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1. Introduction

This review paper covers advances in scientific methods applied to
Glass, Paint, and Tape reported since the 19th Interpol Forensic Science
Symposium in October 2019. The review includes peer-reviewed liter-
ature, published reports, books, and book chapters on the subjects.
Forensic examiners should also be aware of the publication of standard
practices, guides, and test methods (e.g., ASTM) and the developments
within the manufacturing industries, including production volumes,
production locations, and the current trends in the manufacture of these
widely used materials.

The leading peer reviewed journals reviewed for this paper were
Forensic Chemistry, the Journal of Forensic Sciences, and Forensic Sci-
ence International. In addition, more than seventy (70) different
analytical chemistry or other science journals have published peer-
reviewed communications on the advances in forensic paint, tape, and
glass examinations in the past 3 years.

Jeff Teitelbaum, Forensic Research Librarian at the Florida Interna-
tional University’s Global Forensic and Justice Center, contributed with
the primary literature search using keywords for forensic paint, glass,
and tape. In addition, literature from several search engines such as
Science Direct, SciFinder, Web of Science, and Google Scholar from the
last three years were also considered. The literature review is primarily
focused on peer-reviewed articles and books published since the summer
of 2019 to the summer of 2022.

This review made evident a growing interest in the trace evidence
community on chemometrics and statistical interpretation of the data.
The increasing literature in this field can facilitate wider adoption in
operational forensic laboratories. Several studies have emphasized using
statistics for pattern recognition, data reduction and classifications,
optimization and validation of analytical procedures, and assessing the
evidential value of the traces. An array of methods was reported,
including principal component analysis, discriminant analysis, neural
networks, and likelihood ratios, to mention some.

1.1. Books, review articles, and consensus-based standards

Various books and book chapters on glass, paint, tape, and, more
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generally, trace materials evidence were published in the review period:

1) The first edition of the Handbook of Trace Evidence Analysis
contains seven chapters on trace evidence, including five perti-
nent to this review [1]. Chapter 1 focuses on trace evidence
recognition, collection, and preservation. Chapter 2 thoroughly
reviews polarized light microscopy for trace evidence, while
Chapters 3 and 6 focus on paint, polymers, and glass evidence,
respectively. Finally, Chapter 7 provides a discussion of inter-
pretation approaches in trace evidence.

2) The second edition of Paint Analysis: The Handbook for Study

and Practice discusses in detail the analysis of paints and coat-

ings, emphasizing analytical testing, sampling, failure analysis,
and quality control in the coating industry [2]. Part IV of the book
covers 12 chapters dedicated to analytical methods, including
optical light microscopy, fluorescence microscopy, infrared
spectroscopy, surface infrared spectroscopy, infrared microscopy,

Raman spectroscopy, time-of-flight secondary ion mass spec-

trometry, scanning electron microscopy, electron microanalysis,

X-ray photoelectron spectroscopy, thin-layer chromatography,

and gas chromatography-mass spectrometry.

The book Resins for Waterborne Coatings presents a compre-

hensive discussion of market trends, regulations, industry ter-

minology, and the chemistry and formulations of various resins
such as alkyds, epoxy, silicone, alkali silicates, amino resins, and

hardeners [3].

4) Chapter 21 of the third edition of Forensic Science: The Basics by
Siegel and Mirakovits discusses paint and fiber analysis funda-
mentals, including some case studies [4].

5) Chapter 14 of the 13th edition of Criminalistics: An Introduction

to Forensic Science, by Saferstein and Roy, provides an overview

of paint, soil, and metal evidence [5].

In Chapter 8 of the Analytical Pyrolysis Handbook: Examination

of Forensic Evidence, the authors describe the application and

interpretation of Py-GC-MS data for the forensic examination of
various trace materials, including architectural, industrial, and
automotive paint, adhesives, rubbers, and plastics, to mention

some [6].
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7) Chapter 14 of the Practical Forensic Microscopy: A Laboratory
Manual outlines a laboratory exercise to develop basic skills on
general characteristics of paint by cross-sectioning, solubility
testing, and microscopic examination [7].

8) Chapter 5 of Crime Scene Management within Forensic Science
discusses the fundamentals of composition and analysis of paint,
soil, and glass evidence [8].

9) In Chapter 6 of the Forensic Science Handbook, Suzuki provides a
comprehensive discussion of the theory, instrumentation, and
interpretation of FTIR spectra, with two sections dedicated to
paints, polymers, and adhesives [9].

10) In Chapter 2 of the Forensic Science Handbook, Wright and
Thornton describes the forensic examination of pains [10].

Also, various review articles were published in the past three years.
In 2020, Trejos et al. wrote an overarching review on five trace sub-
disciplines: hair, fiber, tape, paint, and glass [11]. This review discusses
the current state of trace evidence, along with a historical evaluation of
the scientific foundations and advancements in the field.

In the same year, Lavine et al. presented a literature review of the
criteria used in forensic science to compare IR spectra [12]. The article
focuses on library searching (spectra comparison to a database), pattern
recognition for discrimination purposes, and the use of likelihood ratio
to assess the strength of spectral similarity in comparative analysis.
Various similarity metrics algorithms for library searching were dis-
cussed, including the correlation coefficients calculated from the
mean-centered absorbances or the absorbance values, the Manhattan
city block distance (absolute absorbance differences), and the Euclidean
distance. The authors recommended caution when using the hit quality
index to account for sample contamination, signal to noise, instrument
type, and measurement geometry. Linear and quadratic discriminant
analysis, support vector machines, SIMCA, and principal component
analysis are among the pattern recognition algorithms discussed in this
manuscript.

Duarte et al. published a comprehensive review of the automotive
paint analysis literature from 2010 to 2019, focusing on analytical
instrumentation and chemical analysis [13]. Among the methodologies
listed were the most utilized PLM, FTIR, Py-GC/MS, SEM-EDS, UV-Vis,
and XRF, and other newer methodologies in paint examinations using
Near Infrared, ICP-OES, ICP-MS, DART-MS, Fluorescence Microscopy,
Optical Coherence Tomography, SERS, and LIBS. Kaur et al. also pub-
lished a literature review on automotive paint focusing on instrumental
analysis from 2015 to 2020 [14]. Like the Duarte et al. review, the au-
thors agree on the techniques and relative frequency of publications per
methodology, with a large overlap in the citations provided.

Finally, in 2022, Bailey et al. published a review of analytical
chemistry focused on surface analysis in forensic science, including a
section on paint and glass literature in the past decade [15].

Among some of the consensus-based standard guidelines and prac-
tices that were recently published or updated during this review period
are:

1) ASTM E2808-21a Standard Guide for Microspectrophotometry in
Forensic Paint Analysis [16].

2) ASTM E1610-18 Standard Guide for Forensic Paint Analysis and
Comparison [17].

3) ASTM E2937-18 Standard Guide for Using Infrared Spectroscopy
in Forensic Paint Examinations [18].

4) ASTM E3234-20 Standard Practice for Forensic Paint Analysis
Training Program [19].

5) ASTM E3296-22 Standard Guide for Using Pyrolysis Gas Chro-
matography and Pyrolysis Gas Chromatography-Mass Spectrom-
etry in Forensic Polymer Examinations [20].

6) ASTM D5380-21 Standard test method for identification of
crystalline pigments and extenders in paint by X-ray diffraction
analysis [21].
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7) ASTM E3296-22 Standard Guide for Using Pyrolysis Gas Chro-
matography and Pyrolysis Gas Chromatography-Mass Spectrom-
etry in Forensic Polymer Examinations [22].

8) ASTM E3260-21 Standard Guide for Forensic Examination and
Comparison of Pressure Sensitive Tapes [23].

9) ASTM E3233-20 Standard Practice for Forensic Tape Analysis
Training Program [24].

10) ASTM E1967-19 Standard Test Method for the Automated
Determination of Refractive Index of Glass Samples Using the Oil
Immersion Method and a Phase Contrast Microscope [25].

11) ASTM E2330-19 Standard Test Method for Determination of
Concentrations of Elements in Glass Samples Using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) for Forensic Com-
parisons [26].

A list of the ASTM standards that have been approved by the Orga-
nization of Scientific Area Committees (OSAC) can be found on the Trace
Materials Subcommittee of the OSAC: https://www.nist.gov/organizati
on-scientific-area-committees-forensic-science/trace-materials-sub
committee.

Moreover, the ENSI Paint and Glass Working Group has developed
the following best practice manual and guidelines:

12) EPG-BPM-001 Best Practice Manual for the forensic examination
of paint [27].

13) EPG Guideline-001 Guideline for the initial inspection search and
recovery of forensic paint samples [28].

14) EPG Guideline-002 Guideline for the forensic examination of
paint by FT infrared spectroscopy [29].

15) EPG Guideline-003 Guideline for the forensic examination of
paint by Raman spectroscopy [30].

16) EPG Guideline-004 Guideline for the forensic examination of
paint by SEM-EDS [31].

17) EPG Guideline-005 Guideline for the forensic examination of
paint by Pyrolysis GC-MS [32].

1.2. Paint evidence

1.2.1. Analytical methods and spectral comparisons

FTIR spectroscopy is an informative and rapid technique that enables
the non-destructive analysis of small samples. Thus, it is not surprising
that IR spectroscopy continues as one of the techniques more widely
reported in the literature for paint examinations, although many other
techniques are being investigated. Raman spectroscopy is the second
most used technique described in the paint literature.

In 2021, Kwofie et al. demonstrated the advantages of a sample
preparation approach that avoids embedding media and therefore pre-
vents spectral interference from the epoxy casting material [33]. In this
study, they perform the paint cross-section by securing the paint chip
between two rigid pieces of polyethylene before cutting in the micro-
tome. Then, the authors performed IR image maps of the automotive
paint fragments. The spectra of the individual paint layers were recon-
structed by alternating least squares (ALS) and compared against a li-
brary. Superior library matches were feasible with the proposed method
compared to embedding the paint in epoxy for microtome
cross-sectioning. In a follow-up study, the same group evaluated the
FTIR and machine learning algorithms for the make/model classifica-
tion of OEM automotive paints [34]. The validation dataset consisted of
4-layer paints from the RCMP collection from 26 OEM vehicles
(2000-2006). The results showed that the machine learning approach
using search prefilters to focus on binder signatures could be applied to
the ALS reconstructed IR spectra of each layer to identify OEM paint
manufacture information.

