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1. Introduction

This chapter provides an overview of articles and theses relevant
to shoe- and toolmark examiners, which were published between
May 2016 and December 2018, and is the sequel to the review for
the 18th Interpol International Forensic Science Managers Sym-
posium in October 2016 by Martin Baiker-Sørensen (Baiker, 2016)
[1] (available online (Interpol, 2019) [2]. It is based on relevant ar-
ticles from all volumes of a selection of forensic journals (American
Journal of Forensic Medicine and Pathology, Forensic Science In-
ternational, International Journal of Legal Medicine, Journal of
Forensic and Legal Medicine, Journal of Forensic Identification,
Journal of Forensic Sciences, Legal Medicine, Science and Justice,
The Australian Journal of Forensic Sciences, AFTE Journal and
Forensic Science, Medicine and Pathology) of that period as well as
peer reviewed articles from other journals and otherwise relevant
sources, which were found by browsing the internet.
Disclaimer

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

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

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

In our last review we elaborated on the many ways to render
daily casework more objective and to statistically underpin the
interpretation of evidence [1] and following approved standards
and guidelines as provided by the OSACs in casework is an essential
step. In addition, there are many examiners and researchers that
strive to render their field more objective by improving traditional
methods and providing a statistical foundation, by developing new
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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methods or by introducing new technologies into their labs, to
supplement the examiner’s findings with objective measures. In
the following sections, the highlights, trends and details in the
various disciplines covered in this review are presented.

1.1. Structure of this review article

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

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

2. Highlights and trends

2.1. Shoemarks

Shoemarks are commonly encountered at crime scenes but are
often neglected, although they occur much more frequently than
e.g. DNA or fingerprint evidence. One reason is that DNA evidence is
typically compared automatically and thus objectively, while
shoemark analysis in most labs is done in the traditional manner by
human examiners. So the field would greatly benefit from an “in-
jection of technology and associated modern analytical tools” [9],
by using automated comparison based on more objective data and
more objective analysis methods. Mainly two developments in
recent years are very promising in this respect. The first is that the
technology for 3D shoe impression mark acquisition is close to
being applicable in practice. There are systems available now that
have proven to satisfy the varying requirements at a crime scene
like lighting conditions and substrate materials [10]. In addition,
the techniques are nowadays providing a high level of detail. Using
this new technology in casework would be a great improvement, as
it has been shown that 3D data has superior properties compared to
conventional 2D photography data and that “identification can be
obtained in a higher percentage of cases” [11,12]. There are also
several software solutions available nowadays, some free of charge,
that can be used to visualize and compare data manually [13,14].
Another exciting development is that algorithms for 2D shoemark
retrieval, i.e. finding the make and model of a shoe in a database,
are getting close to the transition from being purely academic to
being useful in practice. Unlike in our last review three years ago,
there are several algorithms around now that show high retrieval
performance, even when confronted with potentially bad quality
data from crime scenes [15e18], including partial marks and marks
on strongly varying backgrounds. In addition, authors compared
their algorithms frequently with those of others. Unfortunately that
did not always happen using publicly available databases and
therefore it is still difficult to objectively compare the best per-
forming algorithms. Authors should therefore use publicly available
and representative databases including real crime scene marks.
There are also some commercial systems available now for auto-
mated shoemark retrieval [19,20]. So far all presented automated
retrieval systems are using 2D images of shoemarks, but in the
future it might be interesting to include impression evidence as
well by also supporting 3D surface data.

Regarding the interpretation of shoemark evidence the recent
literature is limited. Only one publication was found that aimed at
calculating a likelihood ratio (LR) and in that work a limited data-
base was used [21]. As the publications that studied the frequency
of occurrence and the distribution of randomly acquired charac-
teristics (RACs) used varying amounts of categories of RAC shapes
and shape definitions [22e24], it is difficult to compare the results.
Rather than choosing a range of user defined categories it would be
useful to find out, which RAC shapes are actually the most relevant
and distinctive. In addition, the RAC shapes were typically deter-
mined manually and it was shown that on the one hand, repeated
prints made under controlled conditions in the lab might contain
varying amounts and appearance of RACs [25] and on the other
hand, annotations by different examiners are not always consistent
[22]. Therefore there is a need for standardization of RAC shapes, in
order to compare studies to determine frequencies, co-occurrence
and distribution, as well as the way a shoe sole is to be sub-
divided for local RAC frequency assessment. There is also further
research required that studies the degree of dependence between
individual RACs as it has been shown, that the independence
assumption originally proposed by Stone [24], may not be valid
[23].

