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The impact of gamma radiation on Ultrahigh Molecular Weight Polyethylene (UHMWPE) using fractional differential transformations of
FTIR spectra has been probed during the current study. The gamma irradiated samples of UHMWPE for doses of 0, 25, and 50 kGy have bee
tested with FTIR spectroscopy, and subsequent to testing each spectrum has been analyzed with fraction order differentiation ranging fror
0.5 to 1. The exhibited significant shifts in absorbance due to radiation-induced physical and chemical changes, including C=C unsaturation,
C=0 carbonyl absorption, and variations in £bkending and stretching frequencies are clearly evident even at the lowest order of applied
transformation. The weak bands in spectral regifits— 1100 cm™~' because of gamma radiation caused peak splitting iB@he- 1100

cm~! region, attributed to the conversion of vinyl groups into vinylidene and trans-vinylene groups, have also been observed at all orders of
applied transformations. It is, therefore, fractional differential transformations thus proved to be a potential methodology for in depth spectra
analysis of radiation responsive polymers like UHMWPE with a minimal information loss during the transformation. This is also confirmed
by sensitivity and specificity analysis that demonstrated that lower-order transformations are effective for accurate spectral characterization.
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fractional order derivatives.
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1. Introduction ble picking up little signals, including faint infrared bands
and minute levels of pollutants or toxins. As a result, con-

Due to their affordable manufacture, adaptability, and uniquélusions drawn from these techniques may not be accurate,
physical and chemical properties, polymer materials, whicwhich could. The sensitivity and precision of FTIR spec-
are made up of lengthy chains of repeating molecular unitsfoSCopy, which is particularly skilled at examining structural
have significantly increased in popularity [1-4]. A par- changes in materials after modifications, must be increased
ticular variety of polymer known as ultra-high molecular through preprocessing. However, there are certain difficulties
weight polyethylene (UHMWPE) stands out among the di-with FTIR spectroscopy. It might have trouble detecting ex-
verse range of polymers. UHMWPE has a molecular Weighgremely minute amounts of pollutants and dim infrared spec-
that is exceptionally high, often between 3 and 6 milliontrum bands. Additionally, the results of FTIR spectroscopy
grammes per mole. This extraordinary polymer has a widdnight occasionally be difficult to interpret and unreliable.
range of uses, including as an electrical insulator, in the delhis results from the method's reliance on measuring the
velopment of artificial implants like joint replacements, andlight that travels through or reflects from a sample and later
even in the microelectronics sector [5,6]. UHMWPE is ca-analysing the data gathered. However, this data could contain
pable of undergoing alterations through a technique calleinwanted noise, such as changes in the baseline of the spec-
crosslinking to improve its characteristics for these many purirum and inconsistencies in the signal. These elements could
poses. In crosslinking, the molecular structure of the polyinfluence how accurately UHMWPE alterations, like those
mer is changed through the application of various chemibrought on by irradiation, are assessed. Researchers use a
cal or physical techniques, such as radiation, organo-silan@'eprocessing procedure with the FTIR spectrum data to ad-
treatments, and the use of peroxides [5-7]. The featuredress these problems and get reliable results. To increase the
and behaviour of the material may be significantly alteregsensitivity of their analysis and enhance the identification of
by this change, making it better suited for particular usesWeak infrared bands, they investigate the use of differential
The properties and changes of UHMWPE are studied usin?'ters in this context, specifically fractional order differential

a variety of analytical techniques. These include differentiafilters. For UHMWPE products to operate better and to be
scanning calorimetry (DSC), X-ray diffraction (XRD), and safe in a variety of applications, it is crucial to identify these
Fourier transform infrared (FTIR) spectroscopy [7]. Eachminute bands and recognise the changes induced by radiation
approach, though, has its limitations. They could have trouin the material.
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The primary purpose of this work is to provide a more ac-field. He introduced a formula involving the gamma func-
curate and sensitive technique for characterising UHMWPEtion and constants that became a key concept in comprehend-
The researchers intend to go beyond the limitations of staning how fractional derivatives behave. L'Hospital's inquiry
dard approaches by closely examining Attenuated Total Reand Leibniz’s response set off an investigation that led to the
flection Fourier Transform Infrared (ATR-FTIR) spectra. In development of fractional calculus. The focus of this area,
FTIR spectroscopy, a sampling method called ATR is emsometimes known as fractional calculus, is the application
ployed. The investigation involves comparing the spectraof conventional calculus ideas to non-integer orders. With
obtained from pristine (unaltered) UHMWPE samples andvalues that fall between integer increments, it offers a novel
those that were exposed to gamma radiation. To improveiewpoint on how functions evolve and integrate. The contri-
the precision of the analysis, researchers employ fractionddution made in 1819 by Lacroix developed this concept. He
order differential filters with varying orders ranging from 0 offered a method that could represent and calculate fractional
to 1. These filters aid in the processing of the spectra, theerivatives while accommodating non-integer orders of dif-
extraction of significant data, and the improvement of theferentiation [8,9]. This signified a substantial improvement
assessment’s correctness. The study paper explains how itoour understanding of mathematics and created opportuni-
create simulated spectra using the real experimental data obes for applications in other fields. In essence, the historical
tained using ATR-FTIR as well as the notion of fractional conversation between Leibniz and L'Hospital set the stage for
order derivatives. Researchers use the strength of Principalnew field of mathematics called fractional calculus. Since
Component Analysis (PCA) and correlation index analysighen, this discipline has demonstrated its importance by pro-
to determine the most sensitive and effective transformatiorviding:

