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INFLUENCE OF MANUFACTURING DEVIATIONS ON NATURAL
FREQUENCIES AND MODE SHAPES OF TURBINE BLISKS

Purpose. To establish the vibration characteristics of cast turbine blisks (monowheels) and to determine the influ-
ence of inevitable manufacturing deviations on their natural frequencies and mode shapes by combining computational
and experimental methods.

Research methods. A comprehensive computational-experimental approach was applied. The computational part
included finite element modal analysis of two models: 1) an idealized cyclically symmetric model with nominal geometry,
and 2) a full model reproducing the actual geometry of the manufactured product, obtained via high-precision 3D scan-
ning. The experimental part consisted of two stages: preliminary determination of the amplitude-frequency spectrum
using the impact excitation method (tap testing) and a detailed investigation of natural frequencies and mode shapes
using a piezo-probe.

Results. It was confirmed that manufacturing deviations cause significant changes in the dynamic behavior of the
blisk. Frequency spectrum splitting and asymmetry of mode shapes, which are not predicted by nominal geometry models,
were established. The computational model built from 3D scanning data demonstrates significantly better correla-
tion with experimental data. A shift in nodal diameters relative to the axis of symmetry was experimentally recorded,
which is direct proof of the influence of asymmetry caused by manufacturing tolerances.

Scientific novelty. For the first time, an approach to blisk quality control has been proposed and tested, based not
on static geometric comparison, but on the analysis of the product's integral dynamic “sighature” — its natural frequen-
cies and mode shapes. It has been proven that the discrepancies between the nominal geometry calculation and the ex-
periment are not an error, but a quantitative measure of the manufacturing deviations' impact on the structure's dynamic
behavior.

Practical value. A rationale for a new non-destructive testing (NDT) method has been developed, which allows for objec-
tive decisions regarding the serviceability of both new and in-service blisks. The creation of a ““reference” vibrational pass-
port is proposed for the objective quality assessment of series-produced products and for diagnosing component degradation
during inter-repair maintenance, thereby increasing the reliability and safety of aircraft engine operation.

Key words: turbine blisk, natural frequencies, mode shapes, manufacturing deviations, computational-experimental
method, 3D scanning, non-destructive testing, blisk asymmetry.

Introduction
The competitiveness of modern aircraft gas turbine  turbine inlet gas temperature, and specific fuel consump-
engines is determined not only by the perfection of thermo-  tion, but also by the economic efficiency of production. In
dynamic parameters, such as the compressor pressure ratio, ~ the struggle for sales markets, the cost of the finished pro-
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duct becomes critical, prompting designers to search for in-
novative technological solutions. One such solution is the
transition from traditional assembled structures, consisting
of a disk and separate blades, to compressor and turbine
blisks (bladed disks) manufactured as a single unit [1, 2].

However, the introduction of blisks imposes a qualita-
tively new level of requirements for production and quality
control. Unlike assembled structures, where a defective blade
can be replaced, any deviation or defect in a blisk leads to the
rejection of the entire product or the need for expensive re-
pairs. This problem is particularly acute for turbine blisks
manufactured by investment casting. Unlike compressor
blisks, which are machined on high-precision five-axis ma-
chines, cast turbine blisks are characterized by significantly
larger manufacturing deviations in geometric parameters.

Manufacturing deviations lead to blade mistuning
within the blisk, which directly affects its dynamic charac-
teristics and operability [3-5]. The presence of even slight
asymmetry can cause splitting of the natural frequency
spectrum, changes in mode shapes, and the appearance of
resonant regimes in the operating speed range. This creates
an increased risk of fatigue failures during operation [6],
especially under conditions of unsteady thermal states and
significant centrifugal loads.

Existing blisk quality control practices, which include
frequency testing of individual blades, geometric dimen-
sion measurements, and defect detection, do not allow for
a full assessment of the combined influence of manufactur-
ing deviations on the dynamic behavior of the blisk as an
integral oscillating system. Modern 3D scanning methods
open new possibilities for detailed modeling of the actual
geometry of products; however, there is a lack of method-
ology for a comprehensive computational-experimental
study of the influence of manufacturing deviations on the
natural frequencies and mode shapes of turbine blisks.

The purpose of this work is to establish the vibration
features of turbine blisks and determine the influence of
manufacturing deviations on their dynamic characteristics
through the comprehensive application of 3D scanning, fi-
nite element modeling, and experimental studies. The de-
veloped methodology will increase the objectivity of blisk
quality assessment and decision-making regarding their
serviceability.