2.2. Striated and impression toolmarks

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

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

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

2.3. Invasive striated and impression toolmarks

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

Regarding the specificity of marks with respect to different
types of tools, some studies conclude that serrated and non-
serrated knives can be distinguished [38e40], while others don’t
[41]. Studies focusing on saws typically conclude that different saw
types, thus hand saws, hacksaws and reciprocating saws, can be
distinguished [42e47]. However, only one author also compared
the shape features of the marks with the actual tool that was used
to create it [44]. This is an essential step though and should get
more attention in research projects in the future. On a whole the
combination of 3D imaging (Micro-CT) in combination with mor-
phometrics and statistical analysis of the measurement results is a
great step, but the conditions under which experiments are con-
ducted should be closer to realistic conditions and there should be a
consensus regarding useful shape parameters for saw and cut
marks in bone.

3. Shoemarks

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

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

3.1. Detection/creation

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

3.2. Acquisition

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

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

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

3.3. Enhancement

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

3.4. Casting/preservation

Shoemarks encountered at a crime scene are found in many
different substrates, e.g. in soil, sand, gravel or snow at an outdoor
scene or on wooden floors, carpets, tiles etc. at an indoor scene. In
addition, marks can bemade in dust or can bemadewith wet shoes
(e.g. blood or mud). As a result, specific casting/lifting techniques
are required to optimally recover and preserve shoemarks from
substrates with greatly varying properties. Authors presented
techniques for casting in snow [64], soluble food products [65] and
sand [12] as well as for lifting wet marks [66].

Petraco et al. [64] describe a method to cast footwear impres-
sions in snow, using commercially available bio-foam blocks. For
casting, the authors suggest modifying the blocks by attaching a
cardboard to one side of the block, putting the other side on the
impression and apply pressure manually. For testing they cast
several impressions and qualitatively assess the casts. Overview
images of the results are provided in the article. They conclude that
class and random acquired characteristics can be discerned in the
casts and that the method could also be used for casting
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impressions in sand, dried soil or mud.
Sabolich [65] studied ways to best preserve footwear impres-

sions in awater soluble food product (SwissMiss ChocolateMix). To
this end a used hiking shoe, in which additional small cuts were
made, was used to create impressions, two for each condition.
Subsequently eight different products like waterproofing spray,
hairspray and antiperspirant were used to cover the impressions.
Finally the marks were cast using dental stone. The class and in-
dividual characteristics of the casts were compared qualitatively
with a control cast and the results show that only class character-
istics can be discerned. The best results are obtained using a
sequential treatment of several products.

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

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

3.5. Variability/individuality of shoemark characteristics

To be able to assess the similarity and dissimilarity between
shoemark characteristics made under uncontrolled circumstances,
e.g. at a crime scene, it is necessary to know the (dis-) similarity
between shoeprints made under controlled circumstances in the
laboratory. Several articles in the last years focused on studying a
variety of factors that may influence the appearance of shoemarks
and the occurrence and absence of shoe characteristics. Typically,
authors studied the variability of randomly acquired characteristics
(RACs) (or accidental marks) caused by abrasion and damages,
rather than class characteristics, depending on substrate type [67],
shoemarkmedium (e.g. blood or dust) [67,68], shoe abrasion [69] or
repeated shoeprint creation under the same condition (repeat-
ability of RACs) [25].

McElhone et al. [67] simulated several conditions typically
encountered at crime scenes to study the quality of shoemarks
dependent on these conditions. Specifically they considered two
types of blood (human and equine blood), two types of flooring
surface (wood and tiles), three categories of footwear tread depth
(non-existent, shallow and deep) and varying periods of time that
the blood was allowed to dry (0e24 min). Shoeprints were made
with an apparatus specifically designed for this purpose and the
resulting blood patterns acquired with a digital camera. Three
repetitions weremade for each condition. Subsequently, the quality
of the image, measured as the amount of retained detail in the
print, was assigned to one of five categories. Finally, the category
ranking was compared among the conditions using statistical sig-
nificance testing. In general, human blood marks were of better
quality compared to equine blood marks. The substrate did not
seem to have an effect on the quality, except when blood was
allowed to dry for a couple of minutes. The tread depth did have an
effect, with the shallow depth yielding better results than non-
existent and deep treads. The dryness of the blood had an impact
as well, with the mark quality decreasing but only under some
conditions. The authors conclude that the results highlight the
importance of taking external factors into account during the
interpretation step of an examination.