These sophisticated statistical methods make it easier to un- .
derstand the links and patterns found in intricate datasets. daz (€°) ['(e+ 1)5(57%) 1)
. .

The analysis in this paper also makes use of Caputo fractional dez INGES %)

derivatives, a mathematical technique for studying compli-

cated systems with fractional order behaviour, which the reThe expression!/2/d¢'/2 represents the fractional deriva-
searchers say is powerful. Researchers can examine the cokive operator of order /2. The symboll’ represents the
plex spectrum variations in the experimental data by using@gamma function, and the letterstands for a constant. This
Caputo fractional derivatives. This method makes it possiconcept was then extended to provide a detailed representa-
ble to comprehend radiation-induced changes in UHMWPEion of f(¢) using the Fourier method.

polymer samples better. A thorough investigation of the ma-

terial’s response gamma radiation is possible because to the f(g):i/ f(p)dp/ cos 0(£—p)do. 2
use of both experimental spectra and spectra produced using 2m J s —o0

fractional order differentiation, which increases the analysis’gNith the variables and p, the above representation allows

robustness. This dual-spectrum study sheds important lighis 1, gefine the concept of a fractional derivative of order
on the minute changes in UHMWPE samples. for a function/f(¢) in the following way:

The main goal of this investigation is to thoroughly eval-

uate the gamma radiation-induced changes to UHMWPE. Fi- ofee) 1 [ 3

nally, the purpose of this research is to give a full and so- dep “or /_Oo f(p)dp /_Oo 0

phisticated understanding of UHMWPE and its variations.

The researchers hope to unearth priceless insights that can X COS (0(5 —p)+ ﬁg) do, 3)

greatly contribute to the innovation and safety of polymer-
based products across a wide spectrum of applications byheres3 is a random constant. We employ this fractional cal-
painstakingly analysing the spectral data using cutting-edgeulus definition to address a composite equation that emerges

mathematical methodologies. from the tautochrone problem. In this problem, our objec-
tive is to ascertain an unidentified function, denoted @g),

2. Background literature through the evaluation of the subsequent integral:

L’'Hospital asked Leibniz for clarification in 1695 regarding k= / (E—7)*f(7)dy. (4)

the meaning of the statemedity/dz™ whenn is equal to J0

1/2. Leibniz responded on September 30, 1695, saying the}'h the context whered!/2/d¢!/? represents a fractional
this hypothetical situation would initially result in uncertainty

but would ultimately produce favourable results. This dis_derivative operator with an order af’2, it is important to
; yp . .y note that, under specific conditions f6¢¢), fractional oper-
cussion set the way for the creation of Fractional Calculus

a completely new branch of mathematics. This field investi—ators exhibit the following property:

gates the integration and differentiation of non-integer orders. ds d‘%f(g) dOF(€)
Lacroix, who introduced the idea of fractional derivatives for [ ] =
the first time in 1819, made a substantial contribution to this ¢

= f(6). (®)

gz | des
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Liouville [10-12] offered the first explicit definition of partial are known as the left-sided and right-sided Riemann-
differentiation in 1832. Liouville turned the functiofi(¢) Liouville fractional integrals of orde.

into a series and proposed that for order numieas which ~ Definition 1. Leta € (0,1). The fractional derivative of
the series transitions, the following statement stays true.  Riemann-Liouville of order. is given by:

0 o 1 d
FE) = pue™s, (6) DG f(x) = Tl—a)dz
n=0
: C S o
and assuming that ></ (x_(?;)adWZD-’; fx). (12
DB _ qPeint. 7 This expression represents the left-sided fractional
1) Zp € % derivative. When considering the right-sided fractional

n=0

derivative, the fractional derivative of Riemann-Liouville of
In this context, whereD? represents the fractional deriva- ordera is used.
tive operator with order3 and e represents the exponen- Definition 2. Letn — 1 < a < n then for order, the left
tial function, it was later developed by two mathematicians,and right-sided Riemann-Liouville fractional derivatives are
Grunwald and Letnikov. This method provides a way to com-defined as:
pute fractional derivatives by approximating them as a limit

of a finite difference quotient. Dy f(z) = F(lla)dczl;'; /I M;Zlndﬁ
D1(6) = Jim 5 > (-1) (})se-m. @ =DMt )i > a (13)
k=0