Literature Review

The problem of mistuning in turbomachinery blisks
has attracted the attention of researchers for over five dec-
ades. Early fundamental works by Dye and Henry (1969)
[7], El-Bayoumy and Srinivasan (1975) [8], and Ewins
(1969, 1973, 1984) [9-11] laid the foundations for under-
standing the impact of discrepancies in the mechanical
properties of blades on the dynamic behavior of bladed
disks. It is well known that inevitable variations in mechan-
ical properties from blade to blade, referred to as mistun-
ing, can cause frequency splitting and a significant increase
in forced vibration amplitudes compared to a tuned struc-
ture with identical blades [12].
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At the current stage of research in this field, several
main directions can be distinguished. It has been estab-
lished that vibrations of blades with lower inter-blade cou-
pling, such as torsional modes or modes with a large num-
ber of nodal diameters, are characterized by increased sen-
sitivity to mistuning. The obtained results allowed for the
formulation of criteria for evaluating the level of mode lo-
calization depending on the parameters of real high-pres-
sure compressor systems.

Particular attention is paid to the issues of experi-
mental identification of mistuning. One modern approach
is the method of individual blade excitation using a minia-
ture impact tool followed by non-contact vibration velocity
measurement using laser Doppler vibrometry, which en-
sures high accuracy in determining frequency characteris-
tics [13]. At the same time, traditional methods require col-
lecting modal information from many points around the
disk or isolating individual blades, which complicates ex-
periments [14].

One of the key research directions is the application
of intentional mistuning as an effective method for reduc-
ing vibration levels. It was found that this approach can
weaken the coupling between blades by separating their
frequencies. It is proposed that the mistuning pattern
should be designed to primarily separate the frequencies of
those blades that demonstrate the strongest coupling [15].

A separate group consists of works on the identification
of mistuning caused by defects. In work [16], experimental
and numerical studies of cracks in blades were conducted,
comparing the natural frequencies and mode shapes of defec-
tive and defect-free blades to identify the main differences in
modal behavior. These studies are important for understand-
ing the mechanisms of the influence of operational damage on
the dynamic characteristics of blisks.

A revolutionary aspect in production quality control
has been the introduction of 3D scanning technolo-
gies. Modern 3D scanning systems, especially those using
blue light, provide high-precision measurements, reducing
errors and guaranteeing strict compliance with design spec-
ifications, significantly reducing inspection time compared
to traditional methods. The implementation of automated
3D scanning systems has reduced the inspection time for
blisks from 18 hours using a coordinate measuring machine
(CMM) to approximately 45 minutes, achieving test re-
peatability below five microns [17]. Laser scanning can
create CAD data for legacy blades that lack documentation,
allowing for reverse engineering or data usage to review
specific characteristics [18].

However, despite significant achievements in under-
standing the mistuning phenomenon and the development
of geometry control methods, there is a substantial gap in
the comprehensive computational-experimental study of
the influence of manufacturing deviations on the natural
frequencies and mode shapes of turbine blisks. Specifi-
cally, the following aspects remain unsolved:

- Methodology of comprehensive analysis: There is
no systematic approach combining 3D scanning of actual
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geometry, finite element modeling taking into account all
manufacturing deviations, and experimental verification of
results for turbine blisks.

- Specifics of cast blisks: Most studies focus on com-
pressor blisks manufactured on high-precision machine
tools. Turbine blisks made by casting are characterized by
a fundamentally different nature and magnitude of devia-
tions, the influence of which on dynamic characteristics
has not been sufficiently studied.

- Criteria for serviceability assessment: Existing con-
trol methods (frequency control of individual blades, 3D
scanning, defect detection) do not allow for an objective
assessment of the serviceability of a blisk with manufac-
turing deviations based on a comprehensive analysis of its
dynamic characteristics.

- Comparison of models of varying accuracy: There
is a lack of systematic studies comparing the results of cal-
culations for cyclically symmetric models with nominal
geometry, full models with actual geometry, and experi-
mental data to establish the degree of adequacy of simpli-
fied approaches

Purpose

To establish the vibration characteristics of cast tur-
bine blisks (monownheels) and to determine the influence of
inevitable manufacturing deviations on their natural fre-
quencies and mode shapes by combining computational
and experimental methods.