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

Yee et al. [69] used the publicly available software package
CloudCompare [13] to measure the abrasion of shoe soles. To this
end, new running shoes were worn by fifteen participants over a
ten month period (350 km approximately) and subsequently four
left shoes with identical shoe sizes were selected. Data acquisition
before and after wear was done with a David structured light
scanner (SLS-2) to determine 3D surfaces of the soles, which sub-
sequently were loaded into the software and aligned semi-
automatically. Finally, wear was determined by calculating the
distance between the surface before and after usage. For analysis,
the distance was shown locally color-coded on the surface of the
new shoe such that different colors indicate different distances and
hence local differences in abrasion.

The conditions in the lab can be controlled to reduce the vari-
ability of experimental shoeprints. This is not the case at a crime
scene however, where many factors like the substrate or the
deposition process play a role in shoemark creation and influence
mark characteristics. Therefore, Richetelli et al. [68] studied the
difference between RACs on high quality shoeprints created in the
lab and simulated crime scene marks made with the same shoes.
More specifically, the loss and similarity of RACs was analyzed
quantitatively based on shape, perimeter, area and common source
of RACs. To create shoeprints, fifty shoes were scanned and used to
generate Handiprints. Crime scene-like prints were created by
covering the shoe outsoles with shoe polish and then walking
normally over acetate sheets. Two such created prints were sub-
sequently lifted. Based on the global quantitative analysis of RAC
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features the authors came to three conclusions. First that assessing
RACs globally might not be specific enough, second that the
absence of RACs in a crime scene mark should not be the reason for
exclusion and third that there is no basis for the demand for a
minimum number of corresponding features. In fact, the results
show that evenwhen simulated crime scene marks are used, which
are supposed to be of better quality than real crime scene marks,
the amount of lost RACs varied between 33% and 100%, with an
average of 85%.

3.6. Automated mark retrieval/comparison

A large body of literature the last three years was dedicated to
automated comparison of shoemarks, particularly for retrieval of
shoeprints from reference databases that show high similarity with
query shoemarks from crime scenes. In the following, a short
overview of shoemark retrieval systems is given. More thorough
overviews can be found elsewhere [9,15e17,70].

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

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

The determination of suitable features for automated shoemark
comparison is a challenging task, as shoemarks can be rotated,
translated, scaled, deformed w.r.t. the shoeprint of the same shoe
and can be incomplete. In addition, the sole properties could vary
due to wear. Furthermore, shoemark images from crime scenes
might include background patterns, multiple marks or are influ-
enced by the way the marks were made (e.g. blood, dust, dirt etc.).
In the following, the contributions of articles of the last three year
are presented.

Gwo et al. [72] present a region based method for shoeprint
from database retrieval, based on earlier work (Wei et al. [73]). The
method uses binary (black/white) images to first determine the
outer contours and based on that a core point using the entire
shoeprint. Subsequently the print is subdivided in circular regions
and Zernike moments based features are calculated as search cri-
terion for automated retrieval. The approach is tested using 5 lab-
oratory quality prints made with each of 246 shoes, hence in total
1230 shoeprints. Database retrieval performance is not reported.

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

Kortylewski et al. [15,78] propose a method based on the Active
Basis Model (ABM). Their approach captures local information
about geometry and appearance (texture) of patterns at multiple
scale levels and includes a deformation model to deal with possibly
deformed shoemarks. In addition, the ABM is extended with an
occlusion model to separate the relevant parts of the mark from
possible background information. To test the approach on a wide
range of realistic data, the authors, together with several state
criminal police offices, created the publicly available FID-300
dataset [79], which consists of real crime scene shoemarks,
including partial and deformed marks. In addition, the database
contains 1175 HQ gallery images. The authors compared their
previous approach based on local Fourier spectra comparison [77]
with two more Fourier transform based methods, a local appear-
ance based method and an approach based on matching local
geometric primitives. The results show that for the FID-300 dataset,
their proposedmethod significantly outperforms all other methods
with a probability of 58% that the correct match is within 1% of the
database size (12 images) and a probability of 80% that the correct
match is within 10% of the database size (120 images).

