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ABSTRACT: Using a dtatistical analysis of infrared dichroic ratio
data and fiber morphology, 32 polyester fiber samples were classi-
fied into 22 unique individua fiber groups and five paired fiber
groups. This classification was based on discriminant analysis of
infrared dichroic spectra, differencesin fiber diameters, and varia-
tions in cross-sectiona shapes. Using only the infrared dichroic
data, the fibers were sorted systematically into 13 infrared groups.
A model for discriminant analysis was derived and tested using
2640 infrared dichroic ratios calculated from 5280 quantitative
absorbance measurementsfrom singlefiber spectra. A tentative pro-
tocol is recommended for fiber sorting. The 32 different polyester
fibers that were analyzed represented five U.S. manufacturers.
Because polyester fibers are the most common synthetic fibers,
differentiating single fibers isimportant in comparisons of forensic
trace evidence.

KEYWORDS: forensic science criminalistics, fiber analysis, Four-
ier transform infrared (FT-IR) microspectroscopy, polarization,
dichroism, infrared, discriminant analysis

Individualization of undyed fibers within a generic class is the
ultimate challenge to the forensic fiber analyst. In some cases,
physical characteristic and other microscopical features are used
to distinguish fibers, but rarely is it possible to reach the goal of
individualization. When chemical differences occur in the polymer
or on the fiber's surface, single fiber infrared microspectroscopy
(IMS) may reveal those differences (1,2). The problem of classifi-
cation is exacerbated for the generic class of polyester (polyethyl-
ene terephthalate, PET) for which, with only a minor exception,
the chemical composition is unvaried. In this case, conventional
infrared spectroscopy has been of little help. The work reported
here demonstrates the potential of using polarized IMSto differen-
tiate among PET fibers.

While the chemical composition of a fiber can be determined
fromitsinfrared absorption spectrum, its processing history can be
revealed in the fiber’ s orientation. The dichroic ratio at a particular
infrared absorption band results from orientation of macromole-
cules with respect to each other and with respect to the longitudinal
axis of the fiber. Previously, we reported the results of systematic
infrared dichroism studies of these effects on single polyester and
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other polymer fibers elongated under carefully controlled drawing
conditions on the microscope stage (3,4). Polymers previously
studied elsewhere by infrared dichroism include polyester, acrylic,
polypropylene, and nylon (5-11).

Experimental

The equipment used in this project was an integrated FT-IR
microspectrometer (IRws® Spectra-Tech, Shelton, CT). The IRu.s®
was equipped with a 600 lines/fmm, zinc selenide wire grid polar-
izer. The angular position of the polarizer was adjusted manually
with adial micrometer attached to a rack and pinion drive. Fibers
were placed in the optical beam unsupported. For each fiber the
infrared (IR) spectrum was scanned from 4000 cm™~* to 600 cm™2.
Two hundred fifty-six scans were coadded, and the optical resolu-
tion had a nominal value of 4 cm~*. The sample area for single
fiber measurement was 12 X 48 pm. The same aperture size was
used for both the fiber and the background. Theratio of the single-
beam spectrum obtained from the fiber to the background spectrum
obtained for the respective polarizer orientation was calculated.
Spectrawere plotted in either transmittance or absorbance (12—14).

The dichroic ratio was obtained for each absorption band of
interest by dividing the parallel absorbance by the perpendicular
absorbance (11). The absorbance value was measured as the peak
height after baseline correction. The absorbance at selected wave-
lengths was obtained with the polarizer perpendicular to the longi-
tudinal axis of the fiber. Subsequently, without changing the
position of the fiber, the polarizer was rotated 90 deg so that it
was parallel to the fiber axis. Previous experimentation with single
fibers of PET revealed eight useful absorption bands (Fig. 1) for
the measurement of dichroic activity. These included 876 cm™?
(phenyl C—H band out-of-plane), 973 cm™1 (C—O stretch of trans
ethylene glycol unit), 1376 cm~* (CH, wagging), 1455 cm™* (CH,
bending), 1505 cm~* (phenyl C—C stretch, in-plane), 1579 cm~?
(phenyl C—C stretch), 1960 cm™? (1,4-substituted phenyl over-
tone), and 3435 cm™! (C=O0 stretch overtone). Because of the
fiber thickness, many of the mid-infrared absorption bands (1724
cm~%, 1408 cm™?, 1338 cm™?, 1261 cm™1, 1017 cm™?) were too
highly absorbing to be used for quantitative measurements (15,16).

