic.

To simplify the analytical calculation of the NF, the
cutter-oscillator X is replaced by an equivalent model of a
cantilever beam. In this model, the rectangular cross-sec-
tion holder of the cutter-oscillator X is considered as a
beam with uniformly distributed load of linear mass den-
sity mo, with one end rigidly fixed and the other end free.
The head of the cutter-oscillator X is modeled as a concen-
trated mass ms (see Fig. 2).

"
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Figure 2. Diagram for determining the NF
of the cutter-oscillator X

The NF of the equivalent model of the cutter-oscilla-
tor X (Fig. 2) can be determined using the well-known for-

mula [20]:
,E]
fn =l£; ;,HZ,

where ¢ is the dimensionless frequency coefficient
(Fig. 3a);
m is the equivalent linear mass density, which accounts for
both the distributed and concentrated masses and is deter-
mined by the formula [20]:

(1)
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m=mg+>5%, kemg, %2, 2)
where ms is the concentrated mass, kg;
s is the index of the mass;
Sp is the total number of concentrated masses;
ks is the coefficient for converting the concentrated mass to
an equivalent uniformly distributed mass;
mo is the uniformly distributed linear mass density, calcu-
lated by the formula:

mo=p-b-ht, ®3)

where p is the density of the cutter-oscillator X holder ma-
terial, kg/ms3;
b is the width of the cutter-oscillator X holder, m;
h is the height of the cutter-oscillator X holder, m.

To determine the frequency coefficient ¢, according
to the graph in Fig. 3a, the mass ratio for each overhang
value of the cutter-oscillator X was calculated using the
formula:

n=-e (4)

For the manufactured cutter-oscillator X, the uni-
formly distributed linear mass density was:

m, = 7850 - 0,060,008 = 3,768 k;g.

The values of the coefficient ks were determined from
the graph in Fig. 3b. The relative abscissa of the concen-
trated mass is defined by the formula [20]:

as = %' (5)
where x; is the distance from the clamping point to the cen-

ter of mass of the concentrated mass, m;
| is the overhang of the cutter-oscillator X, m.

0

b

Figure 3. Graphs for determining the coefficients ¢ (a)
and ks (b) [20]
The results of the analytical calculation of the coeffi-
cients ks, n, ¢, and the equivalent distributed linear mass
density m are presented in Table 1.
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Table 1 — Results of the calculation of coefficients ks, n, ¢, and the equivalent distributed linear mass density m

ms1=0,2 kg ms2=0,3 kg ms3=0,52 kg
hm m, n ) Ks m, n ) ks m, n ) ks
kg/m kg/m kg/m

0,06 7,546 0,442 0,471 1,13 9,434 0,530 0,430 1,13 13,590 0,638 0,392 1,13
0,07 7,823 0,365 0,518 1,42 9,850 0,435 0,475 1,42 14,310 0,519 0,434 1,42
0,08 | 7,927 0,315 0,557 1,66 | 10,007 | 0,375 0,511 1,66 14,582 0,446 0,469 | 1,66
0,09 | 7,931 0,280 0,591 1,87 | 10,012 | 0,333 0,542 1,87 14,591 0,396 0,497 | 1,87
0,1 7,875 0,254 0,621 2,05 9,928 0,302 0,569 2,05 14,445 0,360 0,522 | 2,05
0,11 | 7,785 0,234 0,648 2,21 9,794 0,278 0,593 2,21 14,213 0,333 0,543 | 2,21
0,12 | 7,677 0,217 0,672 2,35 9,632 0,260 0,614 2,35 13,932 0,311 0,561 | 2,35
0,13 | 7,561 0,203 0,694 2,47 9,457 0,244 0,634 2,47 13,629 0,293 0,578 | 2,47
0,14 | 7,441 0,192 0,714 2,57 9,278 0,231 0,651 2,57 13,318 0,279 0,593 2,57

Determination of the NF of the Cutter-Oscillator X by
Simulation

During the simulation in SolidWorks, solid models of
the cutter-oscillator X (Fig. 4) were created with parame-
ters corresponding to the real physical object. The materi-
als, boundary conditions (rigid fixation), depending on the
overhang length | of the cutter-oscillator X, and the load in
the form of a concentrated mass m;, at the free end were
specified.

A frequency analysis was performed using the Simu-
lation module in SolidWorks, which allows visualization
of NF and obtaining potential resonance modes.

a b c

Figure 4. 3D models of the cutter-oscillators X: a — without ad-
ditional mass (ms1= 0.2 kg); b — with additional mass 0.1 kg
(ms2= 0.3 kg); ¢ — with additional mass 0.32 kg (mss= 0.52 kg)

Experimental Method for Determining the NF of the
Cutter-Oscillator X

The experimental investigation of the NF of the cut-
ter-oscillator X was carried out using the impact hammer
test [21], with variation of the additional mass and the over-
hang length. The cutter-oscillator X 2 was installed in the
tool holder of the CNC lathe Zenitech WL 320 (Fig. 5). A
non-contact displacement sensor 4 of model Schneider
Electric XS4P12AB110 was connected via an analog-to-
digital converter 5 of model L-Card E14-140-M to a per-
sonal computer 6. A steel ball 1 suspended on a thin thread
3 was used to strike the tip of the cutter-oscillator X 2. The
vibration displacement of the lathe cutting tool was de-
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tected by the sensor 4 and recorded on the personal com-
puter 6 as oscillograms using the LGraph?2 software.

