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Preface

Dear Colleagues in Forensic Sciences,

Allow me as Chairperson of the INTERPOL Organizing Committee of the 19" Forensic Science
Managers Symposium to bid you a hearty welcome; this on behalf of my fellow Committee members as
well as INTERPOL.

We are gathered here for the next three days to review and reflect on global developments in forensic
sciences that have occurred over the past three years. These developments are as many in numbers as they
are controversial in outcome and ramifications.

The more than 105 senior forensic scientists representing 45 countries (a record attendance number |
believe) at this event will be please to learn that we have listened to you when you instructed us at our
18t Symposium under this very same roof held in 2016 to assemble a body of research based knowledge
and present it to you in a digestible format ready for global consumption not only at your senior level but
also ready for dissemination to all levels of our industry.

You may recall that we have conducted a survey amongst delegates at this very same event held in 2016
to determine needs and preferred topics and this event will incorporate all of your requirements.

In doing so we have established some groundbreaking records consisting novel presentation platforms,
publication output as well as recording of all proceedings.

We will cover a number of topics relevant to our science and we have attempted by means of scheduling
of the agenda in front of you and these are criminalistics, forensic chemistry, electronic evidence and
identification sciences which represent the following thematic areas like wildlife forensics, environmental
forensics, drugs, human trafficking, “follow the money”, forensic management, and combating organized
crime.

In terms of the proceedings to be conducted over the next three days the agenda is clear and will basically
cover the forensic sciences on days one and two whilst the actual reason for our gathering, namely on day
three will cover the business meeting (please schedule your departure to allow for your attendance at the
latter).

We will host not less than six poster sessions that will be presented as interactive digital presentations by
the actual authors. Please make a note in your dairies of these scheduled times slots as they are not to be
missed.

We have reviewed a record number of scientific publications covering the gamut of forensic science
research and publications for the last three years. The articles will be available as a single document from
the Interpol website. Additionally, each review article will be published in Forensic Science
International: Synergy, a Gold Open Access journal. This means that the review articles will be free to



download and use without restriction in perpetuity. Our Committee subjected three publication proposals
to a rigorous and painstaking tender process and selected the aforementioned publication for a number of
reasons. This will make the forensic literature more available to more professionals and stakeholders than
ever before.

We will also capture and record for future record all panel discussions, questions from the floor, and
business meeting proceedings.

I also wish to extend our sincere gratitude to INTERPOL who through its more than five decades of
formal association with the forensic science community allowed this triennial symposium to occur as
clockwork. This is achieved through availing us their considerable infrastructure and capacity and here |
want to stop and specifically mention the services of the translators and the technical staff working behind
the scenes. A special thanks to you all.

Finally, a word of profound thanks to my Committee members; your assistance in this mammaoth task was
immeasurable and we have set a scientific precedent that will b a hard act to follow for years to come.

In conclusion, sit back, relax, do not leave with unanswered questions and participate in surveys as well
as the final day business meeting.

Dr. Paul S. Ludik
Chairperson
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1. Introduction

1.1.Scope
This review paper covers the advances in scientific methods and general discussions concerning
firearm examination, published from 2016 until and including 2018. A literature search was
conducted covering articles on this subject published in the main forensic journals:

- AFTE Journal

- American Journal of Forensic Medicine and Pathology
- Australian Journal of Forensic Sciences

- Forensic Science International

- Forensic Sciences Research

- International Journal of Legal Medicine

- Journal of Forensic Identification

- Journal of Forensic Sciences

- Science and Justice

1.2. Current topics
Former US president Barack Obama requested the President’s Council of Advisors on Science
and Technology (PCAST) to identify additional measures that could be taken to improve the
state of forensic sciences in the USA. The investigation and resulting report “Forensic Science in
Criminal Courts: Ensuring Scientific Validity of Feature-Comparison Methods” [1] built on the
2009 National Research Council’s (NRC) report “Strengthening Forensic Science in the USA: A
path forward” [2]. The committee defined two critical parameters for the assessment of both
objective and subjective feature comparison methods: foundational validity and validity as
applied. Foundational validity refers to the scientific standard for whether evidence is based on
“reliable principles and methods™ and validity as applied refers to the scientific standard for
whether one “has reliably applied the principles and methods”. Firearm examination was one of
the forensic disciplines which were investigated. For firearm examination the committee
concludes that insufficient studies exist with the required quality and quantity to provided
sufficient foundational validity or to estimate the reliability of the method as applied. The
PCAST reports that the current situation could be much improved by 1) ongoing developments
in computer based methods and with 2) additional validation studies of the examiner judgments
which are vulnerable to human error, inconsistency across examiners, and cognitive bias.



When considering the recommendations written in the NRC and PCAST reports in
combination with the recent literature in firearm examination the following topics have received
specific attention in the last three years:

1. Development of computer based methods
2. Validation studies and proficiency testing
3. Influence of the human factor on forensic judgments

The published articles which are related to these three topics will be addressed on sections 2.7
Development of computer based methods, 2.1 Validation studies and statistical foundations and
2.6 Proficiency testing, and 3.5 Bias, reporting and quality assurance, respectively.

2. Firearms examination
Following the recommendations made in the 2009 NRC [2] and 2016 PCAST [1] reports to
strengthen the scientific foundations of firearm examination, several articles have been
published.

2.1.Validation studies and statistical foundations
When providing judgments about the source of fired ammunition parts forensic firearm
examiners consider the observed degree of similarity of features: striations and impressions. To
be able to provide a judgment about the source of these features in fired cartridge cases or bullets
they should be reproducible from shot to shot. When the features are highly reproducible, the
intra-variability will be low. At the same time the inter-variability (between different firearms) is
expected to be (a lot) higher. As a result of these differences in intra- and inter-variabilities, a
higher degree of similarity will usually result in a higher degree of support for a same source
judgment. Preferably, the intra-variability will also be low over a prolonged period time or after
firing a large number of shots. In other words, that the features are reproducible and that the
responsible imperfections in the firearm are durable.

A study, using twenty-four new 9mm Luger Ruger SR9 firearms, focused on the
reproducibility of features over time. Two hundred shots were fired with each of the firearms and
compared with IBIS Heritage. Both the firing pin and breechface impressions were considered in
the analyses. No decreasing trend in performance of the of the IBIS Heritage system was
observed between earlier and later test shots, indicating that the change in features over time is
small [3].

Another study, using five 9mm Luger Norinco QSZ-92 firearms, and firing 3070 shots
per firearm showed that the firing pin and breechface impressions were more similar when shots
were fired closer in sequence. But at the same time the intra-variability of features did not exceed
the inter-variability, resulting in nearly 100% correct correlations by the used Evofinder system
[4, 5].

Based on the expected difference between intra- and inter-variability a study was set up
to investigate the hypothesis that no cartridge cases fired from two different 9mm Luger Glock
pistols would incorrectly be concluded to come from the same firearm. A sample of 1632
cartridges cases, fired from 1632 Glock pistols, was used. All of these were manually compared,
where none of the cartridge cases were perceived to ‘match’. A subset of 617 cartridge cases was



compared by the IBIS system and none of them were found to match. Based on these results a
random match probability of 0.0001% was calculated [6].

Two types of prototype barrels for Glock pistols were studied. Ten 12 right and ten 18
right consecutively manufactured barrels were test fired. Ten examiners received twenty-five
questioned bullets with twenty sets of reference shots. From the 250 comparison, 8 were judged
‘inconclusive’ while the others were correctly assigned to the reference shots [7].

2.2.Parameters that affect the identification process
Test shots have to be made to compare fired ammunition parts with a submitted firearm. The
features in these test shots can then be compared to those in the seized ammunition parts. For the
purpose of creating test shots, the performance of three bullet recovery systems is compared: a
water tank, a cotton tube, and layered synthetic non-flammable fleece. The authors conclude that
the water tank is the most efficient system, also in terms of quality of features in the fired bullets.
However, the water tank does not work well with some types of ammunition, such as hollow-
point bullets. The other two systems work well for these, with the fleece-based system being
more universal, but the fibers will have to be removed from the bullet before comparison [8].

A complicating factor when comparing seized ammunition to test shots occurs when the
firearm was found in a burned car. The features in test shots from three 9mm Luger CZ 85B
firearms were compared to the features in test shots from the same firearms after exposing them
to a car burnout. The formation of oxide layers was observed as the primary influence on the
surfaces of the firearms. It was still possibly to relate the pre- and post-burn cartridge cases, but
this was not possible for the bullets. The difference in the formation of the features used for
comparison (impressions and striations, respectively) is given as a possible reason for this
different outcome in cartridge case and bullet comparison [9].

The used ammunition can also result in complications when comparing the features in
fired ammunition parts. As an example the American Eagle, Syntech ‘lipstick round’, a total
synthetic jacketed bullet, is discussed. Deformation and poor rifling engagement of the synthetic
material complicated the comparison of the features resulting from the barrel. This became
increasingly evident when comparing two Syntech bullets two each other [10]. The earlier
plastic-coated Nyclad bullets by Smith and Wesson showed similar problems while comparing
the features resulting from the barrel [11]. Haag (2018) mentions that the presence of individual
characteristics is unlikely in Syntech’s caliber .45 Auto bullets and that only the general rifling
characteristics will be available for the examiner. He mentions that this is in contrast with the
Nyclad and Herter’s Total Nylon Jacket bullet in which striations patterns can be seen and
compared [12].

The effect of applying Hi-Tek-Lube Supercoat, a polymer heat-set coating for lead
bullets, on the comparison of the features is discussed. Most of the examinations of the features
resulting from the barrel in the coated bullets resulted in ‘inconclusive’ judgments (80% - 90%).
Identifications were only called when (a part of) the coating was sheared off by the barrel [13].

The Winchester Varmint LF caliber .22 Long Rifle ammunition is examined. These
cartridges have lightweight pure tin bullets. Due to their low mass, the muzzle velocity is quite
high but due to the decrease in ballistic coefficient they also show a rapid loss of velocity over
time and distance when compared to equivalent lead bullets [14].



Ahmad, Adnan & Sagheer (2016) discuss that firearm examiners should use caution
when considering differences in the position of the firing pin impressions as evidence that
cartridge cases are fired from different firearms. The spring loaded firing pin of a 7mm bolt
action rifle can potentially move in the bolt housing, resulting in varying impact locations on the
primer. The features in the impressions are reproducible and can still be used for comparison
purposes [15].

Felix (2016) describes a comparison case involving a 9mm Luger Glock pistol. Although
the correspondence of features in the firing pin aperture shear mark and the breechface
impression led to an identification, the features in the firing pin impression were completely
different between the test shots and the seized cartridge cases. Careful examination of the debris
channel of the firing pin led to the conclusion that the firing pin was replaced by an aftermarket
part, modeled after the original firing pin design. The author concludes that these results mean
that the firing pin was switched between the shooting incident and submitting the firearm for
comparison [16].

Although most firearm examiners use a comparison microscope to compare the features
in fired ammunition parts, this instrument is not available to everyone. A simple method, using a
binocular, a digital camera, and Microsoft Word is explained to still be able to compare the
features in the absence of a comparison microscope [17].

Haag (2017) studied the relation between peak pressures in cartridge cases, and the
appearance of fired primers and the clarity and completeness of breechface marks. Although
several factors such as headspace variations, method of operation, hardness of primers, and bullet
and primer seating affect the appearance of the primer after firing, there seems to be a relation
between appearance and peak pressure. In cartridges with normally seated primers (without
retaining crimp) there is an increased likelihood that evidence of excessive pressures will occur.
Signs of high peak pressure are primer flattening, cratering (back flow) around the firing pin
impression into the firing pin aperture and pierced primers [18].

2.3. ldentification based on unusual marking
The marks resulting from e.g. the breechface, firing pin, ejector, extractor and chamber of the
barrel are quite apparent and seen in the fired cartridge cases of most firearms. Features in marks
resulting from some of these origins are encounter or used less often. Eckert (2018) discusses the
origin of the slide scuff mark. These 12 o’clock striations are formed as the breechface strips a
cartridge from the magazine and loads it into the chamber. They are not a result of the actual
firing process [19].

The Beretta ‘swoosh’ mark on the wall of the cartridge case is seen after firing a cartridge
with certain 9mm Luger and .40 S&W Beretta pistols. This mark, which in shape resembles the
Nike Sportswear logo, is formed by the ejection port of the slide. Due to rather uncontrolled
engagement between the ejected cartridge case and the ejection port this mark shows quite some
intra-variability [20].

The marks resulting from the barrel extension lugs of the M-16 assault rifle are formed
on the neck of the cartridge case during the extraction and ejection cycle. The ejector forces the
cartridge case towards two lugs as the extractor draws the cartridge case out of the chamber. The



authors mention that the appearance and quality of this mark can be used to indicate whether the
firearm was fired semi- or full-automatically [21].

Features in bunter marks can be used to relate seized cartridge cases to live cartridges.
The author discusses that resulting evidential strength is influenced by the comparison results,
but also by the age of the ammunition, by how common the ammunition is and by the
explanation offered by the suspect about the acquisition of the ammunition. Imagining and
comparison techniques such as applied by devices such as Evofinder can facilitate the
comparison of the features in these bunter marks [22].

2.4.Class characteristics
Class characteristics can be used to provide insight in the used make or model of firearm. Warren
and Pitts (2017) provide an elaborate overview of the comparable class characteristics seen in
firearm models manufactured by Glock, Smith & Wesson (Sigma) and Springfield (XD) and
how to distinguish between them [23]. They conclude with a useful decision flowchart to
facilitate the examiner to benefit from the differences in class characteristics between
manufacturers and model generations. They also provide a reference that Glock has stated that
the new teardrop-shaped firing pin aperture will be the standard design for future models.

Another study uses Naive Bayes and Random Forest classification methods to distinguish
between ejector marks from Glock and Smith & Wesson Sigma pistols. The differences in the
shapes of the ejector marks provide information to differentiate between the two manufacturers.
The inter-variability of the ejector mark shape between manufacturers is larger than the within-
variability. Although the ejector mark location of the Glock Gen4 has changed, the marks still
have a similar shape [24].

The features in test shots of ten pistols from various manufacturers were acquired with
BALISTIKA 2010. They authors show that differences in comparison scores can be used to
group cartridges based on manufacturer and model. The firing pin impressions seem to provide
the best differentiation [25].

The differences in appearance of the extractor marks between M-16 and IWI Tavor
assault rifles is discussed. The edges of the ‘banana shaped’ marks resulting from the M-16 are
curved while those from the Tavor are almost straight. This difference can be used to distinguish
between the two manufacturers [26].

The General Rifling Characteristic (GRC) can also be used to indicate which make(s) or
model(s) of firearm(s) can have been used to fire the seized bullet. A study was set up to
determine which variance would be most appropriate to take into account when searching a GRC
database for possible used firearms. The authors conclude that a good balance between the length
of the possible firearms list and the potential misses is found when a variance of + 0.003”
(approximately 0.1 mm) or 0.015” (approximately 0.4 mm) is used for pristine and damaged
bullets, respectively [27].

2.5. Subclass characteristics
The AFTE Glossary defines subclass characteristics as discernible surface features of an object
which are more restrictive than class characteristics in that they are: (1) produced incidental to



manufacture, (2) are significant in that they relate to a smaller group source (a subset of the class
to which they belong), and (3) can arise from a source which changes over time [28]. Nichols
(2018) provides a well-structured article about subclass characteristics. The first part of the
article defines subclass characteristics, the second part adds information about manufacturing /
machining fundamentals, in which the main machining fundamentals are explained and their
potential for subclass characteristics. In the third part the evaluation of working surfaces and
marks is discussed to help recognize subclass characteristics [29].

A study focusing on nineteen .22 Long Rifle Smith & Wesson M&P 15-22 rifles showed
the presence of subclass characteristics in the firing pins. The authors conclude that firearm
examiners should be cautious when features appear to be continuous and parallel, showing
virtually no variation along their length [30].

Another study showed the presence of subclass characteristics resulting from the molded
insert in the breech of .32 Auto Tactical Hulk PT-12/PT-12 Pro [31].

Casts and test fired bullets from thirty-five Glock Marking Barrels (replacing the Glock
EBIS barrel) were evaluated. The presence of subclass characteristics was determined in the
“rails” of the barrels. These rails run along the “shoulders” of the lands. Although it is mentioned
that the rails did not create striation patterns in any of the test shots of this study, the authors
advice caution when examining the corresponding area in the bullets. The striations in the land
engraved areas are said to result from the normal cross-hatched striations from honing of the
barrel [32].

Five consecutively manufactured rifled barrels from 9mm Luger Hi-Point pistols were
examined for the presence of subclass characteristics. No significant subclass characteristics
resulting from the button rifling process were observed. The author discusses that this is the
result from the creation of individual characteristics on the barrel’s surface due to cold drawing
and manual deburring [33].

2.6. Proficiency testing
In the traditional forensic disciplines, where a human is usually the main instrument for analysis
and interpretation, a well-established scientific foundation should be established [34]. This
should ensure that sound research, instead of experience, training and longstanding use will
become the central method by which judgments are justified. To add to this research culture,
Stoel, Kerkhoff, Mattijssen & Berger (2016) announce their blind testing program and the
intention to publish the results, regardless of how these will turn out. The authors propose that
others should also do this to ensure unbiased publication of the results of proficiency tests and
thus removing the potential bias towards ‘good results’ [35]. In 2018, the results of the
announced study were published. A total of 53 conclusions were drawn based on the comparison
of cartridge cases mainly fired by 9mm Luger Glock pistols. For 31 of these conclusions, the
ground truth was ‘same source’ and for the remaining 22 ‘different source’. The comparisons
were performed under casework circumstances as the cartridge cases were submitted as ‘real’
cases in the normal case flow. No misleading evidence has been reported resulting in 95%
confidence interval for the error rate of 0-6.8% [36].

In a study, involving 126 firearm examiners who each performed twenty cartridge case
comparisons, it was found that the overall error rate was 0%, with a sensitivity (# of reported



identification / # of true identifications possible) of 99.7% and a specificity (# of reported
exclusions / # of true exclusions possible) of 79.9% [37]. Additional analysis added the 95%
confidence intervals and estimated a false identification probability between 0 and 0.003 and a
false exclusion probability between 0 and 0.002 [38].

Another study, involving 31 firearm examiners, studied the reliability of their source
judgments. The results demonstrated an overall error rate of 0.303%, a sensitivity of 85.2% and a
specificity of 86.8%. Some variability between examiners and between cartridge case and bullet
comparisons was observed. The sensitivity and specificity of cartridge case comparisons were
higher than for bullet comparisons [39].

2.7. Development of computer based methods
Forensic firearm examination is traditionally based on examiners’ judgments. Although these
examiners are highly trained and experienced, there is a call for more objective methods.
Different approaches to perform the comparison of features in cartridge cases and bullets
following a more objective method have been proposed in recent years. To do this, surface
topographies are acquired in 2D or 3D and these measurements are compared using computer
based comparison algorithms. The resulting comparison scores are then used to provide a
strength of the evidence such as a likelihood ratio, a categorical conclusion or an estimated error
rate when applying the method.

When implementing 3D surface topography in practical firearm examination several
requirements will have to be met. Stocker, Thompson, Soons, Renegar and Zheng (2018) discuss
these requirements with a focus on e.g. the necessary instrument specifications, instrument
performance and evaluation, traceability requirements, the use of reference standards and
necessary assurance procedures. They mention that the specific requirements will depend on the
intended use of the instruments and data, which could focus on e.g. database searches, virtual
comparison microscopy and computer based comparison / verification [40].

For the comparison of impressions, such as breechface and firing pin impression, the
National Institute of Standards and Technology (NIST) has developed the Congruent Matching
Cells (CMC) method in 2012 [41]. The total surface area is split up into cells which can then be
compared to the cells of another surface. The reason for dividing the surface into multiple cells
instead of comparing the complete surfaces at once is to differentiate between valid and invalid
correlation regions. The valid correlation regions are thought of to consist of features which can
effectively be used for comparison purposes, while the invalid correlation regions result from
minimal interaction with firearm components and therefore do not contain useful features. When
complete surfaces are compared the invalid correlation regions potentially reduce the similarity
and accuracy of registration [42]. Several cells are considered to be congruently matching cells
when they show 1) a high surface topography similarity (quantified by the area cross correlation
function maximum (ACCFnax), 2) similar registration angles for all correlated cells, and 3) a
‘congruent’ x-y spatial distribution pattern for the correlated cells [43, 44]. Chen, Song, Chu,
Soons and Zhao (2017) propose an accuracy improvement of the CMC method by considering a
feature named ‘convergence’. This convergence is explained by the tendency of the x-y
registration positions of the correlated cell pairs to converge at the correct registration angle
when comparing same source samples at different relative orientations. This additional criterion
in the CMC method is shown to improve results by reducing the number of false positive and
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false negative CMCs when applying the method to four datasets of test shots. This is the result of
a better separation between same source and different source comparisons, which is most evident
for the two test sets with striated impression [44].

The CMC method was also applied to two Collaborative Testing Services (CTS) tests for
both breechface and firing pin impressions. The resulting similarity maps from a comparison are
shown to help relate the features used by examiners to those used by the algorithm. The results
are perceived to be good, and can be improved by combining the information from both
breechface and firing impressions [45].

Because of the limited surface area and curvature of firing pin impressions the Congruent
Matching cross-section (CMX) method is proposed besides the existing CMC method. This
methods uses cross sections of the firing pin impression which are converted to 2D linear
profiles. After this, the congruency of pairwise profile patterns is determined. The proposed
method is tested with a dataset of 40 cartridge cases fired by 10 firearms. The cartridge cases
were of three different brands and the firearms were produced by three different manufacturers.
The results show a clear separation between same source and different source comparisons and it
is suggested that the performance can be improved by combining this method with the CMC
method which should then by applied to the bottom of the firing pin impressions [46].

Murdock et al. (2017) discuss the requests for additional information about the reliability
of firearm examination [e.g. 1, 2] and focus on the random match probability for firearm
examination. In their article they provide a literature review regarding random match probability
models and statistical applications that have been performed in firearm and toolmark
examination [47].

Song et al. (2018) applied the CMC method to two datasets of cartridge cases to provide
an error rate. They observed good separation between same source and different source
comparisons, resulting in low cumulative false positive and false negative error rates. Because of
variability in manufacturing of firearms and the firing process they expect that the error rate in
actual casework will not be as low as for DNA comparison [48].

The selection of marks from which the features will be considered by the algorithms is
usually done by an examiner. This introduces a subjective aspect in an otherwise fairly objective
method. To try to minimize this human involvement, an automated selection of marks is
proposed. The authors demonstrate an improvement in accuracy when applying the method to
2D optical images. They also propose an empirical calculation of the random match probability
based on data resulting from known sources [49].

Apart from the methods which take into account similarity scores of compared
impressions, two publications also focus on a feature based method. One of these methods is a
scale invariant feature transform (SIFT) and RANDom SAmple Consensus (RANSAC)
integration algorithm. The SIFT algorithm extracts the local extrema which serve as local key
points of impressions representing their invariant features, and to build the feature descriptor for
each point based on its neighboring local gradients. RANSAC is applied to improve the
matching performance. A validation test is performed which shows good separation with respect
to the number of matching features between same source and different source comparisons [50].
Another method focuses on the extraction of arbitrary shapes from firing pin impressions. The
results of the comparison algorithm, using these extracted features, do not depend on image
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orientation and could for instance be applied as a preliminary, but fast search in a larger
database. This step could be followed by additional correlation methods. The methods shows a
lower accuracy for extracted circular shapes [51].

Several studies have focused on the parameters which could influence the outcomes of
more objective computer based methods. One of these considered subclass characteristics from a
probabilistic perspective. The authors show that the influence of subclass characteristics on
calculated likelihood ratios is limited. To see a significant change in calculated likelihood ratios,
the proportion of firearms sharing subclass characteristics in the relevant population should be
larger than 40% [52].

Law, Morris, and Jelsema have published two studies investigating the number of test
shots which will be needed to represent the variability of features between shots. The first study
focused on 9mm Luger firearms and shows that 15 test fired cartridge cases should be sufficient
to represent the score distribution, but that 30 test fired cartridges would be a more conservative
number [53]. In a follow-up study they applied the same methodology with .40 S&W, .45 ACP,
.38 Special, and .357 Magnum cartridge cases. Overall, they again conclude that 15 test fired
cartridge cases are sufficient for above an 80% probability of representing the full score
distribution, but that 25, instead of 30 will be sufficient to reach full equivalence [54].

Although the cited publications above focus on the computer based comparison of
impressions in cartridge cases, similar methods can also be applied to striations in bullets. One
such a study focused on the comparison of striation patterns in pellets fired by an air pistol. The
author reports the in most comparisons limited to reasonable success was achieved. Although the
identification of land engraved areas was still performed by a human, the comparison was
performed objectively [55].

Bigdeli, Danandeh, and Moghaddam (2017) propose an alternative approach for bullet
striation pre-processing and comparison. They do not use linear time invariant filters, such as
Gaussian bandpass filters, but Ensemble Empirical Mode Decomposition (EEMD) to smooth the
profile and to select a particular range of modes with fast and strong oscillations that correspond
to striation information. This method is likely to be faster than others and can be used as a pre-
processing step before of any system that uses cross correlation as a comparison metric [56].

2.8. Ballistic imaging database
Ballistic imaging databases are often used to find ‘hits’ in the open case file between seized
evidence and between test shots and seized evidence. Several studies have looked into the
performance of such systems.

Wang, Beggs-Cassin & Wein (2017) have some suggestions to optimize the ballistic
imagine operation for laboratories that are dealing with large numbers of cartridge cases, but
have limited resources. The number of hits seems to increase by prioritizing evidence over test
shots, and by grouping cartridge cases by their caliber and allocating most of the capacity to the
higher ranking calibers [57, 58].

The overall performance of the IBIS system was evaluated using the standard cartridge
cases from the Standard Reference Material (SRM) 2460/2461 set created by the National
Institute of Standards and Technology. The authors conclude that the system provides excellent
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discrimination between same source and different source comparison scores for the breechface
impression and small overlap for the firing pin impressions [59].

The factors that influence the effectiveness of ballistic imaging databases were studied
using Evofinder. Overall the effectiveness for bullets seems to be higher than for cartridge cases.
When only looking at the cartridge cases, the effectiveness based on the breechface impressions
was lower than that for the firing pin impressions. Furthermore the effectiveness decreased when
different types of ammunition were compared, when the size of the database was increased and
when students without firearm examination experience performed the required actions [60].

Performance tests of IBIS Heritage and IBIS Trax-HD3D with cartridge cases from
twelve pistols from various manufacturers show that the performance is better for firing pin
impressions than for breechface impressions. For most firearms the performance on breechface
impressions was better for the IBIS Trax-HD3D system especially when using side-light. For
firing pin impressions the performance of the IBIS Heritage seemed to be better [61].

Another study using IBIS BrassTRAX v3.0 again shows that the performance is better for
firing pin impressions than for breechface impressions. Side-light results in better performance
than ring light and the combined ‘rank score’ results in the best performance. The authors also
discuss possible casework strategies [62].

The added value of open case file hits between cases is studied by King et al. (2017).
They interviewed detectives of 65 gun-related violent crime investigations in nine police
agencies in the US. Based on these interviews they discuss that a hit report rarely contributed to
suspects being identified, arrested, charged or sentenced. This minimal added value is coupled to
the delay between the incident and the reported hit, which was on average 181.4 days.
Additionally the hit reports rarely contained detailed information that was immediately useful to
the detectives. The added value of open case file hits might be increased by quick processing and
detailed reporting [63].

3. Firearms and ammunition miscellaneous reports

3.1. Firearms and ammunition
3.1.1. History
Haag (2016) describes the exterior and terminal ballistics of the model 1780 Girardoni air rifle
such as used by Meriwether Lewis during the “Voyage of Discovery” from 1803-1806. The
article shows penetration result in several media and the sound discharge. Both of these are
discussed in the context of approximately 200 years ago [64].

Fifty-year old ammunition was recovered in Agarta, Tripura, India. The soiled and
oxidized ammunition is examined and the authors conclude that the chemical composition of the
ammunition remained unchanged, but that the ammunition became ineffective due to absorption
of moisture by the primer [65].

3.1.2. Serial number restoration
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Because of an increase in the use of titanium in modern firearms, several reagents were tested for
their potential to restore serial numbers. One of these reagents, concentrated hydrochloric acid,
seemed promising, especially while applied on heated titanium [66].

3.1.3. Firearm related sounds

Nineteen categories of investigations and research related to sounds occurring during operation,
discharge and post-discharge of firearms are described with exemplary data. These categories,
which included e.g. 1) the detection and recognition of gunshot sounds amid ambient noise, 2)
the determination of the sequence of shots, and 3) discrimination between semi- and full-
automatic shooting, are recognized as potential evidence for shooting incident investigations [67,
68].

3.2. Ammunition
3.2.1. Manufacturing marks
The striations patterns visible in the extractor groove of Winchester .40 S&W and .45 Auto
cartridges are discussed. These striations are the result from the hold-down plate used to extract
the cartridge case from the die during manufacturing. Due to their similarity in appearance and
position they could be mistaken for extractor marks [69].

Manufacturing marks were also found in the primer and cartridge head of Fiocchi
7.62mm Nagant ammunition [70].

Marks which can be used to recognize reloading are discussed by McCombs & Hammen
(2016). They show examples such as misaligned die marks from bullet seating, resizing die
marks, crescent shaped impressions in the primer, and the availability of multiple extractor,
ejector and ejection port marks [71].

3.2.2. Manufacturer identification

Warren (2018) provides information about the manufacturers of polymer-coated bullets such as
the earlier discussed Nyclad and Syntech ‘Lipstick’ bullet and suggests the use of FT-IR
spectrometry to help differentiate between manufacturers [72].

3.3.Replicas and casts
BALISTIKA 2010 is used to compared the features in the original cartridge cases with those in
replicas of the same cartridge cases. Based on the ranking by BALISTIKA 2010, the features in
replicas are very similar to those in the originals. Because of these similarities, the casts can be
used for comparisons with the open case file [73].

3.4. Statistics
Information about the demographic and epidemiologic differences between fatal firearm injuries
in Shelby and Davidson County between in 2009 and 2012 were compared (total N = 1081).
Information about the age-adjusted gunshot mortality rates, homicide rates and suicide rates are
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given depending on race. Overall, homicide was found to be the most common manner of death
for gunshot related deaths, and handguns were most often used [74].

A study focused on the relation between past trauma, gun access and storage, and suicide
rates. Based on qualitative interviews the authors discuss that the prevention of community
violence and addressing its ramifications may help reduce suicide rates [75].

The characteristics of 228 gunshot wound suicide autopsies in Southeastern Minnesota
are discussed. Some of the results are that 97% of these suicides were men, the majority involved
shots to the head (70.9%), and that most (66.7%) took place at home [76].

The relation between unintentional non-hunting firearm deaths and changes in firearm
regulation in Sweden is discussed. The 43 fatalities from 1983-2012 represent 46% of all
unintentional firearm deaths. Human error was determined to be the main cause of these
incidents. Most involved legally owned firearms. A significant decrease in death rate was
observed during the last decades. The authors discuss that this can at least party be explained by
changes in the Swedish firearm legislation, introducing the mandatory hunter’s examination to
ensure safer firearm handling, and limiting access to firearms by strict regulation of storage [77].

Khosnood (2017) discusses the firearm-related violence in Sweden in recent years. He
mentions that this type of violence is increasing, especially in the most southern region Skane,
where Malmo is located. He calls for more police personnel, additional training and education on
gang criminality and more serious punishments [78].

Tsiatis (2016) provides detailed information about firearm crimes in Greece from 1995 to
2014, where ballistic evidence was submitted, and where firearms were used against human life.
Main results are that in 66.6% of these crimes a person was actually hit. Seventy percent
involved handguns, with the caliber 9mm Luger being the most prevalent [79].

The online trafficking of weapons was studied by an assessment of the listed weapons on
nine dark web cryptomarkets. Two of these cryptomarkets are responsible for most of this
trafficking, but the proportion of weapon trafficking seems small when compared to illicit drug
trafficking. From the total of 386 weapon listings approximately 25% were firearms. The authors
discuss that firearm trading through social medias on the internet seems to be more important
than trafficking on cryptomarkets [80].

3.5. Bias, reporting and quality assurance
According to the NRC [2] and PCAST reports [1] the forensic firearm examination discipline
should focus on additional validation studies of the examiner judgments which are vulnerable to
human error, show inconsistency across examiners, and can be influenced by cognitive bias. The
AFTE Board of Directors have written a response to the PCAST report discussing that
determining the validity as applied by ‘black box’ studies only is a too unilateral approach. At
the same time they welcome additional research to build upon the foundations of the discipline
[81]. The Scientific Working Group for Firearms and Toolmarks (SWGGUN) provides a review
of the development of the firearm examination discipline, concluding that they think that the
discipline is founded on a sound scientific method that is applied in a logical way, concluding
that the discipline is scientific and reliable. Although they state that sufficient validation studies
have been conducted to affirm the theory of firearm identification they recognize the need for
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continuous testing, scrutiny of employed methods and procedures and the continual awareness of
emerging technologies that could further improve the discipline [82].

A couple of studies focusing on the validity as applied have already been discussed in
Sections 2.1 Validation studies and statistical foundations and 2.6 Proficiency testing. Other
mentioned suggestions for research and improvement with a focus on the human factor are the
implementation of context information management to minimize the risks of cognitive bias
influencing forensic judgments [1, 2, 34, 83-88] and the shift in focus from trying to prove the
claim of uniqueness of features to establishing their evidential strength and to report judgments
in probabilistic terms [1]. With a specific focus on firearm examination, Bolton-King (2017)
provides an interesting review of the scientific principles and practices. She focuses on the
human influence on the validity of judgments and the importance of proper training and
procedures to minimize the likelihood of injustice involving firearms evidence [89]. Through a
letter to the editor an incorrect connection between comparison results and a crime laboratory is
fixed [90].

3.5.1. Influence of the human factor on forensic judgments

A context information management procedure has been implemented in firearm examination.
This procedure was designed to minimize contextual bias during forensic firearm examination as
a result of case information [91]. The design and implementation of the procedure are described,
guided by a taxonomy of different sources of context information [92]. After showing that
removing all context information, except for the information that is necessary for the examiner to
do their work, seems to work best, the authors conclude with a flow-chart of their implemented
procedure. The implementation of such a procedure seems feasible in practice and provides the
examiner with a response, which is founded on a procedure, to questions about potential bias
during the examination.

3.5.2. Reporting

In accordance with the PCAST’s suggestion to report judgments in probabilistic terms [1] two
publications provide examples of how this could be / is done in practice. Dutton (2017) discussed
that reporting in a probabilistic and logically correct format provides the possibility to provide
additional information on current ‘inconclusive’ judgments [93]. At the same time he discusses
some difficulties with reporting the evidential strength of a comparison as a likelihood ratio, such
as the unintuitive conclusions, the lack of concrete data to underpin judged likelihood ratios and
the inter-personal differences in the perception of used verbal conclusion scales. Kerkhoff et al.
(2017) discuss these practical issues and the pros and cons of reporting results using a
probabilistic approach. They provide a balanced discussion about the comparison of this
probabilistic approach with categorical source judgments, concluding that the introduction of the
likelihood ratio approach is a serious asset for the firearm examination discipline, shaping the
evaluation process and acknowledging limits of knowledge that exist within the discipline [94].

3.5.3.  Quality documents
Suggestions about which uncertainties should be and do not have to be assessed or reported
during firearm examination casework are given by Knapp et al. (2018). Reporting the uncertainty
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in measurements of e.g. bullet mass, diameter and GRC are not deemed necessary, while this
would be appropriate for trigger pull measurements and shooting distance determinations. They
provide examples of how these uncertainties can be reported [95]. The AFTE Board of Directors
shows there appreciation of the authors’ effort to share the information but state that is not an
official AFTE document [96].

MacPherson and Haag (2018) describe a project to test and analyze chronograph
performance. They focus on the issues related to and a practical approach for the calibration of
chronograph units [97].

SWGGUN has published two guidelines to provide a framework of standards:
- SWGGUN Guidelines: Criteria for Identification [98]
- SWGGUN Guidelines: Barrel and Overall Length Measurements of Firearms [99]

4. Technical examination

4.1. Modified or homemade firearms
Examination of a submitted firearm showed that after some adjustments it is possible to create a
functioning pistol by combining the frame from a KWA / Tanfoglio Witness 1991 CO2 BB
pistol with a .22 Long Rifle conversion kit from German Sport Guns / American Tactical
marketed for standard 1911-type frames [100].

A Chinese manufactured 7.62x39mm model 56-1, a Kalashnikov type assault rifle, was
examined. The firearm was converted to caliber 5.56x45mm using parts from an Israeli Galil
along with some minor machining of the internal dimensions [101].

An examined Jennings model J-22 pistols was found to operate with a penny and
electrical tape substituting the missing grip plate [102].

A modified British Enfield, Pattern 1914 rifle was submitted to test for operability. The
chamber was drilled, creating a drill purpose rifle used for training exercises and ceremonies.
The firearm received dummy and primed empty cartridges as well as unaltered cartridges. Firing
these live cartridge cases resulted in small discs, from the cartridge wall, being separated and
pushed out of the drilled holes of the chamber. The bullets of each of the test fired cartridges
were lodged in the barrel [103].

Several examples of examined homemade firearms have been published. In Turkey an
increase in numbers of homemade long-barreled rifles is seen. After examination of a few of
such rifles they were deemed unfit for efficient use and might result in harm to the shooter when
fired [104]. Another publication discusses the examination of four rudimentary homemade
firearms seized from an individual convicted of a felony [105]. Dutton (2017) discusses the use
of a homemade firearm with unconventional ammunition in a suicide case [106]. That some
homemade firearms can be of fairly high quality is shown by Sofer, Bar-Adon & Giverts (2016).
They discuss the construction and forensics aspects of a homemade pump-action shotgun
resembling a Remington 870 [107].

4.2. Firearms and their background
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The applied processes when manufacturing barrels will affect the marks found in the barrel’s
interior surface and consequently the features on fired bullets. Bolton-King (2017) provides a
comprehensive overview of the applied manufacturing processes and contact details for a wide
range of 9mm Luger pistol manufacturers and some aftermarket barrels [108].

Phetteplace (2018) examined two .22 caliber lever action Henry Repeating Arms rifles, produced
in 2002 and 2006. Although outwardly the rifles appeared identical (except for the serial
number) the rifling was different (6 right and 12 right). Contact with the technical services at
Henry Repeating Arms suggested that this difference might be the result of some unrecorded
running changes or that the 12-groove barrels have been experiments or trial-runs as the rifles are
supposed to be fitted with 6 right barrels [109].

A .32 Auto Tactical-Hulk PT12-Pro was received for examination. The authors provide
the specifications of the firearm. Although no references about a possible manufacturer were
found they describe similarities in appearance and operation to the Turkish Zoraki M-906 or M-
2906 starter pistol [110].

The features of an examined 9mm Luger Walther model CCP pistol, such as the
disassembly, polygonal rifling, the gas recoil/piston, and the locations and printing of the serial
number(s), are described [111].

The design and capabilities of pre-charged pneumatic (PCP) air guns and the
corresponding projectiles, such as lead pellets, lead spheres and lead bullets are discussed
including their velocities and terminal ballistics [112].

The use of cross-sectional imaging, such as computed tomography is discusses as a
possible way to get a clear visualization of the different components of a firearm. These
visualization could provide insight in the mechanisms of action without taking apart the firearm
[113].

Pellet seating in the barrel is shown to affect the external ballistics of fired air gun pellets.
Seating pellets slightly deeper in the breech of spring-piston air guns (2 mm) resulted in a mean
increase of kinetic energy of 31% (range 9-96%). For reliable and reproducible measurements of
pellet velocity and kinetic energy this variable should be considered [114].

5. Shooting incident reconstruction

5.1.Research
5.1.1. Bullet behavior and bullet trajectory reconstruction
Several methods can be applied when reconstructing bullet trajectories based on the bullets
defects found at the shooting incident. Mattijssen & Kerkhoff (2016) provide a review of these
methods and provide information about the accuracy and precision of estimated bullet
trajectories by six firearm examiners. They studied the reliability of the probing, ellipse and lead-
in (or rocker point) method when applied to bullet defects resulting from 9mm Luger FMJ
bullets on drywall, MDF and sheet metal at various angles of incidence. They conclude that
overall the best results are seen when applying the probing method and that only for the lower
angles of incidence the application of the ellipse or lead-in method will provide more reliable
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results [115]. The accuracy and precision of the bullet trajectory estimates vary for each
combination of applied method, target material and angle of incidence, resulting in different
95%-confidence intervals.

A study utilizing 3D laser scanning technologies studied the accuracy and precision of
this technique for bullet trajectory documentation. Low error ranges (up to approximately 2.0°
were observed. The precision, calculated by the inter- and intra-observer errors for probe
placement and trajectory marking, showed that the range of variation was between 0.1° and 1.0°
in drywall and between 0.05° and 0.5° in plywood. The use of these 3D technologies seems to
aid in the reduction of errors associated with the documentation of fitted trajectory probes [116].

One of the factors influencing the accuracy and precision of bullet trajectory
reconstructions is the bullet’s behavior upon impact. The bullet’s behavior is influenced by its
own properties upon impact, the properties of the target material and by the true angle of
incidence. Several publications discussed the behavior of bullets on target materials such as
glass, wood and laminated particle boards.

Based on numerical simulations and test shots with .38 Special LRN bullets it is
demonstrated that angles of incidence (angle between the bullet’s path and the substrate) of <30°
resulted in ricochets and angles of incidence >45° resulted in perforation of car windshields
[117].

A study focusing on bullet behavior on 5mm plain float glass showed that the estimated
critical angles of ricochet were 21.0° for .32 Auto FMJ bullets, 15.8° for 9mm Luger FMJ
bullets, 17.6° for .45 Auto FMJ bullets and 21.3° for 9mm Luger Action NP bullets. The critical
angle of ricochet is defined as the angle of incidence at which 50% of the fired bullets of a given
ammunition type ricochet from a given object type. The mean ricochet angles per angle of
incidence and bullet type were always lower than the corresponding angle of incidence, but were
higher for bullets with damaged jackets than with undamaged jackets [118].

Haag (2016) studied the possibility to determine the direction of travel of perforating or
non-perforating bullets based on the concentric cracks of bullet defects in windshields following
shallow angles of incidence. When the center of these cracks is located on one side of the
elongated bullet defect this seems to correspond with the entrance side of the defect [119].

The influence on wood grain on the ricochet and deflection angles of .32 Auto bullets is
studied. The results of that study show that the mean ricochet angle per angle of incidence and
type of wood usually exceed the corresponding angle of incidence and increases when the angle
of incidence increases. The angle between the wood grain and the plane of impact at which the
highest deflection angle is observed varies between 30° and 75°, depending on the type of wood
[120]. The results of this study are summarized and combined with those of an earlier study
focusing on the critical angle of ricochet on wood [122]. The critical angle of ricochet increases
with increasing hardness and density of the wood. The highest deflection angles were observed
for shots near those critical angles of ricochet [121].

Bullet behavior of eight bullet types (.22 LR, LRN; .32 Auto, FMJ-RN; .380 Auto,
FMJ,RN; 9mm Luger, FMJ-RN; .38 Special, LRN; .38 Special, SIHP; .38 Special, FMJ-FP and
.45 Auto, FMJ-RN) on laminated particle board was studies. The critical angle of ricochet was
estimated between approximately 14° and 26° for all eight cartridge types, but between
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approximately 14° and 18° for the subset of jacketed bullets. The result show that vertical and
horizontal deflection of perforating bullets can almost be neglected above an angle of incidence
of 30° or 40° [123].

A study focusing on pistol bullet deflection when perforating soft tissue simulants shows
that the degree of deflection is related to the length of the ‘wound channel’. Virtually no
deflection was observed for wound channels of 5 or 10 cm. For longer wound channels the mean
absolute deflection and variability increased with wound channel length. Furthermore, bullet
behavior varied between calibers and the results suggest that the angle of incidence also affects
bullet deflection [124].

A similar study demonstrates that the magnitude of bullet deflection of rifle bullets (5.56
NATO and 7.62x39mm) also increases with ‘wound channel’ length in soft tissue simulants.
This can be explained by bullet instability and to an even larger extent by bullet fragmentation
during bullet travel through the simulant (5.56 NATO bullets) [125].

5.1.2. Shot and ejection patterns

Risk assessment can be in important aspect of the legal procedures following a shooting incident.
A study focusing on the accuracy and precision of experienced and inexperienced shooters
shows that there was a significant decrease in precision of the shot patterns while shooting in
motion when compared to shooting stationary. Overall the precision of experienced shooters was
found to be better than that of the inexperience shooters. No significant change in accuracy was
seen between shooting while in motion or stationary [126].

Tests with a shotgun show that shooting through an intermediate target (a foam-filled
guitar bag with a double textile layer) results in larger shot patterns. This is important to take into
account when using the shot pattern to estimate the shooting distance [127].

The cartridge case ejection patterns of six models of Glock pistols were compared. This
was done for three firing conditions: firing with a loaded magazine, firing with an empty
magazine, and firing without a magazine. Significant differences in distances covered by ejected
cartridges were observed for the different models and firing conditions. The authors discuss that
in casework it is important that test shots are fired with the same pistol (type) and under the
correct firing condition when examining ejection patterns [128].

5.1.3. Shooting distance and projectile behavior

The maximum range of 12 gauge shotgun slugs fired with smooth bore and rifled barrels was
tested. With an angle of elevation of approximately 28° a shooting distance of 1,000 yards (915
m) was observed. Using cartridges with reduced loads it was examined that the slugs still
penetrated quite deep in ballistic gelatin/soap at that distance. The sound of these slugs passing
overhead was described by the author as the buzzing sound of a large bee or dragonfly [129].

Test shots were fired with caliber 9mm Luger, .40 S&W, .45 Auto and 7.62x39mm
firearms at departure angles of 30°, 40°, 50°, 60°, 70° and 80°. Visual representations resulting
from Doppler radar data of the bullets’ behavior are shown. The empirically determined

20



maximum ranges for all calibers fell short of the calculated ranges using Sierra Bullets” Infinity-
5 [130].

Copper “crowns” might be observed after shooting 5.56x45mm or 7.62x39mm bullets
through sheet metal. These crowns appear to be formed when the bullet’s jacket strips off as a
result of the shearing forces when perforating sheet metal. The crowns seem to be formed up to
shooting distances of approximately 250 m and 150 m for caliber 5.56x45mm and 7.62x39mm
bullets, respectively. The authors discuss that the height of the “crown leaves” is larger for
higher velocity (shorter distance) than lower velocity (larger distance) shots. Based on these
results the presence of such crowns and the height of the leaves can provide information about
the shooting distance [131].

A study focusing on backspattered biological material found on or inside firearms
demonstrated that the recovery of analyzable DNA and RNA resulting from blood or brain
tissues was possible with shooting distances of up to 15 and 30 cm, respectively. This was tested
with 9mm Luger, .38 Special and 7.65mm Browning handguns. For shooting distances between
0 and 15/30 cm no robust correlation was found between the DNA/RNA yield and shooting
distance [132].

For the estimation of the range of fire of a specific bullet, exterior ballistic calculations
are often used. For these calculations the ballistic coefficient has to be known. Various versions
of Sierra Bullets’ exterior ballistics programs contain this information for common commercial
bullets which are available in the US. This information is not readily available for numerous
variants of the Russian M43 bullet (7.62x39mm). To provide this information, the effective G1
and G7 ballistic coefficients have been determined using Doppler radar and Sierra Bullets’
Infinity-7 exterior ballistics program [133].

5.2. Methods
Hertzian fractures, or cone fractures resulting from bullet perforation through glass are often
encountered but are difficult to document by photography. Surface reflectance photography is
suggested to be able to document the fractures, including the information about which side of the
glass is the bevel-bearing surface. This method makes use of the reflective characteristics of
glass by illuminating the glass at an oblique angle [134].

A technique using a piece of paper (up to 150 feet / approximately 46 meters) or white,
high-intensity reflective tape (up to 270 feet / approximately 82 meters) is explained to document
laser trajectory beams during daylight. Combining long shutter times (enabling the CSI to walk
the reflector card down the length of the trajectory beam, and a diaphragm setting of /22
resulted in photographs of the trajectory beam without obvious ghosting of the reflective card or
CSI [135].

5.3. Trace analysis
Due to difficulties when comparing features resulting from the barrel in coated bullets, the

possible evidential strength of trace evidence resulting from these coatings is studied. Worden
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(2018) looked at the presence of trace material from fired bullets which were coated with Hi-
Tek-Lube Supercoat. Some of the coating could still be found in the barrel of the firearm, but
none was found on perforated target materials (wood, metal, and drywall) [136]. Berk & Horn
(2017) shows that trace material from Nyclad bullets can also be found in the barrels that were
used to fire them [137].

5.4. Case reports
A case report of an officer-involved-shooting discusses the use of bullet trajectory reconstruction
based on gunshot wound trajectory analysis. This case relates the evidentiary findings to the
statements from the involved officer and eye-witnesses [138].

Haag (2015) provided a step-by-step review and analysis of the assassination of President
John F. Kennedy who was hit by two bullets. He discusses the exterior and terminal ballistics of
the unaccounted for third bullet, a 6.5mm WCC Carcano bullet. The author concluded that the
missing shot was the first shot fired and must have hit the asphalt of EIm Street at a relatively
steep angle of incidence and subsequently self-destructed [139]. Additionally, the so-called
“Magic” bullet in the JFK assassination that passed through two individuals and remained intact
is discussed. Taking into account the exterior, terminal and wound ballistics of the novel 6.5mm
WCC Carcano bullet, the author explains that there is nothing “magical” about the bullet [140].
These publications have triggered several letters to the editor [141-143] and subsequent
responses from the author [144-146] during the last years.

During the reconstruction of a shooting incident, the entrance and exit wound
characteristics were initially judged to be inconsistent with a large distance shot with a hunting
rifle. Experimental shots show that the resulting wound defects are more extensive and consistent
with the observed injuries, when the bullet first perforated an obstacle (cell phone) and deformed
in the process [147].

6. Wound ballistics

6.1. Research
6.1.1. Soft tissue simulants
Ballistic gelatin is often used to study the lethality of projectiles under specified circumstances.
An overarching review discusses the use of ballistic gelatin in wound ballistic studies in the
fields of ammunition design, protective equipment design and medical and forensic
investigation. The authors summarize that projectile type, body impact site and intermediate
layers can affect the resulting wound profiles [148].

Ballistic gelatin blocks are often used in either 10% or 20% gelatin concentrations.
Damage to such a block by 9mm Luger bullets was compared between those two concentrations
and with shots on porcine thoraxes. When comparing the shots on the two gelatin blocks with
different concentrations of gelatin similar damage formation is observed, albeit on a smaller
scale in 20% gelatin blocks. The penetration depth of .223 Remington expanding bullets was
found to differ between porcine thoraxes and 20% gelatin blocks (shorter in the blocks), but not
with 10% gelatin blocks [149].
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The difference that gelatin blocks are homogenous and human bodies are heterogeneous
in nature triggered a study on the applicability of ballistic gelatin to simulate organs in the thorax
and abdomen. Based on the comparison of the energy loss of projectiles in porcine organs and
gelatin blocks (10%, 20%, and Clear Gel) the authors conclude that these might not be accurate
simulants. Additional studies focusing on different concentrations of gelatin might prove
beneficial in finding simulants for the various organs resulting in similar loss of energy [150].

In another study the synthesis of ballistic gelatin-polymer composites for human organs is
discussed. These composites are said to overcome important issues when compared to ‘standard’
ballistics gelatin: they do not require special storage and have an increased duration between
time of preparation and use. Additional tests have to be performed to assess their ballistic
properties [151].

In these additional tests the authors compared the mechanical behavior of the simulants
during stabbing and shooting with bovine and porcine organs. They found good similarity for the
stabbing behavior. To test the shooting behavior they looked at the perforation/penetration of 10
x 28T rubber balls. The authors conclude that the proposed hybrid gelatin results in more reliable
and reproducible values when compared to ‘standard’ ballistic gelatin [152].

In an effort to increase the duration of use of ballistic gelatin, a preservative (Methyl 4-
hydroxybenzoate) was added during preparation to prevent microbial growth. The addition of the
preservative did not significantly alter the penetration depth of projectiles. A significant effect on
penetration depth was already noted after 4 weeks of storage, possibly related to dehydration of
the exterior of the gelatin blocks [153].

For rather small blocks of ballistic gelatin (12 cm) it is important to take into account the
characteristics of the surface on which the block is placed. This is especially important for shots
with a greater energy transfer. For those shots the cracks were longer when the gelatin blocks
were placed on a thick synthetic sponge than when placed on a firm table [154].

The influence on the bullet’s trajectory by the distance from the top or bottom of the
ballistic gelatin block and to bullet tracks from previously fired shots, was studied. No significant
difference in 9mm Luger bullet deflection was observed between bullets fired at a distance of 3.5
cm and at least 7 cm from the aforementioned aspects. Based on these results the authors
conclude that it is possible to fire several shots in rather close proximity to one of those aspects
(>3.5 cm) as long as non-expanding pistol or revolver bullets are used, similar in form to those
used in this study and with an impact energy below 500 J [155].