Fiber Samples

A collection of 80 different PET fibers was obtained including
those manufactured by five different companies in the United
States. These included different deniers ranging from 1.5 to 18,
with most of the fibers within the range of 1.5 to 7.5 denier. This
set represented arange of commercial fibers expected in fiber evi-
dence.

From this large collection, a calibration subset of 33 fiber types
was selected to construct a discriminant analysis model (Table 1).
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FIG. 1—Polarized infrared spectra of single polyester fiber with the polarization rector oriented parallel (upper) and perpendicular (lower) to the

fiber axis.

The goal was to determine if PET fibers from U.S. sources could
be sorted into subgroups by discriminant analysis. Fibersfrom each
manufacturer with a range of the denier values was selected. An
attempt was made to have proportional representation of the fibers
by their manufacturer. As a result, some large manufacturers with
widely distributed products had a higher proportional representa-
tion than smaller manufacturers who have a smaller market share
in the United States. Because the polyester fibers had different
deniers, arange of different diameters was represented in the cali-
bration set. In addition to fibers with a round cross section, the
collection included those with trilobal, triangular, doughnut, and
pentalobal shapes. Whenever more than one shape was present
within one denier, then all the shapes were included. Because dyed
fibersare classified by their color, the polarized spectroscopic data-
base used here included only undyed PET fibers. This subset of
33 fibers was considered to represent the variables found in the
master collection.

Dichroic Spectral Data Collection

Infrared dichroic spectral data were collected using the follow-
ing procedure. Each of the 33 samples consisted of a bundle of
fibers. Ten single fibers were separated from each bundle and

mounted on aspecial fiber sampleholder. The25 X 75 mm sample
holder was fabricated from a 1 mm thick plastic sheet. A row of
ten holes (2 mm diameter) was drilled in it. The underside of each
hole has a 90° counter-sink opening. The ends of each single fiber
were taped down on both sides of the hole. Each of the ten single
fibers spanned its own hole on the mounting device. Care was
taken not to stretch the fiber while mounting to avoid changing
its optical polarization characteristics.

When mounting individual fibers, the fiber axis was aligned
paralel to the vertical crossline of the eyepiece reticule. In this
orientation, the fiber axis is parallel to the infrared polarization
direction. The spectrum of each fiber was collected with the
infrared polarizer in one orientation, then the polarizer was rotated
90° to the opposite orientation, and the spectrum was collected
again. Reference background spectra, collected previously at both
polarizations, were used appropriately to determine ratios and
obtain absorbance spectra at each polarizer position. In a similar
manner, polarized spectra of each of the other nine single fibers
from the same fiber bundle were collected. This procedure was
repeated for each of 33 samples to produce 660 spectra (one of
each polarization) and 330 dichroic ratios for each of the eight
absorption bands of interest.



TABLE 1—Polyester fibers from which polarized spectra were
obtained by single-fiber FT-IR microspectroscopic techniques.

Sample Diameter,
No. Manufacturers Type Denier pm Shape
1 DuPont 57 21 13-16 round
2 DuPont 76 15 45 doughnut
3 DuPont 278 44 24 doughnut
4 Hoechst 270 6.0 26 round
5 Hoechst 296 4.7 24 round
6 Allied N43-30 5.2 25.1 round
7 Allied N43-30 12 38.1 round
8 Celanese T-728-2 20 15.6 round
9 DuPont 56 4.4 20-22 round
10 Celanese T-708 2.7 18 trilobal
11 Allied N44-100 5.2 25.1 round
12 Celanese T-278-1 2.0 15.6 trilobal
13 Celanese T-700 4.6 234 round
14 BASF 8380 2.2 16.3 round
15 BASF 25 174 round
16 Hoechst 220 3.0 19.0 round
17 Allied N32-32 6.8 28.6 round
18 Hoechst 294 15 42.6 pen-
talobal
19 DuPont 232 4.4 18-32 round
20 Allied N23-30 7.0 29.0 round
21 DuPont 55 21 15.0 round
22 DuPont 62 21 15-19 trilobal
23 Hoechst 141 2.3 16.5 trilobal
24 Hoechst 625 4.7 23.8 pen-
talobal
25 Allied N25-5 7.1 29.4 round
26 BASF 7151 31 194 triangular
27 BASF 7444 31 19.3 round
28 BASF 5.0 24.6 round
29 Celeanese T-777 2.0 153 round
30 DuPont 54 23 16.5 round
31 DuPont 56 2.2 155 round
32 Allied N51-33 5.2 25.1 round
33 Hoechst 618 4.7 238 pen-
talobal

Note: This collection was assembled before the merger of the Hoechst
Corp. and Celanese.