In 2021, Suzuki published a series of papers describing his work on
the characterization of perylenes organic pigments by FTIR [35-38].
The survey included OEM automotive paints from 1974 to 2019,
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obtained from the CTS Reference Collection of Automotive Paints, paint
manufacturers, the FBI Laboratory National Automotive Paint File, local
automobile rebuild shops, and vehicles in salvage yards. In the first
manuscript, the author thoroughly discusses the FTIR spectra and main
functional groups of five perylenes, information about finishes con-
taining these pigments, and strategies to identify the perylenes when
present with other components, including red mica. This study was
focused on Perylene Red Y (C.I. Pigment Red 224), which was found
mainly in vehicles manufactured before 1989 [35].

A second manuscript describes the characterization of Perylene
Maroon (C.I. Pigment Red 179), a pigment commonly found in red o
maroon metallic basecoats [36]. The study also describes the IR iden-
tification of red alumina pearlescent pigment found in finishes manu-
factured after 2000. The IR spectra of 143 red or maroon metallic OEM
basecoats were examined, and the Perylene Maroon was found to be
prevalent in these finishes. A third publication reports the identification
of Perylene Bordeaux (C.I. Pigment Violet 29) [37]. This pigment was
found in both metallic and nonmetallic automotive finishes with maroon
hues. Unlike the other two perylenes previously discussed, perylene
Burdeaux is used in light to medium amounts and combined with other
pigments, making the IR identification less straightforward. A variety of
examples of IR spectra with pigment combinations are illustrated and
discussed. The fourth perylene, Perylene Red (C.I. Pigment Red 178),
was found exclusively in nonmetallic finishes with red hues [38]. This
pigment was used in OEM finishes from 1984 until the early 1990s.
Overall, this series of publications provide information about the use of
IR spectra to identify these commonly used pigments, along with stra-
tegies that can be used in casework for comparative analyses and vehicle
identifications.

Various paint discrimination studies have been reported in this
period. In 2020, the Forensic Chemistry and Physics Laboratory in
Singapore conducted an in-house population study of 256 vehicle paints
of six major colors [39]. After examination and comparison by micro-
scopy, SEM-EDS, and FTIR, 99.98% of the paints were differentiated. In
addition, a population study of the automotive distribution in Singapore
was obtained from data from the local transport authority, surveys
conducted on random vehicles, and the laboratory collection of auto-
motive paint samples. Distributions of makes were compared to those
reported in the literature for Australia, US, and Canada, with notable
differences observed. Higher relative percent of Toyota and Honda
makes were documented in the Singapore survey, while no General
Motors were observed, which was predominant in the other compared
regions. Substantial differences were also observed in the frequency of
decorative flakes on black topcoats compared to other published studies,
indicating the importance of using region-relevant information to
interpret paint evidence.

Sharma et al. [40] studied the discrimination of sixty red spray paints
from 20 manufacturers by ATR-FTIR and principal component analysis
(PCA). Data pre-processing for PCA included baseline offset and linear
baseline correction, smoothing with Savitzky—Golay and second poly-
nomial order, normalization by range, and multiplicative scatter
correction (MSC). PCA achieved correct discrimination of all samples
and correct classification of eight blind paints. Among the substrates
examined, cement, fabrics, and paper produced poor spectra due to the
matrix interferences, while gloves, metal, plastic, leather shoes, tile,
wood, and hair substrates all rendered good results and similar spectra
to the neat spray paints. Good reproducibility was reported for the
intra-brands samples (three per brand).

He et al. reported using Microscopic Laser Raman spectroscopy
(MLRM) to compare white architectural paints [41]. Analyzing 252
architectural paints from seven manufacturers using Bayes discriminant
analysis yielded 100% discrimination of the samples. The data pre-
processing that provided the best results included Newton interpolation
polynomial correction combined with Savitzky-Golay and polynomial
smoothing. Principal component analysis was used to reduce data
dimensionality, and Bayes discriminant analysis (BDA) and multilayer
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perceptron neural network (MLP) were evaluated for sample classifi-
cation. The study demonstrated the utility of MLRM for rapid screening
of architectural paints and the use of statistical models for classification
purposes.

Duarte et al. analyzed a collection of 143 white automotive paints by
ATR-FTIR and coupled microscopy [42]. Spectra were collected from
vehicles involved in car accidents and analyzed in five locations. Prin-
cipal component analysis (PCA) and partial least squares discriminant
analysis (PLS-DA) was used for sample classification. The model classi-
fication accuracy range from 79% to 100%, depending on the set used
for calibration, testing, or validation.

In a study by Verma et al., a set of 40 automotive samples from two
Indian manufacturers were evaluated by solubility tests. A subset of 10
samples was further examined by ATR-FTIR [43]. Samples from the two
manufacturers were differentiated based on solubility and chemical
composition. In another study by the same group, a small set of nine
paint samples collected from Indian vehicles manufactured by Maruti
Suzuki was analyzed by SEM-EDS. All paints were cross-sectioned,
embedded in epoxy, and reported to contain two layers. The authors
say the presence of thulium, which they hypothesized may be linked to
this manufacturer [44].

In a research study by Sabaradin et al., 80 simulated automotive
paint samples were analyzed using Py-GC-MS, with an emphasis on
evaluating the discrimination of paint transfers of two layers: base coat
and primer [45]. The simulated samples were prepared on aluminum
sheets, where ten different primers were applied, followed by eight types
of red base coats. The chemical composition of the various constituents
is reported and yielded grouping of the samples into three distinctive
classes via PCA and cluster analysis.

Zieba-Palus investigated the variability of the chemical composition
of automotive paints across various metallic and plastic body parts [46].
A set originating from 30 different vehicles was analyzed by FTIR and
Raman Spectroscopy. Most bumpers consisted of 2-layer systems, while
the metallic parts of the vehicles were predominantly 4-layers. Although
some metal and plastic parts of the same vehicle contained similar
compositions, most samples contained different chemistry identified by
FTIR (e.g., binders) and Raman (e.g., organic pigments). Although some
differences are expected due to the various functionalities of the body
parts, the authors noted that the samples were not guaranteed to be
OEM. Therefore, some of the differences may also be due to aftermarket
repairs. The study complements existing literature on this topic and
reinforces the importance of collecting representative samples near the
damaged area to avoid false exclusions during a known-questioned
comparison.

Coelho et al. proposed a simplified screening approach to analyze
automotive paints by ATR-FTIR as a whole specimen instead of con-
ducting individual layer analyses [47]. The study consisted of fragments
collected from six vehicles’ hood and side panels. The preliminary
findings report notable differences in the various paint sources.

In an article by He et al., ship deck paint was the subject of
discrimination studies by ATR-FTIR [48]. The experimental design
included 150 ship deck green paints from five brands. From these
samples, 125 were randomly used as the training set for the machine
learning algorithms, and the remaining 25 samples (5 of each of the five
brands) were used for the validation set. The spectra were preprocessed
using automatic baseline correction, peak area normalization, multiple
scattering correction, and smoothing. Then, three algorithms were
evaluated for classification, principal component analysis (PCA), Fisher
discriminant analysis (FDA), and K-nearest neighbor analysis (KNN).
The classifier algorithms were evaluated in terms of accuracy, precision
rate, recall rate, and F-measure. The FDA using the first or second de-
rivative spectra, performed best in correctly classifying the samples by
brand and manufacturer (100% correct classification of the validation
samples).

In 2020, Wei et al. used chemometric analysis to classify car bumper
splinters from hit and runs using ATR-FTIR [49]. Fisher discriminant
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analysis (FDA) and support vector machine (SVM) were used to classify
156 car bumper samples from 10 different brands. The classification
models were evaluated using the full IR spectra or selected fingerprint
regions, with accuracy ranging from 88.5% to 100%, depending on the
algorithm employed.

Qiu e al. used data fusion of Micro-laser Raman spectroscopy
(MLRM) and ATR-FTIR for characterizing and differentiating 160
bumpers from 8 different manufacturers [50]. Classification algorithms
included PCA, Multi-layer perceptron neural network (MLPNN), and
FDA. The authors concluded that the fusion spectra models perform
better than single spectra datasets, with the FDA with feature-level
fusion providing the best discrimination.

Besides IR and Raman Spectroscopy, few studies utilized mass
spectrometry methods for paint examinations. In a DART-MS review
paper, Sisco and Forbes discuss the existing literature for the application
of DART-MS for identifying organic pigments and other organic com-
pounds from paint evidence [51]. In 2022, Gupta and Samal published a
review of current DART-MS applications in forensic materials, including
paint and tape from improvised explosive devices [52].

In 2021, Alderman et al. investigated Dynamic Headspace GC-MS
using activated carbon to analyze volatile organic components in
paints and architectural coatings. It was determined that quantitative
analysis was feasible for seven distinctive VOCs [53]. In another study,
volatile organic components from spray paints were studied by
SPE-GC-MS [54]. The headspace above paper sprayed with paint was
sampled every 30 min for 4 h using a 65 pm thick poly-
dimethylsiloxane/divinylbenzene SPME fiber and a single quadrupole
GC-MS. The study found that VOCs are lost rapidly, but low concen-
trations remain in the headspace beyond 4 h. Thus, VOCs could be used
to establish the time since deposition on a sprayed surface.

1.2.2. Studies related to databases and interpretation of trace evidence

The PQD database continues to be a valuable investigative tool in
cases such as hit-and-runs. The database, maintained by the Royal Ca-
nadian Mounted Police (RCMP), released an update in 2018 and
included a paint search exercise, referred to as a search quiz. The ex-
ercise can be used to assess a paint examiner’s competence to conduct a
PDQ search for training and as a peer-review process to compare con-
sistency in search findings and reporting between analysts and technical
reviews. In 2021, Wright published an approach the FBI followed for
conducting searches using this quiz tool. She proposed its use for PDQ
searches’ competency assessment and to establish the required docu-
mentation of a technical review [55]. Two analysts conducted the
make-model-year searches by the component’s text-based system (Layer
System Query, LSQ) and spectral library searches using the Bio-Rad®
Know-It-All™ software. The article discusses each examiner’s indepen-
dent findings, examples of reporting language utilized at the FBI, and
some recommendations.

Klaasse et al. at the Netherlands Forensic Institute presented a pro-
totype multifunctional database, named TraceBase, for forensic trace
analysis suitable for investigative and comparative case evaluations
[56]. The novelty of the database architecture relies on its capability for
data input and output from various trace materials and analytical
methods. It is designed as an open-source server-based back-end where a
modular approach can retrieve the data. The authors illustrate the utility
of the databases with examples for textiles and glass. The database has
the flexibility to introduce the data in various formats. For instance, in a
textile case, infrared data can be included as full IR spectra, text-based
interpretation of IR components, or not be included in the search. The
proposed database can potentially facilitate the assessment of the
evidential value in comparative studies characterization or identifica-
tion of unknown samples to provide investigative leads.