Computed tomography was used to measure the volumes of temporary wound cavities in
ballistic soap. These volumes represent the amount of transferred kinetic energy and can be used
to assess traumatic results. Based on five shots there seems to be a proportionality of 4.2 + 0.5
J/cc between transferred energy and cavity volume [156].

A follow-up study using computed tomography focused on the use of ballistic gelatin,
which the authors discuss to be a more realistic muscle simulant due to the elasticity, which is
not seen in ballistic soap. For the remaining (permanent) wound cavity a positive relation
between impact velocity and cavity volume was observed. The authors discuss that due to the use
of computed tomography it is possible to accurately calculate the density of the target material,
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store the measurements for future purposes, and to accurately visualize the total path length,
deflection and final position of the bullet [157].

To use of photo-elasticity, a technique to visualize stress distribution in certain
transparent materials, has been applied to ballistic gelatin to visualize the temporary stress
distribution caused by penetrating pellets [158].

A common witness material to quantify the back face deformation resulting from high
rate impact of ballistic protective equipment is ballistic clay (e.g. Roma Plastilina No. 1 (RP1)).
The characteristics of a new silicone composite backing material (SCBM) are compared to RP1.
The results show a similar response of SCBM at room temperature when compared to RP1 at
38°. The authors think that with additional optimization SCBM could be an easy replacement for
RP1. The use of SCBM is expected to reduce test variability, simplify logistics (no heating) and
enhance test range productivity [159].

6.1.2. Skull and bone (simulants)
The backspatter patterns as produced when shooting blood-soaked sponges differ from those

resulting from a cranial gunshot to a human cadaver that was reinfused with fresh defibrinated
bovine blood with respect to the number, size, size range and dispersion of stains [160].

The impact of bone mineral density (BMD) on the estimation of bullet caliber based on
bullet defects in cranial bones has been studied. A strong Pearson correlation was found between
BMD and the minimum diameter of the bullet defect and between the minimum diameter of the
bullet defect and the bullet’s caliber. No correlation was found between BMD and bone
thickness. The regression model to estimate bullet caliber is strengthened by the inclusion of
BMD [161].

Mahoney et al. (2017) studied whether the optimization of an anatomically correct skull-
brain model using simple simulants would result in realistic ballistic fracture patterns (resulting
from 7.62x39mm bullets). They conclude that the patterns were assessed by at least one clinician
out of five to be close to real injuries in over half of the models. Overall, the exit wounds were
considered to be more realistic than the entrance wounds. Clear limitations of the models are the
lack of a realistic skin layer and the fact that the skulls are manufactured from two separate parts
[162].

In another study the damage, resulting from 7.62x39mm bullets, to skull simulants with
a surrogate skin/soft tissue layer was assessed. The entry and exit wound characteristics as well
as the fracture patterns were assessed to be realistic. Individual elements, such as bullet defect
size, and skin and bone beveling, were not judged to be realistic [163].

Two bone simulants (Synbone and Sawbone) were tested for their suitability as simulants
for human bones during ballistic tests. When compared to post-mortem human subjects it was
found that the mean velocity at which fractures were produced following direct shots with armor
piercing 5.56 mm bullets were higher for both the Synbone and Sawbone simulants. For indirect
fractures the average distance did not differ between the post-mortem human subject and
Synbone simulant, but was smaller for Sawbone. Fracture patterns were comparable for the
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Synbone simulant (albeit with slightly different input variables), but not for the Sawbone
simulant. The authors conclude that no ideal bone simulant for ballistic tests has been identified
[164].

Another study examined the bullet defects in Synbone spheres with a thickness of 5 mm
caused by a limited number of shots with handgun ammunition. A positive association was
observed between the radius of the entrance hole and the caliber. The authors mention that
macroscopically Synbone is a proxy to cranial bone when considering the appearance of entrance
defects, radial and concentric fractures, hydrologic shock and endocranial beveling. On the other
hand, the exit defects seem to be larger in dimensions. Microscopically the behavior seems
different due to differences in microstructure and flexibility [165].

The behavior of 7.62x39mm FMJ MSC bullets in ballistic gelatin was studied after
perforation of bone (simulants) and intermediate materials such as skin simulants and helmets. A
decrease in neck length (first slim part of wound cavity when the bullet is still stable) in ballistic
gelatin was observed when additional material layers were perforated, suggesting an influence on
bullet gyroscopic stability. Greater variability in temporary cavities was observer for increasing
complexities of intermediate layers [166].

6.1.3. Impact behavior and effect

Contact shots with 9mm Blank cartridges fired with two blank firing pistols and one revolver on
pig skin and ballistic gelatin showed that the powder gases penetrated the skin and the soft tissue
simulant for 2.2 to 6.1 cm. Particles of the pig skin were found in the radial cracks of the gelatin
[167].

In Germany, an increasing number of revolvers that fire 10mm rubber balls actuated by
6mm Flobert blank cartridges have been confiscated. Tests with these firearms showed that the
kinetic energy of these projectiles was between 5.8 and 12.5 J. The energy density was close to
or higher than the threshold energy density for the perforation of human skin. Although these
projectiles have to capability to penetrate skin, the main injury potential for contact shots is
attributed to the high energy density of the muzzle gas jet [168].

In contrast to what is often portrayed in movies and television series a bullet fired from a
handgun does not have the potential to cause any significant body movement of a victim in the
direction of the bullet’s flight path. Gross movements as a reaction to being shot are mentioned
by the author, but are not considered a direct effect of the bullet’s kinetic energy transfer [169].

Computer simulations were run for shooting with several handgun calibers (.40 S&W,
.380 Auto and 9mm Luger) at modeled mandibles from a shooting distance of 5 or 15 cm. All
entrance defects presented oval aspects. Morphological differences in bullet defects caused by
different caliber bullets and shooting distances were observed. The largest bullet defects and
stress values were observed for .40 S&W ammunition at a shooting distance of 5 cm [170].

Contact shots with .22 Long Rifle, .32 Auto, .38 Special and 9mm Luger bullets were
fired on silicon coated, plastic boxes that contained ballistic gelatin. The boxes were fitted with
thin pads containing a mixture of blood, radiocontrast agent and acrylic paint. Visualization,
using endoscopy, high speed video and computed tomography, showed that the powder pocket
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rises in about 1.5 to 2.0 ms and that the powder pocket’s collapse takes 2.5 to 3.0 ms. Although
powder pocket volume decreases with increasing barrel length, no significant difference in
powder pocket size was observed between .32 Auto and 9mm Luger contact shots fired from
barrels with the same length. No correlation between the amount and pattern of interior barrel
staining and powder pocket volume was observed [171].

Another study, applying the same model, showed the occurrence of distinct staining of
the barrel’s interior following contact shots with caliber 7.65mm Browning, 9mm Luger and .38
Special ammunition, but not with .22 Long Rifle ammunition. Staining decreased from the
muzzle to the chamber end of the barrel. In over half of the test shots the staining reached the
chamber of the barrel. The authors mention that the staining is comparable to what is seen in real
suicide cases [172].

The effect of intermediate saline breast implants on soft tissue penetration by .40 S&W
hollow-point bullets was studied. Penetration in ballistic gelatin following perforation of the
saline implant decreased by 20.6% when compared to direct shots (31.9 cm vs 40.2 cm). Bullets
already mushroomed in the saline implant instead of in the ballistic gelatin [173].

Several characteristics of bullet defects in bone, such as beveling and keyhole lesions, are
well documented in literature. A study by Amadasi et al. (2017) focuses on another
characteristics: chipping or flaking. These are described as the formation of multiple
detachments in the most superficial layers of the bone, which are most often observed in cranial
shots. In 77% of 22 near-contact shots with 9mm Luger bullets on bovine ribs, chipping was
observed. In 5 shots at a shooting distance of 3 cm and at 40 cm no chipping was observed. The
authors discuss that chipping may be indicative of close-range shots and could be a combined
effect of the impact of the bullet and the expansion of gases [174].

6.2. Case reports
Ballistic analysis allowed a better understanding of the wound characteristics caused by a
7x64mm bullet. The authors discuss that the uncharacteristic features of the entrance wound can
be caused by an impact with an intermediate target, deforming the bullet. The deviation of the
bullet’s internal path caused by the cervical column could have caused the bullet to exit
tangential to the skin [175].

The likelihood of a fatal injury as a result of a direct long distance shot was compared to
the likelihood of a fatal injury following a ricochet from water. Using Doppler radar, the author
determined the impact velocity of a 9mm Luger bullet after ricochet, velocity loss during
ricochet, post-ricochet stability, and the effective ballistic coefficient. He concluded that only the
bullet’s calculated velocity of a direct shot would explain the observed gunshot wound [176].

The benefit of post-mortem computed tomography (PMCT) is increasingly recognized, as
it provides a means to re-examine a body. Because PMCT is not routinely performed in all
countries, the potential of post-autopsy computed tomography is discussed. When combined with
the outcomes of the first autopsy, this could be helpful for more complete examinations and to
obtain information on bone injuries and the presence of trapped foreign bodies in the soft tissue
[177].
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In a case involving a cranial gunshot the body was first examined using computed
tomography. The bullet was documented to be located in the right frontal area. During
subsequent autopsy, the bullet was recovered at the left side of the head where it originally
entered the cranium. The authors discuss that this migration might have been caused by gravity
and head movement during hospital admission [178].

A case is described where the victim was hit in the eye with a paintball pellet. The
injuries to the eye are discussed and the outcome that the patient was rated with 22 percentage
visual system impairment [179].

A home-made firearm, consisting of a spare barrel fixed on a pipe chair, was used in a
suicide. A gas burner was used to heat the barrel from the side, causing the cartridge to
discharge. The lead slug and wadding were left in the skull after perforation of the eye [180].

A home-made trap gun was examined after a suicide. The injuries resulting from an
intermediate range discharge from this trap gun were determined to be the cause of death. The
powder charge in the trap gun was probably ignited by a manually operated battery-powered
ignition device [181].

A case is described where a modified firearm was used to fire a lead bullet. Autopsy
showed that the bullet had fragmented upon impact on the skull of the victim. One part entered
the cranium and the smaller part pushed its way alongside the cranial bone and beneath the scalp
toward the other side of the cranium. Test shots on simulants showed that this pattern could be
reproduced when shooting at an angle of incidence of 55°-60° with a velocity of approximately
200 m/s [182].

The details of two other suicide cases are reported where the used weapon was first
position and then fired by the victim. One details a shotgun positioned in the steering wheel of a
car [183] and another the use of a spear gun in combination with an extension to operate the
trigger [184].

A small ring-shaped skin lesion was observed during examination of a body resulting
from a suicide shot to the temple. Additional test were performed to investigate the likelihood of
this lesion when this was caused by either an ejected and ricocheting cartridge case or by a
cartridge case which was jammed in the ejection port of the firearm and came into contact with
the skin when the body collapsed. The energy density of ricocheting cartridge cases was deemed
to be insufficient to inflict this lesion. This resulted in the conclusion that the lesion was
probably caused by a cartridge case which became stuck in the ejection port [185].

7. Training material and books
The book Firearm and Toolmark Identification — The Scientific Reliability of the Forensic
Science Discipline [186] by Ron Nichols has been reviewed by Gerard Dutton [187]. He
provides a short summary of each of the chapters detailed in the book that seem to focus on the
two questions: 1) Do different tools produce different toolmarks and by extension, does the same
tool produce similar toolmarks?, and 2) If so, can a trained examiner discern those differences
and similarities, to enable them to provide reliable opinions as to whether those marks do, or do
not, share a common source? Gerard Dutton provides a positive review of the content of the
book and has some suggestions for a second edition.

27



The book Reference Manual on Scientific Evidence [188] has been reviewed by Rocky
Stone [189]. He provides a critical review when referring to Section VIII Firearms Identification
Evidence. According to his interpretation, the book is too critical about the discipline and he
provides some quotes to illustrate this.
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Introduction

This review paper covers advances in scientific methods applied to Gunshot Residues reported
since the 17" Interpol Forensic Science Symposium in October 2016.

A literature search was conducted covering articles published in the main analytical and forensic
journals in 2016, 2017 and 2018.

During discharge of a firearm, primer and gunpowder residues as well as metal particles from the
projectile and the cartridge case are expelled from the muzzle and from other openings of the
firearm. These residues are referred as primer residues, firearm discharge residues or gunshot
residues (GSR).

Scanning electron microscopy coupled to energy dispersive X-ray microanalysis (SEM/EDS) still
is the method of choice for the identification of inorganic GSR (IGSR) on samples. This technique
is well suited for the detection of small particles (down to 0.5um) containing heavy metals such as
Lead, Barium and Antimony originating from primers with a classic composition (e.g. sinoxid
primers). Moreover, it allows for the determination of the correlation between the morphology and
the chemical composition of individual particles, composed of Lead, Barium and Antimony,
considered as characteristic of GSR. However spectrometric techniques such as atomic absorption
spectrometry or optical emission spectrometry are still used in some forensic laboratories, because
of their high sensitivity, their speed and their ease of use, despite the fact that morphological
information of the particles is absent.

The field of GSR was recently reviewed by Brozek-Mucha (1). After having described and
commented the inorganic/organic nature and aspects of GSR, the author examined the recent
trends in this field, distinguishing two major strategies to overcome the challenge of the advent of
heavy-metal free ammunition. These ammunition produce other types of IGSR that are by nature
less well detected by the traditional SEM/EDS technique. The first strategy consists of the use of
other elemental techniques such as ion beam analysis or electron backscattered diffraction to
characterize more precisely the inorganic nature of the GSR, in terms of trace elements (ion beam
analysis), or crystallinity (electron backscattered diffraction) that may be specific to the ballistic
origins of the particles. The second strategy is the use of techniques such as liquid chromatography
coupled to mass spectrometry, in order to fully characterize the organic fraction of GSR. Although
progress has been made during the recent years in terms of sensitivity and limit of detection,
research and studies still need to be performed in terms of prevalence, persistence and transfer, in
order to gain the favour of the GSR-experts to apply these techniques in their expertise. For
instance, since organic GSR (OGSR) analysis is mainly related to bulk chemistry and since current
GSR-experts are for most of them working in material analysis departments, in our opinion only a
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new technique offering substantial benefits in terms of analytical performances will gain the favour
of these experts and change their analytical paradigm.

A. Inorganic GSR
a. Fundamentals of GSR formation

Spathis examined by SEM the morphology of GSR particles as a function of the distance from the
weapon (up to 1m) (2). He observed that although classical spheroidal particles are always present
whatever the distance, some additional particles with an irregular morphology may also be
observed. Interestingly, by defining different classes of particles as a function of their morphology
(from classical spheroidal particles to “splats), the proportion of particles inside the different
classes seems to be distance-dependent. For instance, at distances close to the firearm, particles
showing a “molten-looking” appearance are mainly observed. According to the author, this
illustrates the fact that the metallic residues were in a liquid state when their flight was disrupted.
By analyzing the composition of the particles by SEM/EDS, he also showed a relation between
inorganic composition and morphology, this because of the complex chemical environment inside
the exhaust plume of the firearm.

Luten et al. examined the influence of time on the local concentration and distribution of airborne
GSR particles, this by using impactor technology (3). The authors showed that the smaller the
particle (<1um), the longer the time it takes for these particles to fully sediment. Based on the
different results obtained with impactor technology, they conducted an additional experimental
study: a person wearing a piece of cloth on his shoulders entered in the shooting room 200min
after the shooting, walking inside for a period of 2min. The piece of cloth was then stubbed for
GSR analysis using SEM/EDS. The results showed that about 300 IGSR particles were found on
the sample, illustrating the fact that a high level of contamination can occur, even after a very long
period of time (3h). This time interval is far longer than what was previously reported (4).

While examining with SEM/EDS an usual cluster of 10um x 15um which was detected on an
individual involved in a shooting event for which different types of ammunition were used,
Israelsohn-Azulay et al. observed some domains, composed of several building blocks that could
have been accumulated to constitute this large particle (5). According to the authors, the close
examination of such type of clusters as a general policy could give some valuable information
about the nature of the primer mixes present in the ammunition recently used. This could also give
some details about GSR formation, including the mechanism leading to the well-known memory
effect of the weapon.

While research has already been performed to determine the characteristics of Lead-based and
heavy-metal free GSR, little research has been reported on determining other components of
ammunition which may also contribute to GSR. Terry et al. therefore studied the priming cup and
the residue that originates from it as this may contribute to IGSR (6). Five full cartridges and five
cartridges containing only the primer cup were fired for each ammunition type available. In the
Lead-based primers, in addition to the traditional GSR elements (Lead, Barium and Antimony),
elements from the cartridge cases were also observed, particularly Copper and Zinc. Aluminium
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was also observed in some of the spectra; this element could be indicative of the presence of
frictionators in the priming mixture. Conversely, the heavy-metal free primers show a variety of
elements which are indicative of their unique mixtures, such as Potassium, Silicon and Titanium.
A multivariate statistical approach was used in order to obtain an objective measure of
discriminating features within the data set. While the Lead-based primers grouped very close
together, this was not the case for the heavy-metal free primers which were spread into various
smaller groups, based on the priming compound elements and the cartridge case. As a consequence
for heavy-metal free primer ammunition, if an unknown cartridge case is collected from the crime
scene, the multivariate statistical approach could help in classifying which type of primer
composition was used.

Referring to different case analyses reporting the presence of Selenium in GSR particles, Romolo
etal. conducted shooting tests with weapons treated with two different blueing agents (Super Blue®
and Aluminum Black®) containing this element (7). By using SEM/EDS analysis, the authors
showed that the shots produced some particles containing Selenium. These blueing agents may
therefore be a reasonable source of Selenium observed in GSR particles.

b. Sampling

Routine sampling prior to SEM/EDS analysis consists of the use of Aluminium stubs of 1.3cm
diameter covered with a double-faced sticky carbon tape, this to stub the hands and the clothing of
individuals suspected to be involved in a shooting incident. Some forensic agencies also
recommend to sample the faces and/or the hairs, mainly to overcome contamination issues that
may occur during interception and arrest by police forces, operations that will mainly affect the
hands of the individuals.

Burnett examined the effect of skin debris on GSR sampling and detection (8). He showed that
GSR particles up to 5um can be occulted by skin debris. According to the author, performing
SEM/EDS analyses at 30kV allows a higher number of GSR particles to be detected, compared to
20kV. However, the best method to reveal all the particles consists of the treatment of a bleach
digestion prior to analysis, by using a sodium/calcium hypochlorite solution to remove most of the
skin debris. These results, obtained by performing analysis with the help of a manual SEM/EDS
system, should now be quantitatively confirmed by using an automated SEM/EDS system.

Like for sample collection from faces or hairs, the presence of GSR in samples collected from the
nose (nasal mucus or nose hairs) could be a valuable indication of the presence of a suspect in a
shooting environment, as these samples pose less problems of interpretation in terms of possible
contamination during interception/arrest by police officers. On another note, the acceptable time
limit between shooting incident and hand sampling varies, depending on the country and the police
institution, 4 to 6h being a time limit most often chosen. So when a criminal act occurs, time is
crucial, and to extend the useful sampling period of GSR would be of great help to police
investigations. It is hoped that sampling nasal mucus or nose hairs to detect GSR would extend the
time frame in which testing could be done.
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During the period 2016-2018, different techniques have been proposed to sample and analyze the
nasal mucus of individuals. Merli et al. examined the possibility to detect GSR in the nasal mucus
of suspected shooters by using instrumental neutron activation analysis, focusing on Barium and
Antimony (9). The authors decided not to monitor Lead because of its ubiquitous presence in the
environment and because of higher instrumental quantification limits. Compared to control
samples, shooters showed a higher amount of Barium and Antimony, elements that could still be
detected 12h after firing. According to these results, the persistence in these sample mode seems
to be higher compared to samples collected on hands.

In their study, Aliste and Chavez propose the design of a new procedure for the sampling of possible GSR
stored in nasal mucus, through sample analysis by graphite furnace atomic absorption spectrometry
(10). They also seek to establish a comparison of IGSR results obtained in nasal mucus with IGSR
results obtained from hands, in order to complement both sampling procedures. Finally, the
variation of the IGSR concentration stored in the nasal mucus with time was studied. These
obtained values help to quickly identify non-shooters. But it is not possible to differentiate the type
of weapon and, furthermore, there is no contamination in the nasal mucus from merely handling
weapons. In the study of the variation of the IGSR concentration over time after firing, a linear
decrease is not found. In most weapons, except the .22 revolver, the concentration of the three
elements Lead, Barium and Antimony at time zero is at a maximum. The concentration then
decreases irregularly with time. It is thought that breathed GSR particles reach internal parts of the
nose which cannot be accessed with a cotton swab and that the organism throws out these particles
discontinuously with time.

Chavez Reyes et al. report for the first time a new nose hairs sample collection device compatible
with SEM/EDS analysis and considered as non-invasive by the shooters involved in the study (11).
Different types of firearms were tested with a collection time varying from 0 to 20h after firing.
According to the authors, it was possible to collect GSR from nose hairs, and this even 20h after
the shooting, revealing a good persistence of GSR in nose hairs, compared to the persistence
observed for hands (e.g. less than 6h).

c. Heavy-metal free ammunition

Since the early 2000s, the arrival of heavy-metal free ammunition in the market is an attention and
this even though the prevalence of such ammunition in casework is still very low, apart perhaps
for cases involving police forces.

Costa et al. performed a full characterization of IGSR produced by heavy-metal free ammunition
(i.e. clean range ammunition from CBC) using SEM/EDS, colorimetric tests and inductively
coupled plasma mass spectrometry (12). They performed several shots with a .40 caliber pistol
and a .38 caliber revolver. The authors observed no Lead, Barium and Antimony signal with the
SEM/EDS, nor the colorimetric test. However inductively coupled plasma mass spectrometry was
able to detect small quantities of those elements, illustrating the necessity to still monitor the
concentration of Lead in shooters’ blood since this element presents a high toxicity. The authors
also pointed out Aluminium, Molybdenum, Copper, Zinc and Tin as new markers of IGSR for
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such type of heavy-metal free ammunition, since these elements were the most abundant species
detected.

d. Non-GSR sources of GSR-like particles

Since the beginning of GSR-forensic casework, concern has been expressed over GSR-like
particles originating from a non-ballistic origin, which could lead to false-positive interpretation
of the results at the source level. These particles are similar in composition to GSR but do not
originate from the use of primers. A number of publications have already described particles
produced by detonated fireworks, exploded airbags and used brake pads. Concerning the latter, the
latest study was published in 2004 (13). However, according to new legislation in many countries
targeting the reduction of sources of lead coming from the automotive industry, Tucker et al.
conducted in 2017 an investigation of the types of particles produced by currently used brake pads
(14). 12 brake pads, but also 22 wheels and the hands of 11 car mechanics were sampled for
SEMJ/EDS investigation. No Lead-Barium-Antimony particles (considered as characteristic of
GSR) were found on the samples. Considering the other particles of interest, the most abundant
population was found in the Barium-Antimony class (second most abundant after the iron-rich
particles). As expected, the occurrence of Lead-rich particles was very low, less than 1% of the
total amount of the particles detected. Concerning their morphology, particles from brake pads still
appear to be conglomerates of smaller particles, as was described earlier (13).

With the advent of heavy-metal free ammunition, there are some concerns about the ability to
distinguish IGSR particles from environmental sources. Hogg et al. (15) examined the power of
principal components analysis to make such distinction: the chemical composition of six brands
of heavy-metal free ammunition was investigated and compared to that of a rad flare (used as an
environmental source). According to the authors, principal components analysis was able to
distinguish SEM/EDS spectra of IGSR particles from those of environmental sources, this by
focusing on elements such as Aluminium, Potassium, Silicon, Calcium and Strontium.

e. Prevalence and contamination studies

Lucas et al. (16) examined the prevalence of IGSR in the random population, since this information
may be very useful for the interpretation of the results when using the evaluative approach (see
next section). The study was conducted in two Australian jurisdictions on a population of about
300 individuals. The authors looked for the presence of Lead/Barium/Antimony particles using
SEM/EDS. Among the population examined, only one person (a woman with no declared firearms
hobbies nor contacts with weapons) yielded a positive test result: the sample contained three Lead-
Barium-Antimony particles, among which two large agglomerates, a morphology to be regarded
as a-typical for GSR. The number of two-component particles present in this population was also
monitored. Up to 4% of the individuals contained one to five two-component particles. The
prevalence of GSR particles reported in this study was consistent with results from similar studies
conducted in other countries and published earlier (17,18).
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The risk of pollution with GSR particles that migrate from police officers to suspects is regularly
evaluated. In 2016, Cook examined the level of IGSR contamination of police officers following
start-of-shift handling of their firearm (19). He observed that most officers were highly
contaminated by this operation, with an average of about 60 Lead-Barium-Antimony particles on
their hands. However he also showed that washing their hands or using self-drying hand gel
removes almost all IGSR particles their hands. As a consequence, performing this action
immediately after checking, loading and securing the firearm should prevent most of
contamination of suspects by police officers.

Ali et al. examined the presence of IGSR and OGSR on seventy samples collected from Pittsburgh
(USA) police stations and vehicles (20). Only one Lead-Barium-Antimony particle was detected
on one interview desk; ethylcentralite was detected at a quantifiable level in only two samples. No
correlation was observed between these two samples and the sample containing the IGSR particle.
Following these results, the risk of secondary transfer from these facilities to a suspect is
considered to be low by the authors.

Reporting a case involving two drivers (21), Burnett conducted a study showing that recreational
shooters may transfer many IGSR particles via driver’s seats. The case concerns a shooting
incident occurring between two vehicles; the question was if the second driver also fired two shots
prior to a first shot operated by the first driver. In this case interpretation may not be trivial because
of potential contamination pertaining from the undisputed shot. By analysing several samples from
the second driver (vehicle, hands, neck and shirt), the author concluded that a shot from the second
driver was unlikely to have occurred.

f. Interpretation of results

During the last three years, a review was published by Maitre et al. (22), specific to interpretation
issues. The review discusses the two levels of interpretation — i.e. source level (particles are or are
not GSR particles) and activity level (the suspect discharged a firearm or not, the suspect was
present in the surroundings of a shooting incident or not) — for IGSR (most of the studies) and
OGSR. Studies related to secondary transfers (contamination, pollution) and persistence of GSR
are reviewed in the article. The advantage of using the evaluative approach, compared to a more
formal approach, is also discussed. According to the authors, the evaluative approach using the
Bayesian principle is promising and can for sure help to fulfil the gap between analytical results
discussed at the source level and judicial decisions taken at the offence level.

A second review also dedicated to interpretation issues was recently published by Blakey et al.
(23). This review focuses on IGSR and discusses elements that can influence the deposition,
distribution, transfer and persistence of GSR — such as firearm and ammunition type,
environmental conditions etc. These elements should be taken into consideration for correct
interpretation of data in a forensic context.

Cardinetti et al. proposed in 2006 a statistical evaluation of the detection of GSR on suspects (24).

This proposal was based on the evaluative approach using the Poisson model to calculate the
likelihood ratios of probabilities of a suspect involved or not in a shooting. In 2016, Kaplan
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Damary et al. (25) replaced the Poisson model by the negative binomial model. This model seems
to fit the experimental data reported by Cardinetti et al. much better. Applying the negative
binomial model and calculating the statistical errors related to this model, Kaplan Damary et al.
came to the conclusion that because of the small population of data used, the uncertainty related
to the likelihood ratio is very high. So if likelihood ratios can give some valuable information to
the court by supporting one hypothesis compared to another, the strength of the evidence must be
handled with caution, especially when small population data are used. On the whole, the authors
recommend to use large data sets when possible.

Besides working on hypotheses concerning having discharged a firearm or not, having been
present in the surroundings of a shooting incident or not, the evaluative approach may also concern
hypotheses dealing with the potential link/compatibility between different GSR populations and/or
between GSR particles and reference materials (cartridge case, weapon). Based on experimental
data published earlier (26) and additional data recently obtained, Bolck and Stamouli used a two-
level multinomial model for the calculation of the likelihood ratio in order to have a tool to
discriminate between same-ammunition-type GSR compositions and different-ammunition-type
compositions (27). Different variations of the two-level multinomial model were tested, leading to
the conclusion that this model can indeed be applied on such experimental data.

Interpretation of GSR data in suspected suicide cases is a difficult task since the victim, who was
for sure present in the surroundings of the shooting, may be highly contaminated. On the other
hand, the occurrence of false negatives is also quite large. Conducting a follow-up of the study by
Molina et al. published earlier (28), Lucas et al. examined the presence of IGSR on the hands of
victims of undisputed suicide cases by firearms (29): 59 cases that occurred in Australia were
investigated. About 50% of these cases presented no or very few (less than four) Lead-Barium-
Antimony particles, confirming the results of the study conducted by Molina et al. in 2007 (i.e. a
high level of false negatives). However, most of the cases presenting such low level of
characteristic particles were related to the use of .22 calibre rifles (the most popular firearm in
Australia), for which the primer of the ammunition usually does not contain Antimony. Not
surprisingly, this leads to the production of IGSR particles with no (or very little) Antimony.
Taking such particles into account in the statistics, the number of the cases presenting no or very
few (less than four) particles of interest falls down to less than 15%. The article presents other
interesting statistics, such as the difference of IGSR production as a function of weapon model
(i.e. a higher number of GSR particles are produced by revolvers, compared to rifles). Zeichner
commented this article, with a discussion about the possible memory effects of the weapon to the
contribution of Antimony in IGSR particles (30). Those interested in this topic may read this letter
to the Editor and the author’s response (31).

g. Quality aspects and efficiency

In the domain of IGSR analysis, the reference norm is the ASTM 1588 which was revised in
February 2017 (32). Compared to the previous versions, particles containing Lead, Barium, Tin,
Calcium and Silicon are now also considered as characteristic to GSR. This new version also

discards the terms "major"”, "minor" and "trace" that were previously introduced to characterize
the peak height of the different elements present in R-ray spectrum of the particles of interest.
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Finally the SEM/EDS systems should be configured to detect particles down to at least 1um,
instead of 0.5um. Apart from this norm, two guidelines exist: the ENFSI guide (more or less the
same in content as the ASTM norm, but not recently revised) (33) and the SWGGSR guide (which
is more detailed in terms of result interpretation) (34).

Proficiency tests are conducted every year. They are organised by a commercial provider QuoData
(Germany) in collaboration with the ENFSI Expert Working Group "Firearms and GSR™ and
consist in the detection by SEM/EDS of 150 to 200 three-element particles (Lead, Barium and
Antimony) distributed over six particle size classes (0.5 to 2um). Three of these proficiency tests
were conducted during the period of interest (GSR2016, GSR2017 and GSR2018).

Thanks to continuous improvement of SEM/EDS technology used in the domain of IGSR analysis
(e.g. automation, new types of EDS detectors, spectral deconvolution algorithms), significant
advances have been made to reduce both the analysis time and the time spent during the particle
review phase. This optimization is of major interest in terms of cost reduction and efficiency
improvement. Mandel et al. proposed a new algorithm based on a binary tree to improve the initial
classification step performed during the automatic run (35). This algorithm was trained on stubs
used to sample hands and hairs and gave good results in terms of false positives and false negatives,
leading to a reduced time spent to review the particles of interest.

h. Development of new instrumentations and methods
Atomic spectrometry

- Although SEM/EDS will likely remain in the short and medium term the method of choice
for crime scene investigations, Heringer and Ranville see reasons to examine alternative
approaches (36). For example, the analysis of the spatial distribution of IGSR, which would
require a large number of sample analyses, could give insight into the dynamics of events
at a crime scene. Similarly, a temporal study of IGSR on surfaces (skin, textiles, etc.), under
various environmental conditions, would provide insight into the persistence of IGSR on
evidential materials. The high sensitivity of inductively coupled mass spectrometry makes
it a good tool for the analysis of trace metals; moreover, single particle inductively coupled
mass spectrometry can identify individual, undigested particles and analyze their
composition, giving some information on particle morphology (such as particle size) and
number concentration. Although classic characteristic IGSR contains three chemical
elements of interest (Lead, Barium and Antimony), quadrupole-based instruments — which
are generally used in single particle inductively coupled mass spectrometry — can in
principle identify and measure only one element at a time. However, dual element mode
analysis (in which the quadrupole is rapidly tuned back and forth between two elements)
has been successfully used by the authors to analyze two elements in one IGSR particle.
So, although it is not possible to analyze all three elements of a characteristic IGSR particle,
particles consistent with IGSR (for which only two of the three elements are present) can
be detected. Furthermore, the lack of sample preparation, fast analysis time, automated post
processing and the high number of particles analyzed, make this technique a promising
technology to investigate further.
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Cid et al. applied subcritical fluid nebulization with online pre-concentration in flame
furnace atomic absorption spectrometry (37). According to the authors, this would improve
the determination of Tin in IGSR, compared to conventional flame furnace atomic
absorption spectrometry. Their results show that the use of subcritical fluid nebulization
resulted in important improvements of sensitivity and detection limits by factors of 240 and
325, respectively, when compared to conventional analysis.

The objective of a study done by Yiksel et al. was to develop and validate a sensitive
method using graphite furnace atomic absorption spectrometry, equipped with Zeeman
background correction, to determine Antimony, Barium and Lead concentrations in GSR
swab samples as a routine forensic chemistry application (38). The hand swab samples of
the shooters were obtained at five different time intervals after firing (0 to 4h). Hence, the
study was also aimed at investigating the lifetime of GSR on hands. As an end result it can
be stated that Antimony, Barium and Lead in GSR still can be detected within the first 3h
after firing and that consequently, in order not to have false-negatives, crime-scene officers
should collect the samples from suspects within this period after the shooting incident.

lon beam techniques

Duarte et al. provide key evidence for the potential of ion beam techniques in the analysis
of materials of interest to forensic scientists (39). In this article, a full characterization of
Lead rounded nose, hollow point and heavy-metal free ammunition was carried out with
(micro-)particle induced X-ray emission and Rutherford backscattering spectrometry.
Relatively large gunshot residue particles stemming from the discharge of these
ammunition were analyzed as well. The results indicate the presence of Lead in all
ammunition, including in the heavy-metal free ammunition. Although in principle this
could stem from other parts of the ammunition and cross contamination from the (single)
revolver used in the test shootings cannot be ruled out, it must be pointed out that traces of
Lead were found in the primer of the heavy-metal free ammunition as well. So, while
SEM/EDS suffers from bremsstrahlung background and other techniques like inductively
coupled plasma spectrometry can reach even better sensitivity — at the cost of being
destructive — ion-based techniques are non-destructive and one single technique is capable
of providing truly quantitative analysis and imaging capability of different materials.
Therefore, ion-based techniques can provide a full range of analysis services for the
forensic community.

Laser-induced breakdown spectroscopy

Since recent studies indicate that laser-induced breakdown spectroscopy has proven
successful in characterizing particulate matter and pyrophoric materials, Dofia-Fernandez
et al. performed an extended comparative study of SEM/EDS and portable laser-induced
breakdown spectroscopy (40). By performing a comparison between data collected from
shooters and non-shooters, the authors concluded that even when only one single Lead-
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Barium-Antimony GSR particle was found by SEM/EDS, the laser-induced breakdown
spectroscopy system still could detect the presence of GSR, and this after parameter
optimization.

Trejos et al. examined the possibility to use both laser-induced breakdown spectroscopy
and electrochemical methods as fast identification of IGSR and OGSR prior to
confirmation with SEM/EDS (41). According to the authors, combining these two
techniques offers excellent analytical performances, with very low error rates and high
specificity, sensitivity and accuracy, based on measures performed on samples collected
from shooters 30min after shooting, and non-shooters. Moreover the selected analytical
scheme allows subsequent confirmatory analysis by SEM/EDS, since this scheme
preserves most of the surface of the sample (i.e. carbon coated stubs) from degradation.

Another study explored the use of laser-induced breakdown spectroscopy imaging to
visualize GSR patterns through multi-element analysis (42), this for shooting distance
estimations (see section C.-a. for more details).

Fambro et al. reports in (43) the application of laser-induced breakdown spectroscopy to
heavy-metal free GSR analysis by characterizing analogs of heavy-metal free GSR. They
started from different material containing simulated primer compositions in order to mimic
heavy-metal free primers. A specific calorimeter was used to generate the residues, the
latter being then analysed by laser-induced breakdown spectroscopy. The rate of errors was
calculated, based on the analysis of samples coming from shooters and non-shooters, and
appeared to be promising to differentiate these two categories. According to the authors,
this technique could be an effective and rapid screening method prior to confirmation by
SEM/EDS. In a follow-up study (44), Fambro et al. characterized GSR originating from
three different heavy-metal free ammunition, also using laser-induced breakdown
spectroscopy prior to SEM/EDS. The data acquired suggests indeed that laser-induced
breakdown spectroscopy may be a suitable method to analyse heavy-metal free GSR and
that future research should include efforts to characterize various brands of both classic and
heavy-metal free ammunition.

Capillary electrophoresis

A considerable effort has been expended in the past to develop analytical techniques
capable of identifying the levels of inorganic anions present. Nitrite and nitrate ions can be
used as screening tools for investigating GSR due to the fact that these ions are major
inorganic components of GSR. As a high-speed separation method, capillary
electrophoresis has been demonstrated to offer promising, effective, and economic
approaches for the separation of a large variety of substances, including those encountered
in forensic analysis. Although in previous methods alkaline pH separation buffers were
used, Erol et al. develop in (45) a method in acidic pH environment, based upon a new
capillary electrophoretic method for simultaneous determination of nitrate, nitrite, and
oxalate in vegetables. By employing large volume sample stacking the obtained
detectability was superior to previously reported capillary electrophoretic methods with
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spectroscopic detection. This results in limit of detection values of 0.12 mg/L and 0.11
mg/L for nitrate and nitrite, respectively. The proposed method was successfully applied
to authentic GSR samples and results of three GSR samples and swabs from non-shooter’s
hands were presented. The proposed method is not only rapid, but also exhibits excellent
peak shape and resolution when compared with previously developed capillary
electrophoresis methods using alkaline pH separation buffers, although the limit of
detection was improved by employing large volume sample stacking.

I. Luminescent markers and doped ammunition

Since a few years, some research groups are synthesizing and characterizing different fluorescent
markers which could subsequently be added to conventional and heavy-metal free ammunition.
When a shot is fired with such doped ammunition, the GSR produced may easily be observed
under UV radiation, allowing for direct visualization and this also on the crime scene. Moreover,
these fluorescent compounds often contain rare-earth elements, which then can easily be detected
by the use of the conventional SEM/EDS technique for unambiguous attribution to the class of
IGSR particles. They can indeed be considered as characteristic of GSR, due to the presence in
these particles of such very specific elements belonging to the family of the rare-earth elements.

In this respect, Lucena et al. introduced several new luminescent markers, i.e. metal-organic
frameworks containing Europium (46,47), Dysprosium (48) or Terbium (47,49) as rare-earth
elements. These compounds were synthesized by the authors and characterized by different
analytical techniques (photoluminescence spectroscopy among others). The toxicity of the
Europium-based compound was also evaluated, showing a low toxicity compared to other
luminescent markers recently described. Ammunition containing 10 wt % of markers were then
prepared for shooting tests; SEM/EDS analysis was performed to characterize the GSR produced,
revealing the presence of particles containing the rare-earth elements (i.e. Europium, Dysprosium
or Terbium) as markers.

Lucena et al. also examined the global behavior of two other luminescent markers based on organic
complexes containing multiple elements such as Yttrium, Ytterbium and Terbium or Ytterbium
and Europium (50). These compounds were added to gunpowder and shots were fired with them.
SEM/EDS analysis revealed the presence of GSR containing the different rare-earth elements.

In another study, Carvalho et al. (51) focused on several metal-organic frameworks containing
Europium. Adjusting the composition of the markers, ammunition could easily be encoded and
tracked. The authors successfully studied in this work the use of near infrared hyperspectral
imaging in detecting macroscopic GSR particles on several forensically-relevant surfaces such as
the gun, inside a cartridge case and on a shooter’s hand.

The acute toxicity of another Europium-based complex was tested by Destefani et al. (52) and
compared to acute toxicity of heavy metals like Lead, Barium and Antimony. Based on
experiments performed on mice, the authors concluded on a medium toxicity of the Europium-
based complex if compared to the high toxicity of heavy metals: for instance a median lethal dose
which was 90 times lower than that obtained with Lead.
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Using this type of Europium-based complexes, Arouca et al. set up blind tests to check the
efficiency to identify the shooter position, estimate the shooting distance and examine the
possibility of secondary and tertiary transfer (53). According to these tests, the authors concluded
that the use of such markers is very effective since the shooter position and the shooting distance
were correctly assessed. They also pointed out the possibility to reveal secondary transfers of GSR,
for instance when shaking the hands of a shooter.

B. Organic GSR
a. Sampling

In a first study, Gassner and Weyermann compared the efficiency of various sampling materials
for the analysis of OGSR, as well as a determination of the matrix effects produced by them (54).
In conclusion, four candidates remained at the end of this evaluation, namely DNA cotton buds,
polyester swabs, 3M tape and PTFE film. The stub-type samplers have preference because of low
residue levels they leave on the hand and the long retention time of analytes on their surface in
ambient conditions. Sampling devices were then investigated in detail for further quantitation of
OGSR by liquid chromatography/mass spectrometry. In conclusion, with a performant QTrap-type
mass spectrometer, OGSR can be easily detected just after discharge. Further experiments must be
conducted, however, to study the transfer of OGSR and its persistence on different surfaces, as the
limits of detection for some OGSR types is already reached after two hours post-firing (for
example on skin).

When implementing OGSR analysis, introducing specific sampling to collect organic GSR can be
a step competing with the sampling prior to the conventional analysis of IGSR by SEM/EDS. In a
second study, Gassner et al. provide some additional elements of response to questions regarding
OGSR sampling and sample storage (55). In the first part of the study, stubbing was compared to
swabbing with alcohol using sequential sampling. The results evidenced a very high variability for
both techniques, associated to OGSR production rather than sample collection. Stubbing was
considered a better sampling technique, as it left nearly no residues on the hand. Storage conditions
were also investigated after sampling using both stubs and swabs. Here again, storage time was
dependent on the sampling method with stubs being more stable than swabs at room temperature.

Taudte et al. also examined two protocols for the combined collection of IGSR and OGSR, prior
to SEM/EDS and ultrahigh performance liquid chromatography/UV detection analysis (56): i)
swabbing using alcohol wipes, followed by liquid extraction and filtration and ii) stubbing. Also
in this study the authors showed that the collection using stubs was significantly more efficient for
both IGSR and OGSR present on skin. In another study, Taudte et al. examined the stability of
smokeless powder compounds on the same collection devices (i.e. alcohol swabs and GSR stubs)
(57). The highest degree of degradation was found after the first four days. The authors observed
that commonly found OGSR analytes such as nitroglycerin, diphenylamine and ethylcentralite
showed relatively high overall degradation, which appears to be a serious issue for OGSR analysis.
The authors recommend to analyse samples as soon as possible and prior to analysis storage, in a
4°C refrigerator is a must.
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In order to develop field detection tests for GSR, Gandy et al. examined three colour tests selected
for their potential sensitivity towards OGSR (58). The Sodium borohydride test appeared to be a
good candidate, demonstrating a high sensitivity and selectivity with standards and mixtures.
Additional studies still need to be performed in order to evaluate the potential application to real
samples.

b. Persistence and prevalence studies

OGSR (powder residues as well as additives) have been researched in recent years using a number
of different techniques. Although analytical techniques and sampling are relatively well
documented, little is known of specific forensic questions such as transfer and persistence of
OGSR on hands and clothing of suspects and victims/targets. In the second part of their study (55),
Gassner et al. performed shooting experiments to evaluate transfer of OGSR using different
ammunition. The variability in quantities detected did not enable the distinction between
ammunition based on a single compound. Moreover, when shooting various ammunition with the
same firearm, a memory effect was detected which was not alleviated by quick cleaning of the
barrel in between ammunition changes. Therefore, the possibility of multiple ammunition usage
should be taken into account if analyzing OGSR with a view to possibly link it to a gunpowder.
Finally, various exposed skin surfaces and hair as well as clothing were sampled to evaluate what
surfaces would be the best targets for OGSR collection by comparing results just after discharge
and 2h after discharging a pistol. The results indicated that OGSR were more rapidly lost from
hands than from clothing. Moreover, it was shown that the face and hair of a suspect might be
contaminated through secondary transfer. Thus, OGSR might remain longer on other skin surfaces,
hair and clothing than on the hands of a suspect. As a consequence, sampling should not be limited
to hands but also include clothing, hair and the face. As the limits of detection were already reached
after 2h for some analytes, it will be necessary to develop a pre-concentration technique to evaluate
persistence in a thorough study. Obviously, many variables can modify the transfer and persistence
of OGSR, including external factors such as cosmetics. Moreover, ammunition and firearm type
as well as weather might influence transfer. Finally, activity of the suspect as well as passive
processes such as evaporation and skin absorption will impact persistence. This work is therefore
but a first step and more studies into this subject will be necessary.

Maitre et al. report in two articles (59,60) regarding the persistence (up to 4h following discharge)
on shooters of three OGSR compounds, i.e. ethylcentralite, diphenylamine and N-
nitrosodiphenylamine. They used ultra performance liquid chromatography/tandem mass
spectrometry as detection and characterization technique. The three compounds were successfully
detected in more than 70% of the samples up to 4h following the discharge, with the largest
decrease being observed during the first hour. Not surprisingly, the dominant hand (handling the
gun) collects more OGSR than the non-dominant hand. However, and interestingly, the authors
showed that the persistence on the non-dominant hand was higher, illustrating the fact that the non-
dominant hand, due to limited involvement in regular activities, preserves better OGSR on the
surface of the skin. This illustrate the interest to collect on both hands of a suspect and not only on
the hand suspected to have handled the gun.

51



Hofstetter et al. also examined the amount and distribution of OGSR on shooters (61). This article,
reviewing in its introduction the literature of OGSR, also presents a comparison study of the
amount of OGSR collected on different location, i.e. hands, faces and clothing of shooters.
Although irreproducibility is observed, the authors showed that OGSR can be collected not only
on hands, but also on other locations. Even more, and as a global tendency already observed in
(55), the persistence seems to be higher for other locations than hands, probably because the latter
are more frequently washed and wiped than other sampling regions. Moreover, the amount of
OGSR recovered from clothing is usually larger, when comparing the same area, as skin.
According to the authors, a factor explaining this difference could be the moisture present on the
skin, acting as a limiting factor for efficient sampling of OGSR. Finally, a prevalence study was
performed, showing that a positive sample indicates a very recent (less than a few hours) contact
with firearms.

c. Interpretation of results

Following the same reasoning as proposed for IGSR, Goudsmits et al. proposed for the first time
a classification of OGSR compounds as a function of their prevalence and “uniqueness” (62). For
instance, more than 100 compounds have been reported in the literature as being associated to
OGSR. However, due to potential other sources, all these compounds cannot be considered as
being “characteristic” of OGSR. For example, diphenylamine, a stabilizer present in most
ammunition, is also commonly used in the food industry. Among this list, the authors proposed 20
compounds and compound classes that could be of interest for their forensic relevance. These
compounds were then split up in three categories as a function of their association with GSR and
their application related to other sources.

Dennis et al. analysed more than 700 smokeless reloading powders by pairwise comparison of
their physical and chemical characteristics, in order to perform statistical evaluation of likelihood
ratio determinations (63). Gas chromatography/mass spectrometry was used for the chemical
analysis. The authors showed that the evidentiary and investigative value of a “same product”
versus “different product” assertion was limited, having a low likelihood ratio (less than ten).

Bell and Seitzinger analysed hand swab samples by ion mobility spectrometry and neural networks
(for pattern matching of the ion mobility spectra) as a screening test to identify the presence of
OGSR (64). The samples were obtained from 16 known shooters (immediately sampled after
shooting) and from a population of 73 individuals claiming not having discharged a firearm within
the week before sampling. The authors adopted the evaluative approach using likelihood ratios to
express the results, instead of using a threshold value that would lead to a binary selection (shooter
vs. not shooter). According to the authors, using this evaluative approach significantly reduces the
frequency of false positives and allows for a more informed decision, even in the context of a
screening test.

d. Development of new instrumentations and methods

Liquid chromatography/mass spectrometry
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In the majority of the OGSR studies with liquid chromatography/mass spectrometry as
detection technique, a targeted approach was used for compound identification, for
example using a specific collision-induced dissociation energy or specific multiple reaction
monitoring modes that were pre-selected for the target analytes. The development of a non-
targeted approach would allow for recognition of all compounds in a powder. This has the
potential to offer more informative chemical profiles that may increase discrimination
among powders and enhance the ability to associate specific OGSR compounds to the
corresponding unburned powder. The work reported by Reese et al. (65) demonstrates such
a non-targeted approach for the characterization of both unburned smokeless powders and
the OGSR from a variety of ammunition of different brand, caliber, primer composition
and age. Powders were analyzed by liquid chromatography/atmospheric pressure chemical
ionization/time of flight mass spectrometry, in both positive- and negative-ion mode. The
resulting chemical profiles were statistically assessed using principal components analysis
and hierarchical cluster analysis to evaluate discrimination of unburned powders based on
chemical composition as well as to gauge the extent of association of the OGSR compounds
to the corresponding unburned powder. Association was most successful for powders that
contain akardite 11 and ethyl centralite as the dominant compounds, but was not realized
for powders that contained dibutylphthalate, diphenylamine, or N-nitrosodiphenylamine as
the dominant compounds. This preliminary work already demonstrates the potential of this
technology for smokeless powder characterization. In future work, a wider range of
smokeless powders will be investigated and characterization of swabs from shooter’s hands
will be undertaken for comparison to the unburned powder.

Diphenylamine is an important component of a gun propellant, where it is used as a
stabilizer that can bond with the degradation products of explosives and slow down the rate
of their decomposition. However, only trace levels of DPA remain on the hands of firearm
users; thus, it is hard to identify DPA if the detection method is not sufficiently sensitive.

In order to meet the requirements of forensic-type assay of diphenylamine, Mei et al.

optimized a method based on high performance liquid chromatography/tandem mass
spectrometry (66). After manually firing a gun, the OGSR in the cartridge case and on the
shooter’s hand were extracted carefully with a cotton swab soaked with acetone. The
authors were able to show the presence of diphenylamine on samples in cartridge cases and
on shooter’s hands up to 1h after firing.

Gas chromatography/mass spectrometry

To be of practical use in forensic scenarios, any proposed assay of OGSR should be capable
of detecting the residue associated with one to three shots. The thermal desorption gas
chromatography system/mass spectrometry system described by Stevens et al. (67) shows
promise in this regard, although problems arise due to detection of ethylcentralite in blanks.
The adoption of additional qualifier ions across all of the target compounds will therefore
be essential. Nonetheless, the advantages of being able to use gas chromatography/mass
spectrometry this way (no sample preparation, no pre-concentration, and availability of
instrumentation) argues for this type of investigation to be continued.

53



In their study of firearms propellants using gas chromatography/mass spectrometry, Pigou
et al. studied the factors influencing the formation of certain molecules during the analysis
(68). One of the sources of these artefacts appears to be the soiling of the injection port and
liner of the gas chromatograph. The authors could conclude that although the occurrence
of artefacts does not affect the ability to identify a particle as a propellant from its chemical
profile, caution must be exercised if any quantitative or semi-quantitative comparisons with
a source propellant have to be made. Fortunately, contamination of the inlet liner and any
artefact formation can be easily monitored by the use of routine quality management
procedures in which blanks and standards are interspersed between samples.

Other mass spectrometry techniques

As discussed before, the recent introduction of heavy-metal free ammunition has triggered
the screening for OGSR as a way to identify and characterize the chemical evidence. While
current analytical efforts are compartmentalized for IGSR and OGSR analysis, recent
studies have shown the advantages of using multiple assays and complementary techniques
for the characterization of both IGSR and OGSR. Mass spectrometry imaging is rapidly
becoming the method of choice for chemical mapping of organic and inorganic compounds
from surfaces. Mass spectrometry imaging permits the simultaneous interrogation of
surfaces with high sensitivity and without the need for labels or pre-selection of molecules
of interest; as in imaging mass spectrometry most if not all inorganic/organic components
can be sampled and detected simultaneously. Mass spectrometry imaging’s lateral
resolution is ultimately defined by the dimensions of the desorption probe (from tens of
nm to hundreds of um). The physical dimensions of the firearm discharge particles and the
desirability to preserve the sample demand the use of high spatial resolution probes. The
technology must be capable of generating characteristic inorganic and organic ions with
little to no need for sample preparation and for the IGSR and OGSR characterization in a
single analysis. In their work, Castellanos et al. show for the first time the advantages of
using high-spatial resolution mass spectrometry imaging for the analysis of surfaces
containing IGSR and OGSR (69). In particular, secondary electron and secondary
atomic/molecular ion maps were obtained from a single analysis with little damage to the
physical and chemical surface integrity, thus allowing for a subsequent analysis of the
sample. Typical inorganic and organic molecular ions were identified from the skin swabs
of shooters after a firearm is discharged. The high spatial resolution mass spectrometry
imaging permitted the identification of IGSR and OGSR components based on their spatial
distribution using unsupervised principal components analysis. Initial optical inspection of
the firearm discharge swabs showed the presence of multiple particulates of varying size.
Most of the particles were dispersed and distributed near the surface of the swab material.
Closer inspection in the imaging mode permitted the generation of secondary ion and
electron maps with sub-pum spatial resolution. When the same field of view was analysed
in the spectral mode, a near-micrometric spatial resolution was obtained, while allowing
for high mass resolution detection of the secondary ions. The authors recognize that
potential challenges may exist in the analysis of GSR from heavy-metal free ammunition
containing fewer metals characteristic of IGSR and especially volatile OGSR constituents,
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but additional studies will enable the identification of characteristic secondary ions for
these type of ammunition. Alternatively, further developments of the swab surface
chemistry will permit the trapping of volatile OGSR for mass spectrometry imaging/time
of flight/secondary ion mass spectrometry analysis. It is anticipated that mass spectrometry
imaging will have an increasing role in examining evidence for forensic applications owing
to its ability to detect both IGSR as well as OGSR in one single analysis.