Note: Even though diameter measurements are not typically used to
designate the size of noncircular, they were provided by Collaborative
Testing Services, Inc. and, therefore, areincluded in this study for informa-
tion purposes.

Because of variations in fiber geometry, manufacturing defects,
mechanical damage and sample preparation, a single measurement
is generaly insufficient for quantitative evaluation in single fiber
infrared analysis. Single fiber dichroic ratio data of individua
fibers from a single sample illustrate the issue of precision (Fig.
2). If asingle fiber measurement deviates outside specific limits
of variation from the mean values, then it is defined as a spurious
data point. Spurious data points are revealed using both a k-nearest
neighbor and a simple mean with standard deviation computation
function applied to the full eight-dimensional experimental data
set. Either of these statistical tools could be used as a preliminary
data-filtering step prior to discriminant anaysis.

A single infrared measurement of a fiber's dichroic ratio may
be spurious, placing it into the wrong group. When the same Maha-
lanobis distance calibration equation was applied to the average
value of five dichroic ratio measurements for each fiber sample,
false group assignments were eliminated. Therefore, averaging the
five dichroic ratio measurementsis necessary to produce areliable
data point for group assignment for any sample. It is important to
emphasize that in case work, aminimum of five replicate measure-
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ments of the dichroic ratio must be averaged to refine the data
and detect any spurious measurements. If a single fiber shows no
evidence of mechanical deformation or unusual optical retardation
patterns, and is more than 1 mm long, then the five replicate mea-
surements may be made on this fiber. Replicate measurements can
detect spurious data points and eliminate erroneous group assign-
ment.

Satistical Analysis

Dichroic ratio data calculated from polarized infrared single
fiber spectrawere statistically analyzed using the Mahalanobisdis-
tance discriminant analysis routine developed and discussed by
Mark (17) [Bran+Luebbe Analyzing Technologies, (formerly
Technicon Industrial Systems) IDAS software, Version 1.40, Revi-
sion D]. Canonical variables and stepwise discriminant statistical
analysis procedures, available in the SAS/STAT® statistical pro-
gram (18), also were used to test the discriminant analysis.
K-nearest neighbors (SAS/STAT®) aso was employed.

Results

Discriminant Analysis Applied to Multivariate Dichroic
Ratio Data

Discriminant analysisis a statistical method for separating com-
plex datainto correlated data sets (17). When adiscriminant analy-
sisroutine is used, the group to which each member of the training
set belongs must be designated. |n caseswhere specific information
isknown, groups can be assigned. In this case, no advanceinforma-
tion, such as draw ratios or relative wind-up speeds, was available
from the fiber sources. Without such information, only empirical
spectroscopic polarization dataresulting from this experimentation
were used for the training set group designation. A ‘‘bootstrap’’
approach to group selection was applied.

A simple plot of the dichroic ratio data was made to observe
the distribution of the dichroic ratios for each of the eight selected
absorption bands (Fig. 3). The dichroic ratios are greater than 1
for some bands and less than 1 for other bands. At the absorption
band of 973 cm™2, the dichroic ratios ranged from 1.12 to 3.07.
At the 3435 cm™? band, the dichroic ratios ranged from 0.35 to
0.89. Preliminary observation led us to list the data in order of
dichroic ratios and to observe a reasonable spread in the values.
Subsequently, two-dimensional scatter plots were made to look
for a natural clustering. This was done for each combination of
absorption bands. Four absorption bands displayed significant
groupings (Fig. 4). From athree-dimensiona plot (Fig. 5) involv-
ing the dichroic ratios of three infrared absorption bands (973
cm™1,876 cm™?, and 3435 cm™1), apreliminary divisioninto eight
groups was made.