The same FID-300 database was also used by Kong et al. [18,80]
to test a novel algorithm using multi-channel deep feature
matching based on multi-channel normalized cross correlation,
embedded in a convolutional neural network (Siamese network).
While most methods seek to be invariant to geometrical distor-
tions, their methods uses a dense template search over translations
and rotations as initialization. Using the FID-300 dataset, the au-
thors compared their algorithm to the one presented by Korty-
lewski et al. in Ref. [15] and show that they obtain a better
performance, namely 79% that the correct match is within 1% of the
database size (12 images). The authors also added experiments for
testing the robustness of their algorithm with respect to different
relative sizes of the partial marks. The results are 84%, 86%, 79% and
64% for full, ¾, half and ¼ the size of a full mark, that the correct
match is within 1% of the database size (12 images). The higher
performance for ¾ prints is explained by the fact that often the full
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marks had more background noise and/or had overlapping marks.
Finally, the effect of background noise was studied by specifically
selecting marks with a lot and little background noise. The differ-
ence is very severe, with a drop in probability from 72% to 15% that
the correct match is within 1% of the database size (12 images).
Based on this last result the authors state that in a real examination,
the examiner could coarsely draw the boundaries of the mark
manually and therefore reduce the influence of background noise.

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

In Wang et al. [16] the authors present an improvement to a
previously published method based on manifold ranking and using
hybrid features of region and appearance [82]. As often multiple
shoemarks of the same shoe are present at a crime scene, they
adjusted their method such that multiple images of the same mark,
which might contain complementary information, can be used to
improve retrieval performance. In addition, examiner provided
scores of the relevance of those multiple mark to the query are
included. For testing, 72 query images from real crime scenes were
compared to a subset of a database including 10,096 shoemark
images (the original database size is much larger [83]) from real
crime scenes, which consists of 9592 original images, the 72 query
images and 432 synthetically manipulated versions (rotation,
translation, scaling) of the query images. In total eight state of the
art methods (including [74,77]) including their previously pre-
sented method [82] were tested with this dataset and with a
probability of 90% that the correct match is within 1% of the data-
base size (101 images), the method performs significantly better
than all other methods, including their own previous method
(probability of 85% that the correct match is within 1% of the
database size, thus 101 images [82]). This is the first method so far
that demonstrates howmultiple marks on a scene can be exploited
to improve the retrieval performance. Unfortunately, the database
is not publicly available.

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

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

3.6.1. Summary
Early systems for automated shoemark to shoeprint comparison

were relatively simple and fast and reported retrieval performance
was high, but they were typically tested with high quality marks
and prints made in the laboratory. As several recent studies show,
the performance of these systems decreases drastically in experi-
ments including real crime scene quality data [9,15e18,70,81].
More recent methods therefore are more advanced and the most
successful methods take local as well as global image information
into account [15e18,81]. As retrieval performance is degrading
with image noise [18], some authors explicitly include a noise
model in their approach [15] or propose to coarsely draw mark
boundaries manually, prior to automated analysis [16]. As often
multiple marks are present at a crime scene, one method allows to
use several marks of the same shoe, determined by the forensic
examiner, to further improve the retrieval performance [16].

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

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

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

3.7. Digital reference databases

For automated shoeprint retrieval and weighing the evidence
after a comparison alike, large and representative shoemark data-
bases are required. In the following an overview of publicly available
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databases including a description of their composition is given.
To the best of our knowledge, three databases became publicly

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

3.8. Weighing the evidence/interpretation

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

The articles presented in section ‘Automated mark retrieval’ all
define some measure of similarity between shoemarks. However,
most of the contributions use themeasure of similarity to produce a
ranked list, as their goal is image retrieval from a database and not
determination of the weight of the evidence. An exception is the
PhD thesis of Park [21], in which a semi-automated method to
calculate a score (signature) between shoeprints is presented,
which subsequently can be used to determine the strength of the
evidence, the likelihood ratio (LR). The score takes class charac-
teristics as well as unique wear and tear patterns into account and
is calculated by combining six features using 1.) a random forest or
2.) a Bayesian Additive Regression Trees (BART). In addition, they
propose a score based likelihood ratio determination system to
calculate an LR. The algorithm is tested using full prints of 150 pairs
of shoes, of which five prints each were acquired in their lab. The
results show that the known match (KM) and known non-match
(KNM) score distributions are well separated.

