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OCHOB1 Ha0Opy iHTEpBaJIbHO-TIEpeXiTHUX HMOBipHOCTEeH. KoxHe 3 HUX (HOpPMYETHCS HACTYITHUM
YUHOM. YMOBHA WMOBIPHICTh NepeOyBaHHS CUCTEMH B 3aJIaHMi MOMEHT 4Yacy y 3aJaHOMYy CTaHi
MoOke OyTH BH3Ha4YeHa uepe3 MMOBIPHICTH MEPEXO0Jly CHCTEMH 3 BHXIJHOTO CTaHy B MOYAaTKOBUH
MOMEHT B JISIKWH IHINWKA CTaH, B MPOMDKHUM MOMEHT dYacy, Ta 4epe3 WMOBIPHICTh, Hajai,
Mepexo1y 3 OO MPOMDKHOTO CTaHy B KIHIICBUI cTaH . PillIeHHs Takoi CUCTeMH iHTETpalbHUX
PIBHSHB 3a7a€ NIYKaHUH PO3MOAUT MMOBIpHOCTEH mepeOyBaHHS CHUCTEMH Ha Oe3ii4l MOXKJIUBHUX
CTaHiB Ui OyAb-KOTO MOMEHTY 4acy. 3pO3yMiJio, IIO pIBEHb aJeKBATHOCTI OTPHUMYBAHOI'O
pe3yibTaTy 3aJICKUTh BiJl TOTO, HACKUIBKY YCHIITHO 00paHuii Kiac PyHKINIH, y AKOMY IepeOyBaroTh
IIyKaHi IUTBHOCTI PO3MOALTY HMOBIPHOCTEH.

Jiiss HaOMMKEHOTo pO3B'S3aHHS 3ajadi aHali3y HaIiBMApKiBCBKHX CHUCTEM IPOIOHYETHCS
miaxig, oo Oa3yeTbcs Ha BHUKOPHUCTaHHI €PJIAHTIBCHKOT ampOKCHMAIlli pealbHUX IIITBHOCTEH
pO3MOALTY KMOBIPHOCTI TIepeOyBaHHS CHCTEMH Ha Oe3ii4i MOXUIMBUX cTaHiB. Bubip came 1150r0
XapakTepy arnpoKCUMYIOUnX (YHKILINA BU3HAYA€THCS HACTYITHUMH JABOMa oOcTaBuHamu. [lo-nepiie,
€pJIaHTIBCHKUHN MOTIK OY/Ib-SIKOTO MOPSJIKY € MPOCISTHUM HainpocTimmi moTik. e o3Havae, mo s
OyIb-SIKOTO TAKOTO MOTOKY MOXe OyTH MoOy0oBaHa MapKiBChbKa MOJIETh 3 JI0JIaBaHHIM HEOOXiTHOT
MHOXUHHU TPOMDKHUX CTaHIB, SKy MOJKHa aHami3yBaTd BigomuMm crocoboMm. [lo-apyre,
epJaHTiBChbKa MOJIENb 32 HAJICKHOTO BUOOPY MOPSAKY Ii€T MOJIENI IMUTKOM 33J0BUTEHUM YHHOM 3a
TOYHICTIO allPOKCHUMY€E pealbHY IIUIBHICTH PO3MOALTY, MOoOyA0BaHy 3a pe3yibTaraMu OOpOOKU
BXiZIHUX JaHuX. BucHOBKH. Mojens cucTeMH, OTpUMYyBaHa Yy pe3yibTaTi BUKOPUCTAHHS
€pIaHTiBChbKOT alpOKCUMAIlli pealbHUX HIUIBHOCTEH pO3MOALTY HMOBIPHOCTEMH, € MapKiBChKOIO, 1110
3a0e3neuye MOMXJIMBICTh ii  YCHIIIHOTO 3aCTOCYBaHHA JUIS aHali3y JUHAMIKH CTaHIB
HaIiBMapKiBCbKOI cucTeMU. HanpsMOK MmojanblIMX JOCTIKEHb — PO3BUTOK 3alPOINIOHOBAHOTO Y
poboTi MeToAy y BHUMNAAKy, KOJW BXiJHI JaHI 3a/Jadi BH3HAYCHI HEYITKO 3 BHKOPUCTAHHSIM
TexHoJorii, onucanoi B [1]. 3acTocyBaHHS IIi€l TeXHOJOTIi B pe3yibTaTi Ja€ aHAJIITHUYHUN OIHUC
(GyHKIIN HAJIEKHOCTI HEWITKUX 3HAUYCHb IIIJIBHOCTEH PO3IOILTY HMOBIPHOCTEH CTaHIB CUCTEMH IS
OyIb-sIKOTO MOMEHTY Yacy, 110 i 0yno moTpiOHO.
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In this work, the courses of photopolymerization were investigated for acrylated epoxidized
soybean oil in the presence of a photoinitiator. The presented study analyzes the possibility of using
multifractal detrended fluctuation analysis for the construction of indicators or indicators-
precursors of complex and self-organized processes, occurring during the photopolymerization
phase.