Application of the Mahalanobis Distance Discriminant Analysis

The Mahalanobis distance was used to further classify the poly-
ester fibers. Dichroic ratio data calculated from polarized IR spec-
tra of each of the 33 fiber samples were used to calculate the
Mahalanobis distances. These are the distances in standard devia-
tion units from each point to the centroid of each group in multidi-
mensional hyperspace. The preliminary division of eight groups
(Fig. 5) gave areasonable percentage of **hits’’ on the first attempt
to apply the discriminant analysis expression produced to each
member of the training set. For this discussion a**hit’”’ is defined
as a Mahalanobis distance of three or less. From the preliminary
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FIG. 2—Dichroic ratios of five replicates for eight dichroic absorption bands showing the precision of one particular fiber sample. The dark circle

is the average of five replicates.

1 973 cm’”
3.0 4 ©
25
| 1505 cm™? 1579 cm’!
o 20 1455 cm’ B
5
1960 cm’
-g 15-
| .
S 1 1376 cm’" 1
Q 104 876 cm’™ 3435 cm
0.5
0.0

FIG. 3—Dichroic ratio distribution for five replicates of 33 fiber samples. Each data point is one replicate.

test, seven rather than eight groups were formed, and some mem-
bersof theinitial groupswere redefined to the other groups. Several
iterations were involved. After each selection of groups, the dis-
criminant analysis search routine was used to select the absorption
bands that served best to discriminate among polyester fibers. A
calibration equation was produced.

The Mahalanobis distance from each of seven groups was found
for each of 160 dichroic ratio data sets (i.e., 5 replicates of 32
samples). A fiber was considered a member of a particular group
when its Mahalanobis distance from that group was the minimum
value and less than three (Table 2). Also, it was considered to be
definitely excluded from any group when its Mahalanobis distance

was greater than three. Of the 33 fiber samples in the calibration
set, the dichroic ratio data for sample 32 were highly variable and
this sample was excluded from the set. Of the remaining 32 fiber
samples, three were considered as individua groups.

Using the 29 remaining fibers samples, a new calibration equa-
tion was calculated. In this first stage, the dichroic ratios of three
absorption bands were selected. The 145 dichroic ratio sets for
each of the eight absorption bands (i.e., 5 replicates of 29 samples)
were used to generate the calibration equation coefficients. This
produced a Mahalanobis distance of each of the 145 fibers (corre-
sponding to 29 samples) from the centroid of each of the seven
groups. Discriminant analysis of dichroic ratios at these three
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absorption bands with the seven newly defined groups produced
133 hits in 139 tries (when only dichroic ratio data of individual
fibers were used).

The classification based on the lowest numerical value of Maha-
lanobis distance was correct, and 29 hits for 29 tries were obtained
using one subset (when average data of five replicates were used).
Also, 100% hitsresulted when this classification scheme wastested
with the validation subset. When all Mahaanobis distances for
both sets of data (Tables 2 and 3) were compared, we are confident
inall of the assignmentswith the exception of samplesno. 2 and no.
5. The classification of these samplesinto group G-1 was margina,
because they also had Mahalanobis distancesfairly closeto another
group, E-1. The classification among five of seven primary groups
was excellent. Although potential overlap existed between two of
the seven primary groups, misclassification did not occur.

Because three of the seven initial primary groups were close
together, all samples assigned to groups D-1, E-1, and F-1 were
pooled for a second-stage discriminant analysis. The 55 dichroic
ratio data sets were divided into six new groups by using the itera-
tive process previously described. Using these six new groups,
a second-stage calibration of Mahalanobis distances was made.
Starting with the eight different absorption bands having signifi-
cant dichroism, a new three-absorption band calibration equation
was generated. This new discriminant analysis equation was
applied to the 11 samples (i.e., averages of five replicates of each
sample), 100% hits occurred. At this point, the two-stage discrimi-
nant analysis scheme produced ten separate groups including the
four from the initial set (groups A-1, B-1, C-1, and G-1 in Fig. 6)
and six from the subgroup designed as &2, b-2, c-2, d-2, e-2, and
f-2 (Fig. 7). Datafrom averaged replicates are plotted to show four
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separate and three pooled groups from stage one (Fig. 6) and the
Six separate subgroups from stage two (Fig. 7).