Materials and Methods

The object of the study is an aircraft gas turbine en-
gine turbine blisk manufactured by investment casting with
subsequent machining of the attachment points. The blisk
consists of three main elements: the hub, the flange for at-
tachment to the shaft, and the blade rim. A feature of this
design is the inseparable connection of the disk and blades,
which leads to increased requirements for production qual-
ity, as deviations in the geometric parameters of individual
blades affect the dynamic characteristics of the entire blisk.

To conduct strength calculations and determine natu-
ral frequencies and mode shapes, a three-dimensional nom-
inal model of the turbine blisk was built using the Uni-
graphics NX system. The model corresponds to the design
geometry without taking into account manufacturing toler-
ances and deviations.

In the first stage of calculations, a cyclically symmet-
ric model consisting of one sector with a single blade was
used (Figure 1).

This model contained 845874 nodes and 319783 sec-
ond-order elements. The application of the cyclically sym-
metric approach is based on the assumption of mathemati-
cally strict symmetry of the structure, where all blades have
identical geometry. An isotropic material model was used
for the calculations.
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Figure 1. Cyclically symmetric computational model of the
blisk

To determine the real influence of manufacturing de-
viations on the dynamic characteristics of the blisk, a 3D
scan of the manufactured wheel was performed using an
Atos Core 300 scanner. This control method allows obtain-
ing complete geometric information about the part, includ-
ing individual deviations of each blade. The obtained file
in .stl format was loaded into the Unigraphics NX system,
after which the actual geometry of the blisk was recon-
structed. The modeled geometry corresponded to the actual
one with an accuracy of up to 0.03 mm. The error is due to
the shadowing effect of certain areas of the blisk during the
scanning process, which makes complete scanning of some
parts of the structure impossible.

Based on the 3D scanning data, a full computational
model of the turbine wheel was built, which takes into ac-
count all manufacturing deviations, including geometric
variations of each individual blade. The model contained
794784 nodes and 380485 second-order elements
(Figure 2). Using the full model instead of the cyclically
symmetric one allows accounting for the real asymmetry
of the structure arising from the technological manufactur-
ing process.

Figure 2. Full computational model of the turbine wheelu
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The determination of natural frequencies and mode
shapes was carried out using the finite element method. For
both models (nominal cyclically symmetric and full with
deviations), modal calculations were performed in a speci-
fied frequency range. The results were presented in the
form of frequency diagrams and visualizations of mode
shapes (Figures 3, 4).

In the first stage of experimental research, the ampli-
tude-frequency spectrum of the investigated blisk was ob-
tained. To ensure free vibration conditions, the blisk was
suspended between two stands on a cable passed through
one of the through-holes in the hub. This mounting scheme
minimizes the influence of additional stiffnesses and added
masses on the natural frequencies and mode shapes. Exci-
tation of natural frequencies and mode shapes was per-
formed by striking the web on the outlet side of the blisk
with a rubber mallet. The signal was registered using a mi-
crophone located near the rim part on the outlet side. The
signal was recorded on a portable computer with subse-
quent processing to obtain the frequency spectrum
(Figure 5).
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Figure 4. Frequency function of the turbine wheel

In the second stage, taking into account the previously
obtained frequency spectrum, an equipment setup was as-
sembled for a detailed study of natural frequencies and

© Yurii Kovalenko, Oleksandr Zanin, Ruslan Shakalo, Olha Lazarieva,

Yuriy Torba, Dmytro Pavlenko, 2025
DOI 10.15588/1607-6885-2025-4-7

mode shapes. The setup included: a signal generator for ex-
citation; oscilloscopes for signal visualization; a frequency
counter for precise frequency measurement; a microphone
for non-contact vibration registration; and a piezo-probe
for contact investigation (Figure 6).

Figure 5. Spectrum of natural frequencies and mode shapes

Figure 6. Equipment setup for investigating natural frequencies
and mode shapes

The laboratory research methodology provided for
the possibility of free movement of the blisk during reso-
nant vibrations and the exclusion of the influence of any
additional stiffnesses and added masses. The blisk was
placed with its hub part under its own weight on a textolite
stand. The use of a textolite stand ensured minimal influ-
ence on the intrinsic characteristics of the test object due to
the low stiffness of the material.

Vibration excitation was provided by a vibration
transducer installed through one of the holes in the flange
using a threaded connection. The vibration transducer al-
lowed ensuring a constant excitation level in the frequency
range f = 0...25 kHz. For the research, a frequency range
of f = 2500...6000 Hz was established, covering the most
intense mode shapes of the blisk. The first six most intense
mode shapes were investigated.