Photopolymerization is a photochemical reaction that alters the composition of monomers and
oligomers upon exposure to light, typically in the ultraviolet or visible range of the electromagnetic
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spectrum. This transformation is reflected structurally, primarily through the solidification of the
material by means of cross-linking. The process offers several advantages, including low energy
consumption, high efficiency, minimal emissions of volatile organic compounds, and diverse
applications spanning from common fields such as coatings, inks, and adhesives to advanced areas
like microelectronics, optoelectronics, laser imaging, stereolithography, and nanotechnology [1, 2].

Photopolymerization is a complex, self-organized process, which formal modeling and
simulation represent significant challenges. A polymerized material reflects complex evolution of
different chemical and physical processes. Current study represents the possibility of identification
complex heterogeneous processes with the usage of multifractal analysis, where the studied material
used for photopolymerization is acrylated epoxidized soybean oil (AESO) with the addition of a
photoinitiator (P1).

Currently, the most efficient and precise method to quantify a range of fractal exponents is the
Multifractal Detrended Fluctuation Analysis (MF-DFA) [3]. According to the procedure, we need to
consider a signal {x; | i = 1,...,N} for which we define the signal fragments X; = Z]izl(xi —(x)),
j=1,..,N, where (...) denotes averaging over all i’s. Next, we divide the X; into Ng = int(N/s)
non-overlapping segments of length s. Since there is a possibility that the time scale s may not be an
integer multiple of length N, we may omit a part of a time series. For considering it, we start the
same procedure from the opposite end of a time series to get the whole dynamics. Therefore, we get
2N segments. Then we estimate local trends of each segment v and compute their local variance
F2(v,s) that relies on scale variable s. We average F?(v,s) over all local segments v, and for a
particular scale s, we obtain qth order fluctuation function:

( 2N 1/q
1
DIF@ =0,
2N, £,
v=
Fy(s) = i ®
1
exp 4N21n[f2(v,s)] , q=0.
$v=1

Through examination of the log-log graphs plotting Fq(s) against s, the scaling properties of
the fluctuation function can be deduced. Specifically, if the analyzed signal exhibits a power-law
relationship, then F(s) « sh@  where h(q) represents a generalized multifractal variant of the

Hurst exponent. For q = 2, h(q) corresponds to the conventional Hurst exponent [4].

For further calculations, we also represent the singularity strength a = h(q) + qh’(q), as well
as the multifractal spectrum f(a) = q[a — h(q)] + 1. Complex multifractal series will demonstrate
asymmetric behavior of f(a).

In addition to the aforementioned attributes, it is our aim to determine the width of the
multifractal spectrum, denoted as Aa, defined as the difference between o, and apy,i,. A wider Aa
value indicates a more intricate structure, uneven distribution, and heightened fluctuations on the
surface of the time series. Conversely, a narrower multifractal width signifies a uniform distribution
in the time series, and consequently, a simpler structure.

As can be seen from Figure 1b, a significant increase in temperature is observed at the moment
the lighting is turned on. This is due to the phase transition from a quasi-liquid state to a solid state
occurring as a result of polymerization, the initiator of the polymerization process is carbon double
bonds. The next phase is the thermalization phase, which is much slower and characterizes the
residual polymerization phenomenon. The process of turning off the light is also characterized by
significant thermal fluctuations, although less strong. We assume that the reverse process of
formation of double carbon bonds is carried out, which, when the light is turned on, take an active
part in the photopolymerization process.

In further research, we plan to use other quantitative methods, in particular entropy, network,
etc., to further study the mechanisms of formation and degradation of photopolymers.
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Figure 1. The multifractal spectrum estimated from the temperature fluctuation of the
photopolymerized material (a). Time dependence of temperature response of biopolymer sample
with PI along with the multifractal width measure (b).
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VYHiBepcUTET MUTHOI ClIpaBH Ta (iHAHCIB

OOHUM 3 nepcneKmuUHUX HANPAMI6 pO3GUMKY MPAHCHOPMHUX CUCTNEM € CMBOPEHHS CYOeH
Ha nosimpsnit nooywyi. Ilpome ix po3pobka sumazae HAs8HOCMI CNEYIANI308AHUX KOMN TOMEPHUX
mexHon02il. B 00nogioi pozensioacmvca numManHsa 3acmocy8ants KOMN 1OMePHUX MexHoNo02il 04
CMBOPEHHS MPAHCNOPMHUX ANapamis Ha NOSIMPSHIU NOOYuYL

CTBOpeHHsI TpPAHCIOPTHUX amapariB Ha HOBUX (I3MYHUX NPUHLHKIAX € HaJ3BUYaAiHO
CKJIaJHOI0 3adayero. Sk 3 (i3MyHOi, Tak 1 3 MaTeMaTHYHOI TOYKU 30pY CKIAIHICTh (PI3MUYHUX
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