OGSR has been shown to be detectable on skin hours after discharging a firearm. However,
there is degradation over time and improved in-situ analysis would greatly benefit the
forensic community. In their study, Fedick and Bain used swab touch spray mass
spectrometry to search for OGSR on the hands or an article of clothing of the suspected
shooter (70). Swab touch spray utilizes a rayon-tipped swab to collect the analytes of
interest by applying the dry swab over the area of interest. The swab is constructed with an
aluminium handle, which allows a high voltage lead to be connected directly to the swab
to promote ionization when solvent is applied. Swab touch spray has been shown to be an
effective method for identifying OGSR from a variety of surfaces including hands, gloves,
clothing and spent shell casings. This ambient technique requires no sample preparation,
nor lengthy analysis time, and is capable of in-field analysis. Important OGSR compounds
were detected after a single discharge of a firearm on both benchtop and portable mass
spectrometers. However, the latter test was performed in a laboratory setting and future
testing still needs to be performed to identify the capability of these analyses in-situ. The
authors finally note that a database of the compounds detectable for different ammunition
brands is an important future research direction.

In a recent study, McKenzie-Coe et al. present a novel workflow for the detection of both
elemental and organic constituents of the firearm discharge residue from skin swabs using
electrospray trapped ion mobility spectrometry coupled to mass spectrometry (71). The
small sample size (less than ten pL), high specificity and short analysis time (a few
minutes) permits for the detection of both IGSR and OGSR from one sample and in one
single analysis.

As the movement to self-manufacture of firearms with 3D-printing technology grows and
as 3D guns themselves become more functional and reliable, it is reasonable to assume that
they will be used increasingly in crimes, especially by individuals who may have less
access to traditional guns. Incidents involving 3D-printed guns can be expected to grow as
the technology improves, costs decline, and as superior gun blueprints are posted on the
internet. Direct analysis in real time/mass spectrometry has been used to identify trace
particles of explosives in fingerprints and in addition, this technique can provide
“fingerprint” mass spectra for the identification of polymers, their additives and other
associated materials. However, Direct analysis in real time/mass spectrometry has not been
sufficiently applied to GSR and other trace evidence from firearms, in part, because
fundamental studies are lacking. In their study, Black et al. fired a gun with barrels made
from different polymers and sought to determine whether this technique can be used to
readily detect and identify traces of polymer and organic GSR compounds on the bullets,
cartridge cases, and in GSR collected from clothing (72). They have shown that direct
analysis in real time/mass spectrometry methods can be used to detect and identify

55



compounds associated with OGSR as well as polymers from 3D-printed guns in trace
evidence. Thus, a spectral library of polymers commonly used in 3D-printing can be used
for characterizing samples from crime scenes where a 3D-printed gun is suspected of being
involved. Moreover, because direct analysis in real time/mass spectrometry can rapidly
detect OGSR signature compounds on small evidentiary samples, the technique deserves
to be further scrutinized as an alternative approach for OGSR analysis.

- In order to evaluate the benefits of using direct analysis in real time/time of flight mass
spectrometry for OGSR detection and characterization, Lennert and Bridge analysed 34
smokeless powders using this technique and compared it to analytical performances using
gas chromatography/mass spectrometry (73). The results show that these two techniques
provide comparable data; however direct analysis in real time/time of flight mass
spectrometry does offer a shorter analysis time, i.e. 2min compared to 20-30min using gas
chromatography/mass spectrometry.

Raman Spectroscopy

- The use of Raman spectroscopy in forensics was reviewed by Doty et al. in 2016 (74) and
2018 (75). One section of each review is dedicated to GSR analysis. Compared to
SEM/EDS, the authors pointed out Raman micro-spectroscopic scanning, a technique that
analyses GSR collected from a surface after tape lifting. Raman spectroscopy allows the
identification and analysis of specific components contained in propellant mixtures,
enabling the establishment of links between different types of ammunition. Moreover, the
combination of Raman spectroscopy and infrared spectroscopy, two complementary
methods, increases both specificity and sensitivity and thus enhances the statistical
differentiation of GSR samples from different origins. However, a significant number of
GSR particles has to be analyzed before a link between GSR and a specific ammunition
can be claimed, because of the memory effect of the weapon. According to the authors,
Raman spectroscopy is a promising technique for the detection of GSR but further research
and tests of real samples still need to be performed.

- Bueno et al. performed validation experiments on an analytical scheme combining tape
lifting and Raman micro-spectroscopic mapping, in order to collect and detect GSR (76).
This study determined the reproducibility, precision and robustness of this approach.
Potential environmental contaminants (i.e. particles generated from automotive brake pads
and tires) were also examined. The authors classified data obtained in a previous study,
which was designed as a proof of concept, and combined these data with those obtained in
the validation experiments of this study using support vector machine discriminant
analysis. Results showed that the method is independent of specific Raman microscopes or
collection software. Moreover, the particles generated from automotive samples could be
successfully differentiated from real GSR using the methodology proposed by the authors.

- Lopez-Lépez et al. discussed the application of surface-enhanced Raman scattering to the

analysis of 21 smokeless gun powders and macroscopic GSR obtained after firing two of
them (77). The reproducibility and sensitivity of the method was examined by the authors.
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They showed that for gun powders most bands observed in the spectra can be attributed to
diphenylamine and ethylcentralite, the two most common stabilizers used in smokeless gun
powders. Moreover, spectra of macroscopic GSR collected on conventional stubs that are
usually used for SEM/EDS analysis were similar to the corresponding gun powders,
confirming the feasibility of performing surface-enhanced Raman scattering on such
particles. However, the authors pointed out the inherent grain-to-grain inhomogeneity of
gun powders as an issue that could limit the linking between ammunition and GSR macro-
particles.

C. Shooting distance estimation and bullet hole characterization
a. Methods and instrumentations

The largest part of GSR produced by a shooting is projected on the target (object or victim),
provided this target is close enough to the shooter. The diameter and the density of the GSR
particles deposition pattern will help to determine the firing distance. This deposition pattern is
usually chemically revealed by use of “chromophoric” or colour tests; the most popular colour
tests being the Sodium rhodizonate test (detects Lead and Barium) and the modified Griess test
(detects nitrites).

Beside the use of colour tests, it is also possible to estimate the shooting distance by using non-
chemical techniques. According to a study performed by Ortega-Ojeda et al., classical least squares
regression is the adequate data analysis technique for the use of short-wave-infrared images (using
radiation in the near infrared region of 1000-1500nm) of GSR patterns. They used this technique
on patterns on white and black cotton targets, shot with 9mm conventional and heavy-metal free
ammunition from a distance of 10cm (78). The spectra of the ammunition propellants such as
nitrocellulose, diphenylamine, centralite, dinitrotoluene and nitroguanidine show high spectral
activity and can be used to identify GSR, irrespective of which type of ammunition was used. The
conventional ammunition resulted in the strongest spectral signals, whereas the heavy-metal free
ammunition produced smaller GSR patterns on both fabrics. Although the black fabric might have
hampered somewhat, detection of the pattern was still possible.

In order to evaluate the use of multi-spectral imaging for the estimation of shooting distances,
clothing targets were shot from seven different distances between 10 and 220cm using
conventional 9mm ammunition. The resulting patterns were subsequently analysed at 18 different
wavelengths within the range of 400-1000nm (79). Image processing was performed using
principal components analysis on images that were binarized and inverted for better visualisation
of the patterns. The wavelengths that provided the largest contrast between the white cotton and
the dark GSR particles were 430, 450 and 470 nm. In the end the blue frame at 470 nm was chosen
because it corresponds with the blue channel in digital red-green-blue cameras. A mathematical
correlation was shown between the pixels and the shooting distance, since an exponential decrease
of GSR was observed with distances ranging from 30 to 220cm. However shorter distances (10 to
30cm) could not be assessed, since the diameter of soot particles is smaller than the resolution of
the camera. Application in real casework still needs to be tested further, since only lab conditions
were used at this stage.
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Examining 102 different ammunition types/brands, Hofer et al. have shown that up to 85% of these
ammunition contain propellants that could potentially be detected by the infrared luminescence
method, which is even applicable after performing a chromophoric test (80). Four heavy-metal
free ammunition were examined and tested in detail. The excitation wavelengths were set at 545-
675 nm and the detection wavelength at 725 nm (long pass filter). Two luminescent additives in
the powder were identified: urethane derivatives and phthalates. Using the ratio approach, the
authors showed that the distribution pattern depends on the shooting distance. Although this
method is promising, it cannot be applied to target materials showing a luminescence of their own,
nor to ammunition with no luminescence. In order to overcome these issues, Hofer and Wyss added
in a second study (81) an extra step prior to infrared luminescence detection in which a chemical
reaction with diphenylamine was used. First, a transfer of the nitrocellulose onto a thin layer
chromatography plate was performed using an organic solvent. Diphenylamine was then sprayed
onto the plate, resulting in a deep blue colour reaction showing the presence of nitrate and nitrite.
Ammunition with -partially and non- luminescent propellant powder were tested on white cotton
targets. Imaging software was used to determine the distribution of propellant powder particles
and particle density vs. shooting distance graphs were successfully drawn.

Hinrichs et al. examined cotton and polyester targets using the backscattered electron detection
mode in the SEM (82). They showed that an estimation of firing distance was possible for distances
up to 20cm because of a linear relation between the approximately exponential decay of GSR
coverage and the shooting distance. For this study, backscattered electron micrographs were
acquired at different radial distances from the bullet hole. These images were then binarized using
adjusted segmentation thresholds, so that the white pixel count per image was attributable to the
GSR coverage. The authors also documented the morphology of broken fibre ends of the synthetic
fabrics. This can yield additional information on the shooting distance.

A study investigated the use of laser-induced breakdown spectroscopy imaging to visualize GSR
patterns through multi-element analysis (42). The distribution of Lead, Barium and Antimony over
the surface of white cotton targets, shot at from three different distances and using three
conventional 9mm ammunition, was measured in laser raster mode. For this purpose the
simultaneous use of two spectrographs, covering two different wavelength regions and in
combination with a laser emitting at 1064nm, was needed in order to allow simultaneous detection
of elements. The target surface of 13x16,5cm? was measured in less than 3h. As mentioned above,
these authors also suggest that laser-induced breakdown spectroscopy could be an interesting tool
for heavy-metal free ammunition analysis.

b. Quality aspects
ENFSI published in 2015 a Best Practice Manual for chemographic methods (83). It provides a
framework of procedures, quality principles, training processes and approaches to the forensic

examination in the domain of shooting distance estimation.

FDSD 2015, the new proficiency test for the determination of shooting distances, was implemented
and the results were published in 2016 (84). The artificial samples consisted of a set of 12 reference
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distances between 2 and 200cm. Two samples under investigation were placed at 25 and 50cm. In
total 45 laboratories participated in this test. The submitted results were compiled, z scores were
calculated and a statistical evaluation was performed. This paper summarizes the results of the
study and presents the overall performances of the participating laboratories. For the best
allocation to a shooting distance class, the 25cm and the 50cm were ranked correctly by 93% of
the participants. For the estimated range of the case shot distance, the 25cm was correctly ranked
by 93% of the participants, while only 73% ranked the 50cm correctly. A tendency toward an
underassessment of the larger distance shot was observed.

c. Case report

Suspected suicide cases are difficult cases to handle for GSR experts, because of a large range of
possible results, from a high rate of false negatives (see section A.-f.) to high contamination due
to the presence in the surroundings of the shootings. Recently, Brozek-Mucha and Zdeb reported
on a controversial suicide case, in which a submachine gun with a sound suppressor was used (85).
Working as a team, involving both forensic chemists and firearms examiners, the authors showed
that the shooting distance was at least 30cm, while the greatest distance that could have been
achieved by the victim himself was about 10-13cm. As a consequence, the results supported the
version of homicide rather than suicide. Additional tests were performed and published in a second
article (86). For instance the influence of the use of the silencer on the amount and distribution of
GSR on the surface of cotton fabric and fresh porcine skin was examined. It was found that the
silencer reduced the amount of solid particles as well as the amount of soot. The same result was
obtained when counting the number of GSR particles present in an area of 10cm diameter around
the bullet hole using SEM/EDS. As a consequence, the significantly modified gunshot patterns
have an implication on the interpretation of the estimation of the shooting distance.

d. Bullet hole examination

The rotating bullet will usually produce a wipe ring around the entrance hole. The presence or
absence of a wipe ring will therefore help to determine the nature of the bullet hole (entrance or
exit).

Previous studies have demonstrated that GSR particles can be found around the entrance hole even
at long firing ranges (dozen of meters). Greely and Weber conducted a study to determine if GSR
particles are also deposited on targets after having passed through glass windows (87). According
to the tests they conducted, the authors observed significant amount of GSR particles on different
samples close to the secondary target holes. According to the authors, this study illustrates the fact
that even if the shooter was outside, GSR can also be found on a victim inside; as a consequence
caution has to be taken when interpreting results obtained from victims in similar circumstances.

D. Time since discharge estimation
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In some cases of firearms-related crime the defense does not directly contest the source of the
questioned spent cartridge, but rather its relevance, by arguing that it had been fired for legitimate
reasons prior to or after the occurrence of the alleged crime. If such allegations are forwarded,
estimating the time since discharge might be particularly useful in helping justice with the
decision-making process. Estimation of the time since discharge of a weapon or cartridge case is
therefore a question that regularly pops up, but is not yet addressed in routine forensic work.

Application of solid phase micro-extraction as a sampling technique to recover and analyze the
explosion products was first suggested by Andrasko et al. in 1998, following the encouraging
results obtained on shotguns (88). However, while partial ageing curves could be obtained using
this multiple-sampling procedure, the underlying premise relied on the fact that this sampling did
not significantly modify the cartridge’s internal atmosphere. Subsequent studies proved otherwise
for small calibers, making it impossible to compare the obtained partial ageing profiles with
reference curves acquired from analogue cartridges sampled immediately after discharge.

In their two-part publication (89,90), Gallidabino et al. studied the comprehensive optimization
and validation of a headspace sorptive extraction method to be applied in determining the time
since discharge of small-caliber (handgun) ammunition. Using this sampling method, a fast and
reliable, semi-quantitative method, capable of extraction and analysis of about 30 target volatile
organic GSR compounds from 9mm Parabellum cartridges, was developed. These target
compounds were selected in order to cover the main classes of compounds often present in volatile
GSR. The final step was to investigate efficient solutions to comprehensively interpret the GSR
profiles in a dating perspective and evaluate the actual potential of providing helpful information
on time since discharge in real cases. In this regard, the implementation of multivariate statistical
methods was explored instead of current one-compound-at-a-time approaches, in an attempt to
implement all sources of information about time since discharge linked to the single compounds
into a unique estimation model. In total six regression methods were tested on the data. The
accuracy of the obtained outcomes demonstrates potential for estimating the time since discharge
in the tested cartridges up to 48h of ageing or, at least, to differentiate recently fired from older
cartridges (e.g. less than 5h compared to more than 48h), under known storage conditions. Thus,
they rather support the hypothesis that useful information on time since discharge might actually
be extracted from analysis of the volatile fraction of GSR, as well as the hypothesis that this type
of assessment could be helpful in a casework perspective.
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Abstract

This chapter provides an overview of articles and theses relevant to shoe- and toolmark
examiners, which were published between May 2016 and December 2018, and is the sequel to the
review for the 18th Interpol International Forensic Science Managers Symposium in October 2016
by Martin Baiker-Sgrensen [1] (available online [2]). It is based on relevant articles from all
volumes of a selection of forensic journals (American Journal of Forensic Medicine and Pathology,
Forensic Science International, International Journal of Legal Medicine, Journal of Forensic and
Legal Medicine, Journal of Forensic Identification, Journal of Forensic Sciences, Legal Medicine,
Science and Justice, The Australian Journal of Forensic Sciences, AFTE Journal and Forensic
Science, Medicine and Pathology) of that period as well as peer reviewed articles from other
journals and otherwise relevant sources, which were found by browsing the internet.

Disclaimer: The authors and the Netherlands Forensic Institute do not intend to advocate any
commercial software or system mentioned in this collection of reviews but rather give examples
of systems that are available and that the authors are aware of.

1. Introduction

The traditional way of shoe- and toolmark examination includes subjectivity in the process.
This may lead to variation in the conclusions of different examiners. In recent years, the demand
for more objective approaches that lead to less variability of the outcome of an examination, that
rest upon a sound scientific base and that have a strong statistical underpinning, has increased. In
the United States this was expressed in a report of the National Academy of Sciences (NAS),
published in 2009 [3] and more recently in a report of the President’s Council of Advisors on
Science and Technology (PCAST), published in 2016 [4].

In the United States, this lead to the appointment of the National Commission on Forensic
Science hosted by the Department of Justice and the Organization for Scientific Area Committees
(OSAC) for Forensic Science at the National Institute of Standards and Technology (NIST). The
OSAC groups are “a collaborative body of more than 500 forensic science practitioners and other
experts who represent local, state, and federal agencies; academia; and industry” and their goal is
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to “support the development and promulgation of forensic science consensus documentary
standards and guidelines, and to ensure that a sufficient scientific basis exists for each discipline.”
The relevant OSACs for shoe-, tire- and toolmark examiners are the OSAC Footwear and Tire
Subcommittee [5] and the OSAC Firearms and Toolmarks Subcommittee [6], which are both part
of the OSAC Physics/Pattern Interpretation Scientific Area Committee [7]. Based on the
documents of the previous Scientific Working Groups (some documents are still online [8]), the
OSAC working groups are developing best practice guidelines, of which the first were recently
published and some are in an advanced phase of being approved at the time of writing.

In our last review we elaborated on the many ways to render daily casework more objective
and to statistically underpin the interpretation of evidence [1] and following approved standards
and guidelines as provided by the OSACs in casework is an essential step. In addition, there are
many examiners and researchers that strive to render their field more objective by improving
traditional methods and providing a statistical foundation, by developing new methods or by
introducing new technologies into their labs, to supplement the examiner’s findings with objective
measures. In the following sections, the highlights, trends and details in the various disciplines
covered in this review are presented.

1.1.Structure of this review article

In the following sections, first the highlights and trends in the various disciplines covered in
this review are summarized. After that, more details on the publications in each discipline are
given, subdivided into sections covering shoemarks, evidence comparison based on physical
properties and striated and impression toolmarks. The latter was further split into publications
about conventional and invasive toolmarks respectively, as the latter is a fairly new but very
exciting branch of examination. Although it is still in its infancy, it has great potential. Progress in
the past was mainly hindered by the fact that invasive traumas are available to the forensic
pathologist/anthropologist and a certified toolmark examiner is often not on the premises.
Hopefully this will change in the future, as there might be much more information hidden in
invasive traumas that are perceived to date and thus a more close collaboration between examiners
of different disciplines might yield very promising results.

The subsections follow the steps of toolmark examination in practice and, as the strategy of
assessing evidence is similar for different disciplines, the structure of the individual sections is
roughly the same. As there are many contributions describing methods for automated comparison
of shoe- and toolmarks, sections focusing on either of the two are given separately. Alongside the
development of automated methods, several groups integrated their approaches into software in
the form of graphical user interfaces (GUIs) during the last years, which enable examiners to test
the methods with their own data. These are presented in a separate section as well. Note that the
articles are categorized based on their main focus, but parts may also be presented in other sections.
If for instance an article describes a novel and interesting way of data acquisition, while that is not
the main focus of the article, the article will be discussed in several sections.

2. Highlights and trends
2.1.Shoemarks

Shoemarks are commonly encountered at crime scenes but are often neglected, although they
occur much more frequently than e.g. DNA or fingerprint evidence. One reason is that DNA
evidence is typically compared automatically and thus objectively, while shoemark analysis in
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most labs is done in the traditional manner by human examiners. So the field would greatly benefit
from an “injection of technology and associated modern analytical tools” [9], by using automated
comparison based on more objective data and more objective analysis methods. Mainly two
developments in recent years are very promising in this respect. The first is that the technology for
3D shoe impression mark acquisition is close to being applicable in practice. There are systems
available now that have proven to satisfy the varying requirements at a crime scene like lighting
conditions and substrate materials [10]. In addition, the techniques are nowadays providing a high
level of detail. Using this new technology in casework would be a great improvement, as it has
been shown that 3D data has superior properties compared to conventional 2D photography data
and that “identification can be obtained in a higher percentage of cases” [11, 12]. There are also
several software solutions available nowadays, some free of charge, that can be used to visualize
and compare data manually [13, 14]. Another exciting development is that algorithms for 2D
shoemark retrieval, i.e. finding the make and model of a shoe in a database, are getting close to the
transition from being purely academic to being useful in practice. Unlike in our last review three
years ago, there are several algorithms around now that show high retrieval performance, even
when confronted with potentially bad quality data from crime scenes [15-18], including partial
marks and marks on strongly varying backgrounds. In addition, authors compared their algorithms
frequently with those of others. Unfortunately that did not always happen using publicly available
databases and therefore it is still difficult to objectively compare the best performing algorithms.
Authors should therefore use publicly available and representative databases including real crime
scene marks. There are also some commercial systems available now for automated shoemark
retrieval [19, 20]. So far all presented automated retrieval systems are using 2D images of
shoemarks, but in the future it might be interesting to include impression evidence as well by also
supporting 3D surface data.

Regarding the interpretation of shoemark evidence the recent literature is limited. Only one
publication was found that aimed at calculating a likelihood ratio (LR) and in that work a limited
database was used [21]. As the publications that studied the frequency of occurrence and the
distribution of randomly acquired characteristics (RACs) used varying amounts of categories of
RAC shapes and shape definitions [22-24], it is difficult to compare the results. Rather than
choosing a range of user defined categories it would be useful to find out, which RAC shapes are
actually the most relevant and distinctive. In addition, the RAC shapes were typically determined
manually and it was shown that on the one hand, repeated prints made under controlled conditions
in the lab might contain varying amounts and appearance of RACs [25] and on the other hand,
annotations by different examiners are not always consistent [22]. Therefore there is a need for
standardization of RAC shapes, in order to compare studies to determine frequencies, co-
occurrence and distribution, as well as the way a shoe sole is to be sub-divided for local RAC
frequency assessment. There is also further research required that studies the degree of dependence
between individual RACs as it has been shown, that the independence assumption originally
proposed by Stone [24], may not be valid [23].

2.2.Striated and impression toolmarks

In our last review article, we discussed in detail the various possibilities to render casework
more objective by using 3D surface data of toolmarks and presented a large range of imaging
technologies like confocal microscopy, focus variation or photometric stereo [1]. In many pilot
studies it had been shown that those technologies have the potential to accurately acquire 3D data
of toolmarks. In recent years, forensic laboratories are working on integrating 3D surface
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metrology into actual casework and it is crucial that this process is accompanied by a quality
assurance guideline to make sure that the devices are performing according to specification and
are evaluated in practice. This means that acquisition hardware has to be calibrated, ideally using
standardized specifications [26] and physical measurement standards, to test the technical
specifications under known circumstances. In addition, the devices have to be evaluated for the
specific forensic applications with samples that are representative for casework [27]. One example
of a system that has been fully validated [28] is now being used in actual casework by the FBI. In
combination with a Virtual Comparison Microscope [29], it is used to manually compare cartridge
case impressions and aperture shear marks. The system was developed to compare firearm
evidence, but a modified system could also be used for toolmarks.

Automated toolmark comparison methods in the past often used one score to determine
toolmark (dis-)similarity and methods were tested with experimental marks generated in the lab.
In recent years two methods were proposed that use a multi feature similarity score [30] or a
convolutional neural network [31]. Using multi feature vectors instead of choosing a single
similarity metric is attractive, as several features of variable ‘strength’ might yield better
performance if combined. However, this strategy also requires a reliable feature detector rather
than using the data as it is. Neural networks have the advantage that it is not necessary to explicitly
define a measure of similarity at all, but rather let an algorithm decide which features are valuable
to distinguish between matching and non-matching marks. The disadvantage is that typically a lot
of data is needed to properly train a neural network. Nevertheless it will be interesting to see further
developments in this direction and the results of testing the algorithms with large datasets.
Particularly test datasets should include crime scene quality data as well. In addition, the vast
majority of algorithms focused on striated toolmarks only and not on impression marks. To our
knowledge there is only one algorithm that was developed for, and tested on impression toolmarks.
The method uses the mark contour and local appearance [32]. The real crime scene data used for
this study is available online. Clearly there is a need for algorithms that are designed for comparing
tool impression marks and that are tested using realistic data. Such algorithms do exist for firearms
impressions [33, 34], but they have not been tested on toolmark impressions.

Reliably weighing evidence within an LR framework requires an available population database
of representative marks. If different laboratories however use a different population database for
the analysis, the statistical results of comparing the same pieces of evidence could differ. Therefore
the NIST, the FBI and the NFI started a collaboration project in 2018 that aims at developing the
infrastructure for a centralized and permanently monitored database of striated and impression
marks. To this end, the existing infrastructure of the software package ‘Scratch’, which was
developed at the NFI to automatically compare striated toolmarks, build local databases and
calculate LRs, was extended with additional functionality to automatically compare impression
marks. In addition, the database functionality was greatly extended, to allow setting up a large and
diverse database of striated and impression marks (Reference Population Database of Firearm
Toolmarks or RPDFT [35]). In the future, a great variety of similarity metrics, determined with a
consistent background population database with all relevant meta information, will be available to
third parties. For now, the main focus is on firearm marks, but the framework will be versatile
enough to host toolmarks as well in the future.

2.3.Invasive striated and impression toolmarks

A large body of literature was published in the field of invasive toolmark examination. As it is
still a relatively new field, in most of the articles the variability and individuality of marks created
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with saws, knives and other sharp objects were studied. Furthermore all articles were focusing on
class characteristics (shape parameters) rather than individual characteristics, because the latter are
rarely encountered in bone marks and are difficult to capture. Data acquisition was typically done
using conventional 2D microscopy, however by most authors only for qualitative purposes. For
quantitative analysis, authors more frequently used 3D volume imaging techniques, especially
Micro-CT. This technique was recently shown to provide more observable detail than 2D
microscopy [36]. However, only one publication compared Micro-CT to measurement standards
[37] to see whether the CT measurements were accurate. More focus should be put on this issue
in the future. An interesting development is the usage of morphometrics to quantify shape features
and a subsequent statistical analysis to determine differences between e.g. different tools. Most
authors determined shape features manually however using dedicated software packages. It would
be desirable to determine shape features automatically as different examiners might interpret the
data differently and shape descriptors may be ambiguous. Furthermore, shape descriptors vary
greatly between publications. Rather than choosing shape descriptors manually it should be studied
which descriptors are the most powerful to distinguish between different types of tools.
Subsequently, authors should use similar descriptors. Another reason why study results are not
easy to compare is the fact that the experimental setups vary, e.g. with respect to bone species
(human vs. a variety of animals), bone state (fleshed, de-fleshed, macerated, frozen) and the way
of applying the marks (controlled with a machine or by hand). As most of these factors have shown
to have an influence, the most realistic scenario should be chosen to create experimental marks,
thus using human, fleshed bones if possible and applying marks by hand and with realistic force.

Regarding the specificity of marks with respect to different types of tools, some studies
conclude that serrated and non-serrated knives can be distinguished [38-40], while others don’t
[41]. Studies focusing on saws typically conclude that different saw types, thus hand saws,
hacksaws and reciprocating saws, can be distinguished [42-47]. However, only one author also
compared the shape features of the marks with the actual tool that was used to create it [44]. This
is an essential step though and should get more attention in research projects in the future. On a
whole the combination of 3D imaging (Micro-CT) in combination with morphometrics and
statistical analysis of the measurement results is a great step, but the conditions under which
experiments are conducted should be closer to realistic conditions and there should be a consensus
regarding useful shape parameters for saw and cut marks in bone.

3. Shoemarks

Many steps have to be taken to compare shoemarks in the lab, from documenting the marks at
the crime scene to creating and acquiring experimental shoeprints in the lab with suspect shoes to
the comparison of the shoe sole characteristics and finally the interpretation of the examination
results. A good book [9] to give an overview of the whole process of shoemark examination can
be found in Bodziak [11], a book “to share the authors foundation of knowledge and experience to
provide novice and experienced examiners, crime scene technicians, investigators, prosecution and
defense counsel with a comprehensive source of information on forensic footwear evidence”.
Included are chapters on detection, acquisition, enhancement, casting and examination of footwear
evidence. In addition several production steps from design to molding and cutting are discussed.
Furthermore, the book contains case examples. In addition, an overview of standard operating
procedures for shoe and toolmarks can be found in another book by Petraco et al. [48]. It includes
the whole pipeline from the crime scene to the examination. These two books mainly focus on the
more traditional approaches to forensic shoemark analysis. A book that contains chapters on the
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acquisition and comparison of marks as well as the interpretation of the results which also includes
recent technological advances was published by Bennett and Budka [9]. Their focus lies mainly in
the field of ichnology, which is the study of geological records like dinosaur foot impression
marks, but techniques for e.g. data acquisition are similar and thus might be useful for the field.

The following chapters provide an overview of recent publications regarding one or several
steps of forensic shoemark examination. As there seems to be some discrepancy between the
terminologies used by different authors, we in this review article stick to the following: For 2D
representations of a shoe created in the lab, we use shoeprint and for those found at a crime scene,
we use shoemark. For 3D representations of a shoe created in the lab, we use shoe imprint and for
those found at a crime scene, we use shoe impression mark. In general we use shoemarks to address
shoe evidence, if the context is not relevant.

3.1.Detection / Creation

Creating detailed and complete experimental shoeprints in the lab is an essential step in the
daily work of the forensic shoemark examiner, and care should be taken to create prints as
consistent as possible to reduce variability of characteristics among prints. In addition, shoeprints
should be an accurate copy of the shoe outsole, including class characteristics and RACs. Whitlow
studied different ways to create experimental shoeprints in the lab [49] and compared them based
on the amount and visibility of RACs. To this end, prints of two types of shoes, worn work boots
and sneakers, were acquired with two different methods, the Identicator inkless shoeprint system
and using Handiprint lifting material with black fingerprint powder. For both methods, three ways
of creating a shoeprint were considered, dynamic step, static step and rolled. From images of the
prints, RACs were located manually and validated using the shoe outsoles. Finally, the fractions
of RACs present, considering the previously mentioned conditions, were determine and compared
quantitatively. The results show that both methods of capturing shoeprints perform equally well.
There were differences however between the way the prints were made, with the dynamic and
rolled conditions showing significantly more RACSs, basically as a result of the larger shoe sole
area that was printed compared to the static print. The authors therefore conclude that the way the
shoeprints are made has a larger effect on the amount of RACs than the way the prints are captured.

3.2.Acquisition

Typically the acquisition of shoemarks is done using 2D photography [11] and several
techniques exist that use oblique light from different angles to make the image look more ‘plastic’.
However, 2D photographs do not provide depth information and are dependent on lighting
conditions and it has been shown that identification can be obtained in a higher percentage of cases,
when additional casts of impressions are made [11, 12]. As the properties of substrate materials
vary greatly however (sand, snow, mud etc.) and evidence might be destroyed, casting can be
complicated. Casts also have the disadvantage that they have to dry sometimes for longer periods
of time. Alternatively, 3D data can be determined instead of casting, or the cast itself can be
acquired by 3D technology [9]. Using 3D models enables easy storing and quantitatively analyzing
impressions as well as sharing with others.

In recent years, novel developments were mainly in the field of 3D image acquisition and we
therefore will focus on new technologies in this field in the following sections. Possible techniques
for 3D acquisition are laser scanning devices, both for long distance, low resolution, and short
distance, high resolution acquisition of impressions, which have been around for quite some time
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already [9]. Authors used for example the NextEngine laser scanner [50, 51]. In addition, more
techniques were tested in recent years. Thompson et al. [52] presented using a 3D structured light
scanning device (4D Dynamics PicoScan [52, 53]) for shoemark impression acquisition. The
authors state that the technique provides morphological information, next to color info and
provides higher resolution at lower equipment costs compared to laser scanning devices. To
demonstrate the technique, shoe impressions are acquired using seven shoes, new and used, in
sand and soil and subsequently compared manually using 3D software. Based on visual assessment
of the results, the authors state that in principle the technique is suitable for the examined
substrates, but that a more in-depth quantitative analysis of the acquisition results is required. Other
systems for structured light scanning include the GOM Atos [54], the Fraunhofer Kolibri [10, 55],
the Artec Eva [56] and the David SLS-2 [57]. Photogrammetry was employed by Faulkner [58],
who studied the usability of applying the commercially available software package PhotoScan [59]
to reconstruct 3D shoe impressions. Photogrammetry is used to construct a 3D model based on
typically two or more 2D images, taken from different angles (typically the more images are used,
the better the resulting 3D model is [60]). To this end, 3D data was reconstructed from impressions
in sand from a used running shoe. Qualitative analysis results indicate that the software can
produce useful results in practice, given that the illumination conditions in the 2D photographs are
similar. Yet another acquisition technique is photometric stereo (e.g. Evident EverLSS 360 [61]).

The main criteria for the applicability of devices in practice are, among others, price, ease of
use at a crime scene, acquisition speed, resolution and performance under realistic crime scene
conditions (e.g. varying substrate materials, temperatures and lighting conditions), with the last
two items being of high importance. Of all the mentioned techniques so far, 3D structured light
based systems are the most promising for acquiring not only class characteristics but also RACs,
as these systems typically yield the highest resolution and thus provide most details. In general
systems are easy to use at a crime scene and some systems were specifically designed for and
tested under a variety of crime scene conditions [61, 62]. Summarizing the recent advances, 3D
shoemark acquisition technology is expected to be introduced into casework in the near future
[62].

3.3.Enhancement

Photographs of crime scene shoemarks are often noisy and lack contrast. Therefore Reddy [63]
proposed an automated shoemark enhancement algorithm that produces well illuminated images
with balanced contrast and little noise. The algorithms is tested qualitatively and quantitatively
using ten images of three databases and shows to be superior to previous approaches. In future
work, the impact on the application of the technique in the forensic context will have to be
demonstrated.

3.4.Casting / Preservation

Shoemarks encountered at a crime scene are found in many different substrates, e.g. in soil,
sand, gravel or snow at an outdoor scene or on wooden floors, carpets, tiles etc. at an indoor scene.
In addition, marks can be made in dust or can be made with wet shoes (e.g. blood or mud). As a
result, specific casting/lifting techniques are required to optimally recover and preserve shoemarks
from substrates with greatly varying properties. Authors presented techniques for casting in snow
[64], soluble food products [65] and sand [12] as well as for lifting wet marks [66].
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Petraco et al. [64] describe a method to cast footwear impressions in snow, using commercially
available bio-foam blocks. For casting, the authors suggest modifying the blocks by attaching a
cardboard to one side of the block, putting the other side on the impression and apply pressure
manually. For testing they cast several impressions and qualitatively assess the casts. Overview
images of the results are provided in the article. They conclude that class and random acquired
characteristics can be discerned in the casts and that the method could also be used for casting
impressions in sand, dried soil or mud.

Sabolich [65] studied ways to best preserve footwear impressions in a water soluble food
product (Swiss Miss Chocolate Mix). To this end a used hiking shoe, in which additional small
cuts were made, was used to create impressions, two for each condition. Subsequently eight
different products like waterproofing spray, hairspray and antiperspirant were used to cover the
impressions. Finally the marks were cast using dental stone. The class and individual
characteristics of the casts were compared qualitatively with a control cast and the results show
that only class characteristics can be discerned. The best results are obtained using a sequential
treatment of several products.

A comparison between photography and casting of footwear impressions in sandy soils
frequently encountered in the United States was presented by Snyder [12]. Two worn athletic shoes
with author-applied additional RACs in the outsoles were used to create impressions in a variety
of sands, fill dirt, crushed coquina and top soil. Afterwards photographs were taken and casts made
with dental stone. Subsequently the fractions of in total nineteen RACs that could still be visually
discerned on the photographs and the casts were determined and compared. The results show that
in all cases, RACs were significantly better retained in casts. The soil type did have a large impact
on the amount of retained RACs, ranging from below 30 % (three types) to more than 60 % (three
types).

Hong [66] studied qualitatively, if footwear marks made by wet soles can successfully be lifted
after drying using an electrostatic dust print lifter device (EDPL). The authors consider several
types of underground, namely overhead projector film, a painted road, a wooden floor, a stone
floor and asphalt. Lifting was done after waiting different periods of time after deposition, up to
28 hours, to allow dust to settle on the marks. Furthermore, the effect of the shoe sole drying up
by walking was considered. The authors conclude that dried up marks can successfully be lifted
from all surfaces, even after waiting up to 28 hours, and that wet shoe soles produce useable marks
for several steps, but that there is more research needed to assess the influence of the surface
properties on the marks.

3.5.Variability / Individuality of shoemark characteristics

To be able to assess the similarity and dissimilarity between shoemark characteristics made
under uncontrolled circumstances, e.g. at a crime scene, it is necessary to know the (dis-) similarity
between shoeprints made under controlled circumstances in the laboratory. Several articles in the
last years focused on studying a variety of factors that may influence the appearance of shoemarks
and the occurrence and absence of shoe characteristics. Typically, authors studied the variability
of randomly acquired characteristics (RACs) (or accidental marks) caused by abrasion and
damages, rather than class characteristics, depending on substrate type [67], shoemark medium
(e.g. blood or dust) [67, 68], shoe abrasion [69] or repeated shoeprint creation under the same
condition (repeatability of RACs) [25].
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McElhone et al. [67] simulated several conditions typically encountered at crime scenes to
study the quality of shoemarks dependent on these conditions. Specifically they considered two
types of blood (human and equine blood), two types of flooring surface (wood and tiles), three
categories of footwear tread depth (non-existent, shallow and deep) and varying periods of time
that the blood was allowed to dry (0 to 24 minutes). Shoeprints were made with an apparatus
specifically designed for this purpose and the resulting blood patterns acquired with a digital
camera. Three repetitions were made for each condition. Subsequently, the quality of the image,
measured as the amount of retained detail in the print, was assigned to one of five categories.
Finally, the category ranking was compared among the conditions using statistical significance
testing. In general, human blood marks were of better quality compared to equine blood marks.
The substrate did not seem to have an effect on the quality, except when blood was allowed to dry
for a couple of minutes. The tread depth did have an effect, with the shallow depth yielding better
results than non-existent and deep treads. The dryness of the blood had an impact as well, with the
mark quality decreasing but only under some conditions. The authors conclude that the results
highlight the importance of taking external factors into account during the interpretation step of an
examination.

Two articles from the last years focus on the variability of RACs. One with respect to repeated
shoeprint creation in the lab [25] and the other with respect to different circumstances in which the
marks were created (lab vs. crime scene) [68]. In Shor et al. [25] the authors state that often only
one shoeprint was created in the lab for an examination and considered as a genuine representation
of the shoe outsole. This approach however was based on the assumption that RACs are present
consistently in repeated prints. To test this assumption, the authors studied the repeatability of
RACs. They created test prints with seven worn shoes that contained one to eighteen RACs in the
outsoles. Orange fingerprint powder was applied to the soles, prints were created on clear adhesive
lifters and subsequently photographed. To locate RACs a semi-automated method was used, in
which a qualified examiner first roughly defines the surrounding area of a RAC, after which an in-
house developed software determines its contour, which can again be adjusted by the examiner if
desired. This was done for twenty-five repetitions of each outsole. The repeatability was then
assessed qualitatively, by providing color-coded contour overlay images, and quantitatively, by
defining a contour dissimilarity measure. The results show that for some RACs the contours were
determined very consistently among the prints. For others however, particularly resulting from
shallow scratches, partially torn material as well as height variations of sole elements, the contours
varied substantially. The authors suggest creating several experimental shoeprints under varying
conditions in the lab, to assess the repeatability of the prints for a particular shoe.

Yee et al. [69] used the publicly available software package CloudCompare [13] to measure
the abrasion of shoe soles. To this end, new running shoes were worn by fifteen participants over
a ten month period (350 km approximately) and subsequently four left shoes with identical shoe
sizes were selected. Data acquisition before and after wear was done with a David structured light
scanner (SLS-2) to determine 3D surfaces of the soles, which subsequently were loaded into the
software and aligned semi-automatically. Finally, wear was determined by calculating the distance
between the surface before and after usage. For analysis, the distance was shown locally color-
coded on the surface of the new shoe such that different colors indicate different distances and
hence local differences in abrasion.
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The conditions in the lab can be controlled to reduce the variability of experimental shoeprints.
This is not the case at a crime scene however, where many factors like the substrate or the
deposition process play a role in shoemark creation and influence mark characteristics. Therefore,
Richetelli et al. [68] studied the difference between RACs on high quality shoeprints created in
the lab and simulated crime scene marks made with the same shoes. More specifically, the loss
and similarity of RACs was analyzed quantitatively based on shape, perimeter, area and common
source of RACs. To create shoeprints, fifty shoes were scanned and used to generate Handiprints.
Crime scene-like prints were created by covering the shoe outsoles with shoe polish and then
walking normally over acetate sheets. Two such created prints were subsequently lifted. Based on
the global quantitative analysis of RAC features the authors came to three conclusions. First that
assessing RACs globally might not be specific enough, second that the absence of RACs in a crime
scene mark should not be the reason for exclusion and third that there is no basis for the demand
for a minimum number of corresponding features. In fact, the results show that even when
simulated crime scene marks are used, which are supposed to be of better quality than real crime
scene marks, the amount of lost RACs varied between 33 % and 100 %, with an average of 85 %.

3.6. Automated mark retrieval / comparison

A large body of literature the last three years was dedicated to automated comparison of
shoemarks, particularly for retrieval of shoeprints from reference databases that show high
similarity with query shoemarks from crime scenes. In the following, a short overview of shoemark
retrieval systems is given. More thorough overviews can be found elsewhere [9, 15-17, 70].

Mark retrieval typically is a two-step approach consisting of 1.) a feature-description step and
2.) a similarity measurement step. Features are shoemark properties that have the potential to
distinguish different types of shoes from one another. In early systems, features are user annotated
(so-called tags) geometrical shapes like lines or circles [71]. In fully automated systems,
algorithms determine the useful features, which can e.g. be derived from periodic patterns of the
sole or specific interest points like shoe profile corners. More advanced algorithms take the
geometrical relation between features or regions of specific pattern of similar features into account.
In addition, some approaches consider several scale levels to include more local and more global
information within the same framework.

The features and the relationship between features finally have to be encoded into a
representation, with which different data can be compared in the similarity measurement step. If
for all shoeprints in a database the same abstract representation exists, an automated database query
then calculates a measure of similarity between the abstract representations of the query data and
the database entries and subsequently ranks the similarity values. Depending on how the similarity
measure is implemented, e.g. the highest similarity would then be on rank 1, the second highest
on rank 2 etc. If the algorithm performs well and the shoemark in question was made with a shoe
in the database, the ranked list contains the print of that shoe at the beginning of the list.

The determination of suitable features for automated shoemark comparison is a challenging
task, as shoemarks can be rotated, translated, scaled, deformed w.r.t. the shoeprint of the same
shoe and can be incomplete. In addition, the sole properties could vary due to wear. Furthermore,
shoemark images from crime scenes might include background patterns, multiple marks or are
influenced by the way the marks were made (e.g. blood, dust, dirt etc.). In the following, the
contributions of articles of the last three year are presented.
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Gwo et al. [72] present a region based method for shoeprint from database retrieval, based on
earlier work (Wei et al. [73]). The method uses binary (black/white) images to first determine the
outer contours and based on that a core point using the entire shoeprint. Subsequently the print is
subdivided in circular regions and Zernike moments based features are calculated as search
criterion for automated retrieval. The approach is tested using 5 laboratory quality prints made
with each of 246 shoes, hence in total 1230 shoeprints. Database retrieval performance is not
reported.

Richetelli et al. [70] highlight the importance of testing algorithms under realistic
circumstances and therefore compared an algorithm developed by the authors [74] with those that
showed promising performance in previous studies by Luostarinen et al. [75] and Almaadeed et
al. [76] (both discussed in detail in our last review [1]). The tested algorithms were Fourier
transform based methods employing either the power spectrum (Fourier-Mellin transform, FMT)
or the phase spectrum (phase only correlation, POC) and methods using local interest points and
applying a scale invariant feature transform (SIFT), combined with random sample consensus
(RANSAC) comparison. The test database consisted of full (100 shoes) and partial (full prints
divided into six areas) high quality (HQ) shoeprints as well as crime scene-like full shoeprints (36
shoes) with variations in media type (blood, dust), substrate (ceramic tiles, vinyl tiles, acetate
sheets, paper) and chemical/optical print enhancement procedures. Subsequently HQ full and
partial as well as crime scene-like prints were compared to the HQ full database and the methods
compared quantitatively. The results show, that for the HQ full vs. HQ full comparison, all
methods performed very well. In all other circumstances, the POC method performed best with a
probability of approx. 58 % that the correct match is within 1 % of the database size (1 image) and
a probability of approximately 85 % that the correct match is within 10 % of the database size (10
images). In addition, the local feature based approach (SIFT + RANSAC) performed better than
FMT for partial HQ marks but the results were more or less the same for crime scene-like marks.
In the conclusions, the authors stress that not one algorithm necessarily performs best in all
circumstances though. For example, as Fourier transform based methods (FMT and POC) rely on
repetitive structures in the outsoles (which typically occur in more than 60 % of the cases according
to [77]), for structures with few repetitive patterns local feature based methods might work better.
Further research is required to assess this further.

Kortylewski et al. [15, 78] propose a method based on the Active Basis Model (ABM). Their
approach captures local information about geometry and appearance (texture) of patterns at
multiple scale levels and includes a deformation model to deal with possibly deformed shoemarks.
In addition, the ABM is extended with an occlusion model to separate the relevant parts of the
mark from possible background information. To test the approach on a wide range of realistic data,
the authors, together with several state criminal police offices, created the publicly available FID-
300 dataset [79], which consists of real crime scene shoemarks, including partial and deformed
marks. In addition, the database contains 1175 HQ gallery images. The authors compared their
previous approach based on local Fourier spectra comparison [77] with two more Fourier
transform based methods, a local appearance based method and an approach based on matching
local geometric primitives. The results show that for the FID-300 dataset, their proposed method
significantly outperforms all other methods with a probability of 58 % that the correct match is
within 1 % of the database size (12 images) and a probability of 80 % that the correct match is
within 10 % of the database size (120 images).
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The same FID-300 database was also used by Kong et al. [18, 80] to test a novel algorithm
using multi-channel deep feature matching based on multi-channel normalized cross correlation,
embedded in a convolutional neural network (Siamese network). While most methods seek to be
invariant to geometrical distortions, their methods uses a dense template search over translations
and rotations as initialization. Using the FID-300 dataset, the authors compared their algorithm to
the one presented by Kortylewski et al. in [15] and show that they obtain a better performance,
namely 79 % that the correct match is within 1 % of the database size (12 images). The authors
also added experiments for testing the robustness of their algorithm with respect to different
relative sizes of the partial marks. The results are 84 %, 86 %, 79 % and 64 % for full, %, half and
Yathe size of a full mark, that the correct match is within 1 % of the database size (12 images). The
higher performance for % prints is explained by the fact that often the full marks had more
background noise and/or had overlapping marks. Finally, the effect of background noise was
studied by specifically selecting marks with a lot and little background noise. The difference is
very severe, with a drop in probability from 72 % to 15 % that the correct match is within 1 % of
the database size (12 images). Based on this last result the authors state that in a real examination,
the examiner could coarsely draw the boundaries of the mark manually and therefore reduce the
influence of background noise.

Yet another study made use of the FID-300 database for testing. Alizadeh et al. [81] present a
shoemark retrieval method based on blocked sparse representations of the images. In order for the
method to work, several pre-processing steps to remove rotation, scaling and noise are required.
Testing was done by manually selecting 83 less noisy images from the 300 and processing these
manually to remove noise. They report a probability of 35 % that the correct match is within 1 %
of the database size (1 image) and a probability of 60 % that the correct match is within 10 % of
the database size (8 images). In addition, they created an own database of crime scene-like prints
of 190 times 5 prints, thus 950 prints, which is meant to be publicly available. At the time of
writing however, the link given in the article did not work.

In Wang et al. [16] the authors present an improvement to a previously published method based
on manifold ranking and using hybrid features of region and appearance [82]. As often multiple
shoemarks of the same shoe are present at a crime scene, they adjusted their method such that
multiple images of the same mark, which might contain complementary information, can be used
to improve retrieval performance. In addition, examiner provided scores of the relevance of those
multiple mark to the query are included. For testing, 72 query images from real crime scenes were
compared to a subset of a database including 10096 shoemark images (the original database size
is much larger [83]) from real crime scenes, which consists of 9592 original images, the 72 query
images and 432 synthetically manipulated versions (rotation, translation, scaling) of the query
images. In total eight state of the art methods (including [74, 77]) including their previously
presented method [82] were tested with this dataset and with a probability of 90 % that the correct
match is within 1 % of the database size (101 images), the method performs significantly better
than all other methods, including their own previous method (probability of 85 % that the correct
match is within 1 % of the database size, thus 101 images [82]). This is the first method so far that
demonstrates how multiple marks on a scene can be exploited to improve the retrieval
performance. Unfortunately, the database is not publicly available.

Using the same database Cui et al. [17] test their robust shoeprint retrieval method based on
local-to-global features. They use a local feature point extraction step in combination with a deep
belief network (DBN) to render the step robust with respect to image noise and then employ spatial
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pyramid matching (SPM) to incorporate local and global information to be able to handle partial
images. The method was tested with 536 query images against a database of 34,768 crime scene
images [83] and compared to the performance of four other methods, including [82], the method
proposed by Wang et al. in 2014. The authors report slightly better results. Their probability is 81
% that the correct match is within 0.3 % of the database size (104 images) against 78 % [82], but
the results are very similar to Wang et al., which are 82 % [16]. This method does not take multiple
marks into account though and that might further improve the performance. In addition, their
method is several times faster.

As the performance of local interest point based methods is strongly dependent on how
accurately local interest points can be detected, VVagac et al. [84] presented a strategy for robust
detection of shoe sole features using a deep neural network (DNN). For testing, 13 publicly
available image found online were used and feature detection performance compared to several
other feature detectors (Sobel, Canny, Haralick, Marr-Hildreth-log edge detectors and Line
Segment Detector). The authors conclude that their approach qualitatively outperforms the other
approaches.

3.6.1. Summary

Early systems for automated shoemark to shoeprint comparison were relatively simple and fast
and reported retrieval performance was high, but they were typically tested with high quality marks
and prints made in the laboratory. As several recent studies show, the performance of these systems
decreases drastically in experiments including real crime scene quality data [9, 15-18, 70, 81].
More recent methods therefore are more advanced and the most successful methods take local as
well as global image information into account [15-18, 81]. As retrieval performance is degrading
with image noise [18], some authors explicitly include a noise model in their approach [15] or
propose to coarsely draw mark boundaries manually, prior to automated analysis [16]. As often
multiple marks are present at a crime scene, one method allows to use several marks of the same
shoe, determined by the forensic examiner, to further improve the retrieval performance [16].

Most methods with the highest retrieval performance were also tested with databases including
large numbers of real crime scene marks and some authors even used the same databases.
Unfortunately some of these databases are not publicly available [16, 18] and therefore it is
difficult to judge what kind of variation is present in the crime scene marks. In addition, only one
author [18] focused specifically on the performance of the algorithm dependent on partiality and
noise levels using real crime scene data (this distinction was presented frequently by others, but
with high quality prints). The others did not make this distinction. This might help though to further
improve algorithms by focusing on the aspects that influence the retrieval performance the most.
For example by allowing a minimum user interaction as mentioned above, if that improves the
performance significantly. Besides retrieval performance, also retrieval speed is an important
aspect and there are great differences between algorithms, ranging from a few milliseconds [17]
to 18 ms [16], 54 ms [74] and 255 ms [85]. Again, allowing some user interaction, might allow the
algorithm to be more time efficient. The time investment at the beginning might be easily
compensated during retrieval, especially for very large databases.

On a whole it is not possible at this point to objectively compare the best performing methods
based on the literature and this should be considered for future research. Methods should be tested
using publicly available databases, with special focus on the performance, given varying noise
levels, partiality and deformations in real crime scene data. Nevertheless, the results presented in
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the literature (best method yields a probability of 90 % that the correct match is within 1 % of the
database size and other methods are close) are very promising and it is expected that robust
automated methods with high retrieval performance are close to implementation in practice.