In the report of the National Academy of Sciences (NAS report)
2009 [3], the authors state that research on the “Random shape
and/or placement of RACs” and the “Mathematical probabilities of
RACs” is required. Work towards fulfilling this goal was presented
by Speir et al. [22] and Kaplan Damary et al. [23]. The first article
describes studying the discrepancies between examiners and
automated labelling of RACs, the consistency with which human
examiners determine and label RACs and location dependent co-
occurrence of RACs on used shoe soles. The used data were scans
and Handiprints, made from 1000 worn soles of mostly athletic
shoes, which were pre-processed to align and enhance the images.
In total, 57,426 RACs were located on the images and the areas
drawn manually by in total seven in-house trained analysts. Sub-
sequently, the location as well as a shape descriptor was deter-
mined for each RAC and categorized into four categories (lines/
curves, circles, triangles and irregular) by an automated algorithm
and the analysts. A comparison of the results shows that the chosen
categories were not always consistent among examiners and
compared to the automated method. The authors therefore state
that it might be more robust to use only three categories (irregular,
elongated and approximate isometry for circles and triangles). The
results further show that RACs were labelled consistently by the
analysts as long as they were detected, but that the detection step
was less consistent. Finally, a grid of 5 times 5 mm sized boxes was
employed to determine frequency and location specific information
for RACs, as well as the chance of co-occurrence of RACs in a grid
cell. The results are provided by means of a heatmap, a color-coded
representation of the frequencies, and are available online [87]. The
authors stress that location and shape does not account for clarity,
quality and complexity of geometric features, while these aspects
might also be very important to forensic shoemark examiners in
practice.

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

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

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

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

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

3.9. Software for shoemark comparison and retrieval

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

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

4. Comparison of physical properties

In the relevant period, only one article was found including a
comparison of physical properties of evidence. Nienaber et al. [91]
assessed the potential value of analyzing the chemical and physical
properties of plastic cable ties. Twenty packets of black plastic cable
ties (nominally 200 mm times 4.8 mm) were purchased in packet
sizes ranging from twenty-five to one hundred and representative
samples were subsequently comparedwithin and between packets,
based on visual inspection, chemical composition, measured
physical dimensions such as width, thickness and tooth-count of
the grip section and stable isotopic composition (d2H, d13C and
d15N). The results show that cable ties of the same packet were
indistinguishable with respect to all characteristics. Cable ties from
ten of the twenty packets could be distinguished by visual in-
spection, in some cases also for ties from the same manufacturer.
Measuring the physical properties did not provide additional
discrimination. Nineteen of the twenty packets were uniquely
characterized by their isotopic composition, based on d2 H and
d15 N measurements. The authors conclude that isotopic compo-
sition comparison is the most effective approach but that visual
examination can provide a rapid and inexpensive first step of an
examination.

5. Striated and impression toolmarks

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

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

5.1. Detection/creation

Vehicles and firearms are typically labelled with unique serial
numbers. These are frequently removed by criminals to make it
difficult to determine the rightful owner of the stolen goods or to
claim ownership by creating new numbers. Therefore techniques
are required to restore obliterated numbers and in the last years,
several methods were proposed to restore numbers in iron, steel
and copper alloys [92e94]. As using titanium, aluminum and
possibly polycarbonate are gettingmore frequently used for car and
firearm parts in the future, number restoration possibilities were
studied with these materials as well (titanium [95], aluminum [94],
polycarbonate [96]). Finally, an article studying the optimum
temperature for creating experimental toolmarks in wax was pre-
sented [97].

The usual method of alteration in Israel is polishing with an
abrasive disk, and to restore serial numbers, Fry’s solution (90 g
copper II chloride, 120 ml HCl and 100 ml distilled water) can be
used [93]. However a new technique to remove serial numbers
seems to be heating with a localized melting system or a flame
torch. In Tsach et al. [93], the authors studied whether heated serial
numbers could be recovered with Fry’s solution. Eight samples of
chassis, of which it was suspected that the original number was
altered by local heating and re-stamping, were taken and treated
with Fry’s solution. The experiments revealed that the original
number could not be recovered, but that the solution did cause a
circular area around some of the digits while this did not happen
for others. The circular areas turned out to be present around the
altered digits and thus the authors conclude that although number
retrieval is not possible, using Fry’s solution on digits that were
altered by localized heating can at least be used to detect that digits
were altered.