Although fractional calculus has been discussed in books for b 'l —a)da™ J, (x—mn)oti-n
almost three centuries, _|ts a_lctual applications he_lve or_1|y Iatc_aly = DI f(a);a < b, (14)
come to light. Many scientists are currently actively investi-

gating the use of fractional calculus in a variety of domains.  cqnstant's fractional order Riemann-Liouville derivative

is not zero.
2.1. Fractional order derivatives definitions -
Mathematical operators known as fractional derivatives ex- DoC = ﬁ 7 0. (15)
tend the notion of differentiation to non-integer orders. Frac-
tional derivatives allow us to differentiate a function to a non-An initial value problem (IVP) with a Riemann-Liouville
integer order, while regular derivatives only work with whole fractional d_erivative must have the following initial condi-
integers ¢.g, first derivative, second derivative). They have tions: D=7 f(0), i.e,,
uses in physics, engineering, and signal processing, among "
other disciplines. I'I.I outling a few qf the definitions and I“(D*f(n)) = f(n) — Z
methods used to define fractional derivatives below.

D(a—j)f(o) ple=7)
Ma—j+1) 7’

(16)

Jj=1

2.1.1. Riemann-Liouville fractional order derivatives wheren — 1 < a < n.
M. Caputo presented a fresh derivative concept to solve

The Riemann-Liouville fractional integral operator extendsthese restrictions that make it impracticable to describe real-
the concept of Cauchy’s formula to encompass multiple inteworld events. This method can be used to create the starting

grations. conditions for fractional initial value problems (IVPs) by em-

. o N ploying only the boundary values of full-order derivatives at
/ dn/ dn.. / f(n)dn the lower terminal.
1 /T f(n) ©) 2.1.2. Ginwald-Letnikov fractional order derivative
= _ | _ 1—n

(n=1tJo (z—mn) The Giinwald-Letnikov fractional derivative, which is a

If (n) € C[a,b] anda > 0, then powerful tool for numerically approximating fractional
derivatives of functions, is used in many disciplines [13]. The
o 1 T f(y) modelling of systems with non-integer order dynamics, like

I(a*)f( )= I'(a) /a (x —n)t-« dn, x>a, (10) viscoelastic materials and anomalous diffusion processes, is

b made possible by its widespread use in numerical computa-
15 f(a) = 1 / f(’l)lia dn, x<b, (11) tion. This method is advantageous for the study of fractals
» (N—2) and fractal geometry, fractional control systems, fractional
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differential equations in physics and engineering, and fracProperties
tals. The Gunwald-Letnikov fractional derivative offers a

flexible method for capturing non-integer order phenomena DyC =0, (25)
and memory effects in mathematical models and simulations, lim D° ) 26
whether describing complex behaviours in heat conduction, et af(@)= 1" (). (26)

operating robotic systems, studying the spread of pollutants, , . .
or looking into fractal patterns in nature. The limit of the In this section, we present an algorithm for the estimation of

Griinwald-Letnikov fractional derivative involves a finite dif- CaPuto fractional derivatives of any positive order- 0 for

ference quotient. The succeeding differentiation of the func@ 9iven function. Our approach involves a weighted sum of
tion £(t) are expressed as follows the function and its ordinary derivative values at specified lo-