Finally we want to point out that all methods so far are based on 2D images of shoemarks. As
3D data typically is more accurate and contains more details compared to 2D images, it would be
interesting to see if algorithms can be improved using 3D data in the future.

3.7.Digital reference databases

For automated shoeprint retrieval and weighing the evidence after a comparison alike, large
and representative shoemark databases are required. In the following an overview of publicly
available databases including a description of their composition is given.

To the best of our knowledge, three databases became publicly available in recent years. The
FID-300 datasets includes three hundred crime scene marks [79], that were acquired by scanning
gelatin lifters or by photography. In addition, 1175 reference prints are provided. For each crime
scene mark a corresponding reference print is available. Two databases were set up with crime
scene-like marks [81, 86]. The first contains 190 times five repeated prints, thus 950 prints in total.
Data acquisition was done with a scanner. To simulate crime scene conditions, participants were
wearing used shoes and walked freely. Although the database is presented as publicly available,
the link to the database did unfortunately not work at the time of writing. Finally, a crime scene-
like shoeprint database that includes different substrate materials (ceramic, vinyl, acetate and
paper) as well as different print media (blood and dust) was presented in [86]. Eighteen pairs of
shoes were used to create these marks, with participants walking freely. Marks were acquired by
lifting and scanning (dust) or by scanning after drying (blood). High quality reference prints of
one hundred shoes, including the ones used for the crime scene-like prints, are also available.

3.8.Weighing the evidence / Interpretation

In the recent literature there are basically two approaches aiming at rendering shoemark
evidence comparison more objective, either by employing a likelihood ratio (LR) based system to
determine the evidential strength [21] or by studying properties of RACs like frequency of
occurrence as well as shape features [22], [23] that can subsequently be used to derive statistical
measures for interpretation of the evidence.

The articles presented in section ‘Automated mark retrieval’ all define some measure of
similarity between shoemarks. However, most of the contributions use the measure of similarity
to produce a ranked list, as their goal is image retrieval from a database and not determination of
the weight of the evidence. An exception is the PhD thesis of Park [21], in which a semi-automated
method to calculate a score (signature) between shoeprints is presented, which subsequently can
be used to determine the strength of the evidence, the likelihood ratio (LR). The score takes class
characteristics as well as unique wear and tear patterns into account and is calculated by combining
six features using 1.) a random forest or 2.) a Bayesian Additive Regression Trees (BART). In
addition, they propose a score based likelihood ratio determination system to calculate an LR. The
algorithm is tested using full prints of 150 pairs of shoes, of which five prints each were acquired
in their lab. The results show that the known match (KM) and known non-match (KNM) score
distributions are well separated.
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In the report of the National Academy of Sciences (NAS report) 2009 [3], the authors state that
research on the “Random shape and/or placement of RACs” and the “Mathematical probabilities
of RACs” is required. Work towards fulfilling this goal was presented by Speir et al. [22] and
Kaplan Damary et al. [23]. The first article describes studying the discrepancies between
examiners and automated labelling of RACs, the consistency with which human examiners
determine and label RACs and location dependent co-occurrence of RACs on used shoe soles. The
used data were scans and Handiprints, made from 1000 worn soles of mostly athletic shoes, which
were pre-processed to align and enhance the images. In total, 57,426 RACs were located on the
images and the areas drawn manually by in total seven in-house trained analysts. Subsequently,
the location as well as a shape descriptor was determined for each RAC and categorized into four
categories (lines/curves, circles, triangles and irregular) by an automated algorithm and the
analysts. A comparison of the results shows that the chosen categories were not always consistent
among examiners and compared to the automated method. The authors therefore state that it might
be more robust to use only three categories (irregular, elongated and approximate isometry for
circles and triangles). The results further show that RACs were labelled consistently by the analysts
as long as they were detected, but that the detection step was less consistent. Finally, a grid of 5
times 5 mm sized boxes was employed to determine frequency and location specific information
for RACs, as well as the chance of co-occurrence of RACs in a grid cell. The results are provided
by means of a heatmap, a color-coded representation of the frequencies, and are available online
[87]. The authors stress that location and shape does not account for clarity, quality and complexity
of geometric features, while these aspects might also be very important to forensic shoemark
examiners in practice.

In Kaplan Damary et al. [23] the authors investigate the relationship among several RAC
features, namely location, shape type and orientation. The goal of their work was to test whether
assuming independence between individual RACs is valid, as previous studies did assume
independence and thus multiplied individual probabilities of RAC occurrence (e.g. Stone [24]). In
contrast to Speir et al. [22], the authors proposed using the seven categories for shape used by the
Israeli Police Division of Identification and Forensic Science: Scratch, Hole, Cut-off corner, Rift,
Foreign object, Schallamach and Missing part. During analysis however “Foreign object” and
“Missing part” were omitted as a result of low occurrence. The hypotheses were tested with 13,500
examiner annotated RACs found on 380 shoeprints. The results show that all individual features
were dependent on one another, with dependencies between shape type and location as well as
orientation and shape type being strongest. In additional experiments, the authors reduce the set of
shapes to “Scratches” and “Holes” and show that these are independent on location, but not
orientation. In addition, they show that RAC size is dependent on location, shape and orientation.
The authors state that the used shape types have to be redefined and that RAC annotation by human
examiners might be prone to error.

There is a need for standardization of RAC shapes, in order to compare studies to determine
frequencies, co-occurrence and distribution, as well as the way a shoe sole is to be sub-divided for
local RAC frequency assessment. In fact, different authors used different categories. Speir et al.
[22] used four categories, but suggest three, Kaplan Damary et al. [23] used five categories (two
omitted) and Stone [24] also used five (but different) categories.

It seems like the assumption of independence is not valid, at least given the categories that
were used in Kaplan Damary et al. [23]. It might be possible to rely on a small set of shapes that
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occur very often (like holes and scratches) only instead of defining a large variety of shapes that
in turn might be difficult or ambiguous to annotate. If independence RAC features can be
demonstrated for such a subset, the individual probabilities could be multiplied [24]. Otherwise,
dependencies between RAC features have to be determined and taken in to account when
calculating the evidential strength.

Class characteristics of shoe outsoles are relatively constant over time. The RACs may change
over time, but that is typically with respect to the distribution and the total amount, at least for a
limited time period, as damages to the outsoles are permanent. Bily et al. [88] presented a study
that demonstrates, that certain shoe outsole materials can temporarily contain imprint patterns of
the substrate. These temporary patterns can then be seen in shoeprints that were made right after
walking on a substrate with a distinctive pattern. Specifically, ethylene vinyl acetate (EVA)
outsoles, which are used in TOMS Men’s and Women’s Classics, seem to have this property, in
case the tread is worn away as a result of heavy usage. The authors therefore took TOMS shoes
and stepped on twenty different substrate materials, including tile, indoor and outdoor carpeting,
welcome mats and bath mats. Right afterwards, shoeprints were made and studied for patterns. For
eleven of the twenty substrates, the authors could find the substrate pattern in the shoeprint. The
most likely substrates to cause these patterns were the non-yielding ones. The imprinted pattern
disappeared after a short period of time, but the authors stress that in shoes containing EVA, these
temporary patterns can occur and be misleading during an examination.

Typically the distinctive value of class characteristics is limited, as they are present in all shoes
of the same brand, make and size. Sanuk Vagabond and TOMS classic shoes however consist of
a mixed-rubber outsole and an additional textile layer, which both contain class characteristics. In
Gokool et al. [89] the authors therefore studied whether the two overlapping patterns of class
characteristics yield a distinctive pattern. For both brands, four pairs of new shoes were taken and
the outsoles scanned. Several features were defined and annotated manually on the scans using
Adobe Photoshop. Repeated annotation was simulated by randomly displacing the features.
Subsequently, the similarities between configurations of features of known matching and known
non-matching patterns were calculated using an in-house developed software. The results showed
that the KM and KNM similarity scores were clearly separated, indicating that the combination of
patterns with class characteristics can indeed yield a highly distinctive pattern.

3.9.Software for shoemark comparison and retrieval

Several open source software solutions exist that allow the user to visualize and compare 3D
shoemark datasets as well as perform 3D measurements. One author used for example the
CloudCompare software [13] and in Bennett et al. [9], an in-house software package DigTrace is
presented [14]. The latter was specifically designed for footwear analysis and ichnology and
contains many options specific to shoemark examination. Yet another option is Meshlab [14],
although the main focus of this package is the processing and editing of 3D datasets, rather than
comparing them.

There are some commercial systems available that can be used for image retrieval from a
database. All of these are working with 2D images. Two examples of which the authors are aware
of are a system called PRIDE Shoeprint Matcher by Hobbit Imaging Solutions [19] and EverASM
(Automated Shoeprint Matcher) by Everspry [20]. The first includes a Fast Fourier Transform
based algorithm for retrieval and the second is based on a deep neural network approach. The first
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system is at the time of writing evaluated by law enforcement agencies in several countries and it
is expected that it will be implemented in casework in the near future [90].

4. Comparison of physical
properties

In the relevant period, only one article was found including a comparison of physical properties
of evidence. Nienaber et al. [91] assessed the potential value of analyzing the chemical and
physical properties of plastic cable ties. Twenty packets of black plastic cable ties (hominally 200
mm times 4.8 mm) were purchased in packet sizes ranging from twenty-five to one hundred and
representative samples were subsequently compared within and between packets, based on visual
inspection, chemical composition, measured physical dimensions such as width, thickness and
tooth-count of the grip section and stable isotopic composition (5?H, 8*3C and §'°N). The results
show that cable ties of the same packet were indistinguishable with respect to all characteristics.
Cable ties from ten of the twenty packets could be distinguished by visual inspection, in some
cases also for ties from the same manufacturer. Measuring the physical properties did not provide
additional discrimination. Nineteen of the twenty packets were uniquely characterized by their
isotopic composition, based on 62 H and 615N measurements. The authors conclude that isotopic
composition comparison is the most effective approach but that visual examination can provide a
rapid and inexpensive first step of an examination.

5. Striated and  impression
toolmarks

Forensic toolmark comparison requires many steps, from documenting the marks at the crime
scene to creating and acquiring experimental toolmarks in the lab as well as comparing toolmarks
and evaluating the results. An overview of standard operating procedures for shoe and toolmarks
can be found in a book by Petraco et al. [48]. It includes the whole pipeline from the crime scene
to the examination.

The following chapters provide an overview of recent publications regarding one or several
steps of forensic toolmark examination. Besides advances to the traditional approach of manual
comparison and evaluation of toolmark evidence, special attention is paid to new technological
developments that aim at rendering a mark comparison more objective by using 3D toolmark data
instead of 2D images or by employing automated toolmark similarity determination and
subsequent calculation of statistically meaningful measures of the evidential strength.

5.1.Detection / Creation

Vehicles and firearms are typically labeled with unique serial numbers. These are frequently
removed by criminals to make it difficult to determine the rightful owner of the stolen goods or to
claim ownership by creating new numbers. Therefore techniques are required to restore obliterated
numbers and in the last years, several methods were proposed to restore numbers in iron, steel and
copper alloys [92-94]. As using titanium, aluminum and possibly polycarbonate are getting more
frequently used for car and firearm parts in the future, number restoration possibilities were studied
with these materials as well (titanium [95], aluminum [94], polycarbonate [96]). Finally, an article
studying the optimum temperature for creating experimental toolmarks in wax was presented [97].
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The usual method of alteration in Israel is polishing with an abrasive disk, and to restore serial
numbers, Fry’s solution (90 g copper II chloride, 120 ml HCI and 100 ml distilled water) can be
used [93]. However a new technique to remove serial numbers seems to be heating with a localized
melting system or a flame torch. In Tsach et al. [93], the authors studied whether heated serial
numbers could be recovered with Fry’s solution. Eight samples of chassis, of which it was
suspected that the original number was altered by local heating and re-stamping, were taken and
treated with Fry’s solution. The experiments revealed that the original number could not be
recovered, but that the solution did cause a circular area around some of the digits while this did
not happen for others. The circular areas turned out to be present around the altered digits and thus
the authors conclude that although number retrieval is not possible, using Fry’s solution on digits
that were altered by localized heating can at least be used to detect that digits were altered.

Fortini et al. [92] studied the usability of five etching reagents, including Fry’s solution, to
restore numbers on steel, that were obliterated by various depths of erasure up to sixty
micrometers. To this end, fifty stamped steel disks were provided by Beretta and represent the
material that is typically used for manufacturing firearms. Half of the disks were normalized and
tempered and the other half austempered. The characters, seven on each disk, were removed to
varying depths by honing. Of each group, five plates were taken for each of the five reagents. In
total, three hundred fifty images (fifty disks with seven characters) were taken before and after
restoration and compared visually to each other by in total thirty observers, of which each was
assigned to study twenty five random images. The results show that Fry’s solution had the highest
sensitivity, with the most characters restored up to sixty micrometers. A solution of nitric acid (25
% concentrated HNOs and 75 % water) resulted in the major number of characters being restored.
The authors also studied whether sex and age of the observers did influence the results, but
statistical significant effects were not encountered.

Sharma et al. [94] provide several examples from cases in which obliterated vehicle serial
numbers in aluminum, iron and copper alloys were restored. The authors also present a flow chart
indicating the preferred reagent for the different metal types. They suggest Fry’s solution or nitric
acid for iron, a mix of glycerol, hydrofluoric acid and nitric acid (30 ml, 20 ml and 10 ml
respectively) for aluminum and a mix of iron(lIl) chloride, hydrochloric acid and water (20 g, 10
ml and 250 ml respectively) for copper alloys. The number restoration performance was assessed
qualitatively.

Increased usage of titanium in modern firearms raises the question whether traditional
restoration methods can still be applied. To test this, Schultheis [95] took eight room temperature
and heated reagents (including Fry’s solution) and applied these to titanium samples. As only
concentrated hydrochloric acid seemed to cause a reaction, this reagent was studied more
thoroughly on eleven heated titanium samples with four different methods of marking application.
Visual inspection of the samples showed that in ten out of the eleven, the serial numbers could be
fully or partially restored. The reagent application time was dependent on the way the number was
applied originally. Metal deformation techniques like stamping required relatively more time
compared to metal removal techniques like laser engraving.

Polymers have attractive properties and may be used for replacing parts in automobiles and
firearms that traditionally are made from metal [96]. As traditional etching techniques cannot be
applied to polycarbonate, Parisien et al. [96] propose an approach based on Raman spectroscopy
for this purpose. With this technique, residual mechanical strain and local structural changes can
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be detected. In addition, the method is non-destructive. In a pilot study, the authors successfully
recovered stamped letters (120 micrometers deep) that were obliterated by milling and state that
the estimated maximum depth of recovery is approximately 750 to 800 micrometers.

Typically, experimental toolmarks are created in lead, as very fine details can be observed in
this material and it is soft enough to not alter the state of a tool. Wax could be a cheap and non-
toxic alternative to lead and it has been shown, that toolmarks in wax, created at room temperature,
are of similar quality than those in lead for the most relevant range of details [98]. Some types of
wax however, might be too soft to create toolmarks reliably at room temperature. Therefore
Finkelstein et al. [97] studied the influence of the substrate temperature on the details in toolmarks.
To this end, a flat screwdrivers was used to create marks with 45 degrees angle of attack in four
different types of wax (LectroStik Stikkiwax, Elgad Multiwax, Sonneborn Multiwax and Chemtrec
beeswax), at five different wax temperatures, ranging from -30 to 25 degrees Celsius. Marks for
each condition, i.e. brand and temperature, were repeated ten times. In addition, marks at -18
degrees were made, as this is the typical temperature of domestic freezers. Based on visual
comparison of the marks, the authors state that the marks made in wax at -18 degrees and -30
degrees were significantly better than those made at higher temperatures for all tested wax types.
After toolmark creation, the marks can be stored at room temperature without compromising the
marks.

5.2.Acquisition

Standard reference scales are frequently used by forensic examiners, to document physical
dimensions of objects. As many labs use the same scale for many years, Ferruci et al. [99] studied
the accuracy of ABFO (American Board of Forensic Odontology) No. 2 standard reference plastic
scales from four different vendors. Five scales from each vendor were purchased and tested with
respect to length and circle diameter measurements, the error in placement of the circle centers as
well as leg perpendicularity. These criteria were assessed twice, right after purchase and after four
years of usage. The results show that after purchase, all length scales satisfied the ABFO No. 2
specifications, while the internal and external circle diameters and center-to-center distances
lacked adherence to specifications. The within variation for the vendors was low. Regarding the
leg angle did more than half of scales not satisfy ABFO No. 2 specifications and within variability
was high. The measurements after four years showed minimal changes, except for the leg angle,
that had changed significantly, up to several degrees for some vendors. The authors therefore
suggest conducting scale quality checks frequently.

5.3.Classification

Typically a toolmark examination starts with a taxonomical study of toolmark and tool
characteristics. Klees [100] therefore proposes a classification system including toolmark terms
and descriptions as well as tool actions to augment the common classification systems found in
literature and to reach a more standardized format. The article proposes the following tool action
type classification: abrading, chopping, compression, crimping, engraving, firing, gripping,
leveraging, pinching, piercing, sawing, shearing, slicing and torquing. For each of the classes, a
short description together with one or several example images is provided.

5.4.Variability / Individuality of toolmark characteristics
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The variability of marks of tools like screwdrivers or chisel may be high, as it is dependent on
many parameters like the angle of attack, the substrate, the axial rotation angle as well as the depth
of the mark. In the past, publications mainly focused on the influence of the angle of attack, thus
the angle between a tool and a plane orthogonal to the substrate, on the similarity between
toolmarks and subsequently the effect on the separation between KM and KNM similarity score
distributions [1]. Recently, two publications focused on the effect of the axial rotation of a tool
during tool mark creation, thus a rotation with respect to the longitudinal axis of a tool [101, 102].
The rationale is that in real crime scene marks it might not always be clear under which axial
rotation angle they were made and that there might be several marks, created at different axial
rotation angles, originating from the same tool present at a crime scene.

In Macziewski et al. [101] the authors studied the influence of varying the angle of attack and
the axial rotation angle on a toolmark similarity score (T1), which was described in earlier work
[103]. They used ten sequentially made flat head screwdriver tips and created five toolmarks each
in lead with angles of attack 40, 55 and 70 degrees and axial rotation angles 0, 10, 20 and 30
degrees. The marks were acquired using an Alicona G4 Infinite Focus Microscope [104] and
automatically compared using the Mantis software [105]. The results show that when known
matching toolmarks taken at identical angles are compared, the score is significantly higher than
scores of comparing known non-matching marks, however as the axial rotation angle increases,
the scores are slightly decreasing and the deviation is increasing. With the axial angle fixed,
varying the angle of attack causes the score to drop significantly and at an angle difference of
larger than 10 degrees, the scores are in the range of known non-matching scores. The same holds
for varying the axial rotation with the angle of attack fixed. Varying both angles causes the score
to drop significantly instantly. The explanation for the decrease of the score for changes in angle
of attack is given as the result of the change in amplitude of the striation profile and for changes
in axial rotation angle as a result of obstruction and compression of striations.

Garcia et al. [102] used five electricians chisels and created toolmarks in lead at a constant
angle of attack of 0 degrees, varying axial rotation angles from 0, 15, 30, 45 to 60 and 75 degrees.
Marks were acquired using an Alicona G4 IFM and automatically compared using the in-house
developed software Scratch [106, 107]. Comparison was done between two marks at identical
angles as well as marks at different angles. The results show that the same angle scores were much
larger than known non-matching scores and the variance was low. The absolute angle did influence
the score though, with higher angles leading to a slightly decreasing score. Comparing different
angles showed that while an angle difference of 15 degrees still yielded scores similar to same
angle scores, the scores dropped at 30 degrees and higher to the known non-matching range. The
reason for this is the fact that the registration algorithm implemented in Scratch does not only
correct for translation, but also to a small degree for scaling. For small angle difference, the scaling
seems to compensate for the compression. In a second set of experiments it was tested, whether a
toolmark of an axially rotated chisel, thus a compressed toolmark, could be re-sized (stretched)
and compared to a toolmark made at O degrees. Results show that the obtained scores are lower
than same angle comparisons but still much higher than known non-matching scores. The decrease
in score was explained by the fact that details are disappearing, that geometric relations between
striations are distorted and that striations are obstructed. Finally, 3D surfaces of the chisel tips were
acquired and used to create virtual toolmarks [108] for an in-depth assessment of what happens
when the tool is rotated axially and to predict the axial rotation angle from a real toolmark. This
seems to be possible up to a rotation angle of 45 degrees with an accuracy of about three degrees.
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One author examined the individuality of lathe chuck jaw impressions. In Finkelstein et al.
[109], the authors studied whether the chuck jaws of lathes, which are frequently used by criminals
to fix and modify firearm parts, leave distinctive impression marks in improvised rifle barrels.
They took forty five metal rods and tubes, wrapped them in 1.5 mm thick lead sheets and fixed
them in ten different lathe chucks, all of the same type. The resulting impression marks were then
studied qualitatively with comparison microscopes. The authors conclude that class as well as
individual characteristics are present in the mark and that these are distinctive for a particular lathe
chuck.

5.5. Automated mark comparison

To date, most algorithms to automatically compare striated toolmarks are based on explicitly
choosing the similarity metric, with which two marks are compared, e.g. global [103, 107] and
local [103, 110] cross correlation or relative distance [111]. In two recent articles however, mark
similarity is based on multi feature vector comparison [30] and employing a convolutional neural
network [31].

Hare et al. [30] developed a multi feature score based algorithm to compare bullet land
impressions. The first part of the article is focusing on pre-processing striated marks on bullets
specifically, but the similarity measurement step in the second part could also be applied to
toolmarks. In contrast to using one measure of similarity, they suggest to compare mark feature
vectors, which are constructed by first identifying peaks and valleys in striated mark profiles and
then measure a series of five features. A decision tree is employed to finally predict if two marks
are a match or not, based on the feature vector. The method is tested on the Hamby dataset [112]
and 88 lands from unknown bullets are compared to 118 lands of known bullets. The results show
that all actual matches resulted in a significantly higher predicted match probability than the non-
matches.

To date, most algorithms aim at comparing toolmarks for subsequent determination of error
rates or likelihood ratios. These systems are often rather slow and comparison of a query with
hundreds or thousands of marks in a database may take a long time. Therefore, Keglevic et al. [31]
present a search engine that can be used for fast toolmark retrieval from a database. The approach
is based on using the convolutional neural network TripNet for fast calculation of similarities
between toolmarks. The aim of the method is invariance to lighting conditions, as the method is
supposed to work with 2D images, substrate and angle of attack. The authors test the method on a
publicly available dataset of the Netherlands Forensic Institute consisting of 250 screwdriver
marks (fifty tools at five angles). For each, 3D surface data and a 2D RGB image (both acquired
with an Alicona G4 IFM microscope) as well as a 1D profile are available. For each angle of attack,
the network was trained with data from all other angles. They compared the performance to a
baseline based on elastic shape matching and showed that their TripNet outperforms the baseline,
particularly for toolmarks that differ largely in angle of attack. With increasing difference though,
also the TripNet performance decreased. Retrieval of toolmark images of unseen tools however
performed similar to the baseline. The authors conclude that the retrieval result is robust with
respect to large differences in the angle of attack, but that the algorithm to date has difficulties to
generalize to unseen tools.

The same authors applied a different type of convolutional neural network for database
retrieval of impression marks made by adjustable wrenches on lock cylinders. In Keglevic et al.
[32] the FORMS-Locks database is presented, consisting of comparison microscopy images of
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marks of forty-eight distinct tools (ninety-six tool jaws of wrenches), acquired with eleven
different angles of illumination. Besides these images, manually annotated impression mark
contours and local image patches along these contours are provided for all illumination conditions.
To measure image similarity, a convolutional neural network was implemented based on three
selections of local image patches and applied for mark retrieval. The first was including all patches
at fixed orientation, the second was including all patches at random orientations and the last was
including only patches at the same location along the contour. The results show that with 31.68 %
false positive rate at 95 % recall the best performance was achieved in the last condition. The
authors state that there is room for improvement and that these results should be considered as
baseline. The Cumulative Match Probability was provided in [113] and was 70 % within the first
20 % of the size of the database (twenty-five image).

Hadler et al. [110] describe a possibility to improve a previously published method by the same
authors [103], that aims at automatically comparing striated toolmark profiles. In the original
algorithm, a set of correlations is determined in local data windows that are shifted, but as the
selection of the locations of these windows is random, the resulting distribution of similarity scores
can be slightly different each time the algorithm is executed with the same two marks. In addition,
the windows cannot be considered independent. As a remedy, the authors proposed to normalize
the profiles by subtracting the baseline and use deterministic window selection to remove
randomness. As the windows are not allowed to overlap, they are assumed to be independent. The
modified algorithm was tested using fifty sequentially manufactured screwdriver tips and marks
made at 30, 40 and 50 degrees angle of attack (with respect to the substrate). In total, fifty pairs of
matching and non-matching marks were compared. The results show that the algorithm provides
comparable separation between KM and KNM U statistic values as reported in the original article
and that the U statistic distribution is now normally distributed. The latter is interpreted as a proof
of the independence of the individual U statistic values.

Using multi feature vectors instead of choosing a single similarity metric is attractive, as
several features of variable ‘strength’ might yield better performance if combined. However, this
strategy also requires a reliable feature detector rather than using the data as is. Neural networks
have the advantage that it is not necessary to explicitly define a measure of similarity at all, but
rather let an algorithm decide which features are valuable to distinguish between matching and
non-matching marks. The disadvantage is that typically a lot of data is needed to properly train a
neural network. In fact, the method presented in this section relying on a neural network does not
generalize well [31].

All the presented methods are either mainly applied and tested in research environments or the
performance is not good enough yet for application in practice.

5.6.Digital reference databases

Digital reference databases for toolmarks are very rare. One publicly available database is
provided by the Netherlands Forensic Institute [114], and contains three hundred datasets of fifty
different flat-head screwdrivers (five angles of attack per screwdriver plus repeated measurements
at one angle of attack). The marks were made in wax sheets, casted and 3D surface datasets
acquired with a focus variation acquisition device that also provides 2D RGB images of the
toolmarks. This database does not include real crime scene marks. Another database is FORMS-
Locks [115], which consists of comparison microscopy images of real crime scene marks of forty-
eight distinct wrenches (ninety-six tool jaws), acquired with eleven different angles of
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illumination. Besides these images, manually annotated impression mark contours and local image
patches along these contours are provided for all illumination conditions.

5.7.Weighing the evidence / Interpretation

In Dutton [116], the author studies the feasibility of using the likelihood ratio (LR) or Bayesian
approach in Australian laboratories instead of the currently used AFTE range of conclusions [117]
and discusses practical benefits and future challenges of the framework. In short, the LR approach
includes testing the probability of an outcome of an examination given two competing hypotheses
(same source and different source hypothesis) and yields a continuous numerical outcome. In
contrast, the AFTE range of conclusions approach yields one of a range of categorical conclusions
like “identification” or “elimination” [117]. In the article, the biggest advantages are pinpointed as
the possibility to more accurately provide weight to the evidence where an identification
framework would yield an “inconclusive” and that the framework is logically defensible. The main
disadvantages are that implementing an evaluative framework is a long and cumbersome process
that requires extra staff and sufficient means and that understanding the framework may be a
challenge for examiners and jurors alike. In addition, large mark databases are required to calculate
an LR reliably and that to date in many disciplines these databases are not available yet. However
it is also noted that a verbal scale could be used if the amount of available data is insufficient. In
addition, the author states that different jurors may give incorrect weight to the verbal scales.
Finally, the article describes a path towards implementation of an LR framework in practice.

As firearm and toolmark examiners are frequently confronted in US courts with the claim that
the results of examinations lack a scientific basis, Murdock et al. [118] present a paper with the
purpose to provide counter arguments to lawyers and academics claiming that there are no random
match probabilities and error rates available for forensic firearm and toolmark examination. In
addition, a review of literature dealing with random match probabilities and statistical applications
is provided.

More articles were published on this topic in the last years (e.g. [119-121]), but are typically
targeted specifically at firearm mark examination. However as the evidence evaluation step is
typically also applicable to toolmarks, we refer the interested reader to the chapter ‘Examination
of Firearms’ by E. J. A. T. Mattijssen in this collection of reviews.

5.8.Software for toolmark analysis

In daily practice toolmark evidence is typically compared using comparison microscopes. To
this end an experimental mark created in the lab is manually moved relative to a suspect mark, to
determine (dis-)similarities of toolmark characteristics, e.g. striations. The examiner moves the
marks in real time and studies (dis-) similarities directly on what can be seen through the
microscope. Comparing 3D surface data of marks is more complicated, as the data is not available
in real time and has to be acquired first. To provide examiners the means to compare 3D data in a
familiar environment, so-called Virtual Comparison Microscopes (VCM) were developed in
recent years. Duez et al. [29] demonstrate software, that contains such a VCM. The software was
developed specifically for firearm mark comparisons, but can also be used for comparing
toolmarks. After loading two 3D surface datasets of toolmarks, both are presented side by side and
can be translated and rotated independently, just like in a conventional microscope. In addition, it
is possible to zoom in and zoom out to mimic different microscope magnifications (note that the
original resolution of the data does not change when zooming). After aligning the marks, the
viewers can be locked, to simultaneously translate, rotate or scale the marks. The system was
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validated by fifty-six participants at fifteen laboratories using cartridge case impressions and
aperture shear marks and the results show that trained examiners can successfully use virtual
microscopy in casework. In fact, the firearms/toolmarks unit of the Federal Bureau of Investigation
is already using VCM in daily casework. In the future, VCM software should be validated for
comparing toolmark evidence as well. Software for viewing marks is available free of cost [122].

A mobile system that combines an optical 3D topography scanner with software to acquire and
compare toolmarks was proposed by Chumbley et al. [123]. The hardware consists of an Alicona
SL IFM, a compact and portable 3D surface acquisition system and a laptop with the Alicona data
acquisition software and the in-house developed Mark and Tool Inspection Suite (MANTIS)
software. After acquisition, the tool or mark data can be imported into MANTIS and studied
visually. For manually comparing marks a Virtual Comparison Microscope, and for automated
comparison, an objective mark similarity determination [103] is available. The software also
allows deriving virtual profiles from measured tool surfaces, depending on the angle of attack, and
search for the most likely angle of attack with which a mark of the tool was made. The authors
note that although the system can be used for automated comparison of marks with higher
complexity than striated toolmarks, e.g. impression marks, the performance of the algorithm will
decrease. They point out that the comparison algorithm was initially developed for striated marks
and encourage other parties to contribute to their software with more advanced algorithms. The
system is built using open-source libraries and software and therefore enables integration of third
party algorithms.

So far, available software packages mainly focus on visualization and manual and/or automated
alignment of marks and determination of mark similarity, which could subsequently be used for
database retrieval. The software package ‘Scratch’ [106] provides a graphical user interface to
visualize and automatically compare striated marks of tools and firearms (e.g. land engraved areas
or LEAs and primer shear marks), also with multiple LEAs simultaneously, using an algorithm
presented earlier [107]. In addition, the software can determine virtual toolmarks from tool surface
data and compare them to experimental toolmarks for angle of attack retrieval. Furthermore, the
software provides a simple interface to set up toolmark and firearm mark databases and determine
reference known match and known non-match distributions, which can subsequently be used to
determine likelihood ratios for a comparison result. A virtual comparison microscope is also
included.

The current structure of Scratch only supports building local databases and provides a limited
amount of metadata. Based on the existing infrastructure, the functionality was extended [35] to
be able to automatically compare not only striated but also impression marks, by incorporating
algorithms developed by NIST [33, 34]. In addition, the database functionality was greatly
extended, to allow setting up large and diverse databases. A variety of objective measures of
similarity and statistical statements of uncertainty will also be available in the future. The setup of
the new system is mainly focusing on firearm marks like striated bullet marks, aperture shear marks
and breech face impression marks, but the setup is such that it could also be used for toolmarks.

6. Invasive striated and
impression toolmarks

6.1.Detection / Creation

Forensic examiners need to create experimental mark in the lab and the circumstances should
ideally be identical to the situation at a crime scene. As this is not possible, alternative methods
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have to be used but it has to be shown, that those yield similar results. One of the variables that
play a role is the substrate material, which should be similar to the material in which the suspect
marks were made. As human bones are not readily available, animal bones could be an alternative.

Croker et al. [124] compared the major limb bones (humerus, radius, femur and tibia) of fifty
adults as well as the corresponding bones of sheep, pigs, cattle, large dogs and kangaroos.
Specifically, the authors determined bone shaft diameter, cortical bone thickness and a cortical
thickness index, the sum of the thickness of both cortices divided by the diameter, at various points
along the shaft. They show that although the absolute thickness varies, the cortical thickness index
does only slightly vary between the species. Properties like bone density however have not been
studied.

As bone material might have to be frozen prior to creating toolmarks the question arises
whether that has an influence on the bone properties. In Hale et al. [125], the authors studies the
impact of freezing over time on bone mineral density (BMD). For eight fetal pigs, the BMD was
determined using an X-Ray acquisition device, first on fresh samples and then repeatedly over a
period of twenty weeks, after which they were thawed again. Based on the measurement results
the authors conclude that freezing seems to not influence the BMD but that samples should be
thawed entirely to avoid erroneous measurements in the X-Ray images.

Realistic application of stabs to bones is also important. Benson et al. [126, 127] present a
prototype of a stabbing machine with an interchangeable knife holder. Using a motorized arm and
a pneumatic system, sixty unique stabbing positions can be set up and the stabbing force is variable
with a maximum of 221 N. The machine was evaluated with textile cuts, but might also be useful
to create stabbing marks in bone.

6.2. Acquisition

A noticeable trend in the acquisition of invasive marks is a large variation in used techniques
and methods. Still conventional 2D microscopy is used, but the majority of articles describe
different methods such as computed tomography (CT), 3D microscopy, reflectance transformation
imaging (RTI) and scanning electron microscopy (SEM). Conventional 2D microscopy is mostly
used for qualitative assessment of marks. The other methods have been demonstrated to be superior
for quantitative assessment of mark properties and are therefore applied more frequently
nowadays, particularly Micro-CT. Qualitative assessment is also still used on the other 3D
methods, such as Dittmar [128] describing qualitative toolmark assessment using SEM on
archaeological material.

A comparison of stereomicroscopy with Micro-CT is provided in Pelletti et al. [36], where
thirty-two false starts were created with four different types of hand saws in human bone and
subsequently analyzed using stereomicroscopy and Micro-CT. The authors were particularly
focusing on the potential of the imaging techniques to determine the morphology of the marks.
The qualitative analysis results showed that false starts and their shape can be more accurately
determined with Micro-CT. In a sequel study [37], the same authors studied the accuracy, precision
and inter-rater reliability with respect to manual saw mark analysis on Micro-CT images. Three
forensic pathologists and/or radiologists were asked to measure a set of four features, including
kerf width and depth, on twenty-four false start lesions in bone, created with three different saw
types. The measurement results were subsequently compared statistically and the authors conclude
that they were reproducible and robust.
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The previous studies were conducted on a limited set of samples. Norman et al. [44] studied
whether using Micro-CT is a suitable technique for saw mark analysis using 270 samples. Based
on measurements of a set of seven features by two independent raters they conclude that the
technique is powerful and reliable to determine toolmark class characteristics, as the
reproducibility was high.

A variant on stereo-microscopy was described in Cerutti et al. [129]. They describe a method
of making thin cross-sections from the inflicted lesions which can be analyzed by light microscopy
as itis being done in (medical) histology analysis. Although the method is destructive on the lesion,
very detailed analysis of the morphology of the cross-section is possible. In this study the lesions
were inflicted on old bone material. Therefore, the conclusions might not be valid for lesions
inflicted into fresh bone material.

In order to perform robust quantitative assessments, it is necessary to study the robustness of
the acquisition technique as well as comparing different acquisition techniques with each other to
choose the right technique for an application. Most articles that follow are describing this.

Shamata et al. [130] describe the key considerations and best practice of using 3D scanning
with structured light. Only focusing on the area of interest, combining three scans and elimination
background noise by using a black background gives the best results. The application is injuries
on living individuals. Reynolds et al. [131] describe the robustness of using CT imaging combined
with CAD software for measuring anthropological features of postcranial bones. Both the intra-
observer and inter-observer variation is small, resulting in a highly repeatable approach. The
measured features are relatively large compared to features used in toolmark analysis.

LeGarff et al. [132] describes the importance of knowing the precision of a Micro-CT imaging
device and the effect of using a registration method. Using registration in Micro-CT imaging
increases the precision of measurements.

Clarke et al. [133] describes the pro and cons of using reflectance transformation imaging
(RTI) to preserve and analyze saw marks in bone. RTI was found to be excellent for visualizing
toolmarks on bone, though more successful in shallow details than deeper marks. Large file sizes
and time consumption are limitations for RTI, while a low direct cost of equipment is a pro.

Besides accurate acquisition it might sometimes be required to demonstrate 3D models of
evidence including toolmarks in course to support reports. This requires accurate 3D data
acquisition on the one hand, but accurate data reproduction on the other hand. In Baier et al. [134,
135] the authors present a system that first scans an object accurately in 3D with a Micro-CT
scanner, then uses dedicated software to process the data and segment relevant bone structures and
subsequently prints a copy of bone models. They successfully applied this technique in two cases
with a fractured humerus [135] and an injured skull [134]. Although the reported scan resolutions
36 — 80 um might not be sufficient yet to accurately reproduce details in toolmarks, the resolution
of 14 um reported in Pelletti et al. [36, 37] might be. In addition there are already Micro-CT
scanners available that provide a much higher resolution, but that typically comes with a decrease
in possible object size (e.g. [136]).

6.3.0ccurrence of marks
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Wood chippers are sometimes used by criminals to dispose bodies with the aim to destroy
evidence that may lead to identification of the victim. In Domenick et al. [137] the authors studied
the occurrence of potentially useful toolmarks on bone, after being processed in a wood chipper.
They used five domestic pig limbs, put these in a home model wood chipper and subsequently
assessed the size of the resulting bone fragments. In addition, they looked for potentially useful
toolmarks. The most common size of the bone fragments was between 5.85 and 11.6 mm and
typically the fragments were relatively flat chips. Striated toolmarks were present on some
fragments, but those were rare. In addition, incomplete cuts were observed. The authors conclude
that wood chippers produce useful marks for comparison.

6.4.Variability / Individuality of invasive toolmark characteristics

Many articles in the last years were published studying the variability and individuality of
toolmark characteristics in bone. As a large body of literature was focusing on saw marks, these
articles were bundled in a subsection.

6.4.1. Saw marks

Nogueira et al. [42] studied 170 experimental false start lesions made with five different hand
saw types (four with an alternating set of teeth and one with a wavy set) on pig and human femora.
Three features, minimum kerf width, shape of the kerf profile and the shape of the kerf walls were
measured manually with a stereomicroscope and analysis software, and subsequently compared
statistically. The chosen features proved to be useful to distinguish between the tested saw types,
although some variability between lesions of the same type was encountered. Another outcome of
the study is that significant differences in lesions between pig bones and human bones were
encountered and the authors conclude that pig femurs might not always be a good alternative to
human femurs for creating experimental saw marks. The human donors were all of high age
however, which might also have an effect on the marks, as bone properties change with age. In a
sequel article [43], the authors studied “secondary features” of false start lesions, in addition to the
three main features mentioned above, particularly in cases where the main features lead to some
ambiguity. For this study, they used the same data and analysis methods. Of these secondary
features, striae on the kerf floor seemed to be useful to distinguish between an alternating vs. a
wavy set of the teeth, while blade drift and bone islands may be an indication of a large saw tooth
size.

Greer et al. [45] presented a study that aimed at quantifying the variation in kerf wall striations
in bone lesions caused by hacksaws and reciprocating saws. In total, eighty-seven lesions were
applied on juvenile pig femora with eight different hacksaw blades and six different reciprocating
saw blades. Surface data of the striated walls was determined from a stack of 2D images, acquired
with a stereomicroscope. Quantitative analysis of a set of surface metrology measures revealed,
that while the distributions of the measured amplitudes of striations caused by hacksaws and
reciprocating saws partially overlap, the amplitude of the striations produced by hacksaws is much
more variable and generally higher than the amplitude of striation of reciprocating saws. Large
amplitudes therefore might indicate the usage of a hacksaw.

Another article focused on the differences among different samples of the same class of saws,
reciprocating saws, based on seventeen lesion characteristics, including kerf floor shape and
minimum kerf width. Berger et al. [46, 47] analyzed class characteristics of lesions on white-tailed
deer limbs that were created with six different saw blades on bones. They used a stereomicroscope,
determined all features manually and statistically analyzed differences between saw blades. They
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found a set of features including minimum kerf width, kerf false start shape, presence of cut surface
drift and harmonics, exit chipping size and striation regularity, that have the potential to distinguish
between some of the tested types. The authors note that the differences found between different
blades reflect the differences that were found for hand-powered blades in earlier studies.

Finally Norman et al. [44] employed Micro-CT data of saw marks on human long bones to
measure seven toolmark characteristics. The goal of the study was to determine the specificity of
these measurements, whether they were similar to measurements on the tool blades and whether
toolmarks differ under varying methodological conditions (controlled vs. free saw movement and
fleshed vs. defleshed bones). To unravel differences, the measured features were compared
statistically. Four hand saws, two reciprocating saws and two knives were used to create in total
270 saw marks. Two independent raters where then asked to determine a set of seven features like
edge shape, toolmark shape and minimum kerf width. The results show that the set of features was
sufficient to distinguish between the different blade types. The comparison of toolmarks and tools
showed that only when marks were made under controlled conditions in defleshed bone could the
tool be predicted with high accuracy. For the marks in fleshed bone made with free saw movement,
the performance dropped significantly. Only one feature, the kerf width, was used for this but it is
clear that the methodological condition has a large impact on the resulting mark properties.

In summary, a large body of literature was found regarding the variability and individuality of
saw marks on bone. Several types of saws were studied, including hand saws [42-44], hacksaws
[45] and reciprocating saws [44-47] to inflict trauma on human [42-44], deer [46, 47], and pig
bones [42, 43]. Analysis was done using stereomicroscopy [42, 43, 46, 47] and Micro-CT [44],
studying a varying set of class features, mainly to distinguish between different tool types based
on class characteristics. The amount of features varied greatly between three [42] and seventeen
[46, 47] and also included surface metrology measures [45]. Lesions were inflicted on fresh bones
[37, 42-45], after freezing [46, 47] and with maceration [138].

Based on this summary it is clear that there is a large variety of approaches and the conditions
described in the articles are hardly the same, which makes results difficult to compare. Particularly
so, as it has been shown in several publications in this collection of reviews and before, that e.g.
macerating the bone, whether the bone is from a human or an animal or whether a mark is created
by hand or under controlled circumstances might influence the results. For the future, researchers
are thus encouraged to reduce potential variability as much as possible by using fresh and fleshed
bones, ideally of humans and apply marks under realistic conditions. Furthermore, marks should
ideally be acquired using a 3D method, preferably Micro-CT, as this has been shown repeatedly
to yield accurate results. However, so far this has only been demonstrated for class characteristics
and whether also individual characteristics can be assessed with Micro-CT still has to be shown.
SEM has not yet proven to provide real additional value. Furthermore there is no standardized way
of measuring class characteristics in saw marks and as each author chooses a different set of
features it is difficult to judge which features actually best describe a mark and are the most
distinctive. Further research will be required to address this issue. Finally, most articles
demonstrate that marks from different saw blades can be distinguished from each other, but only
one article also studies whether a mark can be related to the actual tool that created it. This is an
essential step though and should get more attention in research projects in the future.

6.4.2. Knife and other cut marks
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Many articles in the last years are studying the variability of invasive marks of knives and other
tools. All are focusing on class characteristics like morphological features, i.e. characteristics that
discriminate between different classes of tools, however these characteristics do not discriminate
between tools from the same class. Conclusions from different studies vary. For example, some
conclude that it is possible to discriminate between serrated and non-serrated knifes [38-40] while
other studies are more cautious. Tennick [41] tested many morphological features and concludes
that they are not useful for mark classification. Komo et al. [139] report on the complexity of the
allocation of a knife to a particular bone lesion. Caution is advised regarding classifying kerf
marks. Not all kerfs resulting from serrated blades show characteristic striations. Furthermore,
marks made with the same knife can show variation in morphology.

Interpreting the conclusions from the different publications is very difficult since there is a lot
of variation in methodologies used. Marks are made by hand [41], more representative for real
casework, while other studies produce marks under more controlled circumstances with different
machines [138-140]. Marks are made in fresh bone material, more representative for real
casework, while other studies inflict marks into macerated or old bone material. Bone material is
used from animals, mostly pigs, while other studies have human material available. However, the
human material is rare and frequently related to elderly people, less representative for average
casework. Furthermore, the technology used for analysis varies from 2D photography and rulers
to 3D microscopy, Micro-CT and scanning electron microscopy (SEM). The analysis of the marks
varies from qualitative analysis and qualitative comparison (e.g. [38, 129]) to more quantitative
analysis and computer assisted comparison [139, 141-143]. A comment should be made that both
the qualitative and quantitative analysis in all studies is based on subjective interpretation from the
examiner. In the qualitative analysis the examiner makes subjective interpretations e.g. on the
shape of a kerf. In the quantitative analysis the examiner makes a subjective interpretation on the
location of measurement points, since the boundaries are mostly not sharp. Some of these
variations are studied by Norman et al. [40]. They analyzed the difference in the cutting mark
properties mark width, wall angle and shape (Y-, T- or V-shape) between two different types of
knives, plain and serrated. They used two sets of experiments, one using macerated and one using
fresh porcine ribs and acquired the data using conventional microscopy and Micro-CT. They
conclude that the shape properties, except the wall angle, are significantly different between the
two types of knife that they are able to predict which type of knife was used and that knife edge
thickness correlates with cut mark width. They compare Micro-CT with conventional microscopy
for their potential to assess the cut mark shape and conclude that Micro-CT is superior. The authors
conclude that the wall angle is not a reliable measure to derive the knife cutting angle.

An interesting trend from the recent literature, especially in the field of archeology and
anthropology is using morphometrics for the analysis and comparison of marks [138, 139, 141-
143]. Morphometrics helps in the statistical evaluation of the morphological features of marks and
objects and in the comparison of these features. Courtenay et al. [143] use morphometrics to
successfully distinguish morphological differences in cut marks produced by different lithic tool
types and raw materials. Komo et al. [139] show that morphometrics could serve as a tool in a
forensic examination of kerf marks in ribs, for example on the distance between walls of the kerf
related to the blade thickness. Furthermore, they show the effect of maceration (after inflicting the
kerf) on morphometrics. An average shrinking factor up to 8.6 % was observed. Mate-Gonzalez
et al. [141, 142] analyzed a large number of cut marks (572) using micro-photogrammetry and
morphometrics. The design of the study is related to an archeological context, differentiating flints
from different raw materials, however a similar design could be used in a more forensic context
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e.g. differentiating knifes. The study could not differentiate between flints from the same material.
The variability of features in hatchet hacking traumas was studied in Nogueira et al. [138]. A
hatchet was used to inflict thirty lesions in total in two macerated human tibiae with a specifically
designed device. All lesions were then analyzed with the naked eye and stereomicroscopy and a
subset of thirteen with scanning electron microscopy (SEM). Based on a morphometric assessment
of features observed in the lesions, the authors conclude that it should be possible to determine
that a trauma was caused by a hatchet. In this study, SEM did not seem to have an added value, as
the relevant features could be observed with the naked eye and/or stereomicroscopy.

Several articles describe exposure effects on invasive marks, such as exposure to heat [144-
146] or taphonomic alterations [147]. Macoveciuc et al. [144] conclude that mark signatures
associated to sharp and blunt force trauma are not masked by heat exposure. Waltenberger et al.
[145] conclude that width, depth, floor radius, slope and opening angle of cut marks remain stable
with heat exposure. Alunni et al. [146] conclude that the features associated to hacking trauma of
bone are not significantly altered by carbonization (burned). Stanley et al. [147] describe the effect
of taphonomic alterations on striations in skin (porcine). They see a big effect and recommend to
document skin striations as soon as possible by stereo-optical microscopy.

6.5.Manual mark comparison

Digitizing marks and objects does not necessary have to result in computer assisted
(semi)automated comparison. A trend that is seen is that the digitized marks (2D or 3D) are
manually compared with digitized objects (2D/3D). However the manual comparison is done
virtually instead of physically.

Bornik et al. [148] describe software which can be used to visualize 3D data from different
modalities such as CT and 3D laser scanning. By combining the different modalities into one
visualization it becomes possible to virtually compare the injuries/marks with the physical shapes
of an objects like a knife or hammer. Care must be taken that primarily class-characteristics can
be visualized and compared.

Urbanova et al. [149] describe this virtual approach on reconstructing human skeletal remains,
such a part of a skull or foot. The importance of the virtual approach increases with the complexity
and state of preservation of the forensic material. The unlimited and unrestricted handling of the
virtual remains enables limitless repairs and adjustments to find the “best-case reconstruction” of
the remains, resulting in smaller inter-operator variation in comparison to the traditional approach.

6.6.Weighing the evidence / Interpretation

An interesting approach is found in Park et al. [150]. They describe the use of known data on
offender and victim characteristics of homicides in the past to assist in the investigation of current
homicides. They found differences in offender and victim characteristics between blunt force and
sharp force injuries. Blunt force is more likely to be committed by offenders who lived with the
victims, using a blitz attack and weapon of opportunity. Compared to sharp force injuries, more
likely to be committed by offenders who are strangers with a preselected weapon carried with
them. According to the authors, the results of this study on south Korean homicides are in
correspondence with results in other countries as UK, Germany, India and Sweden.

6.7.Software for invasive toolmark analysis

Palomeque-Gonzalez et al. [151] describe a new open source software tool for the
morphometric and statistical analysis of cut marks on bone, called Pandora. The software is
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created for archaeological science. However the software seems very valuable for usage in the
forensic science domain as well. The set-up of the software is designed to be able to work with
input images of marks saved in ‘jpg’ format. Images need to be set to scale in the software and the
morphology of the mark is analyzed by manually placing semi-landmarks. Then a wide range of
morphometric and statistical analysis tools can be selected for further analysis of the marks. The
database-like design of the software makes it easy to keep data registered to the correct input.

Mahfouz et al. [152] describe another new software tool called Fragmento, freely available for
research. The software helps in the process of classifying bone fragments to the correct original
bone. The bone fragment needs to be digitized in 3D using CT. The software subsequently tries to
match and register the bone fragment to bone templates from a bone atlas. Although this work is
more in the field of forensic anthropology, it related to toolmarks as well if toolmarks are present
in the bone fragments. This software could help in classifying the bone fragment.

A trend visible in invasive toolmark analysis is that more frequently 3D imaging techniques
from different modalities such as CT, 3D microscopy, 3D macroscopy and laser scanning are
combined. Bornik et al. [148] describe a new software tool to document and present analysis
results based on multi-model 3D data. Benefits are that the 3D case illustrations represent an
efficient tool to present insights from case analysis to non-experts involved in court proceedings
like jurists and laymen. However, there is also a risk. The persuasive power of images and
illustrations can easily lead to misunderstanding and influence, especially if they present
fragmentary information rather than the ‘big picture’.

6.8. Case studies including invasive toolmarks

Many articles on invasive toolmark analysis in this review originate from the field of
archeology. Valoriani et al. [153] is such an example. The questions in the field of archeology are
primarily on the level of class characteristics. For forensic science this can be interesting as well,
especially in the investigative phase when no murder weapon is present on the crime scene.

In Quatrehomme et al. [154] a case of a victim with a blunt trauma in the skull mimicking a
gunshot wound is described. The trauma was a round hole, with typical internal beveling. As it
turned out however, the hole was caused by a rib of a beach umbrella.

In Baier et al. [134, 135], two cases are described including a fractured humerus [135] and an
injured skull [134]. In both cases, the authors used high resolution Micro-CT scanners, to acquire
3D data of the traumas and used the resulting volume datasets and dedicate volume rendering
software, to aid their investigation and to be able to more clearly demonstrate the results. In
addition, 3D prints of the injured bone parts were created and used for demonstration purposes.
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INTRODUCTION

This review chapter covers advances in forensic applications of scientific methods for the
examination of paint and glass evidence since the publication of the 18" International
Forensic Science Symposium in October of 2016. This chapter covers a review on both
of the subjects (paint and glass) using the peer-reviewed literature, published reports,
books and book chapters on the subjects as well as highlights of presentations and
proceedings from forensic science meetings and symposia published between 2016 and
2019. Forensic examiners should also be aware of the publication of standard practices,
guides and test methods (ASTM) as well as the developments within the manufacturing
industries including production volumes, production locations, and the current trends in
the manufacture of these widely used materials.

OVERVIEW

The main forensic science journals reviewed for this chapter were the Journal of Forensic
Sciences, Forensic Science International, Science and Justice, the Canadian Journal of Forensic
Sciences, the Australian Journal of Forensic Sciences, the Journal of the American Society for
Trace Evidence Examiners (ASTEE), the European Paint and Glass (EPG) working group
newsletter and a new Elsevier journal initiated in 2016, Forensic Chemistry. In addition, more than
fifteen (15) different analytical chemistry or other science journals have published peer-reviewed
communications on the advances of forensic paint and glass examinations. In addition, the
proceedings from several forensic and analytical chemistry conferences are briefly cited here and
links to World Wide Web links and resources are also provided.