When the two-stage discriminant analysis routine was applied
to the averaged data from five replicates of all 29 samples, each
fiber sample was placed in its correct group, resulting in 100%
hits. The same two-stage scheme applied to the verification set
(the averaged value of the last five replicates of the same fiber)
also resulted in 100% hits.

The three individual fiber groups excluded from the two-stage
analysis were tested by a third-stage discriminant analysis. The
resulting expression involved the same absorption bands asthe first
stage but different coefficients. Because these samples produced
dichroic ratios that were far removed from the other 29 in the first-
stage analysis, they were assumed to be one-of-a-kind samples. A
third-stage discriminant analysis reaffirmed the individua group-
ing previously inferred for each of these three samples by the first-
stage operation. These resulting individual sample groups are
shown in Fig. 5 as H-1, I-1, and J-1.

Discriminant Analysis Using Canonical Variables

Dichroic ratio data from 145 spectra were used to calculate
canonical variables (CVs). Given aclassification variable (groups)
and several quantitative variables (the dichroic ratios for eight
absorbance bands), the SAS/STAT® dtatistical program calculates
CVsthat summarize between-class variations (18). Canonical vari-
ables are linear combinations of the quantitative variables. In run-
ning this analysis, the initial seven groups, previously chosen and
employed in the Mahalanobis distance routine, were used along
with dichroic ratio data of the eight absorption band to calculate
CVs. From this calculation, six canonical coefficients were
assigned to each of the 145 fibers.

The SAS/STAT® routine also produced two-dimensional CV
plots. We selected those involving the first three CVs (CV1 vs.
CV2,CV1vs.CV3,and CV2vs. CV3). Oneachplot, theindividual
fiber data were denoted with aletter corresponding the predefined
groups, and the plots were examined for potential overlap. Each
of the CVsis acomposite incorporating al eight dimensions, and
this analysis also produced separation of the initial seven groups
with no overlapping.

TABLE 2—Mahalanobis distance from primary groups.

Sample
No. C1 G-1 D-1 E-1 F-1 A-1 B-1

1 0.81* 6.75 3.65 417 572 2.84 5.97
0.94* 6.44 3.63 3.93 5.54 3.18 5.97
2 6.97 1.87* 4.56 224 314 8.13 11.87
7.29 2.01* 4.76 2.56 3.22 8.38 12.20
3 4.83 2.86 3.36 126t 284 6.28 9.22
4.83 2.85 3.33 122t 282 6.27 9.24
4 535 2.59 4.01 120t 373 6.89 10.34
5.26 2.64 4.02 129t 379 6.84 10.24
5 5.63 1.95% 5.18 2.23 4.54 7.74 9.90
555 1.94* 5.04 2.07 4.43 7.63 9.89
6 7.56 1.74* 6.84 3.79 5.73 9.67 11.85
7.64 1.79* 6.93 3.88 5.80 9.76 11.91
7 8.03 1.95% 5.37 3.40 311 911 12.43
8.18 1.89* 554 3.50 3.29 9.29 12.63
8 4.78 3.78 191 1261 207 5.46 9.70
4.75 3.79 1.87 127t 201 5.42 9.63
9 0.83* 7.89 5.27 5.53 7.29 3.47 4.72
0.79* 7.81 524 547 7.24 351 4.69
10 0.79* 7.00 3.74 4.43 5.83 2.64 5.65
0.87¢ 7.16 3.74 4.57 5.90 244 5.61
11 5.35 1.94 4.56 155t  4.00 7.28 9.88
5.07 2.20 431 133t 390 6.97 9.66
12 3.95 5.10 0.85t 246 2.64 411 8.62
3.99 4.97 095t 235 2.55 4.23 8.66
13 430 11.20 6.70 8.50 9.23 2.69* 4.87
431 11.22 6.74 8.53 8.98 2.74* 4.77
14 3.02 8.49 3.62 577 6.10 0.82* 6.17
3.15 8.62 371 5.90 6.19 0.76* 6.21
15 5.65 7.17 190t 474 3.73 4.20 10.07
5.64 7.21 193t 477 3.45 4.22 9.89
16 1.14* 6.28 4.40 4.02 6.04 4.07 591
1.07* 6.36 4.43 4.09 6.09 4.02 5.83
17 7.45 1.25* 6.16 321 494 9.26 12.05
7.34 1.23* 6.04 3.10 4.85 914  11.96
18 7.12 334 3.57 2.80 116t 755 11.76
7.22 334 3.66 2.88 127t 7.66 11.88
19 2.95 754 2.56 4.75 517 1.52* 7.16
3.00 7.63 2.63 4.84 524 1.45* 7.17
20 455  11.08 8.88 9.06 10.83 6.19 2.19*
460 11.20 8.92 9.15 10.90 6.16 2.16*
21 7.26 13.01 10.51 11.16 12.15 7.93 2.46*
6.98 12.65 10.18 10.81 11.79 7.70 2.36*
22 4.71 11.43 8.35 9.21 10.39 5.28 1.09*
513 11.90 8.77 9.66 10.84 5.58 1.10*
23 1.21* 8.44 541 6.00 7.58 3.06 4.41
1.26* 8.50 5.47 6.05 7.64 3.10 4.37
24 8.91 2.38* 7.10 4.72 5.06 10.48 12.79
8.93 2.36* 7.10 4.72 5.05 10.49 12.82
25 4.16 4.83 107t 228 2.35 4.44 8.76
4.16 4.93 1.0t 239 2.38 4.37 8.74
26 451 3.89 1.98 122t 247 528 9.52
451 3.84 2.00 117t 246 531 9.51
27 371 8.66 3.46 5.86 6.09 1.14* 7.37
3.54 8.71 3.58 591 6.21 0.89* 7.12
28 6.02 447 2.09 2.80 0.60t  6.03 10.49
6.08 4.46 2.20 2.80 052t  6.13 10.53
29 6.38 4.66 2.45 3.20 0.66t  6.31 10.71
6.42 4.55 2.54 3.16 059t 641 10.75
30 3.64 6.42 3.56 4.08 4.05 3.59 7.13
3.57 6.55 3.58 417 417 344 7.04
31 4.86 6.67 5.80 5.64 6.37 6.21 6.40
4.84 7.00 594 5.72 6.45 6.30 6.12
32 7.04 3.26 7.28 451 6.45 9.49 10.36
6.88 3.43 7.25 4.53 6.49 9.36 10.12