cations [14]. The foundation of our algorithm rests on the

F0 () = 1im L0 = F00) (17)  definition
h—0 h ’ b
(1) _ (D) dE~T(f,h), 27
(0 gy L0 = £ JRGLEA @)
h—0 h
_ where,
_ pi L 20) = 2f(+h) + f(n) a8
h—0 h? h M—1
etc. T(f,h) =5 (fla)+ f@)+h Y f&)  (28)
In general k=1
F™(n) = D" f(n) This is an approximation to the integral H(¢) over|a, b]. It
L& is also based on a modified trapezoidal rule such that
— k
= i 0 (}) st a9 o
B T(fh) =5 D (f(&k-1) + f(&)- (29)
where, k=1
(”) - ! 7 (20)  In order to estimate the fractional intege&t f(x) of order
k kl(n —k)! a > 0, we present an adaptation of the trapezoidal i28}.(
is a coefficient of a binomial. We can write a non-integer Theorem 1. Assume that the intervd0, ] is partitioned
a>0as into £ equal-width sub-intervalde;, z;41] of equal width
h = a/k using the nodes; = jhforj =0,1,...,k. The
<2) = m. (21) revised trapezoidal rule is given by
. o —
.. . e . . _1\a+1l_ (1. (e} a
The Giinwald-Letnikov definition is the extension of the 17 1, ) — (k—1) (k—a—=1)k o (0)+ h f(a)
concept to a non-integer > 0 I(a+2) [(a+2)
DO F () = lim —— I N Y o) s B
h—0 h® : I(a+2)
n—a J:1
h I‘(a + ].) «a
) — kh). 22 x h® f(z;). (30)
X,;f W —F D (k) (@2) i
il This approximation is close to the fractional integral operator
The fractional integral of ordex > 0 is given by PP g P
1 n;a F(O[+ 1) (Jaf(x))(a) :T(fvh7a) _ET(fvhva)v
D, “f(n) = %LO Ta 2 Wf(’? —kh).  (23) a>0, a>0. (31)

Additionally, whenf(x) € C?[0, a], a constan€’, exists that
depends only on, causing the error teriir (£, h, «) to take
An illustration of a Caputo fractional order derivative is: Let the following form:

f € C"a,blandn — 1 < a < nthen

2.1.3. Caputo fractional order derivatives

|Br(f,h, )| < Collf"ca™h?® = o(h?).  (32)

1
D3 f(z) =DI" D" f(z) = =———
Ila—n+1) Proof. As according to the fractional integral operator
T () v
———dn; b. 24 a 1 a—
X/a (@ ppa-mrt @ a<e<bo 24y f(m):@/o (@ —7)*"'f(r)dr, =>0, (33)

Rev. Mex. Fis71011005
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we have
1 a
Jof(x a:—/ a—1)Lf(r)dr. (34)
(Jf(z))(a) e 0( ) ()
If 7}, is the piecewise linear interpolant fgwith nodes picked at;,7=0,1,2,...,k, then by using the following equations:
tr
/ (te — )7 fr(t) Za] kf(ti (35)
0
where
o (k— 1)t — (k-1 — a)k®, j=0,
. - _q a+1 a4 a+l _ o+l <4< _
Ga = gy | BT D (== e =20k =)t 1S <k (36)
1, Jj=k,
and
[ -0 soar- Zajkf < Cull "t @

for some constan®,, depending only omv. We obtain

/Oa(a — 1) L (r)dr = % [((k = 1)t — (k — a — 1)k%) £(0)
+f(a) + vi ((k =5 +1)°" = 2(k =) + (k=5 = 1)) flay) | (38)
and
[a= et a0 e < Gl o 39)

In this case ! = C,/I'(«). Itis clear that the method’s performance is unaffected by the parameter because it behaves
quite similarly to the conventional trapezoidal rule. In particular, the modified trapezoidal3@)lé€comes the traditional
trapezoidal ruleZ8) whena = 1.

3. Material and methods

'band at 2020 cm. We described the UHMWPE material's
The materials, processes, and analytical techniques used jrysical and chemical characteristics, as shown in Table I,
our inquiry of the radiation-induced changes in laboratory-to give a thorough grasp of it. Its physical characteristics,
grade ultra-high molecular weight polyethylene (UHMWPE) empirical formula, density, melting temperature, molecular
are covered in detail in this section. Our research startedeight, melt flow rate (MFI), and physical condition were all
with the purchase of UHMWPE resin powder from Sigma-included in this list of characteristics.
Aldrich, with an average molecular weight of between 3and The UHMWPE sheets were then exposed to gamma ra-
6 million g/mol. A Gibitre laboratory press tool was used diation in order to investigate any structural alterations. Two
to further process the resin into sheets. Sheets were kept &tdiation doses of 50 kGy and 25 kGy (chosen due to their
temperatures of 15, 160°C, and 190C for periods of 12- importance in the radiation sterilization of medical devices
15 minutes at each of these temperatures while being formettade of UHMWPE) were administered in an open-air set-
under constant 200 bar pressures. After pressing, sheets weieg with a regulated temperature of°Z5 Pakistan Radiation
painstakingly cleaned using acetone to remove any potenti@ervices Lahore supplied the Co-60 gamma source, which
impurities before being progressively cooled to ambient temhad a constant dosage rate of 1.02 kGy/h. Each sheet was
perature (25C) under sustained pressure. Each sheet wagiven a designation for easy identification, consisting of the
properly measured to have a thickness of about 1 mm usinigtter “P” followed by the absorbed dose values (P-50, P-25,
an internal reference point of the infrared (IR) vibration and P-0). Analytical methodologies focused on certain

Rev. Mex. Fis71011005
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TABLE |. Caputo fractional order derivative rule 800-1100 (50 kGy).