Peer-reviewed literature

For this reporting period, manuscripts related to forensic analysis and interpretation of paint
evidence were published in a vast variety of peer-reviewed scientific journals. Research and case
studies were disseminated in chemistry, physics, analytical, and forensic journals, including: 1)
the Journal of the American Society for Trace Evidence Examiners (ASTEE), 2) Talanta, 3)
Forensic Science International, 4) Forensic Chemistry, 5) the Journal of Forensic Sciences, 6)
Applied Spectroscopy, 7) Spectroscopy Letters, 8) Vibrational Spectroscopy, 9) Environmental
Forensics, 10) Analytical Methods, 11) Journal of Raman Spectroscopy, 12) Canadian Society of
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Forensic Science Journal, 13) Analytical Chimica Acta, 14) Australian Journal of Forensic
Science, 15) Pigments and Resins Technology, 16) Physical Engineering Science, 17) Journal of
Physical Chemistry, 18) Microchemical Journal, 19) Journal of Analytical Atomic Spectroscopy
and 20) Analytical Chemistry.

Additional publications

Several books include book chapters devoted to the forensic examination of glass and
paint evidence. Of particular interest is the volume published in 2016 and edited by Jay
Siegel, Forensic Chemistry; Fundamentals and Applications, previously reported in the
2016 INTERPOL review. Additional references to standard methods, books and book
chapters are provided within each of the paint and glass sections below.

Conferences/Symposiums

A list of scientific conferences and symposia devoted to the forensic sciences or that included
sessions in the forensic examination or interpretation of paint and glass evidence are provided
below. The conferences are listed in alphabetical order and include the name, year(s) it was held,
and a brief description of the presentations pertaining to paint and glass. A link to the proceedings
for the conference are provided below.

e American Academy of Forensic Sciences (2016-2019). Numerous workshops, poster
presentations, and oral presentations at AAFS’ annual meetings were on the topic of
glass analysis. The link to each year’s proceedings is as follows:
http://www.aafs.org/resources/proceedings/.

e American Chemical Society (2017-2019). LA-ICP-MS, nuclear glass melt for forensic
analysis, and use of likelihood ratios in forensics were all presented. The link to the
abstracts is as follows: https://www.acs.org/content/acs/en/meetings/national-
meeting/about/meetings-archive.html

e American Society of Crime Laboratory Directors Symposium (2019). Poster
presentation entitled “The costs of NOT conducting trace evidence analyses in your
forensic laboratory”, https://www.ascld.org/ascld-annual-symposium/

e Annual IFRI Forensic Science Symposium (2017-2019) (2019 not available)

https://ifri.fiu.edu/news-and-events/past-events/index.html

e Forensics @NIST Symposium (2018). Oral presentations on trace evidence and
interpretation that were also broadcasted and available at:
https://www.nist.gov/news-events/events/2018/11/forensics-nist-2018

e International Forensic Science Symposium (2016). Interpol hosts a Forensics
Symposium every 3 years. The 18" International Forensic Science Symposium in
2016 included a session focusing on glass and
paint.https://www.interpol.int/en/Ho=w-we-work/Forensics/Forensic-Symposium

e National Institute of Justice, Forensic Technology Center of Excellence: Impression,
Pattern and Trace Evidence Symposium (2018). Numerous workshops, posters,
podcasts, and oral presentations on forensic analysis and interpretation of glass and
paint. The link to the proceedings is as follows: https://forensiccoe.org/workshop/18-

iptes/
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e RTI International, 2nd Annual Online Symposium: Current Trends in Forensics &
Forensic Toxicology. Offered webinars, including oral presentations and posters
focused on glass and paint evidence. https://forensicrti.org/2019-online-symposium-
current-trends-in-forensic-toxicology/

e SciX (2016-2018). Nuclear forensic glass analysis was presented as well as
presentations on Chemometrics within forensics. The link to the proceedings is as
follows: https://www.scixconference.org/past-events

PAINT AND COATINGS EXAMINATIONS

The majority of the publications included in this review focused on architectural, automotive,
artistic, and spray paints. New trends in architectural® 2 and automotive paints were reported® 4.
For example, multipurpose architectural paints, such as self-priming paint, stain blocking, and
hole filling are becoming more prevalent. Also, in addition to new self-cleaning clear coats and
matte clear coats, quad-coats have become a trend in some vehicles since 2015. Quad-coats are
OEM systems with a four-stage topcoat paint process in which three clear coat layers are applied
over a metallic basecoat. For certain finishes, some of the clear coats may be tinted and
translucent to add a depth effect in color®.

The scientific literature addressed the relevance of updated surveys to keep up with market
changes. Method validation and assessment of performance rates were described for
conventional methods such as microscopy, fluorescence, Scanning Electron Microscopy - Energy
dispersive Spectroscopy (SEM-EDS), UV-Vis Micro-spectrophotometry, Fourier Transform
Infrared Spectroscopy (FTIR), and Pyrolysis-Gas Chromatography-Mass Spectrometry (Py-GC-
MS). Novel applications were reported using Raman Spectroscopy, Direct Analysis in Real Time
- Mass Spectrometry (DART-MS), and Inductively Coupled Plasma (ICP)-based methods. Raman
spectroscopy is receiving particular attention in the field of forensic examination of paints, with
approximately 30% of the paint literature in the past three years assessing its utility. Therefore, a
more widespread adoption at forensic laboratories is likely in the near future.

Increased attention was also observed on the use of statistical methods for data analysis and
interpretation of paint evidence. The primary statistical tools used for paint data included
clustering methods (Principal Component Analysis, PCA, and k-Nearest Neighbors, KNN),
classification methods (different versions of discriminant analysis (DA) such as Partial Least
Square PLS-DA, Linear LDA, and Support Vector Machine SVM-DA), multivariate calibrations
(PLS, and Multiple Linear Regression, MLR) and likelihood ratios (LR).

Moreover, there are continuous efforts to improve and assess the performance of the searching
algorithms employed in paint databases (i.e., PDQ and EUCAP). Studies have described how
automotive paint databases can become handy in forensic investigations to search for potential
vehicle make/model or to estimate the rarity of a particular paint system.

Lavine et al. continued a series of studies that use prefilters to predict vehicle-make and to
enhance the PDQ library search algorithms when the spectra is collected using ATR-FTIR®?,
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Also, the ENFSI EWG Paint & Glass Newsletter published a preliminary study to estimate the
error rates in the EUCAP database vehicle-make search®.

This review reports on advances on forensic paint examinations published in the peer-reviewed
literature, books, and standard guidelines and methods.

Standard Methods and Guidelines

Two ASTM standards were reviewed and published in 2018. One consisted of a guide for using
Infrared Spectroscopy (IR) for paint analysis!® and the other a detailed guide of the sampling,
collection, and analytical scheme for the forensic analysis and comparison of paint'!. These
ASTM standard guides were also assessed, balloted and approved through a separate NIST-
OSAC (Organization of Scientific Area Committees for Forensic Science) standards approval
process. The ASTM standard guides E2937-18 and E1610-18 are now included in the OSAC
Registry  (https://www.nist.gov/topics/forensic-science/organization-scientific-area-committees-
osac/osac-reqistry/osac-approved)

Books and Chapters

Books with chapters including paint reviews, paint investigations, or instrumental analysis of paint
include: 1) Forensic Science: A Multidisciplinary Approach by Katz et al.'?, 2) Forensic Science:
A Beginner's Guide. 2nd edition (glass section) by Jay Siegel'3, 3) Introduction to Forensic
Science and Criminalistics by Harris et al.'4, 4) Inorganic Trace Analytics: Trace Element Analysis
and Speciation by Vassileva et al.'® 5) Forensic Chemistry: Fundamentals and Applications by
Jay Siegel'®, and 6) the third edition of Forensic Science Handbook by Richard Saferstein and
Adam B. Hall*". Also, a book focused on forensic examination and interpretation of trace evidence
is currently in press?®®,

PAINT MEASUREMENTS

In December 2015, Dolak and Weimer?! reported the analysis of twenty-six white single layer
multipurpose and non-multipurpose architectural paint products. The authors reported the
chemical composition of multipurpose paint that is increasing its market demand, and therefore
likely to become more prevalent in casework. Intra-brand and inter-brand comparisons were
conducted by visual examination, stereomicroscopy, fluorescence microscopy, microchemical
and micro-solubility tests, FTIR, and SEM-EDS. Discrimination power of 99.69% was obtained for
a total of 325 possible comparison pairs by all the techniques combined. In addition, the authors
found the compositions of multipurpose products were different from those of their non-
multipurpose counterparts. The major differences found resulted from the amount and type of
fillers used in the primers and paints. The presence of elemental zinc was attributed to the anti-
mold and mildew architectural products.
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Gates?®® reported the study of twenty-eight multi-colored spray paints by FTIR to detect the
differences caused by the differential mixing of binder and pigment components. A variety of
colors were selected for the study (yellow, gold, beige, brown, green, orange, pink, red, blue,
white, grey, black, and clear). The author also described a technique for the sublimation of organic
pigments from spray paints for isolation and analysis by FTIR. The results showed variability in
the behavior of paint pigments with the amount of mixing before application. This variation was
attributed to the absence or presence of carbon black or inorganic extender pigments such as
titanium oxide, talc, silicates, and calcium carbonates. The inorganic pigment-loading distribution
appeared higher on well-shaken paints than in unshaken paints. To avoid false exclusions, the
author recommends the comparison of standards from spray paint in both unshaken and shaken
states.

Sloggett?® published an article on the importance scientific methods and forensic investigations in
the analysis of presumably fraudulent pieces of art. The author highlighted the need for evidence
policing for situations in which art fraud is suspected; such situations were suggested to be
beyond scholarly investigations. The author proposed the use of semi- and non-destructive
techniques for a more comprehensive and objective analysis of the materials. Scientific research
of the suspected art pieces can provide evidence as to whether the materials and techniques
used in the production of the work have been chosen, used or manipulated for deliberative,
intentional, or deceptive behavior.

In 2016, Buzzini and Suzuki?! reported a review of publications showing the use of Raman
spectroscopy for the analyses of pigments in paint evidence. The paper consists of a
comprehensive review of the forensic applications of Raman spectroscopy for the
characterization, differentiation, comparison, and identification of paint evidence. The authors
highlighted the capabilities of Raman spectroscopy to detect pigments that are difficult to detect
by IR spectroscopy. These pigments’ structural features are expected to produce large Raman
scattering, which in turn results in intense Raman bands. Raman is expected to unequivocally
identify pigments even at very low concentration.

Centeno?? published a review of publications on the applications of Raman spectroscopy for the
analysis of artistic materials (manuscripts, drawings, prints, and paintings) in collections from
museums and cultural institutions. The review article aims to show the research progress on
Raman spectroscopy applications as well as some challenges and prospects for this type of
research. The review is divided by the different components for these types of materials:
pigments, ink, and natural organic binding media, adhesives, and varnishes. The need for a
comprehensive database for Raman spectra, including naturally and artificially aged materials
was suggested. The use of Surface-Enhanced Raman Spectroscopy (SERS) for signal
improvement and portable devices for remote analysis would expectedly increase the applications
of Raman for the analysis of artistic materials.

Germinario et al.? reported the characterization of 45 commercial spray paints used in street art

by FTIR, Py-GC-MS and Raman spectroscopy. The analyses were focused on the identification
of the synthetic binding media, pigments and additives such as plasticizers and fillers. Some
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pigments and extenders could be efficiently identified by examination of the FTIR spectra and
pyrolysis

products. However, for most samples, Raman spectroscopy investigation was required

in order to achieve the complete chemical characterization of organic and inorganic pigments,
extenders and fillers.

Hibberts et al.?* published an article on the use of Raman spectroscopy for the analysis of a
painting with possible origins in the late fifteenth century. The analysis was conducted prior
restoration of the painting. Raman spectroscopic analysis of the pigments placed the painting in
the Renaissance period and allowed the identification of several pigments (cinnabar, haematite,
red lead, lead white, goethite, verdigris, caput mortuum and azurite) with no evidence of more
modern synthetic pigments or of modern restoration. The analysis also allowed to identify the
treatment of the canvas substrate with a specific orange-colored resin, as well as the varnish
coating of the surface.

Lv et al.?® analyzed 52 automotive colored coating samples by FTIR and Raman spectroscopy.
Cu pigments were detected with high frequencies in blue and green samples; Ti was found in all
white samples. Bismuth, a substitute for lead in paints, was not detected in the samples under
study. Compounds with heavy metals, including TiO-, phthalocyanine blue, phthalocyanine green,
and lead chromate, were frequently detected in the paint samples. Raman complemented FTIR
information, particularly in the identification of inorganic pigments and additives, increasing
discrimination when both methods are combined.

Lv et al. ?® reported the analysis of paint pigments by confocal Raman spectroscopy in comparison
to IR results. Four groups of samples were compared by both Raman and FTIR. Raman
spectroscopy provided additional discrimination between samples due to improved pigment
characterization. The authors reported that phthalocyanine blue and Vat blue RSN, Pigment
Scarlet Powder and Bronze red C, Fe;O3 and PbCrO4, Prussian blue and phthalocyanine blue
were all

successfully identified and discriminated using Raman spectral comparisons.

Maric et al.?’ reported the analysis of the clear coat of 139 Australian and international vehicles
by Raman spectroscopy, including 17 manufacturers and 45 different models. PCA resulted in 19
distinct classes that were associated with the vehicles’ manufacturer and model, and year when
applicable. LDA on the PCA groupings resulted in improved discrimination between the groups,
with 96.9% of the calibration set and 97.6% of the validation set correctly classified. The authors
reported enhanced discrimination capabilities of Raman spectroscopy compared to IR data for
the same clear-coat data set.

Pozzie et al.?® published a paper of the analysis of closely related molecules by SERS. A binary
mixture of red dyes was analyzed (alizarin, purpurin, carminic and laccaic acids, brazilein) and
the spectra were recorded on two different metal substrates (citrate-reduced silver colloids and
silver films over nanospheres). Reference materials and red lake oil paint reconstructions were
analyzed upon hydrolysis with hydrofluoric acid, to the effect of varying the experimental
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conditions on dye identification. It was found that, in some cases, the spectral contribution of the
second colorant in the mixture goes undetected unless it is present in significant concentrations.
The authors confirmed the ability of SERS to detect and identify up to two different colorants in
mixtures but concluded that the method was not able to linearly correlate the intensity of the SERS
signals with the main die used to color the artifact under study.

Reynolds et al.® reported the analysis of 231 automotive paint samples by microscopical
examination (stereomicroscopy, compound comparison, and fluorescence microscopy), FTIR,
and SEM-EDS. Microscopy resulted in a discrimination potential of 99.97% of the samples.
Samples of similar microscopic characteristics were further studied by FTIR and SEM-EDS. Two
sample pairs remained undistinguished by all methods; they were manufactured two years apart
in the same plant and consisted of the same make and model.

Sandercok et al.? reported the analysis of 1028 samples of modern formulations of interior and
exterior architectural paint. The samples were characterized by color, FTIR, Py-GC-MS, and
SEM-EDS. Visual examination and FTIR combined resulted in a 99.82% discrimination. These
methods allowed to identify 700 samples; the 328 remaining samples were divided into 98 groups
(956 indistinguishable pairs). The application of Py-GC-MS and SEM-EDS slightly improved the
discrimination of a few samples not previously separated by visual and FTIR analyses resulting
in 723 uniquely identified samples.

Silva et al.?® published a paper on the development of a wet block digestion method for
architectural paints to determine metals and metalloid using Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES). Results of the proposed method were compared to the ASTM
standard test method D335-85a. Up to 13 elements were studied by the complete solubilization
of different bases of paints at low temperature and atmospheric pressure. The limits of
guantification ranged from 0.006 to 1.78 mg kg. The authors found concentrations of lead that
exceeded the threshold established by US legislation (0.009% w w).

In 2017, Cesaratto et al.*° reported the SERS analysis of basic fuchsine, methyl violet, and crystal
violet and their degradation products. SERS analysis was not able to discriminate between the
two less methylated basic fuchsine homologues, rosaniline and pararosaniline, and between
crystal and methyl violet, but it distinguished rosaniline/pararosaniline from new fuchsine, the
highest methylated basic fuchsine homologue, and those from crystal/methyl violet. Furthermore,
we demonstrate that SERS is a valuable tool to study the photo-induced N-demethylation by
tracking spectral changes in a series of artificially aged samples.

Cesaratto et al.3 reported the analysis of acid red naphthol-based azo dyes by Raman
spectroscopy, based on the results of the aforementioned publication. Reference dye materials
were analyzed by dispersive Raman, FT-Raman, SERS. The reference spectra were used in the
study of late 19th century Japanese polychrome woodblock prints. The results obtained by the
various Raman techniques were compared. Due to the poor dye-metal interaction, a dispersive
Raman approach proved to be more suitable for the effective identification of azo dyes used in
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art objects. In a case where the fluorescence background was very intense, SERS allowed a firm
identification of the colorant.

Chen and Wu?*? reported the use of DART-MS for the study of pigments commonly found in vehicle
paints. The authors analyzed twelve common organic pigments including, red, orange, yellow,
and purple. Two hit-and-run vehicle accidents cases were investigated by FTIR, as a screening
step, and then by DART-MS. Most of the IR information was attributed to the binder and extenders
present in paints. DART-MS successfully characterized the organic pigments present in the
paints.

De Faria et al.® reported the analysis of the pigment Indian yellow and the dye tartrazine by *H
and C Nuclear Magnetic Resonance (NMR), SEM-EDS and XRF. The Raman spectrum of
Indian yellow and tartrazine had previously been mistaken in literature. This publication makes a
distinction between the two and reports the analysis conducted on a genuine Indian yellow sample
as an example. The importance of this research lies in the fact that tartrazine is a synthetic dye
which was first produced toward the end of the 19th Century, whereas genuine Indian yellow
pigment is reported to have been in use since the 15th Century; therefore, the distinction between
the two is important for authentication of art works. It was found that the high luminescence
showed by Indian yellow does not allow its Raman spectrum to be obtained using excitation in
the visible or near infrared at 785 nm, however, in the FT-Raman spectrum (with excitation at
1064 nm) the pigment characteristic bands are clearly observed on an emission background. The
genuine sample of Indian yellow was also characterized by SEM-EDX, XRF and *H and *C NMR.

Ferreira et al.>* published an article exploring the potential of Hyperspectral Imaging Visible/Near-
Infrared Spectroscopy (HIS-UV/VIS/NIR) combined with PCA as a forensic approach to
discriminate automotive paints. A total of 38 samples from twelve different brands and five
different colors were analyzed. HIS-UV/VIS/NIR was directly applied to the paint chip’s surface.
PCA resulted in 100% discrimination of the white, silver, and grey samples. Black paints resulted
in 62.5% discrimination because the spectra did not provide enough reflectance suitable for
differentiation.

Ferreira et al.*® reported the use of Raman spectroscopy for the analysis of 36 automotive paint
fragments from six different brands and seven different colors. Several parameters such as laser
wavelength, exposure time, laser mode, sample substrate, and sample preparation method were
evaluated for the use of Raman for paint analysis. PCA was used to assess the grouping of the
samples. The results showed that although Raman spectroscopy was found to be accurate in the
identification of vehicles, spectral variability must be considered to avoid false database matching
and misleading of forensic investigations. The authors suggested the development of separated
spectra library for each laser wavelength as well as for each sample substrate.

Huang and Beauchemin®® applied Solid Sampling Electrothermal Vaporization (SS-ETV) coupled
to ICP-OES in combination with multivariate statistical tools for the analysis of 32 samples of
paints taken from the roof of vehicles. The bulk qualitative multi-element analysis of paint
fragments by SS-ETV-ICP-OES in combination with LDA allowed to classify samples based on

115



the color, manufacturer, and year of production of an automotive vehicle by monitoring over 15
elements found in the paints. The method is destructive of the sample, requiring 1.5-2mg, and
therefore the authors recommend using it as the last step in the analytical sequence after
application of non-destructive methods.

Khandasammy et al.®” published a review in the recent applications on Raman spectroscopy to
forensic science. The review covers the newly published articles on the applications of Raman
spectroscopy to several types of evidence, including different types of paints. The manuscript
discusses the Raman data analysis by different clustering, classification and multivariate
calibration methods.

Maric et al.® applied Direct Analysis in Real Time, Time-of-Flight Mass Spectrometry (DART-
TOFMS) to clear coats of four vehicles. The samples were also analyzed by Py-GC-MS, as the
standard protocol. PCA was utilized for data interpretation. DART-MS provided similar
discrimination to Py-GC-MS with the added advantage of reducing the analysis time from 1 hour
to less than 3 minutes. In addition, the techniques offered complementary information for samples
that were distinguished by one method and not the other. Thermal desorption/pyrolysis DART-
MS was also applied, resulting in the discrimination of all the samples based on the distinctive
thermal desorption plots.

Zieba-Palus and Kowalski®*® reported a study on the influence of the substrate in spray paint
identification. The samples were analyzed by Attenuated Total Reflectance (ATR) FTIR and
Raman spectroscopy. Seven spray paint samples placed on metal, glass, fabrics and paper
substrates were studied. The results showed that the type of substrate, and thickness of the paint
smear, greatly influenced the identification of the paints. The best results were found for highly
reflective surfaces: glass and metal. The fabric substrate resulted in interface bands that
prevented paint identification.

In 2019, Kruglak et al.*° conducted a population study to assess the frequency of physical,
microscopical, and chemical properties of automotive paint chips. A total of 200 red paint chips
were collected from body shops from the Northeastern United States. All samples were analyzed
using stereomicroscopy, brightfield, and polarized light microscopy. Further analysis included
FTIR, Raman, and ultraviolet-visible (UV-Vis) microspectroscopy. Microscopy alone resulted in
99.995% discrimination of the samples (one indistinguishable pair). Microscopy combined with
FTIR and UV-Vis resulted in 100% discrimination. Raman spectroscopy allowed for the
identification of 50% of the pigments in the samples.

Palenik et al.** conducted a study where they analyzed paint particles not visible by the unaided
eye. The authors analyzed particles as small as 40 um in size by an analytical approach involving
a combination of stereomicroscopy, polarized light microscopy, infrared microspectroscopy,
Raman microspectroscopy, and SEM-EDS. The results showed evidence of a two-way paint
transfer between a blue automobile and a gray painted surface. Three different pigments were
identified in the specks of blue paint, and the combination of these pigments was associated with
automotive paint. Streaks of gray paint were identified within scratched areas of the known
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automotive clear coat and elemental analysis demonstrated that these streaks contained pigment-
sized particles that are elementally consistent with the components of the known gray paint.

Wang et al.*? reported the analysis of repainted automotive paint by Optical Coherence
Tomography (OCT). The authors developed a custom-built spectral-domain OCT configuration
with ~6 um axial and lateral resolution to obtain three-dimensional (3D) images of an artificially
prepared, internally-damaged, repainted automotive paint surface. This technology allowed to
recover high-resolution sub-layer images of the repainted automotive paint.

PAINT INTERPRETATION

Hodgins et al.*® investigated the ability of forensic scientists to use the Paint Data Query (PDQ)
database to identify the make and year of a late model motor vehicle from a paint sample.
Forensic scientists were provided with a chip of paint from a factory painted motor vehicle
manufactured in 2009. The participating scientists (45 respondents) used a combination of
stereomicroscopy and FTIR spectroscopy to examine the color and chemistry of the sample,
followed by a search of the PDQ database and spectral library using the data collected. Of the 45
respondents, 39 correctly identified the manufacturing plant and model year range from which the
paint sample originated, while another 5 respondents were able to search the PDQ database and
obtain a hit list that included the correct manufacturing plant and model year, even though each
subsequently chose to eliminate it from their result. The errors made by some users demonstrate
that they did not consider that the database is representative and not comprehensive.

Wright and Mehltretter* published a paper stating the significance of taking into account Original
Equipment Manufacturer (OEM) factory repair layer system when making an interpretation
statement for the findings of paint analysis. The authors evaluated the frequency of OEM repairs
on a data-set of 1057 paint specimens representing vehicles manufactured between 2000 and
2013. Examinations were conducted on different body panels (roof, quarter panel, door, and
hood). The results show that the vast majority of samples examined were standard OEM layer
systems with no OEM repair (92.2% of the 1057 samples). From the 7.8% of OEM factory repairs,
the most common repair system was one additional clearcoat/basecoat application (4 topcoat
layers, 6.34% of the samples). Six and eight topcoat layers were less frequent (1.14% and 0.284%
of the 1057 samples, respectively. The authors suggested using statements in the forensic reports
to draw attention to the rarity of the presence of these additional factory-applied layer systems.

Lambert et al.** reported the use a multiblock technique as a chemometric tool for combining
spectroscopic data in the forensic analysis of paint. The authors applied the chemometric
method to the analysis of domestic red paints. The paints were analyzed by IR and Raman
spectroscopy. PCA and Hierarchical Clusters Analysis (HCA) were applied to the spectroscopic
data. The authors found that IR spectroscopy showed group patterns related mainly to the
binder and extender composition of the paints, whereas Raman spectroscopy data were mainly
related to the pigment composition. Common Component and Specific Weight Analysis
(CCSWA) was used in order to produce independent PCAs for each block (IR and Raman), and
the combined information resulted in a score plot. By applying this method, the authors found an
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increase number in groups compared to PCA (20 groups vs. 12 IR groups and 7 Raman groups,
independently).

Martyna et al.** reported a hybrid approach combining chemometrics and likelihood ratio
framework for communicating the evidential value of spectra obtained from Raman analyses of
automotive paints. The authors used conversion from classical feature representation to distance
representation for revealing hidden data peculiarities. Linear discriminant analysis was further
applied for minimizing the within-sample variability while maximizing the between-sample
variability. Both technigues enabled substantial reduction of data dimensionality. Univariate and
multivariate likelihood ratio models were proposed for this data. It was shown that the combination
of chemometric tools and the likelihood ratio approach could solve the comparison problem of
highly multivariate and correlated data. The results presented the potential of this methodology
even for small databases.

De Roy et al.® published a study that estimated the error rates in the EUCAP database vehicle-
make search. Fifty automotive paint samples were subjected to a blind car-make identification
using a modified multilayer search routine on the BioRad software (KnowltAll, 2015 version). The
samples selected for the study were not part of the EUCAP database. Two search strategies were
conducted, resulting in 10% false-positive identifications when the correlation algorithm was
applied and 16% false positives when the 1st derivative Euclidian match algorithm was used. The
combination of these algorithms reduced the false positive error rate to 8%. The results of the
study highlight the need to assess the capabilities, limitations, and reliability of the searching and
comparison algorithms.

In 2017, Lavine et al.® reported the development of a search engine for the IR spectral libraries of
the PDQ database. The authors applied a pattern recognition approach using pre-filters and a
cross-correlation library search algorithm. The cross-correlation library searching algorithm in
conjunction with the search pre-filters outperformed OMNIC.

Kwofie et al.” used transmission infrared imaging microscopy for the forensic examination of
automotive paints. Concatenated IR data from all paint layers in a single analysis was collected
by scanning across the cross-sectioned layers of the paint sample using an FTIR imaging
microscope. A multivariate curve resolution method was applied to obtain the IR spectrum of each
automotive paint layer. Comparing the reconstructed IR spectrum of each layer against the IR
spectral library of the PDQ database allowed the identification of the correct model of the vehicle
from these reconstructed spectra. The use of this IR imaging method allows direct analysis of
paint chips without the need to separate the paint layers, saving time, and simplifying the sample
preparation.

Lavine et al.® applied pattern recognition technigues to the IR spectra of the PDQ database to
differentiate between non-identical but similar IR spectra of automotive paints. Prefilters were
developed to identify the vehicle make from the IR spectrum of a paint sample recovered at the
crime scene. To develop these search prefilters, IR spectra from the PDQ database were
preprocessed using the discrete wavelet transform to enhance significant features in the IR data.
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Wavelet coefficients characteristic of vehicle make were identified using a genetic algorithm for
pattern recognition and feature selection. By using prefilters, the search results were reduced to
a smaller number of hits.

Michalska et al.*® published a paper in which likelihood ratio (LR) approach is applied to Raman
data of blue automotive paint samples. Different analytical parameters were tested to determine
their significance to the likelihood ratio determination. For the construction of the LR models, two
variables were tested: areas under selected pigments bands and coefficients derived from
discrete wavelet transform procedure (DWT). It was found that objective magnification played an
important role in the performance of the LR models. The effects of laser power and time of
radiation were also explored. Time of irradiation upon established laser power did not affect
solving the comparison problem with the use of the LR test. In the same manner, upon the
established time of irradiation 5% or 10%, laser power could be used interchangeably without
affecting conclusions.

Paint Weathering and Degradation

Jost et al.*’ published a study on the degradation of spray paint samples, illustrated by Optical,
FTIR and Raman measurements. Unlike automotive paint, which are designed for improved
outdoor exposure and protection, spray paints are affected by solar radiation, temperature and
humidity. Six different spray paint samples were exposed to outdoor UV-radiation for a total
period of three months and both FTIR and Raman measurements were taken systematically
during this time. Results were later compared to an artificial degradation using a climate
chamber. The IR analyses suggested that spray paints are rapidly affected by degradation and
the differences began to appear after a few days already. These are rapidly increasing until two
months, where the degradation becomes more stable and follows a linear trend. Raman results
suggested that the pigments, on the other hand, are much more stable and did not show any
sign of degradation over the time of this study. As a conclusion, spectral variations due to
oxidization products are likely to appear in FTIR spectra, while Raman spectra were found to be
more stable. Care should still be taken when comparing two samples to assess a common
origin, and degradation issues should be kept in mind to explain any significant difference that
may appear between two paint samples.

Van der Pal et al.*® published a paper of the effects of environmental degradation on the
characterization of automotive clear coats by IR spectroscopy. Three samples collected from
different vehicles were tested. The samples exposed to the outside environment revealed no
changes in model predictions over a 175-day period; however, incorrect predictions were
observed following 435 days of exposure. Inspection of the corresponding infrared spectra
revealed that these changes were likely due to the hydrolysis and photodegradation of polymer
chains present in the clear coat, which were not observed in samples stored inside over one year.
Analysis of previously weathered samples using synchrotron infrared microscopy found these
changes occurred on the surface of the clear coat. This indicates that weathering may affect the
surface characterization of clear coats overtime, but the targeting of deeper portions of the clear
coat layer may still be useful. The authors recommend obtaining the spectra from the middle of a
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paint cross-section to reduce the influence of weathering and migration of the color coat into the
clear coat.

In 2018, de Oliveira et al.*® reported the use of Raman spectroscopy for the analysis of weathering
effect on automotive paints. Vehicles were exposed to the outdoor environment for over seven
years. Paint samples were extracted from two vehicle panels of different degradation levels for
chemical comparison. In situ IR and Raman spectra were taken from the surface of the paint
chips. Raman images of cross-sections were also acquired to show an effect of alternation in
stratigraphy and the composition of paint layers on the routinely used in situ analysis. The authors
reported significant differences between less and more degraded samples in terms of
spectroscopic spectra and remodeling of the layers.

GLASS EXAMINATIONS

Books and book chapters that were published on glass within the last three years include Forensic
Analytical Methods, published in 2019 by Thiago Paixao et al.*° It contains a chapter on laser-
induced breakdown spectroscopy (LIBS) and how it applies to glass samples. Bernard Robertson
et al. published Interpreting Evidence: Evaluating Forensic Science in the Courtroom 2™ edition
in 2019.5! This book has multiple chapters of interest such as interpreting scientific evidence,
explaining the strength of evidence, and assigning likelihood ratios. Overall Robertson et al.,
explains general principles of the scientific method, how to analyze the data, how to explain the
data to a courtroom, and provides actual cases as examples to show how the case could have
been affected by the evidence if presented in a different way. In 2019, Craig Adam published
Forensic Evidence in Court: Evaluation and Scientific Opinion.>> Adam has two chapters relevant
to this review paper. Case Studies in Expert Opinion and Trace Evidence, Databases and
Evaluation. The first chapter covers real court cases and how expert opinion makes a difference.
The second chapter is explaining trace evidence (how it is made and analyzed) and what tools
are used to interpret the data.

Black and Daeid published 30-Second Forensic Science in 2019 which contains a chapter on a
brief overview of glass evidence.>® In 2019, Elkins published Introduction to Forensic Chemistry
that contains a chapter on trace evidence, including glass. It talks about analytical techniques and
practices of the forensic science field.>* Harris and Lee introduced Introduction to Forensic
Science and Criminalistics, Second Edition in 2019.%° This book contains a chapter on material
evidence, which contains glass. The chapter covers techniques in collecting and analysis. Katz
and Halamek wrote a book in 2016 titled Forensic Science.®® It gives background on forensic
science and covers many topics including glass. It covers scanning electron microscopy-energy
dispersive X-ray (SEM-EDX), X-ray fluorescence spectrometry (XRF), inductively coupled
plasma-optical emission spectrophotometry (ICP-OES), and inductively coupled plasma-mass
spectrometry (ICP-MS).

The Organization of Scientific Area Committees for Forensic Science (OSAC) approved two

standard methods for glass analysis to the OSAC Registry within the last 3 years: the "Standard
Test Method for Forensic Comparison of Glass Using Micro X-ray Fluorescence (p-XRF)
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Spectrometry" (E2926-17) and the "Standard Test Method for Determination of Trace Elements
in Soda-Lime Glass Samples Using Laser Ablation Inductively Coupled Plasma Mass
Spectrometry for Forensic Comparisons” (E2927-16el). These ASTM methods were revised
during the reporting period (2016-2019) and approved by OSAC to place on the registry
(https://www.nist.gov/topics/forensic-science/organization-scientific-area-committees-osac/osac-
registry/osac-approved).

Industry

The National Glass Association (NGA)®’ is an industry-supported information center for manuals,
publications, classes, and many more resources. In 2017, the NGA released a glass information
bulletin that lists the current editions of “industry consensus and federal flat glass standards”, as
well as physical and mechanical properties of soda lime float glass. The Glass Magazine®® is a
journal where any article the NGA publishes may be found. The NGA and Glass Magazine have
founded a world map containing information on all float glass plants and glass manufacturers
across the world call the World of Glass Map®°. The World of Glass Map reports 1million tons of
flat glass manufactured per week with over 90% of it being using in construction and automotive
industries. This global production results from 204 float glass plants and 176 glass fabricators in
operation as of August 2019.

The 2019 annual report by Devlin and Dick® states that over the last 25 years the float glass lines
have expanded from 150 to over 500, from 1992 to 2018. A majority of the production used to be
from the “European Union (EU), United States of America (USA), and Japan”. Today, glass
production is mainly from China, although the region’s production is expected to decline due to
saturation. It is estimated that the glass manufacturing industry will reach $232.4 billion worldwide
in 2020 with India being the most promising market.>%:6°

Asia had the most plant openings and/or expansions this year. Currently, China has 55 float glass
plants open.®® Poland, with 4 plants operational today, staid stagnant. It did however start
constructing a new plant in Czestochowa. Glass companies such as Sisecam Group, Fuyao
Glass, and Xinyi glass have expanded globally. Sisecam Group in Turkey acquired a plant in Italy
that increased their capacity by 220,000 tons per year.

North American glass production has declined from 44 lines in 2005 to 34 in 2015 but began to
rebound and had 38 lines in operation at the beginning of 2019. The USA lost 3 lines in 2017,
decreasing the domestic capacity by 8.5 percent due to fires, yet has started to stabilize in the
last 2 years as lines that were being repaired became operational once again, with only 24 plants
being currently active according the World of Glass Map.*® It is estimated that the float glass
industry will increase 20-45% through 2022 in developed countries.®® The reports on USA
production are contradictory, depending on the source as forecast to increase the fastest of the
developed countries®® and as the market showing signs of slowing.®?

GLASS MEASUREMENTS
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Seyfang et al.®® determined the composition of glass frictionators that replace antimony sulfide in
bullets primers of 0.22 rimfire bullets by scanning electron microscope-energy dispersive X-ray
spectrometry (SEM-EDS), time of flight-secondary ion mass spectrometry (ToF-SIMS), and
Sensitive high-resolution ion microprobe (SHRIMP). The elemental and isotopic compositons
changed throughout the population. ToF-SIMS had a discriminating power of 94.1%, SEM-EDS
had 79.4%, and SHRIMP (when combined with the other two techniques) had 95.6%
discrimination between brands. The authors did measure refractive index to demonstrate each
cartridge only has one population.

In a later study, Seyfang et al.5* also assessed other sources of particles to see if glass-containing
GSR (gGSR) is not commonly found naturally. The authors studied fireworks, matches, and nail
gun catridges to see the prevalence of gGSR. The analysis was run using a backscattered-SEM-
EDS (BS-SEM-EDS) and was found that nail gun created particles indistinguishable from gGSR,
while the matches and fireworks created no particles similar to gGSR.

Seyfang et al.®® also published in Forensic Science International about the different methods used
to discriminate gGSR. The authors studied methods to analyze low caliber rimfire ammunitions
due to the lack of antimony and tin, as this will change the likelihood ratios. Rimfire ammunitions
do however contain a fricitonator consisting of ground glass. Seyfang et al. analyzed unfired
gGSR with SEM-EDS, Focused lon Beam (FIB), and ToF-SIMS. The authors reported that FIB
followed by ToF-SIMS or ToF-SIMS using ion sputtering offers a higher discrimination.

Harshey et al.®® studied the pattern of fractured window panes (of varying thickness) by 4.5 mm
lead pellet fired through a 4.5mm caliber Air Rifle. The authors found the hole diameter to range
from 4.77 to 7.5mm. The Chi-Square test showed consistency in the fractures, supplemented by
graphical representation, which can lead to distinguishing weapons by fracture pattern.

Tiwari et al.®” varied thicknesses of glass to study the consistency of multiple fracture patterns
when shot with an air rifle loaded with round nose pellets. Goodness of fit was used to analyze
the data and found consistency within the fractures.

Srivastava et al.®® studied fracture patterns made in glass by 4.5mm round and flat nose lead
pellets from an air gun. The metal framed glass was kept at a fixed distance. To analyze the data,
graphical representation was used and was found to have significant trends.

Baca et al.®® reported that 60 glass panes, 60 glass bottles, and 60 plastic tail lights all had
different patterns when compared to each other. It is noted that more studies need to be repeated
to achieve statistical significance to this theory.

Panadda et al.”® used the Stoke’s law to replace the sink-float method of analyzing glass density
since it uses toxic solutions. The authors examined lab glassware, glass bottles, car glass,
architectural glass, and kitchenware glass. To ensure the technique worked, Panadda et al.
compared their values to ASTM C693-93. The preliminary findings were that it “is possible but
with some limitations”.
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Cook et al.”* developed a synthetic nuclear glass melt to try to mimic an authentic sample. The
synthetic sample was irradiated in a high-flux isotope reactor in Oak Ridge National Lab. The
sample was counted twice, and analyses were performed so improvements could be made on
subsequent batches.

Reading et al.”?> developed a novel technique to create “homogeneous, flux-free glass beads of
geochemical reference materials, uranium ores, and uranium ore concentrates”. The process
uses 9 parts of high purity synthetic enstatite and 1 part of sample. They are fused on an iridium
strip resistance heater under argon. The resulting bead was then analyzed using LA-ICP-MS.

Bonamici et al.” used samples from the Trinity nuclear test (“trinite”) to create a dataset consisting
of the major elemental composition to determine the mechanism of which glassy fallout is created.
The CaMgFe component is largest in these samples and shows volatility-controlled condensation
from plasma.

Nizinkski et al.”* produced synthetic debris that was tested against trinite using electron
microscopy and x-ray diffraction. It was shown to be similar to trinite and surrogate glass melt but
was different for individual cities. The authors believe that this debris could serve to advance and
validate existing nuclear forensic analytical methods.

Nogami et al.”® developed a new method to analyze forensic soil by focusing on the trace
elemental composition of volcanic glass within the sample. The analysis was conducted with LA-
ICP-MS and resulted in 2 samples (one from a forest in japan and one from a car) from varying
places were found to have the same origin. The authors demonstrated that volcanic glass is useful
for soil identification in Japan.

In 2017, Montoriol et al.”® analyzed bone lesions using a SEM-EDS and found window and mirror
glass particles. The authors experimented on human rib fragments that they cut with fragments
of window and mirror glass to simulate an injury involving glass. They did however find that boiling
and defleshing the bones created a loss of particles.

Michalska et al.”” conducted an analysis on sample preparation for a SEM-EDX since embedding
is “impractical for small glass fragments”. When using likelihood ratios it is found that laying a
smooth, flat glass sample on a SEM tab is viable. The authors compared results using likelihood
ratio models and found no significant differences in accuracy, precision, reproducibility, and false
answer rates when comparing embedded vs nonembedded glass standards.

Almirall and Trejos” published on LA-ICP-MS and how its application pertains to forensic science
for trace elemental analysis. The technique is applicable to numerous samples such as ink, paper,
soil, adhesive tapes, and glass. LA-ICP-MS can perform both qualitative and quantitative
measurements of elemental and isotopic components. It also can be applied to food
authentication, and gold and diamond provenance.
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In 2016, Lee et al.”® used LA-ICP-MS and linear discriminant analysis (LDA) to discriminate 35
side window samples. The samples came from 5 car manufacturers and 2 different glassmakers.
The authors also analyzed 120 side mirrors from the same suppliers. Light rare earth elements
were found to be statistically different from each glass maker, making LA-ICP-MS a viable
technique for forensic science. The side mirrors could not be discriminated.

Heydon et al.®° conducted an experiment on float glass with LA-ICP-MS to test for heterogeneity.
The authors believe that the heterogeneities are caused by flaws within manufacturing. These
flaws may cause a Type | error when combined with a 4 standard deviation criterion. Heydon et
al. recommend distributing the ablation spots evenly throughout the thickness of the glass to
detect the heterogeneities.

Corzo® defended and published her dissertation in 2018 using likelihood ratios on glass samples
analyzed by LA-ICP-MS. She, with the help of Hoffman®, created a database of 420 windshield
samples. Corzo then analyzed these for elemental concentrations to later interpret likelihood
ratios. The author developed an R code to allow of easier interpretation and used both their
database and a database from the BKA to train the model being used. The result was a database
that could determine likelihood ratios with less than 0.1% random match between vehicles.

Hoffman et al.2 conducted an inter-laboratory exercise with 10 different laboratories. The labs
analyzed forensic glass by using the standardized method ASTM 2927-16el. This was done to
evaluate the rate of misleading evidence. To calculation the likelihood ratio 3 different databases
were used. There different exercises were performed. The first had 34/36 labs associate the
known with the questioned correctly, while the other two exercises had all the labs submit correct
association. The random match probability was calculated to be ~0.1%.

Hoffman® also published her dissertation on the analysis of glass samples with LA-ICP-MS to
create a database. She collected samples from cars from [IHS and created a database of 420
samples. Hoffman then found the elemental composition and determined the likelihood ratio by
comparing to this database as well as the BKA data base in Germany.

In 2019 Latkoczy et al.?* used an interlaboratory study to compare different LA-ICP-MS systems.
He used NIST SRM 610 and 612. He cross-examined laser ablation systems with different ICP-
MS systems to determine which was best. He found less than 10% deviation.

Lehmann and Arruda® compiled a review of different analytical techniques to see which methods
require the least amount of sampling and sample preparation. These techniques include x-ray
spectrometry, LA mass spectrometry, laser-induced breakdown spectrometry (LIBS), ICPMS,
optical emission spectrometry (OES), and Moessbauer spectrometry. Raman spectroscopy and
ambient ionization mass spectrometry are also mentioned.

Walke and Rajan®® also published a review of forensic science methods. Their reasoning for
publishing the review is that methods, tools, and instruments have all advanced.

124



Fakiha®” reviewed “scanning electron microscopy, DNA fingerprinting, alternative light
photography, facial reconstruction, and LA-ICP-MS” to determine how best to apply these
techniques. It was determined that forensic investigations have improved immensely from these
techniques. The authors recommend that scholars aid each other for a better application of
techniques and knowledge, and to apply forensic genetics to more than genetic material.

Kammrath et al.®® reviewed glass evidence as a whole; not only the past, but also offered
suggestions for the future of glass evidence. Glass evidence should be classified, discriminated,
and/or individualized if possible. The most commonly used techniques to measure elemental
analysis are XRF, ICP-OES, ICP-MS, and SEM-EDX. Analysts also look at physical and optical
properties, according to this review.

A study was conducted by Auxier et al.®® to expedite nuclear melt glass analysis by coupling a
gas chromatograph (GC) to a time-of-flight ICPMS. This was done to shorten the dissolution time,
expedite chemical separation, and improve analysis of nuclear melt glass. The GC and
ICPTOFMS together decreased the separation and analysis time. They also provided a more
detailed elemental and isotopic analysis.

In 2018, Bode et al.® discovered that Neutron Activation Analysis (NAA) can analyze large
samples without need of pre-treatments. This allows less error or contamination to occur. The
authors cover the basic concept of NAA as well as elaborate on applications for the technique.

Acharay and Pujari®* complied a review on NAA, Prompt Gamma-ray NAA (PGNAA) and Particle
Induced Gamma-ray Emission (PIGE) to demonstrate use within forensic science. The samples
these techniques can analyze (i.e. food, cloth, glass, and soil) need high precision and accuracy
for elemental concentrations. These techniques are demonstrated to have application in forensic
science.

Funatskui et al.®? identified glass manufacturers in Japan by analyzing automobile windows with
refractive index (RI), X-ray Absorption Fine Structure (XAFS), and XRF. They determined the
concentrations of compounds such as CeO2 and Al203 to discriminate manufacturers. This study
identified the manufacturers of all 75 samples.

Laser Induced Breakdown Spectroscopy (LIBS) was used in a 2016 study conducted by
Devangad et al.?® They used this technique to determine the concentrations in phosphate glass.
The authors also reported very good linear regression coefficient (R2) values. The leave-one-out
method was applied to predict its analytical ability. The correlation of uncertainty between LIBS
and certified ratios were reported to be low values, confirming that LIBS has a large potentiation
for quantitative analysis.

Khalil and Morsy®* used double pulse (DP) -LIBS and electron paramagnetic resonance (EPR) to

analyzed borate glass for copper composition. The 266nm and 1064 nm pulses were used to
predict the electron’s temperature and density. Since a double pulse laser is being used the
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intensities are higher than a single pulse laser. The authors proposed different proto cols that
allow DP-LIBS to detect trace copper.

In 2016, Jantzi et al.®® reviewed sample preparation and treatment of LIBS. All forms of samples
are discussed to allow better application of the technique.

Weis® reviewed LA-ICP-MS on glass samples at the Bundeskriminalamt laboratory. He
compared case work and how their analyses aided in investigations. The author used LA-ICP-MS
and likelihood ratios to determine the weight of the evidence.

Gupta et al.®” conducted an experiment for intra-day and inter-day variation when analyzing with
LIBS. The authors used standard reference glass and explains the conclusions drawn from the
data.

GLASS INTERPRETATION

Morrison and Poh® tested 3 techniques that shrank the value of the likelihood ratio (LR) closer to
1. The techniques were uninformative priors, empirical lower and upper bounds, and regularized
logistic regression. The authors compared with Linear Discriminant Analysis (LDA). They tested
these techniques on face imagine, glass fragments, and voice recordings.

Aitken®® reviewed Software for the Analysis and Implementation of Likelihood Ratios’ (SAILR)
software package used for analysis and implementation of likelihood ratios in forensic science.
He reviewed the history, purpose, and background of the program.

McNevin'® investigated prosecution hypothesis’ (HP) and defense hypothesis’ (HD) effect on LR.
He states that since forensic science has begun providing posterior ratios, but the prior ratio is
neglected that the posterior ratio is in fact unknown. McNevin presents criterion for determining
limitations of LR and that a frequentist interpretation estimates only the denominator of the LR.

Franco-Pedroso et al.%* explores a widely used multivariate approach to forensic analysis, kernel
distribution function (KDF) and how it compares to Gaussian mixture model (GMM). The authors
determined that GMM is a better fit for LR due to the between-source variation and provides a
better calibrated LR.

Meuwly et al.’®? suggested a method to validated forensic analyses using LRs. They cover
guestions from a workshop presented before the publication of this paper as well as validation
standards, strategy, methods, and a protocol in reporting. The authors use these topics as the
source level of evidence.

Van Es et al.1 evaluated the analysis of LA-ICP-MS on glass evidence with different approaches,
such as the t-test or LRs. The authors present that an LR system is robust, empirical upper and
lower bound method is ideal for density models, and empirical cross-entropy is viable. The rates
of misleading evidence were reported to be less than 0.5%.
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Vergeer et al.1% investigated LR extrapolation errors as they occur outside of the data set range.
This in turn limits the L values. The authors proposed to find these extrapolation errors by
combining normalized Bayes error-rate and introducing the LRs to increased strength to
purposely mislead the system.

Biedermann et al.!® measures LR by its two components, probability of the proposition and
probability density of the evidence. If both are true, then the LR becomes a single value.

Gittelson et al.' responded to a paper by Lund and lyer!!® who, in an effort to illustrate the
weaknesses of the use of a LR argued that “the decision maker should not accept the expert's
likelihood ratio without further consideration”, something that Gittelson et. al. agree with. Gittelson
et. al. further stated in their response that “Lund and lyer argue against a practice that does not
exist and which no one advocates” and reiterated their support for the use of LRs in “every
scientific assessment of evidential weight of evidence.

Corzo et al.’% experimented with using databases from LA-ICP-MS to calculate LRs when
presented with glass evidence. The authors state that a match criterion followed by a verbal scale
is the typical approach to analyzing glass evidence and how that approach has many flaws. Corzo
et al. used a multivariate kernel model to calculate the LR of 2 different glass databases. They
found the rates of misleading evidence was <1.5% for same source evidence and <1.0% for
different source evidence.

Hoffman et al.?2 used 3 databases to calculate LR for an inter-laboratory study in 2018. The
random match probability of glass evidence was 0.1%.

Bovens et al.l® explains that while chemometrics within forensic science has provided an
enormous tool, it also is demanding in an everyday work scenario. The authors provide an
overview to data handling and chemometric methods to improve evaluation, as well as workflow.
They also will design a software tool to help forensic scientists.

Kumar and Sharma!® review chemometrics in forensic science. They compare approaches,
discuss history, and ponder applications within various disciplines. The authors propose new
techniques and methods to help forensic analysts to get more confident statistical results.

Armstrong*® defended his dissertation on the development of a Kernel-based model. This model
allows for high-dimensional data and determining sources for multiple samples. The author
experimented with SEM-EDX data on dust and microspectrophotometry on colored fibers.

Morrison et al.''!* advocates for a two-stage procedure to use for evaluation of forensic evidence.
The first stage being match or non-match process. The second stage would be an assessment of
sensitivity and false acceptance rates. The authors do explain that evidence that are
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“continuously-valued and have within-source variability” are not to use this two-step process and
gives more appropriate procedures.

Biedermann et al.}'? discusses cut-off values for forensic analysts and explain when, and why,
values are not appropriate. The authors challenged the use of cut-offs for ease and simplicity.
There is discussion of logical cut-offs when using a standard measure and says when cut-offs are
incompatible.

Ramos et al.!*® reports on the cross-entropy function that is used to classify performance and
optimization. This publication analyzes prior knowledge and LR on the cross-entropy function.
The authors also discuss discrimination and calibration within the function. They also give
theoretical interpretations of cross-entropy. Lastly, the present an Empirical Cross-Entropy (ECE)
plot.

Marquis et al.'# reviews discussions held when developing and implementing a verbal scale.
First, the authors published arguments for verbal qualifiers and mentions that help with
communication on all sides of LRs. Secondly, the authors discuss the arguments in favor of the
verbal scale proposed. Third, disadvantages of the verbal scale are mentioned. The authors
recommend not using the verbal scale alone in a written statement. Lastly, if all parties can
understand LRs then verbal qualifiers may be abandoned.

Corzo''® defended her work on evaluation of glass in 2018. She determined likelihood ratios for
a glass database of 420 samples and created the R code to do so.

Hoffman'!® defended her graduate experiment on glass databases. She used vehicle windows to
interpret likelihood ratios of evidence to present in court. The database was 420 samples and
used the code produced by Corzo!?®.

Park!'’” used LA-ICP-MS data collected using the ASTM E2927-16e1 method to analyze a number
of glass fragments including glass samples originating from the same “ribbon” collected over two
weeks of manufacture and conclude that “Random Forests” analysis performs better than the
comparison criteria recommended by the ASTM method. A close review of this paper!® unveils
serious errors in its experimental design and of poor quality of the underlying data collected. The
authors selected a sample set that included glass produced within consecutive days to evaluate
a “false positive rate” and incorrectly stated that these samples should be considered “different”
by elemental composition when analyzed by LA-ICP-MS. The dataset choice is problematic as
the false positive rate is greatly overestimated and misleading. Another flaw in the experimental
design is the lack of independence between the training/validation set and the test set. For
instance, several pairs of samples were collected on the same day, one of which was used in the
training/validation set and the second was used in the test set. Therefore, the test sets and the
training/validation data sets are in large parts essentially the same. Finally, close analysis of the
elemental data shows poor quality lithium data, again leading to incorrect conclusions.
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Introduction
This review deals with relevant research and development topics in the field of forensic examination of

fibres and textiles. It is a continuation to our previous review [1] from 2016 and covers publications
between June 2016 and the end of December 2018. Publications from the year 2019 are not included in

the present review.

