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Abstract At the present time, there are no standard methodologies to reliably deter-
mine the age of (latent) fingermarks recovered from crime scenes. Estimating the time
of deposition of this type of evidence is a complex challenge that remains scientifi-
cally unsolved in the forensic domain. This chapter addresses the effort to investigate
and evaluate the age of fingermarks, and answer the question: how much information
can “imaging technologies” provide on fingermark aging? The objective is to intro-
duce the reader to novel applications of existing technologies—Optical Profilometry
(OP) and visible wavelength Hyperspectral Imaging (HSI)—that can visualize and
record variations in the topography of ridges and follow spectral changes in blood-
stained fingermarks, respectively. OP has been typically used for the 3D analysis of
surface roughness of materials; whereas HSI has been previously used to detect and
identify blood stains in a forensic context and estimate their age in laboratory set-
tings. These non-destructive, contactless, imaging technologies eliminate the need
for manipulating friction ridge skin impressions and minimizing sample destruction.
Most importantly, they allow the simultaneous collection of qualitative and quantita-
tive data that can be analyzed using spatio-temporal statistical models to investigate
the mechanisms involved in ridge degradation. OP and HSI, among other technolo-
gies, are establishing new foundational research to integrate the age variable in future
fingermark examination flowcharts. This inclusion could potentially reduce identifi-
cation errors that are caused by time inconsistencies between the evidence discovered
and the crime committed, as well as maximize the use of resources by decreasing
the number of traces to be processed.
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3.1 Introduction

For decades, forensic sciences have adapted scientific principles and technologies
from other disciplines for the analysis of crime scene evidence and the identification
of suspects. The goal has been to obtain valid proof with maximum objectivity and
reliability to associate the true perpetrators with the crime, beyond reasonable doubt
during the judicial process. To date, fingermarks remain, together with DNA analysis,
the core tool for human identification and are often the fastest and most accessible
type of forensic evidence available for this purpose. In addition, fingermarks are
more than just a biometric tool; they can also provide chemical trace information
about the donor; for example, on the use of illicit or prescription drugs, donor’s diet,
and health conditions, among others [1-3].

Current friction ridge skin methodologies—mostly fingermarks' —identify sus-
pects by their morphological patterns; however, the time of fingermark deposition
cannot be reliably estimated and remains an unsolved issue in forensic science [4,
5]. The absence of (international) standards to detect inconsistencies between time
of deposition and the perpetration of a crime has a negative impact on the criminal
justice system. For example, no information on the age of a trace can invalidate
otherwise strong items of evidence or wrongly implicate innocent individuals not
directly related to the crime. As a result, many suspects are released and innocent
citizens wrongly implicated when fingermark evidence cannot be substantiated in
court by the time of deposition (i.e. the age of the fingermark).

The ideal scenario is that in which any investigator/scientist would be able to
objectively qualify and quantify changes in ridge topography of unprocessed fresh
and aged latent fingermarks and blood-stained fingermarks, either at the scene or
in the laboratory. Variations in ridge characteristics over time would be statistically
tested and include a measurement of error. Previous studies [6—19] have correlated
the time of deposition with certain visual and chemical changes in ridge patterns and
the effect of the surrounding environment but with limited and partial results (see
Sect. 3.4 for further details). These include research on the chemical composition
of sweat secretions [6-8, 12], visual examinations of topographical changes over
time [10, 15-20] or chemical imaging of fingermark components [11, 13, 14, 21,
22]. All these studies have provided relevant insights for a better understanding of
fingermark aging, but results have shown some limitations. In this chapter, the focus
will be on the novel use of Optical Profilometry (OP) to visually characterize and
measure latent fingermark ridges in 3D and the potential of HyperSpectral Imaging
(HSI) to detect spectral changes in blood-stained fingermarks over time.

Ideally, crime scene investigators would have available easy-to-use, inexpensive,
portable and quick analytical tools to estimate the age of latent and blood-stained
fingermarks. To this day, and from a scientific perspective, the development and

IThis term refers to latent or invisible impressions (undetectable to the naked eye), plastic or
molded impressions (e.g. prints on clay or wax) and patent (aka visible prints) unintentionally made
by friction ridge skin on a surface. They require a specific enhancement or processing for analysis.
The term fingerprint refers to controlled setting (e.g. inked prints taken from detainees).
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operational deployment of these very desirable technologies have been difficult due
to several factors which include:

e Environmental challenges—Numerous environmental variables may affect finger-
mark degradation and these pose a complex challenge to determining which one(s)
is/are most significant in the aging process. Extrapolation of data in the form of a
significant population study has also proven to be an experiment design limitation.

e Limited financial resources—Trends in innovation have traditionally focused on
other branches of science, such as genetics, while forensic science has fallen
behind, in part due to limited and dedicated funding.

e Technological barriers—Recent technological advances have enabled the devel-
opment of economically affordable, easy-to-use software and hardware for many
mobile applications. Despite these advancements, no commercial computer-based
tools are yet available for dating latent fingermarks due to the aforementioned
issues.

From the range of currently available technologies to be used for latent fingermark
aging studies, an Optical Profilometer (OP) was chosen for its potential and already
proven capabilities in analyzing very small surfaces in 3D. OPs have been used for
years in the visual study and data collection of surface roughness of materials, prov-
ing to have many advantages and a few limitations [23]. Optical Profilometry is a
non-destructive, contactless, three-dimensional (3D) microscopic imaging technol-
ogy that is presented in this chapter as a novel tool for analyzing latent fingermark
ridge topography [23]. One of the key features of an OP is that it eliminates the
need for enhancing (e.g. by powdering) latent fingermarks to visualize them in a
research context; minimizing specimen manipulation and avoiding the introduction
of potential error in ridge measurements. It also allows the simultaneous analysis of
several visual ridge features (e.g. ridge height, area, volume and width) beyond the
simple visualization of ridges. Figure 3.1 shows a typical equipment setup.