Differential Order k h C(f, h,orden E.(f, h,orden
Oth 31.0000 10.0000 10.8159 9.9699
0.5th 31.0000 10.0000 3.3898 2.5437
0.7th 31.0000 10.0000 2.0653 1.2192
0.8th 31.0000 10.0000 1.5879 0.7418
0.9th 31.0000 10.0000 1.2062 0.3601
1st 31.0000 10.0000 0.9037 0.0576
~ Appearance ‘- Polymer Resin
Empirical Formula (&~ (-CH2-CH2-)v ) n—a
@:“:- Density (p) {5+ 0.927 grams per milliliter (g/mL) Dgf(’r]) = }llli% (ha Z(—l)k
F Melting Temperature {-— 130-136 degrees Celsius (°C) k=0
Molecular Weight {-— 3-6 million grams per mole (g/mol) F(O[ + 1)
- Melt Flow Rate <) 0.05 grams per 10 minutes (g/10 min) k'F(Oé — k + 1) f(n n kh) ’ (40)

Additionally, we used the Caputo fractional derivative defi-
FIGURE 1. Characteristics of ultra-high molecular weight PE. nition with the trapezoidal rule to examine the precision and

inaccuracy related to several fractional orders, namely 0.5th,
. . . 0.7th, 0.9th, 0.8th, and 1st-order, thereby adapting the ap-
pqrtlons of the IR spectra assomat_ed_ W't.h structural alterbroach to the unique properties of FTIR data. In practice, this
ations were employed to assess radiation-induced changes:in . . .
UHMWPE. These redions included the absorption of vin Imvolved creating unique MATLAB scripts capable of com-
and trans-.vinyl dene glt 800I— 1 1‘80 chn compou?ugs withVI— y puting the Caputo fractional derivatives for various orders,
C=0 functional groups at 1600-1800 cfy and changes offering a broad range of fractional order analysis. Through

within the UHMWPE structure at 3300-3600 ci The re- these calculations, we were able to quantify the errors as-

ions of interest in the IR spectra were carefully anal Sed%ociated with each fractional order, which provided insight
9 P y YS€nto the validity of fractional order derivatives for interpret-

after the experimental observations, where the regions of inl—n ETIR data
terest were plotted against the wavenumber, and the % trans—g '
mittance data was calculated. Our inquiry into the effects b
of gamma radiation on UHMWPE was built on the founda- /a F(&)dE =T (f,h). (41)
ti f th techni tudies. T t . . . L . .
t;ngc;roui?jen;gen;iléejuzggs?alis:lE;?gnalos rfiz(;nn?\gﬁeug;\gn tﬁghe simulation of fractional derivatives (FD) using Fourier
. : ' Transform Infrared (FTIR) spectroscopic data served as the
experimental spectra were carefully examined, and a Va”e%undation for ourwc()rk T()) dg this. we rFr)1ade use of the math-
of differential .filters wit_h fractional order_s ranging from 0 to atical technique kno.wn as the &:aputo fractional derivative
L were selectively applied. The dataset includes extra Spethﬁ;‘inition which is useful for describing complex behaviours
produced using fractional order differential transformationsm scientif,ic datasets. To be more precise, we used FD to eval
(including 1st, 0.9th, 0.8th, 0.7th, and 0.5th orders) in addi- ' ; L o
tion to the original experimental spectra (treated as order O)lfftgir?om FTR; d?;arbe:g\{ﬁ d a: dvarrloufsof;acél(;nasl (8) rd?‘rj’o'g'
The primary objective of the study is to retain as much means Jcingd the Lst-ordera € orders ot 9.0, 9.7, 1.6, a RN

ingful information as possible from the original experimental ]:I::e :;ipsgggaé;;elgvfiig“%?g ahsazecor:slé:atc'pa? tr)]::t:O:e
data, thus preferring lower fractional order differential trans- preci vlations. 1his p W ucl u

formations. Subsequently, to simulate fractional derivativeét allowed us to determine which modifications to the FTIR

ranging from 0 to 1, a custom MATLAB function was devel- spectra we could make while retaining the essential data. Ad-

oped employing e casical G- cerion,  11OHA, | 1 s o hser e e bt 4
which incorporates the Lagrange-operator-based law to de-" . . oo : )
P grange-op lation of the Fractional Derivative (FD), we computed cor-

scribe the rate of change at a given fractional order. Notabl))J . - ; ;
these calculations are confined to the rangé of o < 1 felation coefficients (CCs) using the formula provided below.