The problem of subjectivity in spectral comparisons that heavily
relies on human intervention is reported in the comparison of paint and
tape for various spectrochemical methods (e.g., comparison of IR, XRF,
EDS, Raman). In a recent review paper, Lavine and co-authors discuss
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the need for statistical support in comparing IR spectra to assess the
quality of a spectral comparison and minimize the appearance of per-
sonal bias [12]. Quantitative metrics for the comparison of spectra have
also been proposed. For instance, Lavine and co-workers and other
research groups have broadly reported the statistical comparison of IR
spectra of automotive paints for library searching and pattern recogni-
tion purposes.

A study by Falardeau et al. addresses the interpretation of paint at the
activity level. This study conducted experimental work on the aerosol
distributions of fluorescent paint in open and closed environments to
evaluate spray paint evidence at the activity level [57]. The surrounding
areas were covered with paper sheets, and after spraying, the paper and
clothes were observed under regular light and photographed. Lumi-
nescence images were also recorded at 450 nm and 570 m and then
transformed into black and white images. A computer-based program
extracted the droplet features from photographic images to study their
size and distribution. For open environments, the authors found some
correlations between the droplets’ density and the proximity areas that
can lead to differentiation of a bystander versus a person performing the
graffiti.

Another study addressing the interpretation of paint evidence and
other trace materials at the activity level is presented by Letendre et al.
[58]. Factors related to background, persistence, transfer, contamina-
tion assessment, and activities simulating casework activities and com-
mon substrates found at crime scenes were discussed in the manuscript.
For paint, the authors gathered information from 134 studies, including
population and discrimination studies, background occurrence, and
transfer of these traces.

Menzyk et al. discussed the evidential value of polymeric materials
using chemometrics and a likelihood ratio approach [59]. The study
collected polymeric objects from automotive and household polymer
and paint items and analyzed them by NIR and FTIR. Data preprocessing
for NIR included standard normal variate transformation (SNV), first
derivatives (FD) with a window width of 13 points followed by SNV, and
localized standard normal variate transform (LSNV). For FTIR data, the
authors utilized the first derivative of the spectra followed by SNV.
Likelihood ratios were estimated after dimensionality reduction and
feature selection for the probabilistic interpretation of spectral data.

As evidenced from the examples highlighted above, databases, che-
mometric methods, and more comprehensive interpretation approaches
show great potential for better use of the data collected from forensic
analyses.

1.2.3. Weathering/stability

The pigment stability during artificial weathering on wood coatings
was studied with hyperspectral imaging, reflectance spectrometry, and
FTIR [60]. Exposure included cycles of water condensation and UV
under controlled weathering conditions for 40 days. The findings indi-
cate that natural indigo was more resistant to degradation than com-
mercial pigments and that the stability is affected by interactions of raw
materials. For instance, it was experimentally observed that titanium
dioxide accelerated the aging of the paint coatings.

Sanmartin and Pozo-Antonio studied the weathering of graffiti spray
paints exposed to UV radiation [61]. The experiment included various
surfaces (granite, rhyolite, biocalcarenite, and glass) exposed to long,
medium and short UV wavelengths. Thirteen samples were analyzed for
each of the four substrates in triplicate, for a total of 208 samples. One
sample per group was treated as a control and therefore was not exposed
to UV radiation. Analysis by gravimetric measurements, digital imaging,
color spectrophotometry, and infrared spectroscopy was conducted at
the beginning of the study and four and eight weeks after irradiation.
Among the four spray paint colors evaluated (red, black, silver, and
blue), only the black paint did not show physical or chemical changes.
Short and medium UV radiation caused the most significant physical and
chemical changes.
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1.2.4. Paint case reports

Kaur et al. present a brief overview of the forensic examination of
paints, including a discussion of some cases from the literature [14].

Lee et al. presented a case report investigating three maritime col-
lisions. After a forensic examination of paint residues recovered from the
ship of interest, the other vessel(s) involved in two of the three collisions
were identified [62]. The samples were taken from various collision sites
(e.g., the deck, guardrails, port-side, starboard) and from 2 to 3 sus-
pected ships per case. The analytical scheme included scanning electron
microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS),
attenuated total reflection-Fourier transform infrared spectroscopy
(ATR-FTIR), thermogravimetry (TG), derivative thermogravimetry
(DTG), and pyrolysis—gas chromatography/mass spectrometry
(Py-GC/MS). The authors presented a detailed description and inter-
pretation of the data and their rationale for their conclusions. This study
sets an essential precedent for marine paint examinations and compar-
isons, which is relatively limited in the literature.

1.2.5. Artwork and cultural heritage

A vast number of paint publications were focused on the authenti-
cation of artwork and cultural heritage paint. In a point of view article,
Oliviera Andrade discusses the current state and challenges of the
forensic analysis of art and cultural heritage items [63]. The authors
highlight the need to conduct multidisciplinary and inter-agency col-
laborations to identify fine counterfeits and alterations, including a vast
battery of orthogonal methods.

Sirro et al. utilized Raman spectroscopy on a counterfeit case of fake
paintings of the 20th-century Russian avant-garde [64]. The study
showed that Raman was sensitive to time markers of the zinc oxide. The
results of Raman spectroscopy were complemented with pyrolysis gas
chromatography, mass spectrometry, and X-ray analysis. The authors
analyzed a collection of over 400 paintings to cover a broad period of
dye technology, including the beginning and end of the 20th century
(1900-1997). The manuscript describes the basis for differentiating
chemical profiles from genuine and fake specimens.

Various analytical tools were presented in the literature for the
analysis of artwork and cultural heritage paints, including FTIR [65-70],
portable microscopy, and XRF [70,79], SEM-EDS [67,68,70,71], Raman
spectroscopy [67,72,73], far-infrared spectroscopy in ATR mode [66],
hyperspectral reflectance imaging in the visible [74,75] and
near-infrared, XRF [71,76], portable macro X-ray fluorescence [75,
77-79], pyrolysis GC-MS [68,80,81], micro reflectance imaging spec-
troscopy (micro -RIS) [82] and time-of-flight secondary ion mass
spectrometry imaging (TOF-SIMS) [83]. Botteon et al. evaluated the use
of portable micro-spatially offset Raman spectroscopy (micro- SORS) to
analyze pieces of artwork from the 16th century [84]. Rooney et al. [85]
and Taugeron et al. [86] assessed the utility of NMR in studying cultural
heritage objects in paint layers.

In 2022, La Nasa et al. used microscopy, SEM-EDS, and pyrolysis GC-
MS to characterize the paint components from two Messerschmitt Bf 109
historic airplanes, one from the Deutsches Museum collection and one
privately owned [81]. Depending on the area of the plane, 2 to 13 layers
were fully characterized and attributed to the first factory paint, the
Legion Condor, Spanish Airforce, or museum preservation paints. This is
the first study of this kind reporting the characterization of original
aircraft paint materials fabricated in the 1920s and repainted during
various subsequent periods.

In the same year, Tutt and Hoffmann presented an interesting
approach to the forensic examination of historic vehicles, an area of
forgery that is recently growing due to the increased market value of
these collection automobiles [87]. A multi-technique and interdisci-
plinary approach was utilized to illustrate various case examples.

1.2.6. New trends in paint formulations
Nanomaterials are becoming more prominent in paint formulations
in automotive, marine, and other industrial applications because their
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mechanical, thermal, electrical, chemical, and physical properties favor
the robotic nanospray painting process and overall end-product quality
[88-93]. The automated spray painting is most common on the anti-chip
coat, primer surface, base coat, and clear coats, although they are
applicable to other paint layers. Several studies discuss the use of paint
infused with carbon nanotubes (multiwall carbon nanotubes, WWCNTSs)
by ultrasonication and magnetic stirring processes to enhance the
quality of spray coating [94,95]. Modifications of carbon nanotubes
(CNTs) and epoxy-CNT composites have also been investigated [93,96].
The MWCNTs are rolls of graphene produced by chemical vapor depo-
sition, often in polyurethane base coats. Typical sizes range from 30 to
80 nm in diameter and are 5 pm long [95]. Advantages of the nano
paints are the improved quality, including anti-corrosion, self-cleaning,
coolant/isolating properties, smoother surfaces, and increased life span.
Also, they provide a more environmentally friendly and cost-effective
approach. As a result, they are anticipated to become more commonly
observed in casework items. These nanomaterials have been analyzed by
Raman spectroscopy, XRD, SEM-EDS, Transmission Electron Microscopy
TEM, and Differential Thermogravimetry DTG, to mention some [95,
971.

Advances in anti-corrosion coatings have gained attention recently,
as many corrosion protection systems are based on chromates and vol-
atile organics that are no longer environmentally sustainable. Graphene
has been used for the cathodic protection of zinc-rich epoxy coatings
[98,99].

Sukanya et al. reviewed the state on the development of anticorro-
sive films other than graphene, including layer double hydroxides
(LDHs), transition metal dichalcogenides (TMDs), MXenes, layered
hexagonal boron nitride (h-BN), and graphitic carbon nitride (g-C3N4)
[100]. The LDHs are species that contain divalent or trivalent cations
such as Mg?", Zn?*, Fe?* or Ni®*, AI** or Fe>" and cations such as
carbonates, chlorine, sulfates, and RCO>. The TMDs, are often repre-
sented as MX,, where M is a transition metal such as Mo or W, and X
represents atoms such as S, Se, or Te. The MXenes are another emerging
family of coating materials comprised of metal carbides or nitrides (e.g.,
Ti3CyTyx). The MXenes nanosheets have a large surface area with a sur-
face chemistry that favors mechanical properties with good thermal and
electrical conductivity. The MXenes can be functionalized with binders
such as epoxy and silane. Finally, graphitic carbon nitride (g-C3N4) and
h-BN are analogous to graphene in terms of mechanical, thermal, hy-
drophobic, and permeability properties and prevent the diffusion of
corrosive analytes. These can also be functionalized with epoxy and
polyurethanes and combined with iron oxide nanoparticles (FesO4) to
enhance the corrosion-protective coatings.

Research continues on the development of eco-friendly solvent-free
powder coatings. Li et al. reported using waterborne epoxy coatings with
functionalized nanomaterials [101]. For this purpose, MXene-packed
structure nanosheets were modified with L-Cysteine to favor anticorro-
sion and weather protection. The coatings were analyzed by FTIR, XRD,
EDS, and XPS, and the anticorrosion properties were measured via
electrochemical methods. Wang et al. evaluated silanized Mxene/-
carbon nanotube composites to aid anticorrosion of polyurethane coat-
ings [102]. The carbon nanotubes and the functionalized surfaces of
Ti3CaTx and S-CNTs form a shield layer that prevents penetration of
corrosive analytes.

New technological advances have also made possible the use of
powder coating in non-metallic surfaces, such as medium density
fiberboard (MDF) [103], using low-temperature curing processes. The
coatings are created with polyester-hybrid technology with a complete
binder package that adheres to MDF and metal with film thicknesses of
up to 125 pm per application.