Fortini et al. [92] studied the usability of five etching reagents,
including Fry’s solution, to restore numbers on steel, that were
obliterated by various depths of erasure up to 60 mm. To this end,
fifty stamped steel disks were provided by Beretta and represent



M. Baiker-Sørensen et al. / Forensic Science International: Synergy 2 (2020) 521e539530
the material that is typically used for manufacturing firearms. Half
of the disks were normalized and tempered and the other half
austempered. The characters, seven on each disk, were removed to
varying depths by honing. Of each group, five plates were taken for
each of the five reagents. In total, three hundred fifty images (fifty
disks with seven characters) were taken before and after restora-
tion and compared visually to each other by in total thirty ob-
servers, of which each was assigned to study twenty five random
images. The results show that Fry’s solution had the highest
sensitivity, with the most characters restored up to 60 mm. A so-
lution of nitric acid (25% concentrated HNO3 and 75% water)
resulted in the major number of characters being restored. The
authors also studied whether sex and age of the observers did in-
fluence the results, but statistical significant effects were not
encountered.

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

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

Polymers have attractive properties and may be used for
replacing parts in automobiles and firearms that traditionally are
made from metal [96]. As traditional etching techniques cannot be
applied to polycarbonate, Parisien et al. [96] propose an approach
based on Raman spectroscopy for this purpose. With this tech-
nique, residual mechanical strain and local structural changes can
be detected. In addition, the method is non-destructive. In a pilot
study, the authors successfully recovered stamped letters (120 mm
deep) that were obliterated by milling and state that the estimated
maximum depth of recovery is approximately 750e800 mm.

Typically, experimental toolmarks are created in lead, as very
fine details can be observed in this material and it is soft enough to
not alter the state of a tool. Wax could be a cheap and non-toxic
alternative to lead and it has been shown, that toolmarks in wax,
created at room temperature, are of similar quality than those in
lead for the most relevant range of details [98]. Some types of wax
however, might be too soft to create toolmarks reliably at room
temperature. Therefore Finkelstein et al. [97] studied the influence
of the substrate temperature on the details in toolmarks. To this
end, a flat screwdrivers was used to create marks with 45� angle of
attack in four different types of wax (LectroStik Stikkiwax, Elgad
Multiwax, Sonneborn Multiwax and Chemtrec beeswax), at five
different wax temperatures, ranging from�30 to 25� Celsius. Marks
for each condition, i.e. brand and temperature, were repeated ten
times. In addition, marks at �18� were made, as this is the typical
temperature of domestic freezers. Based on visual comparison of
the marks, the authors state that the marks made in wax at �18�

and �30� were significantly better than those made at higher
temperatures for all tested wax types. After toolmark creation, the
marks can be stored at room temperature without compromising
the marks.

5.2. Acquisition

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

5.3. Classification

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

5.4. Variability/individuality of toolmark characteristics

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

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

Garcia et al. [102] used five electricians chisels and created
toolmarks in lead at a constant angle of attack of 0�, varying axial
rotation angles from 0, 15, 30, 45 to 60 and 75�. Marks were ac-
quired using an Alicona G4 IFM and automatically compared using
the in-house developed software Scratch [106,107]. Comparison
was done between twomarks at identical angles as well as marks at
different angles. The results show that the same angle scores were
much larger than known non-matching scores and the variance
was low. The absolute angle did influence the score though, with
higher angles leading to a slightly decreasing score. Comparing
different angles showed that while an angle difference of 15� still
yielded scores similar to same angle scores, the scores dropped at
30� and higher to the known non-matching range. The reason for
this is the fact that the registration algorithm implemented in
Scratch does not only correct for translation, but also to a small
degree for scaling. For small angle difference, the scaling seems to
compensate for the compression. In a second set of experiments it
was tested, whether a toolmark of an axially rotated chisel, thus a
compressed toolmark, could be re-sized (stretched) and compared
to a toolmark made at 0�. Results show that the obtained scores are
lower than same angle comparisons but still much higher than
known non-matching scores. The decrease in score was explained
by the fact that details are disappearing, that geometric relations
between striations are distorted and that striations are obstructed.
Finally, 3D surfaces of the chisel tips were acquired and used to
create virtual toolmarks [108] for an in-depth assessment of what
happens when the tool is rotated axially and to predict the axial
rotation angle from a real toolmark. This seems to be possible up to
a rotation angle of 45� with an accuracy of about three degrees.

One author examined the individuality of lathe chuck jaw im-
pressions. In Finkelstein et al. [109], the authors studied whether
the chuck jaws of lathes, which are frequently used by criminals to
fix and modify firearm parts, leave distinctive impression marks in
improvised rifle barrels. They took forty five metal rods and tubes,
wrapped them in 1.5 mm thick lead sheets and fixed them in ten
different lathe chucks, all of the same type. The resulting impres-
sion marks were then studied qualitatively with comparison mi-
croscopes. The authors conclude that class as well as individual
characteristics are present in the mark and that these are distinc-
tive for a particular lathe chuck.