(the fractional order) with an initial condition of — 0, fa- This step aimed to identify the most suitable transformation

cilitating a comprehensive exploration of complex physicalmemod that minimizes mformaﬂcin loss [{5]'
processes through the analysis of fractional derivatives. The (X - X)(Yi-Y)
Grunwald-Letnikov definition is the extension of the concept n T o2 T o2
to a non-integety > 0. \/Zizl(Xl - X2 -Y)

CO(XY) =

(42)

Rev. Mex. Fis71011005
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Here, X andY are the mean values of the two parameters.
TheCC(XY) range is from+1to —1. 100 |
In addition to the aforementioned point-to-point corre-
lation study of simulated data, we used Principal Compo-
nent Analysis (PCA) to investigate how data dispersion varies =
when different orders of differential filters are applied. PCA
is a dimension reduction technique that converts original

-COOH

ttance
CH, Rocking
—C:

data into new, uncorrelated variables called Principal Com- ; 2 _:-25
ponents. These components capture the most variance in th § 8 P'50
F =
o

data, providing insights into hidden patterns, dynamics, and+
correlations. It also standardizes variables for comparing data
dispersion. The original variables are divided into new com-
ponents in this sort of analysis by axis rotation in PCA, which

aids in identifying influential aspects in the composition of a 500 1000 1500 2000 2500 3000 3500 4000
sample. PCA produces a compact representation of the statis
tical relationships in the data with minimal information loss

in terms of the order of differential transformation. The PCA FIGURE 2. FTIR spectra of 0, 25, and 50 kGy irradiate with la-
equation is as follows: belled functional groups of interest.

CH, Streching

20

Wavenumber (cm™)

1490 and 1500 cm', and -CH rocking deformation at 717

Zig = @i o Qi e GimTmg, “3) and 730 cmi'. A more detailed analysis of this spectrum
where, revealed transitions in the regions 1450-1480-¢m1650-
1850 cn1'!, 2800-2950 cm', and 3000-3750 cmt. These

e Z;; denotes the component score. regions correspond to -G+bending, vibration, and absorp-

tion due to the unit -CHin the amorphous region, and -C=0
absorption, and -CH stretching vibrations in the peroxide

a;r, denotes the component loading.

e 1;; is the variable’s measured value. region. The surface alterations in peroxide-related products,
. i.e., 3000-3750 cm!, and the absorption owing to -C=0
e i denotes the component number. in the range 1650-1850 cm are essentially minimal for a

gamma dose of 0 kGy; here, zero means that there was no
oxidation in this sample.
m represents the total number of variables. The situation is substantially different for samples that

) ) have been exposed to radiation, since the radiation-caused
For the analysis of the simulated FD data, we showed thee radicals lead the samples to undergo several chemical
score values (for each sample in all regions of interest) perang physical changes. These free radicals have a variety of ef-
taining to the first two principal components. The primary tgcts such as forming crosslinks, breaking more P-E chains,
goal of this work was to discover the similarities and differ- .4 reacting with dispersed oxygen in the PE matrix after the
ences between each UHMWPE sample across all three zongs,|_known oxidation chain reactions of PE. Additionally,
of interest, as well as to calculate the linkages between indig e amount of free radicals changes throughout all regions

j denotes the sample number.

vidual clusters. in a linear relationship with the concentrated gamma dosage,
i.e,, -CH, bending vibration. The major affected areas that

4. Results and discussion are strongly altered by irradiation treatment are the infrared
regions between 800 cmh and 1100 cm!, and 1650 cm'!

4.1. Experimental results and 1850 cm! in irradiated materials. The conversion of

- . C=C unsaturated bonds into vinylidene; /®C=CH,) and
Shown n F,'g' Zis the IR spectra of UHMWP_E' The absorp'trans-vinylene (-CH=CH-) is responsible, and the presence
tion behaviour of UHMWPE has been studied for gamma-ot ¢4onyl c=0 species, resulting from radiation-induced

irradiation with dose values of 25 and 50 kGy. Due to physi-,yigation reactions, are responsible for the aforementioned
cal and chemical changes brought on by radiation, there WaSiterations [16-20].

a noticeable shift in the sample’s absorbance. Significant

changes are observed in the FTIR spectra due to the irradir 2 simulated fractional order derivatives

ation of the sample and thermal annealing. These changes

are mainly due to C=C unsaturation absorption, C=0 carSubsequent to the step-by-step procedure detailed in Sec. 3,
bonyl absorption, and increased ¢€blending and stretching MATLAB was employed to preprocess experimental spec-
frequencies, respectively. The results show the polyethylengal data and to apply fractional order differential transforma-
IR band characteristics, which include -€Btretching vibra-  tions. The major ranges of interest (800-1100¢m1700-

tions at 2849 and 2924 cm, -CH, bending vibrations at 1750 cnT!, and 3300-3600 cm') were analysed and are
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FIGURE 3. Simulated Fractional order and 1st-order derivative plots from 940-960 @pfor P-25, and b) P-50.

