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FORENSIC EXAMINATION OF TEXTILE FIBERS USING
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The current study aims at discriminating cotton and woolen textile fibers from dye using UV-Vis spec-
troscopy and chemometrics methods. For extraction of the dye from fibers, seven solvent systems have been
used, and different extraction conditions have also been tested. Two different approaches, i.e., a visual com-
parison of peaks and chemometric analysis, have been proposed to differentiate between the textile fibers.
The comparison of peaks obtained through UV-Vis spectra provides the discrimination power of 83.6% for
cotton fibers and 94.3% for the woolen fibers. However, the incorporation of chemometrics has further im-
proved the discrimination power to 100% for cotton and 98.1% for woolen fibers. The discrimination of
100% is achieved with nonsignificant values of the Welch’s t-test, which illustrates that all samples are dis-
criminated.
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C ucnonvzosaruem memooos YD-cnekmpockonuu u xeMoMempuu nposedeHo pacno3Hasanue XjionKko-
8bIX U UEPCMAHBIX MEKCUTbHBIX 80JOKOH N0 Kpacumensm. J{is uzeieueHus Kpacumes u3z 60J10KOH UCHOIb-
308aHblL CEMb CUCMEM PACMBOPUMENel, a MaKxice UCIbIMANbL PA3TUdHble YCA08Us dIKCmpakyuu. /s pasiu-
YeHUSA MEKCMUNbHBIX B0J0KOH NPEOIONCEHbL 08d PA3TUUHBIX N00X00A — BU3YATLHOE CPABHEHUE MAKCUMYMO8
u xemomempudeckuti ananus. Cpagnenue Makcumymos 6 cnekmpax Y@ u euoumozo ouanazonos obecnedu-
saem cmenenv ouckpumunayuu 83.6% 0ns xnonkogwix u 94.3% ons wepcmanvix onokon. Ilpumenenue xe-
MOMempuYu NO380AUNI0 NOBLICUMb cmeneHb Juckpumunayuu 0o 100% ons xronxoswix u 0o 98.1% onsn wep-
cmaHbIX 8010KOH. [uckpumunayua ¢ 100% oocmueaemcs npu He3HAYUMENbHBIX BENUUUHAX [-Kpumepus
Yanwa, noxazviearowux, umo ece 0o6pazyvi paziuiarOmcs.

Knrouegvle cnosa: mekcmuivHoe 80JI0KHO, XeMOMempus, cnekmpockonus Y D—euoumozo ouanazoHos,
cyoebHas sxcnepmusa, t-kpumeputl Yanua.

Introduction. Physical trace evidences are defined as “minute generally microscopic fragments of vari-
ous types of material including fibers, human/animal hairs, paint chips, cement/soil, pollen grains, etc. that
transfer between people, places, and objects and persist there for a long time” [1]. In forensic criminal
investigation, fibers can be collected from many crime scenes such as hit and run, burglary, theft, rape, etc.,
and they play an important role in linking the suspects/victims to the crime. The primary technique of fiber
examination is microscopy [2]. For example, a stereo zoom microscope can reveal the size and shape of the
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fiber, and infrared microscopy is routinely used for comparing the single strand of fiber in the forensic sci-
ence laboratories [3]. For the discrimination of man-made fibers, microscopic methods are not sufficient.
Other methods include examination by using chromatography and spectrophotometry. The most common
technique of chromatography is thin-layer chromatography (TLC) [4-6]. However, this method is time-
consuming. Some hyphenated techniques like mass spectroscopy coupled with its ionization method [7, 8]
and capillary electrophoresis [9] have also been used.

In the spectroscopic method, the spectra of extracted dye from the fibers are recorded and compa-
red [10-12]. For determination of chemical composition of cotton and woolen fibers, Fourier transforms in-
frared spectroscopy (FTIR) [3, 13] and Raman spectroscopy [14, 15] have been widely used. However, ex-
perts rely only on the visual inspection of complex multidimensional spectra/chromatograms obtained from
analytical methods, which may lead to misleading results. In this regard, multivariate statistical approaches
have been used nowadays for differentiation of forensic exhibits [16—18].

Among all the mentioned techniques, UV-Vis spectroscopy is cost-effective, reliable, accurate, and eas-
ily available in forensic science laboratories. Along with these valuable facts, the chemometric methods can
be easily applied to the spectral dataset obtained through this technique, and the outcome provides reliable
quantitative results that are highly acceptable in the forensic context.

Materials and methods. Dyed textile fiber samples are collected from Raymond Textile shops in and
around the northwestern part of India. Eleven black colored cottons and fifteen dyed woolen fibers are col-
lected to investigate the discrimination in the visually same type of fibers.

Extraction of dyes. Different solvent systems like pyridine/water, formic acid/water, aqueous oxalic
acid, acetic acid, NaOH, dimethylformamide, and chlorobenzene are used to extract dyes from fibers. The
best solvent for the extraction of the dye from the fibers has been selected by measuring the maximum ab-
sorbance value given by the dye after extracting with the listed solvent.