Figure 5. Experimental setup for investigating the NF of the
cutter-oscillator X

The obtained oscillograms (Fig. 6) were analyzed us-
ing the PowerGraph Demo software. The Fast Fourier
Transform (FFT) function was used to convert the data
from the time domain to the frequency domain. As a result
of the transformation, an amplitude spectrum graph was
generated: the X-axis represented frequency, and the Y-
axis represented amplitude. The peak of the spectrum cor-
responded to the dominant oscillation frequency.

Figure 6. Fragment of the oscillation oscillogram of the cutter-
oscillator X (overhang | = 100 mm, without additional mass)
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Research Results and Discussion

Table 2 presents the results of the analytical calcula-
tions and experimental measurements of the NF of the cut-
ter-oscillator X, as well as the simulation results obtained
using SolidWorks software.

During the simulation in SolidWorks, for each value
of the overhang of the cutter-oscillator X and different ad-
ditional masses, the visualization of the natural frequencies
was obtained (Fig. 7).

The results of the study showed that increasing the
overhang of the cutter-oscillator X from 60 mm to 140 mm
led to a decrease in the NF by 3.6...4.1 times. Increasing
the concentrated mass from 0.2 kg to 0.52 kg reduced the
NF by 1.4...1.6 times.

Based on the obtained results (Table 2), graphs were

Table 2 — Results of the NF study

constructed showing the dependence of the NF on the over-
hang length | of the cutter-oscillator X and the concentrated
mass ms (Fig. 8).

Table 2 shows that the results of analytical calcula-
tions of the NF of the cutter-oscillators X deviate from the
experimental data and the SolidWorks Simulation results
by no more than 2...3 %. This confirms the high accuracy
of frequency analysis in engineering CAD systems and
demonstrates their advantages over manual calculations
and experimental methods, which require expensive equip-
ment and prototype manufacturing. This is especially rele-
vant when analyzing complex structures. Using numerical
simulation at the design stage of new or during the optimi-
zation of existing oscillators allows for a significant reduc-
tion in development time and cost.

Im fn cale, HZ fn exp, HZ fn sim, Hz
Ms1 Ms2 Ms3 Ms1 Ms2 Ms3 Ms1 Ms2 Ms3
0,06 1117,2 912,2 692,9 1093,7 1003,7 789,1 1150,716 966,932 762,19
0,07 871 705 532 859,4 781,2 664 897,13 747,3 585,2
0,08 714 605 436 674,7 586,4 478,5 735,42 641,3 479,6
0,09 598 484 365 605,4 546,8 449,2 615,94 513,04 4015
0,1 492 413 312 468,7 419,9 3418 497,67 440,45 352,62
0,11 443 358 270 410,1 366,2 302,7 456,29 379,48 297
0,12 388 314 237 361,3 317,4 263,7 399,64 332,84 260,7
0,13 345 279 210 312,5 2734 2246 355,35 295,74 231
0,14 308 249 188 283,4 2441 200,2 317,24 263,94 206,8
| ew

Figure 7. Calculation of the NF of cutter-oscillator X in SolidWorks:
a — without additional mass (ms1= 0.2 kg); b — with additional mass 0.1 kg (ms2= 0.3 kg);
¢ — with additional mass 0.32 kg (mss= 0.52 kg)
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Figure 8. Dependence of the NF fn on the overhang | of the lathe
cutting tool for concentrated masses: ms1 = 0.2 kg (a), ms2=10.3
kg (b), and mss = 0.52 kg ()

Conclusions

The determination of the NF of cutter-oscillators
serves as a foundation for further calculations aimed at
studying the dynamic characteristics of the turning process.

The comparison of three approaches — analytical, ex-
perimental and numerical simulation — showed a high level
of consistency of the results. This confirms the reliability
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of each method and their applicability in engineering anal-
ysis practice.

The study examined the influence of geometric and
inertial parameters of oscillators on their dynamic behav-
ior, which is crucial for understanding the physical founda-
tions of the cutting process dynamics. The choice of a par-
ticular method may depend on the ease of its implementa-
tion and the availability of the necessary equipment.

The research results confirmed the effectiveness and
accuracy of the computer simulation method in determin-
ing the NF of cutter-oscillator X. The analysis of the ob-
tained data showed good repeatability of the results, mak-
ing this approach promising for practical applications in vi-
bration analysis of lathe cutting tools.