presented in Fig. 3. The data subsequent to transformatiospectrum, exhibit higher strength. However, our primary ob-
showed significant increases in differential maxima and minjective is to delve into the behaviour of CCs after the appli-
ima corresponding to higher transformation orders and abeation of differential filters, as this is central to our investi-
sorbed doses, indicating notable spectral changes. Specifiation. To ensure a robust quantitative analysis of the alter-
spectral regions exhibited well-defined singular peaks tha#tions in spectra induced by radiation within the UHMWPE
are crucial for identifying molecular vibrations and chemicalmatrix, pinpointing the most responsive order of differential
bonds. The 800-1100 cn range revealed peaks related to transformation is crucial for refining our analytical model.
vibrational modes of chemical groups, the 1700-1750tm To address this, we performed a detailed analysis of point-
range to functional groups, and the 3300-3600°¢mange to  to-point linear correlations between wavenumbers and dif-
hydrogen bonding and molecular interactions. The trend oferential values for each transformation order for all three
increasing differential values with radiation dose highlightedregions of interest (800-1100 crh, 1700-1750 cm! and
the impact of gamma radiation on UHMWPE; leading to the3300-3600 cm' respectively) as shown in Fig. 4 (D-F). The
formation of oxidation products and hydro-peroxides, whichCCs were calculated using the method described in Sec. 3 of
is evident in all corresponding figures. From the results, aur study. Figure 4 depicts the strength of these CCs in a
peak splitting was observed in the 800-1100¢megion for  parallel plot format for each wavenumber, allowing for a vi-
samples irradiated with 50 kGy. This split peak is attributedsual assessment of point-to-point correlations between exper-
to the conversion of vinyl groups into vinylidene and trans-imental and simulated fractional data. The convergence and
vinylene groups, thus confirming the effectiveness of applystrength of the CC distribution provide useful insights in such
ing fractional order differential transformation on the FTIR graphical representations. A more coherent and robust CC
spectroscopy. This summarizes the fact that differential fil-distribution implies less effect from quasi-static and back-
tering improved the detection of trans-vinylene even at loweground noise, with little loss of critical information during
transformation orders, though the validity of each transfor-experimental spectral data translation, and vice versa. Our
mation order remains under investigation. However, a comanalysis of Fig. 4 reveals a compelling trend: the CCs are no-
prehensive assessment of the sensitivity and specificity dibly stronger for the differential transformation of the 0.5th-
transformation orders using point-to-point linear correlationsorder and this trend holds across all three regions of inter-
and principal component analysis (PCA) is given in subseest. Furthermore, as we venture into higher orders of differ-
guent sections for confidence on the accuracy of transformantiation this heightened strength remains consistent. These
tions [16,19-23]. findings underscore the suitability of lower-order differential
filters, specifically the 0.5th-order utilized in our study. This
4.3. Sensitivity and specificity analysis of fractional or-  choice is substantiated by the robust and coherent distribution
ders of CCs across the spectral regions of interest. It reinforces
the notion that employing lower-order differential filters en-
hances the precision and reliability of our model, allowing us

In our study, it's noteworthy that the correlation coefficients© capture_: erucial i_nformat_ior_1 while mitiga_ting the influence
(CCs) for the experimental data, particularly the oth-ordef undesirable noise. This in turn contributes to a more

4.3.1. Correlation index based sensitivity analysis
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FIGURE 4. Point-to-point correlation coefficients for experimental and simulated FD spectral data for D) 800-1160 En1680-
1800 cm!, and F) 3300-3600 cm'.