Fig. 3.1 Typical optical profilometer set up (left) and detail of microscope objective (right) with a
microscope glass slide mounted on the moveable platform
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The other technology covered in this chapter is hyperspectral imaging (HSI) and
will concern blood-stained fingermarks. This technique can only be applied when
blood is present. In a forensic context, blood is found to be the most common contam-
inant of fingermarks. An assumption of the technique is that the age of the fingermark
is the same as the age of the blood stain. However, the technique cannot determine
whether the fingermark was made in blood or was deposited sometime before and,
then, subsequently covered with blood at the time of the crime. HSI is an established
non-contact, non-destructive technique which was originally developed for satellite-
based monitoring of the earth but has recently been used in forensic applications,
including the detection, identification and age estimation of blood stains [24, 25]. It
is based on recording images at series of wavelengths and combining the information
to create a ‘datacube’ such that spatial information is recorded in x and y dimen-
sions and spectral information is recorded in the z direction. Thus, in a hyperspectral
image, every pixel in the image also contains spectral information across a range of
wavelength bands. This information can be used to detect and identify substances
in an image by statistically comparing the spectrum in the pixels against a database
reference spectrum. HSI can be performed in several ways and also across different
wavelength ranges from the ultraviolet (UV) to the infrared (IR). The most commonly
used and most accessible wavelength range is the visible range from 400 to 700 nm
while one of the simplest ways of obtaining visible wavelength hyperspectral images
is to attach a liquid crystal tunable filter (LCTF) in front of a monochrome camera
and scan across the wavelength range while recording images at each wavelength.
Custom software can then be used to create and analyze the resulting ‘datacube’.
Figure 3.2 shows a typical equipment setup.

Constant technological advances, our better understanding of latent fingermark
chemistry, and of the effect of the environment on topographical changes of
ridges over time, make age estimation a more feasible endeavor. In order to accom-
plish this objective, it is of paramount importance that scientists from diverse disci-
plines (e.g. biology, chemistry, forensic sciences, statistics, computer science, etc.)
come together in multidisciplinary collaborations to share and build knowledge from
their respective fields.

A robust estimate of a fingermark’s age could be used in the near future as admis-
sible data in court, increasing the probative value of evidence, with a direct positive
impact on public confidence in criminal justice. It would also fulfill an emerging
demand for obtaining rapid analytical results as well as tackling current scientific,
legal and societal demands that have weakened the reliability of forensic evidence
in the judicial system. The technologies presented in this chapter demonstrate the
significant advances in forensic research in the field of fingermark aging that could
be used towards increasing robustness of this type of evidence.
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Fig. 3.2 A typical HSI setup
based on a LCTF attached to
a camera

3.2 The Impact of Fingermark Identification Errors

Fingermarks have aided in the resolution of millions of criminal cases worldwide
for over a century. However, in our modern technological society, errors in iden-
tifications have become a grave concern with many being caused, in part, by the
examiner’s subjective analysis and/or conclusions during the process of “matching”
the unknown fingermark to its donor [25-28]. We can ascertain with high degree of
confidence that these errors are not caused by the intrinsic identification power of
the trace itself. The degree of subjectivity on the analysis and the reported errors in
biometric identifications have caused much controversy in the criminal justice sys-
tem and beyond. It was, in fact, brought to the forensic science community attention
by the National Research Council (NRC) report in 2009 in the US,> among other
reports published around the same time, or soon after, in other countries.> These

2Strengthening Forensic Science in the United States: A Path Forward. Committee on Identifying
the Needs of the Forensic Sciences Community, National Research Council. 2009. ISBN 978-0-
309-13135-3.

3Issues also noted by the Scottish Report “The Fingerprint Inquiry””; APS Group Scotland. 2011.
ISBN: 978-0-85759-002-2.
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reports strongly criticized the absence of reliable scientific methods in some forensic
disciplines that led to mis-attributions and mis-identifications of fingermarks.

In the context of this chapter, mis-attribution and mis-identification refer to differ-
ent closely related concepts (Fig. 3.3). The former denotes cases where a fingermark
is correctly associated to a suspect but is inconsistent with the time the crime was
committed, while the latter matches incorrectly the trace to a donor because not
enough clear identifiers are present, i.e. poor quality and/or quantity of necessary
ridge detail; in this case, an error in interpretation by the expert has been made,
leading to a wrongful match. Despite standardization of the fingermark examina-
tion process (ACE-V*) and the development of protocols in crime laboratories,
these types of errors still occur.

Regarding mis-identifications, false positive rates® are estimated at 0.1-3%
depending on the sources, mostly from proficiency tests [28-30]. For example,
according to data published by Simon A. Cole [28] based on Federal Bureau of
Investigations (FBI) research in the US, an estimated 0.8% false positive rate exists
in the current methodology for analysis, i.e. the incorrect association of a person with
a recovered fingermark.

Whilst mis-identification remains an issue, the most common situation arises
when a suspect has legitimate access to a scene before or after the actual crime; then,
the inability to date the time of fingermark deposition often invalidates otherwise
strong pieces of evidence or wrongly implicates innocent individuals. Issues of reli-
ability of fingermarks as a means of human identification frequently arise in court
when evidence cannot be directly correlated to the moment a crime was committed
[5].

But, how much do these identification errors impact our society? For example,
a Eurostat report by the European Commission® indicated that there were over 28
million serious crimes reported in the European Union in 2008, impacting, directly
or indirectly, over 75 million individuals.” Of these crimes, and based on typical
figures,? it could be estimated that fingermarks were recovered from approximately
30% of cases, and of these, and in the absence of official global figures, a conservative
average of at least 25% would be positively correlated to a donor. In Europe each
year, 2.1 million offenders are identified by fingerprinting, and although there are no
official reports on error rates, it could be estimated that nearly 17,000 cases annu-
ally may result in false positives due to both mis-attributions and mis-identifications.
Different areas of the criminal justice system could benefit from age evaluations of

4ACE-V: Analysis, Comparison, Evaluation, and Verification, referred as being a standard scientific
method in the comparison and identification of friction ridge impressions.

SRefers to the prevalence of cases that incorrectly associates a person to a recovered fingermark.
Shttp://ec.europa.eu/eurostat/statistics-explained/index.php?title=Archive:Crime_and_criminal_
justice_statistics,_data_2008-2013.