Significant advances for automatic repairing of defects have been
made in the last decade within novel self-healing polymeric materials.
Hong et al. developed a disulfide polyurethane diol adduct (DSPUDA)
with reversibility of bond cleavages that promotes the auto repair of
scratches [104]. Nano-scratch tester and an atomic force microscope are
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among the instrumentation utilized in this study. Cui et al. also inves-
tigated novel scratch resistance and self-healing automotive clear coat-
ings using polymer/graphene composites [105]. Zotiadis et al. reported
successful repairing of microcracks on alkyd-based coatings using epoxy
microcapsules loaded with poly urea-formaldehyde [106].

Another area of interest in coatings technology is the development of
UV curable powder coatings. Czachor-Jadaka et al. reviewed the ad-
vances in UV curable powder coatings and their advantages compared to
thermally cured coatings [107]. A detailed discussion of the literature on
the chemical structure of resins is presented in this review, including
unsaturated photoinitiators and additives used in the formulation of
UV-curable polyester, urethane acrylates, acrylate and methacrylate
resins, epoxy, and polyamides.

The global market of metallic pigments is growing and driving
innovative formulations. It is expected to reach $1.20 billion by 2022
[108]. Among the leading pigments, aluminum and copper pigments
account for one-third of the total market, including newer technologies
compatible with lower solvent carriers and waterborne coatings. Cur-
rent trends for more sustainable paint industries are driving away from
lead chromate and other leaded pigments.

The automotive refinish coatings market is also following in-
novations pushed by greener options, with polyurethanes and acrylic
latex waterborne basecoat technology being the most popular in colli-
sion repair centers [109]. Primer aerosol coating technology that cures
by UV lamp in a few minutes has also been introduced in the auto
refinish market.

Thejo Kalyani et al. reviewed luminescent paints’ scientific founda-
tions and applications [110]. Although this type of paint is not
commonly encountered in casework, forensic examiners may find
helpful information in this article as the number of applications is
numerous, and the likelihood of occurrence in particular cases may in-
crease in the future. Among the many uses of luminous paints and pig-
ments, the authors described persistent paints used in roads, building
signs, construction materials to visualize materials failures, clocks,
lamps, biosensors, forgery identification, and anti-counterfeiting. In the
March 2022 volume of the Coatings World Magazine, PPG announced
the launch of the first-of-a-kind retroreflective coating (Envirocron LUM
powder coating) for a variety of applications, including bicycles,
scooters, safety equipment, tools, fences, shopping carts, and road
guardrails and signs.

Recycling in the paint industry is also part of global sustainability
projects. To minimize the environmental footprint of automotive paint
waste, a group in Malaysia evaluated the feasibility of recycling paint
sludge disposal to create concrete products [111]. From a forensic point
of view, these recycled materials must be on the lookout for forensic
practitioners.

The architectural coatings industry has also changed its formulations
over the last decade. One of the most notable is the shift from oil/
solvent-based to waterborne paints [3,112]. Environmental regula-
tions have also influenced VOC reduction in latex-based waterborne
coatings. As a result, zero-VOC coalescents have been developed, and
resins have been adapted to require little to no solvent to form the film.
Various paint manufacturers incorporated different low and zero-VOC
products into the market. Surfactants like alkylphenol ethoxylates
have been banned in Europe and are encouraged to be replaced in some
areas in North America due to concerns of bioaccumulation in the
environment. Therefore, alternative APE-free resins and surfactants are
being used in architectural paints. Alternative surfactants of particle size
smaller than 200 nm are required to maintain the stability of these
APE-free formulations. Pyrithione compounds and various zinc, silver,
or copper preservatives have replaced organic solvents and
formaldehyde-containing preservatives. Another critical transition in
architectural coatings is the paint-and-primer-in-one products which
provide faster applications for the end-users. This has required using
pigments with higher hiding power like pigment red 254 or pigment
yellow, or dispersing agents that distribute the titanium dioxide in the
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dried film better.
1.3. Tape evidence

Among the many types of tapes recovered at crime scenes and
examined at forensic laboratories, the most popular are electrical, duct,
and packaging tape. These materials are often used to bind or gag vic-
tims in kidnappings, sexual assaults, and homicides. Also, they are
employed in the fabrication of improvised explosives devices, the
packaging of drugs, and the sealing of objects involved in criminal ac-
tivities. Therefore, the physical and chemical examination of pressure-
sensitive tapes can provide valuable investigative and intelligence
leads and assist the trier of fact with their decisions. Moreover, tape
evidence is prone to trap other traces that can become relevant during an
investigation, such as DNA, hairs, fibers, fingerprints, and drugs or ex-
plosives residues, to mention some. Thus, some studies have focused on
how to preserve and recover those traces.

From 2020 to 2022, the forensic examinations of tape have gained
attention in various areas, such as the assessment of emerging methods,
evaluation of error rates of conventional analytical protocols, statistical
interpretation approaches, and evidence preservation. The following
sections discuss the most recent literature on these subjects. However,
since this is the first time that tape has been incorporated in the
INTERPOL reviews, we have included some older pertinent literature.

1.3.1. Emerging analytical methods

Most of the research on emerging analytical methods was focused on
electrical and packaging tapes, rather than duct tapes, possibly due to
the more significant amount of distinctive physical features observed in
the latter. The analytical methods for improved characterization and
interpretation of tape evidence reported in this review have been
centered on spectroscopic and mass spectrometry techniques.

Characterization and analysis of organic compounds have been re-
ported by infrared spectroscopy (FTIR, ambient ionization methods, and
mass spectrometry). Infrared spectroscopy has been long used as a pri-
mary tool for the classification and comparison of tapes, and newer
studies increase this body of knowledge with a particular emphasis on
data analysis and chemometrics. Zigba-Palus utilized infrared spectros-
copy for the classification and comparative analysis of packaging,
insulation, and duct tapes of various colors [113]. In this study, the
backing and adhesive of 50 samples were investigated by FTIR operated
in transmitted mode. Although previous studies have demonstrated the
utility of FTIR in the laboratory analytical workflow [23,114-116], this
manuscript provided helpful insights into the identification of chemical
components. Backings were separated by polymer type into four major
groups, with some samples further discriminated based on the spectral
comparison in two of those groups. Adhesives were clustered in five
groups based on the presence of isoprene rubber, styrene-butadiene
rubber, esters, or acrylates. Some discrimination was observed for
tapes belonging to the same subgroup by their relative amounts of sty-
rene, carbonates, titanium dioxide, kaolin, and compounds containing a
carbonyl group.

In 2022, Nimi et al. examined 75 tape samples originating from 25
brands of electrical tapes by ATR-FTIR [117]. Data reduction and clas-
sification methods (principal component analysis, PCA and linear
discriminant analysis, PCA-LDA) were used to group samples based on
their spectra. Correct classification rates ranged from 80 to 89% for the
adhesive and 84-100% for the backing side. Also, the potential inter-
ference from substrates like cardboard, glass, plastic, and steel was
investigated and showed that background contaminations influenced
the accuracy of adhesive while the backing spectra remained unaltered.

In a study by Oliva et al., laser-assisted sampling (LAS) and direct
desorption flowing atmospheric-pressure afterglow mass spectrometry
(LAS-FAPA-MS and FAPA-MS) were evaluated for tape analyses [118].
The authors indicated that the advantages of LAS-FAPA-MS compared to
regular Pyrolysis GC-MS are the minimal sample preparation, real-time
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analysis, and higher degree of spatial information. The ambient ioni-
zation apparatus was coupled to a high-resolution mass spectrometer
(LTQ- Orbitrap XL) and operated in positive ion mode. In this study, the
backing and adhesive layers of 15 masking, electrical, and duct tapes
were analyzed, and their mass spectra were compared for classification
and comparison purposes. Direct desorption-FAPA-MS provided infor-
mation on the surface’s polymer additives, while LAS-FAPA-MS com-
plemented the spectral data with higher m/z peaks and more
fragmentation. The identification of the m/z fragments for 21 com-
pounds is thoroughly discussed in the manuscript, providing a valuable
body of foundation for the compound characterizations. The principal
component analysis of the combined spectral data showed discrimina-
tion capabilities ranging from 80 to 100%, depending on the tape type.

Zhang et al. investigated the use of a diode laser-assisted micro-py-
rolysis program (LAMP) coupled with flowing atmospheric-pressure
afterglow ambient mass spectrometry (FAPA) for the direct character-
ization of polymers and polymer additives [119]. The method was
effective in desorbing, pyrolyzing, and ionizing polymer species and
their additives. Pyrolysis products were observed in positive and nega-
tive modes and confirmed with high-resolution mass spectrometry.
Advantages of LAMP compared to regular pyrolysis are superior
throughput, faster temperature control, analysis in real-time, and MS
imaging with high spatial resolution.

The application of high-resolution magic angle spinning (HR-MAS)
1H NMR spectroscopy was evaluated for tapes [120]. The results for 90
black electrical tapes were compared to those obtained by the FBI after
following their typical analytical scheme (microscopy, FTIR, SEM-EDS,
and Py-GCMS. One advantage of HR-MAS is that it is suitable for
insoluble materials if they are swellable. The sample preparation con-
sisted of placing approximately 10 mg of the tape in a 4-mm ZrO2 rotor
and filling it up with about 70 pL CDCI3. The data was analyzed using
hierarchical clustering (HCA). The performance of HR-MAS was supe-
rior to conventional methods (98.4% for HR-MAS vs. 96% for all other
techniques combined).

Besides the characterization of organic constituents, several studies
focused on improved methods for inorganic analysis. The value of
elemental analysis of tapes by SEM-EDS has been previously reported in
the literature and widely adopted in the field [23,116]. Additional
research explored alternative elemental techniques that can achieve
higher discrimination and complement conventional analytical
schemes, namely X-ray Fluorescence Spectroscopy (XRF) [121,122] and
Laser-Based methods such as Laser Ablation Inductively Coupled Plasma
Mass Spectrometry (LA-ICP-MS and Laser-Induced Breakdown Spec-
troscopy (LIBS) [123-126].

The elemental analysis of electrical tape by X-ray Fluorescence (XRF)
has demonstrated its forensic utility for classifying unknowns and
comparing known and questioned tapes. In a study by Prusinowski et al.,
three XRF systems were used to evaluate a range of configurations
typically used at forensic laboratories [121]. The discrimination for a set
of 40 electrical tapes manufactured from various sources and grades
increased from 78.8% by SEM-EDS to 84.6% by LA-ICP-MS and
81.5-91.0% by XRF for 150um spot size iXRF with SiLi, 25 pm spot size
benchtop XRF with SD detector, and 1 cm spot size XRF with SiLi de-
tector, respectively. No false exclusions were observed in an additional
dataset of 20 fragments of tape originating from the same roll and
measured in various replicates on the same and different days.