comprehensive and meaningful analysis of our data, a criticad.5th-order, which exhibits a remarkable equilibrium in sen-
aspect of our study in evaluating radiation-induced modificasitivity. This equilibrium is eloquently captured by its x-axis
tions in UHMWPE. ratio of 1.29 andy-axis ratio of—0.79. Essentially, the 0.5th-
order adeptly captures and balances the variance along both
principal components, effectively preserving the entirety of
the spectral characteristics. This characteristic sets it apart
Principal Component Analysis (PCA) of spectral data (experfrom the others, which demonstrate varied degrees of sen-
imental and simulated FD) was performed to confirm the sensitivity and often accentuate a single principal component
sitivity of the order of differentiation. The data dispersion for disproportionately. For instance, take the 1st-order, which,
an unirradiated UHMWPE sample is presented as score plotghile displaying substantial sensitivity along the y-axis (ra-
on the first two principal components for all spectral regionstio: 5.02), paradoxically exhibits an almost negligible influ-
of interest (see Fig. 5G)-1)). The PCA analysis provided theence along the:-axis (ratio: -0.02), potentially leading to a
following significant insights. In our comprehensive analy- skewed representation of the data. Our findings highlight the
sis, we harnessed the power of Principal Component Analypractical utility of the 0.5th-order, mirroring the original un-
sis (PCA) to delve into the sensitivity of various fractional processed data (Oth-order, x-axis value: 16:98xis value:
orders (1st-order and 0.5th, 0.7th, 0.8th, 0.9th) within the—4.84) with remarkable fidelity. This underscores the 0.5th-
spectral confines of 800-1100 crh 1680-1800 cm', and  order’s role as the preferred choice for meticulous scrutiny
3300-3600 cm! with a focus on the 800-1100 cmh (P-0  of radiation-induced modifications in UHMWPE, within the
sample). The calculated ratios along both the x and y axes afpectral ranges of 800-1100 ciy 1700-1750 cm?, and
these PCA results have shed light on the nuanced behavious800-3600 cm!, offering a harmonious blend of data refine-
of these orders. What emerges as particularly intriguing is thenent and unwavering fidelity to experimental observations.

4.3.2. Principal component analysis

Rev. Mex. Fis71011005
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FIGURE 5. Principal Component Analysis of experimental and simulated FD spectral data for G) 800-1160H)M680-1800 crm* and
1) 3300-3600 cr .

tively). These locations were chosen for their unique insights
into the irradiation response of UHMWPE. Our primary fo-
In order to determine the spectral changes caused bgus was to assess the sensitivities of various fractional orders
50 kGy radiation in Ultrahigh Molecular Weight Polyethy- (1st-order and 0.5th, 0.7th, 0.8th, 0.9th) in capturing the es-
lene (UHMWPE), we performed a careful analysis of Caputosential spectral characteristics. Examining Table I, represent-
fractional derivatives in three critical spectral regions: (800-ing the 800-1100 cm' region, we observed how each frac-
1100 cnT!, 1700-1750 cm! and 3300-3600 cm' respec- tional order deviated from the unirradiated Oth-order. No-

4.3.3. Absolute value error analysis

TABLE Il. Caputo fractional order derivative rule 1700-1750 (50 kGy).

Differential Order k h C(f,h,orden E.(f, h,orden
Oth 6.0000 10.0000 -7.4539 8.3000

0.5th 6.0000 10.0000 -2.2632 3.1093

0.7th 6.0000 10.0000 -1.2669 2.1129

0.8th 6.0000 10.0000 -0.9137 1.7598

0.9th 6.0000 10.0000 -0.6370 1.4831

1st 6.0000 10.0000 -0.4240 1.2701
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TABLE Ill. Caputo fractional order derivative rule 3300-3600 (50 kGy).

Differential Order k h C(f,h,orden E.(f, h,orden
Oth 30.0000 10.0000 1.8232 0.9772

0.5th 30.0000 10.0000 1.3191 0.4730

0.7th 30.0000 10.0000 1.2278 0.3817

0.8th 30.0000 10.0000 1.1527 0.3066

0.9th 30.0000 10.0000 1.0634 0.2173

1st 30.0000 10.0000 0.9650 0.1190

tably, the 0.5th-order displayed remarkable proximity to thealso confirmed by the absolute error values, underscoring the
Oth-order, marked by a Caputo fractional derivative (C) valued.5th order’s precision in preserving spectral integrity. In
of 3.3898, indicating a minimal shift due to radiation. The summary, our research demonstrates that fractional differen-
low absolute error (Ec) value of 2.5437 further underscoredial transformation, even at lowest order (0.5th in this par-
its accuracy in spectral preservation. A similar trend was obticular study), is a valuable tool for accurately characteriz-
served in Table Il, encompassing the 1700-1750 tme-  ing and quantifying radiation-induced changes in UHMWPE
gion where the 0.5th-order again excelled with a C valuesamples, enhancing our understanding of how this material
of -2.2632 and an Ec value of 3.1093 signifying its preci-responds to radiation exposure. The insights gained from
sion in minimizing radiation-induced spectral shifts. This this study hold promise for a wide range of applications, in-
trend extended to Table ll1, representing the 3300-3600'cm cluding materials science and medical device development,
region where the 0.5th-order closely approximated the Othwhere the effects of radiation exposure on UHMWPE are of
order with a C value 0f-0.6370 and an Ec value of 1.4831. paramount importance. This research serves as a valuable
Collectively, these results consistently showcased the 0.5tHeundation for future investigations and applications of irra-
order as the optimal choice for meticulous analysis providingdiated UHMWPE materials.
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