The determination of resonant mode shapes was car-
ried out by a combined method using a piezo-probe and a
microphone. The piezo-probe allowed determining local
vibration amplitudes at various points of the structure,
while the microphone provided non-contact registration of
the overall vibration picture. The excitation frequency was
smoothly changed manually using the generator in the se-
lected range to tune precisely to the peaks of resonant vibra-
tion frequencies. To determine the vibration phases at reso-
nant modes, the generator's output reference signal with a
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constant sign was used. This allowed identifying the location
of nodes and antinodes, as well as determining the number
of nodal diameters and circles for each mode shape.

For a comprehensive assessment, a comparative anal-
ysis of the obtained results by three methods was applied:

- Calculation of the cyclically symmetric nominal
model (ideal geometry).

- Calculation of the full model taking into account
manufacturing deviations.

- Experimental determination of natural frequencies
and mode shapes.

Comparisons were made both by natural frequency
values and by the configuration of mode shapes , with spe-
cial attention paid to the effect of blade spectrum splitting
and general blisk asymmetry.

Results

The calculation of the cyclically symmetric nominal
model allowed determining the natural frequencies for the
idealized geometry. The results show a regular arrange-
ment of natural frequencies corresponding to the mathe-
matically strict symmetry of the structure. The following
natural frequencies were determined: 2916 Hz, 3846 Hz,
4641 Hz, and 5127 Hz (Table 1).

Table 1 — Natural frequencies of the blisk

Ne | Nominal model of | Model of the manu- Experiment,
the blisk, Hz factured blisk, Hz Hz
1 2916 2877 2940
2 3754
3 3846 3847 3966
4 4400 4192
5 4641 5011 5079
6 5127 5489 5574

For the nominal model, clear frequency separation
without spectrum splitting is observed.

The calculation of the full model, built from 3D scan-
ning results, revealed significant differences. The determined
natural frequencies were; 2877 Hz, 3847 Hz, 4400 Hz, 5011
Hz, and 5489 Hz. The most significant features were:

-Natural frequency shift: both a decrease (for the first
mode from 2916 Hz to 2877 Hz) and an increase (for the
fifth mode from 4641 Hz to 5011 Hz, and for the sixth
mode from 5127 Hz to 5489 Hz) in natural frequencies rel-
ative to nominal values were observed.

- Spectrum splitting: Mistuning of blades caused by
individual geometric deviations is present. The frequencies
of the working blades for the first bending mode are located
in the range f = 4375...4651 Hz.

- Mode shape asymmetry: Arbitrary asymmetry in
mode shapes was detected.

- Appearance of additional modes: The real geometry
model revealed a mode at 4400 Hz (first bending, blade-
disk), which was not observed in the nominal model.

- Nodal diameter shift: A shift in the location of nodal
diameters relative to the center of the symmetry axis is
characteristic, explained by the inevitable asymmetry of
the blisk itself.

© Yurii Kovalenko, Oleksandr Zanin, Ruslan Shakalo, Olha Lazarieva,

Yuriy Torba, Dmytro Pavlenko, 2025
DOI 10.15588/1607-6885-2025-4-7

Experimental research registered six most intense
mode shapes in the range f = 2500...6000 Hz. The meas-
ured frequencies were: 2940 Hz, 3754 Hz, 3966 Hz,
4192 Hz, 5079 Hz, and 5574 Hz. The grouping area of in-
tense mode shapes of working blades (first bending mode)
was observed in the range f = 4370...4619 Hz, which is
consistent with the calculation data on spectrum splitting.

The following characteristic mode shapes were deter-
mined:

- Vibrations with two nodal diameters (fan-like vibra-
tions) at 2940 Hz.

- Vibrations with one nodal circle at 3754, 3966, and
4192 Hz.

- Vibrations with multiple nodal diameters and a cir-
cle (complex shapes) at 5079 Hz and 5574 Hz.

A key feature is the passage of nodal diameters with
a shift relative to the center of the symmetry axis, confirm-
ing the presence of inevitable asymmetry in the cast
blisk. Qualitative analysis (Table 2) showed satisfactory
correspondence between calculation and experiment.

Discrepancies are attributed to: neglecting real material
properties (anisotropy), 3D scanning accuracy limits (0.03
mm), mass distribution differences due to crystallization,
and FE model discretization . However, the model with
manufacturing deviations showed significantly better con-
vergence with experimental data than the nominal model.