In a follow-up study by Brooks et al., 114 electrical tape backings
originating from 94 different samples and 20 items from the same roll
were used as part of the method validation [122]. Improved classifica-
tion capabilities were observed for XRF over SEM-EDS, as shown by its
ability to detect more elements (14 vs. 6) and distinguish the samples
into a larger number of groups (61 distinctive groups vs. 15). The su-
perior performance for characterizing elemental profiles also improved
discrimination power (96.7% u-XRF vs. 87.3% SEM-EDS). Also, the
performance, advantages, and limitations of different spectral compar-
ison methods are reported in this study, such as spectral overlay, spectral
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contrast angle ratios, and Quadratic Discriminant Analysis (QDA).

Martinez et al. reported a series of four studies [124-126] that
demonstrated the powerful capabilities of LA-ICP-MS for identifying
major and minor elements on tapes and using their elemental profiles for
investigative leads and source comparisons. In the first study, the
backings of 90 black electrical tapes were analyzed by LA-ICP-MS [123].
The results were compared to a typical analytical scheme for tape ex-
aminations  (microscopical examination, Scanning Electron
Microscopy-Energy Dispersive Spectroscopy (SEM-EDS), Fourier Trans-
form  Infrared  Spectroscopy  (FTIR), and  Pyrolysis-Gas
Chromatography-Mass Spectrometry (Py—GC-MS)). The study demon-
strated that LA-ICP-MS alone captured a vast amount of chemical in-
formation of the formulation components and resulted in improved
discrimination and superior characterization compared to the combined
analytical protocols. The results suggested that LA-ICP-MS has the po-
tential to be adopted at the front of the analytical workflow for fast
decision-making and informative leads. The LA-ICP-MS method alone
provided 94% correct discrimination of the tapes known to originate
from different rolls and 100% correct association of the tapes known to
originate from the same roll.

The second study expanded the application of LA-ICP-MS and LIBS to
packaging tape. The methods allowed the characterization of ten rele-
vant elements by LA-ICP-MS and seven by LIBS, including lithium, po-
tassium, and sodium, which LA-ICP-MS did not easily detect [124]. The
selected elements demonstrated good reproducibility within a single
source and good discrimination between different sources. The LIBS and
LA-ICP-MS data provided some orthogonality, with added discrimina-
tion when combined.

In the third study, the LIBS and LA-ICP-MS protocols were subject to
two interlaboratory exercises in an effort toward method standardiza-
tion [125]. Seven laboratories participated in the exercises, which
evaluated the capabilities of SEM-EDS, LIBS, and LA-ICP-MS for the
forensic comparison of electrical tapes in mock cases that compared
known versus questioned items. The results show good agreement
among the participants when using the same analytical instrumentation.
All the laboratories conducting SEM-EDS, LIBS, and LA-ICP-MS correctly
associate the K-Q pairs of tapes originating from the same rolls (no false
negatives reported). False positive rates ranged from 13% to 17% by
SEM-EDS, depending on the exercise, while no false positives were re-
ported by any of the LIBS and LA-ICP-MS participating laboratories. The
increased discrimination observed by the laser-based methods results
from the superior sensitivity and selectivity of the methods. For instance,
in this dataset, SEM-EDS detected up to seven elements in the samples of
interest, while LIBS and LA-ICP-MS characterized up to 17 and 32 ele-
ments, respectively.

Finally, the fourth study presented by this research group uses like-
lihood ratios to assess the probative value of tape evidence [126]. The
authors conducted data reduction of the LA-ICP-MS spectra by PCA, then
used scores of the first five principal components as input to estimate the
LR. A posthoc calibration assisted in yielding log LR in more realistic
ranges per the dataset size. Low false inclusion and false exclusion error
rates of 3.7% and 2.2% were reported, demonstrating the utility of the
proposed approach to assess the weight of high-dimensional data.

Kuczelinis et al. developed and characterized a polymer-based in-
house calibration standard for examining electrical tapes by LA-ICP-MS
[127]. A collection of 87 PVC black electrical tapes from different rolls
were analyzed using a semiquantitative method to characterize up to 30
elements in the backings. In addition, a same-source set of 24 samples (3
fragments from 8 sections) from each of three different rolls was eval-
uated for false exclusions. The selected match criteria yielded less than
0.7% false exclusions and less than 2.5% false inclusions. In another
study by the same team, a novel method was developed using
picoliter-volume standard addition to quantify elements in polymeric
materials by LA-ICP-MS [128].

These studies suggest that forensic laboratories can benefit from
shifting from SEM-EDS to more sensitive methods (u-XRF, LIBS, or LA-
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ICP-MS) for the forensic characterization and comparison of electrical
tapes.

1.3.2. Physical fits of tape materials

Regardless of the general probative value assigned to physical fits (a.
k.a. fracture match), standard criteria and protocols to determine what
constitutes a match are still in the early development stages. As a result,
we observed a trend in the physical fit literature toward demonstrating
the scientific foundations of fracture fit examinations. Various ap-
proaches were developed to mitigate bias and assess the relevance of the
evidence.

Brooks et al. review the current state of physical fit research in trace
evidence materials [129]. The manuscript discusses the foundations and
limitations of the discipline for casework protocols and case reports,
fractography and qualitative-based studies, and quantitative assess-
ments of physical fits.

Recent studies formally evaluate the incidence of error rates and
accuracy in determining matches and non-matches of fractured trace
materials. The reported datasets range between 30 and 2200 samples,
evaluated by single or multiple analysts.

A group at the University of California at Davis conducted pioneer
research in the quantitative assessment of duct tape physical fits [130].
The authors studied four different types of separation methods (hand--
torn, Elmendorf torn, scissor cut, and cutter cut) on over 2000 duct tape
pairs of varying grades and colors. A first effort to provide a quantitative
measure of the quality of the match was calculated using a match score
as the relative “matching length” divided by the overall width of the
tape. Statistical analysis was focused on reporting performance rates.
The dataset produced mean accuracy ranging from 98 to 100% for torn
tape and 98-99.8% for cut tape. False-positive rates lower than 0.7%
and 3.3%, and false-negative rates lower than 2.7% and 0.3% were re-
ported for hand-torn and cut-tapes, respectively.

In 2020, Prusinowski et al. developed a systematic method to
quantify the quality of a duct tape physical fit using a similarity score
named Edge Similarity Score (ESS) [131]. The ESS uses the duct tape
scrim bins as the smallest comparison unit in a reproducible manner.
Then, the ESS is estimated as the relative percent of scrim areas across a
questioned fractured edge that “fit” the known comparison tape. This
simple approach provides a quantitative estimation of a fit’s quality
while assuring that the peer-review process can be conducted in a sys-
tematic, transparent, and reproducible fashion. Performance rates were
estimated for a blind dataset of over 2200 tapes, including sensitivity,
selectivity, and accuracy. The effects of the separation method (cut vs.
hand-torn), stretching, and tape grade (low, medium, and high grade) on
ESS distribution are reported. The study demonstrated that accuracy
from 84.9% (higher quality hand-torn set) to over 99% (low and
mid-quality sets) is feasible, with no false positives reported. Moreover,
the ESS score can be used as a metric to inform and support the exam-
iner’s decision. Score likelihood ratios were used as a proxy for the
weight of the evidence. Relative scores served as a good predictor for
fracture match determinations and provided a means for statistical
support for the examination of fracture fits. ESS higher than 80% pro-
vided a score likelihood ratio (SLR) that supported the conclusion of a
match, and ESS lower than 25% provided an SLR supporting the decision
of a non-match.

Another interesting approach to assessing the evidential value of
duct tape physical fits was presented by van Dijk et al. [132]. Here, the
authors developed a novel method using likelihood ratios and Bayesian
networks to evaluate the weight of the evidence. The study focused on
duct tapes with weft-insert patterns, consisting of weft fibers inserted
into the gaps between the chain-like warp loops. Briefly, 136 pieces of
various duct tape grades were separated by three people, using either a
tearing from top-down or bottom-up, creating 272 edges, with a total of
127 true fit pairs. Various BN models were used to estimate the proba-
bilities under the competing hypothesis, Hp and Hd. One of the as-
sumptions made for the models is that the loop breaking patterns comply
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with the Markov property, where the state of a loop is assumed to only
depends on the state of the loop above it. The probability estimates were
based on data from the features imparted on the broken loops on torn
ends, theoretical input, and expert knowledge. The performance of
likelihood ratios was assessed using ECE plots and demonstrated that the
system was well-calibrated. Also, this study presented a proof of prin-
ciple to address the question of how the value of the evidence is influ-
enced by the presence of a partially fractured edge.

1.3.3. Interpretation of tape evidence and tape as substrate for other traces

Weiten et al. presented an interesting discussion of the application of
Bayesian Networks to interpret traces left behind on tape surfaces at the
source and activity level [133]. Fingermarks and biological fluids were
evaluated at the source level. Then, activity factors were considered in
their interpretation models, such as recovery, transfer, persistence, and
estimation of the position of the sampling location on the original roll
based on fracture fits.

A case study involving the use of duct tape, fingermarks, and DNA
was used by de Koeijer et al. to illustrate a practical interpretation
approach using Bayesian Networks to combine different evidence types
of evidence and explain their combined strength to the courtroom [134].

Tape lifting has also been proposed as a forensic approach to
recovering particulates and traces that offers the benefits of being cost-
effective and creating a secure environment for the residues of interest
[135-139]. Gwinnett et al. reported using tape (Easylift) for lifting and
monitoring micro polymers [140]. The study reported that in situ ana-
lyses of microplastics and fibers were possible through the adhesive
since it was compatible with polarized light microscopy (PLM), confocal
Raman spectroscopy, fluorescence microscopy, microspectrophotom-
etry (MSP), and hyperspectral microscopy. Kanokwongnuwut et al.
evaluated 14 tapes to recover and visualize cellular material using DD
staining and fluorescence microscopy [141]. Three types of tapes
showed utility in the collection and screening of touch-DNA, as they did
not inhibit direct STR amplification or masked the fluorescence
examinations.