7 As mentioned on page 141 of the REGULATION (EU) _o .../2013 OF THE EUROPEAN PARLIA-
MENT AND OF THE COUNCIL of the Horizon 2020—the Framework Programme for Research
and Innovation (2014-2020).

8 ANZPAA NIFS (Australian New Zealand Policing Advisory Agency) report “End-to-end forensic
identification process project”, in 2012.
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fingermarks; for example, by decreasing the number of traces to be processed, expe-
diting the prosecution process and minimizing exposure to primary and secondary
victimization’ of individuals directly or indirectly related to the crime.

It is clear that fingermark examinations have come with errors as well as bias [31]
which must be addressed. However, there are some valuable aspects of using the
cognitive system in the process of fingermark analysis. As Dror mentioned in 2013
“expert opinions can be valuable in court, not for being fact but simply as a matter
of only [expert] opinion”. Another positive aspect is that a degree of subjectivity and
cognitive nature can increase the value of these decisions by introducing experience
and instincts into the already standardized and successful processes. This involves
taking counter measures that can help minimize the contextual influences, biases and
even the possibility of error [32]. There is no harm in being a human (subjective)
science, the cognitive underpinning of decisions just needs to be understood by the
investigators when making an arrest, by the forensic scientist when preparing a report
as well as by the jury in court. As individuals become experts, it can be helpful to
determine how shortcuts are taken, past experiences are more relied on and how
certain marks are examined more selectively due to their initial appearance to the
examiners. Once the cognitive architecture of human experts in fingermark forensic
science is understood, there can be steps taken in developing best practices [31],
as well as implementing a statistical, quantitative aspect to the science. Given the
widespread use of fingermark evidence and the public demand for higher scientific
standards, it is critical that the methodology for analysis becomes as accurate and
error free as possible. Fingermark aging can provide a degree of knowledge and
intelligence to help reduce error in identifications.

There has been no shortage of critiques that have cast doubt on the practice of
fingermark identification and their use in court. There have been strides made since
the publication of the National Research Council Report in 2009, and with these
advancements have come more areas of expertise that can yield great knowledge.
Fingermark research has developed to encompass incorporating the following:

e Various statistical models for different aspects of fingerprinting;
e Qualitative and quantitative data to support fingermarks as evidence;
e Methods to estimate the age of a fingermark.

Convictions can hinge on the unknown factor of whether or not a particular mark
was left within the timeframe of a crime. This is one of the reasons research has taken
form to investigate an accurate model for determining the age of latent fingermarks
[34] and place a suspect within the timeframe of a crime beyond any subjective
witness or victim statements. With the information that new research is providing,
the errors made and controversies that emerged in (latent) fingermark decisions could
greatly decrease in the years to come. The evolution of an age-old science has gained

9Secondary victimization (also known as post crime victimization or double victimization) is the
re-traumatization of the (sexual assault, abuse or rape) crime victim. It is an indirect result of
assault which occurs through the responses of individuals and institutions to the victim. The types
of secondary victimization include victim blaming, inappropriate behavior or language by medical
personnel and by other organizations with access to the victim post assault [33].
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great steam as research has taken off in the last decade. There is great hope for what
forensic scientists have yet to uncover with the knowledge that has already been
obtained.

3.3 The Estimation of Age Will Improve the Robustness
of Fingermark Evidence

The possibility of estimating the age of fingermarks has been implicitly or explicitly
discussed in at least 28 court cases from 1961 to 2011 as reported by Girod et al.
[2]. The study reported, that, in some instances, experts stated that it was impossible
to determine the exact age of fingermarks. However, they provided the court with
personal opinions based on experience. Opinions were (and are) subjective in nature,
with potential for biases. Also, the majority of the literature on fingermark analysis
has emphatically stated that it is “impossible” to precisely determine the age of
(latent) fingermarks [35] and it has been recommended that “(...) age estimation
should never be based solely on the quality of a developed mark (...)”. Despite these
objections to fingermark aging, researchers have studied and established evidence
of degradation processes, including qualitative and quantitative visual methods, and
chemical profiling of fingermark deposition compounds [2-19, 36-38].

We advocate for the inclusion, in the near future, of the factor age in the fingermark
examination process (Fig. 3.4), because it could significantly improve the overall
robustness of evidence beyond the most immediate attribute of estimating a specific
time of deposition. The increased value of the probative power of evidence could be
summarized as [37]:

e Temporal location of a suspect during the perpetration of a crime: the order in
which objects were touched and, therefore, the sequence of certain events could
be inferred.

e Screening of relevant or priority fingermarks: age estimation offers the possibility
of pre-selecting high-priority processing fingermarks from irrelevant ones (low-
priority) to prioritize lines of investigation with respect to relevant time periods.
Indiscriminate submission (and storage) of “questioned” fingermarks to databases
would become limited to a pre-selection of fingermarks with respect to time periods
of interest. Age estimation would therefore diminish the potential for biased results
when conducting identifications.

e Age distinction of overlapped fingermarks: If the prints can be adequately sepa-
rated (as it has been demonstrated by Matrix Assisted Laser Desorption Ionisation
Mass Spectrometry (MALDIMS) [10]), the proposed age estimation scheme could
be applied to each print separately and the age of both could be compared.

e New applications of existing technologies: for example, OP is broadly used in
material science to analyze surfaces. New developments in the instrumentation
could make equipment affordable and potentially portable to the scene.
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From a more general perspective, the criminal justice system and the general
public could directly benefit from the inclusion of the age factor because it has the
potential to:

e Improve the efficiency of public financial resources devoted to criminal investiga-
tions by giving crime laboratories a new tool for in situ crime inspections;

e Minimize errors in the identification of suspects by placing them outside the time-
frame of a crime;

e Reduce the amount of evidence necessary to secure or overturn a conviction, thus
reducing redundant crime evidence analyses and backlogs;

e Speed-up and reduce the cost of judicial processes which involve fingermarks as
crime evidence;

e Improve the quality of criminal justice system services by decreasing the annoy-
ance to victims and individuals indirectly involved (secondary victimization)
whose testimony is no longer required;

e Reduce overall public administration expenditures.

