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PREFACE

Forensic Science continues to play an ever increasing role in solving crimes
and assisting investigations throughout the globe. For years, INTERPOL
has fostered international police cooperation by facilitating the sharing of
valuable forensic science information and data. The 17" Triennial
INTERPOL International Forensic Sciences Managers Symposium serves
as a unique opportunity for forensic science managers across the world to
share and exchanges ideas and best practices.

The purpose of the symposium is to bring together senior managers from
member states in a forum that facilitates:

- the presentation of advances made in scientific methods over the

previous three (3) years, and to provide a look into future forensic
needs and advances;

- the exchange of information which will enhance scientific methods in
criminal investigation and the administration of justice;

- the discussion of problem areas encountered by member states and
the possible provision of solutions; and

- the exchange and pooling of ideas for future progress.

The symposium Proceedings on this CD concentrate on the Review Papers
prepared by the Coordinating Laboratories, which highlight and summarize
advances in the various evidence types. The various evidence areas are
grouped into five (5) major categories:

e Criminalistics

o Firearms;
Toolmarks;

Paint and glass;
Fibers;

Forensic geology

O O OO

 Identification Sciences

o Fingerprints.
0 Biological evidence (DNA);
o Document examination



¢ Media Evidence

o Audio Visual;
Video;

Imaging;

Digital evidence

O O O

* Forensic Chemistry

o Fire investigation;
o Explosives;
o Drugs; and
o Toxicology

+ Management

In addition to the discipline specific reviews, three (3) thematic sessions will
be held at the 17" IFSMS on the following topics:

* Management,
¢« Scene of Crime, and;

+ State of the Art Forensics

The 17" IFSMS is only possible with the support of Interpol and the
General Secretary, Ronald Noble. Interpol staff coordinated all aspects of
Interpol’s involvement to include distributing meeting announcements;
organizing registration; arranging the meeting venue, and publishing the
meetings’ s proceedings. In particular, the Organizing Committee is grateful
for the efforts of Mr. Simon Dzidrovski, Mr. Antonio Farelo and Dr. Serge
Eko who worked closely with the Organizing Committee in every step of the
process

Also, IFSMS would not be possible without the significant work of the
Organizing Committee, each Coordinating Laboratory and the review paper
authors.

Lastly, a special acknowledgment goes to Prof. Niamh Nic Daéid who
compiled and edited the submitted papers and prepared the proceedings
that are contained on this CD.

Nelson Santos
Chair
17" IFSMS Organizing Committee
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Introduction

This review paper covers the advances in scientific methods and general
discussions applied to firearms reported since the 16th International
Forensic Science Managers Symposium in October 2010.

A literature search was conducted covering articles published in the main
forensic journals since mid-2010.

1. Firearms Identification

Strengthening the scientific foundations of firearms identification should be
an ongoing activity for all examiners. Following the recommendations made
in the National Academy of Science’s 2009 report (1) several articles have
been published.

Saks has opted for three research strategies which could prove a step
forward for the identification sciences (2), namely;

a) The DNA model
b) The black box model
C) The basic research model

The DNA model would focus on setting-up databases to assess the
variation of attributes in a reference population. Enabling the examiner to
determine the probability of an incidental match. Following the black box
model the assessment would still be a subjective one performed by an
examiner. But the accuracies of the different types of examinations should
be well studied and reported. By performing specific studies to test
hypotheses based on beliefs about the nature of evidence, these beliefs
may turn out to be correct or incorrect. An example of the basic research
model approach is the comparison of the frequencies of consecutive
matching striae in pairs of bullets that are known matches versus known
non-matches. Through this model — somewhere in between the DNA and
the basic research model — the error-rate of a minimum number of
consecutive matching striae can be stated (2;3).

The problems of the lack of a strong scientific foundation in firearms
investigation are also seen in court. The transformation in the admission of
forensic identification evidence in the United Stated following the U.S.
Supreme Court decisions in Daubert v. Merrell Dow Pharmaceuticals Inc.
and Kumbo Tire Co. Ltd. V. Carmichael shows a number of exclusion and
limitations of forensic evidence. A total of 37 (17.9%) of all analysed
challenges to firearms and toolmarks testimony resulted in an exclusion or
limitation of the evidence by the court. For these cases, reliability concerns



were mentioned in 52.8% of the cases (4). The given reasons for the
exclusions or limitations of forensic identification evidence in court could be
used to refocus the research and to adjust applied methods to overcome
the criticism. Exclusions and limitations were specifically based on
unfounded statistics, error rates and certainties, a failure to document the
analytical process and of following standardised procedures, and the
existence of observer bias (5).

Apart from the possibilities of future research, changes in the overall
approach of interpreting and concluding forensic evidence might help in
showing the restrictions of firearm examinations. Changing conclusions
from an ‘absolute certainty’ to a ‘practical certainty’ has been proposed (6),
but this will not solve the main issues. A fundamental change from
concluding a categorical or an inconclusive opinion to a reflection of the
evidential value under two hypotheses following Bayesian inference might
give the court a better understanding of the actual evidence given by the
firearms examiner (7).

As an example Wevers et al. studied a potential model to increase the
objectivity of the interpretation of toolmarks through the use of both
consecutively matching striae (CMS) and Bayesian inference. Given the
probabilistic nature of the data, standard statistical thinking suggests that
Bayesian inference is likely to be the most powerful method for
interpretation. The resulting likelihood ratios from the used model show
some, but incomplete separation between known match and known non-
match conditions. Although promising, these results are thought to
represent the limitations of the CMS summary of the complete striae pattern
and the limitations of the modelling used (8).

1.1 Validation studies and statistical foundations

Traditionally, validation studies within the field of forensic firearms
examination have been based on:

a) Reproducibility of markings
b) Individuality of markings
1.1.1. Reproducibility of markings

Reproducibility has been studied by shooting large amounts of ammunition
through one firearm and comparing the markings to check whether they
stay the same.

Mikko et al. states that it was possible to find sufficient matching individual
striations in the bullets after firing 20.000 rounds through a M240 machine



gun barrel, but that after 10.300 rounds some of the prominent striae
started to change significantly (9).

Grom & Demuth studied the reproducibility of a Glock firearm. Showing that
the IBIS system was able to properly correlate the known matches within
the top twenty percent results entered in the system. The study showed that
the breechface and firing pin markings didn’t significantly change over 500
rounds (10).

Before and after castings of the chambers of one FN Browning model High
Power and one Hi-Point model C pistol showed that the toolmarks in the
chambers didn’t change significantly over 1.440 rounds. Finer markings
may have filled more rapidly with deposits than the gross chamber
markings, masking details in the cartridge cases from around the 100™
round. The markings were identifiable up to 960 rounds (11). The material
of the cartridge case had a large influence on the availability of striae.

1.1.2. Individuality of markings

Individuality has been studied by comparing the markings in cartridges
cases and bullets fire by consecutively produced firearm components.

A study based on ten consecutively finished Hi-Point model C9 slides
showed that the variations in the breechface marks resulting from the
process of sanding were unique and identifiable. A blind test performed by
the author showed that no mistakes were made (12).

Fadul studied the individuality of Glock EBIS barrels. Fifteen questioned
bullets were matched to one of the groups of two known test fires from ten
consecutively produced barrels, by 183 examiners. There were 11 incorrect
answers made by a total of 7 examiners. The error rate for the comparison
of bullets fired through Glock EBIS barrels was established to be 0.4%. As
a limitation the author states that not all of the barrels showed the same
barcode-like patterns although they were consecutively produced (13).

A study based on obturation markings from ten consecutively reamed
chambers from three manufacturers (Ruger, Kel-Tec and Hi-Point) showed
that 178 out of 192 comparisons resulted in a correct identification, 11 in an
inconclusive opinion and 3 in an incorrect identification. A total of 64
examiners participated in this study (14). These types of blind examinations
fulfil the demand for known accuracies as proposed by Saks’ black box
model. To be able to relate the resulting error rates, double blind testing
(the examiners does not know he is being tested) will be even better.

Saribey & Grace Hannam studied the markings left by ten pistols with

consecutive serial numbers from two Turkish pistol manufacturers. They
state that for each make of pistol (Kirikkale and Fatih 13) the individual
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characteristics within the firing pin impression, the ejector and the
breechface markings of all ten pistols were significantly different (15).

1.2 Parameters that affect the identification process

While comparing markings left on spent bullets or cartridge cases different
parameters could influence the quality and quantity of these markings.
During the last years a few studies have been performed on different
parameters.

When focussing on striae transferred from a barrel to a bullet the
construction of the bullet plays a major role. James studied two non-lead
rimfire cartridges manufactured by CCl/Speer and Winchester. The .22
Long Rifle Winchester bullets, made of tin, appeared to take matchable
striae from the rifling lands. The .22 Long Rifle CCIl bullets, from
compressed powdered-copper don’t take any matchable striae (16).

Chumbley et al. studied the influence of different ammunition manufacturers
and the primer hardness on the transfer of microstamped identifiers from
the firing pin. They illustated that both brand of ammunition and type of
firearm play a role on the transfer. But no primary parameter of the
ammunition could be identified as ensuring complete identifier transfer.
Lacquered ammunition showed to degrade identifier transfer (17).

In addition to the previous study the possibilities of using scanning electron
microscopy (SEM) to distinguish the alpha-numerical identifiers as well as
the gear code structure was investigated. The authors say that this
technique showed a good optical imaging of the microstamped identifiers
from the firing pins (18).

1.3 Identification based on unusual markings

When comparing markings on spent bullets and cartridge cases there are a
few aspects which can be considered, namely;

a) What is the source of the markings?
1)  From a firearm component?
2)  From the ammunition?
3) From the manufacturing of the ammunition?

b) How was the firearm component responsible for the markings
produced?

c) Is there any subclass present in the markings?

All mentioned aspects play a roll in the interpretation of the evidential value
of the compared markings.
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1.3.1 What is the source of the markings?

When comparing markings left on bullets and cartridge cases it should be
considered whether the markings are the result of the firearm or whether
they result from the ammunition itself or were already present on the
cartridge before firing due to manufacturing of the cartridge.

1) From a firearm component?

A number of articles was published on comparisons based on peculiar
markings or on previously unpublished markings resulting from firearm
components.

Barrel

Windsor states that it is possible for a smooth bore firearm (Winchester
model 37, calibre .410) to produce striated patterns on bullets that are
reproducible and sufficient for comparison (19).

Additionally a case report from Pendleton et al. states that is was possible
to compare the markings left by a rough spot on the muzzle of a sawed-off
410 shotgun with those on three 000 Buck pellets. Due to different
compressions of the pellets during firing it was even possible to determine
the order of the pellets (20).

In contrary to a rough spot on the muzzle of a sawed-off shotgun used for
identification, a choke tube might be the cause of an erroneous elimination.
Firing .45 Colt calibre ammunition through a Thompson/Center Arms
Contender model single shot pistol with the choke tube in place - enabling
the pistol to fire .410 bore shotshells — will cause the bullet to deform
significantly. And might even cause the rifling characteristics to be different
(21).

Comparison of the striae present on the plastic bases of two successively
fired 40mm less lethal projectiles illustrated that it was possible to match
the markings present in the land engraved areas (22).

Even though the questioned bullets had very poor rifling impressions that
were devoid of nearly all fine striae Collins was able to relate them to the
barrel of a Russian Nagant M1895 revolver. The large amount of lead
fouling in the barrel produced markings on the test fired bullets having the
same general appearance as on the questioned bullets. In combinations
with axial engravings on the compared bullets and silicone casts from the
revolver’s bore the author was able to make an identification (23).

McCombs stated that is was possible to use striae left by the chamber

throats of various types of firearms for comparison. The resulting striae
from the chamber throat will run parallel to the axis of the bullets and not
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with the rifling and might be seen in both land and groove engraved areas
(24). Similar striae were found in the bullets fired from a FEG 9mm Luger
pistol. In this case the beginnings of the striae were already present when
just chambering the cartridge (25).

Ejection port

Ejection ports might transfer markings to spent cartridge cases, but also to
unfired cartridges. The striae present on the bullet's ogive from a .22
Magnum cartridge could be matched to the ejection port markings from a
.22 Magnum calibre Stirling Model 15 bolt-action rifle (26).

Breechface

Breechface markings are usually referred to as markings from a firing
process. Clow showed that they can also be transferred to an unfired
cartridge by chambering the cartridge. This was seen in Hi-Point firearms
where the impressions were probably caused due to the mass of the slide
or breech block and the strength of the recoil spring (27).

On the rim of cartridges chambered in Glock and Smith and Wesson Sigma
pistols it is often possible to find striae. These reproducible cycling
markings are the result of the left underside corner of the breechface
recess when the cartridge is released from the magazine lips (28).

Similar striae from the breechface recess were also seen on cartridges fired
by Walther model P99 pistols. Azahidi performed an reproducibility study
with five pistols. The results showed that after 742 to 802 rounds the
breechface recess toolmarks retained their characteristics (29).

Although breechface marks are usually transferred from the breechface to
the cartridge it might also be the other way around. A negative of the
cartridge case headstamp impression was discovered on the breechface
after test firing a rusty homemade submachine gun (30). This type of
crossover might be expected in breechfaces made from softer metals.

Carrier

A case report by Hunsinger showed that the carrier of a Maverick by
Mossberg model 88 shotgun had a couple of defects. Striae resulting from
this defect could reproducible be found on cycled shotgun shotshells (31).

Firing pin hole

Zidon et al. published on striae produced during chambering of a cartridge
in a FEG pistol model WALAM 48, calibre 380 APC. The upper
circumference edge of the firing pin hole created striae at the 12 o’clock
position on the base of the cartridge. These striae can be used for
comparisons (32).
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Miscellaneous

Giverts et al. gives an overview of possible extraneous markings — not
resulting from lands and grooves - on projectiles. These markings can
provide an investigator with information about the used firearm and the
crime scene. Features such as the addition of elements to the barrel
(silencers), ammunition manufacturing marks and intentional markings in
the barrel are addressed (33).

2) From the ammunition?

A case report illustrated that it might be possible to match a lead core to its
bullet jacket. Test marks were produced with the base of the jacket and
compared to the striae present in the lead core (34).

Again matching jackets to other bullet components, Clow illustrated that it
was possible to compare the impressed toolmarks on a copper disk
associated with Prvi Partizan .40 S&W TMJ ammunition, with the jagged
edges of the rolled over base of the bullet jacket. When no copper disk is
present this type of markings from the jacket might also be transferred to a
lead core (35).

3) From the manufacturing of the ammunition?

In certain brands and lots of 12 gauge shotgun shotshells parallel
manufacturing markings are present on the primers. This markings show
subclass characteristics from the original tool. The Integrated Ballistics
Identification System (IBIS) is not able to differentiate between these
manufacturing markings and markings transferred by the breechface of a
firearm. Without the interpretation of the IBIS technician this might cause
erroneous matches (36).

Parallel manufacturing markings are not only seen on the primers of
shotgun shotshells, but are also seen on calibre .30-06 Golden Bear
ammunition (37) and on the base of .45 AUTO (38) and .357 SIG Speer
ammunition (39). When unknown by an examiner these markings could be
interpreted as breechface markings from a firearm.

Irregular impressions on the primers of unfired calibre 9mm Luger
Winchester cartridges were thought to be the result of the manufacturing
process, but turned out to be caused afterwards during packaging and
marketing (40).

Raised concentric rings were noted on calibre 25 ACP and .40 S&W
cartridges from CCI Blazer. These rings are fairly similar to fingerprint ridge
details but are the result of the final washing process during manufacturing
(41).

Production toolmarks — such as markings from drawing, primer pocket
formation, headstamp formation and flash hole formation -can be used to
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determine whether the cartridges originated from the same production line,
within a (relatively) short period of time. Markings found in crime scene
cartridge cases might be matched to those present in cartridges found in
the house of a suspect (42).

1.3.2 How was the firearm component responsible for the markings
produced?

In order to make a sound assessment on the evidential value of found
matching and non-matching markings it is of importance to understand how
the tool (firearm component) creating the marking was produced.

General

The effect of the machining process on the discriminative power of toolmark
surfaces is explained by Monturo. The resulting markings left by a tool on a
firearm component are the result of an interaction between the wearing of
the cutting edge of the tool, the built-up edge of the material being removed
and the machining conditions such as feed rate, cutting speed and
vibrations (43).

Furthermore grinding of tools introduces a surface topography of a random
nature. The ‘self-sharpening’ grinding wheel gives an essentially infinite
combination of topography due to self-sharpening, plowing (plastic
deformation), side flow and vibrations (44).

Rifling

Through a literature search and direct contact with the manufacturers Smith
has made a list of over fifty different companies and their rifling methods.
Broach, button, hammer forged, electrochemical, hook and scrape methods
have been studied. The broach and the button method combined accounted
for over 75% of the 1.7 million firearms imported/manufactured in the
United States in 2007 (45).

Bolton-King has written an article on the manufacturing methods of SIG
Sauer 9mm Luger pistols. The different component of the pistols are
highlighted with special attention on the two used methods of rifling. The
land transition profiles from the hammer forged and the electrochemical
rifled barrels differ significantly (46).

Metal injection molding

A fairly new production manufacturing method used for firearm component
is metal injection molding (MIM). This is a multi-step process that combines
metal powders into a solid metal part through molding, debinding (removal
of polymer or paraffin binder through evaporation by heating) and sintering
(heating to a temperature near the melting point of the alloy, which hardens
the resulting component (47).
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Based on a molding technique MIM has a potential to introduced subclass
characteristics in the resulting components. Comparisons of the markings
of five extractors from a calibre .40 S&W M&P pistols illustrated that there
was some presence of subclass. The electropolish finish or the melonite
process after production of component seemed to diminish the possibility of
subclass (48).

The extractors from Para-Ordnance are also the result of MIM without
additional finishing. Other component of their firearms are either finished by
pressing, heating and tumbling or are made by different methods such as
cut-broaching of barrels, and slides are cast and the machined by CNC
machine (49).

1.3.3 Is there any subclass present in the markings?

According to the 5" edition of the AFTE Glossary subclass characteristics
are defined as:

“discernable surface features of an object which are more restrictive than
class characteristics in that the are:

Produced incidental to manufacture

- Are significant in that they relate to a smaller group source (a
subset of the class to which they belong)

- Can rise from a source which changes over time

- Examples would include: bunter marks, extrusion marks on pipe,
etc.” (50)

Lightstone studied the breechfaces of SW40VE Smith & Wesson Sigma
pistols. From Mikrosil casts from the breechfaces of ten slides it was found
that they showed gross subclass characteristics resulting from the broach
that produced them successively. Not all of the markings transferred to the
spent cartridge cases and additional fine striae were visible enabling the
examiner to differentiate between the firearms. It is speculated that the
granular finish caused by a combination of the hand-sanding, hand-blasting
and glass-beading individualised the otherwise subclass characteristics on
the slides, because the abrasives changed the planar structure of the
surface of the toolmarks on the breechfaces (51).

Subclass characteristics were also present in the firing pins from Smith &
Wesson, SW40E and SW9VE Sigma pistols. A seemingly characteristic
marking in the firing pins was found to be similar in a pistol of both models.
The firing pins are produced by Metal Injection Molding (52).
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1.4  Proficiency testing

The ENFSI Expert Working group Firearms/GSR sent out the 2" edition of
their proficiency test. The test consisted of ten sets of castings, from which
five contained bullets and five contained cartridge cases. Each set
consisted of one questioned item and two known items from the same
firearm. Sixty-four laboratories (mostly European) returned the answer
form, giving a total of 637 conclusions (the three missing conclusions were
from examiners who submitted the specific test sets). In total twenty-six
conclusions (4%) were false identifications and thirteen conclusion (2%)
were false exclusions (53).

To ensure that every examiner is provided with exactly the same markings
to compare castings can be used. The quality of the polymer replications
from two Standard Reference Material (SRM) bullets produced by the
National Institute of Standards and Technology (NIST) have been tested.
Using the Max phase correlation scores no significant difference in the
imaging performance between the SRM bullets and the replica bullets was
found (54).

Collaborative Testing Services, Inc. remains well known as a provider for
their interlaboratory tests. From their website new test can be ordered and
reports from past tests can be downloaded (55).

1.5 Instrumental methods

Forensic firearms examinations are traditionally based on the fairly
subjective comparison work of people. Although these examiners are highly
trained the call for more objective methods keeps coming up. Different
approaches to objectify the firearm comparisons through the use of 2D and
3D instruments have been studied in the past years.

Pyramidal Technologies Ltd. introduced a portable, measurement
instrument and analysis tool to create, compare and analyse 3D volumetric
models of fired cartridge cases and bullets; Advanced Ballistics Analysis
System (ALIAS) (56).

Furthermore different studies have been performed to assess the available
2D and 3D techniques and their potential in forensic firearms comparisons.
Gerules et al. give an overview of the nowadays available systems. The
necessary steps to reach a conclusion and the validity of the methods are
described. They conclude that due to the large amount of variations within
the firearms field the available techniques are still in their early stages (57).

Bolton-King compared four available 3D imaging techniques for their

potential application in forensic firearms and toolmarks comparisons. She
concluded that from the four studied techniques — point laser profilometry,
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vertical scanning interferometry, confocal microscopy and focus-variation
microscopy — the latter two were the most promising for the forensic field.
From these two, focus-variation microscopy might by the most promising
because of its relatively low-cost access to 3D technologies (58).

Three types of microscopy were addressed for the comparison of the
markings in a 9mm Luger bullet fired from the polygonal rifled barrel of a
Glock 17 pistol: optical microscopy, comparison scanning electron
microscopy (CSEM) and virtual (confocal) microscopy. Optical microscopy
resulted in an ‘inconclusive opinion’, CSEM in a positive identification and
virtual microscopy in the conclusion that ‘regions of interest and
commonality’ were found. They conclude that optical microscopy is the
most efficient, CSEM the most advanced but hardly ever necessary and
that virtual microscopy is promising but needs more development (59).

Scanning electron microscopy is also addressed as a possible supplement
for the traditional optical microscopy. The high magnification, the large
depth of field and the independence from oblique lighting issues might
make it possible to perform better comparisons (60).

Although new 2D and 3D techniques might be promising, one of the main
issues in automated comparisons is the huge amount of data that needs to
be compared. Chu et al. have proposed a way to pre-assess the availability
of striae in bullet land engraved areas. Through an automated
determination of the striation density a bullet can be assessed by a
quantitative criterion as having sufficient or insufficient striae for reliable
identification (61).

A study using effective correlation area based method for cartridge case
image matching shows that the proposed method has a high discriminative
power. The authors advocate that the method will enable forensic science
to compile image database on a large-scale to perform correlation of the
markings present in cartridge case bases (62).

Another study focuses on the automated segmentation of the markings
present on the base of the fired cartridge case. This system is proposed as
a preliminary step for the matching process. Based on a 3D image the firing
pin impression and headstamp could be distinguished (63).

As a proposed objective method to support the subjective conclusion of an
examiner the striae present in the matched land engraved ereas from
bullets were translated to a barcode. The barcode was based on the
distance of the striae from one shoulder of the land engraved area. Through
Principle Component Analysis and Support Vector Machine error rates
varied between 19.444% and 1.149%. The second result generated by the
majority of the analysed bullets indicates the correct grouping based on
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barcodes was possible, supporting the examiner’s subjective identifications
(64).

A study using the NIST Standard Reference Material focused on a quality
system for ballistic identifications within the National Integrated Ballistics
Information (NIBIN) of the U.S. Twenty-four periodic image acquisitions and
correlations performed over a year were processed. This resulted in control
charts and control limits for the proposed quality system and for promoting
future assessments and accreditation for firearm evidence in accordance
with the ISO 17025 Standard (65).

1.6 Courtrulings

Firearms and toolmarks examiners in the USA are particularly prone to
court challenges focusing on the scientific principles of the discipline. The
Scientific Working Group Firearms (SWGGUN) is keeping track of these
court rulings on their website (66).

2. Firearms & ammunition miscellaneous reports
2.1 Firearms

Class characteristics

The underside ejector markings, found on the rim of cartridge cases fired
from Glock pistols, can be used as a means to differentiate the Glock’s
class characteristics from the class characteristics of the S&W Sigma
pistols (67).

The class characteristics and their comparison value of the Israeli Tavor
assault rifle, TAR 21, are discussed. Most class characteristics resemble
the M-16 class characteristics, but they are distinguishable. The most
prominent markings are the shape of the extractor cut-out mark, the
presence of the neck mark and the ring around the firing pin (68).

Sound levels

In this final article of three on sound levels Haag presents some sound level
measurements for unsuppressed and suppressed firearms fitted with
professionally and home-made suppressors. The sound levels of
supersonic bullets in flight near ear witnesses is discussed and common
high amplitude sound levels are related to sound levels of gun shots. Earlier
articles in the series describe the requirements for sound level meters and
how to verify proper performance (part 1) and the effect of different
variables on sound levels (part 2) (69).
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Serial number recovery

Acid etching techniques do not work well when recovering obliterated laser
etched serial numbers in aluminium alloy frames. Relief polishing might
work properly when trying to recover these serial numbers (70).

Big bore airguns

Popularity of big bore airguns has risen in the United States. Two articles
about their history, development and manufacturing discuss these airguns
from a forensic viewpoint. Additionally two popular American made big bore
airguns are studied and their rifling characteristics are given (71;72).

Hunting fatalities in Sweden

An overview of the unintentional firearm fatalities due to hunting between
1983 and 2008 in Sweden shows that there were 48 such fatalities.
Restrictive firearm legislation combined with the introduced mandatory
hunter's exam accounts, at least partly, for a decrease in the average
number of fatalities over the last few decades. Of all fatalities, human error
was found to be the main cause (73).

2.2  Ammunition

Chemical composition

Fragments of the plastic tips of bullets which might be found in wound tracts
can be used for forensic class determination. Due to the high quality control
used by the manufactures, discrimination between the polymers found in
common commercially available plastic-tipped bullets is possible using
colour. The authors made use of Fourier transform infrared spectroscopy
analysis coupled to the statistical power of discriminate analysis and x-ray
fluorescence spectrometry (74).

Apart from the plastic tips of bullets it is also possible to compare the
chemical composition of bullet fragments to each other and to different
ammunitions lots. The evidential value of matching compositions is highly
dependent on the composition variability within and between different
ammunition boxes (75). Another publication stated that XRF of the bullet
core of 9mm Luger FMJ (DM1 1A1B2) ammunition was a good technique to
determine variability between batches (76).

Compositional features

Compositional features of major ammunition parts can be used to
differentiate between commercially and home-made cartridges. Some
features such as markings from a lathe producing the cartridge case and of
the headstamp can be used to trace the origin of the home-made cartridges
(77).
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Alpha characters

Alpha characters can be found on some of the bases of calibre .22
Remington bullets and inside the base of cartridge cases. Due to blending
of the component prior to assembly these can not be used to match a
particular bullet and cartridge case (78).

Crimp marks

While most of the discernible class characteristics of a fired and deformed
bullet might be missing, the crimp marks could still make it possible to
distinguish between a 9mm Luger or a .357 SIG calibre. The crimp marks
are located further from the base of the bullet in .357 SIG bullets (79).

Reducing powder charge

In reconstruction work it is sometimes necessary to reduce the speed of
bullets by reducing the powder charge. For rimfire cartridges the use of a
kinetic bullet puller might be dangerous so another method was proposed.
Filing a small slot on the side of the cartridge and opening the resulting
metal foil with a surgical knife makes it possible to remove some of the
powder charge. When the desired amount of powder has been removed the
foil can be close again. Using this method the powder charge of a rimfire
cartridge can be decreased in a safe way (80).

Ammunition components

Aspects of ammunition can be used to make a statement about the
manufacturer of found ammunition components. Windsor addresses two
new shotgun shotshells and their components (81), while Huang focuses on
the properties of two different brands of expanding bullets (82).

A case report shows the match made between the black polyethylene
particles recovered from a gun shot victim and the buffer material present in
two Remington 12 gauge shotshells. The buffer material was compared
with respect to size, shape, colour, texture, pigment distribution and
chemical characteristics through microscopic and Fourier Transform
Infrared Spectroscopy examination (83).

Jacket thickness variation

When testing a ballistic armour standard the specified reference projectile
has to be defeated. Due to this working method it is important to be able to
establish the variations in bullet jacket dimension, which could influence its
effect upon impact. The use of non-destructive X-ray computed tomography
is explored. Thickness variation in the order of up to 200 ym were found
commonly across all the bullets along the length and an angular variation of
up to 100 um was found in a few bullets (84).
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3. Legislation

Even though the existence of strict UK legislation concerning hunting with
air rifles and pistols and legal power limitations on the possessions of air
weapons (air pistol max 8 Joule, air rifle max 16 Joule), an increase in the
number of deaths has been reported. The weapons are fairly easy to buy
through mail order or on the internet and the pellets become more
sophisticated and therefore more dangerous (85).

In Turkey blank cartridge firing pistols have often been used during the
recent years. The arising problem as the result of removing the barrel
obstruction after which projectiles can be fired from these firearms has led
to new legislation. The 5729 Act (2009) concerning the manufacture and
sale of blank cartridge firing guns has resulted in a reduced number of
converted and unconverted pistols used (86).

According the Turkish law ‘mole guns’ used for pest control can be
considered to be prohibited weapons provided they are of the correct
dimensions. Between 2006 and 2008 eighteen ‘mole guns’ were examined
of which thirteen were 12-gauge bore and five were 16-gauge bore (87).

4. Technical examinations

Technical examination of a firearm can be useful to be able to assess the
evidential values of markings on spent bullets or cartridge cases. But apart
from this it might also be very useful for the assessment of statements
made by victims, eye-witnesses or suspects about the functioning of the
firearm. Different articles were published on altered or self-made firearms
and on the reconstruction of possible events.

4.1 Altered or self-made firearms

Sometimes the question arises whether a firearm is still functioning under
its present conditions. One such an example is shown by Schreiner,
examining a Springfield model XD-40 without a guide rod (88). Tunnel went
a bit further, explaining and showing that with some additional support it is
still possible to produce test fires with a firearm that has been cut into
multiple pieces as long as the bare necessities are present (firing pin
assembly, breechface and chamber) (89).

Missing grip plates of a calibre .380 Auto, Bryco model 38 pistol will prevent
the firearm from firing when pulling the trigger. The cam will not properly
engage with the sear necessary to release the hammer. When holding the
pistol extra tight, enough external pressure will overcome this problem
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ensuring a proper engagement causing the pistol to fire when pulling the
trigger (90).

Apart from questions about the operability of a firearm technical
examination can also visualise changes made to a firearm. One such an
example is given by a Ruger revolver from which the barrel was replaced
with a Colt barrel. This resulted in different rifling characteristics than would
be expected (91). Changes could also result in the firearm being able to fire
automatic instead of semi-automatic (92;93).

Without making changes to a firearm it might also be possible to use it in a
different way than originally intended. For instance, it is possible the fire
numerable different calibre cartridges with a smooth bore, calibre .410
Winchester model 37 (94).

When a firearm is not available it is also possible to manufacture one. An
example of this is shown by Giverts et al., they examined an improvised
shotgun which fired improvised ammunition. The ammunition consisted of
rim-fire 6mm blank cartridges with an attached drinking straw filled with lead
pellets (95). Other examples are the attempted conversion from a 25mm
flare gun to a rifle (96) and a home-made 20-gauge firearm disguised as a
Super Soaker (97).

The Aydin Regional Criminal Department sees a lot of home-made
reproductions of commercially made firearms. In 2006, 2007 and 2008
around 13% of all their cases consisted of these firearms. Although they are
reproductions the class characteristics of the firearms are usually very
different from the original version (98).

Home-made and converted blank firing pistols are usually less reliable
compared to commercially manufactured firearms. But still bullet velocities
can be more than enough to penetrate the skin. The velocities might differ
significantly from shot to shot and due to unstable bullets it is sometimes
hard to predict the possibility to penetrate the skin (99).

Borgers & De Ceuster report on a fatal incident with a converted blank firing
pistol in combination with 8mm Knall ammunition, fitted with a steel ball.
Velocity measurement with this combination have indicated a high variance,
but threshold energy densities for skin perforation are easily exceeded
(100).

23



4.2 Reconstruction of events

When a statement is given about the accidental discharge of a firearm or
when it malfunctioned it might by possible to investigate the possible cause
of this by examining the firearm.

Haag showed that the point of a 7,62x39mm cartridge can function as a
firing pin. When trying to chamber a second round from the magazine of a
Chinese Type 56 into the chamber the point of the bullet hit the primer of
the first cartridge. Upon discharge a fragment of the cartridge case was
blown from the chamber and penetrated the victims chest cutting a major
heart vessel. The second cartridge hit the first one in the centre instead of
on the side due to damaged magazine lips of an aftermarket magazine
(101). Haag also investigated an accident with a calibre 7mm Remington,
Browning model 81L rifle. The use of fast burning pistol propellant in a hand
loaded cartridge caused a peak pressure around 150.000 to 160.000psi
instead of the designed peak pressure of 61.000psi. This caused the bolt of
the rifle to dislodge (102).

Other publications on technical examinations on firearms focus on the
possibility of a slide action shotguns — such as the Winchester model 1300 -
to extract and eject shotshells without manually sliding the forearm when
firing or dropping the firearm. This could cause the shotgun to work in a
semi-automatic way (103;104).

Unexpected discharge of a firearm can be the result of the forces related to
discharge or to alterations of the firearm. A double fire is possible with a
Smith & Wesson model 500 revolver due to recoil. During recoil the hand
moves slower backwards than the revolver. Contact with the trigger is
(partially) lost, resetting the firearm. When trying to regain control the
trigger might incidentally be pulled causing a second discharge (105).

Modification of firearm components might make them less reliable and safe.
A bend firing block plunger of a calibre .45 AUTO Ruger model P90DC
pistol might cause the hammer to be released when pulled slightly back in
up-side-down position (106). Modifications to a Walther model P38, caused
the hammer to be released when cocked in single-action due to a slight
impact (107).

Trigger pull forces are sometimes measured to make a statement about the
ease of firing. Lawrence & Lee state that for long guns especially the
location of the applied force relative to the trigger’s axis of rotation and the
direction of the trigger rotation influence the magnitude of force. A change
in hand grip angle of 20-30° to the bore axis had no significant impact on
the outcome of the tests (108).
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Another force which can be applied is a force against the direction of travel
of the slide, holding the slide closed. For a calibre 9mm Luger, Glock model
17 approximately 2 pounds ensures that the cartridge case will not be
ejected from the firearm while firing (109).

Smith discusses how it would have been possible to find a fired bullet
fragment imbedded in the frame of the rear of the sear, without external
frame damage (110).

5. Shooting Incident Reconstruction
5.1 Research

While reconstructing a shooting incident a lot of factors have to be taken
into account. Research within this field has especially focused on
reconstructing bullet trajectories, bullet deformation and estimating shooting
distance when shots are fired with a shotgun.

Bullet trajectories

For the reconstruction of a shooting incident the determination of the
direction of impact plays a major role. Some layers of paint and sealant on
for example sheet metal may cause the absence of the normally visible
pinch marks and wave points (111).

When reconstructing bullet trajectories from irregular surfaces such as cars
the use of baselines or the so called “boxing” of a car makes it possible to
relate trajectories to fixed positions (112). By using this system the azimuth
of trajectories can be measured by viewing from straight above on the
intersection of the “box’s” string and the trajectory rod. This technique can
be replaced by using a laser. When the trajectory is illustrated by a laser,
two different locations along the trajectory can be used to make a laser
‘plump bob’ using mirrors. This technique allows the investigator to
measure the azimuth between the two resulting points (113).

When reconstructing a bullet trajectory from a hole in drywall it is important
to know that the ejection of displaced calcium sulphate from the exit side of
a panel of drywall usually takes place orthogonal to the surface of the
drywall and not to the trajectory of the bullet. Because the perforation of
drywall hardly influences the speed and the deflection of the bullet a
secondary impact can be used to determine the trajectory (114).

Comparable to the behaviour of drywall, the expelled glass fragments as
the result from a perforation do not always follow the trajectory of the bullet.
When shooting on glass from an angle the glass fragments will travel away
orthogonally to the surface of the glass plate (115).
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A study on the behaviour of bullets after water impact showed that the
highest variability of azimuth angle after ricochet occurs at the lower post-
ricochet velocities. The critical ricochet angles for the studied projectiles
(K60 BMG, 0.5-cal Ball M2, 0.5-cal AP-T C44, 7,65mm Ball C21 and
5,56mm Ball C77) were ranging from 15° to 30°. The average ricochet
angles (approximately 8° and 13°) were close for all projectiles at
respectively 2,5 and 10° incident angles (116).

Bullet deformation

Haag and Jason explain and show why it is possible that no recognisable
bullet (fragments) are found at a crime scene despite obvious bullet
damage. Orthogonal impact of bullets ranging from lead air rifle pellets to
.50-calibre projectiles all performed similar on unyielding surfaces once
impact velocity exceeded approximately 600 ft/s. Soft lead bullets and at a
higher velocity copper jacketed bullets effectively disintegrate upon impact
(117).

Further research on the impact on unyielding targets has resulted in some
equations where bullet deformation, velocity and strain are taken into
account (118).

Orthogonal impact with handgun calibre ammunition on smooth unyielding
surfaces can results in a mirror-like finish on the nose of bullets (119).

Shooting distance

Estimations of shooting distances based on pellet dispersion from shotguns
have been studied by Arslan et al. They show that different parameters
such as shot number, choke type and barrel length influence the dispersion.
Furthermore they showed that the best estimations of shooting distances
result from regression formulas fitted to a specific shotgun-ammunition
combination. An overall regression formula resulted in a decreased
precision of the estimation (120).

Impact patterns from pellets are not always complete. In case of incomplete
patterns it might be possible to relate the visible distribution to the pattern
distribution at different distances. Using a neural network trained on test
samples a fine estimation can be made of the shooting distance (121).

When shortening the barrel length of shotguns no specific relationship
between barrel length and the resulting distribution size was established.
The influence of cutting off the choke of a shotgun is clearly visible (122).

Apart from the pellet distribution the wad drop-off might also be used to
estimate the shooting distance. Different designs of wads seem to have an
independent level of consistency that may be useful while estimating
shooting distance (123).
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Doppler Radar measurements

Because the drag coefficient C4 is the most important aerodynamic
coefficient to enable ballistic calculations it has been studied how well the
coefficient can be determined through Doppler Radar measurements. This
study showed that is was possible for bullets that travel in the supersonic
range. For bullets around Mach 1 and within the subsonic range the
technique is not very reliable (124).

5.2 Casereports

Apart from studies on different parameters that influence reconstruction
work some casework examinations also give useful information for future
examinations.

Thompson examined a heavy padlock damaged by a bullet impact. At the
centre of the impact a small hole was visible. Test showed that some hollow
point bullets with a copper disk at the base show this phenomenon. Dr.
Planka suggests that this might be the result of pressure and tension stress
wave interference in target mass (the Hopkinson Effect) (125).

When reconstructing a crime scene it is sometimes possible to compare
striae on a bullet to markings present in a hit surface. An example of this is
shown by the impact on a shower door frame (126).

When an apparent suicide incident is found but the location of the firearm
suggests that there might have been a third party present recoil test with
the firearm might help. When firing, the recoil might cause the firearm to fly
away for some distance when not held properly. This might explain the
location of a firearm some distance away from a suicide victim (127).