In 2020, Chadwick and all performed an extensive study to evaluate
if chemicals used to enhance fingermarks negatively impact the phys-
ical, optical, and chemical comparative analysis of duct tape evidence
[136]. Untreated tapes were compared with those treated with finger-
mark enhancers, namely cyanoacrylate, cyanoacrylate stained with
rhodamine 6G, and Wet Powder™. Physical and optical examinations
were conducted on a stereomicroscope and Video Spectral Comparator
(VSC), while chemical analyses were done via ATR-FTIR. Compared to
cyanoacrylate-based chemicals, wet powder suspensions were more
suitable as they did not affect the physical and chemical characterization
of the tape adhesive or backings. The results demonstrate that the
applied chemicals had minimal impact on most of the physical or optical
characteristics of the tapes selected. Still, differences in the infrared
spectra can lead to misidentifications. However, the authors propose an
operational workflow that can help forensic examiners to determine the
type of developing treatment performed on a tape and use this infor-
mation during the interpretation of the data rather than evaluate the
results in isolation.

1.4. Glass evidence

1.4.1. Industry data, forensic laboratory management, book chapters and
review papers

The annual sourcebook for the glass industry, published in July 2022
by the National Glass Association (NGA), contains a list with contact
information to over 1200 companies in more than 700 product cate-
gories including glass manufacturers, distributors, and suppliers;
https://www.glassmagazine.com/issue/july-2022. The NGA forecasted
continued growth in glass production for developed economies, in
particular for the U.S. float glass industry with expected growth between
20 and 45% from 2018 to 2022 despite the challenges posed by the
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pandemic. A downloadable global float plant database that includes
dozens of different float glass manufacturers operating more than 230
plant locations with more than 450 float glass lines is available from
NGA. The World of Glass 2021 Report [142] lists notable expansion in
glass manufacturing in the U.S. including four new float lines in North
America.

The Project FORESIGHT Annual Report for 2020-2021 (published in
May 2022) [143] is a business-guided self-evaluation of forensic science
laboratories around the globe, with more than 190 laboratories
providing data. The report includes metrics to assist forensic science
managers evaluate work processes and laboratory productivity. The
aggregate productivity for trace evidence sections, including all mate-
rials analyses (e.g. paint, tape, glass and fiber evidence but not fire
debris analysis) is reported for casework submissions from July 1, 2020
to June 30, 2021. Some important takeaways from the report include
that trace evidence cases include more “items”, “samples” and “tests”
than almost every other evidence type submitted to the laboratory. The
median number of trace evidence “tests” performed per 100,000 popu-
lation served in a locality is reported as ~27 “tests”, in comparison to
~828 “tests” for DNA casework/100,000 population and ~1500
Drugs-Controlled Substances/100,000 population. The median “cost”
for the average trace evidence case is reported as ~ $ 5000. in com-
parison to ~ $ 3700/case for DNA casework and ~ $ 400./case for
drugs-controlled substances casework. The complexity of a trace evi-
dence “case” results in a more expensive examination that is less
requested in a locality.

A very basic overview of paint, soil and glass evidence was published
as a chapter in a recent book [144]. While this chapter does not report
anything new to add to the literature, it does explain the use of these
types of evidence in a forensic laboratory. A different, similarly intro-
ductory chapter on glass analysis was published in another book [145]
and a third chapter, also introductory in nature was published in a
different book [146]. A more comprehensive and advanced chapter in
another book [147] includes more up-to-date information on glass
analysis and interpretation with an emphasis on the interpretation of
glass evidence using recently reported methods.

Two different laboratory experiments were published in a teaching
laboratory manual. One set of experiments featured glass breakage de-
terminations [148] and one set of experiments featured glass examina-
tions [149].

An excellent recent review of the literature [11] focuses more
generally on the scientific foundations of trace evidence analysis. The
review provides information on manufacturing, physical and chemical
analysis, transfer and persistence and recent trends in the interpretation
of trace materials evidence. In addition to paint, tape, and glass evi-
dence, this very thorough review, consisting of more than 450 refer-
ences, also includes sections on hair and fiber evidence examinations.

1.4.2. Physical and optical measurements and examinations

A study that examined the glass fracture patterns/characteristics
after a shotgun blast to different types of glass (e.g. soda-lime and
tempered glass) of different thicknesses and at different distances from
the shotgun to determine hole diameters and “dicing” resulting from
tempered glass, a not surprising observation [150].

Another study [151] evaluating the bullet hole morphologies in glass
to associate distance from firing, projectile type, speed and angle of
entry was also published. The authors aim to improve crime scene
reconstruction events based on a better understanding of the morpho-
logical features of the bullet holes.

Haag and Haag [152] also describe bullet interactions with glass in
order to better understand the nature of glass particles imbedded in
recovered bullets to differentiate glass-imbedding from other
silica-containing minerals such as sand and quartz primarily by polar-
ized light microscopy.

A thesis by Beach [153] describes how a projectile impact on glass
can result in different types of fracture patterns. The study includes how
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variations of glass type, glass thickness, curvature, distance from a
firearm muzzle, contact angle, and the type of projectile can correlate to
fracture patterns on the glass. The study also aims to correlate impact
energy to the degree of glass fracture including the impact of
muzzle-to-target distance for different firearm and ammunition combi-
nations and including the use of a Doppler radar system to measure the
projectile velocity.

Dondeti and Tippur [154] describe failure behavior and fracture
mechanics of hairline cracks in glass due to stress sites. The authors
evaluate crack initiation and quasi-static crack growth from a
self-healed crack in soda-lime glass plate by calculating the stress in-
tensity factor (SIF) history for the stress event.

Jiang et al. [155] aimed to better understand the dynamic tensile
characteristics of glass by investigating the effects of loading rate, glass
size and stress waves on the dynamic tensile behavior of brittle glass.
Dynamic flexural stresses were induced with stress pulses and the tensile
characteristics were viewed by high-speed photography. The authors
report that the dynamic tensile stresses within a glass specimen reached
a maximum at the same time as a crack starts.

Grant et al. [156] used attenuated total reflectance Fourier transform
infrared (ATR-FTIR) to examine automotive window tints and then
applied chemometric tools to differentiate the polymer types of different
tint products. The authors report being able to associate unknown tint
samples to a known brand.

Viviani et al. [157] evaluated the effects of explosions on laminated
glass plates constructed from glass panes bonded by thin polymeric in-
terlayers, in the pre-glass-breakage phase. The authors describe the
viscoelastic properties of the interlayer and thereby producing a model
of the coupling between the glass and the polymer laminate that can
assist with future design of laminated glass.

Voros et al. [158] further examined the effect of annealing on the
refractive index of glass that was subjected to heat such as in a house
fire. The authors collected toughened non-toughened glass microfrag-
ments and simulated exposure to a fire by heating the glass in a furnace
for various times at 450 and 650° C and cooling down quickly to model
different heat expositions. The authors report a significant change in the
RlIs in all cases. However, after annealing the samples from the same
source were associated and samples from different sources were
discriminated by RI as previously reported by others.

Podor et al. [159] directly observed the formation of crystals in
glasses, phase separation, chemical reactivity or glass foaming directly
by use of an Environmental Scanning Electron Microscope (ESEM)
equipped with a high temperature furnace. These observations can lead
to a better understanding of how heat can impact the physical and op-
tical properties of glass.

A study by Nentwig et al. [160] assessed the medical and biomedical
impact from blows to a human head using different glass bottles to
evaluate the injuries to facial and cranial bones resulting from the im-
pacts. The authors concluded that blows with a 0.5-1 beer bottle or with a
0.33-1 Coke bottle to the head can transfer up to 1.255 N of force and
thus are able to cause severe blunt as well as sharp trauma injuries.

Brooks et al. [129] conducted a thorough review of the literature on
physical fit determinations, including work on tape, textiles, and poly-
mers but also glass. The authors focused on case reports, fractography
studies, and quantitative assessment of a fracture fit. The authors note a
recent shift in research that focuses on quantitative, performance-based
assessment of error rates associated with physical fit examinations and
with the application of likelihood ratios to determine evidential signif-
icance. The authors also include reports of probabilistic interpretations
of large sample sets and the implementation of automatic edge-detection
algorithms to support expert opinions.

Thompson et al. [161] report on the development of a computational
framework that uses fracture mechanics and statistical analysis to pro-
vide a quantitative match analysis for match probability and including
error rates for the match analysis. The framework employs the statistics
of fracture surfaces at microscopic scale, defined as greater than two
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grain-size or micro-feature-size, and assumes that a fragment “have the
premise of uniqueness which quantitatively describes the microscopic
features on the fracture surface for forensic comparisons”. The methods
used include 3D spectral analysis of overlapping topological images of
the fracture surface to classify specimens using statistical learning and
matrix-variate models. A set of thirty-eight different fracture surfaces of
steel articles were correctly classified. The authors claim that this
framework lays the foundations for forensic applications with quanti-
tative statistical comparison across a broad range of fractured materials
with diverse textures and mechanical properties.

Voros et al. [162] simulated a case involving refractive index mea-
surements of very small (250 pm) fragments recovered from garments
after breaking a pane of float glass. Refractive index was measured for
fragments that were crushed and not crushed. The authors note some
non-matches for surface fragments of non-crushed samples. The authors
conclude that crushing improves the probability of “matching” and
improves the edge count values during the RI measurement.

Voros et al. [163] also report on the value of annealing glass that has
been subjected to thermal stress before measurement of the refractive
index, as previously reported by others. The experiments were carried
out on fragments in the range of ~100 pm.

1.4.3. Chemical measurements

Ernst et al. proposed an approach to compare ceramic frit in vehicle
windows by XRF [164]. The authors investigated the discrimination of
ceramic frits from twenty-five vehicle windows by physical observa-
tions, microscopy, and micro-X-ray fluorescence (XRF). The set included
twelve windshield panes, eight rear windows, four side windows, and
one sunroof obtained from 22 different vehicles manufactured from
2002 to 2016. Three XRF instruments with different configurations were
utilized to evaluate the elemental profiles, including mono and poly-
capillary systems equipped with SiLi or SD detectors. The XRF yielded
discrimination ranging from 97 to 100%, depending on the instrument
and match criterion utilized.

Cagon et al. [165] compares the performance of four non-destructive
techniques for in situ characterization of leaded glass windows.
Macroscopic X-ray fluorescence imaging (MA-XRF), UV-Vis-NIR,
Raman spectroscopy, and infrared thermography (IRT) are used to
assess the ability of these techniques to group colorless glass panes based
on differences in composition. IRT, MA-XRF and UV-Vis-NIR spectros-
copy was able to distinguish at least two glass groups with MA-XRF
providing the most detailed chemical information, not surprisingly.
Potasium (K) and calcium (Ca) were used along with decolorizers (Fe,
Mn, As) to further group glass samples. In addition, UV-Vis-NIR
detected cobalt and iron where Raman spectroscopy was reported as
hampered by fluorescence caused by the metal ions of the decolorizer in
most of the panes but nevertheless was able to identify one group.