33 4.71 3.98 1.72 1.88 1.83 534 9.26
4.66 412 1.67 1.78 1.83 520 9.26

* Primary group assignment.

T Assignment deferred to second stage.

Note: Each MD is calculated from average dichroic ratios of five repli-
cates.

Note: The bottom row of MD beside each sample number was from
the verification set of measurement and the average of five replicate
dichroic ratios.

Samples 30, 31, 32—for third stage analysis.

Sample 33 had a bad precision.



TABLE 3—Mahalanobis distances from secondary groups.

Sample
No. a2 b-2 c-2 d-2 e2 f-2
3 2.09* 354 6.30 3.49 5.62 5.76
1.80* 3.92 5.88 3.23 5.33 5.48
4 4.30 7.36 4.62 0.60* 6.31 5.47
435 7.43 459 0.59* 6.38 5.59
8 1.37* 577 4.05 2.85 3.71 3.75
1.15* 5.59 4.20 3.00 3.68 3.81
11 3.69 6.37 5.00 0.60* 6.34 5.85
3.58 6.10 5.16 0.94* 6.39 5.99
12 4,88 0.00* 9.65 6.86 7.91 8.29
5.09 0.24* 9.86 7.01 8.09 8.44
15 2.02* 6.84 6.18 5.88 3.26 4.42
1.98* 6.93 6.13 5.86 3.24 443
18 4.29 8.29 4,75 5.63 2.33 0.00*
4.38 8.27 4.95 5.66 2.52 0.24*
25 1.75* 6.33 3.78 4.60 3.21 450
1.84* 6.38 3.81 4,74 3.18 452
26 4,88 9.65 0.00* 4,78 4.67 4,75
4,84 9.61 0.04* 4,75 4.45 474
28 3.99 8.53 3.80 6.26 0.87* 2.49
4,06 8.58 3.84 6.31 0.88* 248
29 3.47 7.34 5.20 6.45 0.89* 2.49
347 7.35 5.20 6.45 0.89* 249

* Secondary group assignment.

3435 cm™!

FIG. 6—Seven groups identified from first-stage discriminant analysis
based on three absorption bands. Each data point is the average of five
replicates.