Moving forward, there are still many skeptics who believe age estimations of
(latent) fingermarks is an impossible endeavor. There is still a lack of consensus and
a need for more research before a worldwide protocol and process can be standard-
ized for this science; however, in the authors’ view, this is not impossible. We agree
when Girod et al. (2016) [5] propose that research needs to focus on the chemical,
physical and quantitative aspects of fingermark analysis. Researchers need to con-
tinue to be open and transparent when it comes to the limitations as well as potential
of the (latent) fingermark aging methodologies. The research into fingermark degra-
dation to eventually be able to produce age estimations has come a long way since
the National Research Council Report in 2009. Forensic scientists, statisticians, law
enforcement officials and other researchers have put great effort into making finger-
mark analysis more reliable and it has led to the study of fingermark aging processes
and the formulation of statistical parameters for reference. Once this discipline is
further developed and understood, there is no doubt it could help lessen the time and
effort spent on fingermark examinations in laboratories as well as minimize wrong-
ful convictions related to time inconsistencies. This field has grown significantly
in the past decade, and it will become more robust and provide a great source of
knowledge as time and research continues.

3.4 Technologies and Methodologies Applied to Latent
Fingermark Aging Studies: Qualitative
and Quantitative Analyses

The natural degradation process of latent fingermarks occurs through intrinsic bio-
logical, chemical and physical processes and interactions with extrinsic factors, such
as the type of substrate—surface of deposition—and other environmental factors [12,
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Fig. 3.5 Example of visual latent fingermark degradation patterns dusted with titanium dioxide
powder after exposure to different environmental conditions. Figure reprinted with permission from
[17]. Copyright 2016, Jon Wiley and Sons

39]. The various research that investigate the aging of fingermarks typically explore
chemical and physical (visual) changes. Some of the methods have involved powder-
ing techniques [12, 13, 40], changes in fluorescence wavelengths and intensity [41],
changes in chemical profiling [11], as well as electrical methods exploring decay
of electrostatic charges [42]. The practical use of these techniques in casework is a
concern shared by many scientists in this field. Wei et al. [21] identified the impor-
tance in not just studying the visualization and aging of fingermarks but being able to
develop reliable methods/technologies that are portable to a crime scene or a mobile
laboratory setting [19].

The proof-of-concept of an affordable, rapid, and easy method for estimating time
of deposition is technically possible using visual examination alone, as shown in the
example depicted in Fig. 3.5. For law enforcement, a visual test for a fingermark’s
age in situ would prove very useful for crime scene reconstruction. Then, in addition
to the what and how aspects of crime evidence, now the potential ability to include
the when is not far reaching as a standard in investigations worldwide. Here we
also describe examples of selected technologies that have been used to date for age
estimations. It is not intended to be a comprehensive review but a mere illustration
of the potential of these technologies in obtaining relevant data.

3.4.1 The Application of 2D Imaging to Aging Studies

Research published by De Alcaraz-Fossoul et al. [14], showed the basic concept of
characterizing the degradation process of latent fingermarks, under certain environ-
mental conditions, by visual (qualitative) means using a traditional powdering tech-
nique (Fig. 3.5) [12]. A quantitative method was developed shortly after that could
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statistically model the degradation process [14—17]. Statistical data were obtained
from the measurement of four visual parameters observed during the progression of
degradation: (1) changes in the width of ridges; (2) decreasing color contrast between
ridges and furrows; (3) increasing number of ridge discontinuities; and (4) decreasing
number of observable minutiae.

One of the most significant findings of this aging experiment was that in some
instances, and contrary to common expert belief, there was no significant visible dif-
ferences between those marks aged and exposed to direct sunlight and those kept in
complete darkness. For example, sebaceous-rich depositions on glass appeared aston-
ishingly clear for identification purposes after 6 months (fresh-like appearance); how-
ever, the plastic substrate produced marks with more diverse array of results. Other
conclusions from this study were in regard to the differences between sebaceous-
and eccrine-rich depositions. Understandably, the “greasier” sebaceous specimens
were more resilient to degradation after 6-months of aging than their counterpart
eccrine-rich depositions. Despite all the relevant discoveries using this 2D method-
ology, it cannot not provide a complete picture nor could it be used to fully understand
and model visual degradation patterns. This is because a fingermark is not a 2D object
but a “live” 3D structure deposited on a substrate.

3.4.2 The Complexity of Fingermark Chemical Composition
Studies

Fingermark chemical comparisons may become an effective tool to criminal investi-
gations in the future. This showcases the importance of further understanding what
a fingermark is composed of and how this may affect the process of degradation and
aging. One of the major problems in studying the chemical composition of (latent)
fingermarks is the complex task of identifying a stable sweat compound (protein
or lipid) that could be used as an aging reference or standard. From the large array
of techniques, we will focus on a selected variety. For example, some authors have
proposed the use of thin layer chromatography (TLC) and high-performance liquid
chromatography (HPLC) to study the behavior of lipids over time [3, 5], but the
results were not conclusive due primarily to technical limitations. Fourier transform
infrared spectroscopy (FTIR) has also been used but so far with contradictory results
[43].

Gas Chromatography/Mass Spectrometry (GC-MS) is destructive to the prints,
but it allows for the analysis of many compounds from different substrates [0, 44].
GC-MS is an analytical method that combines the features of each technique to iden-
tify chemical substances within a test sample [45]. The GC-MS method is sensitive
to amino acids that are challenging to detect or not detected by other techniques and
an extensive range of fatty acids, as well as squalene. Similarly, liquid chromatogra-
phy/Mass Spectrometry (LC-MS) is a technique used to separate the constituents in
a liquid-phase mixture, to identify and quantify components.
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Matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS) is
a soft ionization technique. The combination of a laser and a UV absorbing matrix
allows the analysis of a variety of molecules. MALDI profiling and imaging for the
detection and mapping of lipids, peptides and proteins, and amino acids in finger-
marks have been shown [46-50]. This technology has demonstrated to be sensitive
for the visualization of groomed, ungroomed and natural fingermarks. Good qual-
ity images of fingermark ridges were obtained based on the chemical profile of the
deposition. Initial studies reported by Francese’s group indicated that this technol-
ogy could be used for short-term age estimation, (up to 8 days) [51] although the
method was only used on “lipid pads” and not real marks. It is believed MALDI has
the potential to bring new insights to the field of fingermark aging and is especially
useful for chemical imaging of aging lipids [11, 46, 49, 50]. However, this equipment
is, as of today, costly and requires high operator expertise.