General
17 years after the second edition, a third edition of the number one forensic fibre handbook ‘Forensic

Examination of Fibres’ is available [2]. The handbook is edited by James Robertson, Claude Roux and
Kenneth G. Wigginst and contains contributions from several well-known authors. The new edition
highlights quality assurance and expanded topics among which ‘Fibres, Yarns and Fabric: An
Introduction to Production, Structure and Properties’, ‘Textile Damage’ and ‘Raman Spectroscopy’. The
documentation includes many coloured images providing valuable illustrations. Another influencing book
covering forensic materials science is provided by Max M. Houck with ‘Materials Analysis in Forensic

Science’ [3].

The situation of fibre evidence in Germany and the UK was discussed at the 2017 European Textile and
Hair Group (ETHG - ENFSI working group) meeting in Leiden [4]. The surplus value of fibre evidence,
although undisputed among forensic scientists, is not always recognized by police and legal
representatives. Both countries had undertaken action in the form of surveys, working groups or
presentations of fibre evidence to police and legal representatives in an attempt to understand and respond
to the perceived situation. The importance of collaboration with universities for extended studies is
highlighted. Other countries such as Belgium are supported by the presence of forensic advisors that work

closely with the magistrates and are well aware of the strength and weaknesses of all forensic disciplines.
Bitzer et al. [5] give an insight into the introduction of these forensic advisors in Belgium and their role in

the criminal justice system. Bitzer [6] further investigates the decision process to involve a forensic

advisor in a study that focusses on homicide, robbery and burglary cases. It turns out that the number of
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traces or objects collected at the crime scene is one of the main variables leading to the involvement of a

forensic advisor.

Case reports
Unfortunately no case report was published during the 2016-2019 period. The publication of case

examples should be encouraged in order to inform forensic fibre practitioners about the possibilities (type
of offence, scenario, kind of contacts, etc.) and limitations of fibre examination. In our own opinion we
learned enormously from presentations about casework during forensic meetings and always use practical
examples to train people (magistrate, police officer or crime scene operator) about the role of fibre

evidence in criminal cases.

Some casework was reported during the ETHG meetings (ENFSI working group) in Leiden (2017) and in
Zurich (2018), but this data is not accessible outside the working group. Presentations concerned fibre
examination, mostly in murder cases, as well as textile damage analysis for which an increasing trend

could be suspected.

Damage analysis
Textile damage
An entire book dedicated to forensic textile science [7] is now available since 2017. It provides an

introduction to textiles and to their role in forensics. Different types of textile damages are also explained

and illustrated in separate sections written by various well-known authors.

Sloan et al. [8] reported on the situation in Australia and New Zeeland giving an historical and recent
state of the art in the field of textile damage examination. In Australia, knives are the most frequently
used weapon in crimes such as murder, attempted murder and robbery. The stabbing mechanism involves
a complex interaction between the implement, layer(s) of fabric, skin and underlying tissues. The action
and force used will also have a significant impact on the creation of the damage. A Textile Damage
Working Group (TDWG, forensic laboratories around Australia and New Zeeland) was convened after it
was acknowledged that numerous improvements were required in the evidence type in terms of
consistency and training. Early work saw the creation of a standardized glossary of terms and established
a tiered structure for casework authorization. Another function of the TDWG is to ensure best practice,
which is achieved through sharing outcomes from research conducted across the country. The Australian
Federal Police (AFP) forensics laboratory is finalizing the implementation of a layered synthetic simulant
(rubber/polyurethane), providing an ideal simulant for forensic stabbing experiments. The future of the

evidence class in Australia will be strengthened by a current endeavour of the TDWG in establishing a
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standardized national examination framework. This will provide an opportunity to increase the
consistency across different laboratories, and will allow an additional benefit of interagency

interoperability to be realized.

A critical review on recent advances (1998-2018) in forensic textile damage analysis was published by
Williams [9]. He noticed some excellent work conducted on improving various aspects of textile damage
analysis. But he also pointed out the quality and the lack of consistency across the discipline as one of the
major challenges. He suggested that a clear and robust interpretational procedure needs to be developed.
A recent repository (Research4Justice) may allow for access to a viable data set to be used within an
interpretational framework. Another challenge remains the distinction between crime related damages and

those related to normal wear.

For improving textile damage analysis Schotman et al.[10] proposed a classification scheme used for
casework in their laboratory. This scheme was refined after a validation study conducted on known
damaged samples by six examiners. Indeed the validation highlighted that at least two (or more)
examiners provided erroneous answers for 15% of the damaged samples. Errors were attributed to
insufficient knowledge (for a specific type of damage), overinterpretation and ambiguity of terminology.
The authors strongly encourage examiners — even experienced ones — to make use of collaborations

and/or simulations.

Concerning stabbing Benson et al. [11] developed a horizontal stabbing machine with an interchangeable
knife holder to simulate stab events. The machine provides reproducible stab performance independently
from (a) human volunteer(s) in simulation experiments. Creating textile damage under standardised
conditions will assist the current practices of textile damage analysis, and improve investigations in stab
events when examining weapons of interest. Another study [12] concerned the development of stab
resistant protective clothing. Metal coated woven fabrics were tested under vertical stabbing loads. A
model was elaborated to test various parameters of both the textile and the knife. In case of high velocity
stabbing the model suggests that the influence of the blade geometrical property (blade thickness) is
limited.

Concerning ballistic impact Carr et al. [13] investigated the influence of a bleeding layer on the
appearance of the textile damage. The bleeding layer did not affect the perforation of the fabric specimen
(hole size) but affected the appearance of the textile damage by a dispersion of the bullet wipe. McPhee et

al. [14] studied the appearance of damages caused by different types of arrowheads in clothing.
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Depending on the textile properties the clothing first reduced to a certain extent the penetrative capacity
of the arrows. All of the arrow types caused damage to the clothing. The greatest damage originated from

a bladed broadhead while a blunt arrowhead caused the least damage and penetration.

Fibre damage
The degradation of natural and synthetic textiles was investigated during summer and winter seasons [15].

The pure cotton fabric was visually clearly degraded and the polyester fabric not (apart from some
discolouration). The blended fabric (cotton — polyester) degradation was somewhere in-between in
appearance. FT-IR measurements were conducted to support visual observations. Degradation patterns
were noticed in the spectra of the pure cotton fabric but less distinct in those of the blended cotton fabric.
The polyester part of the blended fabric might have inhibited the degradation of cotton. Polyester spectra
did not show any sign of deterioration. A season’s effect could be noticed on the rate of degradation,

beginning at a later stage during winter.

Nizio et al. [16] designed an experiment for producing a natural training aid for cadaver-detection dogs. A
set of cotton fabrics was buried together with six pig carcasses and a second set of control samples was
buried separately. The carcasses were exhumed after 1, 3, 6, 12, 18 and 24 months. Up to 6 months the
surrounding soil was wet (remains of soft tissue), then the carcass tends to progressively skeletonize
(surrounding soil more and more dry). After one month burial the textile sample associated with the
carcass was very discoloured. Then only the textiles located underneath the carcass were preserved but
becoming smaller over months. After 24 months, the textile was almost completely disintegrated except
the seams and small sections attached to the seams. The authors suggest that the moisture (presence of
soft tissue) improved the preservation of the cotton samples. Indeed the control samples were found to

degrade more rapidly and were already disintegrated (except seams) after 12 months.

Significance of evidence
Schwendener et al. [17] studied the presence of background fibres in body bags used in Australia. Indeed

if the trace recovery is not performed at the scene, this could rise contamination issues during the
manipulation and transportation of a body prior to the recovery. The authors examined fifteen body bags
from four Australian jurisdictions or laboratories and detected impurities such as fibres and unidentified
particles in each examined body bag, with an estimated average of 3603 coloured fibres and 1429
unidentified particles. In addition, in some cases pieces of fabric, hairs and parts of insects or feathers
were also observed. Previous to the study a survey was conducted to examine the standard procedures of

trace collection throughout Australia. It was found that in 22 out of 38 services trace recovery is
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sometimes, normally or always carried out at the morgue. Therefore, it is crucial for forensic scientists to
be aware that background fibres can be present in relatively high amounts in a body bag.
The importance of trace recovery at the scene is also pointed out by Schnegg & Massonnet [18] in their

review on trace collection and will be discussed in the chapter ‘Evidence collection’.

Transfer and persistence studies
A review covering transfer, persistence and detection parameters was written by Schnegg, Palmer &

Massonnet [19]. The review is in French and overviews very well and completely the existing literature
with respect to transfer, persistence and detection. The authors also discuss the interpretation level and
more precisely the necessity of performing experiments to assess the parameters in a case scenario. They
distinguish between simple actions (manual or with machines) and realistic case simulated actions.
Although both provide important data, case simulated experiments can be crucial to correctly evaluate the

transfer and persistence parameters in a Bayesian interpretation framework.

Schnegg et al. [20] provided a valuable contribution to the significance of evidence in a smothering case
scenario. They performed simulated smothering experiments with a pillowcase as well as the legitimate
scenario of sleeping on that pillowcase. The experiments were carried out with a total of 50 repeats for
each scenario and by 5 individuals with two different pillowcases (both 100% cotton but with varying
sheddability). The individuals were left a certain amount of freedom (as to the smothering technique,
facial care and facial hair) to mimic realistic conditions. The results indicate that the amount of fibres
transferred to the victims face is significantly higher in the smothering scenario compared to the sleeping
scenario. However, the amount of transferred fibres is also highly impacted by the sheddability of the
pillowcase. Therefore the sheddability of the donor fabric should always be assessed when interpreting

results in a smothering case.

The strength of the fibre evidence in a case where a young victim was found underwater and where
mostly single fibre traces were detected besides small amounts of fibre collectives indistinguishable from
the parents clothes (mainly wool) was further assessed with experiments to evaluate the possible
contamination with fibres from the river water [21]. Two homemade dummies were dressed in white
cotton T-shirts and immersed during 15 days in the same river as where the victim was found. The
experiments highlighted that fibre collectives could be brought by river water onto a victim, but this only

concerned blue and grey-black cotton in low amounts (5 fibres or less).
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The secondary transfer of fibres to seats and more specifically the effect of a time delay between the
primary and the secondary transfer is investigated by Palmer et al. [22]. Two donor garments (composed
of cotton and polyester fibres respectively) were used for the experiments. Transfer of the constituent
fibres to a white acrylic top was simulated in a hug-scenario followed by a secondary transfer to a nylon
tightly-woven seat. The experiment was repeated with different time laps between the primary and the
secondary transfer, from 0 to 24h. The results indicate that the number of fibres secondary transferred is
inversely proportional to the time interval between the primary and secondary transfer. The authors also
noted that the number of secondary transferred cotton fibres is higher (one order of magnitude) compared
to the polyester fibres.

Slot et al. [23] consider the use of flock fibres as invisible tracers. Therefore, they studied the transfer and
persistence of flock fibres during a car exchange, which is a frequently encountered scenario during
criminal activities according to case reports by the Dutch police. The flock fibres are deposited by the use
of a custom built spreading jar on a car seat (or model thereof), transferred to a secondary surface (person
or model thereof) and subsequently a tertiary surface (car seat or model thereof). Flock fibres were
recovered in high numbers from the tertiary surface indicating that the proposed method can serve as
invisible evidence. Additionally the authors report the effect of different parameters such as flock length

and type of car upholstery on the transfer and persistence of the flock fibres.

Evidence collection/recovery
Schnegg & Massonnet [18] reviewed the collection of trace evidence at the crime scene. They rightfully

stress the importance of collecting trace evidence at the very outset of a case. The authors review
traditional fibre collection methods with especial focus on tape lifting techniques, such as 1:1 tape lifting.
This crime scene technique offers great advantages over other technigques. Apart from its efficiency, it
allows for preservation of the fibre distribution, which is important in relation to reasoning about the type
of contact that took place during the commission of the crime. Especially, at the end of a criminal
investigation, alternative scenarios are often proposed by the defence or two suspects may accuse one
another. If proper evidence collection did not took place at the crime scene, the issues that arise in this

final stage can never be examined.

Samlal-Soedhoe et al. [24] studied the simultaneous recovery of fibre traces and biological traces (saliva
and skin cells) using a mini-tape lifting technique. These authors tested the fibre stability after a routine
DNA isolation procedure. In most cases polyester fibres are not at all affected by DNA extraction.

However, for cotton fibres, alterations are frequently noted, i.e. some components can be washed out. The
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fibre recovery of the mini-tape technique is somewhat lower (about 80%) than for the usual tape lifting,
which could be compensated by extra taping after mini-taping. Also, after DNA isolation, fibres lost from

the mini-tape can be retrieved on the filter of the DNA isolation vials.

Bucknell & Bassindale [25] examined the effect of the air displacement caused by surveillance drones on
yarn fragments seeded on several common floor types. This study showed great disturbance and loss of
yarn fragments on smooth surfaces (such as linoleum and vinyl tiles) at all tested drone flight heights (0.5
— 3.0 m) and all tested drone take off distances (0.5 — 2.0 m). Only rougher surfaces (carpet tiles and bath
mats) can retain some of the yarn fragments. The authors draw prudent conclusions after these
experiments with yarn fragments. However, in our opinion, using surveillance drones at a crime scene

will inevitably have disastrous consequences for more volatile evidence such as individual fibre traces.

Instrumental methods
Automated fibre search
Wetzer & Lohninger [26] described a computer algorithm to separate fibre structures from the background

noise using grayscale images. Furthermore, the different colour channels in RGB images are used to
segment colour images that enable automated search. This preliminary work will be used to perform

automated measurements using a confocal Raman spectrometer.

Microspectrophotometry (MSP)
Chemometric analysis on MSP spectral data has been applied by several authors.

Reichard et al. [27] examined the possibility of classifying 10 polyester fibre sets dyed with one and the
same yellow disperse dye of different dye loadings. Successful classification of the data sets occurred

when 3 dye loading classes (low, medium and high) were considered.

Sauzier et al. [28] conducted research on 11 sets of acrylic fibres dyed with different combinations of
basic dyes. The visible absorption spectra obtained with MSP were subjected to chemometric data
analysis in order to provide a more objective comparison between known and questioned fibres. Correct

exclusion was obtained 98% of the time, while correct inclusion occurred in 91% of all case scenarios.

Heider et al.[29] examined the possibility to distinguish between the fluorescence emission spectra
caused by fluorescent whitening agents (FWAS) present in 7 different detergents. Fabric swatches of acid
dyed nylon and basic dyed acrylic fibres were submitted to 5 washing cycles and the fluorescence spectra

of individual fibres were recorded. Although the spectra were very similar, principal component analysis
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on the spectral data allowed to resolve 8 different detergent pairs for the nylon fibres and 5 different
detergent pairs for the acrylic fibres. If a detergent pair was resolved, either correct classification or false
negative exclusion of spectra took place. In none of the cases false positive inclusions were noted. No
significant difference was found for testing the spectra of fibres coming from fabric swatches that were

subjected to an extra washing cycle, hereby simulating the effect of ‘extra washing after the crime’.

Raman and infrared spectroscopy
Best practises for fibre analyses by Raman spectroscopy were proposed by De Wael & Lepot in the third

edition of the Encyclopaedia of Spectroscopy and Spectrometry [30]. Some practical examples are

illustrated for dyed fibres as well as for undyed natural and man-made fibres.

The SERS technique used in combination with silver nanoparticles was investigated in order to (a)
validate the use of the technique in forensic science [31] and (b) try to selectively quantify a binary
mixture of two dyes with very similar chemical structure [32]. The technique was proven to be reliable for
identifying molecules of forensic interest. A lack of repeatability and reproducibility were observed
depending on the type of molecule to be analysed and more specifically to its interaction with the SERS
substrate. The intensity of the spectra was always fluctuating and brought some degree of error in

guantitation of dye mixture even when using calibration models.

The deterioration over time of polyurethane foam was studied in various conditions using Raman
spectroscopy and other techniques [33]. Open air conditions often lead to obvious deterioration of the
foam by a combined action of light and oxygen. In such severe conditions the discolouration of foam can
easily be observed by optical microscopy or by colorimetry. Early stages of deterioration were only
detected using vibrational spectroscopy by monitoring the relative intensity of specific bands. Raman
spectroscopy was found more sensitive than infrared spectroscopy, especially for distinguishing storage

conditions.

Peets et al. [34] proposed a rapid classification of textile blends using ATR-FT-IR and principal
component analysis (PCA). Blended fabrics appear inhomogeneous regarding the sampling area of the
micro-ATR accessory and 25 spectra per sample were collected at different parts of the textile in order to

get a realistic semi-quantitative composition of the material.

A rapid characterization of bicomponent fibres was achieved by FT-IR spectroscopy using different

modes and accessories [35]. The study was conducted on sheath (polyethylene) — core (polypropylene)
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fibres. The ATR accessory can lead to the pure signal of the polyethylene (sheath) while other modes
provided a mixed infrared signal. By comparing different FT-IR modes bicomponent fibres could be

detected and their complex composition solved.

The relationship between cross-sectional shapes and FT-IR profiles in synthetic wig fibres was
investigated [36]. These two characteristics were found dependent contrarily to colour which was found
to be independent. The study showed that most of the 41 collected wigs were blended into a variety of
cross-sectional shapes (highest discriminatory power). The chemical composition within a given wig was
mostly modacrylic (which was sometimes blended with PVVC), polyester and polypropylene fibres were
also observed. The cross-sectioning is thus important to increase the discriminating abilities of the FT-IR

analysis.

Chromatography
Burnip [37] conducted research using ultra performance liquid chromatography and spectral analysis

(UPLC-DAD) for the characterisation of dyes from man-made fibres exposed to weathering and
laundering effects. Dye detection of short-length acrylics, polyester and nylon fibres was possible after
subjection to a range of controlled humidity and temperature conditions. Fabrics that were exposed up to
one year to outdoor conditions contained less dye due to photo degradation. All original dye components
were present, although the dye proportions had changed over time. The effect of laundering on dye
detection was investigated for up to 50 washing cycles using different detergents, some with bleaches

others with stain removers.

Groves et al. [38] revisited high performance thin chromatography HPTLC. The authors report of a
validation of this method, examining the effects of different parameters on the retardation factor of eluted
dye bands of a reference dye mixture. Out of 4 different brands of TLC plates, the EMD Millipore plate
showed the best separation and least band broadening. Activation of the plates was found to be
unnecessary and a saturation time of 2 hours was sufficient to obtain reproducible results. A developing
distance of 3.75 cm was optimal for band separation. The stability of the standard eluent was found to be

5 days.
The same authors [39] published work on the development of a dye reference library set up for dye

identification. A collection of 300 relevant textile dyes was analysed by several analytical methods, based

mainly on HPTLC and Raman microspectroscopy. Additionally, infrared microspectroscopy and MSP
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(UV-Vis and Vis) may be used in case the dye causes fluorescence. The building of such a reference

database of dye characteristics is a step forward in the identification of textile dyes.

Hu et al. [40] described a HPLC-MS/MS method applicable on disperse dyed polyester and acrylic fibres
of short length, after dye extraction with acrylonitrile. Extraction for other dye-fibre systems was not

explored yet.

The application of a HPLC-DAD-MS method for dye analysis in case work was presented by Schotman et
al. [41] The method was found to be robust and of high discrimination and is used in routine case work at
the Dutch forensic institute.

Kato et al. [42] analysed fifty black polyester glove textiles by liquid chromatography/ -linear ion-trap
tandem mass spectrometry (LC/LIT-MS") and microspectrophotometry (MSP). The discrimination of the
1195 pairs was higher for the combination of LC/LIT-MS" and MPS (99.2%) compared to MSP alone

(95.9%). Five kinds of disperse dyes where used on average to dye the black textiles.

Emerging techniques
Sultana et al. [43] reports of a method in which an automated microfluidics extraction device (MFD) is

coupled to a quadrupole time-of-flight (Q-TOF) mass spectrometer for the analysis of acid dyes extracted
from their polyamide fibre substrates. The dyed nylon fibres are extracted with the in-house made MFD
using pyridine/water (4:3 v/v) as extraction solvent. Then, the extract is introduced to the mass
spectrometer with electrospray ionisation (ESI). MFD-MS is used for analysis of the elemental
composition and isotopic distribution. MFD-MS/MS is used for successful structural elucidation of the
dye compounds present in individual fibres of limited length. The total time for extraction and dye

identification is kept under 12 minutes.

Cardoso Santos et al. [44] performed a study into the elemental composition of printed woven fabrics
using laser-induced breakdown spectroscopy (LIBS) and chemometrics. Although it is not evident to
apply this method in forensic case work, it shows great potential. A mapping of the elemental

composition of the print on the fabric surface was obtained by using the first laser pulse and detecting the
atomic and ionic emission lines. The elemental composition of the deeper layers, i.e. the fabric substrate,
is obtained by consecutive laser pulses. The method has advantages over inductively coupled plasma
optical emission spectroscopy (ICPOES) and the results were confirmed with wavelength dependent x-ray

fluorescence spectroscopy (WD XRF).
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Identification of fibres
Identification of vegetable fibres can sometimes cause difficulties. Summerscales [45] reviewed all

forensic identification methods for commonly used bast fibres (flax, hemp, jute) and methods to
differentiate them from leaf fibres (abaca and sisal). These authors describe a range of microscopy
methods, such as bright field microscopy (morphology, cross sectional shape after microtomy),
polarization microscopy (modified Herzog test, crystal test) and electron microscopy (external
morphology). Spectroscopic techniques, such as infrared and Raman spectroscopy can also be used.
Furthermore, some chemical, mechanical and thermal tests are described. Finally, DNA analysis allows

for a clear differentiation between all vegetable fibres originating from different plant species.

Quality aspects
Validation or improvement of recovery or instrumental methods and in the field of damage analysis are

mentioned in their respective chapters.

Forster et al. [46] conducted a photofading study on cotton dyed with three direct dyes, at different dye
depths. Photofading occurred already after only a few minutes exposure to UV and visible light in each

experiment, but this bleaching effect was more pronounced for the lighter shades.

During the ETHG (ENFSI working group) meeting in Zurich (2018) most participants said to be
favourable of harmonising practises within Europe. This could be achieved through the update of the Best
Practice Manuals (BPM), training of practitioners, the use of standards for working and reporting and a
common interpretative framework.

Updating of the BPM is ongoing in most of the ENFSI working groups since 2019.

Thanks to European funding the Twinning Project (Serbia “Fight Against Organized Crime) connected an
emerging fibre lab to an experienced lab giving support and training. The emerging lab developed a full

working infrastructure from quite nothing and is now ready to apply for accreditation.

Another training programme is the Work Package G5 ‘Development of a Training and Education Concept
for Forensic Hair and Fibre Experts’ which is part of the STEFA project (EU Direct Grant to ENFSI
2016) that will propose online learning for fibre and hair practitioners. A survey was sent to ETHG
working group members questioning the training occurrence and possibilities in their institutes. The
working group members are generally allowed for max. 5 days of external training per year, and more in

the case of internal training. All kind of practises proposed for training were said to be interesting, with a
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preference for fibre interpretation and fibre identification. All topics were said to be important for
harmonization within Europe. The e-learning platform will first focus on trace recovery, reference
material and microscopy. Other topics such as MSP and Infrared spectroscopy, will be developed in a

second phase.

Textile industry/new fibres
New developments in the textile industry follow the trends exposed in our previous review [1]. General

information and internet links on textile production and new products can also be found in that review.

The final chapter in the third edition of the handbook ‘Forensic Examination of Fibres’[2], entitled
‘Future Trends for Forensic Fibre Examination’ also covers new fibre developments. Among other things
‘smarts textiles’, ‘nanomaterials’, ‘green materials’, ‘composite and bicomponent fibres’ and ‘recycled

material’ are discussed.

Although not new, the trend versus eco-friendly fibres is expected to gain popularity as general awareness
around ecology is increasing. Examples of eco-friendly fibres are:

- bamboo: cellulosic fibre or regenerated bamboo fibre (bamboo viscose)

- soy: regenerated fibre from protein source

- tencel (lyocell): regenerated fibre from a cellulose source

- flax and hemp (common)

It is not uncommon to come across recycled fabrics in forensic labs. As they are composed of a blend of
many different fibre types they represent a challenge for the fibre examiner to identify and search its
constituent fibre types. The 2017 ETHG collaborative exercise involved the characterization of a recycled
fabric. The aim of this part of the exercise was to get an insight into the different lab’s strategy on dealing

with these difficult known materials.

A recent review on textile production and waste pointed out new challenges for textile industry [47]. The
author stated that the linear economy model (take-make-waste) underlying the textile and clothing sector
is nearing its end. Global production of cotton and polyester, the two key fibres for the textile industry, is
predicted to grow by 40% in the next 5 years. The importance of the transition towards a circular
economy has been noticed in the European Union (EU). A major momentum of this transition was the
creation of the Circular Economy Package and its adoption by the European Commission on December 2,

2015. The Circle Economy estimates that an 84% increase in the demand for textile fibres in the next 20
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years will stretch resources to their breaking point. Today, many consumers tend to purchase more than
they really need and treat the lowest-priced garments as nearly disposable. Some estimates indicate that
such garments are likely to be discarded after just seven or eight wears. Wearing clothes longer, effective
recycling of textile waste and reusing it as raw materials could largely reduce the demand for the end
products and fibres. At the moment only 20% of clothing waste is collected globally for reuse or
recycling. The remaining 80% is landfilled or incinerated, which results in a great loss of energy and raw

materials.

The 2018 CIRFS (European Man-made Fibres Association) report [48] stated the following trends: ‘the
report shows continued and solid growth of the world’s man-made fibres industry while cotton and wool
shares stagnate. It confirms the strength of global production of man-made fibres, and their dominant
share in world demand for fibres. Man-made fibres represented 75% of all textile fibres produced
worldwide, this percentage going up to 81% in Europe’. The latest U.S. Department of Agriculture
(USDA) estimates for 2018/19 [49] indicate : ‘world cotton production is projected at 1 percent below the
previous season. Although lower harvested area is expected in 2018/19, a record global yield is projected
to keep the 2018/19 global cotton crop at the fifth highest on record. For 2018/19, cotton consumption is
forecast to expand 3.8 percent, following a 6-percent growth rate in 2017/18. Consumer demand for
cotton products is expected to remain strong in a number of countries, including the United States,

supporting higher global consumption’.

Knots and ropes analysis
Chisnall [50] performed a knot survey on Figure Eight knots. This knot used to be wrongfully considered

achiral. The chirality of this knot is explained and is compared with everyday knots such as overhand
knots, half hitches and half knots. The majority of volunteers tied Figure Eight knots and Overhand knots
of the same chirality. This correlation is less obvious for the chirality of Figure Eight knots and that of
Half hitches or Half knots.

Chisnall also published on general insights of tying behaviour and knot sophistication [51].

Evidence interpretation
The debate on the interpretation of evidence is fed by a contribution by Arscott et al. [52] on the

perception of verbal expressions of the strength of evidence. Previous empirical studies had reported
some issues with regard to the use of verbal expressions. Arscott et al. choose a participant group of 230
individuals (lay people, legal professionals and people with some forensic or investigative knowledge)

who were presented with a case summary and a verbal expression of the strength of evidence which was
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randomly varied. The participants were invited to indicate their perception of the strength of evidence on
a scale from 0 to 19. The results indicate that the perceived strength of evidence generally followed the
intended strength of evidence with some notable exceptions. These exceptions were mostly related to
differentiating between the ‘strong’, ‘very strong’ and ‘extremely strong’. The three groups performed in
similar manners. The authors suggest that we may not be able to assume that decision-makers will be able

to discern between these expressions.

This claim is disputed by Berger & Stoel [53] in their letter to the editor. They argue that the study
wrongly assumes that all participants understood the concept of evidential strength, as in practice it is still
common to encounter examples of misinterpretation and misapplication even by forensic scientists
themselves. The authors suggest that the inherent problem is not the perception of the verbal expressions
themselves but rather the level of education and understanding of evidence evaluation and basic decision
theory of the people formulating and interpreting the verbal expressions.

The issue of training forensic staff is also addressed by Biedermann et al. [54] in their paper. They discuss
the implementation of the ENFSI standard for reporting evaluative forensic evidence (so called M1
document) and strain the importance to act now to address the topics in forensic interpretation. Indeed,
ENFSI has funded a series of projects that come under the general theme ‘Strengthening the Evaluation of
Forensic Results across Europe’ (EU Direct Grant to ENFSI 2010 MP STEOFRAE) and that answer to an
urgent need for the development of standards and guidelines for the evaluation and reporting. However,
budgetary restraint at the forensic services, and different opinions across the forensic science community
cloudy and retard the strong united commitments. The paper overviews the core principles of the M1
document and explains why the initial standard was ‘reduced’ to a guideline. The resistance towards the
standard was found to be more related to the receiving community not being adequately trained to

understand the formulations rather than to the proposed framework for interpretation itself.

The topic of interpretation also takes in a more prominent place at the latest European Textile and Hair
Group ETHG meetings. At the 2017 ETHG meeting in Leiden (The Netherlands) a workshop on
Interpretation was organized [55]. The ETHG is extremely heterogeneous with respect to the level and
experience of their members with the proposed framework for interpretation by the ENFSI guidelines.
Therefore three sessions were organized simultaneously: Basic principles of Bayes, Formulation of
hypotheses and Calculation of the LR with SailR. SailR is a software developed by a working group to
calculate the LR at source level. At the 2018 ETHG meeting, Friedmann gave an update about reporting

and testimony in USA [56]. In response to the PCAST report on forensic science in criminal courts
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(September 2016) new standards were developed and scientists are allowed to say that characteristics are
consistent but they are not allowed to identify a source. In the future they will be allowed to use validated

databases to assess the rarity of a trace.

Powell et al. [57] developed a spectral database for fibre evidence and use this database for evaluative
comparison cases as well as investigative modus. The database was initially developed in response to a
growing need for performing fibre comparisons in Western Australian ‘major/serious crime’
investigations. The database contains over 20,000 normalised and first derivative spectra of casework and
was validated intra-laboratory as well as inter-laboratory. The database can be used to assess the rarity of
a fibre type but a strategy was also established for large fibres cases where no comparison garment is
available (investigative case). The database strength is that it allows for cross-comparisons between all
fibres in order to identify distinct fibre groups in an investigative case.

The database was presented to representatives of the Australian and New Zealand laboratories at the
Chemical Criminalistics SAG Fibres Database Workshop organized by ChemCentre in Perth, Australia
(September 2018). The goal of the workshop, beside increasing inter-laboratory collaboration and
knowledge-sharing, was the future sharing of data between labs to increase the size of the database. A
discussion on the evaluation of fibre evidence was intended and common practises with respect to the
interpretation of fibre evidence in Belgium and New Zealand were presented. The database was very well
received and the workshop ended with a discussion on the way forward to promote the use of the

database.

The future
More than ten years after unsuccessful tests of the Maxcan Fiber Finder new efforts are now deployed to

provide automatic search of fibres on tapes. A recent publication is provided in the section ‘Instrumental
methods’. A new project financed by the European Commission (H2020-SEC-2016-2017, Grant
nr786913) has recently started: SHUTTLE, acronym for ‘Scientific High-throughput and Unified Toolkit
for Trace analysis by forensic Laboratories in Europe’. The SHUTTLE toolkit will consist of an
automated microscope that will acquire high quality images of recovered microtraces on tapes. The
acquired images will be processed automatically (classification algorithm) and an overview of available
microtraces will be reported. The data will be stored in a computer database, thereby facilitating future
data analysis, such as sourcing of microtraces and forensic comparisons. The project will focus on blood,

skin cells, gunshot residues, hairs, fibres, and saliva.

150



The development of fibre databases is also very crucial for both automatization and interpretation
purposes. The actual (old fashioned) way to build databases is to collect reference pictures and spectral
data from known fibre samples (each sample being a record of this database). Nowadays, data processing
(artificial intelligence, machine learning...) are very efficient in providing automated search on CCTV
images for instance. Such data treatments could also be valuable for processing microscopic images in a
forensic context. This will involve the development of accurately documented image databases. Databases
also remain important to evaluate the rarity of fibre evidence and to be able to report balanced

conclusions in an objective way (as largely discussed in the chapter ‘Evidence interpretation’).

Chemometrics are more and more often used in the forensic community (a) for discriminating data and
(b) for providing an objective comparison of data. These techniques are very convenient to use for
highlighting small or even tiny variations in spectral data for instance. However, care must be taken not to
use them as a ‘black box’. Validation studies remain important to carry out both on the software used and

the processed data.

Summary
Several studies related to forensic fibre examinations were published in the period 2016-2019. A

considerable amount of research was dedicated to transfer and persistence studies as well as other studies
contributing to the significance of fibre evidence. An increasing interest in the field of damage analysis is
observed. Several authors report on the need for consistency and simulations when dealing with textile
damage analysis. The publications relating to high-performance chromatography for fibre analysis show
that this technique is suitable for fibre dye identification and that it can be applied in casework. There is a
global trend towards harmonization and standardization with training as an important step in this process.
In the case of fibre evidence, a EU funded project started which involves the development of an e-
learning platform with harmonized and widely-supported courses. The importance and urgency of correct

training is also stressed by several authors with respect to the concept of evaluative reporting.
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1. Introduction

This review covers studies related to fire investigation published since the 18" International Forensic
Science Managers Symposium in 2016. The literature includes main forensic and fire-related journals and
books from June 2016 onward to complete Stauffer’s [1] previous review.

Fire investigation is a complex field of forensic sciences as it includes examinations of both the scene as a
major component and the laboratory as a minor component. Paradoxically, the number of scientific articles
is much greater for the laboratory than the scene.

The complexity of fire investigation also arises from the fact that fire investigators conduct scene
examination, and they may not have a formal scientific education even though they apply the scientific
method. Conversely, forensic scientists conduct laboratory examinations, and they do not have strong
experience in fire scene investigation, but often have a formal background in chemistry.

The literature reflects this dichotomy, as fire scene investigators publish very little in specific journals,
although (forensic) scientists saturate the literature with articles on laboratory aspects of fire investigation
in non-specific journals. As such, there are only a few publications covering the entire field of fire
investigation, from scene to laboratory.

One reference publication that has been guiding fire investigation since 1992 is the NFPA 921 Guide for
fire and explosion investigations. This guide was updated in 2017 [2]. The National Fire Protection
Association (NFPA) also published the fifth edition of the study guide for the previously cited documents
and for the NFPA 1033 Standard for Professional Qualifications for Fire Investigator, a document detailing
the training and qualifications necessary for a fire investigator [3]. Leberra published a very generic book
on fire investigation in French, heavily referencing NFPA 921 [4].

Icove and Haynes issued the eighth edition of the reference textbook in fire investigation, Kirk’s fire
investigation [5]. Lentini issued the third edition of his textbook Scientific protocols for fire investigation

[6].
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Notably, despite every effort to search for recent literature since the previous Interpol review, a 20%
decrease of the number of references was obtained. This may be a sign of saturation in the research fields
of fire investigation, notably in the laboratory aspect of investigation.
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2. Phenomenon of fire

The study of fire as a phenomenon is crucial to fire investigation. A research topic usually led more by fire
engineers or chemists than fire investigators, the results are often valuable to better understanding the
combustion properties of materials, their ignition, and fire behavior under different conditions.

As such, this body of literature is a capital asset to the betterment of fire investigation. This chapter has
been divided into three sections: combustion studies, fire behavior, and ignition studies, with the caveat
that a study may extend beyond a single topic.

2.1 Combustion studies

With the development of plant or animal-based natural fibers used in building materials and clothing,
Galaska et al. studied their heat release rate [7]. After dividing the fibers into two groups, cellulosic and
animal, they used microcombustion calorimetry and found notable differences from a heat release
perspective in fiber types from each group. The differences arise from a mix of chemical and physical
structural differences, including natural impurities or treatment during processing. Processing treatment, in
particular, showed some dramatic effects on the heat release rate.

Hirschler provided a comprehensive up-to-date review of the fire properties of poly(vinyl chloride) or PVC
[8]. With more than 50 references, he covered ignitability, ease of extinction (oxygen index), flame spread,
heat release, toxicity, and performance in real-scale fires. By comparing some the data with other materials
found in a house, he demonstrated that PV C exhibits one of the lowest heat release rate values.

Filkov et al. characterized firebrand production under experimental fires over three year’s time [9]. They
collected firebrands in three different spots and analyzed them for mass and size distribution. Also, using
thermal imagery, they measured velocity, size, and number of fire brands over two year’s time. As a result,
they found that more than 70% of collected particles were bark fragments. Particles mass ranged from 5 to
50 mg with a maximum found between 10 to 20 mg. Among other parameters studied, the authors found
an average firebrand velocity of 2.5 m/s, depending on the wind velocity.

Eftekharian et al. studied the interaction between fire and crosswind flow [10]. They concluded that fire
with a higher heat release rate would cause a greater pressure gradient and a lower density. In turn, this
would culminate in higher flow acceleration and an increase of wind enhancement.

Fernandez-Pello reviewed the most recent developments in wildland fire spot ignition by sparks and

firebrands [11]. The author retraces the processes from particle generation to particle transport, then to fuel
bed ignition.

2.2 Fire behavior
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The 2017 Grenfell Tower fire in England, with a death toll of 72 people, was a fire that highly affected the
fire protection community. Accordingly, there has been a clear emphasis in fagade combustion-related
publications since 2017.

McKenna et al. wrote a comprehensive paper explaining the fatal June 14, 2017 event [12]. The authors
conducted micro- and bench-scale tests on different types of facades to explain the speed, ferocity, and
lethality of the fire. They discovered that the polyethylene-aluminum composite panels exhibited a heat
release rate 55 times superior to that of the least flammable panels, and a 70-fold total heat release. They
concluded that if the data provided in their paper would have been readily available, it could have lead to
prohibition of combustible materials applied to the outside of tall buildings.

In the light of Frankfurt Fire Department’s findings, Hofmann et al. evaluated DIN test 4102-20, used to
approve external thermal insulation composition (ETIC) with polystyrene foam insulation [13]. About three
quarters of the fagade fires started outside the building, with about half from waste containers close to the
ETIC. Although the DIN test uses a downscale fire, the authors used a 200 kg wood crib to reflect reality.
They discovered that the ETICs showed significant differences in fire spread when exposed to a larger fire
than the DIN test calls for. As such, the authors recommended a larger scale test to validate ETIC and other
protection measures.

Wang et al. also investigated glass facades to determine their thermal breakage and influence on fire spread
[14]. The authors subjected 10 different single-coated, insulated and laminated glazings to fire and observed
their breakage time, glass surface and air temperature, incident heat flux, crack initiation, and propagation.
They concluded that insulated and laminated glass can survive longer than single glass. Laminated glass
held together after breakage, thus avoiding a new vent.

Asimakopoulou et al. investigated externally venting flames (EVF) and their influences on fire spread on
the exposed facade [15]. Using medium- and large-scale compartment-facade fire tests, they found that the
proposed norm EN1991-1-2 underestimates the EVF centerline temperature.

Full-scale composite floors were subjected to ISO standard fires in order to study their thermal and
mechanical behaviors. Li et al. used four composite slabs with different configurations of secondary beams
and reinforcement [16]. They discovered that the highest temperatures of reinforcement and steel deck
occurred during the cooling phase. Also, the location of the reinforcement significantly influenced its
temperature. They also observed deflection and torsion in some situations.

Hidalgo et al. conducted a series of twelve full-scale open floor plan enclosure fires [17]. Their goal was to
determine the energy spread throughout the volume. Their results showed a reasonably uniform dynamic
and, as such, the fire compartment characteristics can be represented two-dimensionally by considering a
plane perpendicular to the openings.

Lattimer and McKinnon published a comprehensive literature review of fire growth and fully developed
fires in railcars [18]. This study includes the standards and requirements used to regulate interior finish
materials, research on railcar interior flammability, and the potential heat release rate of railcars. The
authors recommended further research on fire in railcars.
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Liu et al. investigated temperature distribution and maximum temperature rise of a closed utility tunnel
[19]. The authors concluded that the vertical temperature distribution was stratified and symmetrical in the
transverse direction. They also observed that Li’s formula did not apply to predict ceiling temperature,
because it does not consider the temperature of the smoke in closed space. They proposed a modified
formula.

Tao et al. investigated the flame height and air entrainment rate of ring pool fire [20]. For their experiments,
they used ring pool fires ranging from 15 to 55 cm. They concluded that with ethanol, the flame height
changed slightly according to the diameter, while with n-heptane the increase was obvious. They developed
a new correlation.

Tschirschwitz et al. conducted a series of destructive tests to study the behavior of mobile gas cylinders
exposed to fire [21]. The tanks were filled with 11 kg of liquid propane, and three different fire sources
were used to simulate different heat release rates. The pressure release valve was removed on all tanks to
ensure failure. All cylinders failed in under 155 seconds, which led to a fragmentation of several major
parts thrown at a maximum distance of 262 m. They performed high-velocity recordings of the failures
along with cylinder surface measurements of pressure waves and temperature.

Hadden et al. studied the effects of exposed cross-laminated timber on compartment fire dynamics using
three different configurations [22]. They discovered that two mechanisms would prevent self-
extinguishment. First, char fall-off exposes fresh timber to high heat flux and will allow rapid pyrolysis and
an increased heat release rate. Second, pyrolysis rate is sufficiently high, due to a heat flux maintained by
radiative exchange between the linings, and sustains flaming fire.

Himoto et al. ran a large-scale experiment on fire spread within a group of model houses [23]. The houses
were built at 1/3 scale with a square footprint of 3.6 m x 3.6 m, separated by distances ranging from 0.45
m to 0.75 m. The first test, using a flame height of 7.8 m, did not spread the fire to the other houses, while
the second test, using an 11 m flame height, spread the fire to 15 of the 18 houses. The authors explained
that fire spread depends on the average mass loss rate and the maximum flame height.

Chen et al. studied the fire propagation of a package of multiple lithium-ion batteries (LIB) [24]. They
conducted different experiments measuring temperatures, pressure, and analyses of the gas released. They
concluded that once one battery in the package catches fire, thermal runaway is unavoidable to the rest of
the batteries.

Also using LIB, Ouyang et al. studied their behavior under overcharging [25]. For their experiments, they
used nickel-manganese-cobalt oxide and lithium-iron phosphate batteries with different cut-off voltages.
They measured surface and flame temperatures, voltage and radiative heat flux. They observed that an
overcharged LIB fails at the same temperature as a regularly charged LIB, but it will undergo a more violent
combustion process and is less stable.

2.3 Ignition studies
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Held and Bronnimann studied battery failure through an internal cell short circuit and its effect on the
battery system and the vehicle [26]. The authors used failure mode and effects analysis as well as fault-tree
analysis to design and analyze experiments on the battery system level. Among other conclusions, they
demonstrated that the use of lithium-iron-phosphate cells, which are deemed safe cells, did not imply a safe
battery.

Babrauskas presented a critical review on arc mapping, a method for graphically documenting a fire pattern
based on arc marks on the wiring of a structure, to identify the fire’s origin [27]. In his comprehensive
paper, citing 58 sources, he explains that valid conditions allowing for arc mapping are encountered in less
than 1% of building wiring circuits. He reminds the reader that intensity patterns created by arc mapping
are influenced by three variables: fuel loading, ventilation, and burn duration. Only burn duration could be
correlated to fire origin. His conclusion emphasized that this method should not be used unless very specific
conditions demonstrating reliability are met.

Novak et al. studied the failure of a pinched cord under various current loads and pressures as well as the
failure of a cable with an overdriven staple [28]. After 200 tests, the authors determined that the failure rate
of a pinched cord was approximately 1% under an overload circuit and preexisting damage. They also
emphasized that it may take years to occur under normal conditions, and that creating a failure in a relatively
short time would be difficult in the absence of extreme conditions.

Babrauskas studied the standards applied to gas-fired space heaters in North America in regards to clothing
textiles ignition [29]. He concluded that the American National Standards Institute (ANSI) standards
contain inadequate provisions for testing space heaters in regards to clothing ignition potential. As a result,
some space heaters that passed that standard can ignite clothing in less than 1 second. In addition, some
manufacturers fail to conduct meaningful testing, often considering that providing a product warning is
sufficient for public use. Babrauskas used three different models and was able to ignite terrycloth in less
that 30 s with two of them. The third model did not permit terrycloth ignition, showing that safe design for
that textile exists.

Beasly et al. examined the causes and consequences of refrigerator and freezer fires in residential houses
and the evidence collected by the fire investigator [30]. They observed that fires started by refrigerator and
freezer failures are more likely to spread beyond the appliance and the room of origin than other appliances,
such as dishwashers or washing machines. Finally, they identified a number of fire causes, such as starter
relay failure, PTC switch failure, mechanical defrost switch failure, capacitor failure, solenoid valve failure,
and cut-out switch failure.

Plathner and van Hees studied four different means to improve the precision of ignition detection in a cone
calorimeter: visual observation, light sensor, peak of the first and second derivatives of the mass loss, and
heat release curves [31]. They determined that a light sensor performs well unless surrounding light changes
during the test. Results demonstrated that operator-independent method is most suitable with standardized
tests.

Larsson et al. assessed the self-heating propensity of 31 different biomass pellet batches by isothermal
calorimetry [32]. The authors investigated the influence of pellet composition on its self-heating potential
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and heat release rate. They found significant differences among different batches of pellets. For highly
reactive pellets, maximum HRR ranged from 0.61 to 1.06 mW/g, while for low or non-reactive pellets,
HRR reached 0.05 to 0.18 mW/g. Presence of antioxidants bore a significant influence. Also, pine/spruce
mix pellets were significantly more reactive than all other pellet types.
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3. Fire scene examination

3.1 Origin determination

The study of fire patterns is at the base of the origin determination of a fire. In the last three years, only one
article seems to have been published on this topic. Campaneli and Avato conducted some experiments to
determine whether a small fuel package, such as a paper bin, could reliably produce a fire pattern that would
persist after flashover [33]. They showed that such a pattern could clearly survive post-flashover conditions.
Other fuel packages of similar size and configuration placed away from the origin did not produce such a
pattern. The authors also warned that ventilation flow path damage can also produce similar patterns, and,
thus, interpretation should include knowledge of the intake vent and fluid flow during fire.

Madrzykowski and Weinschenk conducted a massive series of experiments on the impact of fixed
ventilation on fire damage patterns in full-scale structures [34]. More precisely, their goal was to examine
how differences in ventilation in structure fire would influence on the resulting fire damages and patterns.
They concluded that increasing the ventilation would result in additional burn time, fire growth, and a larger
area of fire damage. Also, when considering ventilation during the investigation, the fire patterns were
consistent with the area of origin. Finally, they observed that pre-flashover-generated fire patterns persisted
post-flashover if the ventilation points were remote to the area of origin.

Maynard et al. expressed their opinions on Carman’s well-known publications from 2008: Improving the
understanding[s}:p]of post-flashover fire behaviorstiand Progressive burn pattern development‘[s}}]in post-
flashover fires [35]. They claim that Carman’s work was not intended to be a test for fire investigators’
accuracy or error rate, despite some practitioners using it as such in court and in training. They remind
readers that Carman’s work was designed to illustrate the challenges of examining fire patterns in post-
flashover fire scenes and not to conduct a thorough and systematic determination of origin. Moreover,
Carman’s work did not describe a scientific study, but a demonstration made during a training exercise.
Finally, the authors insisted on the fact that the results of Carman’s work do not represent an error rate for
origin determination in fire investigation.

As arebuttal, Beyler et al. exposed a different view on Carman’s work value [36]. Among other arguments,
they reminded readers that Carman’s work is valid and simply demonstrated that if a room is fully involved,
investigators should not narrow the origin to less than the whole room based on visual observation alone.
They also stated that NFPA 921 includes that reasoning since 2008.

Phelan promoted using a drone to obtain aerial photographs of the scene [37]. His article offers an
introduction to drone use, rather than scientific studies demonstrating the extra value of such use.

Finally, Jones and Toth presented wet and dry vacuum systems use as a supplemental technique for sifting

through debris layer by layer [38].

3.2 Cause analysis
Novak et al. studied the propensity for the formation of arc melting in receptacles as a result of fire
impingement, as well as the failure of receptacles with no attached load [39]. For the first part of the study,
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two series of tests were conducted on thermoset and thermoplastic receptacles and GFCI receptacles with
and without loads. They found that arc melting can occur from fire impingement, particularly on unloaded
receptacles. When a load is attached to the receptacle, arcing will preferentially occur on the more exposed
power cord. In their second experiment, more than 500 receptacles were subjected to water mist
(contaminated by table salt) three times a week for several months. The first failure occurred after six
months, which tripped the breaker. Unless furniture or some easily ignitable material is pushed against the
receptacle, the authors indicated that it is unlikely that the sparks would retain sufficient energy to ignite
the receptacle. Finally, they concluded that the presence of arc melting should not trigger immediate
concern, because it may have a perfectly logical explanation.

Sesniak published a paper on the visible effects of high resistance heating on receptacle terminals and their
persistence in a post-flashover environment [40]. In a preliminary experiment, he created glowing
connections on multiple electrical receptacles placed in different locations in a compartment fire. He found
that the general characteristics of a pre-fire glowing connection (e.g., darker color of the terminal, rougher
surface due to oxidation and corrosion, and radial pattern around the terminal screw hole) will generally be
visually apparent post-fire.

Iwashita et al. reported the characterization of arc beads on energized conductors exposed to radiant heat
[41]. More precisely, the authors conducted experiments on the differences in the bead formation between
a physical short (i.e., allowing the current flow through metal-to-metal contact) and an arcing short (i.e.,
current flow through charred insulation). They used Japanese and US wires of different compositions and
exposed them to radiant heat flux of 35, 45, and 55 KW/m? either until a short occurred or for 20 minutes.
They observed different results: Although the Japanese wire resulted mostly in a physical short, the older
US wire mostly resulted in arcing shorts. They also concluded that larger beads tend to occur more with
physical shorts that arcing shorts.

Wagner produced a general review on dryer appliance fires to assist fire investigators [42]. It consists in a
guide for the investigator to examine the scene and the appliance. It provides some tips and a checklist.

3.3 Case reports

Xie et al. reported a case for which three aluminum wires with different melted marks were found inside a
burned distribution board [43]. They conducted a series of analyzes on the wires, including visual and
microstructure/metallographic, chemical composition of the bead surface, and evaluation of the state of the
polymeric insulation. As a result, they were able to determine which circuit was originally involved.

Lee reported a car fire case for which the overheating a diesel filter was the cause [44]. He also reported
two other car fire cases for which the lithium battery caught fire [45]. He proposed a technique for
determining whether the lithium battery is the cause of the fire or was subsequently damaged by the fire.

3.4 Ignitable liquid residues detection
Fire investigators perform detection of ignitable liquid residues (ILR) at a fire scene before sampling. To
this effect, there are different techniques that can be used.

164



De Araujo et al. published a comprehensive review of portable analytical platforms for forensic chemistry,
citing the use of portable GC-MS for analyzing ILR [46]. Burlachenko et al. wrote a comprehensive review
of the sample handling technology for an electronic nose [47].

Lam et al. evaluated the use of a portable GC-MS, a Torion T-9 from Perkin-Elmer [48]. They collected air
samples using an active air sampling needle trap device for 2 min, and analyzed them in about 4 min. They
also analyzed water samples from the extinguishment using SPME in both headspace and direct immersion
modes for 10 minutes each. The authors concluded that the technique was useful for providing advice at
the fire scene and orienting the investigation.

More originally, Leitch et al. reported the use of Drosophila melanogaster olfactory receptors [49]. In their
initial investigation, they subjected the flies to three distinct odor spaces (i.e., ILR, human decomposition,
and living human scent) representing 24 individual compounds. These new odors elicited receptor
responses. Also, they identified individual olfactory receptors sensitive to aromatic compounds found in
ILR.

Ljungkvist and Thomsen assessed the use of ultraviolet light based on 25 years of research, 11 fire
investigations, and approximately 1’000 experiments [50]. They used a 365-nm light source. The authors
concluded that UV light can support the collection of fire samples and is particularly useful in combination
with the use of an accelerant detection canine. They added that it is possible to visualize pour pattern to
enhance debris sampling.

Hall et al. developed a new adsorbent to collect ILR by direct sampling at fire scenes [51]. They used a
mixture of limestone and British Fuller’s earth in a 10:1 (w/w) ratio. They conducted a series of
experiments, comparing theirs to other potential adsorbents. They desorb their new adsorbent using a
charcoal strip. The authors concluded that their new adsorbent covers a wide range of compounds from
ethanol to docosane.