Among the seven primary groups that were successful for Maha-
lanobis discriminant analysis, a three-dimensional (3-D) plot of
CV1, CV2, and CV3 (Fig. 8) illustrates obvious group definition
and good separation of those groups. This independent result sup-
ported the grouping previously used for the Mahalanobis distances
discriminant analysis procedure. Thus, incorporating the eight-
dimensional information into CV s supported the earlier assignment
of groups based on dichroic ratios of three absorption bands of
each fiber.

Sepwise Discriminant Analysis in SASSTAT® Satistical
Program

In a stepwise discriminant analysis, the significance of the eight
absorption bands that provides the best discrimination can be
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973 cm?

1376 cm-1

FIG. 7—Sx subgroups classified by second-stage discriminant analysis
of data pooled from groups D-1, E-1, and F-1 resulting from the first-
stage discriminant analysis separation shown in Fig. 6.

CAN1
-CAN3
7/
’
) $ 4
° s
o © ,/
[ ° ,o .
o o ® ’ (=11
e o ® % &, o
L ] L ] L PS q 10’ ° (=]
[ 4
- f‘_.!ﬂ._ L ® ° e ¢
-CAN2 & */. ;‘ ¢ ¢, ©CAN2
[ ]
$op L
R TR
. " %’Q Py ® o
[ £e
» 4 @ L 4
- » ™~ ,o o #® .
e v‘ - : ®
LAk I
Pe i
* zo
CAN3 - :
» '
i
hd -CAN1

FIG. 8—Three-dimensional plot of three canonical variables (CV1,
CV2, CV3) showing the same seven groupings that were used in the first-
stage Mahalanobis distance discriminant analysis.

decided by a forward selection process. Forward selection began
with no variables in the model. It then built a model by selecting
variables (dichroic ratio by absorption band). The variable entered
in the model was dependent on the level of significanceit contrib-
uted to the discriminatory power of the model. Only one variable
could be entered into the model at each step. The forward selection
process stopped when the new variables could not meet the entry
criterion to improve the discrimination of the samples (17).
Results of applying this statistical procedure further supported
the order of importance of the absorption bands that we used in our
method devel opment. Stepwise discriminant analysis (18) selected
dichroic ratio datafrom the same four absorption bands (973 cm™?,
1376 cm™1, 3435 cm™1, and 1960 cm~1) and ranked them in order
of their significance. These are the same four absorption bands
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independently selected by Mahal anobi's distance discriminant anal -
ysissearch routines. This coincidence of selection of discriminators
added support for the results from our multistep Mahalanobis dis-
tance discriminant analyses. Of the absorption bands selected in
that analysis, the first three were employed for the first-stage dis-
criminant analysis, and the first two and the fourth were employed
for second-stage analysis. Both the CV's and stepwi se discriminant
analysis data support our Mahalanobis distance analysis protocol,
including the choice of absorption bands and the group assign-
ments.

Classification Combining IR Grouping and Morphology of the
Polyester Fibers

From M ahal anobis distance discrimination analysis based on the
infrared dichroic ratio data, ten multiple-sample groups plus three
individual groupswere defined. Because of different diameters and
cross-sectional shapes of these 32 samples, further classification
of PET fibers was made (Table 4). Six different diameter groups
and five different cross-sectional shapes were used to separate the
samplesin the IR groups. For example, four different sampleswere
classified in the A-1 group based on their dichroic activity. When
the diameter and cross-sectional shape were considered, these four
fiber samples were separated into four different final groups. These
final group assignments are listed in Table 4. Following this
scheme, the 32 fiber samples were assigned to 27 fina groups.

TABLE 4—Individual classification of polyester fibers.

Final
Sample IR Diameter Grouping

No. Grouping Grouping Shape Assignment
13 A-1 3 R 1
14 A-1 1 R 2
19 A-1 6 R 3
27 A-1 2 R 4
20 B-1 4 R 5
21 B-1 1 R 6
22 B-1 1 T 7
1 C1 1 R 8
9 C1 2 R 9
16 C-1 2 R 9
10 C1 1 T 10
23 C-1 1 T 10
2 G-1 5 D 11
5 G-1 3 R 12
6 G-1 3 R 12
7 G-1 5 R 13
17 G-1 5 P 14
24 G-1 3 P 15
3 a2 3 D 16
8 a2 1 R 17
15 a2 1 R 17
25 a2 4 R 18
12 b-2 1 T 19
26 c-2 2 Tri 20
4 d-2 3 R 21
11 d-2 3 R 21
28 e2 3 R 22
29 e2 1 R 23
18 f-2 6 R 24
30 H-1 1 R 25
31 I-1 3 R 26
32 J1 3 R 27

Note: Diameter grouping assignments: 1 = 16 = 2 um, 2 = 20 + 2

wm,3=25+2um 4=30=*2um,5 =40 =+ 5um, 6 = vary.
Note: Shape grouping assignments: R = round, D = doughnut, T =
trilobal, P = pentalobal, Tri = triangular.