Discussion

The results demonstrate a fundamental difference be-
tween the dynamic characteristics of cast turbine blisks and
theoretical characteristics for nominal geometry. Unlike
compressor blisks, the influence of manufacturing devia-
tions on turbine blisks is significantly greater.

Analysis of existing control methods revealed their
limitations. Traditional methods (frequency control of in-
dividual blades, 3D scanning) do not allow for an objective
assessment of serviceability without analyzing natural fre-
quencies and mode shapes. Based on the results, a method-
ology for comprehensive control is proposed:

- Creation of a reference sample: Using the spectrum
of a blisk that meets technical. requirements and matches
calculation data.

- Periodic sampling control: Comparing the spectrum
signature of new blisks with the reference to detect system-
atic deviations.

- Serviceability assessment criteria: Decision-making
based on geometry, spectrum, frequencies, and mode
shapes (at least six intense forms).

- Control of in-service blisks: Applying this control
during inter-resource repair for Auxiliary Power Units
(APU), where harsh operating conditions (high static
stress, thermal gradients) can lead to geometry changes.

This approach allows for a more objective decision
on further operation without destructive testing. Future re-
search should focus on automating the spectrum acquisi-
tion process and applying laser holography .
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Table 2 - Experimentally determined and numerically calculated natural vibration mode shapes

Nominal wheel model Scanned wheel model Experiment

1

=2916 Hz
2
3
4

f=3846 Hz

£=4400 Hz

5

f=4641 Hz
6

f=5127 Hz
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Conclusions

Based on the conducted computational-experimental
study of the influence of deviations allowed during the pro-
duction of turbine blisks on their natural frequencies and
mode shapes, the following has been established:

- Characteristic features of cast turbine blisk vibra-
tions were identified, including mode shape asymmetry
with a shift of nodal diameters relative to the axis of sym-
metry and the presence of complex mode shapes with mul-
tiple nodal diameters and circles.

- A significant influence of manufacturing deviations
on dynamic characteristics was confirmed.

- The six most intense mode shapes of the investi-
gated blisk were determined.

- The necessity of improving the turbine blisk quality
control system was substantiated. It was found that tradi-
tional control methods (frequency control of individual
blades, 3D scanning, defect detection, determination of ac-
tual geometric dimensions) without investigating natural
frequencies and mode shapes and comparing calculation
data with actual data do not allow for an objective assess-
ment of the blisk's serviceability.

- A methodology for periodic control of turbine blisk
natural frequencies and mode shapes using the spectrum
and a computational-research method was proposed. The
methodology involves: creating a reference sample with
confirmed compliance with technical requirements and
calculation data; periodic comparative analysis of the spec-
trum signature of sample blisks from a new batch; and de-
cision-making on serviceability based on a set of criteria
(geometry, spectrum, natural frequencies, and mode
shapes) for at least six intense mode shapes .

- It is recommended to apply the proposed methodol-
ogy for blisks in operation on auxiliary power units during
inter-resource repair. This allows for a more objective de-
cision on further operation without destructive testing, tak-
ing into account possible changes in geometry and stiffness
under the influence of static, thermal, and dynamic loads.

Directions for further research have been defined:

- Automation of the process of acquiring amplitude-
frequency characteristics and obtaining the natural fre-
quency spectrum with the elimination of the human factor.

- Application of laser holography to determine mode
shapes for a wide range of investigated parts.

- Investigation of the influence of material anisot-
ropy and temperature fields on the dynamic characteristics
of blisks.

- Study of changes in dynamic characteristics during
long-term operation to establish criteria for residual life.

Practical significance of the work lies in the develop-
ment of a methodology for comprehensive quality assess-
ment of turbine blisks, which allows increasing the objectiv-
ity of decision-making regarding installation on an engine or
rejection of both newly manufactured and in-service
blisks. Ultimately, this increases the reliability of aircraft gas
turbine engines and reduces the risks of operational failures.
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IOpiit Topba

Jmutpo I1aBieHko

Mema pooomu. Bcmanosnennsa ocobnusocmeti KOMUBAHb MOHOKOIC MYPOIHU, 8ULOMOBTIEHUX MeMOOOM UMM, Md
BUSHAYEHHA BNIUBY HEMUHYYUX BUPOOHUYUX 8iOXULEHb HA IXHI 81ACHI Yacmomu i hopMu KOIUBAHL WISAXOM NOEOHAHHSA
PO3DPAXYHKOBUX MA eKCNepUMEeHMANbHUX MemOo0is.