In some cases wounds on a victim might be related to parts of a firearm.
One such an example is given by the comparison of abrasions in the face
of the victim with the rear sight of a pistol (128).

When determining whether a gun shot incident was the result of a suicide
or a homicide it might be important to examine the hand of the victim. Two
cases have been discussed were the firearm grip impressions were visible
on the hand of the decedent. In one case a ‘negative’ of the grip pattern
was visible and in the other case this was visible in dried blood (129).

Cascini et al. have written an article on an accident in which the victim was

kiled due to an overpenetrated bullet. The bullet perforated a wild boar
after which it hit the victim aligned in the shooting path (130).
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5.3 Trace analysis

Microtraces on bullets and on impacts can help in establishing a relation
between a bullet and the impact site. Foreign material from the impact can
be embedded or adhere to the bullet or the other way around. Examination
using SEM/EDX on lead round nose and full metal jacket bullets fired into
MDF, greenboard, gypsum fibreboard, glass and steel showed that in most
cases traces of the target material were found on the bullet for both
perforations and ricochets. Only perforation of MDF with FMJ bullets and
ricochets on glass without breaking the glass didn’t result in particles on the
bullets. When shooting through multiple targets the sequence of perforation
could be established by examining the deposition of the materials on the
bullet. Traces of the bullets themselves can also be found on the target
materials (131).

When bullets hit or perforate bone, particles of the bone might be imbedded
in or adhere to the bullet. When the bone particles are large enough they
might be recognisable using optical microscopy. Possible other, more
objective methods to qualify the bone particles are SEM-EDS, polarised
light microscopy and magnetic levitation (132).

6. Wound ballistics

During the examination of firearm related incidents multiple factors may be
taken into account. The field of terminal ballistics is of importance when
reconstructing the trajectories of bullets through the examination of
deformation, perforations and ricochets, but there is also another source of
information: wound ballistics. As a specific part of the terminal ballistics the
results from examinations might give more insight in the lethality of firearms
under specified conditions.

6.1 Research

Less-lethal ammunition

Less-lethal projectiles are used by agencies all over the world. A study
using post-mortem human subjects showed that 50% risk of fractures
occurred at 79.2 m/s on the forehead, 72.9 m/s on the temporal, 72.5 m/s
on the sternum and 76,7 m/s on the tibia when using hybrid ammunition
(133).

A review of the literature demonstrated that the feature of injuries appeared
to be related to the type of less-lethal projectile. Less-lethal projectiles are
meant to incapacitate but not kill, for which it is very hard to impossible to
find an optimum fulfilling both criteria (134).
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Simulants

To be able to test the effect of new less-lethal ammunition a surrogate was
established to predict the risk of penetration. The 50% risk of penetration
conditions established in previous studies were correlated with various
combinations of materials. The validated surrogate consisted of a
Laceration Assessmnet Layer of natural chamois and 0.6cm of closed-cell
foam over a Penetration Assessment Layer of 20% ordnance gelatine
(135).

For questions about lethality 10% ordnance gelatine at 4° Celsius is often
used. A relatively new product, Perma-gel, has been tested. The author
states that it allows easy and reliable testing of different types of pistol
calibres (136).

The wound channels simulated in ordnance gelatine can be used to
determine the energy transferred from a bullet to the surrounding tissue.
The total crack length (TCL) can be used for this determination. The TLC
can easily be obtained and measured using computed tomography (CT)
(137).

Airsoft guns

The Criminal Code of Canada’s definition of a firearm states that it is a
barrelled weapon that is capable of causing serious bodily injury or death to
a person. As a threshold, courts have used the criteria of “penetration or
rupture of an eye”. When using conventional 6mm airsoft ammunition the
airsoft gun should be capable of achieving velocities in excess of 99m/s.
The energy densitity parameter for a typical 6mm plastic airsoft projectile is
4.3 to 4.8 J/cm? (138).

The potential lethality of various airsoft guns using plastic pellets was
studied according to the criteria posed by the Israeli law. For replicas of
pistols, machine guns, assault rifles and bolt action rifles the muzzle
velocity was measured. By calculating the available penetration energy of
each pellet is was established that none reached the level of energy to
penetrate or even superficially injure the skin (139).

Contact wounds

The bursting effect, defined as the disruption of at least 50% of the head
due to contact wounds with a firearm occurred in 25 out of 35 examined
cases. The effect was associated with available energy. The bursting effect
occurred in 12 out of 22 case with energy <2700 ft-lbs and in 13 out of 13
cases with energy >2700 ft-Ibs. The volume of gunpowder gas injected into
the wound was considered as a contribution to the bursting phenomenon
(140).

To test the wounding capacity of muzzle gases a test using acryl spheres
filled with 10% ordnance gelatine was set-up. The damage along the bullet
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path was compared between contact shots and shot from different
distances (9mm Luger). Depending on the section of the bullet path, crack
lengths were 31% to 133% longer in contact shots compared to larger
distance shots (141).

Unconventional weapons and ammunition

When comparing typical guns shot wounding with the effect of captive bolt
guns it is stated that in the latter no temporary cavity was observed.
Nevertheless the transfer of kinetic energy to the head could cause
secondary skull fractures in thin parts of the skull due to hydraulic burst
effect (142).

The effect of scare guns used for scaring away menacing animals has been
tested using gelatine. The possible injuries range from abrasions to
contusions, lacerations and fractures (143).

The trauma potential of direct-acting, powder-actuated fastening tools (nail
guns) has been studied. The average velocities ranged from 400 to 580
m/s, while average kinetic energy of the projectiles ranged from 385 to 547
J and mean energy density from 9 to 18 J/mm?. These findings might make
the comparison with ballistics parameters of calibre 9mm Luger pistols
appropriate (144).

The trauma potential of unconventional projectiles was studied by using a
M-16 assault rifle in combination with 5.56mm blank cartridges. The
potential energy was calculated and found to be potentially lethal when over
33 J/cm?. Using this set-up and threshold a piece a tree branch, stone
(pebble), disposable foam earplug, cotton applicator swabs and un-used
chewing-gum could potentially be fatal. Tumbling of “projectiles” decreases
the potential trauma potential (145).

6.2 Casereports

Blank firing and home-made firearms

Although blank firing pistols can be legally obtained in some countries this
does not mean they are harmless. Multiple articles have been published on
fatal injuries caused by these firearms.

Three deaths were reported by Zdravkovic et al., all as a result from contact
shots. The ignition of a powder load results in a pressure wave ranging
from 1200 to 1500 m/s creating a gas volume of 950mL/g for nitrocellulose,
leading to a pressure of 100 to 200 bar at the muzzle (146).

Additional to the review and summarisation of eighteen previously reported

injuries due to blank firing pistols a fatal neck injury which led to
exsanguination is reported (147).
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Conversions or home-made firearms might show wound characteristics
which are not typical for ‘normal’ firearms. A close examination of the
injuries in relation to the firearm might help in explaining the findings (148).

Entry wounds, exit wounds and wound channels

Within the field of wound ballistics it is important to be able to differentiate
between entry and exit wounds, to establish correct wound channels
through a body and to be able to differentiate between close and distant
shots. Naik et al. have reported on a case showing multiple variations from
common findings (149).

Matching the number of entry and exit wounds with the number of bullets
that should be present in a body might sometimes be difficult. Tandem
bullets going through the same entry hole might cause a higher number of
exit wounds compared to the number of entry wounds. When a body
shows more entry wounds than exit wounds and not enough bullets in the
body to explain this difference, a blank firing pistol should be considered
(150).

Establishing the direction of fire from a body might be difficult especially
when the body is already partially-skeletonised with adipocere formation on
the upper part of the body. Postmortem changes and destruction of soft
tissue made the determination of direction of fire impossible (151).

A case involving a victim with two bullets trapped in between the inner and
the outer table of the cranium is discussed. Linear fractures were only
visible in the inner table and no brain injury was seen. The bullets and
fractures were made visible using computed tomography (152).

Farrugia et al. discuss the ricochet of a bullet in the spinal canal and give a
review of the literature on bullet migration in bodies (153).

Remarkable self-inflicted gun shot wounds

Grolte Perdekamp et al. report on an exceptional suicide case were two
firearms were fired at the head and give a literature overview of previous
reported suicide cases with two firearms (154).

A few others report on suicide cases with multiple shots from the same
firearm showing that instant incapacitation is not always the case with gun
shot incidents. The ability to fire a second shot with a captive bolt gun is
dependent on the depth of penetration of the first shot (155). Henja has
published two articles on multiple self-inflicted gun shot wounds and
discusses to possibility to inflict these (156;157).
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7.

Training Material and Books

Since 2008, the NFSTC has put a firearms examiner training course online
(158). This course was made in collaboration with AFTE members and is
based on the AFTE training manual.

Haag and Haag published the second edition of Shooting Incident
Reconstruction. Three new chapters are introduced: gun sound levels,
projectiles and glass, and working the shooting scene (159).
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Introduction

This review paper covers advances in scientific methods applied to
Gunshot Residues reported since the 15" Interpol Forensic Science
Symposium in October 2010. A literature search was conducted covering
articles published in the main forensic journals since mid-2010.

During discharge from a firearm, primer and gunpowder residues as well as
metal particles from the projectile and the cartridge case are expelled from
the muzzle and other openings of the firearm. These residues are referred
as primer residues, firearm discharge residues or gunshot residues (GSR).
During the last three years, a couple of articles dealing with the basic
principles of GSR were published (see ref (1) and (2), for example). In
particular Murtha and Wu gave the reasons of finding GSR particles on a
suspect, but they reminded that the absence of GSR does not indicate the
suspect did not discharge a firearm. They concluded that GSR is a piece to
the investigative puzzle in conjunction with other evidences. Trimpe (2)
discusses case-acceptance criteria that are strongly dependant of the
politic of each laboratory, taking the example of the FBI Laboratory that no
longer accepts GSR cases because of a re-dispatching of the resources
towards fighting terrorism. Contamination and testimony issues are also
discussed in this article, since interpreting the results can sometimes or
even often be challenged.

This field has also been reviewed in 2010 by Dalby et al. (3). The review
begins with some issues related to GSR analysis, pointing out the article of
Mejia (4) and examples of high profile cases in the U.K., such as the Jill
Dando murder trial that have brought the evidential value of GSR analysis
into question. Organic and inorganic parts of GSR are both discussed in the
review. Concerning GSR collection technics, stubbing using tape lifts is the
most commonly used procedure for the collection of inorganic residues.
Scanning Electron Microscopy — Energy Dispersive X-ray microanalyses
(SEM-EDX) still is the method of choice for the identification of inorganic
GSR on samples. This technique is well adapted to the detection of small
particles containing heavy metals such a lead, barium and antimony coming
from primer with a classical composition. On the other hand several
technics such as GC, HPLC and capillary electrophoresis have been tested,
and for some of them used in casework to analyse the organic fraction of
GSR. However until now these technics have not been widely applied to
routine analysis in real cases. Finally a large part of the review is dedicated
to the interpretation of results, in particular environmental sources of GSR-
like particles, the problematic of GSR from ammunition with lead free
primers leading to false negatives, and the transfer, persistence and
contamination of GSR. The authors recommend the adoption of a “case by
case” approach, when possible performing comparison of samples
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collected from a suspect and/or a victim to references such as the cartridge
case(s) found on the crime scene.

1 Inorganic GSR
1.1 Non-GSR sources of GSR-like particles

Since a number of years, concern has existed about GSR-like particles
originating from a non-ballistic origin, which could lead to false-positive
interpretation of the results at the source level. A number of publications
have already described particles produced by used brake pads, detonated
fireworks and exploded airbags. These particles are similar to GSR but do
not originate from the use of primers. Grima et al. (5) investigated more
deeply the problematic of GSR-like particles from firework exposition.
Firework residue was collected at a display site, from amongst spectators.
The authors identified some particles having a composition similar to GSR
(mainly BaSb and BaAl), but no three-component particles considered as
characteristic of GSR were found. Surprisingly, the authors only focussed
on the presence of the “consistent with” particles (two-component particles),
taking some conclusions about the impact on GSR evidence. They do not
mention the fact that no characteristic particles were found; this is the main
conclusion that should be pointed out.

Another potential source of GSR-like particles is cartridge-operated tools.
Gerard et al. (6) investigated 17 different types of contemporary powder
loads. For each type of powder load, most of the particles consisted of
PbBa particles, and no characteristic PbBaSb particles were found.
However since some rimfire ammunition (especially .22 calibre) have a
PbBa-based primer, according to the authors the residues produced by
these ammunition cannot be distinguished from the residues produced by
cartridge-operated tools.

1.2 Interpretation of analysis results and the application of
Bayesian principles

Ditrich investigated the formation of the plume after firing for several
different firearms with high speed-video analysis (7). As stated before, the
author shows that a vast scope exists between revolvers, pistols and
shotguns. These differences are then deeply discussed in terms of
interpretation of results, since a gap exists between the initial request of the
court (e.g. has a given shot been fired by a suspect) and the type of
response that can give the analyst/expert. In fact a lot of energy has been
put to assure a high level of precision in detection, prevention of
contamination and misinterpretation of a given particle (source level).
Nevertheless less effort has been taken to critically evaluate the
interpretation of the analytical level (activity level), since a lot of reasons
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can explain why someone is contaminated while he did not shoot. The
author concludes that even if this type of issues is known to experience
analysts, the court may not be fully aware of these limitations, and finding
the right decision should not entirely be left to the court. This could be done
by analysing the specific circumstances of the case following a case-by-
case approach, instead of using a generalized protocol.

In 2009, Biedermann et al (8) offered a rigorous discussion of the
implementation of the Bayesian principles and networks in the GSR field.
The part Il of their study published in 2011 (9) concentrates on Bayesian
parameter estimation, allowing GSR-experts to combine prior knowledge
with newly acquired experimental data. The sensitivity of the likelihood ratio
due to uncertainty in parameters is also discussed.

Gallidabino et al. (10) propose a probabilistic model using Bayesian
principles to estimate the time since discharge of spent cartridges, and
illustrate this model by applying it to a hypothetical scenario. The analytical
method proposed to estimate this time is the analysis of residual quantity of
naphthalene using solid-phase micro-extraction followed by gas
chromatography.

As a following work of a previous study (11), Brozek-Mucha (12) studied the
properties of GSR particles produced by a P.64 pistol with a 9mm Makarov
ammunition and deposited on various substrates and locations in the
vicinity of the shooting gun. Samples were collected from targets placed at
various distances in the range 0-100cm from the gun muzzle as well as
from hands and clothing of the shooter. Results revealed a dependence of
the number of particles, the proportion of the chemical classes and
dimensions as a function of the distance from the gun muzzle, both in the
direction of shooting and in the opposite one. For instance the chemical
composition on the targets is strictly related to the composition of the primer
and to some extent to the bullet that has been used. On the side of the
shooter, a small fraction of the particles has a composition that can be
related to a memory effect of previous shots done with other types of
munitions. According to the author, in some favourable circumstances a
close look at these particles can be helpful in the reconstruction of shooting
incidents.

Lindsay et al. (13) investigated the number of GSR particles on shooters
and on bystanders in close proximity to the shooter (1 meter). They
observed that GSR particles may be deposited on the hands of the
bystanders, and the concentration found on the hand of these bystanders
sometimes overlaps the concentrations found on the hands of the shooters.
Extended to typical casework, according to the authors it is usually not
possible to distinguish a shooter from bystanders, especially when the
number of GSR particles detected is low.
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In another study, Gerard et al. (14) performed tests in an indoor firing range
to establish the distance GSR particles can travel. Sampling was performed
up to a distance of 18m.The authors observed that the number of GSR
particles detected at 13.5m of the muzzle was in excess of the number of
GSR particles found adjacent to the ejection port. As a consequence an
individual near the path of the projectile and within 13.5m of the muzzle
may be more contaminated than the shooter.

Another matter of concern consists in the evaluation of the risk of
contamination of GSR from police officers or from facilities to suspects.
Some studies published in the past show that secondary transfers of GSR
by conventional police forces seems to be quite negligible (see references
(15) and (16)); however Charles and Geusens (17) studied the particular
case of special units of the police, for which the level of contamination of
GSR during the arrest of a suspect can be evaluated as high, depending on
how the arrest was performed. By performing simulations of the interception
of individuals by these special police forces, they observed that the major
contamination occurs during the frisking step, with an average
contamination of 7 PbBaSb particles found on the coats of the individuals.
The risk of contamination was also indirectly pointed out by Diaz et al. (18)
who measured the level of airborne lead, barium and antimony in a
ballistics laboratory. If the highest values were found at the firing range,
some airborne lead was also detected in other facilities such as some
experts’ offices. This phenomenon can, by potential secondary transfers,
affect the level of contamination of other facilities for which it is critical to
have a null-contamination (e.g. SEM laboratories or sample preparation
facilities).

In order to evaluate the potential contamination of people in a high
contaminated environment, Lindsay et al. (19) collected tapelift samples
from the hands of employees of two firearms factories, but who did not
discharge a firearm on the day of sampling. If employees involved in
handling firearms were found to be sometimes contaminated (up to 400
particles), the number of GSR particles observed on the hands of staff who
had no direct contact with firearms ranged from zero to two.

1.3  Quality

Due to international requirements (e.g. ENFSI) or national legislations,
Quiality assurance is more and more implemented in GSR laboratories, with
a crucial step consisting in the accreditation in the domain of GSR of the
analytical method used to detect GSR, following the ISO 17025 norm. The
reference norm is the ASTM 1588 (20) revised in 2010; compared to the
previous version, the major change consists in the introduction of a new
class of particles (e.g. TiZnGd and CuSnGa) that are produced by some
police forces (in Germany and in The Netherlands) when using marked
ammunition. These particles are considered as characteristic of GSR.
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Moreover, since 2010 a high compatibility exists between the ENFSI guide
(21) and the ASTM norm (20). In 2011, the Scientific Working Group GSR
(SWGGSR, mainly composed of members belonging to US-Laboratories)
published a detailed guide for GSR analysis by SEM-EDX (22). Beside
usual information and procedures that can also be found in the ASTM norm
and the ENFSI guide, the SWGGSR guide contains a chapter Interpretation
that takes into account some reporting considerations, and the way to write
some interpretations as a function of, for example, the number of particles
found on the hands of a suspect. Procedures describe how to sample, and
how contamination at scenes and in the laboratories should be prevented.
Finally, testimony issues are also discussed in this guide, and some typical
questions and proposition of answers are presented.

Proficiency tests are conducted every year. They are organised by the
ENFSI Expert Working Group "Firearms", and consist of the detection by
SEM-EDX of 150 to 200 three-element particles (lead, barium and
antimony) distributed in 4 size classes (0.5-2.5 ym). Three proficiency tests
were conducted during the period of interest (GSR2011, GSR2012 and
GSR2013).

2. Instrumentation and methods

The last couple of years has shown a renewed interest in the development
of new analytical techniques for use in the field of GSR research, either to
detect the presence of GSR components, or to characterize their
composition and differentiate between types of ammunition. Also the advent
of new “Heavy Metal Free” ammunition has spurred researchers to look into
new analytical techniques, either focused on light element detection or
organic component analysis. A final class of research interest goes to the
equipment that can be used “in the field”, typically to allow the local police
forces to perform a screening test of suspects, possibly to be confirmed by
SEM-EDX analysis in the lab later on.

2.1 Use of Raman Spectroscopic techniques in GSR analysis

Raman spectroscopy is one of the techniques which has recently known a
large and broad introduction in the forensic science disciplines. Also in the
GSR field researchers are implementing Raman in the lab, for example by
Bueno et al. who in (23) discuss the possibilities of using Raman
spectroscopic analysis in combination with advanced statistical
chemometric methods for the detection of GSR and the differentiation
between ammunition types and calibers/firearms used in producing the
GSR particles. Their method is demonstrated on macroscopic particles,
produced by controlled close-range shooting experiments on targets, on
which they are able to distinguish between characteristic spectra from 9mm
and .38 ammunition. These preliminary results should be further elaborated
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both for confirmation of the experiments and to study the different effects of
ammunition composition which may enter into play. The direct application of
these techniques would be the direct exclusion of a firearm/ammunition of a
suspect as the source of GSR found at a crime scene. In order to provide
positive identification however, a database of the Raman signatures of
numerous ammunitions and firearms would need to be compiled in order to
calculate the probabilities of such a positive identification.

Lopez-Lopez et al. studied in (24) the use of Raman spectroscopy on
burned and unburned ammunition propellant pellets. They were readily able
to characterize and differentiate between several types of ammunition,
based on Raman spectra. Differences were observed between the GSR
and unburned corresponding pellets, probably because of the different
burning effects of the firing process. Also, other typical trace materials
which are often found on a crime scene, such as blood, soil and ballpoint
ink, were shown to be readily discernible from the GSR particles. Raman is
therefore shown to be a good technique for fast screening of clothes of
victims and suspects for the presence of (organic) GSR particles.
Moreover, with the advent of metal-free ammunition, the analysis of organic
GSR components by Raman spectrometry would become a complimentary
technique to the now common SEM-EDX analysis method for GSR. In any
case, more extensive research is necessary to determine the relevant
parameters which can influence the Raman spectra, study of the GSR
distribution as a function of shooting distance, heterogeneity of
ammunition/GSR composition etc. To this end, a library of Raman spectra
obtained from ammunition is needed, which would by itself already be a
great forensic tool and probably useful in identifying the ammunition/firearm
used in a crime.

2.2  Use of Mass-spectrometric analysis techniques in GSR analysis

Although Mass Spectrometry was used before in GSR — for example in
organic component analysis — we now see a come-back of the MS as a
detector coupled to an old companion technique: ICP. Although the ICP can
be coupled to some rather novel sampling devices, like in Abrego et al. who
in (25) used Laser ablation coupled to ICP-MS to detect and characterize
GSR particles. By moving the Laser probe in a raster geometry over the
surface of a carbon-coated SEM stub, which had been previously applied to
the hands of a person who had just fired a gun, the authors were able to
detect the presence of GSR in comparable amounts to the classic SEM-
EDX technique. By measuring the coincident MS signals of the different
characteristic isotopes of Pb, Sb and Ba as the Laser beam hits a GSR
particle, they define the nature of the analytical species under observation
as a GSR particle, along with its position on the stub. In this way, GSR
particle samples pertaining to four different weapon/ammunition
combinations — both revolver and pistols — were studied. The weapons
were fired between one and six times, after which the palms and backs of
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the gloves worn by the shooters were sampled separately. GSR particles
could be detected on samples from all weapons, even after one single shot
had been fired. The results with LA-ICP-MS confirm and correspond with
the findings of earlier published studies regarding abundance of GSR on
samples from different types of firearms, contamination levels of hand
palms versus backs etc.

The authors conclude that the technique they developed has a number of
strong advantages over the classic SEM-EDX technique such as its scan
speed of about an hour per stub, the possibility to detect particles covered
by epithelial cells, the simultaneous measurement of different elements,
which can be used to characterize primers in detail, etc. Of course,
additional study by forensic specialists is still necessary in order to test the
technique in real-life situations.

Morelato et al. in (26) developed a screening method for GSR using
Desorption Electrospray lonisation-Mass Spectrometry (DESI-MS) and
SEM stubs as a sample carrier. They note that apart from the inorganic
GSR particles, the firing of a gun liberates also a number of very specific
organic compounds such as methyl and ethyl centralite, which may be used
to exclude a non-ballistic source of GSR-like particles found in a case. As
the SEM sample stub needs to be searched for organic GSR prior to its
SEM-EDX analysis, a rapid and non-destructive screening technique is
necessary. The authors propose a system based on Desorption
Electrospray lonisation sampling, which can be applied on stubs, skin or
other items such as clothing in their native state. Coupled with a mass
spectrometer, this will provide real-time information on the composition of
the sample surfaces and its deposits, enabling a comprehensive
examination of a SEM stub for both organic (with DESI-MS) and inorganic
(with subsequent SEM-EDX analysis) GSR compounds.

Although the authors succeeded in devising and optimizing a procedure to
detect the presence of organic GSR compounds in unburned powder
samples pertaining to thirteen different types of ammunition, it was not
possible with this procedure to obtain good results from stub samples
acquired after real shooting experiments. This can, according to the
authors, be attributed to either the intrinsic variable nature of the
production, deposition and persistence of organic GSR in the shooting
process, or to the specificities of the adhesive surface of the SEM sample
stubs, which could inhibit desorption of the analytes by the DESI probe. In
any case, further investigation is necessary before the procedure can be
put into routine use on real samples. It could, however, be shown that
subsequent SEM-EDX analysis of the stubs still showed the presence of
inorganic GSR particles, proving that the principle of a combined organic
screening followed by SEM-EDX analysis is feasible. However, since only a
manual search by SEM-EDX could be performed — and therefore no particle
count statistics were obtained — the practical applicability of this part of the
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procedures still needs to be investigated as well. When successful,
however, this technique would improve the probative value of the presence
of GSR particles significantly.

Freitas et al. in (27) propose a technique using ternary graphs to interpret
ICP-MS data of GSR particles on fabric. As the case load of shooting
incidents is very high in Brazil, a fast procedure to discern between
shooters and non-shooters is needed. Conventional techniques such as
SEM-EDX, although having the advantage of permitting morphological
analysis and particle identification, take too long to accommodate the needs
of the Brazilian police, who have had to treat more than half a million
firearms-related homicide cases in the period 1979 to 2003 alone. In this
study the capability of this ICP-MS technique in identifying the type of
firearm used is demonstrated. This information may be valuable in such
cases where a suspect needs to be tested and no firearm was recovered.

In this study, two types of pistols (.40 and 9mm caliber) and one type of
revolver (.38 caliber) were used to produce test firings at 0.5m on different
types of fabric targets. All firearms were collected from real police
apprehensions, and thus represent a realistic image of the situation of
firearms use in Brazil. The shooting at 0.5m is also inline with the modus
operandi of the firearms criminality encountered by the Sao Paulo police
forces. The bullet holes in the fabrics were cut out, extracted and their
contamination levels of Pb, Sb and Ba were measured. The data was
subsequently plotted and interpreted using ternary graphs. Although
classical statistical treatment of the results does not permit to make clear
distinctions between the shooting incidents, the authors show that using the
ternary graph representation, a distinction can be made between the
patterns originating from the pistols on one hand and the revolver on the
other. The authors acknowledge, however, that further testing is necessary
to establish the robustness of the technique.

Arndt et al. in (28) demonstrate a use of lon Mobility Spectrometry (IMS) in
sampling and analyzing (organic) molecules which are formed in the gas
phase and subsequently condense in the shooting environment — among
others on the hands of the shooter. As many of these molecules are
lipophilic, they may tend to adhere onto the skin surface and show a longer
persistence and lower secondary transfer rate than the inorganic particles.
In this study diphenyl amine (DPA) was used as the trace compound to be
analyzed. The technique used was ion mobility spectrometry with a ®Ni
ionization source, a nitrogen or air gas counter flow, and detection of
positive ions only (“positive mode”).

Test shooters were swabbed with acetone swabs, which left no residual

material on the skin after sampling. Test persons were sampled after 1 to 4
hours after shooting, so that the persistence of the DPA target could be
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ascertained. Target molecules could be observed up to four hours post-
shooting.

It was shown that hand washing with soap completely removed the target
compounds from the hands of the test shooters. Secondary transfer of
organic GSR, simulated by firmly hand shaking of a shooter with a non-
shooter, was however not observed.

According to the authors, IMS can be developed into an effective field
screening technique for firearms discharge evidence. Future work will focus
on the use of more sensitive detection capabilities and the development of
chemometric and pattern-matching techniques to make the distinction
between shooters and non-shooters based on the whole ion mobility
spectrum.

2.3 Use of Milli X-Ray Fluorescence techniques in GSR analysis

A novel technique in the GSR field is the milli-XRF — not to be mistaken
with the micro-XRF — as used by Schumacher et al. who have been using it
for some time in the estimation of shooting distances. In (29) they give an
overview of their findings with the Spectro Midex M. In order to make the
standard equipment suitable for the application of shooting distance
estimation, new sample stages had to be built and extra software was
developed to interpret the resulting XRF elementary mappings. The
collimators were furthermore equipped with filters to enhance signal to
background and thus sensitivity for some of the elements of interest. The
authors show some typical results from tests carried out on targets of
jeans/cotton cloth which had been shot at from several distances using
different types of ammunition. The used ammunition had classic lead type
as well as lead-free TiZn type primers.

From their six years of experience working with m-XRF equipment, the
authors conclude that the method is indeed useable in the GSR laboratory
as an alternative to the chemographic printing methods, and in cases where
no chemographic coloring agent exists (such as for Ti and the light
elements used in metal-free primers). In cases where the clothing is bloody
or stained/soiled the m-XRF method can be used as well, as the X-rays
easily penetrate the masking agents. Finally, the method can be easily
used to determine the type of primer by analyzing the area around the
bullet hole or wipe ring and can thus provide important indicative
information regarding the elements of interest in the SEM-EDX GSR
analysis in a case.

Latzel et al. in (30) show in a follow-up article some more detailed
examples of using the m-XRF technique in the application of shooting
range estimation. The authors discuss in more detail the spectral
background, which is among others dependent on the exact elements
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present in the GSR, on the target material and its configuration, and the
need for correction of the spectrum information to provide -correct
interpretations.

The influence of the spectrum treatment on the element identifications, and
indirectly on the range estimation itself, is discussed and demonstrated with
a few examples using both Sintox (TiZn) and doped (TiZnGd) German
police ammunition. For these primers no specific chemographic coloring
agents exist (Ti, Gd), making the m-XRF technique invaluable in these
cases. The applicability of m-XRF is still dependent however on a skilled
operator, as the spectra need to be evaluated and the background
correction optimized as a function of the case materials at hand. Finally, the
usefulness of the technique is augmented by the fact that the target
material is not damaged or altered by the procedure, enabling subsequent
sampling and/or analysis by any other means.

2.4  Visualization of GSR using alternate light sources

It has been widely known that the use of special light sources can help in
finding macroscopic GSR particles, for example on clothing. Still,
sometimes one comes across an interesting trick, spurred by a fortunate
incident. To illustrate, Windsor shows in (31) that it is possible to increase
the number of spots obtained by the Modified Griess Test (visualization of
nitrites) using a standard black light. After an initial incidental observation of
this phenomenon on a test material during a training session, the authors
conducted a series of test shootings to verify their observations. After
processing of the targets following the standard Griess procedure, the
authors used a Philips fluorescent black light to detect and count the
reaction spots observed on a desensitized photo paper transfer, and
compared this to the result obtained under normal room light conditions. A
striking increase in the number of spots ranging from 50% to 950% on the
test samples was noted. Further research will be conducted to test if this
phenomenon is specific to photo paper, as used in their procedures, and if
the use of different ammunition and powders affects the observed
phenomenon.

Lake et al. in (32) tested the use of the Video Spectral Comparator 2000
(VSC2000) in determining GSR particles on clothing. The VSC2000 is a
computerized camera system equipped with different lighting and filtering
possibilities, enabling it to visualize small objects in IR range wavelengths,
and to observe fluorescence effects. It is therefore most often used in
document examination.

As was already studied, authors could verify the usability of the equipment
in making IR and fluorescence images of macroscopic GSR deposition
patterns, thereby aiding in the shooting distance estimation and/or the
search for ballistics-related damage to the clothing. The authors also tested
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the usability of the VSC2000 on blood-stained clothing and gravel and glass
contaminated pieces with positive results.

Some final notes from the authors are that, although glass may be visible in
IR images, the shape of the shards makes them easily discernible from the
GSR particles. Care must be taken though with bloody or wrinkled clothing,
as these areas will appear dark in the IR image, and so may mask the
presence of GSR particles. Finally, the possibilities of using fluorescence
spot mode should be used with caution, as there may be fluorescing
features present on the fabric (in the fabric itself, glass etc.) which have
nothing to do with the GSR particles or powder grains of interest.

2.5 The use of micro-CT for shooting distance estimation

A completely novel technique for GSR research is the application of micro-
CT, an X-ray microscope developed in Belgium, which has now made its
way into GSR research via forensic medicine. Cecchetto et al. in (33) have
used such a micro-Computed Tomography system to study the deposition
of GSR particles in and around gunshot wounds from shots fired at several
mid-range distances. Using micro-CT 3-dimensional images can be
acquired from sample objects, by means of X-ray shadow effects, which
have a spatial resolution of a few um. The authors used this technique to
map the deposited GSR particles — defined by their elevated density in
comparison with the surrounding soft tissues — in and on the surface of
gunshot wounds, fired in surgically amputated human legs using 7.65mm
ammunition.

The shooting distance was varied between 5 and 40 cm, at distances which
are forensically interesting to evaluate different homicide scenario’s,
including suicide. A clear distinction could be observed between the shots
fired at close range — where the GSR particles were both present inside as
well as on the surface of the wound — and at medium ranges, where the
GSR particles were only found near or on the surface of the wounds. The
authors used a Gaussian model to estimate the percentage of GSR
particles with relation to the complete imaged volume as a function of
shooting distance. Likewise, the inverse function yields the most probable
firing distance as a function of the observed GSR particles density. In this
manner it was possible to estimate an unknown firing distance given a
known percentage of the GSR deposit, as measured on the micro-CT scan.

A critical point described by the authors is that reference shooting
experiments need to be conducted with the litigious weapon and
ammunition used in the crime in order to reliably model the curves, so that
the availability of the litigious ballistic evidence is at this moment a
prerequisite. Although the technique still needs some further development,
notably in the proper definition of the GSR particles, the authors see their
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work as an inexpensive and rapid tool to determine the (short and mid-
range) shooting distance in an objective manner.

2.6  Field testing equipment for GSR

As stated above, testing equipment, usable by the police or local labs in the
field, receives ample attention:

Ceto et al. in (34) report on the development of a novel technique in which
a combination of Square Wave Voltammetry and chemometric data
treatment has led to a possible road-side test equipment for a suspect’'s
involvement in a shooting incident. Using a new data treatment method
based on Canonical Variate Analysis (CVA) of Fast Fourier Transform
filtered electrochemical measurement data, the authors were able to
classify test persons involved in a variety of typical shooting-related
scenarios. The classes or scenarios were: “Shooter” (subject fired a
firearm), “Loader” (secondary contamination from firearm), “Presence”
(secondary contamination from the shooting environment), “No Contact”
and “Washed” (subject washed hands after contamination).

In order to sample the test subjects, the authors used a newly-developed
carbon sensor-strip disposable electrode with which a low cost and reliable
electrochemical fingerprint is obtained from the sample. For comparison
purposes, a more traditional diluted acid-assisted swab sampling was
employed. Sampling was carried out on test persons in and around a
shooting range with good results.

Vuki et al. in (35) describe the development of an electrochemical
technique capable of measuring both inorganic and organic GSR
components in a single run, using Cyclic Square-Wave Voltammetry. The
authors hope to develop this work further to produce a portable GSR
detection system which records highly specific fingerprint patterns from
inorganic and organic GSR constituents. This equipment could then be
used at the crime scene by police officers in order to rapidly record firearms
exposure of subjects.

2.7 Separation and ldentification of gunpowder and additives using
electrochemical methods

Finally, there are a number of developments of techniques using
electrochemical methods, a large number of which could also have been
classified among the “field techniques” on which we have reported in the
previous paragraphs, were it not that the focus of the research group was
more on the chemical separation and identification features of the method
than on the portability aspect of the equipment. De Perre et al. discuss for
instance in (36) the development of a separation and identification method
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of smokeless gunpowder additives by Capillary Electro Chromatography
(CEC).

Detection of the components of smokeless powders was developed using
both UV and Mass-Spectrometric methods. Their method should, besides
for the characterization of powders and their additives used in rifle
ammunition, also be usable in the analysis of unburned explosives pellets
which are left over after explosion of Improvised Explosive Devices (IEDs).
The small injection volumes necessary for CEC permit for the analysis of
the small sample sizes which are often encountered in a forensic context.

Gilchrist et al. in (37) show that separation of the lower molecular weight
inorganic and organic anions in GSR is possible by suppressed anion
exchange chromatography. The specific detector peak height ratios of
these materials could be used to discern between different ammunition
types using samples from the spent cartridges. On the other hand, different
matrices such as the sweat of a suspect’s hands could be forensically
relevant to show involvement with a firearms incident. Finally, tests showed
that the results of GSR-like residues coming from non-firearms related
sources such as brake linings showed a marked difference with real GSR
material.

Erden et al. in (38) show that it is possible to obtain roughly the same or
even better working ranges for the simultaneous detection of lead and
antimony in GSR with Differential Pulse Cathodic Adsorptive Stripping
Voltammetry (DPCAdSV) and Square Wave Cathodic Adsorptive Stripping
Voltammetry (SWCAdSV) as with the classic Graphite Furnace AAS. The
electrochemical methods have the added advantage over AAS that they
can detect several elements at once and are simple to operate using
compact equipment — again making their deployment possible even in the
field.

Salles et al. in (39) show that the amount of lead in GSR samples can be
quantified using a gold micro electrode and stripping analysis. The results
of the analysis of hand samples from shooters at a shooting range were
compared with results from GF-AAS. The results were shown to be identical
to GF-AAS at the 95% confidence level.

Paixédo et al. in (40) show that it is possible to construct a voltammetric
electronic tongue to distinguish between GSR from handguns and long-
barreled guns used with several kinds of ammunition. For this, they
combined voltammetry with non-supervised pattern recognition methods.
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3 Shooting distance estimation
3.1 Shooting distance estimation — Comparison of gunshot injuries

Sometimes interesting information can be obtained during the autopsy of
the victim through medical morphological examination of the bullet wound
and damage to the clothing. Lepik et Vassiljev in (41) continue their study of
the morphology of the damage inflicted by close range shots to skin and
fabrics. Using the most common weapons in Estonia — the Tokarev (TT),
Makarov (PM) and Glock 19 (G) — shots were fired at cotton and polyester
woven cloth and fresh human skin originating from autopsies. After
shooting, the damage to the fabric and the wounds to the skin tissues was
documented in terms of material defects, deformations and tears, as well as
the distribution and density of gunpowder residue particles. The skin was
fixed and sectioned for further microscopic investigation.

3.2 Using pellet dispersion for shooting distance estimation

In those cases involving shotguns, the pellet dispersion pattern can be used
to estimate shooting distances at larger ranges. Still, although no chemical
tests are involved, also this method has its pitfalls, requiring great scrutiny
and care by the expert. There is, for example, a large dependence of the
dispersion patterns on the length of the barrel — which was in many cases
shortened for reasons of easy transport and concealment of the weapon —
and thus also the choke. Arslan et al. in (42) investigate the dispersion
pattern of shotgun pellets fired from different shotguns, having the same
caliber but a different choke. The barrel length of the three weapons was
identical to rule out this well-known influencing factor in the pellet
dispersion pattern. In their experiments, two 12-gauge — one with full choke
and one with no choke (or cylinder bore) — and one 16-gauge shotgun with
cylindrical barrel was used. The ammunition used was #2 and #5 pellets in
Winchester brand 12-gauge and 16-gauge shotgun shells. Targets were
made from coarse calico in 2x2m wooden frames. Firing distances were 75,
100, 300, 500 and 1000cm, perpendicular to the targets. Using a “mean
enclosing circle” to define the pellet dispersion, regression curves were
calculated from the compiled data for each gun individually and for all the
data taken together as one set. The authors show that, although for each
gun individually very good correlation coefficients can be obtained, the data
taken as a whole offers but poor correlation (82%).