As the focus of chemical composition is further examined, it could yield important
information that could be used to estimate the age of latent fingermarks, such as
specific intermediates, concentrations of various fatty acids, etc. If this type of study
is conducted on a large scale and even take into account factors such as age, sex, and
race, there could be a wealth of information to help further the efforts to estimate age
of a latent fingermark. The design of adequate technical protocols is necessary to
distinguish between short- and long-term fingermark age estimations because the
techniques to be used (visual vs. chemical vs. chemical imaging) have different
degrees of sensitivity to degradation changes. For example, MALDI and GC-MS/LC-
MS techniques will detect changes that occur after a few minutes/hours to several
days of deposition (although currently at an immature stage to scene application),
whereas visual changes will assess a timeframe of several days to weeks/months [12].
These techniques provide complementary information of the aging behavior. The
combination of short- and long-term aging studies is of interest because fingermarks
of very different ages can be potentially found at any crime scenes. Cadd et al.
[39] mentioned that distinguishing donor characteristics as well as determining the
specific age of a fingermark needs to be distinct priorities to bridge the large gap in
forensic science knowledge. It is also important to take into account the substrate,
composition and environment when studying (latent) fingermarks because each one
of these variables could cause acceleration or deceleration of the degradation process
[39].

The current dilemmas in the reliability of identifications have persuaded aca-
demics to begin studying the degradation and aging patterns of (latent) finger-
marks from different methodological approaches. Having a deeper knowledge in
this field can help provide more statistically relevant information to CSI, detectives
and prosecutors in their combined efforts to provide time-based evidence beyond a
reasonable doubt in court, minimizing wrongful convictions and exonerations.
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3.4.3 Approaches to Non-invasive 3D Analysis of Latent
Fingermarks

One of the ways research into latent fingermark age estimations can move forward is
by shifting from a 2-dimensional train of thought into the 3-dimensional (3D) objects
fingermarks truly are. The ability to visualize fingermarks in 3D gives researchers new
features and metrics in terms of discovering aging patterns. Non-invasive methods
to obtain high definition images have been used in several studies in fingermark
aging. Image extraction and comparison methods could clearly benefit from the
study of the various ridge changes that occur over time. Liu and other researchers
have noted the evolution of fingermark techniques, showing that it is possible to use
the 3D aspect of fingermarks to develop a more comprehensive aging model [52].

Merkel and his colleagues were pioneers in examining the topography of an indi-
vidual latent fingermark by using 3D technology [7]. Merkel understands that there
is some aspect lacking in order to provide a definitive age for a fingermark and
believes that looking at the print with all three dimensions can help find the solu-
tion to this problem. In his research, Merkel does an excellent job at encompassing
many different types of conditions in order to account for the variability that is seen
throughout the various crime scenes on a daily basis. Looking towards the future,
Merkel’s new perspective can be used to continue and conceptualize further instru-
mentation, techniques and methods to help visualize and analyze latent fingermarks
in 3D.

Merkel et al. [10] used Chromatic White Light sensors (CWL) and Confocal Laser
Scanning Microscopy (CLSM) for image acquisitions. However, these techniques
produced low quality images and were not ideal for topographic studies in 3D [12].
Ridge height functions, while derivable, were not reliably or automatically estimated
or obtained. CWL and CLSM were also time-consuming imaging techniques, taking
about 3-5 h to scan 20 images. Loss of image contrast was another unsolved issue that
significantly reduced the quality of the prints. In another study, Dorakumbura et al.
[20] used Atomic Force Microscopy (AFM) to observe adhesion and topography in
3D [18]. AFM had an advantage over CWL and CLSM because it rendered better
resolution of images at the nanoscale. However, AFM had direct contact between
the sample and probe, making it an invasive and potentially destructive method
and required perfectly flat surfaces. Additionally, it took AFM longer to scan an
image (3—4 h) and it was not used for aging purposes. Stoehr et al. [53] used energy
dispersive x-ray spectroscopy, environmental scanning microscopy (ESM) and OP to
determine the composition of fingermarks. Again, no aging studies were conducted.
X-ray spectroscopy and ESM were also not capable of measuring the height of the
sample. Lateral resolution of the ESM was too high for the analysis of ridges at
a microscale, while X-ray microscopy required the analysis of large quantities of
images. In Stoehr’s methodology for OP, fingermarks were sputter-coated or treated
before scanning, making it an invasive technique that altered the sample.
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3.5 Optical Profilometry: A Tool to Uncover Latent
Fingermark Aging Patterns in 3D

As seen earlier, fingermark degradation patterns have been investigated using a mul-
titude of methods that range from studying chemical changes and applying immuno-
labeling, to visual patterns and effects of photo and thermal degradation. From these
options, the constant development of visualization methods continues to provide
more knowledge that will help forensic scientists in establishing a reliable standard
to estimate the age of fingermarks. Overall, the ability to visualize fingermarks in dif-
ferent ways (e.g. 2D vs 3D imaging) provides complementary information regarding
individual characteristics of ridges as they age.

Optical profilometry (OP) is a non-destructive, contactless, 3D microscopic-
imaging technology that eliminates the need for developing latent fingermarks (e.g.
by powdering) at each data collection time point, thus minimizing sample manip-
ulation and measurement error. OP allows discrete statistical data collection (i.e.
as time-lapse) of topographical changes over time. From an experimental approach,
OP could be developed to formulate a predictive, statistical model that estimates the
age of a fingermark as a function of its topography—height, width, and other mor-
phological parameters—time, and deposition conditions. Spatiotemporal modeling
simultaneously considers spatial, temporal, and inter- and intra-subject variability
and therefore can produce robust predictive models. OP provides both qualitative
(i.e. 2D + 3D images of specific aging stages) and quantitative results (i.e. measur-
able topographical data). In addition, the analysis of the exact same sample over time
allows a time-lapse image capture of the degradation process helping understand the
“live” aging process.