Among those groups, five contained two samples each. These five
sample pairs could not be separated by this analysis. Because 22
of the 32 fiber samples were grouped separately, these formed
unique classifications among the set of 32 PET fibers.

Summary

A discriminant analysis sorting procedure using infrared
dichroic ratio data provided a method for differentiating undyed
PET fiber samples. In aset of 32 PET fiber samples, the statistical
analysis of dichroic ratio data generated 13 groups. The PET fiber
classification was extended further when the fiber microstructural
morphology was used in addition to infrared dichroic ratio data as
discriminating factors. These fibers were separated into six differ-
ent groupsby their fiber diametersand five groupsby their different
cross-sectional shapes. When all factors were considered, 27 sepa-
rate group classes were defined. When the 32 fiber samples were
assigned to these final groups, 22 unique individual fiber groups
and five paired fiber groups were found. For PET fiber samples
assigned to the 22 unique groups, this final grouping provided
unique classification. Fiber samples assigned to each of the five
remaining groups could not be differentiated between the paired
fibers.

Spectra of ten single fibers were taken at both polarizations for
each of the 33 samples. The absorbance values were calculated
for eight absorption bands (876 cm~2, 973 cm™1, 1376 cm™1, 1455
cm~%, 1505 cm™?, 1579 cm~?, 1960 cm™?, and 3435 cm™?) at
both polarizations, providing 5280 quantitative absorbance mea-
surements. Examining the dichroic ratio data showed which
absorption bands produced the greatest difference. In particular,
2640 data pointsinvolving dichroic ratios were generated, of which
1320 data points were used in a discriminant analysis search.

A dichroic three-absorption band M ahal anobi s distance equation
used the absorption bands 973 cm™%, 1376 cm™1, and 3435 cm™?
for thefirst-stage discriminant analysis. The second-stage discrimi-
nant analysis used dichroic ratios of the 973 cm™%, 1960 cm™,
and 3435 cm~* absorption bands. When the averaged dichroic ratio
data for replicate measurements of validation samples were used,
100% correct assignment of groups resulted from the two-stage
discriminant analysis procedure. Dichroic ratio data for five repli-
cates of the same fiber samples were averaged at each of the indi-
vidual absorption bands. The same procedure used on averification
dataset from the pool of another 1320 dichroic ratios al so produced
100% hits. To avoid spurious data, a statistical means of looking
for outliers among the replicates was employed. Group assign-
ments used in the Mahal anobi s distance method that we devel oped
for PET fibers were supported by resulted of CV anaysis, for
which dichroic ratio data of all eight absorption bands were used.
The order of importance of absorption bands for discriminating
PET fiber samples established from the Mahalanobis distance
method was al so supported by SAS/STAT® stepwise discriminant
analysis results.

This classification method for PET fibers depends on measuring
infrared dichroic ratios, the selection of proper infrared absorption
bands, and atwo-staged statistical analysisof the data. In casework,
it is important to note that a minimum of five replicate measure-
ments of the dichroic ratio must be averaged to refine the data and
remove any spurious measurements. If a fiber shows no evidence
of mechanical deformation or unusual optical retardation patterns,
and is more than 1 mm long, then replicate measurements may be
made on this single fiber.



By obtaining 100% hits for this exemplar set of PET fiber sam-
ples, the present method demonstratesthe potentia of thisapproach
to PET fiber classification. Because PET polyester fibers are the
most commonly used commercia fibers in the world, the ability
to separatethe polyester into different classesisasignificant contri-
bution to examination of trace fiber evidence. It should be noted
that these results were obtained using undyed fibers. Effects of
dyeing or laundering could be important factorsin actual casework
fiber comparisons. The present data do not address any such poten-
tial effects.
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