They conclude that this result shows that general formulae cannot be used
to estimate shooting distance based on pellet dispersion — even when the
barrel lengths of the guns are the same. However, good results can be
obtained if tests are conducted with the litigious weapon and ammunition.
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3.3 Robustness tests of shooting distance estimation

It is well known that shooting distance estimations are prone to many
uncontrollable factors, forcing the use of large brackets in the reporting
distances. Logically, many researchers are interested in determining the
extent of the effects of various factors on the robustness of the techniques
used. Crego in (43) investigates whether firearms with the same make,
model and barrel length show the same GSR deposition patterns using
visual inspection and chemographic tests. Nine different rifles with in total
five different barrel lengths were used to fire at fabric targets at close
ranges varying from 7.6cm to 61cm. The ammunition was always the same
(Federal 115 grain FMJ). After firing the deposition of powder particles was
visually evaluated and represented by the largest radius of the dispersed
gunpowder particles. Subsequently, Griess and Rhodizonate tests were
carried out on the targets and their dispersion radii documented. The author
finds that the results of similar firearms lie within 5 cm, which is smaller
than the uncertainty attributed to the distance estimation in their reports.

The author concludes therefore that, when compared with firearms of the
same caliber, barrel length, make and model, the results of shooting
distance estimation in this distance range, corresponds. Reference shots
can therefore be performed by using similar firearms if the litigious weapons
are not available. The author does advise to make it clear in the report that
the findings are based on references obtained from a similar firearm, and
not from the firearm recovered from the crime, and to increase the brackets
of the results until further statistical studies on this method have become
available.

Stuart in (44) demonstrates in the discussion of a case the importance of
using reference target fabric which as closely as possible resembles the
victim’s clothing in determining the shooting distance. Not only the type of
material but also wear and age degradation of the fabric of the victim’s
clothing can have a profound influence on the damage caused by the
bullet’s impact. The estimation of the shooting distance can in extreme
cases be influenced by these factors. In the case at hand, only when using
the original garment, was it possible to obtain similar impact images for
shooting distance reference purposes.

Goater in (45) tested a number of common nitrite/nitrate-containing
materials like cured meats, cleaning agents plant fertilizer and tooth paste
for the potential danger in producing previously reported false-positive
reactions of the Griess test. Also a number of other possible interfering
substances like marijuana and a herbicide were tested.

The results of these tests showed either no or only a very light coloration of

the test material. Some of the tested agents, like the plant fertilizer and
herbicide, did however produce a discoloration which was shown to be due
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to the material itself, rather than a Griess reaction product. The author
concludes that these alleged false-positive producing contaminants do not
react substantially with the Griess reagents. However, there can still be a
danger in the fact that their coloration masks the light colorations produced
by the Griess reaction of GSR which may be present on the test material, or
that these products are involved in competitive reactions or other
interferences with the Griess reagent, rendering the method less
responsive.

Jeffres in (46) reports on the validation of an alternative method of
producing positive controls for the Griess reagents. As described by Dillon,
swabs are normally produced by soaking in a NaNO; solution, and then
dried until used. Before use, the swabs are moistened with acetic acid and
spotted on the photo paper to yield a positive test of the Griess reaction. In
the adapted method, the swabs are not prepared before, but rather they are
produced fresh at the moment they are needed. Results of the tests show
that the freshly prepared swabs consistently yield a better coloration than
the rehydrated swabs. The main disadvantage is that a solution of NaNO,
solution needs to be prepared anew prior to each test.

In another paper (47), Jeffres reports on the effects of various types of
manipulation of shot garments on the results of the Griess test. Test targets
were shot at close distances of 12” and 18” and subjected to several types
of handling/contamination. The objective was to test the effect of these
(mis)handlings on the overall outcome of visual GSR search and Griess
tests. Of the array of manipulations, the improper packaging (crumbling the
fabric and putting the targets together in a vigorously shaken paper bag)
has the largest detrimental effect of destroying and deforming the GSR
patterns. Other manipulations tested were: shaking of the bag, proper
packaging (wrapping in paper, folding and storage in separate envelopes),
staining with blood followed by horizontal or vertical drying, contamination
with grass/dirt/insects, and finally removal of GSR by tape lifting. All these
manipulations had the effect of removing and/or deforming the GSR
pattern, but to a lesser extent than the improper packaging of the items.
The author concludes that the effects of handling of victim’s clothes are not
under control of the examiner, which makes the use of large brackets in the
reporting of shooting distances very important. The reporting of muzzle-to-
target distances with precisions of inches is only possible when applied on
test targets, treated in laboratory conditions. These results also reinforce
the need for proper handling of evidence garments by all who come into
contact with them prior to the GSR examiner, who should be made aware of
all the handling the clothing has been subjected to previously in order to
avoid potential investigative pitfalls.

Williams and Silverstein in (48) report on the use of blood elimination

solutions in the treatment of bloody victim’s clothes prior to the application
of Griess and Rhodizonate chemographic tests. The authors used

61



ammonium hydroxide, sodium chloride and the commercial cleaning agent
Haemo-Sol, which was previously found to be the best blood removing
solution. According to the results of this validation study, however, the
ammonium chloride solution works best in removing blood while leaving
nitrite and lead traces undisturbed on the clothing. Sodium chloride was
slightly less effective in removing the blood, while the Haemo-Sol solution,
although best at removal of the blood stain, showed a clear removal of lead
and nitrite traces — making it the least interesting product for this
application. Although this is in contradiction with the results earlier reported
by Haag in 1991, the authors point out that a number of the variables in
their study differ from the work by Haag, for example the use of bovine
blood instead of human blood, as well as the temperature of the blood
when applied. Also, it must be noted that the composition of the commercial
Haemo-Sol product might have changed considerably over the 20 year
period that has passed since Haag performed his tests. The ammonium
hydroxide on the other hand forms a simple and effective method for blood
removal, using only chemicals which are readily available in most
laboratories.

3.4 Doped ammunition

Since the commercial introduction of doped ammunition, the interest on this
topic has grown. Not only do we need more types of dopants, they must
also be readily detectable — if possible with a screening technique in the
field. Weber et al. in (49) report on the development of doping agents for
use in ammunition based on Metal-Organic Frameworks (MOF), comprising
lanthanide ions (Tb and Eu). The presence of the lanthanides renders these
complexes photoluminescent, which means they can be easily made visible
by the use of UV-lights. As the lanthanides also are incorporated into the
microscopic GSR particles, they can be readily identified using standard
SEM-EDX analysis. Ammunition doped with these compounds can
therefore be used both for rapid screening of subjects and materials by the
police, and provide a characteristic signature in the lab. Finally, the cost of
these compounds is minimal and the toxicity of the lanthanide ions is also
lower than that of lead ions. However, a detailed investigation into the
toxicity of the complete doped ammunition products still needs to be
performed.
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1 Introduction

The examinations of contact marks and related topics, covered by this
review, are among some of the core issues of forensic science. This review
covers advancements in scientific methods applied to the forensic
examination of various marks, since the Interpol 16" International Forensic
Science Symposium (IFSS) in October 2010.

This Review is based mainly on a literature review, which covers articles
published in the principle peer-reviewed forensic science journals and other
relevant sources over the review period. In addition, the National
Clearinghouse for Science, Technology and the Law (NCSTL) Forensic
Database (1) was used. This is an Internet-based service, provided free-of-
charge by the Stetson University College of Law, FL, US.

Manuals, guides and standard operating procedures of various forensic
science laboratories and organizations, many of which are relevant to this
Review, may also be found on the Web, like those of the Virginia
Department of Forensic Science (VA-DFS) (2), the Scientific Working
Group on Shoeprint and Tire Tread Evidence (SWGTREAD) (3), the
Scientific Working Group for Firearms and Toolmarks (SWGGUN) (4) or the
Scientific Working Group on Imaging Technology (SWGIT) (5).

2 Footwear and Tire-Tread Impressions

Footwear impressions may be considered as one of the most common
types of evidence, and are found, practically, in every crime scene. As a
significant form of physical evidence, impressions left behind at the crime
scene may provide valuable information on where the crime occurred and
the direction the suspect travelled while committing the crime. This
information may place the suspect at the crime scene or eliminate him as
having been there.

The Scientific Working Group on Shoeprint and Tire Tread Evidence
(SWGTREAD) continues its effort for setting professional guidelines for the
documentation, collection, preservation and examination of footwear and
tire tread impression evidence (3). The Group’s Internet web-page provides
a vast amount of information, including some recently-approved guides:

« Range of Conclusions Standard for Footwear and Tire Impression
Examinations (March, 2013),

« Standard for Terminology Used for Forensic Footwear and Tire

Impression Evidence (March, 2013).
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These guides, along with the previously-published ones, may be
downloaded free-of-charge from the SWGTREAD web-page. Other
standards, not approved yet, are posted at the Group's web page, awaiting
comments by the forensic community, and will be finalized later this year:

« Standard for the Examination of Footwear and Tire Impression

Evidence,

o Standard for Report Writing for Footwear and Tire Impression

Examinations.

Useful guides, regarding various aspects of footwear impressions
photography and imaging, are also found at the Scientific Working Group
on Imaging Technology (SWGIT) web-page (5).

The European Network of Forensic Science Institutes (ENFSI) Expert
Working Group Marks (EWGM), established in 1995, also runs an active
web-page (6). Unlike many other ENFSI EWGs, this resource is publicly
accessible, for the benefit of the forensic community. One of the remarkable
features of this web-page is its “Wanted Page”, enabling the exchange of
information regarding unknown shoeprints. Since the beginning of 2011,
more than 175 queries were submitted by shoeprint examiners from all over
the globe, many of which (more than 50%) were successfully answered by
other peers. In addition, this Group’s newsletter, “Information Bulletin for
Shoeprint/Toolmark Examiners” (IBSTE) is also posted on this web-page.

The Virginia Department of Forensic Science (VA-DFS) prepared a
procedures manual of various laboratory methods for footwear and tire
tread impressions, as well as a training manual for experts in this field (2).
These documents, as other VA-DFS manuals, are available on the Internet.

2.1  Detection and Recording

2.1.1 Photography and Image Processing

Photography (either on film or digitally) is still the fundamental tool for the
documentation of footwear impressions at crime scenes. As mentioned
earlier, both SWGTREAD and SWGIT published several standard guides
for photographing shoeprints and tire impressions. General guidelines for
proper shoeprint photography was recently published by Hammer (7),
stressing the need for correct camera positioning and oblique illumination.

A method for recording dust tire impressions (applicable for footwear
impressions as well) on fabrics, using polarized illumination and colour
separation digital photography, was presented by Jin (8). This method
reduces the reflectance from the background fabric fibres, and thus
enhances the impression itself. The article includes several examples of
successful applications of the proposed method for impressions on dark
and coloured clothes.
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Difficult lighting situations that lead to challenging photographic conditions
are common at crime scenes. High dynamic range (HDR) photography,
already mentioned in our 2010 Review, is a method for processing a series
of photographs into one image that captures the fullest range of highlights
and shadows present in the originaly photographed impression. HDR is a
method used to increase the span between shadows and highlights in an
image by taking more than one picture of the same scene — shots that
maximize shadows, maximize mid-tones, and maximize highlights — and
then merging them into one unified picture with wide tonal range. Thus, the
application of HDR photography for footwear impression was evaluated by
Rogahn (9, 10). This project found that HDR processing of multiple images
does not produce a significant increase in detailed information compared
with viewing the same images in Photoshop. However, exposure auto-
bracketing increases the ability to capture more detailed images of footwear
impressions than a single image alone, and allows the use of HDR software
for rapid processing and comparison.

Hyperspectral imaging (HSI) integrates conventional imaging and
spectroscopy, to obtain both spatial and spectral information from a
specimen. This technique enables investigators to analyse the chemical
composition of traces and simultaneously visualize their spatial distribution.
HSI offers significant potential for the detection, visualization, identification
and age estimation of forensic traces. The rapid, non-destructive and non-
contact features of HSI mark its suitability as an analytical tool for forensic
science. A paper by Edelman et al (11) provides an overview of the
principles, instrumentation and analytical techniques involved in HSI. These
authors describe recent advances in the HSI technology motivating forensic
science applications, e.g. the development of portable and fast image
acquisition systems. Reported forensic science applications, including one
for footwear impressions by Miskelly and Wagner (12), are reviewed.
Challenges are addressed, such as the analysis of traces on backgrounds
encountered in casework, concluded by a summary of possible future
applications.

A device for three-dimensional (3D) scanning of footwear impressions and
tire tracks at crime scenes was developed by Tuceryan, Zheng and their
colleagues (13 - 15). 3D images of tire track and footprint impressions at
crime scenes can be captured with high fidelity, using this device, while
capturing high resolution 2D colour texture images simultaneously. The
developed device is portable, easy to use, and non-destructive of the
evidence, and it saves time at crime scenes. The same technique can also
be used in the laboratory to create 3D depth images of suspect tires or
shoe soles. Computer-based pattern matching technology can be used to
assist in matching and comparison tasks. According to these authors, the
device produces better quality data at a close range obtained in a larger
field (or span in the case of tire impressions) compared to existing devices.
It avoids problems related to occlusions by using two lasers and can digitize
long spans of impressions in one scan. The method includes a calibration
method which is integrated into the scanning process on site, thus avoiding
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problems with pre-calibrated configurations becoming stale during
transportation and setup.

Polynomial Texture Maps (PTMs) are simple representations for images of
functions instead of just images of colour values. In a conventional image,
each pixel contains static red, green or blue values. In a PTM, each pixel
contains a simple function that specifies the red, green or blue values of
that pixel as a function of two independent parameters, specifying the
direction of a point light source. PTMs are typically produced with a digital
camera by photographing an object multiple times with lighting direction
varying between images. Even a low-end digital camera provides enough
resolution to produce good PTMs, and almost any light source can be used,
such as a light bulb, LED or a flash. Hamiel and Yoshida (16) applied this
imaging technique for shoeprints and other impression evidence, including
the use of a portable unit for field studies. The PTM images were compared
to conventional sidelight and casting techniques. The application of this
technology could be more cost-effective than conventional methods and
provide higher-quality data. Results of the evaluation reveal that PTM
technology can successfully be used in the forensic field and has the
potential to produce better resolved images for the comparison of known
shoe soles or tire treads to crime scene impressions. Specific results
indicated that PTM images and enhancements improved the visibility of
detail in some of the impressions under analysis when compared to
traditional photography techniques, including improvement of the
visualization of texture within a shoe or tire impression. As reported, PTM
technology thus gives the examiner the best opportunity for visualizing
unique characteristics in impression evidence. PTM technology has also
the advantage of being cheaper to operate than traditional sidelight and
casting techniques.

Andal6é and co-workers present a method for capturing 3D footwear
impressions, based on Computer Vision, multiview stereo, which yields an
accurate 3D model and provides some benefits over existing methods (17).
These authors evaluate the results comparing their reconstructed 3D
models with the ones acquired by 3D scanning, and examine the
advantages and drawbacks of each method. The proposed method utilizes
several software packages, "Bundler" recovers camera parameters for each
image, PMVS generates a dense point cloud and SSD reconstructs the
surface. Despite the simplicity for set up and acquisition, the reconstructed
surfaces proved to be comparable with 3D scanning, a high-end technology
used in practice, providing accurate 3D models of the shoeprints. A digital
camera is the only equipment required to recovery the evidence, which
makes the process convenient and fast.

Reflected ultra violet (UV) imaging is used for many forensic science uses,
including latent fingerprint visualization, bruises and bitemarks imaging, etc.
(18). Richards and his colleagues discuss the use of this imaging methods
for in-situ shoeprints photography (prior to lifting, or instead of it), among
various other such applications, and demonstrate its advantages over
conventional methods (19, 20). The earlier article presents a discussion
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about the difficulties of reflected ultraviolet photography and the use of digi-
tal reflected ultraviolet photography with cameras like the Fujifilm camera.
The benefit of using a Baader UV Venus filter in lieu of other barrier filters is
also explained. The later work examines the different types of UV light
sources and explains how and when to use different imaging techniques to
visualize hidden evidence. The authors explain, in detail, the wavelength of
light required, the image capturing equipment, and the type of evidence that
can be examined using these techniques, including faint footwear
impressions in dust.

De Jong reviewed the application of 3D visualization methods in forensic
pathology (21). This article describes methods like computed tomography
(CT), magnetic resonance imaging (MRI), photogrammetry and computer
aided design (CAD), and several of the examples are of footwear and tire
tracks impressions on human subjects. Since the impressions in the
presented cases were of very limited size and quality, this article does not
refer to the question whether the resolution of those methods is practically
sufficient for the comparison of the impressions to the footwear or tire tread.

LaMay (22) presented a case where a large outdoor crime scene with 143
footwear impressions in a dirt and gravel driveway was documented using
photographic and diagramming techniques. There were 22 known
individuals, including suspects, victim, witnesses, paramedics and police
officers, who had entered the scene, potentially leaving footwear
impressions. The author was able to associate 136 of the footwear
impressions to the shoes of those 22 individuals. A colour-coded diagram
was produced to illustrate the locations of the footwear impressions at the
crime scene and the shoes that could have made the impressions.

2.1.2 Casting and Lifting

Following photography or scanning, shoeprints found on various surfaces
are usually lifted or being cast, according to their nature. The common
methods, used by crime scene investigators (CSls) and forensic scientists
are dental stone (or plaster of Paris) casts for 3D impressions and adhesive
lifters, gelatin lifters (sometimes being referred to as "Gellifters") or
electrostatic lifters (ESLs) for two-dimensional (2D) prints.

Dental stone is used as the major material for recovering 3D shoeprints
and tire tracks from crime scenes. The procedure for using dental stone
sparsely changed over the years. There are two common methods for
mixing dental stone: either a premeasured amount of dental stone is put in
a zip-lock bag to which water is added, or the water and dental stone are
mixed in a bucket. Cohen and her colleagues suggested a novel, rapid and
efficient method of mixing dental stone and water in a plastic bottle (23).
These methods were compared at equal conditions. The parameters
measured were the number of air bubbles, the strength of the cast, the
ease of use, and the sharpness and quality of the accidental characteristics
present in the cast. The proposed "Bottle Method" has the advantages of
both the bucket and the zip-lock methods, hence it combines strength,
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sharpness, high quality, and ease of use. This study proves that despite the
vigorous mixing in the bottle, not many air bubbles were noticed in the
casts. Moreover, the great advantage of the bucket method is the ability to
add the powder to the water and to let it soak—this process increases the
strength of the cast. In this experiment, a similar process was performed in
the "Bottle Method", reaching the same affect.

As for 2D impressions, Wiesner and her colleagues compared two lifting
methods, namely the ESL and the gelatin lifter, and concluded that the
gelatin lifter was the method of choice for most substrates (24). Several
substrates were chosen, and on each material a set of dry dust shoeprints
was made, and a set of wet prints was made on paper as well. The
shoeprints were approximately of the same quality, and the only variable
was the nature of the material. On substrates indifferent to the method
used, the preferable sequence was tested. Gelatin lifter was superior on
most substrates and for wet prints. The superior sequence for using both
methods is ESL followed by gelatin lifting.

Milne reported the development of a wireless ESL apparatus for crime
scene use (25). This article describe the physical principal behind ESL,
gives an overview on the development of a low-budget, three-electrode
wireless instrument, that is commercially available today, and provide
guidelines for using the ESL method. The author also suggests using ESL
for in-situ cleaning up marks, before taking their photographs and prior to
gelatin or adhesive lifting.

Vinyl static cling films (VSCFs) are used as signs, decals, window
graphics, door coverings, and protective masking, and are manufactured in
all sizes, colours, and degrees of opacity. LeMay and colleagues examined
the application of such VSCFs for lifting shoeprints in dust from various
types of surfaces, and evaluated this methods comparing to other lifting
methods (26). These authors concluded that the use of VSCF is an
effective, affordable, and simple method for the lifting of dust impression
evidence at crime scenes and off of evidence. The results of their study
show that on some surfaces it performs better than ESLs. It can be
packaged and preserved well in simple manila folders, which can in turn be
packaged and sealed in paper bags or larger manila envelopes. VSCF can
be used on virtually any surface, with no threat to the health or safety of the
user. The matte surface of the VSCF is also less reflective than that of ESL
film and photographs well with less specular highlights. Because of the
affordability and ease of use, it may also be likely that the use of VSCF for
lifting and preserving dust impressions at crime scenes may result in more
footwear and tire track evidence being collected and preserved.
Examinations and comparisons may also yield more favourable results
because of improved detail and contrast when VSCF is used to collect and
preserve dust impressions.
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2.1.3 Chemical Enhancement

Chemical enhancement of footwear impressions is performed mostly on
dust prints, and is usually based on the chemical composition of the print-
forming substance. One of the most active research groups in this field (and
in the study of enhancing shoeprints in blood, as well) is led by Prof. Nic
Daéid at the Centre for Forensic Science, University of Strathclyde,
Glasgow, UK (27-29).

A recent review by Nic Daéid describes various methods for the chemical
enhancement of footwear impressions on fabrics, in blood and urine, as
well as in soil (27). These methods are reviewed more thoroughly in the
following paragraphs.

Croft et al performed a feasibility study on the chemical enhancement of
soil-contaminated footwear marks (28). Investigations into the application,
including the advantages and limitations of processes available for the
enhancement of footwear marks in soil, were carried out as part of this
study. This included a comparison of current enhancement solutions such
as potassium thiocyanate, ammonium pyrrolidine dithiocarbamate,
potassium ferrocyanide, and bromophenol blue. The solutions were
compared on the basis of sensitivity, sharpness of the colour reaction, and
their application to a range of commonly encountered substrates. According
to this study, the best-performing chemical enhancement technique for
footwear impressions in soil was found to be potassium thiocyanate, on
both porous and nonporous surfaces tested. Potassium thiocyanate was
further explored to study the effects of aging on the mark deposited as well
as assessing the stability (shelf life) of the solution. The age of the mark
appeared to have no significant effect on its ability to be chemically
enhanced using potassium thiocyanate. The stability study of potassium
thiocyanate revealed that, although aged solutions still enhanced footwear
marks, background staining, fading, and deterioration in colour sharpness
were all observed.

A study by Farrugia and his colleagues investigated the enhancement of
footwear impressions prepared with soils from different locations on a
variety of fabric surfaces with different morphology (29). Preliminary
experiments using seventeen techniques were carried out and the best
responding reagents were evaluated further. Results indicated that the soils
investigated (a cross-section of soils from Scotland, UK) are more likely to
respond to reagents that target iron ions rather than calcium, aluminium or
phosphorus ions. Furthermore, the concentration of iron and soil pH did not
appear to have an effect on the performance of the enhancement
techniques. For the techniques tested, colour enhancement was observed
on all light coloured substrates while enhancement on dark coloured
fabrics, denim and leatherette was limited due to poor contrast with the
background. Of the chemical enhancement reagents tested, 2,2'-dipyridil
was a suitable replacement for the more common enhancement technique
using potassium thiocyanate. The main advantages are the use of less
toxic and flammable solvents and improved clarity and sharpness of the
enhanced impression. The surface morphology of the fabrics did not have a
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significant effect on the enhancement ability of the reagents apart from a
slight tendency for diffusion to occur on less porous fabrics such as
polyester and nylon/lycra blends.

McNeil and Knaap also compared the performances of the bromophenol
blue (BPB) indicator to those of potassium thiocyanate, for the
enhancement of dust footwear impressions (30). In contrary to the above-
mentioned findings, these authors found that BPB performed better than
potassium thiocyanate on most shoeprints tested.

Ross and Gorn studied the application of Pyridyldiphenyl-triazine (PDT) for
chemical enhancement of soil and dust impressions (31). PDT is mainly
used for detecting ferrous traces on suspects' skin surfaces (32), and these
authors tested it as an alternative to conventional chemical enhancement
techniques (i.e., ammonium thiocyanate) of soil or dust footwear impression
evidence. The PDT in the commercially-available Ferrotrace reagent reacts
with ferrous iron, and was compared with ammonium thiocyanate using
ferrous solutions and produced results that were sensitive. Soil samples
were then tested with Ferrotrace and ammonium thiocyanate, and the
results were compared. After sensitivity testing, Ferrotrace and the
laboratory-prepared 0.1% PDT solution seemed to be viable alternatives to
chemical enhancement of soil or dust footwear impressions as compared to
ammonium thiocyanate. Experimentation with soil samples collected from
across the country (USA) revealed that these alternatives were not as
successful as the sensitivity study. Based on the results from these studies,
it is recommended by the authors that the forensic community continue
using ammonium thiocyanate as a chemical enhancement technique for soil
or dust footwear impressions that may contain levels of iron.

Not surprisingly, the main lesson derived from these studies (27-31), as
well as from the Israeli experience (33), is that chemical enhancement of
footwear impressions in dust is highly location- (and probably geology-)
dependent, so each laboratory is encouraged to analyse the dust in its area
and evaluate several deferent reagents, in order to achieve the optimal
methods mostly applicable to its local conditions.

Ahmad et al took this issue into a more practical domain, by developing a
reagent test kit for the enhancement of shoeprints at crime scenes (34).
These authors suggested a field kit that contains chemical reagents both for
prints in blood and for those in dust and soil: the reagents for prints in blood
are Leucomalachite Green (LMG) and Patent Blue, and for soil and dust
prints - potassium ferrocyanate and Sudan Black. The reagents in this kit
are not novel, but the authors compared several formulations for each of
the reagents and recommend a specific set of those.

2.1.3 Shoeprints in Blood and Urine

The recovery of footwear impressions in blood is similar generally to the
recovery of fingerprints in blood, and indeed many of the relevant
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references cover both these areas of interest. This section will focus mainly
on those articles referring to shoeprints in particular.

Most footwear marks made in blood on a surface such as fabric tend to be
enhanced in-situ, rather than physically recovered using a lifting technique
prior to enhancement. Since bloody footwear impressions are found
sometimes on multi-coloured fabrics, the in-situ enhancement provides in
such instances less-than-desired results. A work by Farrugia et al reports
on the use of an alginate material to recover the impressed footwear marks
made in blood and deposited on a range of fabric types and colours (35).
The lifted marks were then enhanced using Acid Black 1 (AB1) and
Leucocrystal Violet (LCV) with excellent results. The use of alginate casts
for lifting impressions in blood from various surfaces had already evaluated
by Adair (see our 2007 Review), and this article pursues this novel method
further. These authors recommend the use of AB1 for this purpose, due to
the safety issues involved when using LCV.

A similar approach was taken by Wiesner and her colleagues, who used
several types of the alginate casting material and applied several reagents
prior to lifting, during the casting process, and on the lifted footwear
impressions (36, 37). These researches report that the best results were
achieved using Aroma Fine® alginate, combined with enhancement of the
shoeprints by Amido Black (Acid Black 1). This method had already been
used successful at the authors' laboratory in casework.

Farrugia and his colleagues preformed a comprehensive and detailed study
on chemical enhancement of footwear impressions in blood on fabric, using
protein stains, peroxidase reagents and amino acid staining (27, 38-40).

In the 1% article in this series (38), a range of protein stains were utilised for
the enhancement of footwear impressions on a variety of fabric types of
different colours with blood as a contaminant. A semi-automated stamping
device was used to deliver test impressions at a set force to minimise the
variability between impressions; multiple impressions were produced and
enhanced by each reagent to determine the repeatability of the
enhancement. Results indicated that while most protein stains used in this
study successfully enhanced impressions in blood on light coloured fabrics,
background staining caused interference on natural fabrics. Enhancement
on dark coloured fabrics was only achieved using fluorescent protein stains,
as non-fluorescent protein stains provided poor contrast. A further
comparison was performed with commercially available protein staining
solutions and solutions prepared within the laboratory from the appropriate
chemicals. Both solutions performed equally well, though it is
recommended to use freshly prepared solutions whenever possible. The
results clearly showed that Acid Yellow 7 (AY7) is the most suitable protein
stain for footwear impressions made in blood and deposited onto dark
fabrics. Limited fluorescence was observed for similar marks on denim and
leather. Comparable but weaker results were obtained with other
fluorescent protein stains.
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These researchers also studied the optimisation of peroxidase based
enhancement techniques for footwear impressions made in blood on
various fabric surfaces (39). Four different haem (heme) reagents: LCV,
LMG, Fluorescein and Luminol were used to enhance the blood
contaminated impressions. The enhancement techniques in this study were
used successfully to enhance the impressions in blood on light coloured
surfaces, however, only fluorescent and/or chemiluminescent techniques
allowed visualisation on dark coloured fabrics, denim and leather. Luminol
was the only technique to enhance footwear impressions made in blood on
all the fabrics investigated in this study.

Amino acid staining reagents are not commonly used for chemical
enhancement of shoeprints in blood. Nevertheless, Farrugia and his co-
authors studied this approach as well (40). Ninhydrin and two of its
analogues were used for the enhancement of footwear impressions in blood
on various types, colours and porosities of fabric. As in their previous work,
test footwear impressions on fabric were prepared using a specifically built
rig to minimise the variability between each impression. Ninhydrin
enhancement of footwear impressions in blood on light coloured fabric
yielded good enhancement results, however the contrast was weak or non-
existent on dark coloured fabrics. Other ninhydrin analogues which have
the advantage of fluorescence failed to enhance the impressions in blood
on all fabrics. The sequential treatment of impressions in blood on fabric
with other blood enhancing reagents (e.g. protein stains and haem
reagents) was also investigated.

Another extensive review on methods for chemical enhancement of
impressions in blood on non-porous surfaces was published recently by
Velders (41). The purpose of this research was to explore the possibilities
to improve visualization of blood traces, after they were detected with
Luminol, by exposing them to other chemicals, such as LCV, AY7 and
Hungarian Red. The results show that LCV appears to be a less suitable
chemical to enhance visibility of blood impressions on non-porous
substrates.

In this context of chemical enhancement of marks in blood, Leintz
conducted a study to determine whether investigative personnel walking on
a surface that had been contaminated with blood and then cleaned would
transfer the deposited haem onto a non-bloody surface, thus causing
chemiluminescence on the non-bloody surface (42). It was found that crime
scene investigators can feel confident in finding chemiluminescence, and a
presumptive positive result for cleaned up blood, with the chemical Bluestar
Forensic, even after the tested area has been travelled over by
investigative personnel. This experiment showed that chemiluminescence,
and the presumptive presence of haem, was not transferred by the
movement of shoes through the tested area.

Many other articles, focusing on the chemical enhancement of fingermarks
in blood, were published during the review period. One that is worth
mentioning here is a review by Bossers and her colleagues (43), that
examines techniques and materials that may be used to enhance and
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record fingermarks deposited in or by blood. A large number of techniques
are presented and discussed from a chemical as well as practical
perspective. It is concluded that an optimized sequence of techniques
targeting both latent (non-bloody) and bloody fingermarks must be applied
to detect and enhance the maximum number of marks, and therefore
optimize the information content from exhibits that may bear marks in
blood. This article may serve as a guide for chemical enhancement of
footwear impressions in blood as well.

Zarate and Morden describe the use of the application of the recently-
developed Zar-Pro fluorogenic lifting strips for lifting, enhancing and
preserving bloody impression evidence (44). The Zar-Pro strips are
manufactured in sheets and cut to size according to use. Smaller strips can
be cut from a large sheet for fingerprints or the large sheets can be left
uncut for larger handprints or footwear impressions. The strips are
composed of white nylon transfer membranes with a specialized chemical
formulation that is bonded to the membrane and is activated with a 50:50
methanol and water solution. These easy-to-use strips successfully lift and
enhance bloody impressions from a variety of substrates, regardless of
porosity or background colour. The lifting strips are highly sensitive and
fluoresce when coupled with proteins and excited with an alternate light
source.

Thomas and Farrugia discuss the application of two novel reagents for
blood, genipin and lawsone, both natural products, for the enhancement of
fingermarks in blood on paper (45). The abilities of these two reagents to
enhance blood contaminated fingermarks on papers of various porosities
and colour were investigated and compared to the routinely used amino
acid reagents, ninhydrin and 1,8-diazafluoren-9-one (DFO). Results
indicated that while genipin showed some potential as a reagent for the
enhancement of latent fingermarks, it displayed no suitability for the
enhancement of fingermarks in blood on paper. Lawsone also failed to
successfully enhance either type of fingermark. Upon comparison of the
results with those of ninhydrin and DFO, it was found that ninhydrin
displayed the highest success rate of development of these marks.

Another bodily fluid that might be encountered in crime scene environments
is urine. Farrugia and his colleagues (46) utilised a range of chemical
techniques for the enhancement of footwear impressions deposited on a
variety of fabric types of different colours with urine as a contaminant.
Multiple impressions were produced and enhanced by each reagent to
determine the repeatability of the enhancement. Urine samples from
different donors were analysed using a spectrofluorophotometer revealing
differences between individuals. Results indicated that the enhancement of
footwear impressions in urine was possible using amino acid staining
techniques whereas protein stains failed to achieve successful
enhancement.

As a summary of the chemical enhancement issue, an article regarding the
comparison of enhancement techniques for footwear impressions, in blood
and urine, as well as in soil, on dark and patterned fabrics, is to be
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published by Farrugia et al (47). A range of readily available chemical and
lighting techniques, already discussed in previous work by these authors,
were utilized to enhance footwear impressions made in blood, soil, and
urine on dark and patterned fabrics. In most cases, results demonstrated
that fluorescent chemical techniques were required for visualization as non-
fluorescent techniques provided little or no contrast with the background.
Occasionally, this contrast was improved by oblique lighting. Successful
results were obtained for the enhancement of footwear impressions in
blood; however, the enhancement of footwear impressions in urine and soil
on dark and patterned fabrics was much more limited. The results
demonstrate that visualization and fluorescent enhancement on porous
substrates such as fabrics is possible in many cases.

2.2  Manufacturing Processes and Outsoles Design

As in many areas of forensic comparisons, understanding of manufacturing
processes is essential for shoeprint examinations. Good sources of
information for this aspect are the footwear industry newsletters, like the
SATRA Bulletin. In the Review period, several articles have been published
in this Bulletin regarding the use of PVC in shoe soles, thermoplastic rubber
soles, the manufacturing of vulcanised rubber soles, deck shoes and
polyurethane soles (48-52). Although the addressees of these articles are
mainly members of the footwear industry, forensic scientists dealing with
shoeprint comparison may gain great benefits from them as well.

2.3 Tire Tracks

Jin discusses the forensic importance of tire track impression examinations
(863). In this paper, the characteristics of vehicle tire pattern and its
application in forensic science was analyzed and summarized, based on
the analysis of manufacturing processes and of acquired individual
characteristics during use.

Several other articles dealing with the examination of tire tracks
impressions are included in other sections of this Review (8, 21 and xx1).

2.4 Test Impressions

During the course of their extensive work on chemical enhancement of
footwear impressions, Farrugia and his colleagues developed a device for
producing controlled test impressions (54). Since the comparison of
enhancement techniques for the visualisation of footwear impressions may
be hindered by uncontrolled variables such as the force applied when the
impression is created, a test rig was constructed for overcoming this

81



difficulty. The footwear impressions prepared from the test rig limit some of
the variables introduced during the production of test footwear impressions
and allow for a more robust evaluation of the enhancement techniques to
be made. This footwear rig has been utilised for the preparation of test
footwear impressions for the evaluation of chemical techniques for the
enhancement of footwear impressions in blood, urine and mud on fabric.
Such trials can only demonstrate the potential of a specific technique and
its operational use must still be evaluated in contextualised trials. According
to these authors, this rig was suited for the preparation of test footwear
impressions with a stamping action to approximate the action of stamping
on clothing. A similar rig can potentially be utilised to observe bruise
patterns on skin produced at different forces.

2.5 The Evidential Value of Shoeprints Examination

A textbook on forensic comparative examinations, not available to this
Reviewer when preparing the previous Review, had been published in 2009
by Vanderkolk (55). The author focuses mainly on the scientific process
and methodology of comparative examinations in general, with emphasis
on various disciplines (for instance fracture matching, toolmarks and firearm
identification, fingerprints and lip mark). This publication covers, among
other topics, the issue of footwear impression and tire tracks comparisons
(55, chapter 9, pp. 149-168), including manufacturing processes, acquired
features in shoe soles and tires, etc.

Several studies addressed the issue of class- and individual- (or acquired-)
characteristics in shoeprints analysis. Hancock and colleagues conducted a
survey of five hundred shoeprints taken from volunteers in Auckland, New
Zealand (56). These prints were compared against each other for the
presence of any pattern correspondences. Comparisons were undertaken
of the full outsole and of smaller portions of the more common patterns. Of
the 500 shoe impressions collected, 488 (97.6%) were ultimately
represented only once in the survey. The greatest number of corresponding
patterns was for the most common brand of shoe (Converse Chuck Taylor
All Star) and occurred in 3 of 500 observations. No instances of an imitation
brand matching the authentic brand were found. Smaller sections of the
common patterns showed a greater number of corresponding prints.
However, the greatest number of matching partial patterns was again for
the most common brand of shoe and occurred in 29 of 500 observations.
These researchers conclude that pattern match alone is of considerable
evidential value even when the print is partial.

Another article dealing with class characteristics, written by Gross et al,
examined 402 test prints, collected by the Minnesota Bureau of Criminal
Apprehension (BCA), US, and compared each one to all others (57). These
prints originated from footwear of 127 different manufacturers. Using the
manufacturing characteristics of general design element type, outsole
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design, and design element size-relationship, 99% of the impressions could
be distinguished. In addition, utilizing the class characteristic of wear, all
402 BCA footwear impressions (80,601 possible pairs) were easily
differentiated. It should be noted that not all outsole designs persist over
such a long time span (twenty years), the population size was relatively
small, and the impressions were of high quality. However, it still
demonstrates that class characteristics are quite variable in casework and
therefore can be very significant in evaluating footwear. The more variation
one has with the class characteristics present on the outsole, the more
significance it may have when evaluating two impressions. This study also
reiterates and expands upon previous literature that the examination of
class characteristics can be an extremely significant tool for footwear
comparisons.

Bodziak and his colleagues wrote an extensive article on the significance of
outsole wear characteristics in the forensic examination of shoeprint
evidence (58). These authors defined terms used in the forensic footwear
examination and comparison of outsole wear, summarized past research in
the area of wear, and discussed the various considerations that should be
taken into account when evaluating general wear in casework comparisons.
Considerations include factors that limit clarity of the impression,
manufactured characteristics, and time intervals between when the
impression was deposited and when the shoes were seized. A variety of
general wear is encountered in footwear casework and can be used to limit
the population of shoes that could have made the impression. However,
general wear may appear similar on shoes of the same person and between
shoes belonging to different people and therefore general wear alone should
not be used to identify a shoe as the particular source of an impression. A
survey conducted as part of this project indicates that general wear is not
used to individualize footwear impressions by the international community of
footwear examiners.