The use of frequency analysis within engineering
CAD systems such as SolidWorks Simulation significantly
simplifies and accelerates the design process while reduc-
ing costs compared to experimental methods and manual
calculations. This is especially important when dealing
with complex structures, where numerical simulation be-
comes an indispensable tool for optimization.
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Memoou docnidncennsn. Excnepumenmanvre 00Cniodcents 30iCHIO8ANIOC MEMOOOM YOAPHO20 30Y0NCEeHH s, NPU
SAKOMY 3MIHIO8ANU 000AMKO8Y Macy ma eunim pizys. 11i0 yac kodcHo2o sunpoOysants QiKcy8amucs ocyuiospamu Koiu-
8aHb, WO 003605110 GUSHAYUMU BIONOGIOHI YACMOMU BIACHUX KOIUBAHb. AHnanimuynull nioxio nepedbayas eusedeHHs
PO3PAXYHKOBUX (hOpMYA Ois OYIHKU YACMOMU BIACHUX KOIUBAHb HA OCHOBI 20MEMPULHUX | MACO-IHEPYITIHUX XapaKme-
pucmux KoHcmpyKkyii. [nsa uucenvbHo20 Mo0ent08aHHs npocmoposux KOIUsans pisysa-ocyuiamopa X 6UKOpUCmosy8aiacs
npoepamua cucmema SolidWorks 3 modynem Simulation, wo 3abe3neuye nposedeHHs. HacmomHo20 aHalizy ma no6yoo8y
MoOernell 3 Ypaxy8aHHAM PeanbHUX 2e0MempudHUX napamempis.

Ompumani pesynomamu. [1opigHAHHA aHATIMUYHO20, EKCHEPUMEHMATLHO20 Md YUCETbHO2O0 MemoOi8 USHAYEHHS
4aCMoOmu 61ACHUX KOAUBAHb PI3YA-0CYUIAMopa X noKasano 8UCOKY Y3200H4CEHICIb Pe3ya1bmamis, uo niOomeepoiCcye ixHio
HAOTUHICMb | NPAKMUYHY 3ACMOCO8HICMb. Bcmanosneno ennus ceomempuunux ma inepyilinux napamempis Ha OUHAMIYHI
xapaxkmepucmuku pizysa-ocyunamopa X. 3oxkpema, npu 36invuienni gunvomy 3 60 mm 0o 140 mm wacmoma 8nacHux Koau-
saub smeHwunacy y 3,6...4,1 pasu, a npu 36inbuwenni macu 3ocepedicenoco eanmaicy 3 0,2 ke 00 0,52ke —y 1,4...1,6
paszu. Yacmommnuil ananiz y cepedosuwi SolidWorks Simulation npodemoncmpyeag oocmamuiwo mouyHicme (noxubka
2...3%), sucoxy epexmusnicmo ma eKOHOMIUHY OOYLIbHICMb, 0COOIUBO NPU NPOEKMYBANHHI CKAAOHUX KOHCMPYKYIl. Qu-
cenbHe MOOEeN0BAHHA BUABUNIOCS 3PYUHUM THCIMPYMEHMOM O ONMUMI3AYii KOHCMPYKYIll Ma CKOPOYeHHs sumpam na
emani po3pooxu.

Haykosa nosusna. Bnepuie npogedeno KomniekcHe NOPIGHAHHS AHATIMUYHO20, eKCNEPUMEHMATbHO20 MA YUCEeNb-
H020 Memooi6 6UHAYUEHHS YACMOMU 1ACHUX KOIUBAHb pisys-ocyunamopa X. [Ipoananizosano enius ceomempuinux ma
iHepyitinux napamempis Ha 1020 OuHamiuni xapaxmepucmuru. Iloxazano egexmusHicms GUKOPUCIAHHS YACMOMHO20
ananizy ¢ CAIIP-cucmemax 0nsi 00CAiOHCeH s OUHAMIKU RPOYECY MOYIHHS, WO € AKMYANbHUM 0715t ONMUMIZAYL] CKIAOHUX
KOHCMPYKYIU.

Ilpaxmuuna yinnicmo. Memoo Komn 10mepHO20 MOOENOBAHHS NPOOEMOHCIPYBAE GUCOKY MOYHICb | NOBMOPIO-
8aHICMb Pe3yIbMAamie Npu GUIHAYEHHI YACMOMU BACHUX KOAUBAHD PI3ys-ocyunsmopa X, wo niomeeposcye 1ozo npu-
damuicme 01 GiOpAYiliHO20 AHANI3Y pIdCYyuux iHcmpymenmis. 3acmocysanns uacmomuoeo awnanisy 6 SolidWorks

Simulation cnpougye npoexmyg8anHs, CKOpoOYye UMpPamu ma € 0CoOIUBO eheKMUBHUM 01 CKAAOHUX KOHCMPYKYILL.
Kntouosi cnosa: pecenepamugni asmoxonueanis, pizeyb-oCYuIAmop, 0CYunopamd, 4acmoma é1acHux KOIUEAaHb,

suim, 30cepeddicena maca.
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