The extraction of the dye from textile fibers is carried out under different conditions in order to choose
the best suitable method for the proper extraction of the dye. For this purpose, five different conditions, i.e.,
sonication, oven, hot water bath, vortex, and hotplate are examined for the dye extraction. This protocol has
been performed for 15 min for each condition.

UV-Vis spectroscopy. All spectra of the extracted dye samples are obtained through a standard UV-2550
series (Shimadzu, Japan), UV-Vis spectrophotometer utilizing quartz cuvettes. All spectra are analyzed in
the wavelength range of 200—800 nm. The instrument calibration is performed before analyzing the samples.

Principal component analysis (PCA) is the most common mathematical technique that is used in
chemometrics. It is a method for identifying the data pattern. It converts multivariate data into orthogonal
components (uncorrelated components) called principal components (PCs). The first component describes
the maximum amount of the total variance in the observed variables. The second component explains the
lower variance compared to that of the 1* PC and the variance amount reduced with the extraction of each
new component [19, 20]. Before performing the multivariate statistical analysis, the spectral raw data must
be preprocessed. Variations due to high and low concentrations of the dye in the sample, the amount of sam-
ples, and instrumental errors are all eliminated by normalizing the raw data. SPSS 16.0 (IBM) has been used
to perform the principal component analysis of the fiber samples.

Welch'’s t-test is a statistical method usually applied to the samples when the variance is not equal. This
allows sample discrimination on the basis of variance inequality. The significant value >0.05 indicates that
the two samples are not the same; as a result, different samples are discriminated [21].

Results and discussion. After extraction of the dyes from the fibers, UV-Vis spectra of each sample
were taken in the wavelength range from 400 to 700 nm (visible region), and absorbance maxima have been
noted. It was concluded that the NaOH solution extracts the maximum amount of dye from the cotton sam-
ples. However, in the case of the dyed woolen fibers, Formic Acid/Water provides better results in compari-
son to other solvent systems.

After selecting the best solvent for extraction, the conditions for the extraction were also evaluated. The
best dye extraction is obtained by heating the fiber sample in the oven for 15 min and the minimum extrac-
tion is shown by vortexing the fiber sample. The result of the UV-spectra shows the order of extraction as

Oven >Hot Plate > Water Bath > Sonication > Vortex.

Discrimination of cotton fiber samples by using UV-Vis spectroscopy. The discrimination power as
given by Smalldon and Moffat [22] is calculated by comparing the visual features of the individual dye spec-
trum after analysis by a UV-Vis spectrophotometer. Eleven black cotton samples were analyzed to determine
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the chemical variation in the black dye. The result of the UV-Vis spectroscopy shows that different peaks are
observed for different samples as shown in Table 1.

TABLE 1. Cotton Fiber Samples Showing the Presence of Absorbance Band at Particular Wavelength
Ranges. The check (v') marks signify the presence of a peak at the mentioned wavelength ranges

Sample No Peaks showed by sample at different wavelengths
240-260 nm | 480-500 nm 590-610 nm Extra Peaks, nm
1 v 496, 324
2 v 293
3 v 4
4 v 4
5 v 4
6 v
7 v v 317
8 v v 317
9 v v 317
10 v v 317
11 v v 311

The discrimination power for these samples is calculated as follows
DP = No. of Sample Pair Discriminated x 100/ Total No. of Sample Pair

In the present case, the number of sample pairs not discriminated is 9 (samples 3, 4, and 5 having two
peaks in the ranges of 240-260 and 480—500 nm, respectively, with no extra peak, and samples 7, 8, 9, and
10 having peaks at 240-260, 590-610 nm and with an extra characteristic peak at 317 nm). Here, the number
of discriminated sample pairs is 46, and the total number of sample pairs is 55. Therefore, the discrimination
power =46x100/55 = 83.63% is achieved.

Multivariate discrimination. The discrimination power obtained through visual analysis is although sig-
nificant, but it can be enhanced by using chemometrics of the normalized spectral dataset. In chemometrics,
PCA is applied to see the variance present in the data, and it is also used to see the differentiation among the
samples under study.

The sample adequacy test gives a significant value, i.e., 0.65 and a p = 0.00 for the Kaiser-Meyer-Olkin
(KMO) and Bartlett's tests, respectively. At each step, new components are extracted and the valuable com-
ponents are selected with the help of the Kaiser criterion [23]. In the present study of cotton samples, the first
six components show an eigenvalue greater than unity in the rotation matrix solution, and hence, follow the
Kaiser criterion.
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Fig. 1. The scatter plot for the component loadings values of PC1 vs. PC3 for cotton (a) and woolen (b)
fiber samples.
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The result of the analysis of the spectra of cotton samples (black) shows that the first six components
describe 93.5% of the total variance in spectral features. To observe discrimination, a scatter plot has been
developed between important PCs. Since all the components extracted from the PCA analysis are uncorre-
lated, the scatter plot of PC1 versus PC3 is enough to explain the pairwise discrimination of fiber samples.
The plot shows clearly distinguished fiber samples in all three different groups, i.e., D, E, and F as shown in
Fig. 1a. Therefore, 100% pairwise discrimination is obtained by using chemometrics.