Wilson conducted a study on 39 pairs of running shoes (Adidas Supernova
Classic, men’s size 12) that were worn by one individual over approximately
an 8-year time period, on similar surfaces for a similar number of miles (59).
These shoes were examined for the presence of individual characteristics
to determine whether they were able to be individualized. The total number
of individual characteristics in each shoe varied from 1 to 61, with an
average of 11.23 for the right shoes and 20.31 for the left shoes. In
comparing the number of individual characteristics in each area for each
shoe, it was found that no shoe had the same number of individual
characteristics in the same area in every area as another shoe. Therefore,
each shoe was different from every other shoe. The results of this study
support the premise that all individual or accidental characteristics are
random and happen by chance, and that by using these characteristics,
footwear impressions are able to be identified to a single source.

The Bayesian approach, advocated in the last decades by many forensic
scientists for its application in various disciplines, has not yet been fully
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studied for footwear impression analysis. However, several recent articles
addressed this issue.

Skerrett and his co-authors proposed a model for evaluating shoemark
evidence in a more transparent manner, based on the Bayesian approach
(60). The model is currently limited to sole pattern and wear characteristics,
and it does not account formally for cuts and other accidental damages.
Furthermore, it requires the acquisition of relevant shoemark datasets and
the development of automated comparison algorithms to deploy its full
benefits. These are not currently available. Instead, these authors
demonstrate, using casework examples, that a pragmatic consideration of
the various variables of the model allows us to already evaluate shoemark
evidence in a more transparent way and therefore begin to address the
current scientific and legal concerns. This study expands equations from
previous research to refine a model for evaluating shoemark evidence.
While focusing their development on the source-level elements, the formal
mathematical development and the examples offered in this paper clearly
highlight how this research relates to the offence-level LR. The contribution
of the pattern and degree of wear to the weight of shoemark evidence was
considered, while accounting for the time difference between the acquisition
of the mark and print impressions. The LRs obtained using this pragmatic
approach, and by assigning only very conservative probabilities, show
strong to very strong support to the prosecution hypothesis for the chosen
examples. This demonstrates the high evidential potential of the
combination of pattern and wear features; and shows that there is a
significant benefit to better exploit these features before attempting to
account for more volatile features such as cuts and other accidental
damages.

Juchli and colleagues took this a step forward and assessed the combined
evidential value of several types of evidence (including footwear
impressions) by using Bayesian networks (61). This paper discusses
graphical probability models, i.e. Bayesian networks, as framework within
which the joint evaluation of scientific evidence can be approached in some
viable way. Based on a review of existing main contributions in this area,
the article here aims at presenting instances of real case studies from the
author’s institution in order to point out the usefulness and capacities of
Bayesian networks for the probabilistic assessment of the probative value
of multiple and interrelated items of evidence. A main emphasis is placed
on underlying general patterns of inference, their representation as well as
their graphical probabilistic analysis. Attention is also drawn to inferential
interactions, such as redundancy, synergy and directional change. These
distinguish the joint evaluation of evidence from assessments of isolated
items of evidence. Together, these topics present aspects of interest to
both, domain experts and recipients of expert information, because they
have bearing on how multiple items of evidence are meaningfully and
appropriately set into context.

Koehler used footwear impression evidence as an example for the
problematic way (according to this author) scientific evidence is presented
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in court (62). This article uses a likelihood ratio (LR) approach to identify
the probative value of forensic science evidence. It argues that the
“‘evidence” component should be characterized as a “reported match,” and
that the hypothesis component should be characterized as “the matching
person or object is the source of the crime scene sample.” This
characterization of the LR should force examiners to incorporate risks from
sample mixups and examiner error into their match statistics. In addition,
this work includes a controlled experiment with 315 jury-eligible jurors who
received a shoeprint match statistic in a hypothetical burglary case finds
that, contrary to normative theory, people are more persuaded by statistical
testimony that ignores various error risks than by testimony that is
objectively stronger by virtue of taking those risks into account. That
experiment also found that jurors are relatively unresponsive to exposure of
those risks by a defense attorney on cross-examination. These results
support and extend previous research that finds many people are confused
about how to evaluate the risk of error associated with expert forensic
testimony.

Nordgaard and his colleagues (63) present a method to develop an ordinal
conclusion scale for the value of evidence that can be applied to any type of
forensic findings. The method is built on probabilistic reasoning about the
interpretation of findings and the number of scale levels chosen is a
compromise between a pragmatic limit and mathematically well-defined
distances between levels. The application of the unified scale, used by the
Swedish National Laboratory of Forensic Science (SKL), is illustrated by a
number of case studies (unfortunately, none of which is of shoeprint
examination). One of the features with the type of scale presented in this
paper is the possibility to use the translation of intervals of likelihood ratios
to scale levels backwards. Once a scale level has been decided for some
particular findings, it is possible (though maybe conservative) to find a
lower limit for the likelihood ratio, which in turn may be used if these
findings are to be combined with other findings (conditionally independent
of the former) of the same criminal case. Instead of leaving the issue of
combination to the court, the forensic laboratory may thus investigate the
total evidentiary strength of the findings addressed at activity level
propositions.

The 2009 US National Academy of Science - National Research Council
(NAS-NRC) report, "Strengthening Forensic Science in the United States: A
Path Forward" (64), stressed the issue that "...there is no consensus
regarding the number of individual characteristics needed to make a
positive identification, and the committee is not aware of any data about the
variability of class or individual characteristics or about the validity or
reliability of the method. Without such population studies, it is impossible to
assess the number of characteristics that must match in order to have any
particular degree of confidence about the source of the impression..." (64,
p. 149).

In order to tackle this issue, ENFSI EWGM conducted several collaborative
tests, where participants were given footwear impressions and test prints,
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compared them and summarized the results using the six-step conclusion
scale developed by this Group several years ago. Two such tests were held
since 2010, distributed the same way as earlier exercises were, on a DVD
containing image files and other information. In the 1% one (2010), test
samples were prepared using a right bicycle shoe, placing prints on a sheet
of paper and on a towel (65). The print on the sheet was lifted with a gelatin
lifter and the print on the towel - with an electrostatic device. Both lifted
prints were photographed. Test prints were also made from that pair of
bicycle shoes. Answers were received from 52 participants, and the spread
of the results for this test was smaller than that of previous ones. It seems
that the print on the towel was more difficult than the on the paper sheet,
since the conclusion spread was larger in this one, and the average level of
confidence - lower.

For the 2™ test (2012), one pair of long time worn Adidas running shoes
was used to produce prints on a flat smooth surface. The prints were
enhanced with grey powder, photographed and then lifted using black
gelatin lifters (66). The gelatin lifters were photographed, and these images
were sent to the participants. Answers were received from 73 participants.
Here, again, the spread of the results for this test was even smaller than
that of previous ones, and the average level of confidence - higher.

The variability in footwear impression comparison conclusions was studied
also by Hammer and her colleagues (67). Six footwear simulated case
studies were created and sent to 60 certified footwear examiners in North
America. The examiners were asked to independently assess each case,
based on features that were clearly marked on each impression, and were
directed to use a specific scale of conclusions to report their findings
(identification, probably made, could have made, inconclusive, probably did
not make, elimination, and unsuitable). Forty participants completed the
task and provided their input. The results of this study, in contrast to those
of previously published ones, were that when experienced examiners used
the same conclusion scale and compared the same features, there was
little variability within their stated findings. This indicates that there is
significant agreement among trained footwear examiners regarding the
level of associative value of corresponding characteristics and that a
standard scale of conclusions may facilitate the expression of consistent
opinions. To further explore the variations observed in the conclusions
expressed by the certified footwear examiners, the examiners were divided
into those who do not use the SWGTREAD guidelines regarding footwear
impression evidence and those who do. Following statistical analysis it was
determined that overall, the values reported by these subgroups of
examiners were not significantly different, and demonstrating that prior
experience with the SWGTREAD guidelines is not required for them to be
appropriately used during a footwear evidence comparison.

Cognitive bias in forensic science was addressed in a workshop held in the
Northwestern University School of Low in September 2010, where Hammer
introduced the issue of footwear and tire track impressions comparison (68,
pp. 11-14). Various aspects of these types of examinations were presented,
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including the examination process, potential problems and error rates.
There was a broad recognition among participants of the workshop that
issues related to cognitive bias in the forensic sciences, including
shoeprints examination, is an important policy issue. Meaningful progress
can only be made with the cooperation and good will of both the broader
forensic science community and funding agencies that prioritize this
interdisciplinary research.

Izraeli and his colleagues describe a simple, yet powerful and efficient,
method for assisting the presentation of shoeprint comparisons in court
(69). This method uses Adobe Photoshop Elements (Adobe Inc., San Jose,
CA), or other similar software for image processing, and Microsoft
PowerPoint for the presentation in court. The PowerPoint presentation
enables the expert to show the test impressions overlapping the prints,
gradually change the opacity of the test impression on the print, and slightly
move the test impression to imitate in great accuracy the comparison and
evaluation process done in the laboratory. It is these authors’ opinion that
the quality of the presentations to judges and juries alike will prevent
misunderstandings by non-scientists involved in the judicial system. This
method can assist tool marks and firearms comparison experts as well and
might simplify the expert’s job.

2.6 The Judgement of Reginav T

In October 2010, the Appeal Court of England and Wales issued a redacted
judgment in Regina v T (R v T, 70), which caused considerable concern
amongst forensic scientists and statisticians who supported the approach to
evidence interpretation and evaluation by the Bayesian or likelihood
approach. Due to the importance of this decision, numerous articles were
published, discussing this subject, and a special issue of Law, Probability
and Risk was dedicated to it (71-83). Thus, a special emphasis is given to
this matter here as well.

In this case, an expert with extensive experience in the examination of
footwear marks, carried out a comparison with pieces of footwear, including
trainers found in the defendant’s house after his arrest. The expert
concluded that there was a “moderate degree of scientific evidence” to
support the view that the trainers recovered from the defendant had made
the marks in question. His reports contained no statistical information or
reference to use of a likelihood ratio or the formula used in calculating.
A detailed description of the case is outside the scope of this Review, but in
general, the Court of Appeal stated that:
"In our judgment, an expert footwear mark examiner can therefore in
appropriate cases use his experience to express a more definite
evaluative opinion where the conclusion is that the mark “could have
been made” by the footwear. However no likelihood ratios or other
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mathematical formula should be used in reaching that judgement for the
reasons we have given" (70, §95).

"It is essential, if the expert examiner of footwear expresses a view
which goes beyond saying that the footwear could or could not have
made the mark, that the report makes clear that this is a view which is
subjective and based on his experience. For that reason we do not
consider that the word "scientific" should be used, as, if that phrase is
put before the jury, it is likely to give an impression to the jury of a
degree of precision and objectivity that is not present given the current
state of this area of expertise" (70, §96).

"The process by which the evidence was adduced lacked transparency.
This is no personal criticism of [the expert witness], as he was simply
following practice. However, it is simply wrong in principle for an expert
to fail to set out the way in which he reached his conclusion in his
report" (70, §108ii).
The Court accepted, however, the practice of using LRs, when used
properly:
"The practice of using likelihood ratios was justified as producing
"balance, logic, robustness and transparency”... In our view, their use in
this case was plainly not transparent” (70, §108iv).

The Court then found the conviction as unsafe, and quashed it. At a
subsequent retrial, the accused was found ‘Not Guilty’ (71).

Berger and his colleagues discussed several of the issues raised in Rv T
(84). According to these authors, although the judgment concerned with
footwear evidence, more general remarks have implications for all
disciplines within forensic science. Their concern is that the judgment might
be interpreted as being in opposition to the principles of logical
interpretation of evidence. They re-iterate those principles and then discuss
several extracts from the judgment that are potentially harmful to the future
of forensic science.

In the light of the R v T Court opinion, Biedermann and his co-authors
discuss issues that pertain to the choice of relevant databases for assigning
values to the components of evaluative likelihood ratio procedures at
source level, and argue, from a methodological point of view, that there are
additional levels of qualitative evaluation that are worth considering prior to
focusing on particular numerical probability assignments (72). Analyses are
proposed that intend to show that, under certain assumptions, relative
numerical values, as opposed to absolute values, may be sufficient to
characterize a likelihood ratio for practical and pragmatic purposes. It is
further argued that, even if numerical evaluation can be made, qualitative
considerations may be valuable because they can further the understanding
of the logical underpinnings of an assessment. In the second part of this
article, a parallel is drawn to R v T by concentrating on a practical footwear
mark case received at the authors’ institute. This case serves the purpose
of exemplifying the possible usage of data from various sources in
casework and help to discuss the difficulty associated with reconciling the

88



depth of theoretical likelihood ratio developments and limitations in the
degree to which these developments can actually be applied in practice.
These authors conclude that it would be simplistic to believe that dealing
with a case involving footmark evidence could be reduced to the task of
drawing a single numerical value from a database. The actual challenge is
far more subtle than this because it involves a detailed consideration of the
competing propositions of interest, a critical examination of available data
and incorporation of information from the framework of circumstances.

Similarly, Nordgaard and Rasmusson argue that the scientific framework for
forensic findings interpretation stems from Bayesian theory (73). The
resulting likelihood ratio, which may be expressed using a verbal or a
numerical scale, compares how frequent are the obtained results given that
one of the propositions holds with how frequent they are given that the
other proposition holds. A common misunderstanding is that this approach
must be restricted to forensic areas such as DNA evidence where extensive
background information is present in the form of comprehensive databases.
In their article, these authors maintain that the approach with LRs is equally
applicable in areas where the results rely on scientific background data
combined with the knowledge and experience of the forensic scientist. In
such forensic areas the scale of the LR may be rougher compared to a
DNA case, but the information that is conveyed by the likelihood ratio may
nevertheless be highly valuable for the court. It is interesting to note that
the LR verbal conclusion scale used by these authors is somehow different
than the one used by the shoeprint expert in the R v T case.

Similar approach was take also by Sjerps and Berger (74), seeing the
likelihood ratio framework and Bayesian networks as tools to promote
transparency and logic, and arguing that transparency requires making
clear whether a conclusion is a consensus and reporting diverging opinions
on request. These authors recommend that reporting guidelines explicitly
address transparency of expert reasoning.

Thompson, while defending the LR calculation approach, laid the
responsibility for the outcome of the R v T case in the hands on the
prosecution's expert (75). Thompson states that LR calculations are far
more transparent than the intuitive, experience-based, judgements of the
"traditional" practice of presenting evidence in court. In addition, if the
expert’s judgement rests on a weak scientific foundation, that fact becomes
more apparent when the expert explicitly computes likelihood ratios, than
when the expert makes the kind of global evaluative judgement favored by
most forensic scientists outside Europe.

Bodziak, on the other hand, presents the "traditional" way of presenting
footwear impression evidence in court (76). The R v T Court’'s comments
and the values used by the footwear mark examiner as applied to his
Bayesian evaluation and likelihood ratio are discussed and contrast is
drawn to this method versus the traditional footwear mark evaluation used
by footwear examiners in the USA and most other countries. This author
conclude that when conclusions are supported with documented and
confirmable characteristics, including supporting photographs embedded
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within or attached to the report, and containing traditional wording to clearly
express those observations and conclusions, a more thorough and
transparent way of transmitting an opinion to both the investigator and a
jury in a clear concise and fair manner is accomplished.

According to Ligertwood and Edmond (77), forensic science evidence must
be presented in a form that can be accommodated within the process of
proof employed by judges and juries. This is a non-mathematical inductive
process that seeks ‘the inference to best explanation’ to a standard of proof
beyond reasonable doubt. The question posed is not the mathematical
probability of the prosecution hypothesis but whether having regard to all
the evidence before the court the prosecution hypothesis is the only
explicable hypothesis, in the sense that no reasonably possible defense
hypothesis remains open. The challenge is to present forensic science
evidence in a form that can be accommodated within this non-mathematical
inductive standard of proof. It is argued that this is most effectively
achieved if that evidence is tendered as a frequency rather than as a
likelihood ratio.

Kaye wrote another review on the R v T case (85), analyzing the various
ways scientific evidence can be presented in courts (the "traditional" way,
the "extreme Bayesian" approach, the "mild Bayesian" approach and LR).
The author concludes that "any expert who reasonably can testify to a
degree of confidence in a source hypothesis reasonably can testify to
likelihoods", and that all the expert has to inform the fact-finder (either a
judge or a jury) is the strength of the evidence, namely how more likely it is
that the impression in question was made by the examined shoe rather than
by any other shoe in general.

As it seems, the ongoing debate raise by the R v T judgement, between
Bayesian and "traditional" forensic scientists, is far from resolution, and will
probably be further discussed by these and other scholars as well.

2.6 Databases, Reference Collections and Automated Classification

With the numbers of both footwear outsole designs as well as shoeprints
documented at crime scenes rapidly increasing, the need for computerized
mean of keeping these records is becoming more and more crucial in
forensic laboratories.

In addition to the ENFSI EWGM “Wanted Page” mentioned earlier (6),
several commercial firms manufacture footwear sole pattern databases.

Foster & Freeman Ltd. (UK) provide its footwear and tire tread databases,
SoleMate®, TreadMate® and SICAR® 6 (86).

Laboratory Imaging s.r.o. (Czech Republic) manufacture a scanning system
for shoeprints and fingerprints - Lucia TrasoScan™, that incorporate the
ability to scan the prints and the footwear soles with high resolution (1000
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DPI) with a computerized system for on-screen comparison of the crime
scene prints with known test prints from suspects' footwear (87).

Chochol and Swietek present examples of several such shoeprints
databases used around the world, as well as practical applications of a
database developed at the Institute of Forensic Research (IFR), Krakow,
Poland (88). The authors carried out an analysis of the shoe market in
Poland and collected information in the form of sole imprints as well as
photos of shoes, which gives a chance of creating, in cooperation with other
laboratories, a large database of soles for forensic purposes.

The practical use of a crime intelligence database in Switzerland (including
mainly situational information, DNA, shoeprints and images) covering the
years 2009-2011, is described by Rossy et al (89). The database, shared
by intelligence units of six states of the western part of Switzerland since
2008, analyzes, filters and classifies events reported to the police on a daily
basis, to detect crime repetitions and interpret the crime environment.
Several forensic outcomes are integrated in the system such as matches of
traces with persons, and links between scenes detected by the comparison
of forensic case data. Systematic procedures have been settled to integrate
links assumed mainly through DNA profiles, shoemarks patterns and
images. This article contains detailed statistical analysis of the links
developed by the database, including an interesting observation that the
ratio of series where shoeprints were used to link crime scenes (23%) is
higher than those with DNA (8%) or images (6%). The results suggest that
forensic outcomes have a great potential to detect crime series. DNA and
shoemarks mainly detect burglaries, while images are better at detecting
series of distraction thefts and pickpocketing. It is then worth relying on a
diversified set of forensic case data to gain better insight on the different
types of crimes series. The vast majority of events are linked through only
one forensic link type (99.2%), further demonstrating the necessity to use
all types of marks for a better detection of crime repetitions. The integrated
processes of shoemarks patterns at state level and regional level have
been also compared. It shows that the detection of shoemarks patterns
links at the regional level takes more time than at the state level.
Nonetheless they have the same potential to detect series. The regional
level links have even a better potential to increase already detected series.

The development of computational methods for use by forensic footwear
examiners may address several tasks encountered by the forensic footwear
examiner: determining the type of sole (and that of shoe) that produced a
given print, linking this print to other scenes where similar prints were
found, linking potential suspects to crime scenes and eventually assessing
the evidential value of a match.

Deshmukh and Patil present a shoeprint matching algorithm invariant to
rotation and to intensity variations (90). The multiresolution features of a
shoeprint have been extracted using Gabor transform, while rotation of the
shoeprint image is computed using Radon transform and is compensated
by rotating the features in opposite direction. The performance of the
proposed algorithm was compared with the algorithm in which the features
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have been determined using Fourier transform and its power spectral
density. Euclidian distance classifier was used to find a suitable match. The
performance of the proposed algorithm has been evaluated in terms of
Correct Recognition Rate computed using best Match Score for rank ‘1’ and
cumulative match score for the first four matches, on a database of 200
sets of prints. It is observed that a good matching performance is achieved
- starting at 91% for first rank on full prints and rising to 100% for best four
matches. Performance of the proposed approach was even better for the
rotation, intensity and mixed attacks on full prints, and even for partial
shoeprints. It is not, however, invariant to scale variations, and was tested
only on test prints, and not on crime scene impressions.

Dai and Tang present content-based image retrieval method, applied for
developing a system for automatic retrieval of questioned shoeprint images
from a reference database of shoeprint images (91, 92). The organizational
structure, functional features, shoeprint query of the system and its
application to footwear impression examination and identification is
introduced in details. Comparison experiment was made to demonstrate its
ability of retrieving similar images and identifying shoeprints. The author
state that experimental results show that the retrieval speed and
performance of the system are satisfying. The developed system is widely
used in many police stations throughout China. The system proofs to be
quite effective from case solving practice and the utility of footwear
impressions increases greatly as convincing physical evidence.

The use of the scale-invariance feature transform (SIFT) approach for
recognizing and retrieving incomplete shoeprints was investigated by Wei,
Li and their colleagues (93, 94). These researches proposed and evaluated
scale-invariance feature transform for recognition and retrieval of partial
and noisy shoeprint images, applied to a dataset of 430 full-size prints,
about 1,700 partial prints and thousands of noisy prints (all produces with
86 different shoes). The proposed method first constructs different scale
spaces to detect local extrema in the underlying shoeprint images. Those
local extrema are considered as useful key points in the image. Next, the
features of those key points are extracted to represent their local patterns
around key points. Then, the system computes the cross-correlation
between the query image and each shoeprint image in the database.
Experimental results show that full-size prints and prints from the toe area
perform best among all shoeprints. Furthermore, this system also
demonstrates its robustness against noise because there is a very slight
difference in comparison between original shoeprints and noisy shoeprints.

Rathinavel and Arumugam (95, 96) proposed an integrated technique for
shoeprint recognition system, based on pass band discrete cosine
transform (DCT) components analysis in Fisher linear discriminant (FLD)
with principal component analysis (PCA). These authors claim that the
proposed system perform better than other published solutions in terms of
computation time as well as in noise reduction. Fourier transforms (FT),
invariant to translation and rotation, were used for classification of partial
prints.
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Tang and colleagues describe a clustering approach, based on common
primitive patterns (97). Shape features consisting of lines, circles and
ellipses are extracted from database prints using variations of the Hough
transform. Then an attributed relational graph (ARG) is constructed for each
known print, where each node is a primitive feature and each edge
represents a spatial relationship between nodes. A footwear print distance
(FPD) between ARGs is used as similarity measure. The FPD is computed
between each known print and pre-determined patterns to form clusters.
The use of the methodology is demonstrated with a large database of
known prints.

Taking this approach further on, these researchers used the proposed
method for crime scene, partial and degraded prints (98, 99). like in the
previous work, prints in the database were clustered based on outsole
patterns, and each footwear print pattern is characterized by the
combination of shape features and represented by an ARG. Similarity
between prints is computed using Footwear Print Distance. It was
demonstrated that the proposed system is invariant to distortions like scale,
rotation or translation, is insensitive to noise and degradations of the prints,
and works well with the partial prints, color prints and crime scene marks.
Sensitivity analysis of FPD was performed to show its robustness.
Experiments show that the approach outperforms other state-of-the-art
footwear print retrieval systems.

This system for footwear impression retrieval (97-99) is described in more
details by Srihari (100). This report compares several methods for image
retrieval, like the SIFT and ARG mentioned above, and conclude that the
performance of the ARG-based system is significantly better than other
published methods. Several data sets were used in the research:
simulated prints, photographs of outsoles retrieved by a web crawler from
shoe-vendor websites, and 350 actual crime scene prints and over 5,000
known prints. Since results with simulated images tend to be over-
optimistic, most of the reported results focused on the real crime scene
prints. However, this system hasn't matured yet to a fully operational one.

Gao and Allinson present a multiresolution-based hybrid approach for 3D
outsole feature classification and extraction (101). Their system is able to
extract information-rich 3D outsole patterns and produce 2D shoeprints
regardless of different degrees of wear. Based on pattern characteristics,
outsoles are categorized into Convex-Pattern-Dominant Outsoles (Convex-
PDOs) and Concave-Pattern-Dominant Outsoles (Concave-PDOs). Initial
work for extracting 3D Features from Concave-PDOs is reported in this
paper. Outsole models are first captured using a 3D scanner. Patterns
corresponding to higher and lower curvature variations are subsequently
classified using a multiresolution-based curvature analysis approach. Visual
analysis on current experimental investigations shows promising results for
further 3D feature extraction and 2D shoeprint generation.

Cervelli dedicates a chapter in his PhD dissertation to the automatic
retrieval of footwear impressions from crime scene images (102). The
author reviews the existing systems for shoeprints retrieval, and compares
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their algorithms. Then, systems based either on the Mahalanobis distance
map feature to tackle the noise affecting real shoe marks, or on the
translation and rotation properties of the Fourier transform to realize a
translation and rotation invariant system suited for comparison of
uncontrolled images, were developed. It was found that the Mahalanobis
distance method, coupled with modified phase-only correlation (MPOC), is
well performing with real shoe marks, thanks to its robustness to noise, but
the system is not invariant to translation and rotation. On the other hand,
the performance of the Fourier phase correlation (FPC) system degrades
with noisy real shoe marks. Despite these results, the translation and
rotation invariance of the system would make it more suitable in real cases,
where the uncertainty of the aforementioned parameters would make both
the MPOC and the Mahalanobis based systems less effective.

Huang et al proposed a novel algorithm based on Gabor wavelets and
support vector machine (SVM) for recognition of tire tread patterns (103).
Input tire images are first preprocessed by morphological opening to
enhance the features (or textures) on tire surface. The features of tire tread
patterns are then represented by Gabor wavelets, and feature extraction is
further carried out by principal component analysis (PCA). Finally, the
matching processes are achieved by the classifiers of the SVM, Euclidean
distance and cosine distance. Result shows that the recognition rate of 60%
for tire images can be obtained by the SVM classifier when 15 tire tread
patterns are used

Another effort that is worth mentioning here, although it is not yet
completed, is a research project conducted at the Hadassah Academic
College, Jerusalem, lsrael, in conjunction with the Israel Police DIFS
(funded by the NIJ, US), for the development of a computerized expert
system for supporting shoeprint experts in evaluating the degree of
certainty in 2D footwear impressions. The system has already been
presented in several international conferences (104, e.g.), and a workshop
was held during the last ENFSI EWGM Meeting, June 2013 (Bled,
Slovenia), where a beta version of the system (Statistic Evaluation of
Shoeprint Accidentals - SESA) was demonstrated and distributed to 20
police agencies to be practiced and evaluated.

3 Toolmarks

Toolmark examinations (in the sense of the examination of marks produces
by surfaces other than firearms) are, in a way, the “poor family-member” of
firearm identification. Many of the professional groups, as well as published
articles, are dedicated mainly to firearm examinations, and toolmarks are
referred to matter-of-factly. Since firearm identification issues are covered
by another review in this Symposium, this section of my Review will focus
mainly on those aspects more relevant to toolmarks per-se.
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SWGGUN (4) continues publishing guidelines and statements, covering
many aspects of firearm and toolmark examinations. One of these
documents, relevant for toolmark examinations, written by the SWGGUN
Scientific Committee, is "The Foundations of Firearm and Toolmark
Identification" (105). This article concludes that "the discipline of
Firearms/Toolmark Identification is scientific and reliable" and that
"sufficient validation testing by competent examiners and collaborating
scientists have been conducted to affirm the theory of firearm and toolmark
identification over the past ninety years for it to be considered a legitimate
science pursuant to the criteria set forth in the scientific method" 105, p. 6).
Quality assurance guidelines were also published by SWGGUN (106),
designed to provide a framework of standards for quality and integrity in the
firearms and toolmarks examination processes, evidence handling,
evidence evaluation, reporting and testimony. Other guides that may be
found at the SWGGUN web-site are the "Criteria for Identification" and the
"Code of Ethics".

A new book exclusively dedicated to the examination of toolmarks was
recently published by Petraco (107). This text is divided into two main
sections, with the first devoted to the rationale and methodology behind
toolmark examination (optics, microscopes and measurement, collecting
and documenting toolmarks, the preparation of toolmark standards, etc.)
while the second section explores the wide range of tools commonly
encountered in casework. The book also includes a chapter on the
application of statistical pattern comparison to the examination of
toolmarks.

3.1 Casting and Reproduction Methods

Many cases of toolmark examinations involve the need for duplicating the
impression marks, found at the crime scene, in order to facilitate their
examination at the laboratory. As discussed in our previous Review,
silicone rubber is the method of choice for this purpose.

Athanasopoulos and co-authors studied the use of magneto-rheological
fluids as an agent for capturing impressions in situ (108). These materials
are fluid under most conditions, but solidified when a magnetic field is
applied to them, and can be used in lieu of silicone rubber for collecting
impression evidence. The fluid compositions were developed through trial
and error by adjusting the concentration of the components in the fluid.
According to these researchers, the solution used created long lasting,
durable, and high resolution casts, which enabled the visualization and
analysis of small details not discernible on the original object. The downside
of this method is that the casting substrates need to be non-porous and
non-magnetic.
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3.2 Observation and Imaging Methods

The comparison microscope is by far the most commonly used tool for
toolmarks examination. Petraco's book, mentioned above (107), contains a
section on basic microscopy for toolmarks examination, including that of the
comparison microscope, which may serve as a good starting point in
experts' training programs.

Lamagna, on the other hand, criticize the almost-100-years-old use of
optical comparison microscopes by toolmark examiners, and claims that
more modern sophisticated tools, like 3D optical microscopes, white-light
interferometers, confocal laser scanning microscopes and scanning
electron microscopes, should be employed (109).

However, several such techniques were already been evaluated for this
task, with some reported success. Heikkinen and co-authors studied the
potential of scanning white light Interferometry (SWLI) for the examination
of toolmarks (110). According to this work, SWLI allows rapid and non
contact measurements of millimeter-size objects with nanometer vertical
resolution, without any sample preparation.

This group reported also the application of SWLI, as well as of confocal
microscopy (CM), for determining the chronological order of creation of
crossing lines and of overlapping marks (110-112). It was demonstrated
that 3D imaging techniques, like SWLI and CM, can determine the
chronological sequence of creation of crossing toolmarks on a copper
surface by looking at the depth profiles of the engraved lines, and that the
engraving direction of the last groove can be determined. In addition, 3D
imaging may provide a partial solution to confidence issues related to
expert forensic evaluation of overlapping marks.

An extensive survey, regarding image processing techniques used for
examining striated and impressed toolmarks, was conducted by Gerules
and his colleagues (113). These authors review 2D and 3D imaging
techniques, as well as many of the algorithms used for matching images,
and discuss the strength and weakness of these methods for both image
matching and statistical uniqueness. Although focused only at firearm
identification examinations, this paper may serve as a reference point for
toolmark examiners as well.

Scanning electron microscopy (SEM) had already been proposed for
toolmark examination (see, for instance, our previous Review). The high
depth-of-field required sometimes for toolmark examination (especially on
rough and un-even surfaces), and the high magnification needed, led to
several attempts for using SEM for that purpose. Scanlan and Reinholz
(114) have recently studied this issue by using a SEM equipped with a
firearms comparison stage that allows cartridge cases or bullets to be held
and manipulated in two independent holders. The samples tested were both
spent cartridge cases and copper wires cut by diagonal cutters. It was
concluded that the SEM is not a replacement for the optical comparison
microscope, rather it is a valuable specialized tool to supplement it for
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firearms component and toolmark comparisons. SEM comparison can make
the difference between an inconclusive and conclusive finding if the optical
comparison microscope lacks enough magnification, or because visualizing
detail is difficult or impossible due to lighting/shadowing problems.

Zhang and Chumbley (115), together with their student Ekstrand (116),
used an infinite focus microscope (IFM) for producing virtual manipulative
3D images of sequentially manufactured screwdrivers tips, and compared
these images to virtual "toolmarks" that were produced using these tips. It
was demonstrated that given the right conditions this approach can be
adopted for quantitative and objective toolmark characterization. Factors
affecting the correct identification include the quality of the marking,
suitable noise cleaning techniques, suitable virtual mark making approach,
and the suitable statistical routine. Moreover, this method presents a unique
opportunity to improve tool mark analysis by saving examiners’ time and
reducing the possible damage to the evidence.

3.3 Marks Produces by Various Types of Tools

Knowledge of the manufacturing processes of various types of tools is an
essential part in the examination of toolmarks. Montero published a series
of articles, relating to this issue, covering a variety of processes relevant
both to firearm identification as well as to toolmark examination. The first
article is dealing with the machining process and its influence on the
produced surface (117). According to this paper, many factors involved in
producing surface irregularity of machined surfaces. The tool has a
continuously changing edge due to its interaction with the workpiece,
resulting in random surface contours. Additionally, the speed of the tool and
the feed rate at which the work piece is moved under the tool effect the
resulting surface finish. The manufacturing process leaves many machine
marks, which vary depending on the conditions of the tool and machining
parameters. Outside influences, such as vibrations, may cause additional
marks.

Another article in this series describes grinding processes (118). Grinding
is a vital process in the manufacture of tooling and finishing of metal
products. The grinding process is a material removal process which yields
marks resulting from the contact of the wheel and the workpiece surface.
The grinding wheel is a self-sharpening tool with essentially an infinite
combination of topography. In addition to the marks made from cutting
material, there are marks caused by plowing, side flow, and vibrations.
These all attribute to the random nature of the surface topography of
machined items.

The third paper, about drilling processes (119), illustrates several
phenomena, like vibration, that influence the final surface.

Sevigny studied the possibility of identifying toolmarks made by filing (120).
Experiments were performed using different types of files, on metal
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surfaces of various hardness ratings, and toolmarks made by the same file
were compared in an attempt to reach identification. This experiment
showed that it is sometimes possible to identify toolmarks made by filing.
However, only the filed toolmarks produced under very controlled
circumstances  exhibited sufficient individual characteristics for
identification.

Several case reports, regarding marks produced by unusual tool, were
published during this Review period. Clark describes a case where a
mattock was positively linked to a clod of soil found at a gravesite (121).
This clod, displaying a striated toolmark and collected during the excavation
of the grave, was preserved, and the striation mark was cast using silicone
rubber. Shovels and a mattock, which had been discarded by the suspects,
were subsequently found at another location. A toolmark comparison
identified the hoe end of the mattock head as having produced the striated
toolmark.

Kumar et al present the identification of toolmarks found on a telephone
cable to a sickle found at the possession of a suspect, during the course of
investigating the theft of that cable (122). The cable contains about 100
pairs of thin insulated copper wires inside a metal sheath and plastic jacket.
The cut end of the cable was found at the scene, and a sickle was
recovered from a suspect. Following the detection of copper on the sickle
blade (using chemical spot test), a test mark was produced on lead and
compare to the mark found on the metal sheath of the cable, resulting in a
positive identification.

A positive identification of an angle grinder to an abrasive cutting disk was
also reported by Newton (123). It was found that the use of these high
speed tools produced striae on the metal collar of the cutting discs, that
these striae were found to be reproducible, and that identification and
exclusion were possible. It was possible to conclude that the disc found at
the crime scene could be excluded as being used on the suspect’s angle
grinder. Although of no forensic significance to this investigation, it was also
possible to conclude that the disc found on the suspect’s angle grinder had
been used on that angle grinder.

Shooting cases involve sometimes the examination of toolmarks produced
by surfaces other than firearms. Such a case was presented by Clow (124),
who compared striation marks on a lead core to the marks produced by the
base edge of the bullet jacket, both found at the scene. Test marks were
prepared by pressing the jacket edge to a sheet of lead. The conclusion of
this examination was that the marks on the lead core were produced by the
edge of the bullet jacket, and that these two items were pieces of the same
bullet.

Barnes (125) examined striation marks, unrelated to rifling, on a deformed
bullet found at a shooting scene, and compared them to a damaged area
on an aluminum shower door frame. The examination revealed that the
marks on the bullet nose were impressed there by contact with the door
frame, and were actually extrusion process marks of that frame.
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In cases where a firearm had been used, but no weapon was available for
examination, it might be needed sometimes to compare bullets or cartridge
cases found at the crime scene to ammunition rounds found during the
search of suspects' residence. Then, comparison of manufacturing process
marks may turn out useful. Hebsgaard (126) studied thoroughly the
characteristics of toolmarks induced to cartridge cases during production
processes, and presents several casework examples for such
examinations. It should be noted that although the toolmarks can be used
as a supplemental analysis which increases the strength of the evidence, it
cannot be used to “prove” that cartridge cases from a crime scene are the
same as those found in subsequent searches of a suspect. As a result, a
match of these marks merely increases the probability that cartridges come
from the same production line.

Marks found inside locks and on keys may indicate the way the locks were
picked, or the keys duplicated. Clausing and co-authors used a confocal
microscope for the contactless acquisition of toolmarks on cylinder locks
pins (127). The purpose of this study was the development of an automated
system for detecting marks on picked cylinder locks pins, in order to identify
the opening method. Several picking methods were used, like raking and
single pin picking, and the marks produced were compared to those of
regular use (wear) of the lock. It was found that the automated system is
able to differentiate picking marks from normal usage wear to some extent,
but further improvement is still needed.

Jin studied the characteristics of the marks found on concave keys
reproduced by key duplication machines (128). It was found that marks
produced by duplication machines can be distinguish from those on normal
wear.

Eckardt and her colleagues presented the examination of joint edges and
faces on protective foils of identity documents, using standard equipment in
forensic toolmark laboratories (129). It was demonstrated that cutting
patterns of foils as thin as 0.1 mm can be examined and attributed to
comparison cuts. The features on the joint edges provide only few details
and complexity. They alone do not allow an identification of the applied
blade. But they assist finding the correct positions for a comparison of the
patterns on the joint faces. The matching patterns on the joint faces are
complex sequences of striae, representing the accidental production
characteristics (grinding striae) of the blade. With these matching patterns it
was proved that the identity document was cut with one of the rotary cutters
of the cutting board.

3.4 Examination of Consecutively-Manufactured Tools

One of the ways of demonstrating the uniqueness of toolmarks is by
studying the marks produced by consecutively-manufactured tools or
firearms. Grieve used 50 sequentially-manufactured slip joint pliers for
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cutting copper and lead wires (130). The cut ends of the copper wires were
scanned using an infinite focus profilometer, at 10x magnification, and the
marks compared using the algorithm previously developed by this group for
screwdrivers striated marks. It was found that the algorithm may be applied
to quasi-striated marks such as those made by the shear edge of slip-joint
pliers, by changing the comparison parameters, specifically the sizes of the
search and validation windows, and produce successful identification of
known match/non-match comparisons.

3.5 The Examination of Stabbing and Cutting Marks

Many of the studies, conducted in the Review period in the field of
identification and comparison of marks, deal with stabbing, cutting or
sawing marks to the human body. Such marks may be generally divided
into saw marks on one hand, and knife (cutting and stabbing) marks in the
other.

Symes and co-authors developed an extensive manual, containing
standard  definitions, = documentation  protocols, and analytical
methodologies that enable more accurate and reliable analyses of saw- and
knife- marks in bone and other hard tissues (131). In developing the content
of the manual, the project first relied on the creation, analysis, and
documentation of a comparative sample of human remains cut with various
serrated tools among a spectrum of the main commercial saw types and
classes. The results can serve as a baseline comparative sample for future
students and experimental designs on saw-mark analysis. Further testing of
the protocols in the manual and the reliability of various proposed markers
for the analysis of basic tool parameters (class characteristics) was
performed through inter- and intra-observer studies, controlling for the
degree of experience and exposure of the participants to the instructional
materials. The experimental component of the project also examined some
common misconceptions regarding the evidentiary value of some major
saw-mark elements.