The OP uses white light interferometry to determine the height, volume and widths
of features on the surface of the sample. A portable version is already in the market
and could be potentially used at crime scenes. A CCD—charge-coupled device—
camera records the image of the sample as the distance between the sample and
the objective is scanned. As the microscope moves vertically, a digital image is
recorded. The microscope uses interferometry objectives which split the light into
two paths, one path reflected by the sample and the other by a reference mirror. When
both path lengths and the same interference fringes appear, a software determines
equidistant points between the image and the mirror. A cloud of (X, y, z) vectors is
generated to create a 3D digital surface which can be processed using a wide range
of programs. The x-y resolution is determined by a chosen magnification. The z
resolution is independent of the objective and is extremely high i.e. less than 1 nm.
The instrument is equipped with a 200 x 200 mm motorized stage that facilitates
large number of samples to be measured sequentially and ensures that the same area
is measured at each time point.

This instrument can also reliably provide functions of heights and widths along
specified cross-sections in an untreated or raw (latent) fingermark, as shown in
Fig. 3.6, with the height function of a cross-section (shown as a line) displayed
at the bottom of the image. The heights are measured in micrometers and are relative
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Fig. 3.6 Example 2D/3D image (left) and height functions (right) depicting the differences in ridge
heights between fresh (in blue) and aged fingermarks (30 days) (in red). This sample is the middle
fingermark of the male donor deposited on glass substrate and aged in darkness. Note that ridge
peaks have “eroded” within the 30-day period

to a baseline or an average. Hence, negative values in the height function are expected
to be observed. This does not affect data analysis as the height functions themselves
will be compared across time in an aging experiment.

OP can also obtain the average height of any given surface area, known as S,
parameter (Figs. 3.7 and 3.8). An image in 3D and topographical data is obtained in
3—4 min on the desired area, typically ~30 mm?. In aging studies, the same location
and area size is used. It must be pointed out that the area is always maximized to
cover as much viable fingermark surface as possible within the limitations of the
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Fig.3.7 Average height surface (Sa) values (in micrometers) of untreated latent fingermarks (shown
as replicates) visualized with OP over time. Figure reprinted with permission from [22]. Copyright
2018, Jon Wiley and Sons
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Fig. 3.8 Latent fingermark images from a female donor captured with optical profilometer (OP);
the exact same print powdered with titanium dioxide TiO; (ridges shown in white); and deposited
with ink (ridges shown in black). The aged impressions are visualized one year after deposition.
Note the “halos” around the aged latent fingermark ridges in powdered prints. Figure reprinted with
permission from [22]. Copyright 2018, Jon Wiley and Sons
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microscope (i.e. larger surfaces require longer collection times). In our laboratory,
non-porous surfaces, including glass, plastic and metal have shown to be amenable
for analysis by OP. The object size requirements are comparable to any standard
compound microscope; in our case we used thin surfaces up to 1 cm in height. There
are a few disadvantages of the OP, such as the slow data acquisition times if used at
high resolutions (i.e. not necessary for our aging purposes); its detection limit (i.e.
insensitive to very thin layers of sweat components that can still be detected with
powdering); and its high sensitivity to imperfections or “waviness” of the substrate
that can mask results. These limitations could be addressed with image processing
software, although non-flat surfaces—wavy at a microscopic level—would more than
likely prevent (or significantly complicate) any OP analysis no-matter the level of
image processing. Despite these restrictions, and compared with other techniques,
OP is a sufficiently sensitive fingermark dating technology that provides precise
measurements in all dimensions coupled with high quality images.

From an end-user perspective, data acquisition and interpretation require some
specific training (few hours) but no prior experience with OP or expertise in
microscopy or statistics. High quality images, in 2D and 3D, and data on ridge sur-
face roughness can be collected, transferred and edited using other commonly used
software. Depending on the needs of the user, further image and data processing may
be desirable which require expertise in 3D imaging and statistical software such as
MATLAB®. As OP software evolves, it becomes more user-friendly and versatile in
options. Bench top and portable optical profilers are already available in the market
from different manufacturers at reasonable prices, making this technology a solid
candidate for operational use at crime scenes in the future.

The work described by Merkel et al. [37] and De Alcaraz-Fossoul et al. [22] lead
to great hope for age determination of fingermarks, focusing on visual parameters
and the three-dimensional ridge features. In future studies, there is the need to include
larger populations of donors that can help overcome limitations due to sample size and
the unknown effect of variables in order to become statistically relevant. Moving
forward, these visual methods must combine the evaluation of biological/chemical,
environmental and substrate differences and interactions when it comes to the rate of
degradation. Determining the causes of acceleration or deceleration of degradation
is critical in predicting aging patterns for latent fingermarks.

3.6 Age Estimation of Blood-Stained Fingermarks

At scenes of violent crime, blood is one of the most commonly encountered types of
biological evidence [54] and is the most common fingermark contaminant [55]. The
initial objective when dealing with suspected blood evidence is to conclusively estab-
lish that the substance is actually blood [56]. Dark substrates can pose considerable
problems, due to the low contrast between the substrate and the fingermark, because
of the high amount of incident light absorbed by the surface [56]. Other colors or pat-
terns particularly similar to the stain can also cause issues for identification through
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visual examination alone. Presumptive tests are therefore used as part of the current
forensic workflow to indicate the presence of blood [55]. Despite a high sensitivity to
blood, these wet chemical tests are not specific to blood and can generate false posi-
tives [55]. Wet chemical testing can also contaminate the stain, potentially having a
detrimental effect on subsequent DNA analysis [57]. Previous and current research
has therefore focused on alternate methods for the non-destructive identification of
blood [54, 58-66].