5.5. Automated mark comparison

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

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

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

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

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

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

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

5.6. Digital reference databases

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

5.7. Weighing the evidence/interpretation

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

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

More articles were published on this topic in the last years (e.g.
Ref. [119e121]), but are typically targeted specifically at firearm
mark examination. However as the evidence evaluation step is
typically also applicable to toolmarks, we refer the interested
reader to the chapter ‘Examination of Firearms’ by E. J. A. T. Mat-
tijssen in this collection of reviews.

5.8. Software for toolmark analysis

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

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

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

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

6. Invasive striated and impression toolmarks

6.1. Detection/creation

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

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

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

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

6.2. Acquisition

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

A comparison of stereomicroscopy with Micro-CT is provided in
Pelletti et al. [36], where thirty-two false starts were created with
four different types of hand saws in human bone and subsequently
analyzed using stereomicroscopy and Micro-CT. The authors were
particularly focusing on the potential of the imaging techniques to
determine the morphology of the marks. The qualitative analysis
results showed that false starts and their shape can be more
accurately determined with Micro-CT. In a sequel study [37], the
same authors studied the accuracy, precision and inter-rater reli-
ability with respect to manual saw mark analysis on Micro-CT
images. Three forensic pathologists and/or radiologists were
asked to measure a set of four features, including kerf width and
depth, on twenty-four false start lesions in bone, created with three
different saw types. The measurement results were subsequently
compared statistically and the authors conclude that they were
reproducible and robust.

The previous studies were conducted on a limited set of sam-
ples. Norman et al. [44] studied whether using Micro-CT is a suit-
able technique for saw mark analysis using 270 samples. Based on
measurements of a set of seven features by two independent raters
they conclude that the technique is powerful and reliable to
determine toolmark class characteristics, as the reproducibility was
high.

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

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

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

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

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

Besides accurate acquisition it might sometimes be required to
demonstrate 3D models of evidence including toolmarks in course
to support reports. This requires accurate 3D data acquisition on the
one hand, but accurate data reproduction on the other hand. In
Baier et al. [134,135] the authors present a system that first scans an
object accurately in 3D with a Micro-CT scanner, then uses dedi-
cated software to process the data and segment relevant bone
structures and subsequently prints a copy of bone models. They
successfully applied this technique in two cases with a fractured
humerus [135] and an injured skull [134]. Although the reported
scan resolutions 36e80 mmmight not be sufficient yet to accurately
reproduce details in toolmarks, the resolution of 14 mm reported in
Pelletti et al. [36,37] might be. In addition there are already Micro-
CT scanners available that provide a much higher resolution, but
that typically comes with a decrease in possible object size (e.g.
Refs. [136]).

6.3. Occurrence of marks

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

6.4. Variability/individuality of invasive toolmark characteristics

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

6.4.1. Saw marks
Nogueira et al. [42] studied 170 experimental false start lesions

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

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

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

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

In summary, a large body of literature was found regarding the
variability and individuality of saw marks on bone. Several types of
saws were studied, including hand saws [42e44], hacksaws [45]
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and reciprocating saws [44e47] to inflict trauma on human
[42e44], deer [46,47], and pig bones [42,43]. Analysis was done
using stereomicroscopy [42,43,46,47] andMicro-CT [44], studying a
varying set of class features, mainly to distinguish between
different tool types based on class characteristics. The amount of
features varied greatly between three [42] and seventeen [46,47]
and also included surface metrology measures [45]. Lesions were
inflicted on fresh bones [37,42e45], after freezing [46,47] and with
maceration [138].

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

6.4.2. Knife and other cut marks
Many articles in the last years are studying the variability of

invasive marks of knives and other tools. All are focusing on class
characteristics like morphological features, i.e. characteristics that
discriminate between different classes of tools, however these
characteristics do not discriminate between tools from the same
class. Conclusions from different studies vary. For example, some
conclude that it is possible to discriminate between serrated and
non-serrated knifes [38e40] while other studies are more cautious.
Tennick [41] tested many morphological features and concludes
that they are not useful for mark classification. Komo et al. [139]
report on the complexity of the allocation of a knife to a particular
bone lesion. Caution is advised regarding classifying kerf marks.
Not all kerfs resulting from serrated blades show characteristic
striations. Furthermore, marks made with the same knife can show
variation in morphology.