Saw marks on bone have been routinely reported in dismemberment cases.
When saw blade teeth contact bone and the bone is not completely sawed
into two parts, bone fragments are removed forming a channel, or kerf.
Therefore, kerf width can approximate the thickness of the saw blade.
Bailey et al evaluated 100 saw kerf widths in bone produced by ten saw
types, to determine if a saw can be eliminated based on the kerf width
(132). The cuts were examined with a stereoscopic microscope utilizing
digital camera measuring software. Two statistical cumulative logistic
regression models were used to analyze the saw kerf data collected. In
order to estimate the prediction error, repeated stratified cross-validation
was applied in analyzing the kerf mark data. Based on the two statistical
models used, 70-90% of the saws could be eliminated based on kerf width.
Saw characteristics affecting the kerf width and bone surface adjacent to
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the kerf include style and design of the teeth, width of the teeth, teeth per
inch (tpi), degree of wear on the teeth, saw cutting speed, blade vibration,
defects in the blade and erratic sawing motion. These authors state that
analyzing kerf mark measurements can be an effective method for
predicting and eliminating possible saw blades by comparing the width of
the blade to the width of the kerf.

Love et al presented a study on an independent validation test of
microscopic saw mark analysis (133). The method, as published, was
replicated without deviation and an ample sample size was generated for
statistically sound analysis. Four morphologically different saws were used
to make 58 partial and 58 complete saw marks in human femurs. The saw
marks were examined independently by three doctoral level anthropologists
using a digital microscope. Fifteen variables were documented for each
saw mark. Analysis of the class characteristics was done using Random
Forest (machine learning technique) classification, built by constructing a
large number of classification trees on a set of training data and passing
new cases down each tree. This study presents a statistically sound
approach to evaluating the reliability and accuracy of a class characteristic
recognition method.

Love and her colleagues also designed a study for establishing the
potential error rate associated with the generally accepted method of tool
mark analysis of cut marks in costal cartilage (134). Three knives with
different blade types were used to make experimental cut marks in costal
cartilage of pigs. Each cut surface was cast, and each cast was examined
by three analysts working independently. The presence of striations,
regularity of striations, and presence of a primary and secondary striation
pattern were recorded for each cast, and the distance between each
striation was measured. The results showed that striations were not
consistently impressed on the cut surface by the blade’s cutting edge. Also,
blade type classification by the presence or absence of striations led to a
65% misclassification rate. Use of the classification tree and cross-
validation methods and inclusion of the mean interstriation distance
decreased the error rate to about 50%.

Pounder et al studied the class characteristics of serrated blade knives to
cartilage (135). They produced a total of 136 stab wounds in cartilage, with
8 serrated knives and 72 stabs with 4 non-serrated knives. The walls of the
stab track were documented by photography, cast with dental impression
material, and the casts photographed. The class characteristics that might
be determined from the marks are the overall pattern of coarse and/or fine
serrations, the distance between the spine of the blade and the first
serration point, the distances between the spine of the blade and the
subsequent serration points, whether the blade was right side or left side
ground (scalloped), and the shape of the tip of the blade if a chatter mark is
present.

Pounder and Reeder concentrated on striation patterns in serrated blade
stabs to costal cartilage (136), and found that all stabs with all 13 serrated
blades produced striations on the cartilage cut surfaces, as anticipated by
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previous studies, while unusual and distinctive blade serration patterns
produced equally distinctive wound striation patterns. The striations were
easily visible to the naked eye on both the cartilage and the casts, but
photography was easier with the casts as previous experience has shown.

Puentes and Cardoso assessed how certain variables influence the ability
of human cartilage to retain the class characteristic of the blade in sharp
force trauma (137, 138). With some exceptions, this study was able to show
that cartilage is able to retain the class characteristic of the blade (mean
distance between teeth) used to cut it, quite faithfully, in a forward cutting
motion when the direction of the cut is parallel to that of the axis of the
knife’s teeth. In addition, this study also showed that quantification of these
class characteristics could be highly repeatable and reproducible. However,
the blade’s penetration angle and inter-individual variation in costal
cartilage affect the identification of the tool class characteristics from the
striation pattern observed in a kerf wall, although this fact seem to be
intimately related to the degree of calcification of the costal cartilage of the
individual under analysis.

Another study on the analysis of serrated and non-serrated sharp force
trauma to bone was performed by Tegtmeyer (139). Results of this study
indicate that the identification of width, kerf shape, and presence of
striations are useful for distinguishing between serrated and non-serrated
knife classes. As such, these characteristics may be useful for assisting in
the exclusion or inclusion of suspects and weapons in a forensic context

Shaw and co-authors designed a chopping stage with a gravity accelerator
and a fixed bone platform, in order to describe tool marks on bone tissues
that had been chopped with knives (140). A digital microscope was also
used to measure the knife angle and the retained V-shape tool mark angle
in a pig skull. The elasticity coefficient was derived and recorded after the
knife angle and the accompanied velocity were compared with the
proportional impulsive force of the knife on the bone. The constant
impulsive force revealed a correlation between the V-shape tool mark angle
and the elasticity coefficient.

Rutty et al published a review on the use of x-ray micro computed
tomography (micro-CT) in forensic investigations (141). One of the
proposed applications of this technique was for the examination of
toolmarks on bone. An advantage of this method is that it is nondestructive,
so other observation or casting methods may be utilize subsequently. It
seems that even individual characteristics can also be visualized with
micro-CT.

Cases of postmortem dismemberment in two Mediterranean countries, and
the analysis of the tool used, are presented by Kahana and her colleagues
(142). The attribution of a suspected specific tool to a dismembered body
was possible in four cases where the dismemberment was performed using
a single-edged blade knife and in one performed with an electric saw
(rotating disk) by casting the bone edges bearing cut marks and the
suspected tool’s cutting edge. High-magnification photography was applied
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to make the match. In all other cases, the specific tool was not retrieved,
although an examination of the cut marks indicated the type of tool used.

Other articles dealing with the characterization of trauma caused by various
types of tools were found to be outside the scope of this Review.

3.6 Evidential Value of Toolmark Examination

For the last 10 year or so, Toolmark examinations (as well as firearm
identification) have gone through the same scrutiny as other "classic"
identification areas. The way forensic scientists are stating that a
questioned mark was made by a specific known tool (with the exclusion of
all others), drew a lot of criticism, mainly from non-forensic-science scholars
(143-145, for instance).

On the other hand, the relevant scientific community is pursuing its efforts
to provide the legal system with as accurate and reliable expert opinions as
possible. The Association of Firearm and Toolmark Examiners (AFTE)
Committee for the Advancement of the Science of Firearm & Toolmark
Identification published a revised version of the AFTE Theory of
Identification, stating that "...Agreement is significant when the agreement
in individual characteristics exceeds the best agreement demonstrated
between toolmarks known to have been produced by different tools... The
statement that 'sufficient agreement' exists between two toolmarks means
that the agreement of individual characteristics is of a quantity and
quality that the likelihood another tool could have made the mark is so
remote as to be considered a practical impossibility" (146).

Arendse and Mustard reported that the 2009 NAS report (64), along with
findings generated during an internal audit of their Lab's policies and
reporting practices, initiated an internal review of report wording when
associations are made at the Firearms and Toolmarks and the Documents
Units of the Centre of Forensic Sciences (CFS), Toronto, Ontario, Canada
(147). After reviewing the NAS report conclusions and the relevant scientific
literature, this Lab updated its reports, and statements that conveyed
absolute certainty were replaced with statements of “practical certainty".
The definition of “practical certainty” is explained and incorporated into this
lab's reports where an association (“identification”) had been previously
made.

Historically, firearm and toolmark examiners have rendered categorical or
inconclusive opinions and eschewed probabilistic ones, especially in the
US. Bunch and Wevers proposed that this practice may no longer be
necessary or desirable, and outlined an alternative approach that is within a
comprehensive logical, or Bayesian, paradigm (148). Hypothetical
examples are provided, and the strengths and weaknesses of both
approaches are considered. These authors discuss the influence of
laboratory errors on the estimated LRs and argue that there are no
scientific or logical advantages to the traditional approach, but only deficits,
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and that when using the LR approach there is less risk of a contextual bias.
Although all examples are firearm-related, implications on toolmarks
examination is obvious. It is recommended by these authors that examiners
worldwide, and especially in the US, begin moving toward the likelihood
approach and toward standardization of verbal scales and training. Similar
arguments were also raised by Kerkhoff et al (149).

In an earlier article, Wevers and co-authors explored a potential model for
increasing the objectivity in the interpretation of toolmarks by using
consecutively matching striae (CMS) and Bayesian inference (150). Given
the nature of the data, standard statistical thinking suggests that Bayesian
inference is likely to be the most powerful method of interpretation. The
unavoidable paucity of data for high CMS runs for the known non-match
(KNM) condition is handled using a small advance in modeling. The
resulting likelihood ratios show some, but incomplete separation between
the known match (KM) and KNM conditions. Although promising, the
resulting incomplete separation between KM and KNM is thought to
represent limitations of the CMS summary of the complete pattern and
limitations of the modeling used.

An interesting application of this Bayesian framework has been
demonstrated recently by Newton, in a case where the association of paint
flakes to a wheelbarrow was estimated using LR (151). Although no
physical match was found between the paint flakes recovered from the
crime scene and the wheelbarrow tray, and the toolmarks impressed to the
flakes were of sub-class characteristics, the author estimated that the
evidence provided extremely strong support to the suggestion that the red
paint was from the submitted wheelbarrow tray.

Petraco et al conducted a study that focused on striation patterns left by
screwdrivers and on cartridge casings from firearms, using confocal
microscopy (152). Since all impressions made by tools and firearms can be
viewed as mathematical patterns composed of features, their study used
the mathematics of multivariate statistical analysis in order to recognize
variations in these patterns (“machine learning"). Mathematical details also
enable the estimation of extrapolated identification error rates and, in some
case, the calculation of rigorous, universal random-match probabilities. This
research succeeded in composing a set of objective and testable methods
for associating toolmark impression evidence with the tools and firearms
that produced them. Estimated toolmark identification error rates were on
the order of 1% using these algorithmic methods.

This project group studied also reproducible sets of ideal striation patterns,
made with nine slotted screwdrivers, encoded into high-dimensional feature
vectors, and subjected to multiple statistical pattern recognition methods
(153, 154). The specific methods employed were chosen because of their
long peer-reviewed track records, widespread successful use for both
industry and academic applications, rely on few assumptions on the data’s
underlying distribution, can be accompanied by standard confidence levels,
and are falsifiable. For partial least squares discriminant analysis (PLS-DA),
correct classification rates of 97% or higher were achieved by retaining only
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eight dimensions (8D) of data. Principal component analysis, combined with
support vector machines (PCA-SVM), required even fewer dimensions, 4D,
for the same level of performance. Finally, it was shown how to use
conformal prediction theory to compute identifications of striation patterns
at a given level of confidence.

This group also maintains a publicly-accessed web-site, containing their
research findings and enabling other scholars to evaluate their results, "in
order to assist in developing and improving the science behind toolmark
and firearm analysis" (155).

Instead of using time-consuming and scale-dependent cross-correlation
techniques for measuring the similarity of two striation toolmarks, Lin and
Wen (156) converted striation marks manufactured by screwdrivers into
patterns of alternative bright and dark lines (similar to "barcodes"). The
authors built striation pattern features based upon the distance of adjacent
bright lines, and denoted the feature by a sequence. Then they used the
longest common subsequence (LCS) method to compare the similarity of
sequences of striation marks. The LCS method provides a good and
efficient way for measuring the similarity between sequences. The 1D
strings can also reduce the storage space of database. Based on the
experimental results, the LCS method provides feasibility to describe the
similarity between two striation marks.

Spiegelman and Tobin (both are not qualified firearms or toolmarks
examiners, to the best of this Reviewer's knowledge) critically evaluated the
experiments used to justify inferences of individualization and ‘near-zero’
rates of error claimed by firearm and toolmark examiners (157). The
authors review two of the articles that defend the statements of certainty
rendered by firearms examiners, and point out intrinsic methodological
weaknesses, like the absence of standard operating procedures (SOPs) or
detailed criteria for identification, the small size of the examined population,
and that the tests were not blind. They also proposed approaches for
establishing statistical foundations and experimental setup for proper
studies in this field, including one for error rate estimation.

Another argumentative article, by Tobin and Blau (158), is rising similar
claims, by comparing firearm identification and toolmarks examination to
comparative bullet-lead analysis (CBLA). It is stated that existing studies in
the domain literature, typically presented as support for specific source
attributions, have no external validity for extrapolation to universal
assumption. They are, thus, of no value for validation of the critical premise
of discernible uniqueness in real-world forensic scenarios and are largely
irrelevant to any particular criminal judicial proceeding. Another issue
criticized in this article is the validity of proficiency tests as they are
preformed today, and the use of these tests for estimating error rates.

The issue of proficiency tests and their role in estimating the potential error
rates of forensic science examinations has been addressed recently by
Koehler as well (159). The author discusses the specific factors influencing
the tests' outcome, like the composition of the test designers and
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administrators, the features of tests and reference samples, the
composition and selection of test participants and the use of blind test
protocols, and proposes practical solutions that should be implemented by
the forensic science community.

3.7 Miscellaneous Issues

Maxwell and Williams studied the effect of humidity on the dimensions of
toolmarks in wood (160). In many cases, particularly residential burglaries,
toolmarks are left in a wood medium. The hygroscopic properties of wood
leave it particularly susceptible to the effects of changes in relative
humidity. This study investigated the effect of differences in relative
humidity on the measurements of tool marks in wood. The wood samples
were placed in six separate locations with different levels of relative
humidity. After the samples acclimated, marks were made and measured;
the wood samples were then collected and placed in a laboratory hood to
simulate storage in an air-conditioned evidence storage room. Subsequent
measurements were made after one and two weeks. Results obtained
showed that all marks changed in size to some degree; some marks
actually disappeared, while others became visible by a change in moisture
levels. It is evident that moisture can significantly change toolmarks made
in wood, hinder identification to their source, and even prevent marks made
by the same tool from being linked to each other.

Wakefield describes a case where marks left on a cut window and door
screens enabled the investigators to determine which side the screens
were cut from (161). It was found that after making numerous test cuts on
similar screen material, then directly observing the cuts under
magnification, and comparing these results with the cuts from the
questioned screens, the orientation of the tool making the cuts could be
established.

The forensic analysis of knot evidence is an uncommon examination type.
Nevertheless, Chisnall published several articles in this field, dealing with
knot-tying habits, tier handedness, and experience (162-164). Knot-tying
behavior of hundreds of subjects was observed over a period of 25 years. A
number of key principles applicable to forensic knot analysis emerged,
many of which have been confirmed by other studies. Most notably, tying
behavior is consistent and reproducible. The results of these studies did not
indicate an exact correlation between the principal manipulating hand and
the chirality of resultant knots. These results serve as a foundation for
future research in forensic knot analysis. Obtaining more information about
the latent tying habits of inexperienced knotters would be valuable.
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4 Physical Match

Physical match, namely linking two or more objects by the morphology of
fractured or torn surfaces, is usually viewed as one of the strongest ways
for establishing common origin (165). The evidential value of such physical
matches, and their admissibility in court, seem to be taken for granted,
considering the limited number of articles published during the Review
period regarding this area of forensic science.

Jayaprakash discuss the general issue of individualization in forensic
science, with a special emphasis to physical match examinations (166).
This article describes case examples illustrating physical matching and
other pattern matches to support the practical relevance of individualization
based on the premises of uniqueness. Arguably, proving uniqueness or
individuality by exhausting examination of every other related object in the
world would never be possible. Uniqueness, as a paradigm for forensic
science practice, is proposed based on the indeterminacy in the causal
pathways of patterns as evidenced in the fields of sciences to which these
patterns originally belong. While uniqueness enables individualizations, it
does not vouch for eliminating errors. As a prime requirement during
criminal investigations, individualizations are of practical relevance as they
offer conclusive decisions that eliminate confusion during investigation,
and, this essay seeks to support continuing the practice of individualization
wherever the physical evidence types permit. Instead of dismissing
uniqueness and individualization, accepting errors as human or system
failures and seeking remedial measures would benefit forensic science
practice and criminal investigation.

Yekutieli et al (167) demonstrated a prototype system used for physical
matching in 2D. The system has two main functions: One is to assist
forensic experts in performing physical matching in an objective manner,
and the second - collecting statistics and build confidence levels regarding
physical matches. The probability distribution functions (PDFs) of matching
error values, for correct matches and for non-matches were estimated. This
analysis was applied for different fracture line lengths and three different
materials. Eventually, these authors were able to calculate error rates much
more reliably than previous estimates. With the results of this research, an
expert can express his findings in a more numerical way, and the Daubert
criteria for a potential or known error rate can be fulfilled. Surprisingly,
statistical results were much lower than initially expected, probably because
the authors used only the 2D fracture lines and not any additional
information commonly used in fracture match comparison, such as the 3D
nature of some fractures or any existing texture and graphic patterns on the
surface or outer border of the pieces to be compared.

Following their work on duct tape end matches, mentioned in our 2007
Review, Bradley and her colleagues performed also a similar study on vinyl
electrical tapes (168). The present study was designed to determine the
validity and error rate associated with conducting end-match (fracture, or
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physical, match) examinations on vinyl electrical tape. Test designs varied
the source roll of tape, test preparer, or mode of separation from the roll.
Results indicated that each affected the resulting severed tape ends. The
analysts examining the end matches also had an effect on the results. Eight
end matches in the study were not identified by the initial analysts and were
considered inconclusive. One end match was misidentified, resulting in one
false positive and an error rate of 0.049%. These results support a
comprehensive physical and chemical tape comparison regardless of
indications of an end match. It is interesting to mention that recognizing the
inherent difficulty in accurately determining end matches on an amorphous
polymer, such as tape, the FBI Laboratory modified its tape comparison
protocol in 2003. The revision mandated that for all cases where there was
an end match of value, after the end match was confirmed by a second
qualified individual, the full complement of examinations (physical and
chemical analyses) would also be conducted on the reconstructed tape
specimens.

Another study on adhesive tape end matching, this time - duct tapes, was
conducted by Tulleners and co-authors (169, 170). This study was
designed to statistically evaluate the error and accuracy rates associated
with duct tape physical end matching. The experimental design consisted of
a blind study in which three researchers independently analyzed eight types
of tape subjected to four methods of separation. The lowest mean accuracy
observed was 98.15%, the highest mean false-positive rate observed was
3.33%, and the highest mean false-negative rate was 2.67% (the relatively-
high error rate observed in this study may be due to the fact that the
participants were inexperienced graduate students, and not qualified
examiners). Overall, high accuracy with low false-positive and false-
negative error rates were observed. This study confirms the use of physical
end matching in identifying duct tape samples as matching or non-matching
and that the differences between analysts, brands, tape grades, tape color,
and methods of separation have varying contributions to misidentifications
and inconclusive results. This study also demonstrates the importance of
peer review in duct tape analysis.

Weimar et al presented a new method of examining cut edges of polyvinyl
chloride (PVC) electrical tapes (171). These authors cut tapes using
scissors, in a controlled manner, and heat treated the tapes in
approximately 100°C hot water (as described by Weimar, see our 2010
Review). Following heat treatment, silicone rubber casts of the tape joint
faces were prepared, and the casts were examined microscopically, under
a comparison microscope, using oblique illumination from opposite
directions. The proposed procedure enabled the correct association of all
cut tapes.

The aforementioned articles dealt with cutting or tearing of ductile
substance (plastic tapes). Several other studies focused on brittle material
(like glass or metal).

Claytor and Davis studied the topography of fractured hacksaw blades
(172). Two consecutively manufactured hacksaw blades were each
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fractured eleven times and inter-compared. Two hundred fifty-three
topographical comparisons were conducted between 44 fractured edges,
and each fracture produced two surfaces discernible from any other. In
addition, a series of proficiency style tests were made from consecutively
manufactured blades and sent to participants throughout the United States
and abroad. A total of 66 answer sheets were returned, providing 330 test
results for evaluation. This research demonstrated that not only will two
consecutively manufactured hacksaw blades fracture uniquely, but also the
same blade, when fractured multiple times will also fracture uniquely.

Tulleners and colleagues documented the controlled fracture patterns of 60
glass panes, 60 glass bottles, and 60 plastic tail light lens covers (173).
Two methods were used to initiate the fractures - dynamic impact from a
dropping weight and static pressure from an Instron® 4204 Tensile Tester.
The fracture patterns were then documented in great detail in such a
manner that allowed the analyst to inter-compare the fracture patterns. This
subsequent comparison illustrated the uniqueness of all of the fracture
patterns observed in the examined samples.

Whenever a machined metal object is broken, and its fragments are subject
to physical match examination, striation marks present on the fractured
pieces may also serve for individualization. Streine describe a murder case,
where pieces of a broken knife blade, recovered at the crime scene, were
submitted to the laboratory for physical fracture comparison in order to
determine if they had been, at one time, joined together as an intact,
unbroken unit (174). In addition to the agreement of physical contours along
the fracture line that was sufficient for identification, striated marks, some of
which were consistent with being manufacturing marks, as well as other
apparently incidental, non-manufacturing, marks, were also observed. This
author reports that the agreement of these striated marks was also
sufficient for positively linking the broken pieces together.

The reverse illumination method, mentioned earlier (171), was used by
Garcia for fracture matching of wooden knife handle in a police-involved
shooting case (175). A broken knife handle, found at the scene, was
compared to a piece of foreign material found embedded in the shooting
victim's hand. The foreign material was positively identified as having
originated from the broken knife handle, indicating that the victim was
actually holding the knife when shot.

5 Restoration of Obliterated Marks

The visualization of obliterated serial numbers, on chassis and engine of
vehicles, on firearms frames, or on other objects of value, may provide
important forensic evidence during criminal investigations, when items
(stolen or otherwise) have their serial numbers obliterated in an attempt to
conceal their identity or origin.
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The methods applied for such examinations may be generally divided
usually into two groups: Non-destructive methods (like magnetic particles,
Eddy current or x-ray radiography), and destructive methods (like chemical
and electrochemical etching or thermal annealing). The appropriate
method, or combination of methods, suitable for each surface, is dependent
mainly on the surface composition and manufacturing history, on the
marking methods and on the obliteration process. Many metallurgical tests
may be required for each type of exhibit, for determining the proper
procedure to be used.

Comprehensive guidelines for various methods for restoration of obliterated
marks, including formulations and procedures, may be found, for instance,
at the Virginia Department of Forensic Science web-site (2).

Collaborative Testing Services (CTS), US, distribute proficiency tests on the
restoration of obliterated marks (176). The final reports, available over the
Internet, include lists of methods used by the participating laboratories. It is
interesting to see that many laboratories are using the magnetic particles
method, prior to, or instead of, using chemical etching.

5.1  Aluminium alloy surfaces

Kuppuswamy, an active researcher in this, published an extensive review
on the restoration of obliterated marks on aluminum alloy surfaces (177).
This article, available on-line, presents background information on serial
number restoration and etching techniques applied to recover the
obliterated markings on aluminum and especially two of its important alloys,
Al-Zn-Mg-Cu and Al-Si. The etching results arising from some of these
surfaces are illustrated. For the sake of completeness, some brief notes on
the classical recovery of obliterated marks on iron and steel surfaces and
use of methods other than chemical etching are also added.

Uli and colleagues performed a survey of etching reagents for the
restoration of erased marks on Al-Si alloys surfaces (178). These authors
conclude that plastic deformation introduced into the alloy by the original
engraving could be revealed by alternate application of 10% sodium
hydroxide (NaOH) and 10% nitric acid (HNO3). This procedure was found to
be the most desirable one, as it was able to show the metallic disturbance,
which is, unlike in stamping, very minimal in case of engraving. The
contrast provided by the reagent was also good.

Two articles on the recovering of obliterated engraved vehicle identification
numbers were published by Jin (179, 180, available only as abstracts). The
first paper deals with the restoration of obliterated engraved vehicle
identification number on vehicle frame surfaces by an etching technique
(179). Results of this study indicate that for vehicle frames made of Al-Si
alloy, the use of concentrated hydrochloric acid (HCI), acetic acid (AcOH)
and ethanol (EtOH) (2:1:1 by volume) solution showed good effectiveness;
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For other frames tested, the use of concentrated HNO3;, AcOH and EtOH
(1:1:1 by volume) solution was preferable.

The other article by this author (180) discusses a method for recovering
obliterated engraved vehicle identify number on aluminum engine surfaces
by alkaline etching technique. Results indicate that a 25% NaOH solution
not only can restore the original numbers on aluminum engine effectively,
but also is easier to prepare and is less volatile than traditional methods
that use acid solutions. With aluminum motor engines becoming more
common, this method is recommended by the author.

A case report, regarding the successful restoration of a motorcycle engine
number was presented by Dower et al (181). Following an unsuccessful
attempt to restore erased characters on an engine block using standard
polishing and etching procedures (60% aqueous HCI with intermittent
rinsing with 40% aqueous NaOH solutions), the top layer of the surface was
carefully removed by hand filing and the surface was repolished and re-
etched. Successful restoration was then achieved.

5.2 Steel and Iron surfaces

It is agreed by most sources that chemical etching has been established to
be the most sensitive technique for detection of metal deformation present
under stamped numbers. Heating of the obliterated surface using
oxyacetylene flame is an alternative recovery treatment, suggested in the
literature and used in practice.

Abdul Wahab and co-authors investigated several etching reagents for
restoring obliterated stamped marks on cast iron engine blocks (182). This
work investigated the suitability of some common etchants, mostly copper
containing Fry’s reagent and its modifications, on cast iron surfaces with a
view to determining the most suitable one for revealing the obliterated
marks. The stamped numbers (varied in depth between 0.2mm and 0.3mm)
were completely ground off manually using a metal file. The grounded
surface was then polished smooth using emery papers and etched with a
few selected reagents mostly by swabbing. Experimental results showed
that a modified Fry’s reagent, consisting of 45g cupric chloride (CuCly),
100mL HCI and 180mL water, restored the numbers with better contrast at
a reasonably shorter time. Preliminary testing has shown that the proposed
reagent was effective to render visible the obliterated engraved marks on
low (0.1% carbon) and medium (0.3% carbon) carbon steel surfaces. The
above reagent is a slightly modified form of one of the Fry’'s original
compositions — 45g CuCly, 180mL HCI, and 100mL water. The most widely
used Fry’'s composition (90g CuCl;, 120mL HCI and 100mL water),
although recovered the obliterated numbers, did not cause the desired
contrast.
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Another study was performed by Richa and her colleagues (183). These
researchers examined ten different reagents, most of them copper and iron
containing, for the restoration of erased marks. The erased surfaces
(obliterated serial numbers on iron keys) were etched with every one of
these etchants using the swabbing method. The relative sensitivity and
efficiency of these reagents in recovering marks obliterated by grinding are
described on the basis of experimental results observed. The best results
were achieved with the use of an etching solution containing 25g of ferric
chloride (FeCls), concentrated 25ml HCI and 100ml distilled water.

5.3 Restoration of Laser-Engraved Numbers

Da Silva et al present three cases of obliterated laser-engraved serial
numbers of pistols that were recovered using a combination of fine relief
polishing and digital imaging microscopy (184). Since the laser engraving
process leaves no pronounced subsurface deformation, like crystalline
structure dislocation, chemical etching methods may not be successful is
such cases. These three cases illustrate the importance of microscopy and
use of relief polishing for recovering obliterated laser etched serial numbers
in aluminum alloy firearm frames.

5.4 Glass and Plastic Surfaces

The restoration of obliterated marks on glass surface is not a common
practice in forensic science labs, therefore only limited research had been
done on this topic. Miller conducted a study into the effectiveness of
hydrofluoric acid (HF), a known etchant for glass (185). Character
sequences previously etched into panes of vehicle glass were sanded to
varying depths and attempts were made to restore the sequences by
polishing and using a range of concentrations of HF. A concentration of
30% HF gave at least a 50% restoration of the sequence if up to
approximately 30um of glass had been removed during obliteration.
Recovery improves if less glass is removed, but not if the concentration of
the acid is increased. It appears that removal of glass below the level of the
original characters makes subsequent restoration using this technique
impossible. Based on the results of this research, when more than 90um of
glass has been removed there would be little need to go ahead with a
restoration. However, should characters be etched particularly deeply into
the surface of the glass, there may be more opportunity to recover these
characters after a removal of greater than 90um of glass. If there is any
doubt as to whether a successful result can be achieved, the preference
should clearly be to attempt restoration.

As for plastic and polymers, Christen and his co-authors (186) compared
the known methods for the recovery of erased markings in polymers, under
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consistent and controlled conditions. Preference was given to methods that
had led to good results in the past. In order to find the best strategy for
each kind of polymer, the selected methods were applied to all of the
selected polymers. It was found that the restoration of erased markings in
polymers can be problematic. Good results can be reached with the
chemical swelling methods. However, it is difficult to control the reaction
and to stop it at the right time. Additionally, these methods may produce
vapors which are hazardous to health. For these reasons, the combination
of relief polishing and heat treatment should be preferred - this combination
led to the best or nearly the best results for all examined polymers.

Conlan et al (187) used imaging secondary ion mass spectrometry (SIMS)
to investigate the recovery of erased serial numbers from polypropylene,
polycarbonate and polyvinylchloride substrates. The recovery of the
obliterated numbers was initiated by a swelling mechanism due to the
application of two swelling agents - methyleugenol and cinnamaldehyde.
The localization of the characteristic molecular ions for the swelling agents
is observed in regions associated with erased characters. This study
examines and evaluates SIMS images to discover the optimum combination
of the polymer and solvents. The results are discussed in reference to the
Hildebrand solubility parameter and comments upon the limitations of this
suggested indicator.

55 Non-Destructive Methods

Due to inherent destructive nature of the methods described above, non-
destructive methods would have been preferable for this purpose in
forensic science labs. Nonetheless, the only frequently used non-
destructive methods are the magnetic techniques. The different kinds of
magnetic restoration methods are discussed in an article by Weimar and
Hermann (188). In the experiments described, the applicability of magneto-
optical methods for the restoration of obliterated markings was examined.
The results show that the methods are suitable and the required equipment
is not too costly. Very good results, comparing to those of etching methods,
were obtained with a stainless steel sample, even though the sample was
made of austenitic steel which is normally not ferromagnetic.

These authors also describe a simple version of the classical magnetic
particle method, where the magnetic field is generated by cheap and handy
permanent magnets, and the fluid with the dispersed ferri- or ferromagnetic
particles is welded densely between two plastic foils (189). This device is
called "fluidpad". The examined object is not contaminated, the fluidpad can
be used several times and the examination can be conducted in a short
amount of time. This method is used at the Bundeskriminalamt (BKA),
Germany, as a standard procedure for the first examination of objects with
erased markings. In many cases the quality of the restoration is sufficient
so that no further (destructive) technique has to be applied.
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Introduction

1. General considerations

Paint is defined as a coating that is applied to a surface in order to provide
protective and/or decorative properties. Paint is commonly encountered in
everyday life (on vehicles, building walls, tools, art paintings, furniture...)
and can be transferred between objects or between people and objects. It
is therefore referred as “trace evidence” by the forensic scientists.

This review covers relevant publications in forensic paint analysis since the
last review presented at the 16" International Forensic Science Symposium
Interpol in 2010 by M.J. Bradley, A.H. Mehltretter and D.M. Wright from the
United States Federal Bureau of Investigation (FBI) laboratory. We would
like to congratulate them for their great job.

Based on the model of our predecessors, this review is divided into the
following headers:

1. Innovation and changes in the paint and coatings industry as well as
in pigment manufacturing.

2. Key publications which outline relevant forensic science research for
chemical paint analysis. This section also includes analytical data
treatment by chemometric methods.

3. Studies regarding the application of Bayes’ Law for interpreting the
analytical paint results in the context of the case.

1.1 Forensic aspects

The examination of paint evidence for forensic purposes principally
concerns:

- Automotive paints in cases involving of traffic accidents, hit and run
accidents, or ram-raids against jewelers’ shops or banks.

- Tool paints and/or house paints in case of burglaries or assaults.

- Spray paints in case of vandalism.

Paints from artworks are often submitted to scientific examination but
forensic paint examiners are less concern about this subject. The aim of
such analysis is more concerning by art conservation and restoration, long-
term preservation and manufacturing technology. However, some forensic
institutes applied such analysis in case of false.

When paint smears found at a crime scene are sent to a forensic laboratory,
the request may be formulated at one of the following levels:
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- Evaluate if there is a common source between the recovered paint
and a control material: comparative/evaluative level.

- Establish the origin of the paint flake or give other interesting
information that could help the investigation: investigative level.

For people who start in this area of expertise, we recommend to have a
look on the paint and coating entries in “The second edition of the
Encyclopedia of forensic sciences”, edited in 2013. It is a judicious
complement of those included in the first version of this Encyclopedia
edited in 2009 [1, 2]. The paint and coating entries make up five articles.
The first one, written by Bender, contains an overview of the chemical
characteristics of paints in general [3], while the two following ones focus
on architectural paint and automotive paint respectively [4, 5]. The fourth
article, written by Muehlethaler et al., describes the current methods
available for paint analysis [6]. The authors illustrate a sequence of
examinations for the comparative analysis of two red paint samples. The
sequence of examinations depends on the nature of the samples, the kind
of request and the equipment available in the laboratory. Not all methods
must be applied for each case. In the fifth article, Bender focuses on
decision criteria concerning the main question: “Can the know paint and the
questioned paint be differentiated or not based on the differences
observed” [7]. Bender considers both the variation within the samples (intra-
sample variation) and variation between samples (inter-sample variation).
As paint is a heterogeneous substance, in his view, a certain number of
particles should be sampled from the known source (preferably of the same
size as the questioned sample) and analyzed in order to detect any
variation.

Since 2010 two other general papers focusing on forensic paint
examination were published:

- “Fundamentals of forensic science” (second edition) where the
chapter 16 is dedicated to the forensic paint analysis [8].

- “Crime reconstruction” (second edition) where the chapter 10
presents various aspects of trace evidence in crime reconstruction
including paint as commonly encountered forms of trace evidence

9.

2 Industrial / economical evolution of paint and coating

Paint is produced in very large quantities and in various colors and shades.
Moreover, chemical composition varies in function of the type of surface
coated, the paint application method and the purpose. Whatever the paint
is, the chemical composition is based on a resinous binder in which a
pigment is dispersed and some additives are added to modify the paint’s
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film properties, application or storage characteristics. In the liquid state,
solvent is also present and constitutes the volatile portion of the paint [1].

However, the chemistry of paint is in constant evolution. The paint &
coatings industry always develops new engineering applications and new
materials (including pigments but also binders, additives and fillers) to keep
up with the evolution of the market (trends, fashion, ...), the environmental
requirements and cost reduction constraints. This chapter proposes a
summary of the major evolution in the paint & coatings market since 2010.

During the review period, the following books have been edited:

- “Paint and Coatings Testing Manual: 15th edition of the Gardner-
Sward Handbook™ This book has been thoroughly rewritten and
extended as compared to the 14th edition.

“European Coatings Handbook 2nd Ed”: Update of the 1st Ed of 2000,
covering the full spectrum of coatings formulation from chemistry to
engineering, safety to quality control and regulations to application of
coatings.

“Coatings Formulation 2nd Ed”: This book teaches paint formulation
through binder composition, formulation advice and analysis of
existing recipes.

“Acrylic Resins”: Latest knowledge of acrylic resins in solvent-borne
and water-borne systems, including radiation curing, production
methods, properties and applications.

“Fillers for Paint, 2nd Ed”: overview of the working mechanisms and
application areas of most common fillers, including nanoscale types.

“Functional Coatings”™ Overview of functional coatings (anti-graffiti,
antifouling, soft-feel, anti-ice, ...) and the principles they are based on.

“Coatings for Plastics”: Compact and practical handbook presenting
classical and modern coating technologies for plastics.

- “Powder Coatings, Chemistry and Technology, 3rd Ed”: All about
powder coatings in one book: types, chemistry, formulation, production
and application technology, REACH.

- “The automotive body manufacturing systems and processes”. All
about manufacturing cars, from metal forming to plant layout.

“‘Epoxy polymers”: This is a reference source, collecting scientific and
technological breakthroughs otherwise spread over hundreds of
publications, patents and reports.
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2.1 Guidelines in the paint & coating industry: environment,
performance & cost challenges

2.1.1 Environmental challenges

The European legislation REACH imposes volatile organic compounds
(VOC) to slope down and/or to stop (even though some local markets as
the ltalian one still do prefer solvent borne systems [10]). Anyhow, the
solvent demand in the paint & coating industry is predicted to increase by
about 3% each year until 2019 especially related to dynamic economic
developments in the BRIC (Brazil, Russia, India and China) emerging
markets [11].

Reach legislation has triggered the replacement of most of the organic
solvents in solvent-borne basecoats by demineralized water. This has
created challenges to the waterborne chemistry : 15% by weight of
waterborne paint consist of water as compared to solvent contents of 50%
by weight in solvent-borne paints [12]. In 2011, more than half of worldwide
car manufactures are water based, although locally as i.e. in Ukraine the
majority of paints are solvent based [13]. The water based paint proportion
will globally increase. Worldwide, more than 100 million vehicles in use at
the beginning of 2012 already incorporated waterborne basecoats. Car
producers in Europe in particular and also increasingly in Asia are
committed to these environmentally-friendly paints. The waterborne paint
systems have to be improved more and more to attain solvent borne paint
systems qualities. (Overview of heterogeneity control in waterbased
coatings as a tool of achieving optimal properties [14]).

One of the challenges of formulating waterborne coatings is to achieve an
acceptable balance of properties both during the film application and the
drying process as well as in the final film. The period in which irregularities
in a freshly applied coating can be repaired without leaving brush marks is
referred to as the open time, while the period in which a coating can be
applied over an existing paint film without leaving lap marks is called the
wet edge time. Aqueous coatings generally employ dispersed high
molecular weight polymers as binders. These binders often have short open
times when drying because the dispersed polymer particles tend to be
immobilized quickly in the edge region of an applied coating. References
[15, 16] describe the process by which new, low VOC additives were
developed to improve open time and wet edge in aqueous coatings.

Other industrial challenges invoked by the Reach legislation and VOC
reductions are:

- Cleaning and priming of the substrate and/or the use of adhesion
promoters is more critical when using waterborne systems (paint
performance is more affected by poor adhesion).
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- The coating/paint application lines have to be modified to resist
corrosion and to deal with the increased drying requirements (higher
energy consumption).

- Exterior durability is to be enhanced.

- Especially for waterborne applications, high performance additives

e.g. wetting and dispersing agents are needed that are both
ecologically and economically accepted [17].

A questionnaire (April 2013) “What is the biggest challenge in developing
zero VOC waterborne coatings” to 279 readers of Paint & Coating Industry
[18] yields answers like: eliminating co-solvent(s) (28.7%), zero VOC
coalescing agents (24.0%), zero VOC polymerization surfactants (6.5%),
Zero VOC pigment dispersants (5.4%); zero VOC rheology modifiers
(3.2%), and zero VOC defoamers (2.5%).