Wimpenny et al. [166] report on a study focused on the chemical and
isotopic compositions of major and trace elements and their relationship
within a population of fallout samples resulting from a nuclear test
event. The authors aim to better understand how fallout melt glass
formation in near surface environments is influenced by that environ-
ment and demonstrate how major and trace element abundances can
provide useful insights into chemical processes within the fireball post
event. Isotopically enriched uranium (presumably from the weapon)
and natural composition uranium (from a combination of anthropogenic
and environmental materials from within the blast zone) were detected.
The association of the composition of local soils from the event site
suggest that local soils are the most probable source of entrained ma-
terial into the fireball and the source of material into which the bomb
vapor was incorporated. Processes such as condensation from the fire-
ball were modeled to better understand the composition of macroscale
fallout melt glass.

Jacquemin et al. [167] report on the use of Raman imaging to
investigate the homogeneity of the Raman response at the surface of
casted aluminosilicate glass pieces. Samples were probed at constant
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focus depth across 7 x 7 cm? surfaces using 500 pm spatial steps,
resulting in large and detailed Raman images. The authors show that the
modification of the Raman response is small across the scanned area and
that the information is carried by the spatial representation of the
selected Raman parameters, in particular the Si-O stretching mode
involving Q2 tetrahedral units, and the Si-O-Si bending vibrations en-
velope in the low-wavenumber range were of interest. The evolution of
Raman parameters across the surface of the sample permitted the
identification of areas consisting of material from different stages of
casting. The authors report the ability to observe structural and chemical
changes originating from the manufacturing process of the glass pieces
as revealed by Raman imaging.

Merk et al. [168] used laser induced breakdown spectroscopy (LIBS)
and Raman, in combination, to discriminate sixteen different glass
samples by use of principal component analysis (PCA). The LIBS/Raman
results were compared to p-XRF and SEM-EDS in this work. The authors
report very good discrimination (up to 99%) when LIBS and Raman are
used jointly. The authors only report the source of the Raman signals as
“fluorescence” but do report the use of trace elements (e.g., Fe, Ti, Ba,
Sr) for discrimination purposes.

Corzo and Steel [169] reported on the use of micro X-ray fluores-
cence spectrometry (microXRF) for the analysis of small (<1 mm) glass
fragments that are partially transparent to the X-ray beam with an aim to
better understand the signal-to-noise ratio (SNR) of the determination.
The authors note that, in addition to fluorescence, the primary beam
X-rays may scatter within the chamber and provide noise in the mea-
surements. The fragments were mounted on a 3D-printed plastic mount
to allow fragments to be raised as high as possible from the sample stage,
thereby minimizing stage scatter and improving the SNR for most ele-
ments with the greatest improvement (>30%) observed for the lower
atomic number elements (Na and Mg) and higher atomic number ele-
ments (Sr and Zr). An additional simple method to improve SNR was the
use of primary beam filters with elements containing characteristic lines
in the high-energy range (Rb, Sr, and Zr) showing the greatest
improvement (>70%) in SNR.

Samanta et al. [170] utilized Instrumental Neutron Activation
Analysis (INAA) for multi-elemental analysis of soda-lime glasses. Five
automobile glass fragments were analyzed by INAA targeting seven
trace elements of interest. Concentrations of Sc and elemental concen-
tration ratios such as La/Sc indicated that five glasses fall into two major
groups, which was confirmed by statistical cluster analysis.

Kaspi et al. [171] report on the use of particle-induced X-ray emis-
sion (PIXE) for elemental analysis of glass fragments. The authors claim
that the use of a PIXE workflow, in combination with machine learning
(ML) can “produce models with better than 80% accuracy in identifying
glass” sources but the study fails to describe the underlying analytical
figures of merit for the PIXE method such as bias, precision and limits of
detection for the list of elements reported. The authors also fail to
compare the PIXE performance to existing, more routinely used tech-
niques for which analytical standard methods of analysis already exist
(e.g. micro-XRF, solution ICP-MS and LA-ICP-MS).

A follow-on paper by the same group [172] reports on the “classifi-
cation” of glass from car windows from different cars using PIXE as well
as “possible glass corrosion”. The authors claim to have developed a
database for use in a classification model. The authors do not address the
practical aspects of maintaining proton-ion beam PIXE instrument in a
typical forensic laboratory and do not report the analytical figures of
merit for PIXE on standard reference materials, for example, in order to
evaluate the precision, bias and limits of detection of PIXE as a
semi-quantitative method for this application.

Costa et al. [173] report the use of total reflection X-ray fluorescence
(TXRF) for the analysis of Na, Mg, Al, K, Ca, Ti, V, Cr, Mn, Ni, Cu, Zn, Rb,
Sr, Ba and Pb concentrations in glass samples. The authors report that
the limit of detection (LOD) and limit of quantification (LOQ) were
“adequate” for determination of trace elements in glass. The authors also
evaluated the accuracy and precision of the determination by analysis of
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a standard reference materials of glass (NIST 612). The authors report
that, for the majority of the elements, good agreement was achieved
between the certified value and the value obtained in the NIST 612. The
relative standard deviation (RSD%) was achieved between 3.6 and
10.3%. The authors also report no significant differences observed be-
tween the proposed method compared to ICP-MS analyses. The TXRF
method was applied to the analysis of 31 glass samples and with aid of
an exploratory principal component analysis (PCA) resulting in “a per-
fect discrimination” of the glass from smartphones was obtained. In
addition, the authors report that soda-lime glass “could be reasonably
distinguished” from smartphone screens.

Sharma et al. [174] report on the use Particle Induced Gamma-ray
Emission (PIGE) and Instrumental Neutron Activation Analysis (INAA)
for the characterization of windshield glass samples derived from six
different vehicle manufactures. PIGE was used to measure the concen-
trations of the four major elements (Si, Na, Mg and Al) and a total of
nineteen (19) elements including sixteen (16) trace elements were
analyzed using INAA in a research reactor. The authors used statistical
tools such as K-mean, Cluster Analysis and Principal Component Anal-
ysis (PCA) for grouping studies. The authors report that the PCA results
confirmed that windshield glasses from six manufactures clearly asso-
ciated to the six different groups.

Almirall et al. [175] reported on the elemental concentration values
for seventeen (17) major and trace elements typically present in
soda-lime glass manufactured using the “float " process and used in the
quantitative analysis and forensic comparison of glass samples using
laser ablation (LA) micro sampling coupled to inductively coupled
plasma mass spectrometry (ICP-MS). This is the first reporting of the
chemical characterization of a new set of float glass standards intended
for use as matrix-matched calibration standards in the forensic analysis
and comparison of glass by LA-ICP-MS using a standard test method
(ASTM E2927-16el). Three different compositions were manufactured
at low, medium, and high concentrations of 32 elements by Corning.
This work describes an international collaboration among seven (7)
laboratories to evaluate the homogeneity of the three new glass mate-
rials and reports the consensus concentrations values of 17 elements at
three concentration levels. LA-ICP-MS analysis was reported by eight (8)
laboratories and one laboratory reported micro-X-ray Fluorescence
Spectrometry data for the same glass standards (CFGS1, CFGS2 and
CFGS3). The analytical results reflected <3% relative standard deviation
(RSD) within each lab and <5% RSDs among all labs participating in the
study for the concentration ranges using sampling spots between 50 pm
and 100 pm in diameter. These results suggest that the new calibration
standards are homogeneous for most elements at the small sampling
volumes (~90 pm deep by ~80 pm in diameter) reported and show
excellent agreement among the different participating labs. Consensus
concentration values were determined using a previously reported
calibration standard (FGS 2) and checked with a NIST 1831 standard
reference material.

Becker et al. [176] reported on the use of a single-pulse laser ablation
sampling coupled to an inductively coupled plasma time of flight mass
spectrometry (Single-Pulse LA-ICP-TOFMS) method in an effort to be
able to analyze very small glass samples. The authors compared the
results of the single-pulse LA-ICP-TOFMS and report good performance
in associating glass fragments from the same source. The authors were
able to reduce the necessary sample volume from the typical 400 pm x
200 pm x 100 pm normally used for LA-ICP-MS to 100 pm x 100 pm x
33 pm which corresponds to a reduction in sample mass from ~20 pg to
~0.8 pg. This development allows for the measurement of smaller
fragments than previously possible.

Von Wuthenau et al. [177] reported on the use of LA-ICP-MS to
analyze glass from perfume bottles to detect counterfeit perfume by
comparing authentic perfume glass bottles to the counterfeit glass bot-
tles, without having to open the bottles of perfume. Perfume glass bottles
manufactured in different production facilities in Germany, India, Peru
and Poland were used for the study. A total of 63 elements could be
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measured but only 15 elements (Li, Na, Al, Ti, V, Co, Rb, Sr, Mo, Ba, La,
Ce, Pr, Er and Pb) were used to associate glass to sources using statistical
evaluation of the data (t-test, ANOVA, principal component analysis
(PCA)). The use of LDA permitted the differentiation of six different
production sites from four different countries with a prediction accuracy
of 100%.

Martinez-Lopez et al. [178] reported on the use of u-XRF and LIBS
analyses to characterize the homogeneity (elemental variation) of glass
compared to the more established method for quantitative analysis using
LA-ICP-MS. The aim of the study was to support that the p-XRF and LIBS
methods would produce sufficiently sampling precision (in comparison
to LA-ICP-MS) to enable microsampling using p-XRF and LIBS. The au-
thors report that the variability of the elemental composition within 100
fragments from two different panes of the same windshield was found to
be less than 10% RSD for both p-XRF and LIBS and less than 5% RSD for
LA-ICP-MS. Comparison methods simulating casework situations in
which one questioned fragment is compared to more than one known
fragment resulted in better performance as the number of fragments of
the known sample increased (to up to 4 fragments, 12-20 measure-
ments). Error rates below 3% were obtained for p-XRF and LIBS when
selecting the appropriate number of fragments, measurements, and
comparison criterion.

1.4.4. Data analysis and interpretation

de Zwart and van Der Weerd [179] reported on the use of filtered
contents of a database such that only items that are considered relevant
to the population are selected for the background database in the
analysis. Six different scenarios related to fibers, textiles, and glass ev-
idence are described along with the hypotheses and relevant populations
that may be evaluated by an expert. The focus of the study is to filter
items to develop a more relevant population and provide an overview of
the selected items and feedback to the examiner.