Convictions can depend significantly on the ability to prove beyond reasonable
doubt whether a bloody fingermark was deposited at the time a crime was committed
or from a previous legitimate visit, as is often claimed by the defense team [39,
67]. There are currently no accepted analytical methods for reliably establishing a
timeframe when a fingermark was deposited and speculation around age is subject
to considerable error [68]. This is primarily due to the unreliability of previously
proposed methods [69]. Successful identification of blood and estimation of the age
of a blood-stained fingermark could provide the first indication to investigators as
to when a crime was committed [70]. This could be especially beneficial if a blood-
stained fingermark is the only evidence available.

It has been established that the color of a blood stain changes from red to brown
over time [59]. This indicates that optical methods could be used to quantify the
color of blood stains. This was first explored using the reflectance spectra, whereby
the effect of environmental variables on the color of the blood stain was recognized
[60]. Further research quantified absorption bands independent of the amount of
blood present as a possible approach for age determination [61] or the use of a small
spectral window [62].

Previous research has clearly established changes to the physical and chemical
properties of blood over time [59]. An optimum technique requires a high selectivity
to blood; a high level of sensitivity, even with diluted blood; and high levels of
precision to determine the age of a blood stain or blood-stained fingermark in practice.
One such method is the use of visible wavelength hyperspectral imaging (HSI).
This was first reported for the detection and age determination of horse blood stains
between 442 and 585 nm as proof of concept research [24]. The determination of age
was obtained through linear discriminant analysis from data based on the progressive
change of the absorption spectra over time as the composition of the blood stain
altered. This approach used training and test datasets from the same blood stain in
order to determine the age with high levels of accuracy. With different blood stains the
accuracy was considerably lower, although this research demonstrated the potential
of the method for establishing age estimation non-destructively. A similar method by
a different research group has also been successfully demonstrated for the detection
and age estimation of blood stains [71, 72]. The method proposed allowed for rapid,
non-destructive presumptive blood stain detection as well as age estimation. Other
research has explored forensic traces across a range of substrates [73]. Most recently
a new blood stain identification approach was proposed based on the Soret y band
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absorption in hemoglobin [56], which indicated a higher sensitivity and specificity
for the detection and identification of blood stains over previously proposed methods.

The need for a non-contact and non-destructive method for the determination of
the age of a blood-stained fingermarkt is paramount. An ideal method should function
across a practical range of ages of blood, have a high specificity to blood so as to
prevent false positives and have a clear and accurate method for determining the age
of a blood stain, so as to allow for reliable fingermark age estimations.

The visible wavelength HSI method described here meets all these requirements.
We present the results of a novel application of visible wavelength HSI based on the
absorption spectrum of hemoglobin between 400 and 680 nm for the non-contact,
non-destructive detection, identification and age determination of blood-stained fin-
germarks on white tiles. False color scales are used to represent the age of the
blood-stained specimen. A 30-day color scale is tested with nine blood-stained fin-
germarks of different unknown ages deposited on a single white tile to demonstrate
the effectiveness of such a method for age determination. This work follows on
from Cadd et al. [74-76] where hyperspectral imaging was used for the first time
to detect, identify and visualize ridge detail in blood-stained marks across a wide
range of substrates. The research described here demonstrates the potential of HSI,
through successful non-destructive detection, identification, and age determination
of this type of evidence.

3.6.1 Hyperspectral Reflectance Image Acquisition
and Pre-processing

The HSI system used to obtain the results described in this chapter was similar to that
detailed in Li et al. [56], consisting of a liquid crystal tunable filter (LCTF) coupled
to a 2.3 megapixel Point Grey camera and a light source for scene illumination. The
light source comprised of two 40 W LEDs; one violet giving an output at 410 nm and
one white, giving an output between 450 and 700 nm. Control of the LCTF and image
capture was performed using custom developed software written in C++ (Microsoft,
USA). Images were captured between 400 and 680 nm with spectral sub sampling at
5 nm intervals, resulting in an image cube at 56 wavelengths for each scan. Spectra
from the image cube were subsequently analyzed using custom routines developed in
Visual Studio 2010 (Microsoft, USA) and Python 2.7 (Python Software Foundation,
USA). The time required to acquire and process an image was approximately 30 s.
The hyperspectral reflectance measurements were made as follows. A reference
image (Rg) was obtained using a blank substrate. This image was recorded in a 5 nm
series of 56 discrete wavelengths between 400 and 680 nm. The sample image (R)
was recorded at the same wavelengths under the same illumination conditions and
integration time settings on the camera. The hyperspectral reflectance image (R)
consisted of a data cube of 1280 x 1024 pixel values at 56 discrete wavelengths.
From the reflectance images obtained, the pixels which satisfied the criterion were
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Fig. 3.9 Reaction of
hemoglobin in blood stains.
Reprinted from ref. [24] with
permission from Elsevier
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marked as black, whilst all other pixels were marked as white. This allowed regions
of the image where the blood-stained fingermark was present to be identified, as
well as a clear distinction of the ridge detail to be obtained. Additional information
regarding sample image processing can be found in [56].

3.6.2 Criteria for the Identification of Blood-Stained
Fingermarks

The presence of hemoglobin in blood dominates the blood reflectance spectrum in
the visible region [59]. The spectrum contains a strong narrow absorption at 415 nm
called the Soret or y band with two weaker and broader absorptions between 500
and 600 nm known as the f and a bands [59] (Fig. 3.9). Due to the absorption in
the blue part of the visible spectrum, the Soret band is responsible for giving blood
its distinctive red color. Other red substances also absorb in the blue region of the
visible spectrum between 400 and 680 nm. However, the width of these absorption
features is typically much broader and also not centered at 415 nm. This forms the
basis of the methodology to identify and discriminate blood-stained fingermarks and
blood stains from other similarly colored substances. Further information is detailed
in [56, 74-76].

3.6.3 Age Determination Methodology for Blood-Stained
Fingermarks

The age of bloody fingermarks was explored through the effect of time on the com-
position of the fingermark. This has already been established as a potentially viable
method for age determination, due to the numerous variables which affect finger-
mark composition over time [39]. This research explored the compositional changes
that occur within a blood-stained mark using hyperspectral imaging. After deposi-
tion, specific chemical changes occur which result in a color change from bright
red to dark brown. This is attributed to the complete oxidation of hemoglobin (Hb)
to oxy-hemoglobin (HbO,), which then auto-oxidises to met-hemoglobin (met-Hb)
and denatures to hemichrome (HC) [59] (Fig. 3.9).