REACH regulations are also the driving force for the application of new
technologies such as powder coatings and hyper-branched polymer
thickeners in VOC-free paints [19].

2.1.2 Materials shortage and price raising challenges

Raw materials shortages (particularly TiOz) and rising prices of raw
materials (25% TiO, price increase in 2010) and energy compels paint
producers to look for alternative partners and products to make their
processes more efficient.

The reasons for this evolution include low inventory, high capacity
utilization levels at producers, rising production costs and a persistent
under-supply situation [20]. For example the TiO, market stagnated in 2012
although the market studies forecasting 3% per year increasing in Europe
[21]. Another example of shortage in supply is the effect of natural disasters
(as Japan earthquake in March 2011) on the “supply chain” of effect
pigments for automotive paint [22].

Due to the current tight supply and cost run-ups of TiO,, paint companies
are looking into options to minimize the effect of the cost increases and
reformulate for more efficient utilization of TiO,. Technological solutions are
treated in paragraph 2.3.

2.2 The Market evolution

In 2012, the coatings market has fully recovered to the total global
(worldwide) sales level of 2008, reaching 95 billion USD. Decorative paint,
the largest segment, accounts for almost half of the market. The second
largest segment concerns automotive OEM and refinishing paints (15%).
The marine & protective coatings segment makes up another 12% [23].
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2019 forecasts estimate the paints and coatings consumption at 48 millions
of tons which would correspond to a growth rate acceleration compared to
the years 2004-2012. The Asia-Pacific region will raise its demand and will
keep its leadership in consumption [24].

2.2.1 The automotive Paint Industry

Globally, automotive OEM and refinishing sales continue to face significant
cyclicality. Trends go towards light and compact cars that need a lower
amount of coating per car. Moreover, performance quality of coatings
increases (e.g. self-healing paint) while at the same time anti-collision
systems will reduce the need for repairing [23].

In particular in Germany and China original equipment manufacturer (OEM)
automotive paint production is reduced compared to refinish automotive
paints for which the demand is growing [25]. It is predicted that the Chinese
automotive market will triple over next decade [26].

Last 10 years witnessed an expansion in the use of powder coatings in the
automotive industry. As it works well with the specialized and organic
pigments that are being used for popular colors, some brands use powder
coatings in their topcoats. Recently powders have begun to be used in
clearcoat applications due to developments in weatherability and
temperature performance [27].

The 2012 Dupont Automotive Color Popularity Report lists the most
popular car colors [28]. White and White Pearl dominate for the second
consecutive year (23 %). Black and Black Effect move to the second place
(21 %) due to its increased popularity in the Asia Pacific market and
because this color has a worldwide perception of high quality and luxury.
Silver fell to third place (18%) due to its overall gradual decline, especially
in the large markets of Europe and Asia (18 %). Gray (14 %), Red (8 %)
and Brown/Beige (6 %) gained each a percentage point compared to 2011.
Blue (6 %) maintains its market share. Green accounts for 1 %,
Yellow/Gold for 1 % and others for 2 %.

In comparison, it is interesting to note that, according to PPG’s annual
survey of global color popularity [29], white ranked first (22 %) and silver
was second (20 %), followed by black (19 %), gray (12 %), red (9 %),
natural (8 %), blue (7 %), green (2 %) and other colors (1 %).

By region: In North America, white ranks first (21 %), followed by black
(19 %), silver and gray (16 % each), red (10 %), blue (8 %), natural (7 %)
and green (3 %). In Europe, white is also the most popular (23 %), followed
by black (21 %), gray (17 %), silver (13 %), blue, natural and red
(7 %each), other colors (3 %) and green (2 %). In the Asia-Pacific region,
white and silver tied for most popular (23 %), followed by black (19 %),
natural (10 %), red (9 %), gray (8 %), blue (7 %), and green (1 %).
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2.2.2 The High Performance Pigment (HPP) market

In the High Performance Pigments (HPP) market, the inorganic effect
pigments represent about 80% by tonnage and about 60% by value.
Organic HPP represent 20% by volume but about 40% by value (2011).
This distribution is expected to remain unchanged until 2017. The largest
HPP volume is used in coatings. Plastics, inks and cosmetic are three other
big market applications. Currently the European and Asian markets have
the same size but the fast growth rate forecasts for Asia will show Asia
market bigger than the European one in 2017. China remains the largest
producer and exporter of HPP [30].

2.3 New materials and tendencies

2.3.1 Alkyd paints

Driers paint additives are used to promote curing of alkyd solventborne and
waterborne coatings. In waterborne formulations, standard driers are used
in excess. Another possibility is to use driers dedicated to waterborne
systems. Much research has been done to develop environmentally safer
substitutes for cobalt drier. The most promising results are obtained with
iron and manganese complexes [31].

A new alkyd paint with low content of volatile organic presents better
protective performances and lower permeability than conventional alkyd
paint [32].

Tetra (2,7-octadienyl) titanate is used as an active diluent in air-drying
solvent-borne alkyd paints. The resulting alkyd-reactive diluent
formulations exhibit low viscosities and extremely fast dry times in
comparison to neat alkyd resins. The results indicate the potential utility of
this compound to achieve lower VOC formulations with equivalent
performance properties [33].

2.3.2 Acrylic paints

A series of UV curable highly branched waterborne polyurethane acrylates
and diacrylates were developed in order to enhance photopolymerization
performance, water and solvent resistance [34].

Incorporating hyperbranched polyester polyols in urethane-acrylic wood
coatings provides excellent adhesion and high gloss [35].

2.3.3 Powder Coatings

Powder coatings are among the best performers related to carbon footprint.
High efficiency and the absence of solvent and water are other very positive
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aspects. Current developments aim at reducing the curing temperature and
film thickness. If renewable raw materials can be used in the organic part of
the powder coatings (binders, crosslinkers and additives) their carbon
footprint will be further reduced. The development of renewable binder
systems is anyhow facing the very limited availability of renewable
dicarboxylic acids, which provide hardness to the coating. Globally, the first
renewable powder coating resins are expected to become available within
the next five years [36].

Dielectric studies of epoxy/polyester powder coatings reveal detailed
information of the homogeneity of the film. All systems exhibit heterogeneity
and in the case of a pigmented system, charge carriers can be introduced
into the system by the pigment. The effect of TiO, obtained from the
chloride process is distinctly different from TiO, from the sulfate process
[37].

PPG patents (Patent No. U.S. 7,468,401 B2) a procedure to introduce
flake-like color effect pigments into a powder coating [38].

2.3.4 Additives & fillers

TiO» and derivatives

Trends include scattering pigment partially replacing TiO,, or pre-composite
polymer particles improving the wet and dry hiding efficiency of TiO, [39].
Other benefits, such as reduced formulation cost, improvements in barrier
film properties, and better eco-profile of both interior and exterior
waterborne paints, are also possible [40].

Surface treated, submicron TiO, particles can be used to toughen epoxy
resin formulations. A small amount of TiO, submicron particles (1 %)
improves the flexural, abrasion and pull-off strengths, while amounts up to
5% significantly enhance tensile properties only [41].

Silica/silicon additives

Silicone additives can improve paint consistency by preventing flooding and
floating [42] and also contribute to improve the sustainability of decorative
coatings, for both architectural and wood coating applications [43].

Adding a nanodispersion of surface-functionalized fumed silica to an acrylic
paint gave significantly lower dirt pick-up and good cleaning behavior while
retaining other paint properties [44].

Rice husk ash (RHA) —a carbon neutral waste product that is an abundant
source of silica, increased the wear resistance, scratch resistance, and
elongation of an epoxy coating [45].

A UV-cured hybrid anti-glare coating was formulated using modified silica
and dipentaerythritol hexaacrylate as a binder [46].
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The use of synthetic hectorite (Nax(Mgs-x,Lix)SiaO19(OH)2) in multicolor
paints opens up new fields of use, for example imitation granite finishes that
closely match the real stone. Clay mineral colloids allow the formulation of
environment-friendly water-based low-VOC multicolor coatings [47].

Using a novel silane-acrylate macromonomer and organically modified
montmorillonite ((Na, Ca)o3(Al, Mg)2SisO10(OH)2-nH20) in aqueous PUR
coatings increased their water resistance [48].

Aqueous fumed silica dispersions are a new form of additive that can
improve a variety of performance attributes in waterborne coatings. Pre-
dispersed fumed silica provides the potential to lower VOCs by improving
film formation. They also serve as a potential way to gain enhanced
durability of waterborne coatings by helping to replace plasticizers [49].

Superior nanoscale fumed-silica dispersions with uniform distribution are
reported to maximize its performance. Optimizing the silica distribution can
potentially help water-borne coatings to reduce the performances gap
compared to solvent-borne coatings [50].

Various

Epoxy- and amino-functionalized BaSO, particles can improve the
performance of high solids, powder, waterborne and UV coatings systems
[51]. In general, CaCO3 can replace feldspar (XAl1-2)Si3-2)0Og with X being
either Na, K and/or Ca) with no loss and, in most cases, with an
improvement in physical properties. It results in overall formulation cost
savings and leads to comparable physical and exterior durability properties
[52].

Reference [53] reports surface modification of extender calcite with silicone
to give surface functionalized calcite. Coatings were formulated by
incorporating this functionalized calcite into an epoxy polymer matrix, and
their properties were compared to coatings containing untreated calcite.
The effect of the functionalized calcite to physico-mechanical properties,
anticorrosion efficiencies, UV resistance and chemical resistance were
studied in detail. The results revealed a remarkable enhancement of the
coating performance.

2.3.5 Catalyst

A new cobalt-free catalyst helps to improve the cure time of water-based
alkyds, high solids alkyds and alkyd-modified resins. The catalyst provides
the missing piece in new, low-VOC alkyd formulations. Alkyd resins still
offer excellent performances in the decorative and light-end industrial paint
markets [54].
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A new water-soluble, hydrolytically stable catalyst provides fast dry times
and very good physical properties for waterborne 2K polyurethane
formulations. Use of the new catalyst offers wide application latitude. The
selectivity of this catalyst is promoting the reaction of isocyanate with
hydroxyl groups with respect to its reaction with water [55].

2.3.6 Self-healing technology

Self-healing materials have the structurally incorporated ability to repair
damage caused by mechanical wear over time. Self-healing polymer
coatings are already used in automotive topcoats (Nissan) [56]. One of the
self-healing mechanisms is achieved by incorporating a powder additive
consisting of metal microcapsules with a Ni:Zn alloy shell and a
diisocyanate monomer resin inside. When scratched, the capsule breaks
and the resin flows to the damaged zone and cures upon exposure to
ambient humidity to repair the coating [57]. As an alternative, a
supramolecular elastomer with high biochemical content is used. The liquid
elastomer precursor can be cured on a metal substrate by a simple
procedure, producing a very strong adhering thick (>100 ym) coating. This
coating exhibits self-healing behavior, excellent vibration dampening and
notable corrosion resistance [58]. Finally, Andersson and Wilson evaluated
the application of polydimethylsiloxane (PDMS) based chemistries in the
development of self-healing coatings for heavy-duty industrial and marine
applications [59].

The pros and cons of each healing mechanism are debated by Garcia et al.
They also highlight the potential of development of non-explored areas of
coatings technology [60].

2.3.7 micro- & nano- technology

Micro and Nano technology like microencapsulation, nanocomposite
materials, and carbon nanotubes help to improve chemical, mechanical and
physical properties of paints.

Microencapsulation makes it possible to add materials that would have
shorter useful lives if mixed conventionally. Microencapsulation creates
potential for new applications, like a wall coating that helps moderate the
temperature of a room [61].

Nanocomposite materials improve water resistance, corrosion resistance
and color retention [62, 63].

Incorporation of predispersed nanoparticle additives increases the rub
resistance against MEK and IPA as well as improving humidity and
weathering resistance [64, 65]. Nano oxides provide better wear and UV
protection, and are not released as nanoparticles into the environment [66].
Nano zinc particles can stop the formation of cracks in the film during the
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cathodic electrodeposition of paint films. It reduces the photodegradation of
the aromatic polyurethane binder. Particles in the films reduces the
tendency of the fiims to yellowing [67]. Nano-silica particles were
incorporated in an automotive OEM clear-coat based on acrylic-melamine
chemistry. It was found that there is a close relationship between the
surface chemistry of the silica nanoparticles and the nanomechanical
behavior of the baked film [68, 69]. The same observations are applied to 2
K isocyanate/polyol clear coats. The nano-silica particles at the surface of
the coating increase the mar resistance by increasing the surface hardness
[70]. Two-pack acrylic urethane paint filled with hydrophobic nano-silica
provides enhanced barrier properties as compared to pure PUR [71].

Carbon nanotubes (CNT) can be incorporated into paints to enhance their
conductivity. They are more efficient than carbon black or metal fillers [72,
73]. Nano-clay incorporated in polyurethane coatings enhances dry
adhesion and impact resistance [74, 75].

2.3.8 Biocide action

In order to predict the useful service life of exterior coatings subject to
fungal and algal growth, it is desirable to be able to measure the rate at
which biocides leach out of paint. The radiotracer technique was examined
by preparing a small quantity of radioactive “diuron” biocide. The pigment
volume concentration (PVC) of the paints appears to be an important factor
determining biocide retention [76].

Release from coated surfaces is slower when biocides are formulated into
the paint system in microspheres, compared to the customary direct
addition [77]. Microencapsulation enables coatings to be infused with
longer-lasting biocides [78]. Use of modified nano-clay particles as a
controlled release system for biocides from building materials are studied in
reference [79].

Anti-fouling is particularly important in marine paints & coatings. New
development include the reduction of the amount of biocide in the paint [80]
and the development of alternative anti-fouling coatings with new natural
products as biocides [81]. Other alternatives include biocide polymeric
materials [82], waterborne polyurethane resins enriched in silicon [83], self-
stratified siloxane—polyurethane coatings [84] and the replacement of
traditional polishing pigments (ZnO, Cu20) by a starch/enzyme combination
[85]. As final article, Buskens overviews the toxin-free anti-fouling marine
paint systems under research to date, giving both their strengths and
drawbacks [86].

A second trend focuses on antimicrobial action. Kugel reviews studies on
antimicrobial surface treatments and coatings in which the antimicrobial
agent is covalently bound to the surface or coating matrix. This constitutes
an environmentally friendly option for replacing antimicrobial coatings that
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release biocides [87]. The problem of silver or copper nanoparticles (NPs)
stability was solved by the development of silica nanospheres containing
immobilized NPs. These nanospheres can be applied as the effective
antibacterial or antifungi additives for architectural paints and impregnates
[88]. Reference [89] describes a water-based latex paint that can be
disinfected upon chlorination with dilute household bleach.

2.3.9 Anticorrosion

Effective protection of metal structures against corrosion generally requires
two or more layers of paint, each one with different properties. The
development of a waterborne binder system providing effective metal
protection in only one single coat is described in [90].

Pigments and additives are effective agents to face anti-corrosion problem.
Since 2010, new candidates are proposed on the market like talc [91], Si
nanoparticles [92], cerium (IV) oxides treated with SiO [93], wollastonite
(calcium metasilicate, CaSiO3) [94], cloisite 15A clay [95], calcined kaolin
or diatomites [96, 97], dispersion of nano polyaniline particles [98], different
kinds of nano materials with various forms (layered Na-montmorillonite (Na-
MMT) and mesoporous silica particles) [99], and calcium-exchanged silica
(Si/Ca), hydrotalcite/vanadate and calcium bentonite [100-102].

Nanotechnology plays an important role in the anticorrosion efficiency of
paints in case of abrasion and scratching. The release of corrosion
inhibitors encapsulated within nanocontainers or the application of
microcapsules filled with film former can prevent further corrosion [103,
104].

The amelioration of paint to face anticorrosion problems can be approached
by the binder. Zinc-rich 2K water-borne epoxy primers are now possible
using new amine technology. At the same zinc loading, the corrosion
performance using a new curing agent with solid epoxy dispersions is
comparable to, or better than, that achieved with traditional solventborne
epoxy/polyamidoamine binders [105]. More flexible glycidyl carbamate
coatings can be synthesized based on linear monomers and the
anticorrosion performance depends on the monomers used [106].

The replacement of non-sustainable and toxic substances used as
corrosion inhibitors is also studied.

A major obstacle to chromium replacement in thin organic coatings is
corrosion performance, as non-chromium coatings are generally less
protective than chromium-containing ones. A novel, non-chrome, thin
organic hybrid coating for coil coating applications on a variety of metal
substrates has been created. The coating is based on a combination of
unique structural, metal-binding and redox features that are tied to its
performance properties [107].
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The performance of different replacements to chromates are studied. Zinc
molybdenum phosphate, zinc polyphosphate and aluminium polyphosphate
have good protective behavior, independently of the resin used. Zinc
pyrophosphate only shows a good anticorrosion behavior in epoxy paints.
Calcium ferrite has a low performance in outdoor tests regardless of the
resin employed [108].

Intended to replace phosphate pigments in anticorrosive paints, a modified
zeolitic rock was obtained by grinding followed by ionic exchange with
molybdenyl ions. This “composite” has an intelligent behavior because
molybdenum compounds are leached from the zeolite particle by the
corroding species [109].

2.3.10 Pigments

New pigments

New special-effect pigments based on natural mica are suitable for
automotive, plastics and architectural paints [110].

The new Eckart effect pigments distinguish themselves from traditional
natural mica-based pigments by their extraordinary luster, sparkle effects
and glamorous look. The smooth metal oxide coating of the calcium sodium
borosilicate leads to very high transparency and pure interference colors
[111].

New developments include a heat-resistant yellow iron oxide with a
completely inorganic encapsulation that makes it stable up to 240 °C, and
zinc ferrite based pigments [112] These new pigments are able to replace
standard yellow iron oxides. Although they are ideal inorganic pigments to
develop a wide range of color shades, their use is limited in powder, coil
coating or other high-temperature coatings because of their shade turning
darker and browner under the curing conditions used.

Lead chromates have been predominantly replaced by organic/inorganic
pigment blends. This is being accelerated by the classification of these
pigments as SVHC (substances of very high concern), and their phase out
is expected by 2015 [113]. BASF will stop producing lead chromate
pigments by the end of 2014. Even if substitution is not perfect, organic as
well as inorganic solutions are proposed [114]. New pigment chemistry,
niobium tin pyrochlore yellow (PY227), has been developed and expands
the durable colors available in paints and coating. It has the chromaticity
and brightness of organic pigments and the opacity and durability of
inorganic pigments. The new yellow is supplemented by improvements in
rutile tin zinc to increase its red value. Together these pigments provide an
alternative to lead chromate pigments and expand the durable colors
available in yellow and orange shade [115, 116].

A new inorganic black pigment has been developed with an extraordinary
IR-reflecting ability. Multilayer systems can be found in automotive OEM or
refinishes, as well as in other industrial coatings applications. Positive
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findings for lower heat build-up of thermal insulation systems using IR-
reflecting black pigments instead of carbon black or black iron oxide have
been reported in lab and outdoor tests [117-119]. Being a sustainable
solution, heat-management pigments can be used in a variety of
applications, including architectural, industrial, transportation and
automotive. They enable a more environmentally efficient use of resources
and help to extend the shelf life of exterior coatings [120]. In Reference
[121], Huntsman Corporation presents in turn its new coating pigment
giving high infrared reflectance.

Formulation

The interplay of various pigments types is to be considered in the strategic
color design. Mixing interference and solid-color pigments revive the color
palette. Pigments choice is crucial as mixtures can either increase or
reduce color effect [122].

In pigmented epoxy- and acrylic-urethane films, films with poor particle
dispersion and highly photoreactive pigments exhibit the most severe
degradation, whereas little or no degradation occurs in films with good
particle dispersion containing pigments with low photoreactivity [123].

Scattering by rutile pigment is treated and a method is proposed that can
support the formulator in evaluating whether the hiding power of a white
paint formulation should be improved by increasing the amount of pigment
or by improving the spatial dispersion state [124].

The evolution of the “flip-flop” effect in the European OEM silver car color
shades from different manufacturers between 1950 and 2010 has been
evaluated in an attempt to understand the trends of the “metal look” for the
automotive industry [125].

2.3.11 Degradation problems

Many efforts are done to improve the scratch and mar resistance of
automotive coatings, and to reduce degradation due to bird droppings, tree
gums and those due to weathering.[69, 126] Many alternatives are
available for today’s paint formulators to explore and use.

The degradation of automotive clearcoats by bird droppings is mainly due
to enzyme catalyzed hydrolysis reactions [127]. To face this problem, the
following solutions are proposed during this review period:

- Additives like reactive polysiloxane [128, 129] or trialkoxysilane
treated nanoparticles of silica or alumina [130] give substantial
improvements.

- Change in the polymeric backbone [129]
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Clearcoat degradation by tree gums can be reduced by using
Acrylic/melamine clearcoats with higher melamine content (higher crosslink
density) [131] .

The scratch and mar resistance of clearcoats can be improved by using a
binder consisting of acrylic polyol resin, with butylated melamine and silane
modified blocked isocyanates, higher isocyanate loadings being very
favorable through increased network density [132].

Adamsons reviews paint defect and depth profiling studies of automotive
paint systems exposed to environmental conditions [133]. Publication [134]
reports tests comparing inorganic and organic light stabilizer efficiency in
waterborne clearcoats.

In multilayer automotive coating systems, it is often the e-coat layer which
degrades by atmospheric weathering, leading to adhesion problems,
peeling and finally to corrosion of the metal substrate. The photooxydation
of the e-coat is influenced by thermocatalytic effects, so e-coats of dark
colored automotive coatings systems are exposed to enhanced
photodegradation because of the increased heat uptake [135]. The
basecoat pigmentation has also an effect on the chemical structure and
surface topology of its attached clearcoat during weathering exposure. A
black basecoat induces more post-curing reactions in the attached
clearcoat in the early stages of weathering. A silver basecoat imposes
higher degrees of photodegradation to its clearcoat during the whole
weathering exposure [136].

Others kind of paint face also this kind of problem. The increasing use of
deep colored finishes on fagades has revealed problems of color fading
[137]. It is shown that the reason for this is not purely fading of the organic
color pigment by UV exposure, but also erosion of the binder leading to
more titanium oxide becoming exposed on the surface. These paints are
normally formulated above the critical pigment volume concentration (PVC).
The use of lower PVC levels might improve the situation, but could impair
the required water vapor permeability. A new acrylic binder was developed
[138]. In parallel, the development of PVDF hybrid latex technology now
allows the coatings industry to take advantage of the properties of the
PVDF fluoropolymer for field and factory-applied coatings on concrete and
other cementitious substrates. Because these coatings are low VOC to
begin with, and are extremely long-lasting, repainting is not needed nearly
as often. The ability of PVDF-based coatings to resist UV degradation,
water and chemical attack, allows these coatings to more easily resist dirt,
staining and mildew/algae growth [49].

2.3.12Flame retardant
Solvent base alkyd and emulsion paint formula were made flame retardant

by incorporation of hexachlorodiphosh (V) azane of types (I-lll). Oxygen
index value results indicate that solvent based alkyd and emulsion coatings
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with these compounds containing chlorine, nitrogen and phosphorus exhibit
a very good flame retardant effect. The gloss and the impact strength of the
paints are decreased by the additives, the hardness and adhesion
resistance on the other hand increase [139]. Coatings with
Cyclodiphosph(V)azane exhibit a very good retardant effect, when blended
with polyurethane varnish [140].

Bio-based polymer nanocomposites have a unique niche of their own in the
domain of green technology: improvement of flame retardancy of the
nanocomposites is possible. The results indicate the potential of these bio-
based epoxy/clay nanocomposites for multifaceted advanced applications
[18].

A water-borne intumescent fire retardant varnish based on phosphate resin
acid (PRA) cold cured amino resin was synthesized. The flame retardancy
tests demonstrate that a higher phosphorus content is beneficial to the
intrinsic flame retardancy of painted films, but the high quality char
formation is another key of fire retardancy of painted films [141].

3  Forensic analysis of paint

The analytical scheme for the comparison of a paint smear with a known
sample does not evolve considerably. Fourier Transform Infrared
Spectroscopy (FTIR), UV-Visible icropectrophotometry (MSP), Scanning
Electron Microscopy Energy Dispersive X-ray spectroscopy (SEM-EDX), X-
Ray Fluorescence (XRF) and Pyrolysis Gas Chromatography coupled with
Mass Spectrometry (Pyr-GC/MS) are still the methods of choice for organic
and inorganic analysis of paint smears.

FTIR spectroscopy stays the most useful technique for paint analysis since
the 1970s, requiring only a small quantity of sample to achieve rapid
analysis and high quality spectra. Since 2010, the American society of
Trace Evidence Examiners publishes a peer-reviewed journal dedicated to
the analysis of trace evidence. They established a working relationship with
the Scientific Working Group on Materials Analysis (SWGMAT)
(http://swgmat.org/). This group proposes an interesting standard guide to
assist a paint examiner in the selection of appropriate sample preparation
methods and instrumental parameters for the analysis, comparison and
data interpretation of paint samples by FTIR [142]. Techniques as FTIR
microspectroscopy, diamond cell and attenuated total reflectance are
discussed in term of requirements, benefits, limitations and proper use of IR
accessories as well as sampling methods. Complementary information on
this technique can also be found in the Second Edition of the “Encyclopedia
of Spectroscopy and Spectrometry”, in a chapter dedicated to forensic
science application of infrared spectroscopy [143].

In addition to the above mentioned methods often available in most of the
forensic laboratories, others exist but are not routinely used by forensic
paint examiners. These are proposed in the literature in typical casework
and can provide novel solutions to particular problems. As already
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underlined in the previous review, literature shows an increasing interest in
some techniques that emerged during these last years:

- Raman spectroscopy becomes more important in the analytical
scheme for pigment identification.

- Laser-Induced Breakdown Spectroscopy (LIBS) and Laser Ablation
Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) gain
popularity for the elemental analysis of paint flakes.

Other new trends concern applications of chemometric tools for data
treatment and the use of imaging technology to obtain 2D or 3D chemical
images of a paint flake or of a paint layer sequence.

In parallel, many publications focus on the discrimination capabilities of
classical techniques for a specific set of samples like black or colored spray
paints, clearcoat car paints, household paints...

The organization of this chapter is based on the trends explained above. As
some research papers incorporate several trends, these will be mentioned
repeatedly. This chapter also includes a summary of the principal studies
done in artwork.

3.1 Data treatment

Many publications on forensic paint investigation during the last three years
concern data treatment. Lavine et al. review the most significant
developments in the field of chemometrics from December 2009 through
October 2012., including pattern recognition [144]. Pattern recognition
allows the classification of samples using techniques such as Principal
Component Analysis (PCA), Hierarchical Clustering (HCA), K-nearest
neighbor, and others. Applications of these methods dominate the literature
including the field of forensic paint analysis. Lavine proposes the two
following publications as illustration.

In the first one, also written by Lavine, the authors develop search prefilters
to search the Paint Data Query (PDQ) database in order to differentiate
between similar but non identical FTIR spectra [145]. Normally, the PDQ
database uses text based fields (color, chemical text codes, layer
sequence) for searching with the aim of obtaining a preselection of spectra
that are then checked manually. However, unlike the undercoat and colored
paint layers, clearcoats do not provide a characteristic color nor include
inorganic fillers that can serve to further discriminate between them. Lavine
develops prefilters to face this failure and the inability of the PDQ database
to accurately search IR spectra. Prefilter is a quick test to identify library
spectra that are dissimilar to the unknown. In this case prefilters are based
on chemical information.

The second application is reported by Muehlethaler et al. who apply PCA
and HCA to the analysis of the infrared and Raman spectra of 34 red
household paints, and compare the result to visual comparison [146]. Six
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distinct clusters were detected from the spectroscopic profiles by
chemometric tools. This allows for a quick classification of the samples
comparable to the visual classification. Combining the results of both
spectroscopic methods, all samples were individually separated yielding a
potential discriminating power of 1. However the authors are cautious: “It is
safer to remain at a higher level and not to conclude that all samples are
categorically different. By using this methodology we can rapidly form
groups of samples with similar properties, and this process is repeatable
until a defined level of discrimination is reached, so at a brand level. At a
lower level, the mechanisms of the separation are more difficult to
understand and more work has to be performed as batch variation is yet too
arbitrary to be used systematically”. This is particularly important with
Raman spectra for which there are reproducibility problems. Future works is
to define objective criteria for sample comparison.

During this review period other published papers discuss data treatment by
chemometric tools. Three papers describe the use of multivariate statistics
on a large population of automotive clearcoats based on MSP spectra
[147], Pyr-GC-MS spectra [148] or ATR-FTIR spectra [149].

The first one focuses on the detection of ultraviolet absorbers in clearcoats
that are added in order to protect the vehicle against UV light and
weathering. Liszewski et al. used UV microspectrophotometry for the
comparison of this kind of samples. They studied 71 clearcoats and applied
agglomerative hierarchical clustering and principal component analysis for
classification. Three mains groups of spectra are identified corresponding to
spectra with one, two and three maxima. These results showed no
correlation to the make, model and year of the automobile. So this method
is only of interest when comparing questioned and known samples and
cannot be used for investigative purposes. As environmental factors such
as exposure to sunlight can affect the clearcoat and its UV spectrum, care
should be taken when comparing an unknown sample with a corresponding
known sample not collected at the same time. Also various parts of the
automobile body can be affected differently by external degradation.

The second study was authored by Zadora et al. They propose a
methodology based on the likelihood ratio model to compare paint data:
“could two samples have originated from the same object?” The model is
applied to the Pyr-GC/MS data of 36 acrylic clearcoats that are
indistinguishable in terms of their infrared spectra and elemental
composition. The performance of the model is discussed in order to check
the level of false positive and false negative answers. The results were
satisfactory, with only 3.0% false positive answers and 2.8% false negative
answers.

The last publication concerns 130 clearcoats coming from Australian and
some European and Japanese manufacturers representing a total of 18 car
makes and 60 different models. Based on FTIR spectra and PCA results,
samples are classified into 9 classes. They differ in the relative amounts
(absence and presence) of styrene and melamine. The authors make a link

148



between the classes and the origin (manufacturer) of the samples and even
the manufacturing site. However, this conclusion has to be treated with
care: the amount of styrene in a clearcoat is related to the quality of the
clearcoat. Low cost clearcoats contain more styrene than high durability
clearcoats in which styrene is replaced by larger monomers. The same
manufacturer can use two clearcoats: one for low cost vehicles and a
second one for premium class vehicles.

The use of LIBS in car paint analysis and the subsequent use of
nonparametric testing method for the pairwise comparison of these samples
is reported by Mcintee et al. [150]. Their study focuses on 90 automotive
paint samples encompassing a range of automobile makes, manufacturers
and colors from production years 1987 — 2006. The paint chips are divided
into sets before LIBS analysis according to the following characteristics:
color, presence or lack of effect pigments, and number of layers. The
capacity of the method is evaluated in terms of its discriminating power but
also in terms of Type | error (failure in intra sample comparison). Inter-
sample discrimination was 100 % for all color paint groups but with
occasional intra-sample discrimination (Type | error) meaning that there is a
risk for false discrimination. The black colored set gives a discriminating
power of 95.8% with one Type | failure. In the other hand, LIBS failed to
discriminate between white paint samples with a DP of 86.56 % only.
However, no Type | errors occurred in this set.

Two remaining papers involve other kinds of samples. Orellana et al.
discuss the analytical treatment of LA-ICP-MS data obtained from various
samples in the field of forensic sciences [151]. Recently, Staniszewska et
al. applied univariate and hierarchical cluster analyses on data coming from
chemical imaging of cross sections of glass painting by FTIR and Raman
spectroscopy [152]. This article is principally focused on the processing of
data coming from the imaging process.

3.2 Emerging techniques

3.2.1 Raman spectroscopy

Raman spectroscopy is a non-destructive analytical technique that gives
the vibrational spectrum and physical or chemical information of virtually
any matrix in any state of matter. For these reasons, Raman spectroscopy
has increased in popularity in the forensic sciences since 10 years. Das
and Agrawal review Raman spectroscopy including a summary of the basic
principles of the technique, recent technical developments in instrumental
design and sampling methodology. Various applications are also presented
in different fields of science including forensic science [153]. This review is
a good start for beginners. In the paint area, Raman spectroscopy is
particularly well suited to the characterization of the pigments. Here are the
most relevant publications about Raman spectroscopy in paint analysis
during the last three years.
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Zieba-Palus et al. applied Raman spectroscopy to the analysis of green
paint samples including 13 solid automotive paints and 2 household paints
[154]. The 785 nm excitation wavelength gives the best discriminative
power. The identified pigments are copper phthalocyanine, Prussian blue,
chrome yellow, chlorinated copper phthalocyanine, brominated copper
phthalocyanine and titanium dioxide. Some paint samples contain a mixture
of these pigments. Zieba-Palus also proceed with the characterization of
automotive paints of various colors by combining the information coming
from Raman spectroscopy and infrared spectroscopy [155]. Three yellow
paint samples with similar binder (phthalic resin with or without melamine)
give quite similar FTIR spectra while Raman spectra are totally different
because of different pigment composition.

Another study by Muehlethaler et al. compares FTIR and Raman
spectroscopy as complementary tools for the analysis of red household
paints [146]. The Raman spectra could be separated into 5 groups
according to the pigments or combination of pigments. The most frequently
used pigments were Pigment Red 112 and Pigment Red 170. Others are
less used and sometimes mixtures of two red pigments are detected.

As illustrated in the previous references, pigment identification based on
Raman spectroscopy is very useful and involves the comparison of the
spectrum of the paint trace to spectra in a reference database. Large
spectral libraries are required and publications presenting such databases
are of interest to the forensic community (e.g. Scherrer et al. [156]).
However, Raman spectra can contain many bands or show a mixture of
compounds, and searching can become quite complex. That is the reason
why automatic methods are proposed as by Vandenabeele or by Khan.

The model of Vandenabeele is based on a multivariate comparison of
Raman band position rather than the spectral intensities as in classical
chemometric algorithms [157]. This approach overcomes problems such as
the presence of fluorescence background radiation or spikes, spectra
recorded at different spectrometer with different laser wavelengths and
power. Moreover, this model permits using non-digital database such as
those presented in literature. The model is illustrated with unknown paint
samples containing organic pigments.

Khan et al. develop a similarity measure specific to Raman spectroscopy.
They propose a modified Euclidean metric algorithm to handle the problem
of spectra of substances mixtures [158]. The method takes into
consideration not only the intensity at a given wavenumber but also the
contribution from its nearest neighbors to assess the resemblance of query
and reference spectra of mixture of substance. They discuss in detail the
principle of their method and propose to evaluate the performance of their
new model against the performance of other similarity methods. Their
dataset however consists of liquid chlorinated and non-chlorinated solvents
and is not of direct interest to the forensic paint scientist.
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The popularity of Raman spectroscopy leads to the development of portable
systems combined to spectral preprocessing methods and library search
algorithms that give an “answer box” : a Raman spectrometer that could be
used by everybody and attach a product name to a spectrum [159].

In the artwork field Raman spectroscopy is also a very interesting tool and
is widely used.

3.2.2 Elemental analysis

X-ray based techniques like SEM-EDX, XRF and XRD are commonly
encountered in forensic paint laboratories since many years. During the last
three years, some authors publish new research on these techniques [127,
160-165]. Most of the time, these elemental techniques are used in
combination with others with the aim to obtain a maximum specification on
the paint. All the cited references are developed elsewhere is this review.

In addition to these traditional techniques, LA-ICP-MS and LIBS are
developing. LA-ICP-MS is already increasingly used for routine analysis in
forensic laboratories with the main application developed for glass and
paint samples. LIBS could become a fast and relatively inexpensive
alternative to LA-ICP-MS.

However, few publications were published since 2010 about these
emerging techniques. Orellana et al. review the LA-ICP-MS technique and
two papers were focus on LIBS analysis.

Orellana et al. propose an interesting review on LA-ICP-MS in chemical
analysis of forensic evidence [151]. The authors explain the basic principles
of the technique and present advantages and drawbacks. They also review
the application of LA-ICP-MS to the elemental analysis of glass and paint.
All references applying to application in paint analysis cited by the authors
date before 2010.

Mcintee et al. study the capability of LIBS in discriminating between
automotive paint samples [150]. The study focuses on 90 automotive paint
samples. The major drawback of LIBS technology is its poor reproducibility.
Twelve LIBS spectra were recorded on each paint sample, each an
average of five single shot “drill down” spectra from consecutive laser
ablations at the same spot on the sample. This procedure takes time and
destroys the sample.

Staicu et al. optimize the best working condition of LIBS like the laser
fluence and the number of pulses in order to use LIBS for depth elemental
profile of multilayered paints [166]. They sample the paint by a consecutive
number of laser shots applied at the same spot and record the spectra of
the ablated material. They use “homemade” samples consisting of several
stacked layers of known composition and thickness. The proper choice of
the main ablation parameters allows them to determine painting layer
sequence and the elemental composition of each layer.
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3.3 Comparison of specific sets of samples

In casework, the use of only one technique is rather rare. Techniques are
often combined to obtain the more information and to either confirm or
exclude that two samples are indistinguishable. Many publications compare
the discriminating capabilities of several techniques or emphasize the
complementary of them.

Ryland et al. evaluated the discrimination power of a series of four
analytical techniques on a sample set of seventy-one black household
spray paints acquired at retail stores in the United States in 2001 [161].
Samples were initially inter-compared by FTIR (using a spectral library
approach) and only 23 pairs out of a possible 2,485 pairs are
indistinguishable. These samples were then compared by microscopy and
two additional pairs on the 23 were discriminated. SEM-EDX distinguished
between an additional 5 pairs; leaving 16 pairs undifferentiated. Finally,
paints still indistinguishable were compared by pyrolysis gas
chromatography giving a final 14 indistinguishable pairs. The discriminating
power for the combination of the four techniques was 99.4 percent. This
study underlines that good discrimination capability is obtained for the
analysis of black household spray paints using a classical analytical
scheme.

An important study has been done by 11 laboratories of the European
Network of Forensic Science Institute (ENFSI) Paint and Glass working
Group to determine some batch-to-batch variations in spray paints [165].
This question can help forensic expert when evaluating the chance of
matching between two distinct batches when he is confronted with
undifferentiated paint samples. The study concerns four color groups
(black, white, red and papaya) and includes seven analytical techniques
(optical microscopy, FTIR, Raman spectroscopy, Pyr-GC/MS, elemental
analysis and MSP). In a first step, each laboratory has compared the data
visually. Additionally, spectroscopic data (MSP, FTIR and Raman) have
been compared by chemometric analysis. The results also include
calculation of discriminating power of the techniques. Differences between
batches of colored samples are principally detected by methods that give
information on pigment composition (optical microscopy, Raman
spectroscopy, MSP). FTIR is more adapted to discriminate white samples,
detecting changes in binder composition. Black samples are not easily
differentiated. Pyr-GC/MS was the only way to provide some difference
between these last samples.

The FBI reports a big study focused on architectural paint samples
randomly collected in the United States and Canada. The samples are
analyzed by stereomicroscopy, FTIR, SEM with both backscatter electron
imaging (BSI) and energy dispersive spectroscopy (EDS), and Pyr-GC/MS
[164]. A table summarizes the level of discrimination achieved subsequent
to each method that was utilized. At the end, no random pairs of samples
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remained indistinguishable thanks to the combination of all classical
techniques. The results underline the strength of stereomicroscopic
examination. Actually, for the off-white group of samples, the discrimination
power was 99,86 % following microscopic examination alone.