Rodrigues and Bruni [180] used previously published Energy
Dispersive X-ray Fluorescence (EDXRF) data from 28 windshield glass
samples from 26 different vehicle models to differentiate between the
internal and external panes of the windshield. The oxides of Na, Ca, Mg,
Mn, Al Si, K, Ti and Fe were previously measured by other researchers
for both the inner and outer panes of the windshield (for a total of 56
analyses). The authors used unsupervised Principal Component Analysis
(PCA) and supervised Soft Interclass Modeling Classification Analogy
(SIMCA) methods in the analysis together with Receiver Operating
Characteristics (ROC) curves to evaluate the results. The authors report
that PCA indicated the presence of two groups of glasses in three main
components with the distances and interclass residues in SIMCA
showing no outliers. The ROC analysis indicated a sensitivity of 0.793, a
specificity of 0.815, and an efficiency of 0.804 for predictions. The au-
thors concluded that this approach was successful in discriminating
between the inner and outer panes of the windshields.

Fortunato and Montanari [181] used previously published refractive
index and eight metal oxide composition data generated from SEM-EDS
analysis of glass fragments to propose the use of a transvariation-based
one-class classifier as a measure of typicality in a “one-class” classifier
system. The aim of the transvariation-based one-class classifier was to
identify the best boundary around the target class, i.e. to recognize as
many target objects as possible while rejecting all those deviating from
this class.

A presentation by Corzo [182] reported on the use of micro-X-ray
Fluorescence Spectrometry (uXRF) analysis of glass samples to develop
a database of pXRF data for glass fragments to improve evidence inter-
pretation. The author argues that the development of such a background
database can then be used to calculate coincidental match probabilities
and likelihood ratios to then assign a significance to the glass evidence.

Malmborg and Nordgaard [183] used the open-source software
(SaiLR) to calculate likelihood ratios (LR) from probability distributions
of reference data based on SEM-EDS measurements of metal oxides in
glass fragments. The authors report that the best performance of the
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model was achieved by focusing on the oxides of calcium, magnesium,
and silicon. The authors also report that although performance
improved with normalization of data, the difference was small. Limits of
LR output were set to 1/512 < LR < 158 using the empirical lower and
upper boundaries (ELUB) LR method. The authors report that the limited
range was primarily a consequence of notable within-source variation,
but it could also be due to the low discrimination power of the SEM-EDS
method to discriminate between glass sources. The authors acknowledge
that previous reports using LA-ICP-MS data outperform the reported
results. The output from the LR calculation within SailLR is based on a
two-level multivariate kernel density (MVK) model and provides good
discrimination between the same and different source comparisons but
it does not include a calibration step. The MVK model without calibra-
tion has been previously shown to be very sensitive to the dimension-
ality of the data. The MVK model within SaiLR may be suitable for very
low dimension problems (~2-3 variables) but reducing the available
number of variables also reduces the discrimination power.

Lucy, Martyna and Curran [184] published an R package, also based
on SEM-EDS data, to facilitate the calculation of a multivariate Likeli-
hood Ratio for glass data. This package also uses the MVK model fol-
lowed by ECE calibration as reported by others.

Park et al. [185] reported a “data in brief” note on the development
of a glass “database” constructed of 48 panes of glass produced on
consecutive days within a manufacturer and representative glass sam-
ples from a second manufacturer. The authors used LA-ICP-MS data from
18 elements using the ASTM E2927 method of analysis. The authors
make the raw data available to researchers, but the “database” is not
representative of the population of glass as may be needed to calculate
significance from coincidental match probabilities and likelihood ratio
calculations.

Wen ate al [186] report an alternative continuous Bayesian
approach, the Dirichlet Process Mixture Model (DPMM), to model the
relevant rarity of glass based on the refractive index (RI) measurements.
A DPMM was developed based on a finite mixture model with additional
prior specification on the mixture proportions. Glass is a common type of
physical evidence in forensic science. The authors report that the key
advantage of the method is that it allows for a more flexible model of the
probability density distribution of refractive index measurements.

Akmeemana, Corzo and Almirall [187] report the use of a new
R-based Shiny graphical user interface (GUI) to calculate calibrated
likelihood ratios (LRs) using three (3) different background databases of
glass composition measured by LA-ICP-MS using the ASTM E2927
method. The authors also report the development of a new vehicle
survey glass database generated at Florida International University
(FIU) generated from LA-ICP-MS analysis, a database comprised of a
combination of casework and survey samples collected from
solution-digestion ICP-MS analysis from the Federal Bureau of Investi-
gation (FBI) Laboratory, and a previously reported casework sample
database collected from LA-ICP-MS analysis at the Bundeskriminalamt
(BKA) Laboratory. The LRs are calculated using a previously reported
two-level multivariate kernel (MVK) model and calibrated using a pre-
viously described Pool Adjacent Violators (PAV) algorithm. The log LR
(LLR) were calculated and compared to the match criterion recom-
mended in the ASTM E2927-16el method, using these three background
databases using a typical glass evidence case scenario. This paper also
reports how the LLR values increase as the size of the background
database increases, as expected.

Almirall and Akmeemana [188] have made available the Shiny Glass
application freely through the FIU library for researchers and practi-
tioners to use. The FIU vehicle glass database comprised of more than
330 different vehicle glass samples of known origin and generated using
the ASTM E2927 LA-ICP-MS standard method has also been made freely
available for download in an effort to encourage future researchers to
use LA-ICP-MS data instead of the less discriminating SEM-EDS data
commonly used. This R shiny application can be used to calculate the
likelihood ratios using a multivariate kernel density (MVK) model. This
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app was developed to easily access the R code written previously by
members of Prof. Almirall’s research group at Florida International
University. In this procedure, MVK-calculated source likelihood ratios
are calibrated using a pool adjacent violators (PAV) algorithm.

Gupta et al. [189] reported on the use of a novel dimensionality
reduction method to calculate likelihood ratios (LRs) from multivariate
elemental concentrations of glass using LA-ICP-MS data. The LRs were
calculated using principal component analysis (PCA) and post hoc
calibration steps resulting in very low (<1%) false inclusions when
comparing glass samples known to originate from different sources and
very low (<1%) false exclusions when comparing glass samples known
to originate from the same source. The LRs calculated using the novel
PCA approach are compared with previously reported LRs calculated
using a more computationally intensive Multivariate Kernel (MVK)
model followed by a calibration step using a Pool Adjacent Violators
(PAV) algorithm. In both cases, the calibrated LRs limited the magnitude
of the misleading evidence, providing only weak to moderate support for
the incorrect hypotheses. Most of the different pairs that were found to
be falsely included were explained by chemical relatedness (same
manufacturer of the glass sources in very close time interval between
manufacture). The authors state that the computation of LRs using
dimensionality reduction of elemental concentrations using PCA may
transfer to other multivariate data-generating evidence types.

When considering only subsets of glass fragments recovered from
garments and considering the presence of background glass on garments
Vergeer et al. [190] propose to incorporate modelling the probability of
an allocation of background fragments into groups given a total number
of background fragments by a two-parameter Chinese restaurant process
(CRP) for the glass evidence. The proposed solution consists of relaxing
the assumption of conditional independence of group sizes of back-
ground fragments. Under the assumption of random sampling of frag-
ments to be measured from recovered fragments in the laboratory,
parameter values for the Chinese restaurant process may be estimated
from a relatively small dataset of glass in other relevant cases. The au-
thors use a dataset of glass fragments collected from upper garments in
casework and show model fit to provide a calculation of an LR at activity
level accompanied with a parameter sensitivity analysis for reasonable
ranges of the CRP parameter values.

Ramos et al. [191] propose models that compare favorably to pre-
viously proposed feature-based LR models, by improving the calibration
of the computed LRs based on quantitative elemental analysis using
LA-ICP-MS and the ASTM E2927 method. The authors assume that the
within-source variability is heavy-tailed to incorporate uncertainty
when the available data is scarce as it typically happens in forensic glass
comparisons. The authors also address the complexity of the
between-source variability by the use of probabilistic machine learning
algorithms such as a variational autoencoder and a warped Gaussian
mixture. The authors report improved overall performance of the like-
lihood ratios generated by the new model over previously reported ap-
proaches and credit the improvement to “a dramatic improvement in the
calibration despite some loss in discriminating power”.

Corzo et al. [192] report on the results from an interlaboratory study
involving seventeen (17) laboratories that participated in three inter-
laboratory exercises to assess the performance of refractive index, micro
X-ray Fluorescence Spectroscopy (micro-XRF), and Laser Induced
Breakdown Spectroscopy (LIBS) data for the forensic comparison of
glass samples. Glass fragments from automotive windshields were
distributed to the participating labs as blind samples and participants
were asked to compare the glass samples and report their findings as
they would in casework. For samples that originated from the same
source, the overall correct association rate was greater than 92% for
each of the three techniques (refractive index, micro-XRF, and LIBS). For
samples that originated from different vehicles, an overall correct
exclusion rate of 82%, 96%, and 87% was observed for refractive index,
micro-XRF, and LIBS, respectively. Wide variations in the reported
conclusions existed between different laboratories, demonstrating a
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need for the standardization of the reporting language used by practi-
tioners. Moreover, few labs used a verbal scale and/or a database to
provide a weight to the evidence.

Lambert et al. [193] reported the results of a different interlabor-
atory study involving ten (10) different laboratories using laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) and the
standard test method (ASTM E2927-16el) for the analysis and com-
parison of glass evidence. The primary aims of the interlaboratory study
were to evaluate the performance of the new CFGS2 calibration standard
for the quantitative analysis of simulated casework samples, evaluate
the comparison criterion as recommended by the ASTM E2927 method
and the incorporation of a likelihood ratio (LR) calculation as a more
quantitative determination of the strength of evidence. Each laboratory
calculated a LR to report the significance of glass source comparisons for
a set of glass samples of known origin. Two different types of back-
ground databases were used for the calculation of the LR to evaluate the
effect of the size and composition of the databases on the calculation of
the LR. As expected, glass that originated from the same windowpane
was found to be indistinguishable using the ASTM E2927 match criteria
and resulted in a high LR value (strong support for an association) and
glass that originated from different vehicles are distinguished (strong
support for an exclusion). Glass samples that originated from different
vehicles but that were the same make, model and year (or comparisons
between the inner and outer pane of the same windshield) were chem-
ically similar and reflected a low LR. Good agreement among the labo-
ratories was reported with <5% relative standard deviations (RSDs)
among participants.

Akmeemana et al. [194] report on the utility of likelihood ratio (LR)
calculations using novel datasets of glass samples of known
manufacturing history. The LRs calculated from comparing elemental
analysis of glass using ASTM E2927 LA-ICP-MS data for glass manu-
factured at three different plants over relatively short periods (over 2-6
weeks) range from very low values (LR 10’3) when the glass are man-
ufactured at different plants or manufactured weeks-months apart in the
same plant to very high values (LR 10%) when the glass samples are
manufactured on the same day. Although the glass samples being
compared may not originate from the same broken window source, they
do exhibit chemical similarity within these lower and upper bounds and

the LRs presented closely correlate chemical relatedness to
manufacturing history, specifically the time interval between
production.
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