Chen reported the interference of desiccant packets that would be used to collect ignitable liquids at a scene
[52]. Chen conducted the experiments using a Bode Technology SecurSwab, typically used to collect DNA
at crime scenes. A mixture of gasoline and diesel fuel and a mixture of oxygenated compounds were spiked
on the swabs. Analysis was carried out by passive headspace concentration followed by GC-MS. While the
swab itself showed significant contribution to the chromatogram, it did not mimic any ignitable liquid
patterns. Swabs were analyzed with and without desiccant packets, and different times were applied
between spiking and analysis, ranging from 6 hours to 1 week. As a result, the author was able to recover
gasoline after one week, and diesel fuel after 48 hours without desiccant (no recovery with desiccant). As
for the oxygenated mixture, the desiccant prevented the recovery of most compounds. The author concluded
that these swabs should not be used to collect ignitable liquids at fire scenes.

Finally, Evans and Trimber examined the decontamination procedures used by the Bureau of Alcohol,
Tobacco, Firearms and Explosives (ATF) [53]. The washing procedure for trowels used at fire scene
includes: 1. rinsing with a water stream to remove debris, 2. vigorous scrubbing for 30 seconds with water
and detergent, 3. rinsing with water, and 4. drying overnight. The authors observed that the detergent used

165



since the mid-1990s seems to be less effective now, and that trace amounts of ignitable liquid can stay on
the trowel. However, further cross-contamination scenarios could not be produced. They concluded that
ATF procedures are valid and that cross-contamination is unlikely to occur. Among different detergents
tested, they recommended the use of Simple Green Go HD as a detergent.
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4. Laboratory examination

4.1 General
Gruber et al. wrote a critical review of the use of comprehensive two-dimensional chromatography in
forensic science [54]. They dedicated a very small chapter on ignitable liquid residues (ILR).

Kim et al. conducted a comparison of the composition of volatile compounds extracted by Solid-phase
microextraction (SPME) in headspace to the true composition of that headspace (HS) [55]. Their
experiment used a PDMS fiber between 100 and 130°C. Using inverse gas chromatography, coupled with
an HS-SPME sampling method, they demonstrated that the relative composition of n-heptane, toluene, and
1,2,4-trimethylbenzene was comparable to the true compositions obtained from direct headspace vapor
analysis.

Sandercock surveyed 2’723 fire debris samples from 930 cases submitted to the Royal Canadian Mounted
Police forensic laboratory between 2011 and 2016 [56, 57]. His first observation was that 326 samples from
4.73% of the cases were refused due to improper packaging. As such, problems with improper packaging
should not be underestimated. In 63.21% of the cases, at least one sample tested positive for an ignitable
liquid; 1’159 samples tested positive. Gasoline was the most common liquid found, representing 78.34 %
of the positive samples, followed by medium petroleum distillate (7.51%), heavy (5.09%), and light
(2.42%); other distillates represented 6.64%.

4.2 Extraction techniques
ASTM standard practices were updated: E1388 (headspace sampling) in 2019 [58] and E1413 (dynamic
headspace concentration) in 2019 [59].

A new ASTM standard practice E3189 concerning the separation of ILR from fire debris samples by static
headspace concentration onto an adsorbent tube was published in 2019 [60]. This was a long-expected
update of this ASTM standard that mainly covers the common use of Tenax with thermal desorption.

Kerr wrote a general review of extraction techniques for fire debris samples, covering technique
perspectives, such as solvent extraction, headspace, solid drop micro-extraction, activated carbon, and
SPME, and also ignitable liquid and the sample perspectives [61].

Suzuki et al. used a Needlex (i.e., an extraction needle that contains an adsorbent — the composition of
which is not described in the paper — but is possibly a methacrylate co-polymer) to extract volatile organic
compounds (VOCs) from fire victims’ blood [62]. They found a series of VOCs compatible with ignitable
liquid as well as interfering products within the victims. They were able to readily differentiate victims of
building fires, self-immolation with kerosene, and self-immolation with gasoline. They concluded that
analysis of blood combustion-derived volatile substances enabled them to identify the type of fire-related
death, otherwise impossible with a conventional autopsy.

Grafit et al. developed a protection device for SPME fiber as an application to ILR extraction [63]. In order
to counteract the delicacy of the SPME fiber, often a problem during extraction, the authors explored the
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use of a protector made of aluminum 6061 with 18 holes that comes over the fiber. Because this protector
reduces the direct exposure of the fiber to the headspace, the authors conducted different tests to ensure the
propensity of the SPME fiber to adsorb ILR. They observed that the chromatograms were only partially
similar between the fiber with and without the protector, a distortion toward low molecular weight being
present with the protector. They explain that phenomenon through a heat sink effect of the protector around
the fiber, which will decrease the temperature around the fiber. Given that the SPME fiber will naturally
induce a shift toward the heavy end of the ILR compared to other extraction techniques, they concluded
that the protector cancels some of this effect.

Sandercock explored the use of activated charcoal cloth (ACC) as an alternative to activated charcoal strip
(ACS) [64]. Using Zorflex double weave CC, originally made from viscose rayon, he performed
simultaneous extraction with an ACS in the same can. Careful attention was placed on using ACS and ACC
of the same weight. He observed that ACC extract was consistently more concentrated than its ACS
counterpart, which may be the result of more available active sites per gram. He tested the influence of
moisture, which was similar for ACS and ACC. Overall, the extraction performance between ACS and
ACC showed that the compounds were extracted in similar relative radios, except for a smaller amount of
lighter alkanes with ACC, while ACC provided a more concentrated extract throughout the tests.

4.3 Analytical techniques

ASTM standard test method E2881 for the extraction and derivatization of vegetable oils and fats from fire
debris and liquid samples with analysis by gas chromatography-mass spectrometry was updated in 2018
[65].

Martin Fabritius et al. investigated thermal desorption of an activated charcoal strip used in passive
headspace concentration extraction [66]. After conducting a regular passive headspace concentration
extraction using a traditional ACS, the authors used a fraction (about 8 mm?) of the ACS to place it in a
glass tube for automated thermal desorption (ATD). Desorption was carried out for 10 min at 265°C, and
analytes were concentrated on the cold trap of the ATD. They compared their thermal desorption to a
solvent desorption with pentane using GC-MS analysis. A visual comparison of the chromatograms
demonstrated that the thermal desorption provides identical results to solvent desorption. It presents the
advantage of not having a solvent peak and, consequently, low molecular weight compounds can be
identified. Though, it has the disadvantage of not being able to extract heavy weight compounds, such as
the C20+ from candle wax in this study. The increase of the thermal desorption to 300°C did not change
these findings.

Sampat et al. experimented on ignitable liquid profiling using GCxGC-FID and GCxGC-TOFMS [67].
They analyzed 32 neat white spirit samples from six different manufacturers in order to study their
differences and variations between brands and over time. In both techniques, they used a DB-1 column
followed by a DB-17. They applied principal-component clustering analysis on a total of 67 target-
compounds in order to characterize each sample. Aside from one liquid, which was clearly differentiated
from the others, it was not possible to obtain discrimination based on brand. They concluded that their
findings provided some valuable forensic information by demonstrating the temporal variation in white-
spirit products and recommended further research in this regard.
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Nizio et al. used a GCxGC-TOFMS to achieve near-theoretical maximum in peak capacity [68]. As a result,
they reached a level 17% below the system’s theoretical maximum of 11.2. The chromatograms produced
were ordered, displaying distinct patterns of structurally-related compounds, which allows for the rapid
classification of ignitable liquids.

Barnett et al. explored direct analysis in real time mass spectrometry (DART-MS) as a new, faster,
technique for analyzing ignitable liquid and their residues [69]. In their study, after optimizing the
temperature of the helium gas stream to 350°C, the authors conducted a series of neat ignitable liquid
analyzes using the Quickstrip sampling technique. For ignitable liquid on substrates, the authors used a
thermal desorption of a small portion of the sample or Q-swabs to collect samples from the flooring
surfaces. Although the technique allows for an excellent discrimination between neat ignitable liquids,
application of multistep classification with partial least discriminant analysis was necessary to classify
ignitable liquid residues from different substrates with a rate of 98%. The authors concluded that DART-
MS offers promising results and can even offer complementary information to GC-MS in some instances.

Roberson and Goodpaster presented a new and fast analysis of ignitable liquid using a micro-bore capillary
column with thick films and low phase ratio as an alternative to a traditional GC column [70]. Using their
homemade column with a 50 um i.d. and a 1.25 pum stationary phase at a 5 m length, the authors were able
to perfectly analyze the ASTM E1618 test mixture (up to C14) in under three minutes. All 13 compounds
were perfectly separated. Given the small volume capacity of the column, injection volume was reduced to
200 nl. The authors concluded that their column surpassed the regular GC columns in a very fast analysis
time of 3 min.

Yang attempted to confirm Mach 1977’s demonstration of GC-MS for ILR analysis [71]. The author
conducted three experiments to identify gasoline traces on wood flooring, glazed tiles, and concrete using
an uncertain sample preparation, which appears to be acetone-based solvent extraction. Using an awkward
data analysis based on the evaluation of some disparate ions, the author claimed to identify gasoline’s
components.

Alianio-Gonzalez et al. investigated the use of headspace gas chromatography-ion mobility spectrometry
(GC-IMS) [72, 73]. A small portion of the debris is placed in a vial from which headspace will be taken
and injected in the GC. The technique generates a 2D chromatogram with retention time on the x-axis and
drift time on the y-axis. Hierarchical cluster analysis and linear discriminant analysis were used to analyze
the data. The authors were able to differentiate diesel, paraffin, ethanol, and gasoline (98% good
classification results). The authors concluded that this technique offers the advantage of a short analytical
time (less than 15 minutes) and no sample preparation.

Ferreiro-Gonzélez et al. explored the use an e-Nose fingerprint non-separative analytical method to perform
ignitable liquid analysis. In a first paper, they analyzed burned substrates with and without different ILR
on them [74]. The e-Nose system was composed of a headspace autosampler and a Kronos quadrupole MS.
Samples were placed in a 10 ml vial from which 4.5 ml of headspace was analyzed. According to the
authors, when they heated the samples at 115°C, they interestingly agitated them in order to generate
headspace. Total analysis time would be 12 min. Using a series of chemometrical tools, such as hierarchical
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cluster analysis (HCA) and linear discriminant cluster analysis (LDA), the authors were able to partially
discriminate between some liquids. However, overlap occurred between some liquids and between burned
substrates and some liquids. In a subsequent paper, Ferreiro-Gonzélez et al. used the same technique to
characterize different ignitable liquids that were poured onto different substrates [75]. Analytical conditions
were identical, except for sample heating, which was performed at 145°C. Samples were spiked with 80 ul
of ignitable liquid. Later principal component analysis (PCA) was added to HCA and LDA as post-
analytical treatments, which allowed the authors to fully discriminate between the different ignitable
liquids. In another paper, Ferreiro-Gonzalez compared their headspace-MS (HS-MS) eNose technique to
GC-MS for the ignitable ligquid and ILR analysis [76]. They concluded that both methods led to a 90%
correct classification rate according to ASTM E1618, but that the HS-MS performed faster and more
ecofriendly than GC-MS as it does not require sample pre-concentration.

Choi and Yoh used laser-induced breakdown spectroscopy (LIBS) to determine whether ignitable liquid
was used on fire debris or not [77]. They tested five types of material (i.e., electric wire, two types of floor
materials, mats, and sheets). The authors also attempted to identify the ignition source (i.e., gas stove,
disposable lighter, candle, electric stove, and aroma incense [through conduction]) and compared the effects
of extinguishment techniques (oxygen starvation vs. water). Their experiment showed mitigating results,
and the authors concluded that if LIBS may assist fire investigators, it cannot fully replace usual analytical
methods.

4.4 Interpretation

For about 10 years, chemometrics has taken an important place in the interpretation of complex fire debris
data. On that topic, Bovens et al. published the first part of a review of the use of chemometrics in forensic
chemistry [78].

Because of the data complexity obtained in GCxGC-MS, Lopatka et al. developed a new graphical
representation to look at data by dividing the chromatograms into non-overlapping spatially delimited
regions, each of which generate a local ion signature [79]. The authors then used a univariate score-based
likelihood ratio approach in order to discriminate pairs of samples. Each ILR is then classified using linear
discriminant analysis (LDA). They analyzed 155 samples of ignitable liquids and substrate compounds.
Theses preliminary findings demonstrated an ILR detection rate with 84% accuracy and less than 1% of
false positive results.

Because using total ion spectrum (TIS) for chemometric analysis removes the data obtained from
separation, Adutwum et al. investigated the potential use of segmented total ion spectrum (STIS) to identify
ILR in fire debris samples [80]. STIS retains the advantage of TIS while accounting for some retention
information. As a result, while TIS achieved 96% model prediction, STIS reached 98%. Furthermore, the
authors used a baseline removal model prediction to reach accuracies of 97% and 99%, respectively.

Peschier et al. used a different approach to identify gasoline as an ILR in fire debris samples [81]. Rather
than comparing the typical aromatic profile of gasoline, the authors investigated the high-octane blending
component alkylate as a characteristic feature of gasoline. Samples were neat and 75% evaporated gasoline.
Additionally, a fire debris simulation was made by spiking 75% evaporated gasoline on carpet. Analysis of
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neat and evaporated liquids was carried out by HS-GC-MS, while analysis of fire debris sample was carried
out by ATD-GC-MS. Alkylate profiles were detected in 99% of the gasoline samples. They mentioned the
advantage that highly branched alkylates were less distorted by microbial degradation than aromatic
compounds. The disadvantage of alkylates is that they will no longer be present with highly weathered
gasoline. However, at 75% weathered gasoline, their analytical technique allowed them to detect low
amounts in the simulated fire debris.

Using the data from the Ignitable liquid reference collection (ILRC) from the National Center for Forensic
Science (NCFS) and the Technical/Scientific Working Group for Fire and Explosions (T/SWGFEX),
Coulson et al. investigated a new model for assessing the evidentiary value of fire debris based on the total
ion spectra of neat and weathered ignitable liquids as well as from interfering products from substrates [82].
They analyzed 261 weathered samples, 625 neat liquids, and 199 substrates. They calculated base 10 log
of likelihood ratio values using a one-level Gaussian kernel density model. The authors recommended
modifying ASTM E1618 to remove analyst bias.

Akmeemana et al. identified the major chemical compounds found among the 647 ignitable liquids and 106
burned substrates contained in the ILRC and substrate database of the NCFS [83]. Based on readily
available data, the authors identified 221 major compounds by selecting the first five main peaks on each
chromatogram, 36 of which were identified in both ignitable liquids and burned substrates; 47 compounds
were identified only in substrates while 102 were identified only in ignitable liquids. The most common
compound in both substrate and IL is n-Nonane, 1,2,4-TMB, n-Decane, n-Tetradecane, n-Dodecane, n-
Undecane and n-Tridecane.

Hondrogiannis et al. evaluated the threshold for gasoline identification by GC-MS from fire debris [84].
After burning a carpet, the authors spiked it with gasoline at different concentrations. They performed
extraction by passive headspace concentration, eluting the strip with 1 ml of CS,, which provides a final
gasoline concentration ranging from 20 to 0.5 ppt. Analysis was carried out by GC-MS. They chose six
target compounds and defined a base peak and two qualifier ions. The authors calculated a set of ion ratios
using these values based on the full scan chromatogram. The compound is deemed identified when the ion
ratio measures within 20% of the one from the neat gasoline. The authors concluded that their results
support the application of their method for identifying compounds in gasoline, claiming that it can be used
to go beyond pattern matching.

Black et al. evaluated substrate contamination by ignitable liquid spills in flooded compartments [85]. They
explained that in a common house garage, many different ignitable liquids may be present on shelves, and,
during fire extinguishment, flooding could occur and, presumably, spillage of these liquids, potentially
contaminating flooring surfaces. Using a set-up that simulated a flooded compartment, the authors tested
eight different types of substrates and three different IL. They subsequently used passive headspace
concentration extraction followed by GC-MS analysis. The authors were able to identify ILR in all samples
but plywood (except two occurrences of submerged plywood with charcoal lighter as an IL). They
underscored the difficulty of collecting a comparison sample under these conditions.

Baerncopf and Beals examined the persistence of ignitable liquids on unburned fabrics [86]. The authors
varied the type of ignitable liquid and fabric, the spill volume, and the time until collection to better
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understand the influence of these different variables. Au such, they tested cotton, nylon, and a 65/35
polyester-cotton blend. Samples were cut into 6-inch squares onto which three IL (i.e., gasoline, MPD, and
HPD) were spiked with volumes of 500 pl and 5 ml. Samples were kept indoors at room temperature for 2,
12,24, 48 hours, and 7 days prior to headspace concentration extraction followed by GC-MS analysis. HPD
was found on all samples while MPD could no longer be identified after 2 hours. Gasoline (500 ul) was
only identified on cotton in the 2-hour sample, while the 5-ml volume would be identified until 7 days.
Notably, in some instances with MPD and gasoline, another ignitable liquid was identified due to
weathering.

Dhabbah performed experiments to evaluate the amount of gasoline remaining on cotton, wool, nylon, and
polyester before and after burn using SPME-GC-MS analysis [87]. The author spiked samples after burning
and kept them in a sealed bag before analysis at different times ranging from O to 4 hours. The author
concluded that no trace of ignitable liquid on burnt fabric could be detected after 2 hours, and that synthetic
fibers showed a higher retention capacity for gasoline than natural fibers.

Lampf and Evans studied the persistence of IL on unburned substrates [88]. Polyester carpeting, OSB, and
concrete were spiked with gasoline and diesel fuel and placed outdoors or indoors for up to a year prior to
passive headspace concentration extraction followed by GC-MS analysis. Diesel fuel was identified on all
substrates after one year on both indoor and outdoor samples, while gasoline could no longer be identified
on carpet indoors or outdoors after 6 months.

Agel et al. also studied the persistence of gasoline and diesel fuel on wool, cotton, silk, and polyester [89].
The authors poured the liquid on the samples before burning them and analyzed them by SPME-GC-MS.
They analyzed seven compounds for gasoline and seven for diesel fuel after placing samples in nylon bags
at different times up to 15 hours. They concluded that diesel fuel persists longer that gasoline. They did not
observe significant evaporation differences between polyester, cotton, wool, and silk samples.

Because sometimes investigators collect fire debris in unsuitable bags, Borusiewicz et Kowalski compared
the volatile organic compounds content of 28 different commercially-available polyethylene bags [90] After
confirming their composition by FTIR, they used passive adsorption on Tenax followed by GC-MS
analysis. Among all bags, 60 different VOCs were found, but only 15 were present on more than two bags.
Dodecane was present in all bags, followed by decane and tetradecane.

Belchior and Andrews evaluated the cross contamination of two brands of nylon bags used by fire
investigators to collect fire debris [91]. The authors conducted the experiment with gasoline and automotive
paint thinner (made of oxygenated solvent). A cotton rag with 10-ml gasoline or paint thinner was placed
in the bag, which was, in turn, placed in a plastic crate with 8 other bags. They analyzed gasoline samples
after 2, 4, 6, 24 hours, 4 days, 1 week, and weekly up to 8 weeks. They analyzed paint thinner samples daily
for 7 days. The authors used SPME-GC-MS extraction and analysis on both types of samples. Toluene was
detected in the one manufacturer’s empty bags after 4 days and after two weeks with the other. C2-
alkylbenzenes crossed over after 3 to 4 weeks; 2-propanone crossed to the empty bags after 2 days. The
authors reminded readers that cross-contamination can occur with heavy-loaded samples and they advised
readers to transport such samples separately from regular fire debris samples or to double-bag them to
minimize cross contamination.

172



Cheenmatchaya and Kungwankunakorn investigated gasoline permeation on four types of soils to
determine optimum soil sampling depth [92]. The authors simulated fire scenes by pouring 40 ml of a
mixture of gasoline and ethanol on a 1600 cm? surface of soil, setting it on fire, and letting it burn for 40
min by adding fire wood. They waited 24 to 48 hours before sampling at 5, 10, and 15 cm depths. Some
tests were extinguished, and some were left to burn themselves out. Passive headspace concentration
extraction followed by GC-MS analysis on five compounds confirmed the presence of gasoline. The authors
concluded 5 cm to be the optimum collection depth and that fine-textured soils were better retainers than
coarse-textured soils. Also, soils with high sand composition did not retain gasoline well.

Turner et al. studied the alteration of 50 different ignitable liquids from the Ignitable liquid reference
collection by weathering and microbial degradation [93, 94]. Weathering was accomplished through
evaporation by reducing the original volume by 25, 50, 75, 90, and 95 percent under nitrogen steam.
Microbial degradation was carried out by spiking 20 ul on 100 g of soil inside a quart can. Soil was left at
room temperature for 7, 14, and 21 days. Through (passive headspace concentration extraction)-GC-MS
analysis, the authors concluded that weathering resulted in the loss of all lower boiling point compounds
without bias and that bacteria prefer to utilize n-alkanes and lesser substitutes alkylbenzenes, with toluene
degrading first, followed by C2-, C3-, and C4-alkylbenzenes. Isoparaffinic and naphthenic-paraffinic
products were the least affected.

Birks et al. studied the effect of temperature on gasoline weathering [95]. Gasoline samples were weathered
75, 90, and 95% under vacuum, a stream of nitrogen gas, and at three different temperatures of 25, 60, and
90°C. They used GC-MS laboratory analysis t-tests and principal component analysis for statistical
comparison. They conducted mathematical simulation to weather gasoline at 120, 150, 230, and 500°C.
The authors concluded that vacuum- and nitrogen stream-assisted weathering had negligible influences on
relative distribution. When liquids are evaporated at significantly elevated temperature, heavy distortion of
the distribution can be observed. For example, the authors cited how gasoline weathered to 95% at 500°C
will show the same pattern as gasoline weathered to 70% at room temperature.

Smith et al. developed a mathematical model to predict the chemical composition of evaporated ignitable
liquid [96]. They experimented on petroleum distillates and gasoline evaporated to 30/90% of mass and
analyzed samples by GC-MS. In order to function, the model only requires the neat liquid chromatogram.
The authors demonstrated a Pearson product-moment correlation ranging from 0.920 to 0.998 with lamp
oil, although the model was limited for gasoline due to the mass of highly volatile compounds present in
the liquid but not observed in the chromatogram.

DeHaan et al. analyzed the VOCs from burned human and animal remains in fire debris samples through
passive headspace concentration extraction followed by GC-MS analysis [97]. The authors identified a
series of predominant homologous aldehydes (C5 to C9) as a significant indicator of the presence of burned
animal remains. They also identified the presence of acetone and alcohol in low concentrations in most
samples. Finally, they did not observe significant differences between volatiles produced from human
cadavers and those produced from porcine material.
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Guerrera et al. investigated the interference of clothing and endogenous body secretions and body products
using ILR [98]. The authors used four different types of clothing materials and six body products, three of
which (Vaseline, baby oil and perfume) they used on the clothing in addition to deodorant. Women wore
clothing articles for 12 hours before collection and extraction by passive headspace concentration using
GC-MS analysis. The authors concluded that components from worn clothing and transferred body products
can interfere with ILR identification. Some will mask the presence of ILR, and others exhibit a pattern
similar to ILR.

Falatova et al. evaluated the effect of two suppressions agents (foam and powder) on ILR analysis [99]
Using an HS-MS eNose technique combined with chemometrics, the authors found that the agents affected
the mass spectrum of gasoline residues. However, a linear discriminant analysis was able to identify
gasoline at all times.

After a fire in the largest illegal tire landfill in Spain, Escobar-Arnanz et al. studied the aromatic compounds
found in soil after a tire fire [100]. Soil samples of 20 g were collected at different locations of the fire.
They extracted samples by pressurized liquid extraction, and analyzed them using GCxGC-TOFMS. The
authors detected 118 volatile and semi-volatile aromatic compounds, including 104 that were identified.
Polyaromatic hydrocarbons and their alkylated derivatives were the most relevant family of compounds
detected.

Frauenhofer et al. studied the adsorption of hydrocarbons from gasoline residues on household materials
by inverse gas chromatography [101]. They experimented on six compounds and three household materials
(i.e., carpet fibers, cotton fabric, and cardboard). They estimated the molar enthalpies of adsorption and
their specific components, determined isotherms, and evaluated solubility coefficients. The authors
observed that hydrocarbons with larger molar mass had more negative molar enthalpies of adsorption and
higher solubility coefficients, thus stronger adsorption affinity regardless of the substrate. They found
cardboard to be a better adsorbent that carpet fibers and cotton fabric.

4.5 Other liguids, materials and characterizations

A first study by Martin-Alberca et al. [102] aimed to determine the alteration of spectral characteristics of
gasoline and diesel fuel when acidified. Attenuated total reflection (ATR) Fourier transform infrared
spectroscopy (FTIR) analysis demonstrated that when sulfuric acid is mixed with gasoline, oxygenated
compounds are hydrolyzed and aromatic compounds are alkylated, though alkanes do not seem to be
affected. As such, the spectrum of diesel fuel did not vary significantly.

In another paper, Martin-Alberca et al. [103] researched the effect of fuel acidification on the identification
of the IL from a fire debris perspective. As such, the authors stated that it is important for fire debris analysts
to be aware of these effects. Ten ignitable liquids from the literature never before analyzed in an altered
state were chosen. The authors used FTIR and GC-MS analyzes and observed major changes in thinners
that contained oxygenated compounds, such as alcohols, esters, and ketones. Longer reaction times led to
sulfonation of aromatic compounds. The authors warned analysts that acid alteration of ignitable liquids
can lead to a misclassification.
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In the same vein, Parsons et al. used GCxGC-TOFMS to characterize diesel fuel for acid alteration [104].
To alter fuel color and avoid taxes, some end users alter fuel color by adding an acid. To better identify
altered fuel from unaltered fuel, the authors investigated the chemical composition changes when subjected
to acid. They mixed six diesel fuel samples with concentrated sulfuric acid. They analyze data using an in-
house tile-based F-ratio software. The authors concluded that the changes with sulfuric were subtle but of
forensic value. They observed removal of alkenes and alkynes in the acid-altered version and consistent
generation of sulfur dioxide.

Barnett and Zhang also explored DART-MS to discriminate between brands of gasoline [105]. Using
Quickstrip sampling, they analyzed 39 gasoline samples from 5 gas stations over a period of 8 weeks.
Because DART-MS spectra present ion clusters corresponding to the polymeric compounds in fuel
additives, the authors were able to reach 99.9% classification rates. Further experiments on weathered
gasoline allowed them to reach 100% classification rates. They noted that polymeric ion patterns were
brand- and weathering-dependent.

Based on the premise that the stable carbon isotope ratios (0**C) of n-alkanes can be used to characterize
and differentiate diesel fuel sources, Novak et al. used gas chromatography-isotope ratio mass spectrometry
(GC-IRMS) to analyze samples and discriminate them from one another [106]. They prepared and measured
25 samples of diesel fuel three times each. They applied chemometrics to evaluate the stable isotope ratios
through HCA, PCA, and combined cluster and discriminant analysis (CCDA). The latter demonstrated that
each diesel fuel sample was chemically unique, and the authors were able to fully discriminate between the
25 samples.

In order to further investigate the possibility of identifying the source of a gasoline sample extracted from
fire debris, de Figueiredo analyzed 190 different gasoline samples from 19 gas stations collected over a
year [107]. He first placed each sample in a glass jar and extracted samples using passive static headspace
concentration on a tube of Tenax, then analyzed samples using ATD-GC-MS. He used a set of chemometric
tools to analyze data based on a list of 13 unique ions selected to establish comparative ratios. It should be
noted that the author chose these ions to correspond to real physico-phenomena used in the refining process.
The author concluded that his technique showed good prediction performances to decide whether two
samples share a common source or not.

In a further study, de Figueiredo et al. investigated the influence of evaporation and combustion on the
propensity to identify gasoline sources between two samples [108]. Using the same samples from the
previous study, the authors evaporated them to 50, 90, and 99%. They burned the gasoline down to 50, 90,
and 99% in a cone calorimeter, stopping combustion by oxygen-starvation. They analyzed all samples using
ATD-GC-MS. The authors used different sets of ratios depending on the weathering condition of the
samples. They concluded that gasoline weathering or combustion may drastically modify the
chromatographic profile. However, it did not compromise the possibility to link samples sharing a common
source.

Damavandi applied peak topography maps to GCxGC chromatograms to identify petroleum source [109].

This technique allows analysts to account for a broader and more diverse range of target and non-target
biomarker compounds.
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Kerr et al. used Raman spectroscopic mapping to identify the individual material components of a fused
mass in fire debris [110]. They constituted fused masses from different common household polymeric
materials. Raman spectroscopy was obtained by acquiring spectra on a 10 um x 10um region. As a result,
the authors used Raman mapping to identify different sources of material in a fused mass when it was
visually unidentifiable, which could greatly help fire debris analysts in interpreting data.

Green et al. evaluated fire debris samples that may originate from clandestine drug laboratories [111]. In
particular, they studied the « One pot» methamphetamine production method, which uses highly
flammable materials based on the premise that if one can detect methamphetamine or its precursors in a
fire debris sample, it is possible to demonstrate the illegal activity. In order to achieve this goal, the authors
analyzed fire debris samples by passive headspace concentration extraction followed by GC-MS for ILR
while they used LC-MS/MS preceded by a solvent extraction for the drug part. Additionally, they performed
GC-MS drug analysis on the carbon disulfide extracts and were able to positively identify
methamphetamine and pseudoephedrine in one setting. Thus, the authors concluded that methamphetamine
and pseudoephedrine can be detected in fire debris samples.

On a different topic, Klein et al. experimented on the influence of heat on blood traces that are subsequently
detected by the use of luminol [112]. Blood was applied to 11 objects that might be found in fires before
exposing them to temperatures of 300, 700, and 1°000°C. After cooling, they applied luminol, and classified
luminescence on a qualifying scale. They also performed DNA analysis after luminol application.
Interestingly, blood was still visible, even after exposure to 1'000 "C. For all objects, except for a copper
pipe exposed to 300°C, evidence of chemiluminescence with luminol was shown. However, among the 33
comparison samples without blood, 25 of them also showed a chemiluminescent reaction. At 700°C, 10 of
the 11 test objects with applied blood revealed a full DNA profile while at 1’000°C, six objects still revealed
a full DNA profile. The authors concluded that luminol can be used to localize blood traces even after
exposure to fire at 1’000°C, however, it requires an experienced examiner to differentiate between true and
false-positive reactions. They concluded that DNA was much more resistant to fire than originally believed.

In a follow-up paper, Klein et al. further studied how the application of liquid latex to remove soot
influences the visualization of bloodstains by luminol [113]. Using the same experimental conditions as
their previous paper, the authors applied liquid latex after cooling. The authors first observed that the
application of liquid latex lowered the rate of false positive results. Then, the use of liquid latex increased
the true luminescence of blood traces, thus facilitating their localization. They concluded that using liquid
latex constitutes a clear advantage.

Vineyard et al. evaluated Bluestar forensic magnum and other traditional blood detection methods [114].
The authors studied an ambitious quantity of parameters: blood dilution, burn time, presence/absence of
gasoline, extinguishment by oxygen-starvation or water, testing location, and testing method. To test 116
pine wood samples, the authors used luminol, Bluestar magnum, and a combined phenolphthalein. They
had difficulties obtaining a positive result for all techniques, although luminol and Bluestar were more
likely to give positive results than phenolphtalein. Extinguishing the wood block with water severely
impacted the potential for a positive result.
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Gardner et al. compared soot removal and fingermark enhancement techniques following fires [115]. The
authors used two car burns and a cremation oven to experiment at temperatures of 300, 450, and 600°C.
They removed soot by tape lifting, NaOH solution, and liquid latex casting. They enhanced fingermarks by
black magnetic powder, aluminum powder, black suspension powder, and superglue fuming with BY40
dye. They classified recovered fingermarks as unidentifiable or identifiable. No fingermarks were
identifiable at 600°C. At 450°C, 54% of prints were identifiable, and 77% were at 300°C. Black magnetic
powder and superglue fuming gave the best results.

Havey et al. studied the persistence of sonic deposition on smoke detector horns to determine whether the
smoke alarm sounded during the fire or not [116]. The authors subjected 60 smoke alarms to smoke from
fires of different fuels and post-fire conditions and actions. They observed that smoldering fires from wood
and polyurethane foam left sticky resin that was not affected by any post-fire actions. Flaming foam and
toluene-heptane fires left soot that could easily be wiped off. Pressing the button showed minimal effect.
The authors concluded that the absence of sonic deposition does not necessarily mean that the horn did not
sound during the fire.
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5. Fire modeling

Jahn published a study of conventional detection and suppression devices for the estimation of fire
characteristics using an inverse modeling framework [117]. Using inverse computational fire dynamics
(CFD), the author determined the growth rate and the location of the fire origin based on sprinkler or smoke
detector activation times.

Kurzawski developed a Bayesian inversion statistical technique to create a more rigorous approach to
coupling fire scene data and computational tools [118]. The author determined location, size, and fire time-
to-peak using two models: consolidated model of fire and smoke transport (CFAST) and fire dynamics
simulator (FDS). As a result, FDS performed better than CFAST in predicting the maximum energy release
rate. Both models predicted equally on locating the fire origin.

Wegrzynski and Lipecki published a literature review of wind and fire coupled modeling as part one of a
more general study [119]. They explained that most fire phenomena are influence by the wind, and,
accordingly, to understand fires one needs to understand wind as well.

Anderson et al. modeled fire exposure in fagade fire testing [120]. The authors performed a comparative
simulation on three large-scale facade testing methods: SP fire 105, BS 8414-1, and ISO 13785-2. They
observed generally good correspondence between simulations and experimental data. However, deviations
were seen in close proximity of the fire source.

Nilsson et al. investigated the impact of protective measures against external fire spread using a numerical
approach with FDS [121]. The authors concluded that FDS 6.2.0 could reproduce the experimental results
with a reasonable level of details. In the subsequent comparative analysis, the authors showed that facade
solutions based on a horizontal projection or an upper fagade setback configuration resulted in comparable
or better protection compared with a defined sprandrel height.

Shi et al. conducted a series of pool fire tests in a full-size tunnel to develop an accurate model for predicting
surrounding temperatures [122]. They used three types of petroleum (i.e., sweet crude oil, high sulfur crude
oil and heavy naphta) on a standard-size pan of 0.5 m2. They developed a modified model that estimated
the thermal radiation of pool fires on surrounding objects with sufficient accuracy and reliability.

Finally, Tohir et al. studied prediction of time to ignition in a multiple vehicle fire spread [123]. The author
applied flux-time product ignition criterion and the point source flame radiation model to predict time to
ignition in scenarios involving multiple vehicle spread. They used 10 experiments from the literature and
concluded that the point-source model (PSM) and flux-time product (FTP) methods have done very well.
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6. Aspects of forensic pathology and toxicology in fire investigation

Stec provided a comprehensive review of fire toxicity [124]. The author’s review included statistics, fire
scenarios, fire hazards, and assessment of fire toxicity through VOC, PAH, isocyanates, halogenated
dioxins, and particulates. Additionally, she covered fire retardants as well as future challenges.

Giebultowicz et al. analyzed 263 fire death cases that occurred between 2003 and 2011 in Poland to
determine the factors contributing to death [125]. Interestingly, approximately 70% of fatalities were male.
About 50% of the victims had inhaled lethal doses of toxic gases, while about 80% had soot in their airways,
thus were alive for some time during the fire. A majority of fatalities resulted from causes other than CO
inhalation, which includes burns and/or effects of other gases.

Simonsen et al. studied cases of carbon monoxide poisoning in Denmark from 1995 to 2015 [126]. Out of
227930 patients, 9.2% died within 30 days after poisoning. About 40% of the deaths were due to inhalation
of smoke from fire, of which 87% were accidental and 7.2% were intentional.

Hampson provided a summary of four examples of myth busting regarding CO [127]. These include the
belief that symptoms correlate with carboxyhemoglobin (COHb) levels, that residents are safe from CO
poisoning in the absence of fuel-burning appliances, that COHB levels must be measured on arterial blood
quickly, and that CO poisoning predisposes one to premature death from cardiac disease.

Lisbona et al. studied carbon monoxide deaths from 2007 to 2016 in Scotland [128]. The authors looked
into 209 CO-positive deaths and found no correlation between CO saturations and age, gender, alcohol, and
preexisting disease. Furthermore, they found were no relationships between %COHb and age, blood
alcohol, and preexisting disease. However, the authors observed that the main source of CO was fire,
followed by vehicle exhausts, portable BBQ grills, generators, and gas supply systems.

Birngruber et al. reported case of cyanide poisoning on a 71-year old victim [129]. The victim was
discovered in a smoke-filled apartment with the mattress on fire. Even though she did not present soot
inhalation or swallowing, and the COHb concentration in her heart blood was about 3%, 4.3 mg/l of cyanide
was found in heart blood and 1.9 mg/l in lung tissue. The authors concluded that lethal amounts of cyanide
can be inhaled during a fire, even without inhaling or swallowing soot, with no significant increase in COHb
level.

To determine CO poisoning, Oliverio and Varlet investigated the use of total blood carbon monoxide
(TBCO) as an alternative to HbCO [130]. The authors used an airtight gas syringe to perform GC-MS
analysis. They concluded that their technique is a good alternative to traditional HbCO, because the later
can underestimate the total burden of CO in blood, as 10 to 60% of CO may be found in free form in the
blood.

Stoll et al. studied the cyanide level in 92 blood samples from fire death and/or smoke inhalation victims
[131]. The highest concentration of cyanide was discovered in victims found in enclosed-fire spaces (50%)
and motor-vehicle fires (9%). Among these two groups, cyanide level was toxic in 47% and lethal in 13%.
In victims of charcoal grills and exhaust gases, no or only trace amounts of cyanide were found.
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Truchot et al. investigated toxic gas emission from vehicle fires [132]. The authors first reviewed the
emission factors dealing with recent cars. Then, they proposed a method to define a carbon monoxide
equivalent emission factor. Finally, they conducted two experiments, the first one on plastics and tires, and
the second one on a car. They performed smoke analysis and compared it to the previously defined emission
factors.

Doberentz et al. investigated the expression times of heat shock proteins (hsp) as an indicator of thermal
stress during death due to fire [133]. After examining 48 fire victims of excessive heat and comparing them
to a control group of 100 deaths without thermal stress, the authors discovered a correlation between hsp
expression and survival time. More precisely, hsp27 is expressed rapidly within seconds or minutes after
the stressful thermal influence and in large amounts. Hsp70 takes up to an hour to reach optimal expression
levels, and its persistence is greater in the cell.

Karakasi et al. reported a case of sexual murder involving human arson and provided a literature review on
the phenomenon [134]. The authors reported the incidence rate, crime scene patterns, offender
characteristics, and victim selection. They observed that most offenders and victims were in their late 20s
to early 30s, were Caucasian, and that this type of crime is underpinned by the expression of displaced
anger or sexual sadism and/or a way to elude detection. The authors realized that their case, unprecedented
in Greece, incorporated many of the characteristics discovered throughout literature.

Costagliola et al. wrote a short review of the forensic pathologist’s role and responsibilities when examining
burned victims [135]. The authors insisted on the fact that the forensic practitioner must take into account
fire investigation results and toxicological and histological analyses in determining the cause and manner
of death.

Tumran et al. reported a case in which a victim died while performing routine fire extinguisher servicing
[136]. The CO cartridge of the device exploded, turning the fire extinguisher into a missile that struck the
victim, killing him from hemorrhagic shock.

7. Human behavior

Leong et al. studied 41 individuals who had been found not guilty of arson by reason of insanity and, thus,
were sentenced to a psychiatric institution [137]. Eighty percent were male. Participants’ mean age was
35.9 years at the time of offence and about 90% were not participating in psychiatric treatment at the time
of offence. About 12% of them were previously found not guilty by reason of insanity for arson or had been
convicted of arson. The authors concluded that in order to lower the likelihood of committing arson, earlier
identification and psychiatric intervention or treatment could be beneficial, though impossible to
implement. However, treatment non-participation was identified as the greatest factor in the genesis of
arson by reason of insanity.
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The study of human behavior in fire (HBiF), which is intrinsically linked to fire protection, can benefit
greatly from traditional social science. With that scope in mind, Kuligowski presented research from social
psychology and sociology, introducing pre- and post-fire studies [138]. She concluded with a discussion on
possible ways to integrate social science in HBIF.

Xiong et al. interviewed 182 individuals who had survived an accidental residential fire without serious
injuries in order to determine what alerted them and what actions they took upon fire discovery [139]. The
smell of smoke was the first cue that alerted victims, followed by seeing flames or glow, and hearing
fire/explosion. Only 12% of individuals first saw smoke, and the same proportion was alerted by the smoke
detector. The authors reported most individuals behaved proactively instead of leaving the burning property
immediately (i.e., attempting to extinguish the fire, trying to alert others, investigating fire, attempting to
rescue others, and attempting to rescue pets). The authors concluded that human behavior is based on the
individual’s perceived needs more than adherence to fire safety training advice.

8. Diverse publications

Bruenisholz et al. developed a method of detecting a series of repetitive deliberate fires by the same
perpetrators that relies on intelligence-led policing and forensic intelligence [140]. Their method was
validated by a dataset of 8'000 arson cases collected over a 12-year span in Switzerland. They documented
a combination of elements that are constant between arsons from the same perpetrator: geographical,
temporal, forensic trace, and modus operandi or scene behavior. The authors concluded that their method
showed very promising results as 20 possible series were retroactively identified, including 9 previously
known series of which 6 were solved.

In a subsequent paper, Bruenisholz et al. presented a two-fold procedure developed to produce intelligence
based on a dataset of arson or undetermined fires [141]. The authors proposed a foundation for developing
an integrated real-time intelligence process. This requires close collaboration between fire and police
departments and a certain exhaustiveness in collecting data, as missing data increases the uncertainty of the
intelligence obtained. The authors concluded that monitoring fires and establishing patterns in real-time
would be greatly beneficial to law-enforcement agencies.

Feb and Jones reported on the difference between an origin and cause fire investigator and a subject-matter
expert and how they may interact according to NFPA 921 [142].

Ost-Prisco, a district attorney, described the steps to take to ensure the successful prosecution of an arson
case in what he proposes as a roadmap for the public investigator [143]. The author explained that public
investigators should prepare before the fire occurs by understanding the resources available to them, the
needs and experience of local fire and police department investigators, and by developing a strong
relationship with the local prosecutor. Schudel reacted to this paper reminding readers that fire investigators
have a duty to the court and to seek the truth, not to make a case, prosecution or otherwise [144]. As such,
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he considered the Ost-Prisco’s article as promoting a tactic of prejudice against a defendant. He concluded
by reminding readers of the IAAI code of ethics.

O’Brien conducted a survey of 16 successful investigations that identified and captured serial arsonists
responsible for 500 fires [145]. He attempted to identify any aspects that may enhance the probability of
success in a fire investigation. He deducted that there was no simple blueprint for an effective framework.
He concluded that the most important aspect was investigator competency and available resources, along
with regular communication among jurisdictions.

Andrews discussed the process of elimination and negative corpus in the light of the 2017 edition of NFPA
921 [146]. The process of elimination is an integral part of the scientific method. However, the author
concluded that if the process of elimination is scientific, it must be based on evidence and facts, meaning
that supporting evidence must exist for each cause eliminated, otherwise one falls into a state of negative
corpus or call the fire cause “undetermined.”

Cox et al. conducted an experiment with 77 observers who watched a staged fire scene and subsequently
responded to a questionnaire based on their observation [147]. The researchers’ goal was to explore witness
testimony relevance and reliability. They concluded that open questions may lead to the fire investigator
obtaining new knowledge, but they also may solicit irrelevant information. Conversely, structured questions
reduce the likelihood of the investigator discovering anything beyond his or her initial track. Accordingly,
the authors recommended using a combination of both open-ended and structured questions.

Burke described investigative statement analysis, which is the structured examination of an individual’s
exact words in order to conduct more in-depth interviews [148]. The author described it as a multistep
process that can readily be applied to arson investigation. He recommends simply examining statements for
balance, “I” pronouns, and equivocations. This works on witnesses, victims, and suspects.

Dioso-Villa and Lentini wrote a book chapter about Cameron Todd Willingham’s case studies. The authors
reviewed the inaccuracies in fire cause determinations, notably the lack of qualifications, invalid
methodology, validity of fire origin, and common misinterpretations of fire artifacts [149]. Lentini also
wrote a short review of what fire litigators need to know [150]. Finally, the same author wrote a larger
review on the historical perspective of fire investigation and its recent developments [151]. The author
insists on the need for science since the turning point in 2000 with the acceptation of NFPA 921 and the
standardization, certification, and accreditation in fire investigation.

Smith and Jaeger shared their concerns about the next generation of fire investigators [152]. Based on a
result from an IAAl membership survey, their paper addressed the demise of an entire generation of
experienced fire investigators, as more than 60% of all fire investigators are over 50 years old and only 4%
are under the age of 34.

Pauley proffered some general tips and tricks for fire investigators [153]. Rullan emphasized that fire

investigators must be leaders at the fire scene in order to exercise the job properly and guarantee good
collaboration with partners [154].
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Kobayashi studied the influence of building size on the frequency of ignition [155]. The author took fire
statistics data from 1995 to 2003 in order to obtain the distributions of floor area of the fire origin.

Xie et al. studied the oxidation behavior of carbon steel in a simulated kerosene combustion atmosphere
[156]. They used carbon steel Q235 in air and under kerosene combustion at various temperatures and
studied the oxidation kinetics, morphologies, microstructure, and compositions. The authors showed that
the presence of kerosene significantly accelerated the oxidation of Q235. Also, the oxides produced were
significantly different from than those formed in air alone. The authors concluded that their work also
showed that oxide scale formation may be subjected to contamination and spallation, and, as such, a
combination of macroscopic observation and microscopic analysis is required.

Finally, the International Association of Arson Investigators published the best practices for fire
investigator health and safety [157]. This guide applies to the employer as well as to the employee.
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l. Introduction and Coverage of the Literature

This review starts with a recommendation to read the previous three papers covering explosives analysis
from 2007-2010 presented in 2010 by Richard Strobel and our previous reviews from 2013 and 2016 [13,
14, 26]. This review is less broad than the previous papers for several reasons including the filtering out
of repetitive research. An example would be several papers on a single type of nanotechnology for a
single analyte that already is already relatively easy to detect. That said, it is also highly recommended
that practitioners in the field of forensic analysis and those on the cutting edge of developing new
explosive security measures, peruse the references and determine what may be of use in future real life
applications.

As Allied war efforts in regions that have seen many bombings have slowed even more in the past three
years than in the last iteration of this topic, we have seen a decrease or flatlining in funding among some
governments and even in private companies’ research. However, civil wars are still ongoing in countries
like Yemen, Syria, Irag, Libya and Afghanistan, and major bombings are still prevalent, targeting
combatants and civilians alike. Manchester, England was the site of a major terrorist bombing in May
2017, which killed 22 people. Large bombings are still prevalent in the Philippines, as one example, and
in other nations not involved in a civil war. Other modes of terrorism also have the attention of forensic
practitioners and security experts. These include mass shootings and vehicular attacks, arson and knife
attacks. However, the overall threat from explosives, especially in domestic settings, has remained
important.

One of the most important yet difficult areas for the past ten to twenty years for the explosive analyst is
the ever-changing type of explosives employed by the criminal bomber and terrorists. Restrictions on
widely used commercial and military high explosives are often circumvented by the illicit production of
homemade explosives. While there have been attempts to restrict chemical precursors and some oxidizers
and fuels, criminal and terrorist bombings are still frequently using homemade explosives. Some of these
explosive formulations are difficult to detect in a chaotic and contaminated scenes, with matrices that are
additionally problematic. The two biggest reasons for failure to identify a post-blast homemade explosive
in some of these cases are the failure to collect samples in a timely manner and the failure to properly
extract the analytes from difficult samples. While training of first responders and others may help with the
first issue, the second issue falls mostly on the explosives forensic community. There is not a lot of
research in this area, but a few referenced papers do address this second issue.

As stated in our 2016 paper, “The forensic explosive analyst should regularly review literature in the
wider scientific community with an emphasis on suitability for employing new techniques in the scheme
of analysis. These include both applied and theoretical published research. It helps to get an early start in
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researching these techniques because of the increasingly stringent accrediting requirements for any new
technique” [14]. We are hopeful this review will provide additional references and resources to kick start
more applied research for the forensic practitioner.

There are increasing scientific and accrediting body requirements to make the transition from research to
casework use in the forensic laboratory. More laboratories are requiring vigorous validation before
putting any given method into use. As one example, although most forensic explosives chemistry
protocols do not require quantitation (the verified detection of an analyte is normally enough to report it)
and nor is the amount detected useful in most post-blast analysis, nevertheless, limits of detection may be
required for full validation of a technique. There are several reasons for this but include monitoring any
given system for performance over time. These issues should not dissuade analysts from attempting to
introduce new or improved techniques into their schemes of analysis.

The review of the literature presented here shows that there are many applications in the wider world of
explosives that could be of interest to the forensic explosive chemist. The authors, with help of a
competent research librarian and hundreds of hours of reviewing abstracts by a team of forensic explosive
chemists, have looked for anything to do with explosive manufacturing, theoretical and commercial,
explosive detection using any technology, explosive performance and physics, sampling improvements,
as well as new or improved analytical techniques for the identification of explosives. The field of
explosives detection is still the fastest growing area from which forensics can draw. There are still dozens
of references in this area, ranging from theoretical research to applied systems that are already in field
use.

There are 1005 references in this review. Each reference has a hyperlink to the abstract or full text article
where available. Additionally, the categories in the reference list can be easily accessed using the
Navigation page in Microsoft Word. This will aid the navigation of the bibliography section, starting on
page 26 of this document. Many of these references could fall into two or even three categories. They will
not be presented in multiple places, so it would be advantageous for the reader to peruse all of the
sections. The organization of this paper follows the same pattern as the previous reviews.

1. Review Articles

This three-year cycle included several review publications. Some are broad schemes of analysis, while
many are reviews of a specific class of instrumentation. Still others are self-described as reviews. Review
papers are useful to give a broad overview of advances in particular aspects or categories of forensic
explosive analysis. We will be dividing this section into forensic applications versus detection and
security applications.

In the area of general overviews, Goodpaster reviewed the current status of explosives analysis from the
forensic practitioner standpoint. He reviewed methods including types of spectroscopy, chromatography,
and elemental analysis, as well as mass spectrometry [9].

Similarily, Brown et al, in a two part discussion, reviewed the current state of explosives detection. They
“...review and critically evaluate the latest (the past five years) important advances in explosives
detection, with details of the improvements over previous methods, and suggest possible avenues towards
further advances in, e.g., stand-off distance, detection limit, selectivity, and penetration through
camouflage or packaging. The review consists of two parts. This part, Part I, reviewed methods based on
animals, chemicals (including colorimetry, molecularly imprinted polymers, electrochemistry, and
immunochemistry), ions (both ion-mobility spectrometry and mass spectrometry), and mechanical
devices” [2].
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Peacock, P., et al, comprehensively reviewed the advances in ionization technology from January 2015 to
September 2016 [21]. Their work should provide a guide for those working on new techniques to improve
mass spectroscopy. Primarily focused towards researchers, the newer ionization techniques here in this
paper could be seen commercially or even used directly by enterprising forensic chemists.

Gooch, J., et al have an interesting review on the use of unique taggants that could be used in countries
where taggants are mandated or even by companies interested in tagging their products. With
nanotechnologies advancing at an increased pace, “...continuing advances in portable in-field analysis,
nanotechnology and material science should have allowed for the development of new and improved
forensic marking agents. However, the limited amount of recent research in this area suggests that this is
not the case” [8].

Saini, R., has an excellent primer on the latest technologies being investigated for explosives detection
[24].

Forbes, T. and Sisco, E. looked at recent advances in ambient mass spectrometry of trace explosives.
They write, “These techniques have enabled real-time detection of target analytes in an open environment
with no sample preparation and can be coupled to any mass analyzer with an atmospheric pressure
interface” [6]. Mostly applicable to security purposes, these are also finding their way into the forensic
analysis environment.

Although this paper could be placed in nanotechnology or even novel explosives, Go, B., Qiao, Z., &
Yang, G. reviewed the rapidly growing interest in nano-explosives, dividing them into nano-individual
explosives, nanocomposites, and nano-cocrystals [7].

Huri, M., Ahmad, U., Ibrahim, R., and Omar, M. presented a nice comprehensive overview of three
aspects of explosive residue detection: screening techniques, extraction techniques, and instrumental
techniques. Extraction methods include swabbing techniques, solid phase extractions, and solid phase
microextractions. Additionally, “Instrumental techniques covered in this review included gas
chromatography, high performance liquid chromatography, ion chromatography and capillary
electrophoresis” [10].

de Araujo, W.R., et al, presented a review of portable on-site instrumentation and methods to include
explosives. They review “A wide range of approaches including electrochemical sensors, microchip
electrophoresis, ambient ionization on portable mass spectrometers, handheld Raman and NIR
instruments as well as and point-of-need devices, like paper-based platforms™ [5].

Zhang, W., et al reviewed recent developments in spectroscopic techniques for trace explosives detection
in the field using terahertz (THz) spectroscopy; laser-induced breakdown spectroscopy (LIBS), Raman
spectroscopy; and ion mobility spectrometry (IMS) [32].