Stone et al. use UV-MSP for the comparison of clearcoat paints in
combination with stereomicroscopy and FTIR [167]. Their works focuses on
the degradation of UV absorbers in clearcoats due to exposure to the
environment. The selected samples come from vehicles from the same
manufacturing plant, with the same paint color but of different model years
(from 2000 to 2008). They underline the fact that there exists a UV
absorption gradient in function of the depth to the surface. As already
mentioned earlier by Liszewski et al. [147], false distinction can be made
between a questioned and a known sample if UV spectra are not recorded
at the same layer depth. More work is necessary to check the
reproducibility of the results.

Lv et al. take another direction to paint discrimination based on Infrared and
Raman spectroscopy [168]. They propose to investigate different kinds of
clay such as kaolin and bentonite. For each kind of clay, characteristic
peaks are noted. For example, they are able to discriminate between kaolin
and another clay (not specified) based on paint Raman spectra in the 3000
— 4000 cm™' region. However, their study is very limited (3 clays and few
paint samples) and deserves to be extended.

3.4 Imaging

Imaging is widely used by scientists since many vyears, principally in
medicine and biology. The first techniques developed only give visual
information of the object (optical microscopy, scanning electron
microscope...). Chemical imaging, that includes additional elemental or
molecular information, has become a powerful tool for generating detailed
chemical images based on the point-by-point mapping of a sample.

We note that, during this review period, Imaging is more and more used by
forensic scientists for paint analysis, particularly for detecting additional
layers of a multilayer coating that are not visible under optical microscope.

3.4.1 Molecular imaging

Zieba-Palus et al. use Raman imaging to differentiate additional layers of a
multilayer automotive coating that are not visible under the optical
microscope because they have the same color. The layers differ only in
terms of chemical composition. Additionally, Raman imaging can give data
on the distribution of pigments of a particular paint layer [155]. Stewart et al.
also used Raman imaging to chemically map a cross-section of a multilayer
white household paint chip by lateral scanning Raman spectroscopy [169].
In this feasibility study, the authors treat the homogeneity of the individual
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layers, the influence of degradation over time, and the optimization of
Raman parameters. They also show that, due to diffuse scattering, there is
no sudden transition from one paint layer to another in the sequence of
spectra. The boundary regions give several spectra that have
characteristics of both paints. However, this typically occurs over length
dimensions much smaller than the paint layers. Further work of these
authors will involve examination of samples representative of multilayer
white paint casework.

Two groups present Attenuated Total Reflection Fourier Transform Infrared
(ATR-FTIR) spectroscopy to obtain chemical images of multi-layered paint
cross section. Joseph et al. [170] illustrate the potential of Macro-ATR-FTIR
with the study of the paint cross section of three historic samples, while
Sloggett et al. [171] illustrate the potential of micro-ATR-FTIR coupled to a
synchrotron IR source in a study of a paint cross-section of an exterior
household paint. The high spatial resolution of the last system (5 pm)
emphasizes the pigment distribution inhomogeneity in a paint layer.
Unfortunately, this kind of technique is not easily accessible to forensic
laboratory and so it is very difficult to transpose this method in current
expertise. Joseph et al. obtain a spatial resolution of about 15 ym which is
also good results, and the macro-ATR-FTIR being much more available for
forensic experts. Inorganic compounds and organic substances are
characterized and localized within a paint layer.

3.4.2 Elemental imaging

Nakamo et al. present the recently developed confocal y-XRF techniques
combined with polycapillary X-ray lenses that enables elemental depth
profiling and mapping images. They apply this technics to the analysis of
three kinds of automotive paint fragments [163]. The instrument allows for a
nondestructive elemental analysis of the sample in 3 dimensions with a
spatial resolution of 10 um. The data obtained on the 3 paint flakes are
compared to those obtained by conventional u-XRF of cross-section of the
paint flakes. The results are in good agreement except for light elements
such potassium and sulfur. These elements are not detected by confocal p-
XRF because the XRF intensity from the low-Z element is strongly
absorbed by the sample. De Nolf et al. propose the combination of
microscopic X-ray fluorescence and microscopic X-ray diffraction for the
tomography of an automotive paint flakes. The advantage of this
combination is the possibility to determine the elemental and crystal-phase
content of each layer of a paint flake without physically sectioning the
questioned sample [162]. They give an example of the data obtained for a
paint flake originating from a VW Passat car. The paint flake is
characterized by eight layers of different chemical composition relating to
the inorganic components of the paint. We also suggest the reading of an
article coming from the art field expertise. The authors achieved the
elemental mapping of a painting with high definition (large area, high spatial
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resolution) thanks to XRF microscopy using synchrotron radiation [172].
The method has the ability to reveal metal distribution in the pigments in
spite of the presence of the highly X-ray absorptive lead white paint used by
the artist. For a complement information about XRF imaging we suggest the
review done by Janssen el al [173]. The authors present an overview of the
instrumental and methodological improvements of the Micro X-ray
fluorescence technics and compare it to other microanalytical methods.
Authors propose some examples as the investigation of cultural heritage
materials or the investigation of industrial materials such as the
characterization of car paint multilayer systems.

Edelman et al. review the hyperspectral imaging instrumentation (HSI).
This is a method that combines conventional imaging and spectroscopy to
obtain both spatial and spectral information from a sample [174]. Like
spectroscopy, HSI can be applied in different parts of the electromagnetic
spectrum such as ultraviolet (UV), visible (Vis), near infrared (NIR), mid
infrared (IR) ant the thermal infrared range. HSI makes comparisons of
different specimens easier and reduces the analysis time. The potential of
HSI has been compared to point measurements performed with traditional
spectrometers. The benefit of HSI in forensic science is principally the
detection of latent fingermarks. However, Edelman also reported the
analysis of paint samples done by Flynn with such techniques [175].

K. Macuchova et al. propose a special device for non-destructive
examination of forensic samples by enabling simultaneous visualization of
examined samples and their spectroscopic measurement in visible and UV
light [176]. The instrument is specified for the color characterization of an
object as well by visual as by spectroscopic measurements. This device
can image a sample using an optical imaging system, the image can be
digitally processed and in parallel the reflected light in the integrating
sphere enters an optical fiber that brings the light to the aperture of the
spectrometer for recording the spectrum. The device has been applied to
various samples as sea shore sand, gem and solid paint samples. The
authors mention that tests demonstrated the ability of the device to meet
requirements with sufficient precision and reliability but without additional
comments. They do not give additional information of what they exactly
checked. A drawback is that spectroscopic measurements seem to be done
only in reflected mode which has limitation due to surface features and
illumination angle.

3.5 Artwork

The field of art paint has similar criteria to those required by the forensic
expert. Due to conservation ethics, there is a need for noninvasive methods
or methods that can be applied to very low amounts of material sampled
from the artwork. This is the reason why forensic paint examiners must be
attentive to this area of research as the methods can be applied to forensic
samples. However, the approach done in the art field is quite different from

155



that in the forensic field. The authors often focus on a specific artwork and
combine several techniques in order to obtain a fully characterization of the
pigments and/or binder and/or additive in the object [177-180]. Their aim is
to provide information about the authenticity of a paint or to provide support
to the restoration of a piece of art.

Two major trends dominate this field in the last three years: the use of
Raman spectroscopy (including SERS) to identify artists’ pigments [152,
177-179, 181-185] and the analysis of proteinaceous and lipid binders by
various techniques.

The first trend can be completed by the review of Berrie concerning the
history of analysis of artists’ pigment [186]. This review provides an
overview of the analytical methods widely used in this area of expertise and
focuses on application to art paints.

The second trend is of great importance in the field of cultural heritage
where paint binders are of animal or vegetable origin. Liuveras presents a
new extraction procedure for the simultaneous characterization of
glycerolipids, natural waxes, and proteinaceous, resinous and
polysaccharide materials by GC-MS [187]. Miguel et al. use FTIR combined
with chemometric tools for the characterization of medieval paints [188].
Van der Werf propose a simple protocol, based on Bligh-dyer extraction
folowed by MALDI-TOF-MS analysis for the analysis of a 15" century
Italian panel painting [189]. This method allows also the simultaneous
extraction of lipids and protein in pigmented paint layers. Sandu reviews
optical microscopy of cross sections, including fluorescence and staining
techniques, for investigating natural organic materials in paints [190]. The
principle is the use of dyes able to form colored compounds with organic
materials, such as proteins, polysaccharides, resins and oils based on the
interaction with specific functional groups and/or on the characterization of
specific properties of chemical functions of these materials. He lists and
explains the most reported stains and their preparation together with the
specific positive responses for organic paint material.

Finally, Targowski et al. propose an alternative to the traditional method to
reveal the stratigraphy of easel paintings [191]. The traditional method is to
collect a small sample, embed it in resin, and then analyze its cross section
by microscope. The alternative method proposed is Optical Coherence
Tomography (OCT), and comes from diagnostic medicine. Infrared radiation
penetrates the paint and is partially reflected at interfaces of layers of
different refractive indices, or sometimes scattered from sites of
inhomogeneity in its structure. Returning light is collected and the time of
propagation from the given depth of the structure is determined thus
providing a measurement of the optical path to this structure. It is a
noninvasive, noncontact method of optical sectioning of partially
transparent objects, with micrometer-level axial resolution.

156



3.6 Various

3.6.1 Clearcoat degradation/modification

In the previous Interpol review, an article was cited treating the interaction
of the basecoat and clearcoat within a refinish system. The data showed
evidence of strong interaction between the clearcoat with the basecoat. In a
new study by Maric et al. the migration of melamine and low molecular
weight organic pigment from the basecoat to the clearcoat of some Mazda
vehicles was confirmed [192]. They wused synchrotron FTIR
microspectroscopy to map paint sections in transmission mode using X-Y
step size of 2.5 ym. The images obtained clearly show a significant
decrease in melamine abundance in the clearcoat going from the basecoat
to the surface. The consequence of these results can be extremely
significant as they can affect the analysis and characterization of paint
layers especially when multivariate statistics are used to compare samples
of when searching a database [149]. However, the authors noted that they
only observed this phenomenon with Mazda vehicles painted with the newly
developed “wet paint system” which is a one-step baking and drying
method consisting of the successive application of the primer surfacer,
basecoat and clearcoat all whilst wet. This technology was initially
developed by Mazda but will be used by other manufacturers in the future.

Yari et al. conducted an interesting study about the mechanism of
degradation of a typical automotive clearcoats (acrylic melamine clearcoat)
by bird droppings [127]. The study shows that in addition to humidity and
sunlight, various biological substances such as bird droppings can have an
impact on the appearance of a car body due to the degradation of the
clearcoat. This etching is the result of an enzyme-catalyzed hydrolytic
degradation of ether and ester bonds. This information is interesting for the
forensic expert comparing chemical comparison of automotive samples.
Actually, this degradation has consequences on the FTIR spectra (carbonyl
bands and etheric bands) and on SEM-EDX spectra where additional peaks
of Na, K, Ca, Mg and CIl are detected from the degraded part of the
clearcoat. These elements are present in bird droppings.

3.6.2 Pigment identification

Since the development of Raman spectroscopy, this technics is particularly
used for pigment identification in paints or other objects. However,
scientists try to develop alternative techniques to achieve this work.

Lomax presents the diffraction pattern for over 200 synthetic organic
pigments [193]. While organic pigments are generally poorer diffractors of
X-Rays than mineral pigments, this study shows that many of the pigments
have distinctive diffraction pattern, including pigment within the same class.
Lomax shows also many pigments which have very similar infrared spectra
are easily differentiated by this technique. X-ray diffraction can also help to
distinguish polymorphs of pigments especially copper phthalocyanine a and
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B form and quinacridone (B and y forms). However, when the method is
applied to commercial artists’ paints, it is quiet more difficult [160]. Actually,
in this case, the diffraction pattern of the pigment is not necessary detected.
Depending of the binder, the results are more or less interesting. The best
result is obtained with acrylic and alkyd binders, where the pigments could
be identified in more than half of the samples examined. In the other cases,
the problem comes from the low amount of pigment in the paint or the
presence of high filler or extender contents. Moreover, in case of mixtures
of pigment, not all pigments are detected. While FTIR is currently used to
characterize binders in paint, Von Aderkas et al. used Fourier-Transform
PhotoAcoustic Infrared Spectroscopy (PAS), a variant of the classical FTIR
method, to analyze 12 inorganic pigments commonly used by artists today
[194]. The paper presents the PAS spectra of the 12 inorganic pigments
selected for the study with the aim to build a database. The identification of
pigments was previously confirmed by Raman spectroscopy. While the
approach is original, the authors do not test their method on paint samples
whose binder can complicate the detection of pigment by PAS.

Russell et al. use Pyr-GC/MS for the identification of synthetic organic
pigments currently found in modern paintings [195]. They start with the
analysis of pure pigments and study the fragmentation patterns that help
the chemist in classifying pigments by class. They report pyrolysis products
of 70 organic pigments including diazo pigments and phthalocyanine
pigments. Many fragments are produced by more than one pigment but the
combination of pyrolysis products will allow most pigments to be uniquely
identified. However, the application of this method to paint samples is quite
complex because of the presence of binder signals masking those of the
pigments in low concentration. In this case, pigment must be separated
using dichloromethane. The method is long and quite complex compared to
FTIR and Raman spectroscopy. It could be interesting to compare these
methods to better understand the contribution of Pyr-GC/MS for pigment
identification.

3.6.3 Paint and fire

Robert et al. studied the modification of the infrared spectra of paints
subject to a gradual warm-up with the aim of correlating the heating
temperature to the spectral changes of the paint samples [196].
Consequently, this article is more addressed to fire investigation. However,
forensic paint scientists could be confronted with the comparison of a
reference paint to a burned paint (for example car on fire). In a first
conclusion, the authors state that:

- The loss of (C=0) absorption indicates T > 300°C

- Appearance of water bands on cooling indicates T > 500°C, with
intense water bands indicating a temperature closer to 700°C.

- In clay-based paints, changes to (Si—O) bands indicate T > 700°C.
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- In CaCOgs-containing paints, loss of (COs3) bands indicates T > 950°C.

However, as explained by the authors, the article is of a preliminary nature.
Before obtain good conclusion and a trend, much wider range of paints and
on various surfaces are needed. Repeatability and reproducibility must also
be checked and other parameters as for example the influence of smoke in
addition to heat.

3.6.4 Polystyrene characterization

Yang et al. focus their study on the development, optimization and
validation of a method to quantify polystyrene in paint by Pyr-GC/MS with
the aim of enhancing the evidential value obtained from other techniques
like FTIR in the case of very similar paints [197]. The quantification of
Polystyrene resin is based on the production of styrene monomer. Their
optimized method yields more than 99 % of styrene monomer. The authors
however illustrate this only on three samples and they do not state its
contribution with respect to the FTIR method.

4  Interpretation

In the previous Interpol review, the FBI laboratory insisted on the need for
better standardization of definitions across laboratories in report writing,
interpretation of results, and significance assessments. Unfortunately,
literature on paint interpretation is rather rare in comparison to other trace
evidence like fibers or glass. Paint interpretation is often based on the
frequency of occurrence of the measured characteristics to define if these
characteristics are common or rare. These data are sufficient if paint
examiners work on source level hypotheses [2]. Additional data have to be
taken into account if paint examiners want to work on the activity level, like
transfer, persistence and background parameters. Muehlethaler et al. and
Bender developed this point in their respective article published in the
second edition of the Encyclopedia of Forensic Sciences [6, 7]. They
particularly focus on the importance of building appropriate databases and
or reference materials for interpreting the results.

4.1 Population studies

Since 2010 only the study of the FBI laboratory was published on this issue.
The study involved analysis of architectural paint samples from homes,
offices or others buildings. They collected about one thousand samples in
the United states (34 states) and Canada. Multiple samples from a location
are included and no specification were given with regard to the substrate
(wall, door, window) [164]. The aim was to determine the discriminative
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power of a classical sequence of examination (FTIR — microscopy —
SEM/EDX and Pyr-GC/MS) but also to determine if any random matches
were possible. Actually, the final 11 undifferentiated pairs (the total number
of comparison pairs possible is 464,166) proved to originate from the same
source.

4.2  Transfer, persistence and background

We have not found studies on the transfer and persistence of paint flakes
during this review period. Muehlethaler et al. specify that phenomena of
paint transfer are not fully understood, especially the transfer of vehicle
paint. Transfer mechanism is very important and dry paint is normally
transferred by direct contact and if sufficient force is involved because paint
is designed to bind strongly to its substrate. The case of wet paint is quite
different. Paint can be transferred by direct contact as well as by splashing
or spraying. For example, spray paint droplets can drift during spraying onto
nearby surfaces like shoes, clothes or the skin of the person who makes
“graffiti”[6].

An interesting study was done by Moore et al. to determine the background
level of paint flakes on the clothing of persons suspected of involvement in
crime [198]. The aim is to determine how likely paint flakes of a certain
color and layer sequence will be found at random on an item of clothing.
They focused their study on 100 garments submitted for casework
examination of other particulate type. The presence of paint flakes was
recorded separately for the surface and the pockets of each garment. The
flakes were characterized regarding their size, color and layer sequence.
The authors summarize the data by several distribution studies like number
of paint flakes on garments, distribution on the garments, size distribution,
color distribution, numbers of layers. However no information is given
regarding the similarity of paint flakes coming from the same garment. They
compare their results to a previous study done in 1971 by Pearson [199]. It
would be interesting to compare these results to the result coming from
persons not involved in a crime.

5 Casereports

We have only found two significant caseworks to expose here during this
review period.

The FBI laboratory presents a case in which the Paint Data Query database
(PDQ), automotive paint supplier contacts and refinish color pages and
internet were used as resources to provide information in a make-model-
year investigative automotive paint examination. The case was a hit-and-
run fatality involving a motorcycle and a “blue car” as described by the
contributing agency [200]. The authors clearly explain the approach to
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finally propose a Volvo 850, S70, V70 models car coming from the
Belgium/Ghent manufacturing site and produced between 1993 and 1998.
The author underlines information available from internet is plentiful and
can supplement information from other resources to aid in developing
investigative lead information.

Schrag et al. report a non-common case. In accidents involving
pedestrians, we always look for paint transfer from the vehicle to the victim.
In this case however, the deposit of make-up particles from the pedestrian
onto the vehicle impact zone was considered . The presence of make-up on
the upper part of the truck’s front panel was the only way to check the
testimony of the truck driver and the witnesses because of autopsy
revealed extensive mutilations making it impossible to give information
about the pedestrian’s position at the moment of the first impact [201].
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1 Introduction

This report should t be considered a ‘follow-on’ from that produced by the
author [1] in 2010 as it catalogues the research, and other activity relating
to the forensic examination of fibres since the 16™ INTERPOL Forensic
Science Symposium held in Lyon, October 2010. This report consists of a
literature review of published articles in forensic science journals, as well as
the results of research and other activities reported by the proceedings of
various working groups between May 2010 and June 2013. It also contains
references from other sources such as the internet.

The articles in this report have not been cited in chronological order as it
was felt it more appropriate to group these according to ‘theme’.

2 General

As in previous reports by the author, the European Fibre Group (EFG) of
the European Network of Forensic Science Institutes (ENFSI), the Fibre
subgroup of the Scientific Working Group for Materials Analysis (SWGMAT)
led by the FBI, and the healthy collaboration between the Australian
Federal Police and academic institutions, continue to be the main drivers in
promoting, developing and conducting research in this evidence type
worldwide. Many of the citations in this document originate from the
activities of these groups and/ or their members.

Europe

The EFG remains committed to disseminating best practice and over the
last 3 years members have delivered workshops and presentations at a
variety of meetings and symposia.

The revisions to the EFG Fibre Examination Guidelines — Manual of Best
Practice document (originally published in 1998) were completed in 2012.
This document is available on request.

The results of a pan-European target fibre study initiated by the group in
2011 are presently being collated [18].

Representatives from working groups in the USA and Australia continue to
attend meetings. In 2012, a representative from the Asian Forensic
Sciences Network joined also the group.

In 2011, the ENFSI hair working group was merged with the EFG and as a

consequence, the working group name was changed to The European
Textile and Hair Group (ETHG), for the sake of clarity.
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The last two years have seen the closure by the UK government of the
Forensic Science Service (FSS) of England and Wales, leaving the
provision of forensic science wholly within the private sector in these
countries. Given that the FSS at its peak was arguably the most proliferate
source of research and development in all aspects of forensic science, its
demise is a cause of concern not only within the UK but globally.

At the time of writing, the main commercial forensic science providers in the
UK are enduring smaller and smaller profit margins and not surprisingly,
engaging in areas of research unlikely to confer a commercial advantage to
them (but nevertheless of value to practitioners and the criminal justice
system), appear to be very low or non-existent in their list of priorities.

Despite recommendations by a UK government report for the funding of
research and development in forensic science to be prioritised by research
councils, almost two years later, this has yet to come to pass.

With the present state of the global economy and the austerity measures in
place in many countries, difficulties encountered in obtaining funding for
research is an issue not likely to be confined to the UK.

USA

Koch [2, 3] provided an update on the activities of the SWGMAT fibre
subgroup. This group has been working on updating the chapters of the
fibre guidelines and the most recent chapter updates have been posted on
their website [4].

Additionally, the fibre sub-group has created an admissibility presentation
for fibre examiners facing court hearings on the admissibility of fibre
examinations which is also posted on their website. A companion
document is currently being worked on with supporting references.

The 2009 National Academy of Science (NAS) report on forensic science:
Strengthening Forensic Science in the United States [5] causes the forensic
community to take a closer look at current practices, and seek ways to
improve the scientific foundation of forensic analysis.

The White House Office of Science and Technology initiated Interagency
Working Groups (IWG's) to look at the field of forensics and offer
suggestions to improve the varied disciplines found in forensic laboratories
within the United States. The SWGMAT fibre group prepared a response to
the questions posed by the IWG for Standards and Technology and that
response and bibliography is again posted on the SWGMAT website.
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Based on the NAS and IWG reports, SWGMAT along with many of the
specialist working groups for other forensic disciplines will be shifted to fall
under the jurisdiction of NIST - the National Institute of Standards and
Technology.  SWGMAT will continue to work to provide guidance
documents and has the next meeting scheduled for September 2013.

At the present time, interpretation reporting is a big focus in the US and
there are some labs that include a scale for their report findings and others
that prefer a descriptive interpretation section. Accordingly, the FBI trace
evidence unit has a section that discusses transfer and persistence in their
reports, as well as limitations to fibre associations due to their
manufactured nature.

Australia and New Zealand

Roux [6, 7] reported on the situation in Australia and New Zealand and
outlined the various forensic groups e.g. ANZFSS [8], and discussed the
NIFS innovation strategy. This has involved surveying laboratories to
identify the current status and identifying what was emerging. This exercise
identified a lack of funds, lack of research skills, etc.

A “forensic standards development” project is being developed, as there
are currently no mandatory defined standards for forensic science in
general in these countries.

There are a number of proposals relating to reporting structures/ formats
presently under discussion, amongst which is the adoption reporting of a
Bayesian system similar to that applied in Europe.

Representatives from the University of Canberra, University of Technology,
Sydney and the Australian Federal Police formed a fibres and textiles
research group in 2013. At the first meeting the gaps and future needs for
fibre and textile research in forensic science were discussed and several
areas of possible focus were identified. These included, but were not limited
to;

* Research on environmental impact on textiles and fibres from macro
aspects to ultra-trace analysis

* Understanding background fibre populations and how these may
play a more important role for intelligence

» Transfer and persistence especially on footwear
* Improving the evidential value of fibres

» Textile damage
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* Improved analytical approaches, including a rethinking about the role
of Pyrolysis GC-MS
e Continuing work on Raman spectroscopy for dyes and dye

classification
Asia

Lim [9] provided a summary of the Asian Forensic Sciences Network
(AFSN), the Asian equivalent of ENFSI which has been running for about
3—4 years, which has a trace evidence working group (TEWG) comprising
36 members from 8 Asian countries and 10 organisations [10]. The aims of
this group are to;

* Promote the use of trace evidence
* Develop best practices, quality assurance and guidance documents

* Foster research and development, and collaborations among

member institutes and with other networks

The TEWG completed a review “Tracking standards and trends in trace
evidence”. A summary of this article has been published in the 2nd issue of
Forensic Asia (2010). Review focused on: current state of trace evidence,
standards and guidelines, evidence interpretation and evaluation,
technology and manufacturing trends, as well as education and training.

Within this working group a fibres/textile damage sub-group was formed in
November 2012.

Colleagues in the various working groups continue to collaborate and

representatives from each group attend the annual meeting of those of the
others.

3 Case Reports

As in the 2007- 2010 report [1], there have been numerous instances where
fibre evidence has proved crucial in the investigation of complex major
inquiries, and/ or added value to other evidence types employed.

Karoly [11] reported on an alleged rape of a young girl after she left a
nightclub.
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12 blue cotton fibres and 15 black cotton fibres were found on her
underpants, which matched with the cotton fibres of the suspect’s blue
jeans and T-shirt. A further 15 blue cotton fibres and 10 black cotton fibres
were recovered from the inside of the victim’s trousers also matching the
suspect’s blue jeans and the suspect’s T-shirt. The victim’s underpants and
trousers had no shedding potential.

These findings were disputed by the suspect who claimed they must have
been as a consequence of secondary transfer; “We only talked for a while
and danced together. | never grabbed her or forced her on the floor. | didn’t
rape her. Matched fibres probably transferred from my hand to her hand by
handshake and than from her hands to her underpants.”

The secondary transfer scenario was tested at the laboratory using 40
experiments involving the actual donor garments. None of these
experiments resulted in a secondary transfer of fibres near the magnitude
of that observed in the results of the casework examination. These findings
therefore supported the victim’s version of events rather than those of the
suspect.

Nehse [12] described a double homicide where fibre evidence
complemented that of DNA evidence. DNA evidence was found linking the
suspect to one of the victims, and fibre evidence providing a link to the
other victim. The case demonstrates the value of a holistic approach to
casework examination and evidence recovery in providing effective
outcomes.

A case involving the examination of textile fibres recovered during the
exhumation of a corpse was described by Was-Gubala [13].

The analysis and identification of textiles recovered during the exhumation
of a corpse, as well as investigations into the causes of the textile damage,
are potentially helpful in determining the circumstances surrounding the
death of the individual.

Temperature, moisture and a biological activity of the soil in graves are
important factors in the evaluation of the potential degradation of buried
textiles fibres over time.

In some cases, degradation of textiles is so minimal, that a comprehensive
analysis is constituent fibres is possible. One example of such a case, was
the results of the examination of clothing secured during the opening of the
sarcophagus of General Wladyslaw Sikorski, the Prime Minister of the
Polish government in exile during the World War II.

This was carried out in order to help determine the cause and
circumstances of his death. In addition, other multifaceted examinations of
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the body were performed: an x-ray computed tomography, medical studies;
a determination of the mitochondrial DNA profile; anthropological
examinations of the deceased’s facial appearance (freehand and computer
drawing), detection of organic or inorganic toxins in the organs.

This example illustrated the usefulness and limitations of similar research in
the future.

4  Textile/Fibre damage

In the second of a two part study, Was-Gubala [14] studied the colour
changes in several types of textiles due to the long-term effects of exposure
to laundry detergents. A 14-day study was carried out using blue, red, and
grey/black cotton, wool, acrylic and polyester textiles.

The spectrophotometric measurement of colour changes in fabric samples
and test solutions, as well as the microspectrophotometric analysis of
colour changes in single fibres were described. An evaluation of the
observed colour changes from a forensic fibre analysis expert's point of
view, as well as that of an average user/consumer of the textiles and
laundry detergents is also provided.

The results presented from this investigation of the effects of detergent
solutions on various textile products can also be used to predict colour
changes that may occur when laundering in a domestic situation.

A study on the effect of ionising gamma radiation on natural and synthetic
fibres and its implication for forensic examinations was carried out by
Colella et al [15].

The effect of exposure to 1-1000 kGy radiation doses in natural and
synthetic fibres was noticeable using comparative forensic examination
methods, such as optical microscopy, microspectrophotometry, and thin-
layer chromatography. Fourier transform infrared spectroscopy analysis
showed no signs of radiation-induced chemical changes in any of the fibre
structures.

The outcome of the comparative methods highlighted the risk of “false
negatives” associated in comparing colours of recovered fibres that may
have been exposed to unknown radiation doses.

Consideration of such results supports the requirement to know the context,

including the environmental conditions, as much as possible before
undertaking forensic fibre examinations.
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An ongoing study into the effect and identification of unknown chemicals in
cases of textile damage was described by Morison et al [16].

The aims and goals of this study were to; identify any discriminating visual
or analytical features of the damage caused to the fabrics and dyes which
may identify the reagent and to identify any traces of the reagent still
present on the fabric. A number of corrosive reagents, chosen from
casework history as well as ease of retail access to the general public, were
dripped onto various textile fabrics and allowed to dry undisturbed.

The fabrics were then sampled at intervals of 30 min, 2 hours, 1 day, 3
days, 1 week, 2 weeks, 1 month, 2 months and 4 months. Visual
examinations, microscopy, microspectroscopy, FT-IR, IC, SEM imaging,
SEM-EDX were carried out and the damage features for a given reagent/
textile fabric were noted.

This study is continuing, using more reagents, longer exposure times and
further instrumental analysis.

Krauss [17] described a number of unusual fibre plastic fusion marks
encountered in casework.

The increased use of modern occupant restraint systems in cars (airbag,
safety belt tensioners, and safety belt buckle tensioners) has meant that the
number of cases involving the investigation of fibre plastic fusion marks
decreased considerably within the last years.

Nevertheless, this particular approach to the investigation of road traffic
incidents is still highly probative. Some of the more unusual marks
encountered in recent casework included;

* Fibre plastic fusing marks on left front car door panelling. The
embedded fibre material originated from the driver’s seat cover.

» Fibre plastic fusion marks and fabric impressions were found on the
seat bench of a motorcycle.

* Smeared acrylic fibres of a jumper were found on the windscreen of
a roadster.

 Smeared polypropylene material from the safety belt buckle was

found on the safety belt.
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5 Significance of evidence

Whilst there can be no doubt that the development of new analytical
techniques and methodologies are an extremely important aspect of fibre
evidence, even the most sensitive discriminating analytical technique is
rendered ineffective if its results cannot be applied to answer specific case
work related questions.

Over the last 3 years, the use of a Bayesian approach to casework
assessment and interpretation continues to be used in Europe and there
are signs that similar approaches are beginning to be employed in the USA
and the Antipodes [2,3,6,7].

Over the last 3 years, work has continued to provide data which assists the
practitioner (and the courts) in evaluating the results of analysis —
particularly when a Bayesian approach is employed.

Much of this work cited in this section has been directly driven through
questions arising from operational casework.

Jochem [18] reported preliminary results for the pan-European target fibre
study carried out by members of the European fibres group in 2011-12.

This study involved 4 violet coloured target fibres (2 different cottons, 1
rayon and 1 PET). Participants were asked to recover extraneous fibres
from different areas/ garments at home, work or public places. The tapings
were then searched and any possible matches with the target fibres were
recovered and analysed. The results were then sent to the BKA for
collation. Reported matches are checked by the BKA.

The preliminary results indicate:

e Routine methods for fibre examination are sufficient for

discrimination in the vast majority of cases
e (Still) Highly unlikely to find matching fibres by chance

The results of a fibre population study using cinema seats and cars were
reported by Dufros et al [19]. The results of their study were compared to
that obtained from previous similar studies carried out in a variety of
countries and found to be broadly similar.

Coyle et al [20] published the results of a study examining the evidential
significance of car seat fibres. Thirty six samples of car seat fabric were
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examined and the fibres catalogued according to their morphology and
characteristics.

The majority of car seat fibres were black or grey thick polyester fibres that
were either dyed or pigmented. The MSP spectra produced were unlike
those usually obtained from black or grey polyester fibres used in clothing.

Tapings taken from car seats were examined for car seat fibres, various
types were found showing that these fibres are expected to shed from the
fabric albeit in low numbers, unless the vehicle is older.

No fibres that matched the samples of the car seat fabric were found on the
tapings of the car seats. One hundred garments were examined for car seat
fibres, 10% of garments had populations of such fibres present and 41%
had at least one car seat fibre present. None of these fibres matched the
samples of the car seat fabric or those from the car seat tapings.

Bennett et al [21] published a case study illustrating the importance and
significance of fibre transfer in homicide inquiries.

In April, 1995 the body of a young woman was found in a suburb of Sydney,
Australia. The body was fully clothed and bore a number of injuries to the
neck, face and fingers. There were no signs of sexual assault and she
appeared to have been strangled. The only physical evidence located at the
scene was a number of dark, coarse fibres adhering to the soles of her
shoes.

These fibres consisted of nine grey polypropylene, 12 blue polypropylene
and 50 black polyester fibres. The source of these fibres was found to be
the carpet of a 1991 Honda CRX that belonged to the suspect. Aimost all
other possible sources of these fibres were eliminated.

At trial, the source of the fibres was not disputed by the defence. Instead
the issue became how long these fibres had persisted on the shoe soles.

A number of experiments were conducted to investigate the factors
influencing the transfer and persistence of carpet fibres to shoe soles and
the results of these experiments became a critically important part of the
prosecution.

Palmer & Polwarth [22] carried out a study to investigate the persistence of
fibres on skin in an outdoor deposition crime scene scenario.

Textile fibres were transferred to pig skin carcasses and their persistence
determined at daily intervals for up to a 12 day period during which time the
carcass was left outdoors exposed to the prevailing weather conditions and
animal activity.
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In the absence of strong winds and precipitation, the loss of fibres was
found to be exponential. Stronger winds and heavier precipitation caused
an increase in the rate of loss of fibres.

The results of this study showed that the majority of fibres transferred to a
body deposited outdoors, can be expected to be lost after the first 2 days,
however, none of the experiments performed resulted in a complete loss of
fibres, even after 12 days exposure.

These persistence characteristics differed from those observed in a similar
study using small sections of skin, rather than carcasses. The implications
of the results of the present study in relation to the examination of fibre
evidence in cases of homicide are discussed.

CCTV and other camera surveillance systems are often useful in identifying
the perpetrator(s) of a crime by providing details of clothing (colour,
construction, labels/ logos etc.) worn at the time of the incident.

A study by Dillinger [23] demonstrated that different camera systems,
particularly those that operate in the infra-red range, can give misleading
information regarding the colour and other details of garments. The study
showed that the degree to which a camera system can mis-represent a
particular colour depends on the particular dyestuff employed and was
particularly evident with certain reactively dyed cotton fabrics.

The results show that where camera surveillance data is being considered
for intelligence purposes, caution must be employed when attempting to
ascertain the colour and other distinctive features of a perpetrators clothing.

De Wael et al [24] reported on the frequency of an unusual type of
polyester fibre encountered in blue denim garments. In a double murder
investigation, the victims were found after a prolonged stay in a drainage
canal. In spite of the expectations, fibre examination established a multitude
of primary and secondary transferred fibres.

One of these fibre types was a colourless polyester fibre possessing a blue
coloured molten fibre end. These matched one of the types present in the
suspect's blue denim trousers.

The aim of this study was to verify the rarity of this peculiar fibre type and
more precisely its presence in blue denim textiles.

Over five hundred different blue jeans textiles were examined and only one
of these presented exactly the same type. The comparison involved
microscopy, microspectrophotometry in the visible range and Raman
spectroscopy.
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The results indicated that this fibre type is extremely rare in a blue jeans
fabrics and that "standard" blue denim should not be disregarded in case
work.

An investigation into the he evidential value of fibres used in ‘high visibility’
work wear was carried out by Coyle et al [25].

This study investigated whether the finding of fluorescent fibres, typical of
those seen in high visibility (‘Hi-Vis’) work-wear, have any evidential
significance.

The study was performed by combining a colour block study (examining a
number of samples of ‘Hi-Vis’ work-wear and assessing the extent to which
they can be discriminated from each other), a population study (examining
tapings taken from the general public to assess the extent to which ‘Hi-Vis’
fibres are present on a person’s clothing at random) and a target fibre study
(examining tapings taken from the general public to assess whether there
are any fibres present that are microscopically and chemically
indistinguishable from an individual sample of ‘Hi-Vis’ clothing).

Two case studies are also presented involving the examination of ‘Hi-Vis’
fibres.

This study concludes that whilst it is possible to discriminate between
garments constructed from ‘Hi-Vis’ fabrics, there were instances where
significant numbers of samples were found to be indistinguishable from
each other.

On that basis, caution is recommended in the interpretation of findings
involving transfers from ‘Hi-Vis’ work-wear.

A study by Szewcow et al [26] investigated the influence of various factors
on the redistribution of extraneous fibres on garments during machine
washing.

Cotton T-shirts were seeded with known numbers of acrylic, wool and
viscose target fibres in controlled positions and laundered in top-and front-
loading machines, both individually and accompanied by undergarments.

The persistence of target fibres was low (generally <10%), but never zero.
Between 50% and 100% of recovered fibres were redistributed away from
the primary contact area. A secondary transfer of target fibres always
occurred to at least one undergarment, 90% of experiments resulting in
fibres transferred to the inside surface of the undergarments.

This implies that whilst valuable fibre evidence may be recovered from
garments after machine washing, the location/ distribution of recovered
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fibres should not be relied upon to corroborate alleged scenarios when it is
known or suspected that the garment under investigation has been
laundered.

Hellwig [27] investigated the effect of textile construction on the shedding
rate of knitwear. As a consequence of issues raised in casework, the
purpose of this project was to investigate the influence of basic textile
construction characteristics on the shedding rate of acrylic knitwear.

The construction of knitted garments is a very important factor affecting its
sheddability. The sheddability of basic knitting constructions (PJ, PR, PC,
Interlock, RHCS) is very different from that of complex knitting constructions
or ribbed garments.

Other factors that mainly influence the sheddability of knitwear garments
are:

» Construction of single yarn or twisted yarn
* Number of stitches per area

» Staple length of single textile fibres

The sheddability of damaged or heavily worn garments is very different
from that of new or undamaged garments.

The author points out that the results of this study only represent
experiments carried out under defined conditions and only for a few knitting
construction types. Nevertheless, it does provide information useful in
forming expectations of fibre transfers in casework.

An investigation into the evidential value of fibres on hands is currently
being carried out by Almazrooei et al [28]. The results of this study (to
date) show that it is not uncommon to find fibres on hands and that fibre
present tend to be extraneous rather than related to garments being worn
by the recipient.

The majority of fibres recovered have been found to be natural, with cotton
being the most predominant. Black-grey and blue cottons were the most
prevalent fibre type/ colour combinations. Approximately 50% of the man-
made fibres were delustred. Approximately 90% of the recovered fibres
were 3mm or less in length.

Deviterne-Lapeyre et al [29] presented some preliminary approaches/ data

from an ongoing study into the use of chemometric analysis in the forensic
discrimination of fibres.
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This study is principally concerned with using these statistical tools in an to
attempt to remove some of the subjectivity presently inherent in the
evaluation and comparison of microspectrophotometry spectra produced in
the forensic examination of textile fibres.