Discrimination of woolen fiber samples by visual inspection. UV-Vis spectral analysis of the woolen
fiber samples has been performed, which shows clear differences in the spectral features of different fiber
samples as shown in Table 2. Here, the total number of sample pairs is 105 and the number of sample pairs
discriminated is 99. The number of sample pairs that show similar types of visual characteristics and hence
are not discriminated is 6 (sample W5, W8, W9, and W10). Therefore, the discrimination power for the
woolen fiber samples is 99/105x100 = 94.28%.

TABLE 2. Absorption Wavelength Shown by Woolen Samples along with Some Extra Peaks.
The check (v') mark shows the presence of a peak at particular wavelength ranges

Sample No. 215-225 nm 245-255 nm Extra peak, nm
Wil v
w2 v 214
W3 v v 572
w4 v 367,517
W5 v 590
W6 v v 365
w7 v
W8 v 494
W9 v 492,370
W10 v 576
W11 v v 544, 488
W12 v 370, 568
W13 v 392
W14 v v
W15 v v 451

Multivariate discrimination. The value of the Kaiser-Meyer-Olkin test comes out significant, and hence
PCA is applied to all spectral datasets. These spectra analysis shows that the first three components in the
rotation solution show 98.89% variance among the spectral features of the woolen fiber samples as shown in
Table 3. After the first three components, the eigenvalue is dropped to unity, and hence the rest of the com-
ponents are not included for further analysis [24].

The discrimination is calculated by plotting the scatter plot between PC1 versus PC2. All the samples
are divided into two groups labeled as Al (samples W1, W2, and W14) and B1 (samples W3-W13 and W15).
Group A1 shows samples clearly distinguished from each other. However, group B1 shows the discrimina-
tion of all samples except for samples W4, W7, W11, and W12. These four samples show pairwise overlap-
ping, i.e., W4/W11 and W7/W12. Therefore, these samples are not distinguished by chemometrics, as shown
in Fig. 1b. Thus, the pairwise comparison gives the discrimination power of 98.10%, since only two pairs of
samples are not discriminated by PCA.

TABLE 3. Result Showing Total Variance Explained by the First Three Important
Principal Components for Woolen Fiber Samples

C " Initial Eigen values Rotation Sums of Squared Loadings
omponeh Total |Variance, %| Cumulative, % | Total | Variance, % | Cumulative, %

1 14.27 95.16 95.16 7.93 52.86 52.86

2 0.41 2.72 97.88 4.74 31.59 84.45

3 0.17 1.12 99.00 2.17 14.45 98.90

4 0.051 0.341 99.34 0.06 0.40 99.30
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Discrimination by using Welch’s t-test. The scatter plot of the woolen fiber samples showed that sam-
ples W4/W11 and W7/W12 overlapped. Now, to verify that these samples are similar or not similar, the
Welch’s #-test is used for a pair of W4/W11 samples, and the outputs are shown in Table 4. The Welch’s
t-test value signifies that both pairs of the sample are not the same. If these samples are similar, then the
value of the Welch’s #-test must be <0.05. This value comes out to be greater than 0.05.

TABLE 4. Results Obtained through Welch’s ¢-Test

Parameter Welch Brown-Forsythe
Statistic 0.00 0.00
degree of freedom 1 1 1

degree of freedom 2 1199.37 1.00
Significat p-value 1199.37 1.00

Similar results are obtained for the sample pair of W7/W12. All the woolen fiber samples are separated
out by using a combined approach to the PCA analysis and Welch’s #-test. Therefore, 100% pairwise
discrimination is achieved by using this method. This approach provides a better validation method to check
the similarity/dissimilarity between the fiber samples.

Conclusion. The current work describes a cost-effective and reliable quantitative method for discrimi-
nation of cotton and woolen fibers by using UV-Vis spectroscopy in combination with principal component
analysis. In this research, a sequence of examination methods is chosen in order to obtain the best possible
discrimination. NaOH and formic acid/water provide the best extraction of dyes from cotton and woolen
fibers, respectively. The extraction efficiency is increased under controlled heating temperature (oven at
100°C). The incorporation of chemometrics has provided enhanced discrimination (100% for cotton and
98.10% for woolen) compared to manual discrimination. The result of the Welch’s #-test rejects the null hy-
pothesis, which illustrates that all woolen samples are differentiated giving 100% discrimination.
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