1. Explosive Standards and References, Laboratory Quality Control, Contamination Prevention
Lees, H., Zapata, F., Vaher, M., and Garcia-Ruiz, C. looked at the transfer of nine different explosive
residues (ANFO, dynamite, black powder, TNT, HMTD, PETN, NHsNO;, KNO3, NaClOs) to evaluate
cross-contamination through fingerprint transfers and other modalities encountered at busy security
checkpoints. Some results included, ... that transfer of explosive residues frequently occurred with
certain differences among materials. Generally, the amount of explosive particles adhered to the finger
decreased in the following order: skin>latex>nitrile, while the transfer of particles from the finger to
another surface was the opposite. The adhesion of explosive residues from polycarbonate to the finger
was found to be better compared to cotton, while the amount of particles transferred to cotton was higher”
[34]
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Pawtowski, W., Matyjasek, L., Cieslak, K. and Karpinska, M. studied contamination in the laboratory
with some common explosives, looking at what stage of an analytical procedure would most likely result
in contamination and with what type of explosive. The results are surprising given the static adhesion
energy of PETN is well known and that NG, although volatile, can re-absorb on any number of substrates
[36].

V. Sampling and Concentration of Explosive Traces

Sampling and concentration of explosives is an important step in explosives analysis and detection. In
many post-blast samples, the analytes are present in extremely low quantities or part of difficult matrices,
or both. This aspect of explosive analysis is ripe for exploration and research.

A validated solid phase extraction cleanup procedure with Bond Elut NEXUS co-polymeric cartridges
was used for soil and swab samples containing pre- and post-blast residues of nitro-organic explosives
and reported by Thomas, J., Donnelly, C., Lloyd, E., Mothershead, R., Miller, J., McCollam, D. and
Miller, M. [69]. They report “The expected explosives were detected in 97% of cases after processing
through SPE and analysis by GC/ECD.” And “The results from these matrices were compared to results
obtained by syringe filtration. SPE produced equal or better results than syringe filtration in both the ECD
screening and MS confirmation tests...” They report the successful application of the cleanup of organic
explosive residues in complex matrices. This was also reported in a separate journal [68].

Chouyyok, W, et al, “... compared the analyte-release performance of standard muslin sampling swipes
to that of rationally assembled fiberglass cloth, and used thermal-desorption ion mobility spectroscopy for
detection. The fiberglass cloth was chemically modified by covalently bonding phenyl-functional groups
to the surface. The rationally assembled sampling materials provide significantly performance
improvements over standard muslin sampling materials for detection of TNT, NG, RDX, TATP, and
PETN.” For example, phenyl-functionalized fiberglass resulted in over 10 times greater TNT release,
compared to muslin cloth, as well as improved response and repeatability after multiple uses of the same
swipe [44].

Laster, J. presented novel sampling swabs for the collection of trace explosive residues. Microstructured
polypyrrole (PPy) films displayed enhanced particle removal abilities compared to PPy non-structured
and current commercial films for IMS detection [54].

Temple, T., Goodwin, C., Ladyman, M., Mai, N., and Coulon, F. reported “Optimised accelerated solvent
extraction of Hexahydro-1,3,5-Trinitro-1,3,5 Triazine (RDX) from polymer bonded explosives” [67].
Daeid, N., Holly, A., and Beardah, M. reported that a 2007 European Network of Forensic Science
Institutes (ENFSI) Expert Working Group proficiency test with TNT spiked swabs revealed that some
laboratories did not detect the analyte. This paper reports on loss of TNT over time and various
environmental conditions. “Overall, the cotton swabs stored at room temperature and exposed to daylight
showed a very rapid loss of TNT over time, whereas cotton swabs stored in the freezer, and all simulated
swab extracts, gave high recoveries over time” [46].

Bors, D., and Goodpaster, J. mapped smokeless powder residues using total vaporization solid phase
microextraction gas chromatography mass spectrometry (TV-SPME/GC/MS) to quantify residues of
double-base smokeless powder (nitroglycerin (NG), diphenylamine (DPA), and ethyl centralite (EC)) on
post-blast PVC pipe bomb fragments. They report “The analytical method could separate the three
constituents in under 5 min with a detection limit under 1 ppb, which demonstrates high throughput while
maintaining high sensitivity. The method was optimized for nitroglycerin, as it is the most indicative of
DBSP (double base smokeless powder)” [41].
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Abdul-Karim, N., et al, looked at post blast particle morphology in an attempt to aid in collection and
recovery. Particles were collected from the detonations of aluminized ammonium nitrate and RDX-based
explosive utilizing SEM stubs. They report “Spheroidal particles (10-210 um) with microsurface features
recovered following inorganic charge detonations were dissimilar to the irregularly shaped particles (5—
100 pum) recovered following organic charge firings” [38].
Zapata, F., and Garcia-Ruiz, C. used “a wide variety of materials such as glass, steel, plywood, plastic
bag, brick, cardboard or cotton subjected to open-air explosions were examined using confocal Raman
microscopy, aiming to detect the inorganic oxidizing salts contained in explosives as black powder,
chloratite, dynamite, ammonium nitrate fuel oil and ammonal. Post-blast residues were detected through
microscopic examination of materials surfaces. In general, the more homogeneous and smoother the
surface was, the less difficulties and better results in terms of identification were obtained” [72].
Fisher, D., Zach, R., Matana, Y., Elia, P., Shustack, S., Sharon, Y., et al. examined what types of swabs
are best suited for recovery of explosives in the oft-used IMS detection setting. They report, “The
adhesion of explosive particles to three typical materials, plastic, metal and glass, were measured using
atomic force microscopy (AFM). We found that a strong contribution of capillary forces to adhesion on
glass and metal surfaces renders these substrates more promising materials upon which to find and collect
explosive residues” [48].
Taudte, R., Roux, C. and Beavis, A. investigated the degradation of compounds from smokeless powders
and report that “energetic compounds were generally found to be more stable than smokeless powder
additives such as stabilisers including diphenylamine and ethyl centralite, which might be problematic
considering that these compounds are common targets for OGSR (organic gunshot residues)” [66].
V. Identification of Explosives, Explosive Residues and Explosive Properties
There are some reports on the properties of explosives and theoretical modeling of explosive behavior.
Also of great interest is the area of novel explosives and proposed improvements to existing commercial
and military explosives. Some of these articles also describe analytical techniques.

A) Commercial Explosives
Elbasuney, S., Fahd, A., Mostafa, H., Mostafa, S. and Sadek, R. reported on modified double base
propellants with additions of oxidizer-metal fuel (Ammonium perchlorate/Aluminum), and energetic
nitramines. The study evaluates the impact of these energetic additives on thermal behavior, chemical
stability, and shelf life [83].
Dennis, D., Williams, M., & Sigman, M. utilized “a Bayesian network for inference of the powder
manufacturer.” They looked at chemical characteristics of 169 smokeless powders using the most intense
ions in their total ion spectra from gas chromatography-electron ionization-mass spectrometry and
physical characteristics such as diameter and length, shape, color, luster, bias cut and whether the
particles were perforated.The sensitivity and specificity of the fully instantiated network was examined
for each manufacturer. They reported, “The PPV ranged from 0.59 to 0.81 for individual manufacturers
when all nodes of the network were instantiated. The NPV for fully instantiated networks ranged from
0.82 to 0.99 for individual manufacturers” [81].
Dennis, D., Williams, M., and Sigman, M. used “Gas chromatography—electron ionization—mass
spectrometry (GC-EI-MS) and physical characteristics data for 726 smokeless reloading powders were
analyzed by pairwise comparisons of samples comprising the same product and different products.” They
looked at 13 organic components/constituents of smokeless powders Interestingly they reported, “In the
discrete and continuous data comparisons, the likelihood ratios for probabilities conditioned on same
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shape, color, presence/absence of perforation and size were found to provide relatively limited support for
either the proposition of same product or different product” [80].

Xu, C., An, C., Li, Q., Xu, S., Wang, S., Guo, H., and Wang, J. have a unique and timely paper on using
direct ink writing (DIW) to manufacture pentaerythrite tetranitrate-based composites. The energetic
materials were producting using DIW, and “scanning electron microscopy, energy-dispersive x-ray
spectroscopy, X-ray diffraction, differential scanning calorimetry, and nanoindentation were used to
characterize the printed samples” [111].

While this could be included in the safety section of this paper, Xu, S., Tan, L., Liu, J., Chen, X., Jiang,
W., Chen, Y., et al, investigated an accidental event with emulsion explosives and concluded, “The
investigation of the accident showed that the reaction between crystalloid sodium nitrite and ammonium
nitrate (AN) was likely the cause of the spontaneous burning” [112].

B) Military Explosives
Mao, X., Jiang, L., Zhu, C., and Wang, X. looked at the “Effects of aluminum powder on ignition
performance of RDX, HMX, and CL-20 explosives” in Advances in Materials Science and Engineering.
They showed, interestingly that, “...the energy release of the HMX/Al composite explosive with 10 wt.%,
20 wt.%, and 30 wt.% aluminum powder was only equivalent to 80%, 65%, and 36% of pure HMX,
respectively. It was similar to RDX/Al and CL-20/Al composite explosives, except the CL-20/Al mixture
with 10% aluminum powder.” Aluminum does not seem to play much of a role except at ignition [131].
C) Homemade Explosives
The area of Homemade Explosives (HME) is still of tremendous interest to the forensic explosives
analyst. Sometimes called Improvised Explosives (as opposed to an Improvised Explosive Device that
may or may not use HME), these explosives can, in general terms, be defined as non-factory
manufactured explosives. It is uncommon, but not unheard of, however, that makers of HME will attempt
to make a “commercial” type of explosive. Such cases are more likely to include improvised black
powder or flash powder than processes such as the nitration of toluene.
The actual usage of HME is constantly changing and it is difficult for forensic laboratories to have
adequate protocols for every possibility. Some HMEs or components therein are difficult to detect post-
blast unless samples are taken immediately, stored properly, and analyzed quickly. In other instances, a
component of the HME might be present in the environment of the explosion (say gasoline used as a fuel
in an AN-gasoline mixture used in a car bomb).
In the area of primarily low explosives, many of which can be improvised, Conkling, J.A. & Mocella, C.
have published the 3" edition of Chemistry of Pyrotechnics: Basic Principles and Theory. This book is an
excellent primer for the forensic analyst wishing to understand behavior of pyrotechnic mixtures and of
low explosives, and for understanding the area of Homemade Explosives [149].
DeGreeff, L. and Johnson, K. looked at how vapor detection of Homemade Explosives differs from
traditional explosive vapor detection. Specifically, they looked at ammonium nitrate mixtures and organic
peroxides [150].
Hértel, M., Klapotke, T., Stiasny, B., and Stierstorfer, J. re-examined the gas phase concentration
parameters of the explosives triacetone triperoxide (TATP) and diacetone diperoxide (DADP) [154].
Fraga, C., Mitroshkov, A., Mirjankar, N., Dockendorff, B., and Melville, A. presented a study titled
Elemental source attribution signatures for calcium ammonium nitrate (CAN) fertilizers used in
homemade explosives. They used inductively coupled plasma-mass spectrometry (ICP-MS) to “determine
the concentrations of 64 elements in 125 samples from 11 CAN stocks from 6 different CAN factories.”
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They looked at the elements Na, V, Mn, Cu, Ga, Sr, Ba and U. Partial least squares discriminant analysis
was then used to develop a classification model. They report that “for pristine CAN samples, i.e.,
unadulterated prills, 73% of the test samples were matched to their correct factory group with the
remaining 27% undetermined using strict classification.” They then used various fuels in mixtures and
still found similar but not the exact results. This is a promising approach to discriminate among CAN
samples, especially in those areas where terrorists are frequently using unadulterated CAN as the oxidizer
[153].

Newsome, G., Steinkamp, F., and Giordano, B. reported on analyzing bulk ammonium nitrate by using
ambient ionization mass spectrometry and a tungsten oxide layer, which absorbs both species and
thermally desorbs NH3 and NO2. They report that “ammonia was detected successfully, but the pre-
concentrator reduced nitric acid to compounds smaller than NO2, including N2, that could not be detected
apart from background” [159].

Kotrly, M., Turkov4, I., Beroun, ., and Mares, B. presented Methods for characterization of home-made
and non-standard explosives in forensic science which is basically a working scheme of analysis for
Homemade Explosives. A later presentation will be explored next but here they present the types of
techniques they used and include GC-MSD, GC-ECD, EDS, and imaging by SEM. It is well worth the
time to read this [156].

Kotrly, M., Wolker, J., Turkoba, I., and Beroun, I. presented a the first version of an HME database based
0N a two year running project to ““...prepare some of these substances and carry out experimental
explosions and tests, and map analyses possibilities using a wide range of available analytical techniques
in forensic labs. Samples of primary substances, prepared explosives and post-blast residues are analysed
in a complex way in terms of organic and inorganic components. All data obtained, including visual
documentation, are stored in a specialized database for security forces and their expert workplaces.”
Again, it is another resource for laboratories attempting to analyze HME [157].

Bannister, W. and Oxley, J. reported on detection issues when dealing with non-nitrogen based
explosives. These “include peroxides (used in both monergolic and hypergolic applications); acetylene
precursors; and fuel/air bomb systems involving use of olefin oxides, acetylene, other hydrocarbons, and
similar high energy agents.” They additionally look at precursors and preparation of these energetic
materials. Next they deal with numerous composite explosives in the form of intimate mixtures of fuels
and oxidizers such as those that use perchlorate, chlorate or hypochlorite salts as oxidizers. Finally and
interestingly they discuss “...self-igniting systems such as boranes, phosphorus and alkali metals” [147].
DeGreeff, L., Cerreta, M., and Katilie, C. looked at degredation products of HMTD for detection and
noted variances in detection based upon synthesis method, precursors, storage time, and storage
environment. The composition and quantity of these volatiles were compared across these variables. They
did this through headspace analysis of bulk HMTD samples and used solid phase microextraction
(SPME) with gas chromatography/mass spectrometry (GC/MS). They also monitored decomposition of
HMTD by gravimetric analysis. Two results reported were “...that formic acid is the most abundant
decomposition product while formaldehyde is the most commonly detected across all variables™ [151].

In a similar report, Steinkamp, F., DeGreeff, L., Collins, G., and Rose-Pehrsson, S. completed a kinetic
study of HMTD decomposition in solution (water). They also report a “correlation between degradation
rate and the presence of decomposition species identified in the headspace...” [164].

One interesting paper by Vodochodsky, O., Jalovy, Z., Matyas, R. and Novotna, M. reported on using
FTIR to do quantitative analysis of triacetone triperoxide (TATP) and hexamethylene triperoxide diamine
(HMTD) on different substrates. They tried polymer, plastic, and cellulose matrices. Reporting (in the
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abstract): “It is based on dissolving, or extraction of, peroxide in the solvent and measurement in cuvettes
using the Fourier transform infrared technique. These methods may be useful in analytical techniques of
explosive detection and determination” [165].
Lease, N., Kay, L., Chavez, D., Robbins, D. and Manner, V. reported that molten ETN is more sensitive
than cast ETN [158].

D) Other Explosives including Novel or New Explosives:
It was stated in our 2016 paper and still is true now, “Two types of advances in the production of novel
explosives are reported here. As in the last review, there are many nanoparticle investigations.
Additionally, the need for stability in harsh environments and a push toward environmentally friendlier
explosives drive development of new military explosives. Also included are some recently declassified
materials” [14].
While this could be seen as an improvement for a well-established technology for commercial explosives,
we have included it here under novel explosives. Wang, Y., Ma, H., Shen, Z., Wang, B., Xue, B., & Ren,
L. examined the detonation characteristics of emulsion explosives sensitized by hydrogen-storage glass
microballoons instead of neutral or air filled microspheres. They reported, “Brisance testing and
underwater explosion experiments showed that, compared with traditional emulsion explosives, the shock
impulse and specific total energy of hydrogen-storage glass microballoons sensitized emulsion explosives
are improved significantly. The brisance (compression of lead block) of hydrogen-storage emulsion
explosives is 23.0 mm, 3.2 mm more than that of traditional emulsion explosives.” It is unknown if this is
a feasible alternative for traditional glass or polymer microballoon for commercial production due to the
increased danger in working with hydrogen filled microballoons [244].
Singh, A., Soni, P., Sarkar, C. and Mukherjee, N. discussed reactivity of aluminized polymer-bonded
explosives with non-isothermal thermogravimetry and calorimetry. They reported, “Results revealed that
the thermal decomposition behavior has been significantly influenced in the presence of Al and HTPB
matrix, especially reducing the thermal stability than that of neat HMX” [228].
Abd-Elghany, M., Klapotke, T., and Elbeih, A. studied a new green propellant formulation of a chlorine-
free high energy dense oxidizer (HEDO) 2,2,2-trinitroethyl-formate (TNEF) and hydroxyl-terminated
polybutadiene (HTPB) as a binder. They characterized the new oxidizer TNEF by nuclear magnetic
resonance (NMR) and FTIR and scanning electron microscopy (SEM). They reported, “The results
proved that the new oxidizer and its formulation based on HTPB have chlorine-free decomposition
products and have higher performance characteristics than the traditional propellants” [169].
In a very interesting article, Gottfried, J., Smith, D., Wu, C. and Pantoya, M. explored coating aluminum
particles with aluminum iodate hexahydrate (AIH) to replace the Al;Os layer on Al particles that limits Al
oxidation. They stated, “Estimates of the detonation velocity for TNT-AIH composites suggest an
enhancement of up to 30% may be achievable over pure TNT detonation velocities. Replacement of
Al>,O3 with ATH allows Al to react on similar timescales as detonation waves.” Again, it is unknown if
this could be used on an industrial scale [189].
VI. Instrumental Analysis of Explosives

A) LC/HPLC/UPLC
Forensic explosive examiners utilize dozens of instrumental techniques to identify trace amounts of
explosives. Liquid chromatography (LC), high performance liquid chromatography (HPLC), and ultra-
high performance liquid chromatography (UHPLC) are all excellent separation techniques and have the
advantage of being less destructive to thermally sensitive high explosives than gas chromatography
techniques.
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Sener, H., Anilanmert, B., and Cengiz, S. presented a paper on one of the most popular and newer
techniques for ionization with LC systems, that of atmospheric pressure chemical ionization mass
spectrometry (LC-APCI-MS/MS). In this presentation they used a fast screening method and examined
trace amounts of TNT (trinitrotoluene), RDX (1,3,5-trinitroperhydro-1,3,5-triazine), HMX
(cyclotetramethylene-tetranitramine), PETN (pentaerythritoltetranitrate), tetryl (2,4,6-trinitrophenyl-N-
methylnitramine), picric acid (2,4,6 trinitrophenol), 2,6-DNT (2,6-dinitrotoluene), and TMETN
(trimethylolethane-trinitrate). They used “a gradient of 2.00 mM ammonium nitrate aqueous solution-
methanol mobile system, C18 column, and atmospheric pressure chemical ionization (APCI) (-)
ionization mode was used after a single-step solid-liquid extraction procedure from soil matrix.” And
reported “Limit of detection (LOD) and limit of quantification (LOQ) values obtained from the analysis
of the soil samples including explosive mix were between 8.9-161.2 and 13.2-241.5 ngg—1, respectively”
[266].
Similarly, using tandem mass spectrometry, Avci, G., Anilanmert, B. and Cengiz, S. proposed “A fast and
a selective determination method with high recovery was developed for the common explosives 2,4,6-
trinitrotoluene (TNT), 3,5-trinitro-1,3,5-triazacyclohexane (RDX), and octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX) in soil...” [263].

B) lon Chromatography
The technique of ion chromatography (IC) is used in forensic post-blast analysis for the analysis of
mostly inorganic but also some organic explosives. The mass spectrometer is the detector of choice even
for simple ions, but other detectors are still used as well. lon chromatography has the advantage over
other inorganic characterization methods such as X-ray diffraction and SEM/EDS in that physical particle
recovery is not required and, perhaps more importantly, a relative profile of all anions or cations in a
sample can be ascertained and judged against known post-blast or post-combustion profiles.
Often, the anionic profile of post-blast residues proves to be most probative. However, in many
laboratories, the authors’ laboratories included, thiocyanate and perchlorate anions are examined with a
separate method from the other typical anions found in post-blast inorganic samples. Here, Gan, Z., Liu,
J. and Tang, S. presented a novel method for the simultaneous determination of nine anions (Cl-, NO,-,
ClOs-, NOs-, CO3%, SO4%, S205%, SCN-and ClO;-) in explosive residues by ion chromatography using a
high capacity anion-exchange lonPac AS20 column (250 mmx4 mm) [267].

C) Gas Chromatography
As an alternative to, or as an orthogonal technique, for traditional IC detection and identification of
anions, Pagliano, E., Campanella, B., D'Ulivo, A. and Mester, Z. reviewed gas chromatography GC)
methods for the determination of inorganic anions after derivatization The review explores many
inorganic anions and their derivatives (already published). They stated, “In this review, most
derivatization chemistries employed for anions are discussed with attention to molecular aspects of the
conversion, experimental conditions, applications to complex sample matrices, and figure of merits”
[275]. It seems useful to have this review available for those who do inorganic ion identifications in post-
blast explosives analysis.
Marder, D., Tzanani, N., Prihed, H. and Gura, S. used a splitless programmed temperature vaporizing
(PTV)-large volume injection (LV1)-GC-MS-negative chemical ionization (NCI). They improve
traditional LVI and the issue of having trouble detecting too many analytes in one sample by having “a
unique double-column configuration setup developed for the efficient removal of excess solvent through a
flame detector before reaching the MS, with the precise timing of carrier-gas flows and the heating
program” [274].
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For a method to possibly source plastic explosives, Tsai, C., Milam, S. and Tipple, C. used a
comprehensive two dimensional gas chromatography-mass spectrometer (GC x GC-MS) with a statistical
approach. The MS was a Time of Flight detector and principal component analysis was done. They
report, “This demonstrates accurate classification of PE samples into production lots using these data
treatment steps” [277].

Chajistamatious, A. and Bakeas, E. presented unique research into analyzing nitrocellulose (NC) by Gas
Chromatography—Electron lonization—Mass Spectrometry (GC—EI-MS). A rapid method for the
identification of NC in bulk explosives using GC-EI-MS was developed. They write, “Results showed
that NC was detected, by its trimethylsilyl (TMS) derivatives, in all the explosive mixtures analyzed and
no false positives were observed” [270].

In a very important study, Sauzier, G., Bors, D., Ash, J., Goodpaster, J., and Lewis, S. attempt “... a
central composite design was used to determine statistically validated optimum recovery parameters for
double-base smokeless powder residues on steel, analysed using total vaporisation (TV) SPME/GC-MS.”
Importantly, they reported that maximum recovery was by using “...isopropanol-wetted swabs stored
under refrigerated conditions, then extracted for 15 min into acetone on the same day as sample
collection.” It will be interesting to see if this finding translates to other post blast explosives [276].
Katilie, C., Simon, A. and DeGreeff, L. reported an ammonia derivatization in the GC inlet with butyl
chloroformate to produce butyl carbamate, a compound that can be used on GC and is compatible with
standard GC-MS analysis. The inlet was also cooled. They state, “This method was then used to quantify
the ammonia headspace vapor concentration produced from the dissociation of bulk ammonium nitrate as
well as from mixtures with aluminum and petroleum jelly, which are fuels commonly used in homemade
explosives (HMEs)” [272]. It is unknown how long ammonia stays in the environment in most post-blast
scenes but this is interesting work.

Chajistamatiou, A. and Bakeas, E. derivatize thiocyanate and run GC-MS. They correctly assume that
SCN is a product of black powder combustion and, while present in most BP post-combustion samples,
there are indications this doesn’t happen in all post-combustion scenarios. They report, “In this study, a
simple experimental protocol has been developed towards black powder residues identification, using
GC-MS. Derivatization of thiocyanates coming from BP deflagration and identification of the relative
derivative (PBF-SCN) was achieved by monitoring ions m/z 239, 181 and 161.” In addition, they
observed, “This protocol may be applied directly and without previous preparation to evidence coming

from cases of explosions, thus practically contributing in BP residues identification” [269].

D) Capillary Electrophoresis
Capillary electrophoresis (CE) is a powerful analytical technique for separating analytes. Coupled with
mass spectrometry it can identify many species, organic or inorganic, of interest to the forensic explosives
chemist.

E) General Spectroscopy: Fluorescence, Luminescence, Spectrophotometric, UV,

Chemiluminescence

There are hundreds of research papers and reports in this area. They are varied in their practical
application to forensic and/or security work. Some could eventually be used in commercial, military,
security and law enforcement applications. Still others will prove to be too costly and are too focused on
one class of explosives or even a single explosive. There are a few papers the authors wish to highlight.
Cruse, C. and Goodpaster, J. proposed coupling of a GC to vacuum ultraviolet (VUV) spectroscopy to
possibly increase detection specificity. GC/VUYV has already been used for “the analysis of volatile
organic compounds, petroleum products, aroma compounds, pharmaceuticals, illegal drugs, and lipids.”
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[297]. Here, they reported on the utility of GC/VUV for explosives analysis, and on thermal degradation
within the VUV cell and whether it can be useful. They report, “The general figures of merit and
performance of GC/VUV were evaluated with authentic standards of nitrate ester explosives (e.g.,
nitroglycerine (NG), ethylene glycol dinitrate (EGDN), pentaerythritol tetranitrate (PETN), and erythritol
tetranitrate (ETN))” and that “the explosive analytes were thermally degraded in the VUV cell, yielding
reproducible, complex and characteristic mixtures of gas phase products (e.g., nitric oxide, carbon
monoxide, and formaldehyde)” [297].
Valdes, E. and Hoang, K. looked at the application of X-ray fluorescence spectroscopy (XRF) to analysis
of potential explosives via the Primini X-ray fluorescence spectrometer (Rigaku Corporation; Tokyo).
They looked at plastic explosives, ammonium nitrate, and calcium ammonium nitrate. XRF is an
established technique for elemental analysis in forensic laboratories doing explosives analysis [364].
Pacheco-Londofio, L., Aparicio-Bolafio, J., Galan-Freyle, N., Roman-Ospino, A., Ruiz-Caballero, J. and
Hernandez, S. used classical Least Squares-Assisted MIR Laser Spectroscopy Detection of High
Explosives on Fabrics [342].

F) Mass Spectrometry
Mass spectrometry continues to be the widest used technique for forensic explosives analysis, especially
for post-blast analysis, or for trace detection in security settings. It also is one of the most researched areas
in explosives analysis. There are hundreds of applications for mass spectrometry. In many cases, a
positive nearly unambiguous identification of an analyte can be achieved. In other cases, orthogonal
methods must still be used. Any mass spectrometry technique that does not employ any chromatography
or other mode of separation on the front end will almost always trade some point of identification (i.e.
retention time) for speed of use. That said, softer ionization or using chemical adducts can alleviate that
potential problem, even for smaller thermally labile explosive compounds.
One of the most researched and promising areas of mass spectrometry for explosives analysis is that of
direct analysis in real time mass spectrometry (DART-MS). Williamson, R., Gura, S., Tarifa, A. and
Almirall, J. couple capillary microextraction of volatiles with DART for the trace detection and
characterization of organic compounds found in smokeless powders and in organic gunshot residues. The
analytes are those typically seen in the suite of chemicals in smokeless powders (nitroglycerin (NG),
diphenylamine (DPA), ethyl centralite (EC), 2,4-dinitrotoluenes (2,4-DNT), methyl centralite (MC),
2,4,6-trinitrotoluene (2,4,6-TNT) and various derivatives of DPA) [426].
Correa, D., Melendez-Perez, J., Zacca, J., Borges, R., Schmidt, E., Eberlin, M., et al. used DART for
looking for TATP on recovered bank notes from an ATM theft. They reported, “Easy ambient sonic-spray
ionization mass spectrometry (EASI-MS) is shown to be a simple and selective screening tool to identify
peroxide explosives on real banknotes collected from ATM explosion. Analyses were carried out directly
on the banknotes surfaces without any sample preparation, identifying triacetone triperoxide (TATP) and
diacetone diperoxide (DADP). EASI source coupled to a single quadrupole mass spectrometer provides
an intelligent and simple way to identify the explosives TATP, DADP and its domestic synthesis
markers” [396].
In another application of DART, Forbes, T., Sisco, E., & Staymates, M. coupled Infrared thermal
desorption (IRTD) with (DART-MS) for “the detection of both inorganic and organic explosives from
wipe collected samples.” The abstract reported, “IRTD-DART-MS demonstrated the thermal desorption
and detection of refractory potassium chlorate and potassium perchlorate oxidizers, compounds difficult
to desorb with traditional moderate-temperature resistance-based thermal desorbers. Nanogram to sub-
nanogram sensitivities were established for analysis of a range of organic and inorganic oxidizer-based
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explosive compounds...” and “The thermal desorption and ionization characteristics of the IR-TD-DART
technique resulted in optimal sensitivity for the formation of nitrate adducts with both organic and
inorganic species” [402].

Forbes, T., Sisco, E., Staymates, M. and Gillen, G. reported on a mass spectrometry (MS) platform
coupling resistive Joule heating thermal desorption (JHTD) and direct analysis in real time (DART) for
the analysis of inorganic nitrite, nitrate, chlorate, and perchlorate oxidizers. They stated, “JHTD enhanced
the utility and capabilities of traditional DART-MS for the trace detection of previously difficult to detect
inorganic compounds” [403]. The use of DART-MS for inorganic compounds creates, at a minimum, an
orthogonal technique to ion chromatography or capillary electrophoresis.

Also effectively using DART-MS with a unique sample introduction method, Li, F., Tice, J., Musselman,
B., and Hall, A. “designed a qualitative analytical approach that utilizes novel sorbent-coated wire mesh
and dynamic headspace concentration to permit the generation of information rich chemical attribute
signatures (CAS) for trace energetic materials in smokeless powder with DART-MS. Sorbent-coated wire
mesh improves the overall efficiency of capturing trace energetic materials in comparison to swabbing or
vacuuming.” Constituents of smokeless powders, including nitroglycerin, “...were rapidly and efficiently
captured by the Carbopack X wire mesh, followed by detection and identification using DART-MS.” This
reduces the analysis time compared to traditional GC-MS approaches as all of the “components that can
be detected by GC-MS, were detected by DART-MS in less than a minute” [411].

Bridoux, M., Schwarzenberg, A., Schramm, S., and Cole, R. have a unique approach on the use of Direct
Analysis in Real Time (DART™) high-resolution Orbitrap™ mass spectrometry (HRMS) in combination
with Raman microscopy. They used this combination on actual explosives including plastic explosives,
which have “complex matrix of binders, plasticizers, polymers, and other possible organic additives.”
Swabbed particles were “characterized using micro-Raman spectroscopy followed by DART-HRMS
providing fingerprint signatures of orthogonal nature.” And “When the polarity was switched to positive
mode, DART-HRMS revealed a very complex distribution of polymeric binders (mainly polyethylene
glycols and polypropylene glycols), plasticizers (e.g., dioctyl sebacate, tributyl phosphate)...” [391].
Lising, A. completed a thesis where DART-MS was used on smokeless powder samples in potential
matrices that may be encountered in real life samples. DART-MS has been reportedly successful in
relatively clean matrices but here smokeless powder was mixed in with motor oil and tested. However,
the author reported, “Effective separation was not achieved using the various LLE methods tested. Further
testing would be required in order to evaluate the feasibility of implementing the technique as a sample
preparation approach prior to analysis by DART-MS.” This is exactly the type or research and reporting
that helps forensic laboratories evaluate whether a technique is feasible for (some) real world type
samples [412].

Lennert, E. and Bridge, C. have two papers looking at DART-HRMS with smokeless powders [409].
Forbes, T. and Verkouteren, J. reported on the Forensic Analysis and Differentiation of Black Powder and
Black Powder Substitute Chemical Signatures by Infrared Thermal Desorption—-DART-MS. As reported
in their abstract, “The trace detection and forensic analysis of black powders and black powder
substitutes, directly from wipe-based sample collections, was demonstrated using infrared thermal
desorption (IRTD) coupled with direct analysis in real time mass spectrometry (DART-MS)” [401].
Another area for practical scene application is the miniaturization of Mass Spectrometry. Hashimoto, Y.
reported on recent developments in this area. He reported, ... on the recent results related to the
detection of explosive materials where automated particle sampling using a cyclone concentrator
permitted the inspection time to be successfully reduced to 3 s” [408].
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One of the mass spectrometry methods and systems that have the most promise for explosives analysis
application is the LC coupled with an exact mass detector. Here, Dunn, L., Obaidly, H., and Khalil, S.
reported on two semi-quantitative, fast liquid chromatography-mass spectrometry methods. They use an
atmospheric pressure chemical ionization source with an accurate mass detector (LC-APCI-QToF-MS)
for the analysis of peroxide explosives, namely hexamethylene triperoxide diamine (HMTD) and
triacetone triperoxide (TATP). They report, “The limits of detection (LOD) for HMTD and TATP using
these methods were determined to be 0.5 ng and 10 ng on column, respectively. The high mass accuracy
and narrow mass detection window offer high selectivity with < 2 ppm mass difference between
measured and calculated values for HMTD” [397].
Ewing, R., Valenzuela, B., Atkinson, D., and Freeburg, E. reported using a commercial mass
spectrometer with an atmospheric flow tube (AFT) for inorganic oxidizers in homemade explosives at
picogram levels. Specifically, they analyze the thermal desorption of nitrate, chlorate and perchlorate salts
[398].
Reese, K., Jones, A. & Smith, R. have a paper titled, Characterization of smokeless powders using
multiplexed collision-induced dissociation mass spectrometry and chemometric procedures. They
compared unburned powders to corresponding fired residues and analyzed them by liquid
chromatography—atmospheric pressure chemical ionization-time-of-flight mass spectrometry (LC-APCI-
TOFMS). They report “Multivariate statistical procedures were performed to first investigate association
and discrimination of the unburned powders. Principal components analysis (PCA) of the chemical
profiles suggested nine distinct groups of powders, according to the dominant organic compounds
present. The clusters formed in hierarchical cluster analysis (HCA) were mostly in agreement with PCA
groupings although HCA provided a metric to quantify the similarity.” They also caution, “...association
of the fired residue (sic) to the corresponding unburned powder was possible although the success was
highly dependent on the composition of the unburned powder and the extent of compound depletion as a
result of firing” [421].

G) Isotope Ratio Mass Spectroscopy, IRMS
Isotope ratio mass spectroscopy is an elusive but still promising technique to source discriminate almost
anything. Well established in some drug and agricultural products analysis, it is still in a nascent stage
when it comes to practical applications for explosives analysis. Often its utility is in intelligence gathering
rather than being reliable for judicial proceedings.
Chesson, L., Howa, J., Lott, M. & Ehleringer, J looked at samples containing RDX, HMX, PETN, TNT,
AN, and NC (nitrocellulose) and binders, plasticizers and additives to prepare these different explosive
components for stable isotope analysis. They write, “This paper describes the theory and processes used
to develop a component-specific approach to prepare explosives samples for isotope ratio analysis,
focusing specifically on optimization of solvent extraction methods” [431].
One of the most popular and easily synthesized homemade explosives is TATP. Here, Howa, J., Barnette,
J., Chesson, L., Lott, M. and Ehleringer, J. measured the carbon (13C/12C) and hydrogen (2H/1H)
isotope ratios of the TATP, and one of its precursors, acetone. Acetone is the only source of carbon and
hydrogen in TATP. They conducted a survey of acetone from 12 countries to see how much variation
there was of 13C/12C and 2H/1H. They reported, “We observed greater ranges in both C and H isotope
ratios of acetone than previously published; we also found that country-of-purchase was a large
contributing factor to the observed variation, larger than acetone grade and brand. Following clandestine
production methods, we observed that the stable isotope ratios of TATP retained the stable isotope
signatures of acetone used in synthesis” [433].
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H) FTIR
Fourier Transform Infrared Spectroscopy (FTIR) is a workhorse instrument in forensic explosives
analysis. Some useful papers are commented upon, below. Many commercial platforms and sampling
devices are available [14].
Alvarez, A., Yanez, J., Contreras, D., Saavedra, R., Saez, P., & Amarasiriwardena, D. looked at four
propellant brands and characterized them by Fourier-transform infrared photoacoustic spectroscopy
(FTIR-PAS). As expected, “Spectra shows characteristic signals of typical compounds in the propellants,
such as nitrocellulose, nitroglycerin, guanidine, diphenylamine, etc.” However, they then applied
chemometric methods of classification, namely principal component analysis (PCA) and soft independent
modelling of class analogy (SIMCA). They state, “Our results show the ability of FTIR-PAS combined
with chemometric analysis to identify and differentiate propellant brands in different explosive
formulations of IED” [436]. It is unclear if the sample set was vastly increased, whether this technique
would work for discrimination but it would be a relatively quick way to do so.

1) Raman Spectroscopy
Raman spectroscopy has seen increased usage not only on scene, but also in forensic explosive
laboratories in the last ten years. It is fast, discriminatory, non-destructive and vetted for legal
proceedings. There are still two basic types, stand-off or near stand-off detection, and targeted analysis,
sometimes with portable hand-held units.
Elbasuney, S., and EI-Sherif, A. introduced a study on instant and standoff identification of concealed
explosive-related compounds using a customized Raman technique. They reported, “Stokes Raman
spectra of common explosive-related compounds were generated and spectrally resolved to create
characteristic finger print spectra.” As expected they demonstrated .. .that the two vibrational
spectroscopic techniques were opposite and completing each other” [449].
Almeida, M., Logrado, L., Zacca, J., Correa, D., and Poppi, R. reported using “Raman hyperspectral
imaging, in conjunction with independent component analysis” as a “methodology to detect an
ammonium nitrate fuel oil (ANFO) explosive in banknotes after an ATM explosion experiment” [441].
Almaviva, S., Palucci, A., Botti, S., Puiu, A., and Rufoloni, A. reported on using surface-enhanced
Raman spectroscopy (SERS) measurements of common trace amounts of military explosives with a
micro-Raman system integrated with a Serstech R785 miniaturized device, comprising a spectrometer and
detector for near-infrared (NIR) laser excitation (785 nm). They report that “SERS spectra were obtained,
exciting samples in picogram quantities on specific substrates...” [440] Italics added.
Zapata, F. and Garcia-Ruiz, C. used vibrational spectroscopy, including both IR and Raman, to study
some 72 nitrate, perchlorate and chlorate salts in a non-destructive, non-disassociated (like ion
chromatography) manner. They tested whether every salt can be unequivocally identified by IR and
Raman. They reported that, “Besides the visual spectra comparison by assigning every band with the
corresponding molecular vibrational mode, a statistical analysis based on Pearson correlation was
performed to ensure an objective identification, either using Raman, IR or both.” Also, that “Positively,
25 salts (out of 72) were unequivocally identified using Raman, 30 salts when using IR and 44 when
combining both techniques” [479]. This is not surprising since many low molecular weight inorganic salts
have spectra reflecting the anionic portion of the salt.

J) DSC, Thermal Analysis, TG
Kohga, M. and Handa, S. analyzed the thermal decomposition behaviors and burning characteristics of
propellants with ammonium perchlorate (AP)/ammonium nitrate (AN) particles. It is reported that these
greatly depended on the AN content () of the AP/AN sample [485].

207



VII.  Nanotechnology
As stated in our previous two reviews, “one of the most exciting aspects in explosives in the last decade
has been the development of nanotechnology” [14]. Nanotechnology allows for the miniaturization of
instrumentation allowing for very powerful portable analytical use. Another aspect of nanotechnology is
the miniaturization of particles in explosives themselves.
Gao, B., Qiao, Z. and Yang, G. presented a review of nanoexplosive materials since the 1990’s. They
write, “Nanotechnology has proved to be a remarkable and indispensable strategy to achieve high-
performance nanomaterials for applications. This chapter provides an overview of the main developments
of the three types of nanoexplosives (nano-individual explosives, nhanocomposites, and nano-cocrystals)
from preparation and characterization of properties, using a comparison of different approaches for
preparing nanoexplosives.” This paper is an excellent primer for forensic explosive analysts who will be
encountering these types of explosives in criminal or terrorist bombings in the near future (if they have
not already) [516].
VIII. General Detection
Mochan, W. and Ramirez-Solis, A. reported that “The GT200 device has been extensively used by the
Mexican armed forces to remotely detect and identify substances such as drugs and explosives. A double
blind experiment was performed to test its efficacy. In seventeen out of twenty attempts, the GT200 failed
in the hands of certified operators to find more than 1600 amphetamine pills and four bullets hidden in a
randomly chosen cardboard box out of eight identical boxes distributed within a 90 m x 20 m ballroom.
This result is compatible with the 1/8 efficacy expected for a useless device, and is incompatible with
even a moderately effective working one” [607]. This is not surprising since the UK Government banned
their use in Iraq and Afghanistan in 2010 and the owner of the company, Gary Bolton, was convicted on
26 July 2013 on two charges of fraud relating to the sale and manufacture of the GT200 and sentenced to
seven years in prison [564, 565, and 584].
Seman, J., Johnson, C. and Giraldo, C. proposed the creation of an identification taggant that survives
detonation and can easily be recovered. “This paper shows that traces of two elements, samarium (Sm)
and holmium (Ho), can be identified from explosive post-blast residue”. Post-blast residue was analyzed
by neutron activation analysis (NAA) and the two elements were detected. The approach is not clear as to
whether ratioing or another method would be employed for the thousands of “codes” needed for an
identification taggant [622].

A) Canine Explosives Detection
MacCrehan, W., Young, M., and Schantz, M. employed a “novel solid-phase microextraction with
externally-sampled internal standard (SPME-ESIS) vapor-time measurements of two volatile compounds
associated with canine detection of plastic explosives, 2-ethyl-1-hexanol and cyclohexanone.” They used
a polydimethylsiloxane (PDMS)-based material for use as canine training aids [656].
Hall, N. and Wynne, C.D.L. looked at complex odor mixtures with oxidizers and oxidizers alone for
canine detection capabilities. They “...evaluated the effect of two training procedures on dogs' ability to
identify the presence of a critical oxidizer in complex odor mixtures.” Some dogs “received odor mixtures
that varied from trial to trial with and without an oxidizer.” Moreover, some were trained on solely the
oxidizer. Their results were that the dogs who were trained on mixtures had “above chance discrimination
of the oxidizer from variable backgrounds and dogs were able to readily generalize performance, with no
decrement, to mixtures containing novel odorants.” They also reported that dogs trained on oxidizers
alone “... led to a precipitous drop in hit rate when the oxidizer was presented in a mixture background
containing either familiar and/or novel odorants” [653].
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Colizza, K., Gonsalves, M., McLennan, L., Smith, J. and Oxley, J. studied, in depth, the metabolites of
triacetone triperoxide (TATP) and compare those to methyl ethyl ketone peroxides (MEKP) in canines to
determine possible toxicity of these materials to canines [648].
DeGreeft, L.E., Peranich, K., & Simon, A. looked at “the capability of canines to generalize or
discriminate between related target odors including single target odors and binary mixtures” [650].
Ong, T., Mendum, T., Geurtsen, G., Kelley, J., Ostrinskaya, A., and Kunz, R. used a sensitive, real-time
vapor analysis mass spectrometer, with a “detection library of nine explosives and explosive-related
materials consisting of 2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT), 2,4,6-trinitrotoluene
(TNT), nitroglycerin (NG), 1,3,5-trinitroperhydro-1,3,5-triazine (RDX), pentaerythritol tetranitrate
(PETN), triacetone triperoxide (TATP), hexamethylene triperoxide diamine (HMTD), and
cyclohexanone, with detection limits in the parts-per-trillion to parts-per-quadrillion range by volume.”
They found areas of improvement for canine training [657].

B) LIBS Detection
Rezaei, A., Keshavarz, M., Tehrani, M., and Darbani, S. using LIBS, reported how aluminum affected
PBX. They reported, “this work introduces a new method on the basis of the laser-induced breakdown
spectroscopy (LIBS) technique in air and argon atmospheres to investigate the determination of aluminum
content and detonation performance of aluminized PBXs.” They also stated, “By using the LIBS method
and the measured intensity ratio of CN/C, an Al content of 15% is found to be the optimum value in terms
of velocity of detonation of the RDX/AI/HTPB standard samples” [669].

C) Neutron
Kulcinski, G., Santarius, J., Johnson, K., Megahed, A. and Bonomo, R wrote about using a system to
detect landmines or IEDs by the use of small DD or DT neutron sources carried by a drone [679].

D) Terahertz

E) Nuclear Techniques

F) X-Ray

G) lon Mobility Spectroscopy
Chaffee-Cipich, M., Hoss, D., Sweat, M., and Beaudoin, S. explored the formation of “traps” and
malleable surfaces for explosives in IMS sampling in a security setting. Their sampling methods may help
in a forensic setting [704].
In a similar fashion Kuzishchin, Y., Kotkovskii, G., Martynov, I., Dovzhenko, D., & Chistyakov, A.
reported on a method for detection of ultralow concentration of explosives coupling ion mobility
spectrometry (IMS) and laser desorption/ionization on silicon (DIOS). “The DIOS is widely used in mass
spectrometry due to the possibility of small molecule detection and high sensitivity” [710].

H) Novel Detection
The references cited in this section are varied. Some are not necessarily completely novel but have a
reported significant variation from the standard technology on which they are based.
El-Sharkawy, Y. and Elbasuney, S. used Laser photoacoustic spectroscopy (LPAS). They claimed that
theirs is “a novel LPAS technique that offers instant and standoff detection capabilities of trace
explosives.” They used this “customized LPAS technique...for instantaneous trace detection of three
main different high explosive materials including TNT, RDX, and HMX” [734].
Adlin, A. and Kumar, K.M. proposed explosive detection by using printed antennas with substrates that
can detect explosives based on the E-field excitation value [718].
Zhang, A., Fu, D., Xuan, Y., & Ma, H. introduced a multi-channel system for explosive and drug
detection. They reported that they “have developed a new synthetic conjugated polymer with single
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molecule layer and coated on porous silicon with large surface area to increase quenching signal at least
one order, based on this new film a small handheld explosive detector with sensitivities of 0.1 pg for TNT
and 0.1 ng for black gun powder are obtained.” They claimed that “Last year, after face to face
competition, our device was selected as the only security detector for the G20 summit held in Hangzhou,
China” [808].
Gillanders, R., Samuel, 1., & Turnbull, G. “...present a portable photoluminescence-based sensor for
nitroaromatic vapours based on the conjugated polymer Super Yellow integrated into an instrument
comprising an excitation LED, photodiode, Arduino microprocessor and pumping mechanics for vapour
delivery” [739].
A cheap field instrument is reported by Erickson, J., Shriver-Lake, |., Zabetakis, D., Stenger, D. &
Trammell, S. using an inexpensive electrochemical assay, with a hand-held “potentiostat for the
identification of explosives.” They claimed, “The prototype instrument designed to run the assay is
capable of performing time-resolved electrochemical measurements including cyclic square wave
voltammetry using an embedded microcontroller with parts costing roughly $250 USD. We generated an
example library of cyclic square wave voltammograms of 12 compounds including 10 nitroaromatics, a
nitramine (RDX), and a nitrate ester (nitroglycerine), and designed a simple discrimination algorithm
based on this library data for identification™ [735].

I) Stand Off
Cole, P., Cal, C.J., Jean, D. R., & Fell N. F. Looked at UV Raman spectroscopy to “determine the effect
of additional colors of vehicle paints (besides white, black and bare metal) with Clearcoat on the ability of
UV Raman to detect explosives on these surfaces.” They reported, “The results clearly show a strong
luminescent background in all of the visible Raman spectra and only a weak Raman background signal in
the case of UV Raman spectra with 150 backscattering at all 3 UV excitation wavelengths and the onset
of luminescence between 1,400 and 1,500 cm1 with 180 backscattering at 257.23-nm excitation™ [824].
Kuzovnikova, L., Maksimenko, E., Vorozhtsov, A., Pavlenko, A., Didenko, A. and Titov, S. used an
optical-electronic laser complex for the standoff detection of traces explosives. They used Active Spectral
Imaging. They reported the results as “Experimental researches in detection of traces of various types of
explosives on different substrates were carried out. On average, the probability of detection was 89 % and
the probability of identification was 91 %” [852].
Holthoff, E., Marcus, L., and Pellegrino, P. write on using photoacoustic spectroscopy (PAS), employed
in a sensor format. They explained, “PAS is one of the more flexible IR spectroscopy variants, and that
flexibility allows for the construction of sensors that are designed for specific tasks. PAS is well suited for
trace detection of gaseous and condensed media” [845].
IX. Environmental
Environmental scientists and chemists have long sought to test and eventually remediate explosives in
environmental samples. Some of these methods can be directly borrowed from this field for use in
forensic laboratories. Still other research, such as degradation studies, may assist the analyst in
background knowledge of the explosive in certain matrices, especially soils.
Ha, Y., Daeid, N.N., Dawson, L.A., DeTate, D., & Lewis, S.W. in an interesting study, looked at
explosives that were spiked into soil samples versus actual residues from the detonation of those
explosives. They showed how detonations, when examined by scanning electron microscopy, “...reveal
that detonations result in newly-fractured planes within the soil aggregates...”, They also stated that “We
demonstrate that detonations cause an increase in soil porosity, and this correlates to an increased rate of
TNT transformation and loss within the detonated soils, compared to spiked pristine soils” [876].
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Chatterjee, S., Deb, U., Datta, S., Walther, C., and Gupta, D. demonstrated a review of explosive
materials in soils that are contaminated either due to “manufacturing operations, military activities,
conflicts of different levels, open burning/open detonation (OB/OD), dumping of munitions etc.”. The
review seeks to emphasize the appropriate practices to remediate the contamination [871].

Yu, H., DeTata, D., Lewis, S., and Daeid, N. studied storage effects of explosives in soil. They explain,
“in this work, three different soils were spiked with solutions of TNT, RDX and PETN and stored either
at room temperature, refrigerated or frozen. Samples were extracted over 6 weeks, with additional
samples gamma-irradiated or nitrogen purged prior to storage. Experimental results indicate that TNT
underwent very rapid degradation at room temperature, attributed to microbial action, whereas PETN and
RDX proved to be more stable” [888].

X. Other (Safety, Definitions, Etc.):

Sisco, E., Najarro, M., Samarov, D. & Lawrence, J. reported on the stability of trace amounts of
explosives over time and environmental conditions. Six “explosives were inkjet printed directly onto
substrates and exposed to one of seven environmental conditions (Laboratory, —4 °C, 30 °C, 47 °C, 90%
relative humidity, UV light, and ozone) up to 42 days.” At various intervals, samples were extracted and
quantified using electrospray ionization mass spectrometry (ESI-MS). The results were, “...compound
dependent with minimal sample losses observed for HMX, RDX, and PETN while substantial and rapid
losses were observed in all conditions except —4 °C for ETN and TNT and in all conditions for tetryl.”
These are quite interesting results for the authors [957].

Verolme, E., Van der Voort, M., Weerhejim, J., Koh, Y., & Kang, K. tried to extrapolate backwards to
see if damage on a post-blast scene can be applied to determine the strength of the original explosion
[966].

Of interest for EOD Techs and perhaps other responders, Reid, D., Riches, B., Rowan, A. and Logan, M.
proposed a “A new field portable approach using high temperature combustion has been developed and
tested to destroy organic peroxides especially TATP. This approach provides a viable alternative to
destruction of organic peroxides using explosives, or chemical neutralization. The apparatus is made of
commonly available parts, and does not require specialist expertise to safely operate” [944].

Oxley, J., Smith, J., Bernier, E., Sandstrom, F., Weiss, G., Recht, B., and Schatzer, B. mapped pipe
fragments for bombs made of steel and PVC. They described pipe fragmentation patterns by fragment
weight or surface-area distribution mapping (FWDM) or (FSADM). They make a distinction of
presumably steel pipe with cast iron end caps when concluding, “When fillers detonated, detonation
velocities of ~4.4 mm/us were measured. In such cases, side-walls of the pipe were thrown first; the
average fragment velocity was ~1000 km/s. In deflagrations, the end cap was first thrown; fragment
velocities were only ~240 km/s” [938].

In a macabre paper, Zwirner, J., Bayer, R., Japes, A., Eplinius, F., Dessler, J., & Ondruschka, B. looked at
suicide by “the intraoral blast of firecrackers- experimental simulation using a skull simulation.” They
stated, “We here report two cases of suicide committed by an intraoral placement of firecrackers,
resulting in similar patterns of skull injury. As it was first unknown whether black powder firecrackers
can potentially cause serious skull injury, we compared the potential of destruction using black powder
and flash powder firecrackers in a standardized skull simulant model (Synbone, Malans, Switzerland).
This was the first experiment to date simulating the impacts resulting from an intraoral burst in a skull
simulant model. The intraoral burst of a “D-Bdller” (an example of one of the most powerful black
powder firecrackers in Germany) did not lead to any injuries of the osseous skull. In contrast, the “La
Bomba” (an example of the weakest known flash powder firecrackers) caused complex fractures of both
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the viscero- and neurocranium. The results obtained from this experimental study indicate that black
powder firecrackers are less likely to cause severe injuries as a consequence of intraoral explosions,
whereas flash powder-based crackers may lead to massive life-threatening craniofacial destructions and
potentially death” [975]. The authors of this paper note that black powder is known to have less velocity
upon exploding than typical perchlorate or chlorate-based flash powders.

Final Notes:

Papers that were not referenced above can be found in the extensive bibliography. Many of these seem
promising as technology advances.
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