6 Instrumental Analysis

Over the past three years many institutions/ organisations have faced cuts
or other restraints to their budgets. Consequently the purchase of new
equipment or adoption of new methodologies involving a financial
implication has more than ever been the subject of cost-benefit analysis
scrutiny.

In addition, the economic situation has likely been a driver for making better
use of, or extending the scope of existing instrumentation.

The articles cited in this section provide information likely to be of
assistance in the above two scenarios.

De Wael et al [30-35] carried out a series of studies into the utility of
dichroism measurements in the forensic analysis and comparison of textile
fibres;

Part 1- Dyed polyester fibres

One hundred and twenty dyed polyester samples were examined with plane
polarized light on their dichroic behaviour by optical light microscopy (OLM)
and microspectrophotometry in the visible range (MSP Vis).

It was found that most of these disperse dyed polyester fibres possess a
strong dichroism, which fall into two broad categories. Either a decrease of
intensity (hypochromic effect) or a change of hue (hypsochromic or
bathochromic shift of absorption bands) is noted. These dichroic effects are
related to the orientation of the dye structure with respect to the polymer
chains.

Part 2 - Dyed polyamide, wool and silk fibres

A number of dyed polyamide, wool and silk samples were examined with
plane polarized light on their dichroic behavior by optical light microscopy
(OLM) and microspectrophotometry with plane polarized light (MSP-PPL).

It was found that most of these acid dyed peptidic fibres possess dichroism,
but these are weaker than the effects previously described for polyester
fibres. The small effects may be not observed, especially for wool, but
these can be measured using MSP-PPL.
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In the three peptidic fibre classes, for the first time, a so called “inverse
dichroism” is observed which appears in the absorption spectra as a
hyperchromic effect.

Part 3 - Dyed cotton and viscose fibres

A number of dyed cellulosic fibres were examined with plane polarized light
on their dichroic behavior by microscopy and microspectrophotometry
(MSP-PPL).

Significant dichroic effects (mostly hypochromic effects and hypsochromic
bands shifts) were reported. The effect is related to the chemical structure:
some dye structures always possess dichroism (azo, stilbene, thiazole and
oxazine), some dyes demonstrate sometimes dichroic effects
(anthraquinoid, indigoid) while other structures never demonstrate dichroic
effects (sulphur, diphenylmethanes, triarylmethanes, phthalocyanines).

In some cases a different dichroic behaviour was found for the same dyes
applied on cotton and on viscose.

Part 4 - Dyed acrylic and acetate fibres

A number of dyed acrylic and acetate fibre samples were examined with
plane polarized light on their dichroic behaviour by optical light microscopy
(OLM) and microspectrophotometry with plane polarized light (MSP-PPL).

It was found that most of these low birefringent fibres possess weak
dichroic effects that are often difficult to observe with microscopy. However,
using MSP-PPL, the linear dichroism could be measured.

A comparison between the dichroic effects found for the same disperse
dyes on triacetate (TrAc), diacetate (Ac), polyester (PES) and polyamide
(PA) shows that the linear dichroism follows the order: PA > PES > > TrAc,
Ac.

Part 5 - Pigmented fibres

A number of pigmented fibre samples were examined with plane polarized
light on their dichroic behaviour by optical light microscopy (OLM) and
microspectrophotometry with plane polarized light (MSP-PPL).

It was found that about half of the samples show a strong dichroic effect
and another 20% have a weak dichroism. Both regular (80%) and inversed
dichroic effects (20%) occur. The dichroic characteristics of pigmented
fibres can be compared to these of sheet polarizers.
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It is suggested that the dichroic behaviour of pigmented fibres depends
strongly on the crystal structure (shape of the pigment grains) and the draw
ratio (orientation of the polymer chains).

Part 6 — Validation and Practical aspects

This paper summarizes the results of previous work on the microscopic
observation of linear dichroism found in dyed fibres (polyesters,
polyamides, wool, silk, cotton, viscose, acrylics and acetates) and in
pigmented fibres as well as the measurements on these fibre classes using
microspectrophotometry with plane polarized light (MSP-PPL).

The validation of this method is discussed and a practical tool is proposed
for comparing fibre traces with control fibres using this method. The
limitations and strengths of this method are also discussed.

Research into the application of Raman spectroscopy to the forensic
examination of textile fibres has continued since the last review, with
members of the European Fibre Group being the most active in this area
[36-38]. Despite this research, adoption of this technique into the majority
of operational laboratories is still poor, possibly because it has still to
demonstrate substantial advantages over the combination of existing
techniques and in many respects has been shown to be complimentary;

Massonnet et al [36] carried out a study into the analysis and detection
limits of Raman spectroscopy and microspectrophotometry on reactively
dyed cotton fibres.

This collaborative study was carried out by members of the ENFSI
(European Network of Forensic Science Institutes) European Fibres Group
(EFG) on different dyed cotton fabrics. The detection limits of the two
methods were tested on two cotton sets with a dye concentration ranging
from 0.5 to 0.005% (w/w).

This survey shows that it is possible to detect the presence of dye in fibres
with concentrations below that detectable by the traditional methods of light
microscopy and microspectrophotometry (MSP). The MSP detection limit
for the dyes used in this study was found to be a concentration of 0.5%
(w/w). At this concentration, the fibres appear colourless with light
microscopy.

Raman spectroscopy clearly shows a higher potential to detect
concentrations of dyes as low as 0.05% for the yellow dye RY145 and
0.005% for the blue dye RB221. This detection limit was found to depend
both on the chemical composition of the dye itself and on the analytical
conditions, particularly the laser wavelength.
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Furthermore, analysis of binary mixtures of dyes showed that while the
minor dye was detected at 1.5% (w/w) (30% of the total dye concentration)
using microspectrophotometry, it was detected at a level as low as 0.05%
(w/w) (10% of the total dye concentration) using Raman spectroscopy.

This work also highlights the importance of a flexible Raman instrument
equipped with several lasers at different wavelengths for the analysis of
dyed fibres. The operator and the set up of the analytical conditions are
also of prime importance in order to obtain high quality spectra. Changing
the laser wavelength is important to detect different dyes in a mixture.

A study byYu et al [37] used principal component analysis and analysis of
variance to investigate the effect of ‘ENTELLAN NEW’ on the Raman
spectra of textile fibres.

During the forensic examination of textile fibres, fibres are usually mounted
on glass slides for visual inspection and identification under the
microscope. One method that has the capability to accurately identify single
textile fibres without subsequent demounting is Raman microspectroscopy.
The effect of the mountant Entellan New on the Raman spectra of fibres
was investigated to determine if it is suitable for fibre analysis. Raman
spectra of synthetic fibres mounted in three different ways were collected
and subjected to multivariate analysis.

Principal component analysis score plots revealed that while spectra from
different fibre classes formed distinct groups, fibres of the same class
formed a single group regardless of the mounting method. The spectra of
bare fibres and those mounted in Entellan New were found to be
statistically indistinguishable by analysis of variance calculations.

These results demonstrate that fibores mounted in Entellan New may be
identified directly by Raman microspectroscopy without further sample
preparation.

Zieba-Palus et al [38] investigated the use of micro-RAMAN spectroscopy
for the analysis of car paints and single textile fibres.

The aim of the study was to determine the degree of discrimination
between fibres coloured by defined chemical dye classes and to
differentiate between paint samples on the basis of pigment/dye content.

Samples of coloured cotton fibres and samples of green car paints were
examined. It was found that the majority of the obtained Raman spectra
provided information about the main dyes present in the sample. However,
in some cases fluorescence of the samples made dye identification
impossible.
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Spectral libraries for examined paint samples and single fibres were
created in order to facilitate quick recognition of similar forensic traces
using this analytical method.

A study by Lepot [39] considered the use of Raman spectroscopy in the
analysis of dye mixtures on cotton fibres.

Recent work has shown that Raman spectra of dyes depend on the
excitation laser wavelength used (resonance effects) and on the scattering
ability of the dye molecule itself. Both factors together with fluorescence
emission may affect the detection of a dye, especially within a mixture.

In order to obtain a better understanding of their Raman behaviour binary
mixtures at various ratios have been prepared using five known dyes
showing different scattering and fluorescent abilities. Their spectral features
at 514 and 785 nm highlights the complementarity of these two resonant
and non-resonant sources and the limitations of the Raman technique in
the detection of both major and minor components of a dye mixture.

Other investigations have been performed on binary and ternary known dye
mixtures on cotton fibres by Raman spectroscopy and MSP-Vis. The
combination of two laser sources leads in most cases to the detection of
both or two out of three dye components.

This Raman information reinforces clearly the confidence in MSP-Vis
results. Indeed the contribution of the minor dye component is sometimes
very small in the MSP spectrum and a visual inspection of the spectra in
addition to inhomogeneous dyeing on cotton may result in difficult
interpretation.

For these reasons Raman spectroscopy is a very convenient technique to
confirm or perhaps clarify MSP results, especially for fibre types with
common MSP spectra. Furthermore, MSP-Vis also showed some
limitations with very light or very dark coloured fibres whereas Raman
spectroscopy could still discriminate between fibre types.

The use of confocal Raman mapping in the analysis of bicomponent fibres
was described by Weimer et al [40, 41].

Bicomponent fibres, those composed of at least two polymer types, were
examined using Confocal Raman mapping to determine chemical
composition and cross-sectional shape.

Cross-sections were prepared for the bicomponent fibres of known
composition and compared to the Raman results. Confocal Raman
mapping provided chemical compositions and indications of cross-sectional
shape for bicomponent fibres without any sample preparation.
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For an accurate shape determination and/or comparison, however,
preparation of a cross-section is still recommended.

Johansson [42] reported on the methods of fibre cross sectioning used at
the Swedish National Laboratory of Forensic Science (SKL).

At the SKL, there was a requirement for a cross-sectional method
applicable to all fibre types. Two methods suitable for manual sectioning
were tested. The acetate sheet method was used for fibres other than
acetate and the polyethylene method was used for acetates and other
fibres with a melting point over approximately 140°C.

The methods employed hoped to achieve quality sections with the
microtome already available at the laboratory. The acetate and
polyethylene embeddings were thus cut perpendicular to the fibres and
placed in a special mould standing on double-sided tape, with the cut fibre
cross-sectional side down, to further embed the acetate/polyethylene in the
liquid plastic Technovit 2000 LC (mono- and difunctional methacrylate). A
microtome adapter was put on top. This "double embedding” was left to
cure for 10 min in an UV-chamber. Cross-sections (5-10 microns) were
made and straightened by being placed on a drop of water on a glass slide
and dried in an oven at 60°C for a few minutes. The sections were then
ready to be mounted in mounting media on the glass slide.

It was discovered that the polyethylene embeddings were too soft to stay in
the methacrylate embedding. Polypropylene was tested as an alternative
and was successfully used to further embed in methacrylate. Good quality
sections for acetates and other fibres with a melting point over
approximately 170°C were obtained. As a result, the laboratory now has a
combination of methods which, depending on the fibre types and the quality
needed in each specific case, give good cross-sections.

Markstrom et al [43] evaluated the use of a liquid crystal tunable filter
microspectrophotometer for obtaining visible absorbtion spectra from single
textile fibres.

Spectra obtained from this instrument compared well with results from a
conventional instrument. Some advantages include very fast and simple
sample preparation and easy comparison of multiple fibres at the same
time. Advantages over extraction-dependent methods include the fact that it
is applicable to extremely small sample size, not susceptible to artefacts
induced by variable extraction efficiencies, non-destructive, and much
easier. Because an immense amount of information is collected in one
experiment, good signal averaging is possible, along with multiple
comparisons for each data set.
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The addition of a camera, computer, and liquid crystal tunable filter can
transform a standard microscope into a microspectrophotometer capable of
performing similar work.

A method development for high-sensitivity analysis of acid dyes in nylon
fibres was investigated by Zhou et al [44] using time-of-flight-secondary ion
mass spectrometry.

As a minimally destructive technique for the determination of dyes in
finished fibres, it provides an important tool for crime scene and other
forensic investigations.

The analytical power and the minimal sample consumption of time-of-flight-
secondary ion mass spectrometric (TOF-SIMS) analysis provides the ability
to obtain definitive molecular and elemental information relevant to fibre
identification, including identification of dyes, from a very small volume of
sample. For both fibre surface analysis and, with the aid of cryomicrotomy,
fibre cross-section analysis, TOF-SIMS was used to identify various dyes in
finished textile fibres. The analysis of C.I. Acid Blue 25 in nylon is
presented as a representative example.

The molecular ion of C.I. Acid Blue 25 with lower than 3% on weight-of-fibre
(owf) dye loading cannot be identified on dyed nylon surfaces by TOF-SIMS
using a Bi(3)(+) primary ion beam. Sputtering with C (60)(+) provided the
ability to remove surface contamination as well as at least partially remove
Bi-induced damage, resulting in a greatly improved signal-to-noise ratio for
the Acid Blue 25 molecular ion.

The use of C(60)(+) for damage removal in a cyclic manner along with Bi
for data acquisition provided the ability to unambiguously identify Acid Blue
25 via its molecular ion at a concentration of 0.1% owf from both fibre
surfaces and cross sections.

The use of Terahertz Time Domain Spectroscopy for the identification of
cellulosic fibres with similar chemical composition was investigated by Yan
et al [45].

The distinct terahertz spectra of ramie and bamboo fibres were obtained by
means of terahertz time-domain spectroscopy. Numerical simulation for
glucose based on density functional theory has been performed to interpret
the observed THz features theoretically.

The results indicate that the intramolecular motions do make partial

contribution to experimental features of cellulosic fibres, but most of the
features are attributed to intermolecular modes.
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The investigation suggests that THz spectroscopy is a promising candidate
for distinguishing bamboo and ramie fibres, and this will open new prospect
to identify textile fibres especially those with similar chemical composition.

An Investigation into the provenance of un-dyed spun cotton fibres using
multi-isotope profiles and chemometric analysis , was carried out by Nic
Daeid et al [46].

The analysis of un-dyed spun cotton fibres can be challenging within a
forensic science context where discrimination of one fibre from another is of
importance.

Conventional microscopic and chemical analysis of these fibres is generally
unsuccessful because of their similar morphology.

This study explores the potential of isotope ratio mass spectrometry (IRMS)
as a tool for spun cotton fibre analysis in an attempt to reveal any
discriminatory information available.

Seven different batches of un-dyed spun cotton fibre from four different
countries were analysed. A combination of the hydrogen and oxygen
isotopic data facilitated the correct association of the samples,
demonstrating, for the first time, the applicability of IRMS to fibre analysis in
this way.

Kato et al [47] investigated the discrimination of white cotton fibres through
the detection of residual surfactants.

This study evaluated a new method for the discrimination of white cotton
fibore by the detection and comparison of residual surfactants from
detergents wusing liquid chromatography/electrospray ionization mass
spectrometry (LC/ESI-MS).

Twenty three brands of powder-type laundry detergents were collected from
10 manufacturers and used for the study. Standard samples of the
surfactants contained in the powdered laundry detergents were offered by
the manufacturers of raw materials for detergents.

A sample of a washed textile was prepared after washing a T-shirt (cotton
100%) with one of the detergents and drying it. The surfactants in a cotton
thread (5 mm in length) taken from the washed T-shirt were extracted into
30 mu | of methanol and analyzed by LC/ESI-MS. Analyses of surfactants
by LC/ESI-MS was also performed on a detergent itself after the extraction
of surfactants into methanol by mixing 400 mg of detergent and 8 ml of
methanol followed by centrifuge and subsequent dilution of supernatant 50
times by volume.
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The powder detergents could be classified into 14 groups on the basis of
the difference in the combination of 5 surfactants, polyoxyethylene alkyl
ether (POE), linear alkylbenzene sulfonate (LAS), Isulfonato fatty acid
methyl ester (ISF), alkylsulfuric ester (AS), and fatty acid (FAT).

Residual surfactants in the washed T-shirt could be detected using 5 mm
of thread. The patterns of residual surfactants were found to be similar to
those of the detergents except the absence of peaks for some surfactants
with relatively short alkyl chains. Mass chromatograms of POE's fragment
ion measured at m/z 133 and cone voltage of 50 V in the positive mode
allowed the simultaneous detection of POEs with a different length of alkyl
chain at a higher sensitivity than those obtained by measuring the
molecular ion of each POE at cone voltage of 20 V.

Comparison of residual surfactants patterns obtained by the present
method was significantly useful for the discrimination of white cotton fibres,
which were difficult to differentiate by the morphological characteristics,
when the fibres had originated from textiles washed by different detergents.

A method for the microscopic identification and sourcing of ancient
Egyptian plant fibres, using longitudinal cross section was described by
Borojevic et al [48].

The goal of this study was to design a simple and accurate method of
identifying archaeological plant fibre sources.

Twenty-two fibre samples from two sets of ancient Egyptian botanical
artefacts were examined under both a stereomicroscope and a compound
microscope, and compared to a large reference collection and to previously
published research.

By examining longitudinal thin sections of the ancient plant specimens,
plant fibres from the following species: Hyphaene thebeica , Cyperus
papyrus , Desmostachya bipinnata , Imperata cylindrica , Phragmites
australis and Linum usitatissimum were identified. The identification of
these plant fibres reveals essential information about the materials used for
producing ropes, baskets, sandals, mats and fabric.

The results of this study demonstrate the value of longitudinal thin
sectioning and light microscopy as a major means of identifying the source
material of botanical artefacts, and advance our knowledge of ancient
Egyptian plant exploitation as well as the associated technologies involved
in constructing these types of artefacts.

The identification of natural fibres using the ‘Herzog effect’ was described
by Hess [49]. This technique exploits the anisotropic behaviour of ‘S’ and ‘Z’
twist fibres which allows them to be differentiated using a first order
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(630nm) plate with polarising microscopy. A 3% solution of sodium
hydroxide improves/ enhances the effect making identification easier.

Hiroma et al [50] described the use of laser ablation ICP-MS for the use of
discriminating single PET fibres obtained from a variety of car trunk mats.

The purpose of this study was to establish a forensic analytical method for
the discrimination of samples of different origins. The analytical conditions
of LA-ICP-MS equipped with a 213 nm Nd : YAG laser were optimized to
analyze trace elements, such as Cu, Sb, and Ba at ppm levels.

A total of 31 samples produced by 7 car manufactures in Japan were used
for analysis. The concentrations of Li, Mg, Al, P, Ca, Ti, Co, Cu, Ge, Nb,
Sb, Ta, and Pb were successfully measured from a single fibre sample with
a diameter of ¢c. 20 mu m.

The study showed it was possible to discriminate all 31 samples based on
the analytical results of a single fibre by LA-ICP-MS combined with those of
FT-IR and SEM-EDS. LA-ICP-MS has good analytical sensitivity, and
requires a much shorter preparation time and a smaller sample size than
any other, conventional element analysis methods.

This study demonstrated for the first time that this method is practical,
useful tool for the forensic identification of a single car trunk mat fibres.

7 New Fibres

A summary of the optical characteristics of some ‘new/ modern’
biodegradable fibres now being increasingly used in various end products is
given by Brisko [51].

Fibres that are termed "eco-friendly" or "biodegradable" by manufacturers
are increasingly being used in textile products such as apparel and
carpeting to appeal to the ever more environmentally aware public. As
such, these modern fibres are expected to begin showing up more often in
forensic casework, and it is important that the forensic examiner recognize
them.

This study employed polarized light microscopy (PLM) and Fourier
transform infrared (FTIR) microspectroscopy to characterize selected fibres
of azlon, polylactic acid (PLA), cellulose composites of alginate or chitin,
and bamboo (viscose rayon).

Fibre cross-sections, refractive indices, melting points, solubilities, and
FTIR measurements were conducted.
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Results indicate that the azlons and PLA fibres are easily distinguishable
from other textile fibres by their optical and chemical properties. The
cellulose composites show only small differences in comparison with other
cellulose-based fibres, while bamboo viscose rayon is indistinguishable
from normal viscose rayon.

8 The Textile Industry

The present worldwide economic climate means that more than ever, the
textile industry is in a state of flux, with availability and price or raw
materials, increased costs of labour, transportation etc. influencing the
industry. Despite this, all predictions are that the industry will continue to
expand. By far the most useful tool in monitoring developments in the textile
industry (including the development and/ or emergence of new fibre types)
is the internet. To this end, the URL’s listed in the reference section [52-68]
are useful, but by no means exhaustive.

9 The Future

The present global economic situation has meant that all aspects of
forensic science provision (whether in the public or private sector) are likely
to become under even greater scrutiny in terms of effectiveness/ delivering
value for money. The key to this is in better case assessment as well as a
more transparent, robust, context sensitive interpretation reporting of
casework results.

The process of logical, evaluative reasoning in the interpretation of forensic
evidence needs continued support through the provision of data from basic
research into the factors governing the dynamics of a particular evidence

type.

Whilst funding for research continues to be an issue in many countries, it
needs to be borne in mind that much of the cogent research in the forensic
examination of fibres is of low cost, but high value.

International collaboration between the various working groups/ agencies
will continue to be crucial in delivering this basic research.
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10 Summary

Despite financial and resource constraints, the considerable amount of
research and activity relating to the forensic examination of fibres and
textile materials over the last three years, continues to demonstrate the
dedication of practitioners world-wide, in promoting and progressing
knowledge and raising standards in this field.

11 References

10.

11.

Palmer, R. The Forensic Examination of Fibres - A Review: 2007 to
2010. Proceedings 16th International Forensic Science Symposium
Interpol, Lyon; 2010; October

Koch, S. An update on SWGMAT activities. Proceedings of 20" ENFSI
European Textile & Hair Group, Vienna, 2012

Koch, S. An update on SWGMAT activities. Personal communication,
June 2013

http://www.swgmat.org

Strengthening Forensic Science in the United States: A path forward.
The National Academy of Sciences, 2009.

Roux, C. An update on ANZFSS activities. Proceedings of 20" ENFSI
European Textile & Hair Group, Vienna, 2012

Roux, C. An update on research activities. Personal communication,
June 2013

http://www.anzfss.org.au

Lim, Chin Chin. Activities of the Asian Forensic Sciences Network.
Proceedings of 20" ENFSI European Textile & Hair Group, Vienna,
2012

http://www.asianforensic.net

Karoly, A. Rape or simple handshake? Proceedings of 19" ENFSI
European Textile & Hair Group, Riga, 2011

200



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Nehse, K. A case of double murder - a case example with added
values: Using the virtues of DNA and providing the missing links via
fibre evidence. Proceedings of 19" ENFSI European Textile & Hair
Group, Riga, 2011

Was-Gubala, J. Examination of textiles secured during exhumations.
Proceedings of 19" ENFSI European Textile & Hair Group, Riga, 2011

Was — Gubala, J. The kinetics of colour change in textiles and fibres
treated with detergent solutions (Part 2). Science & Justice: 2010, 50
(2), 55 - 58

Colella, M., Parkinson, A., Evans, T., Robertson, J., Roux, C. The effect
of ionizing gamma radiation on natural and synthetic fibres and its

implications for the forensic examination of fibre evidence. Journal of
Forensic Sciences, :2011, 56 (3), 591 - 605

Morison R, Spindler X, Maynard P, Roux, C. The effect and
identification of unknown chemicals in cases of textile damage.
Proceedings of 20" ENFSI European Textile & Hair Group, Vienna,
2012.

Krauss, W. Unusual fibre plastic fusions marks in road traffic accidents.
Proceedings of 19" ENFSI European Textile & Hair Group, Riga, 2011

Jochem , J. The EHTG Target fibre study — Preliminary results.
Proceedings of 20" ENFSI European Textile & Hair Group, Vienna,
2012

Lazic, J., Caron, N., Dufros, Y. The population of textile fibres in public
places. Proceedings of 20" ENFSI| European Textile & Hair Group,
Vienna, 2012

Coyle, T., Jones, J., Shaw, C., Friedrichs, R. Fibres used in the
construction of car seats--an assessment of evidential value. Science &
Justice: 2012, 52(4), 259 — 267

Bennett, S., Roux, C., Robertson, J. The significance of fibre transfer
and persistence - a case study. Australian Journal of Forensic
Sciences: 2010, 42(3), 221 — 228

Palmer, R., Polwarth, G. The persistence of fibres on skin in an outdoor
deposition crime scene scenario. Science & Justice : 2011, 51(4), 187 —
189

Dillinger, S. Video Imaging — can we believe what we see? Proceedings
of 20" ENFSI European Textile & Hair Group, Vienna, 2012

201



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

De Wael, K., Baes, C., Lepot, L., Gason, F. On the frequency of
occurrence of a peculiar polyester fibre type found in blue denim
textiles. Science & Justice : 2011, 51(4), 154 — 162

Coyle, T., Shaw, C., Stevens L. The evidential value of fibres used in
‘Hi-Vis’ work wear. 2013: http://www.contacttraces.co.uk/contact-
traces-research/

Szewcow, R., Robertson, J., Roux, C. The influence of front-loading
and top-loading washing machines on the persistence, redistribution
and secondary transfer of textile fibres during laundering. Australian
Journal of Forensic Sciences: 2011, 43(4), 263 — 273

Hellwig, J. The effect of textile construction on the shedding rate of
knitwear. Proceedings of 19" ENFSI European Textile & Hair Group,
Riga, 2011

Almazrooei, M., Hemmings J., Robertson J., Spindler, X., Conroy-
Southey, D., De la Hunty, M., Maynard P., Roux C. The Evidential
Value of Finding Fibres on Human Hands. Proceedings of 20" ENFSI
European Textile & Hair Group, Vienna, 2012.

Deviterne-Lapeyre, M., Buzzini, P., Massonnet G. The use of
chemometrics in the forensic discrimination of fibres: A preliminary
approach. Proceedings of 20th ENFSI European Textile & Hair Group,
Vienna, 2012.

De Wael, K., Vanden Driessche, T. Dichroism measurements in
forensic fibre examination Part 1- dyed polyester fibres. Science &
Justice : 2011, 51(2), 57 — 67

De Wael, K., Vanden Driessche, T. Dichroism measurements in
forensic fibre examination. Part 2 - dyed polyamide, wool and silk
fibres. Science & Justice : 2011, 51(4), 163 - 172

De Wael, K., Lepot, L. Dichroism measurements in forensic fibre
examination. Part 3 - dyed cotton and viscose fibres. Science & Justice
: 2011, 51(4), 173 — 186

De Wael, K. Dichroism measurements in forensic fibre examination.
Part 4 - dyed acrylic and acetate fibres. Science & Justice : 2012, 52(2),
81 -89

De Wael, K., Lepot, L. Dichroism measurements in forensic fibre
examination: part 5-pigmented fibres. Science & Justice : 2012, 52(3),
161 - 171

202



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

De Wael, K., Lepot, L., Lunstroot , K. The use of linear dichroism in
forensic fibre examinations. Part 6 - Validation and practical aspects of
MSP-PPL. Science & Justice : 2012, 52(4), 249 — 258

Massonnet, G., Hemmings, J., Leijenhorst, H., Van Zanten, Z.,
Wiggins, K., Smith, C. Raman spectroscopy and
microspectrophotometry of reactive dyes on cotton fibres: Analysis and
detection limits. Forensic Science International: 2012, Volume 222, (1-
3), 200 — 207

Yu, M., Sandercock, M. Principal component analysis and analysis of
variance on the effects of ‘Entellan New’ on the Raman spectra of
fibres. Journal of Forensic Sciences: 2012, 57 (1), 70 — 74

Zieba-Palus, J., Wgs-Gubata, J. An investigation into the use of micro-
Raman spectroscopy for the analysis of car paints and single textile
fibres. Journal of Molecular Structure: 2011, 993 (1), 127 — 133.

Lepot, L. Raman spectroscopy of dye mixtures on cotton fibres.
Proceedings of 19" ENFSI European Textile & Hair Group, Riga, 2011

Weimer, R., Clary, J., Heintz, R., Wall, M. Analysis of bicomponent
fibres using confocal Raman mapping. Journal of The American Society
of Trace Evidence Examiners:2012, 3 (1)

http://www.asteetrace.org

Johansson, S., Cross-sectioning methods for fibres. Proceedings of
19th ENFSI European Textile & Hair Group, Riga, 2011

Markstrom, L., and Mabbott, G. Obtaining absorption spectra from
single textile fibres using a liquid crystal tunable filter
microspectrophotometer. Forensic Science International: 2011, 209 (1-
3), 108 — 112

Zhou, C., Li, M., Garcia, R., Crawford, A., Beck, K., Hinks, D. Time-of-
flight-secondary ion mass spectrometry method development for high-
sensitivity analysis of acid dyes in nylon fibres. Analytical chemistry:
2012, 84(22), 10085 — 10090.

Yan, C., Yang, B., Yu, Z. Terahertz Time Domain Spectroscopy for the

Identification of Two Cellulosic Fibers with Similar Chemical
Composition. Analytical Letters, :2013, 46 (6), 946 — 958

203



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

S57.

58.

59.

60.

61.

62.

63.

Nic Daeéid, N., Meier-Augenstein, W., Kemp, H. Investigating the
provenance of un-dyed spun cotton fibre using multi-isotope profiles
and chemometric analysis. Rapid Communications in Mass
Spectrometry: 2011, 25 (13), 1812 — 1816

Kato, T., Hasegawa, M., Kagawa, M. The discrimination of white cotton
fibres by the detection of residual surfactants. Japanese Journal of
Forensic Science and Technology: 2011, 16 (1), 29 — 42

Borojevic, K., Mountain, R. The Microscopic identification and sourcing
of ancient Egyptian plant fibres using longitudinal thin sectioning.
Archaeometry: 2013, 55 (1), 81 — 112

Hess, S. The identification of natural fibres using the Herzog effect.
Proceedings of 20th ENFSI European Textile & Hair Group, Vienna,
2012.

Hiroma, Y., Hokura, A., Nakai, |I. The forensic identification of trunk mat
fibres by trace element analysis of single fibres with Laser Ablation ICP-
MS. Bunseki Kagaku: 2010, 59 (9), 759-769.

Brisko, K., Optical characterization of some modern "eco-friendly"
fibres. Journal of Forensic Sciences: 2010, 55 (4), 915 — 923

http://www.fabriclink.com
http://fibre2fashion.com
http://fs2012.empa.ch/
http://www.fashion-links.de/
http://www.fashionseek.net/
http://www.ita.rwth-aachen.de/
http://www.techexchange.com/
http://www.texdata.com/
http://www.texi.org/
http://www.textile.fr/
http://www.textileweb.com/

http://www.textileworld.com

204



64. http://www.textilexpert.com/
65. http://www.textilserver.de/
66. http://www.trevira.de/

67. http://www.textileworld.com

68. http://textilesupdate.com

205



Forensic Geology
Review: 2010 to 2012

Ritsuko SUGITA, PhD Y, Hiromi ITAMIYA, MSc",
and Hirofumi FUKUSHIMA, PhD 2
1) Fourth Chemistry Section, NRIPS, 2) NRIPS

Corresponding author: Ritsuko Sugita
National Research Institute of Police Science
6-3-1 Kashiwanoha, Kashiwa-shi
Chiba 277-0882, Japan

206



TABLE OF CONTENTS

Introduction

1 Meetings
1.1 Academic Sessions

1.2 Training & Workshops

2 Books

2.1 Articles On Overview And Outreach

3 Analysis For Discrimination And Provenancing
3.1 Analysis Of Bulk Soll
3.2 Analysis Of Mineral Grain

3.3 Dna And Botanical Matters In Soil

4 Search For Burials

5 Database

6 Transfer And Recovery

7 Case Report

8 Miscellaneous

9 Conclusion

10 Acknowledgment

11 Reference

208

209

209

212

212

213

214

214

215

216

217

218

219

219

220

221

221

221

207



Introduction

The objective of this review is to provide publications, presentation
abstracts, and other activities since the previous review in 2010 (1). This
review is based on articles in academic journals, meeting abstracts, reliable
internet resources, academic societies’ web pages and publications, police
and forensic magazines and publications. The number of cited articles and
abstracts was over 200. We have also included many presentation
abstracts because this study field is experiencing a rapid change and
expansion and we therefore considered that published articles alone cannot
cover all of the advances in forensic geology being made. In the 20™
century, it was rare to find forensic geology papers and presentations in any
media, but now it's much easier to reach them as the numbers increased
significantly and as a consequence it is not impossible to cite of them. One
of the reasons of this expansion in the development of forensic geology is
due to the establishment of professional organizations such as the
Geological Society of London Forensic Geoscience Group (FGG) (2) and
the International Union of Geological Sciences (IUGS) (3), Initiative on
Forensic Geology (IFG) (4). These were established specifically to promote
and develop forensic geology throughout the world.

The term ‘forensic geology’, also known as ‘geoforensics’ and ‘forensic
geoscience’ is still subjected to some confusion. However, as Ruffell (5)
has reviewed these definitions and pointed out, that forensic geology now
includes a range of sciences which are related and/or applied to forensic
purpose

The boundary between forensic geology and taphonomy is very obscure
and it isn’t possible to decide if a paper should be included or not in this
review because of the increasing number of papers on this issue, for
example change of soil property with decomposition of a carcass or what
happens to a buried body according to different soil environment (6-21).
The relationship between forensic botany or microbial DNA and forensic
geology is also useful for soil discrimination and provenancing although the
boundary is indistinct. Environmental forensics is another field of forensic
science on natural substance drawing attention these years, and some part
is related to forensic geology, but their names, i.e. ‘environmental forensics’
and ‘forensic geology’ are considered to be categories of different concepts.
Because it's impossible to follow all of the related fields of the science,
most of the studies of this field were excluded. We would like to note that it
was decided whether a paper was to be included or not in this review by
authors alone, and NOT by any institutions, groups, or other individuals.
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IUGS-IFG and GIN

A meeting on forensic geology was held in London, at Westminster Palace
in 2002, by Dr Laurance Donnelly (4). This was followed by a forensic
geoscience conference at the Geological Society of London in 2004 (22).
The Geological Society of London, Forensic Geoscience Group was
established soon after, in 2006 by Dr Donnelly. By 2008, Dr Donnelly then
established an international working group on Forensic Geology, as part of
the International Union of Geological Sciences (IUGS) Commission for the
Geoenvironmental Management (GEM) (23). As part of this group, the
Geoforensic International Working Group formed (GIN). The international
working group was elevated by IUGS to the status of an ‘initiative’, and the
IUGS Initiative on Forensic Geology, chaired by Dr Donnelly, held its
inaugural meeting in Rome on 18-19 September 2011 (3, 4).

The aim of IUGS-IFG are to develop forensic geology internationally and
promote its applications. The specific objectives of IUGS-IFG are as
follows:

1 Collate and disseminate data and information on forensic geology
applied to policing and law enforcement, criminal, environmental and
civil investigations.

2 Promote international meetings, seminars, conferences and training.

3 Develop a 'Committee’ to act as principal advisers, collaborators and
active participants.

4 Develop an international network whereby each 'member' will act as a
principal contact in their respective country for the collation and
dissemination of information on forensic geology.

5 Collate, make available and where appropriate review any existing
documentation and publications in forensic geology.

6 Produce a document endorsed by the Committee to be called A Guide
to Forensic Geology.

IUGS-IFG achieves the aim and objectives by various activities. These
include for example the delivery of knowledge transfer, training and
outreach events throughout the world, by publications and by the provision
of information on the IUGS-IFG web site (4).

1 Meetings
1.1 Academic sessions

The numbers of presentations and conferences have increased more
rapidly than the previous review period. The success of each event was
due to the hard work and commitments of the hosts and organizers. These
events have also benefited from the increasing interests in forensic geology
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and related sciences. A brief summery of meetings, which included
sessions on forensic geology is presented on Table 1 (24-51).

The numbers of presentations are also introduced in this review to illustrate
the scope of forensic geology in terms of the techniques, discussions, and
internationally growing recognition of the importance of forensic geology.
Most of the presentations were presented in English in the previous review,
however the number of non-English language has increased significantly.

During the review period, the 3™ and the 4™ International Soil Forensic
Conferences were held. The 3™ International Soil Forensics Conference
was held as “Soil Forensic” session in ASA, CSSA and SSSA 2010
International Annual Meetings (24), and 25 oral and 8 poster presentations
were reported. The 4™ International Soil Forensics Conference was
included in the 6™ European Academy of Forensic Science Conference and
13 oral and 18 posters (25) were reported.

The European Geosciences Union General Assembly held in Vienna,
Austria in 2011 (26) held a session on “Forensic and Archaeological
Provenancing with Light and Heavy Isoscapes” on utilization of isoscape
techniques to forensic issues such as estimating origin of unidentified
corpse of archaeological material and study of lead isotopes in glass for
forensic discrimination.

In 2012, a session on forensic geology was held in Brisbane, Australia as
part of the 34™ International Geological Congress (IGC), which is the largest
international academic meeting of geoscience, in Australia, and 9 oral and 2
poster presentations were reported (27). There was over 100 audience
including police officers.
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Table 1 List of Conferences which included forensic geology.

Year | Date Conference and Session Names Venue
22 - 27 Feb. | AAFS Annual Meetings \L’J\’gzh'”gton’
9-16 July VIl Congresso Nacianal de Geologia Portugal
18 Se Earth Science Teachers' Association Conference 43rd Annual Leicester UK
P- Course and Conference '
15 -16 Nov. | Annual Meeting of JAFST Tokyo, Japan
2010 | 310ct-3Nov | GSA Annual Meeting Colorado, USA
ASA, CSSA, SSSA International Annual Meeting, Soil
31 Oct - 4 Forensic  (Third International  Soil  Forensics Long Beach,
Nov USA
Conference)
Environmental and Criminal Forensics. Forensic
16 Dec. Geoscience Group Conference London, UK
GeoNZ 2010 Conference New Zealand
2010-| 20 - 21 Dec. . a
2011 | &7 Jan. Geologia e Botanica Forenses, Workshop Porto, Portugal
I Sydney,
6-11Feb AXAA Workshop, Conference and Exhibition Australia
21 - 26 Feb. | AAFS Annual Meetings, Workshop Chicago, USA
European Geosciences Union General Assembly, Forensic and | , ,. .
03 - 08 Apr. Archaeological Provenancing with Light and Heavy Isoscapes Vienna, Austria
24 — 26 July International Network of Environmental Forensics Cambridge, UK
Conference
8- 11 Aug. Trace Evidence Symposium: Science, Significance and Kansas, USA
Impact
2011 14 -19 Aug. | Goldschmidt Conference Prague, Czech
- o Castelo Branco,
24 -28 Sep. | Congresso Ibérico de Geoquimica Portugal
25-30 Sep. | The 48th Annual Meeting of The Clay Minerals Society bask: Tahoe,
. Minneapolis,
9 - 12 Oct. GSA Annual Meeting USA
16 - 19 Oct. | ASA, CSSA, SSSA International Annual Meeting San Antonio, USA
17 -18 Nov. | Annual Meeting of JAFST Tokyo, Japan
7 -10 Feb. Australian Regolith and Clays Conference Australia
20 - 25 Feb | AAFS Annual Meeting Atlanta, USA
29 - 30 Mar. | Congresso Investigacdo Criminal Coimbra, Portugal
27 - 29 May | GAC-MAC-AGC-AMC Joint Annual Meeting, Forensic Geology | St. John’s, Canada
2012 | 5 - 10 Aug. IGC, Forensic geoscience 