Memoou oocniddicennsn. 3acmocosano KOMNIEKCHUU PO3PAXYHKOBO-eKChepuMenmanohutl nioxio. Pospaxynkoea
YACMUHA BKIIOYANA MOOATLHULL AHAII3 MEMOOOM CKIHUeHHUX efleMenmis 080X mooenell: 1) ioeanizosanoi yuxiocumem-
PUUHOI MOOeNi 3 HOMIHAILHOIO 2eoMempieto ma 2) nosHoi modeni, Wo 8i0MBOPIOE PAKMUUHY 2e0MemPito 8US0MOBIEHO20
8UPODOY, OMPUMAHY 3a OONOMO2010 8UCOKOMOYHO20 3D-ckanysanns. Excnepumenmanvha wacmuna ckiadanacs 3 080x
emanis. nonepeoHbo20 GUIHAUEHHS AMNIIMYOHO-YACMOMHO20 CREKMPA MEMOOOM YOapHOo20 30Y0dCeHHs Ma 0eMAlbHO20
00CTIOMNCEHHS 6LACHUX YACMOM | (POPM KOAUBAHb 3 BUKOPUCMAHHAM N'€30W4yNa.

Ompumani pesynemamu. [1iomeeposiceHo, wo upoOOHUYL GIOXULEHHS. CHPUYUHSIOMb 3HAYHI 3MIHU 6 OUHAMIYHIN
nogedinyi Monokoaeca. Bcmanosneno po3uapysants 4acmomHo2o CReKmpa ma acumempilo Qopm Koausanv, wo He
NPOSHO3YIOMbCSL MOOETAMU 3 HOMIHABbHOTO 2e0Mempicio. Pospaxynkosa modens, nobyodosana 3a oanumu 3D-cxanysanns,
0eMOHCIPYE 3HAUHO KAWLy KOpenayilo 3 eKChepUMeHManibHumu oanumu. Excnepumenmanvho 3aghikcosarno smiwyenns
8Y37108UX Olamempie 8iIOHOCHO OCi cuMmempii, W0 € NPAMUM OOKAZ0M BHAUBY ACUMEMPIi, CNPUYUHEHOT 8UPOOHUYUMU OO-
nycxkamu.
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Hayxkoesa nosusna. Bnepuie 3anpononosano ma anpo608ano nioxio 0o KOHMpOmo AKOCMi MOHOKOJIC, o 6a3yemucs He
HA CMAMUYHOMY 2e0MempPUUHOMY NOPIGHAHHI, 4 HA AHANI3I IHMESPATLHOT OUHAMIYHOL « CUSHATNYPUY BUPOOY — 11020 GLACHUX
yacmom ma Popm KoauaHs. [{o6e0eHo, wjo po30iNCHOCHI MidC PO3PAXYHKOM OISl HOMIHATLHOI 2eomMempii ma eKcnepumeH-
MOM € He NOXUOKOI0, a KUIbKICHOI MIPOIO GIIIUEY BUPODHUYUX BIOXUNIEHb HA OUHAMIYHY NOBEOIHKY KOHCMPYKYIL.

Ilpakmuuna yinnicmo. Po3pooneno obtpynmyesarnts 0t HOB020 Memooy HepyUHIBHO20 KOHMPOJIO, W0 00360JI€ NPUll-
mamu 00'ekmusHi piuenHs: npo NPUOAMHICMb 00 eKCHIYAMAyii MOHOKONIC. 3anponoHOBAHO CIMEOPEHHS. «eMANOHHO20»
sibpayitino2o nacnopma 075t 06'eKMUBHOI OYIHKU SIKOCMI CePItIHUX 8UP0DI8 ma JiacHOCMUKY 0e2paoayii KOMIOHEHMIE Niod 4ac
MIHCPEMOHMHO20 00CTY208Y8AHHA, WO NIOBUULYE HAOTHICMb MA be3neKy eKCHIyamayii asiayiiHux 08USYHIs.

Knrouosi cnosa: monoxoneco mypoinu, 61acHi yacmomu, Gopmu KOIUBAHb, BUPOOHUYT BIOXUTIEHHS, PO3PAXYHKOBO-
eKcnepuMeHmanbHull Memoo, 3D-cKkany8anHs, HepyUHIBHUL KOHMPOJb, ACUMEMPIsi MOHOKOeCd.
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