Interpreting the conclusions from the different publications is
very difficult since there is a lot of variation in methodologies used.
Marks are made by hand [41], more representative for real case-
work, while other studies produce marks under more controlled
circumstances with different machines [138e140]. Marks are made
in fresh bonematerial, more representative for real casework, while
other studies inflict marks into macerated or old bone material.
Bone material is used from animals, mostly pigs, while other
studies have human material available. However, the human ma-
terial is rare and frequently related to elderly people, less repre-
sentative for average casework. Furthermore, the technology used
for analysis varies from 2D photography and rulers to 3D micro-
scopy, Micro-CT and scanning electron microscopy (SEM). The
analysis of the marks varies from qualitative analysis and
qualitative comparison (e.g. Ref. [38,129]) to more quantitative
analysis and computer assisted comparison [139,141e143]. A
comment should be made that both the qualitative and quantita-
tive analysis in all studies is based on subjective interpretation from
the examiner. In the qualitative analysis the examiner makes sub-
jective interpretations e.g. on the shape of a kerf. In the quantitative
analysis the examiner makes a subjective interpretation on the
location of measurement points, since the boundaries are mostly
not sharp. Some of these variations are studied by Norman et al.
[40]. They analyzed the difference in the cutting mark properties
mark width, wall angle and shape (Y-, T- or V-shape) between two
different types of knives, plain and serrated. They used two sets of
experiments, one using macerated and one using fresh porcine ribs
and acquired the data using conventional microscopy and Micro-
CT. They conclude that the shape properties, except the wall
angle, are significantly different between the two types of knife that
they are able to predict which type of knife was used and that knife
edge thickness correlates with cut mark width. They compare
Micro-CTwith conventional microscopy for their potential to assess
the cut mark shape and conclude that Micro-CT is superior. The
authors conclude that the wall angle is not a reliable measure to
derive the knife cutting angle.

An interesting trend from the recent literature, especially in the
field of archeology and anthropology is using morphometrics for
the analysis and comparison of marks [138,139,141e143]. Mor-
phometrics helps in the statistical evaluation of the morphological
features of marks and objects and in the comparison of these fea-
tures. Courtenay et al. [143] use morphometrics to successfully
distinguish morphological differences in cut marks produced by
different lithic tool types and rawmaterials. Komo et al. [139] show
that morphometrics could serve as a tool in a forensic examination
of kerf marks in ribs, for example on the distance between walls of
the kerf related to the blade thickness. Furthermore, they show the
effect of maceration (after inflicting the kerf) onmorphometrics. An
average shrinking factor up to 8.6% was observed. Mate-Gonzalez
et al. [141,142] analyzed a large number of cut marks (572) using
micro-photogrammetry and morphometrics. The design of the
study is related to an archaeological context, differentiating flints
from different raw materials, however a similar design could be
used in a more forensic context e.g. differentiating knifes. The study
could not differentiate between flints from the same material. The
variability of features in hatchet hacking traumas was studied in
Nogueira et al. [138]. A hatchet was used to inflict thirty lesions in
total in two macerated human tibiae with a specifically designed
device. All lesions were then analyzed with the naked eye and
stereomicroscopy and a subset of thirteen with scanning electron
microscopy (SEM). Based on a morphometric assessment of fea-
tures observed in the lesions, the authors conclude that it should be
possible to determine that a traumawas caused by a hatchet. In this
study, SEM did not seem to have an added value, as the relevant
features could be observed with the naked eye and/or
stereomicroscopy.

Several articles describe exposure effects on invasive marks,
such as exposure to heat [144e146] or taphonomic alterations
[147]. Macoveciuc et al. [144] conclude that mark signatures asso-
ciated to sharp and blunt force trauma are not masked by heat
exposure. Waltenberger et al. [145] conclude that width, depth,
floor radius, slope and opening angle of cut marks remain stable
with heat exposure. Alunni et al. [146] conclude that the features
associated to hacking trauma of bone are not significantly altered
by carbonization (burned). Stanley et al. [147] describe the effect of
taphonomic alterations on striations in skin (porcine). They see a
big effect and recommend to document skin striations as soon as
possible by stereo-optical microscopy.



M. Baiker-Sørensen et al. / Forensic Science International: Synergy 2 (2020) 521e539536
6.5. Manual mark comparison

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

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

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

6.6. Weighing the evidence/interpretation

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

6.7. Software for invasive toolmark analysis

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

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

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

6.8. Case studies including invasive toolmarks

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

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

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