As this process occurs, the concentration of hemoglobin decreases, which can be
observed in the visible spectrum through the decrease of the Soret band at 415 nm.
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After HSI analysis, the absorption spectra were analyzed and the ratio of the peak
of the B band at 525 nm to the trough at 550 nm (Fig. 3.10) was determined.

As blood ages, the height of the peak decreases whilst the trough increases and
so the value of the ratio also decreases. The change in this ratio was used to produce
false color Red-Green-Blue aging scales, as shown with ten false colored prints in
Fig. 3.11, with the value of the ratio determining the values assigned to red, green
and blue in the image. This is a simpler but less accurate method of blood age
determination than the previously described method of Li et al. [23, 24] which used
a statistical model based on linear discriminant analysis.
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Fig. 3.10 Visible spectrum of blood from 400-680 nm. Reprinted from ref. [78] with permission
from MDPI
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Fig. 3.11 Use of Red-Green-Blue colors to produce false color scales based on 525/550 nm ratio.
Reprinted from ref. [79] with permission from MDPI
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3.6.4 Age Determination of Blood Stained Fingermarks
Using HSI

Detailed analyses of changes to the absorption spectrum over both twenty four hours
and thirty days were carried out and separate false color scales were generated from
both hyperspectral analyses. The thirty-day false color scale was then used to false
color nine blood-stained fingerprints of unknown age based on their absorption spec-
trum obtained from hyperspectral analysis.

Blood-stained fingermarks were successfully detected using HSI for the full
twenty four hours explored. Clear ridge detail was identified for all scans and the
absorption spectrum analyzed to produce a false color scale, as shown in Fig. 3.12.
Clear changes in color can be seen on almost an hourly basis over the twenty four
hour period. This scale represents the changes that occur to the absorption spectrum
over the twenty-four hour aging period, as shown in Fig. 3.13. The logarithmic con-
version also shown demonstrates the clear relationship between the 525/550 nm ratio
and time over this period.

Blood-stained fingermarks were also successfully detected and identified using
HSI for the full thirty days explored. Clear ridge detail was identified for all scans, a
selection of which is shown in seven day increments from deposition to twenty eight
days in Fig. 3.14.

The level of clear ridge detail observable even after thirty days demonstrates
the advantage of HSI over existing chemical methods, as not only can blood be
conclusively identified, as opposed to only an indication obtained with presumptive
tests; but ridge detail is both preserved and photographed for potential comparison
in one step, even for blood-stained fingermarks which are not freshly deposited.
Analysis of the absorption spectrum between 400 and 680 nm showed a clear decrease
of the Soret band and the B and a bands between 500 and 600 nm over the aging
period. This change forms the basis for the age estimation methodology. False color
scales were produced to represent the changes to the 525/550 nm ratio over thirty
days, as shown in Fig. 3.15.

From a simple visual examination of the nine blood-stained specimens alone,
as shown on the left hand side in Fig. 3.16, it is very difficult to determine any
significant differences that may allow for age estimations. Hyperspectral analysis
however successfully detected and conclusively identified the ridge detail as blood.
This data was then used to produce false color scales which give a clear visual
representation of the different ages of the prints, as shown on the right in Fig. 3.16.

The DSLR images show minimal variation between the different ages of blood-
stained fingerprints. However, using the false color scales, all freshly deposited prints
can be easily distinguished due to the significant differences in color, such as prints
five, eight, seven and three, which correspond to zero, one, three and six days respec-
tively. After fourteen days, the variation in the composition of the blood-stained fin-
germarks is less, so the difference between the assigned false colors is smaller and
harder to distinguish by eye. This is apparent for prints two, four and six, which
are all shades of purple, despite varying by eleven days. The use of this false color
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Fig. 3.12 A false color Red-Green-Blue aging scale generated from the ratio of the peak at 525 nm
to the trough at 550 nm obtained through hyperspectral analysis of blood fingermarks over twenty
four hours. Reprinted from ref. [79] with permission from MDPI

method for age estimations is therefore most effective for blood-stained specimens
deposited within fourteen days, (and most so within the first twenty four hours), as
the increased variation over the first seven days results in greater differences in the
false color images produced.

The ability to determine age is greatly sought. The studies presented in this chapter
have demonstrated the feasibility for such estimations, with the additional benefit of
a false color aging scale to provide a clear, easy to distinguish, visual representation
of the differences in ages between deposited specimens. Naturally, further research is
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Fig. 3.13 Hyperspectral analysis was used to determine the effect of time on the absorption ratio
between the peak at 525 nm and the trough at 550 nm (left) and the logarithmic conversion to show
the relationship as a straight line (right) over the twenty-four hour aging period. Reprinted from
reference [79] with permission from MDPI
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Fig. 3.14 Visible ridge detail for blood-stained fingermarks analyzed using HSI after zero, seven,
fourteen, twenty one and twenty eight days. Reprinted from ref. [79] with permission from MDPI

required before such a methodology could be implemented into the existing forensic
workflow, but the research detailed in this chapter has demonstrated that such a
method exists, generates reliable results on white tiles, and, perhaps most importantly,
is highly specific to blood. The key additional research which needs to be performed is
to investigate firstly a greatly range of substrates and then the effect of environmental
variables such as temperature and humidity on the aging process. These effects can in
principle be parameterized and thus allow the creation of a robust and reliable model
which can be used at crime scenes. The compatibility with prior use of existing CSI
techniques also needs to be investigated.

3.7 Fingermark Age Estimations: Is There a Future?

In order to succeed in the challenging research field of fingermark aging, it is desir-
able and necessary to employ a robust technique, or combination of techniques, that
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Fig. 3.15 A false color Red-Green-Blue aging scale generated from the ratio of the peak at 525 nm
to the trough at 550 nm obtained through hyperspectral analysis of bloody marks over thirty days.
Reprinted from ref. [79] with permission from MDPI

could overcome, and be able to explain, some or most of the variability exerted by
environmental factors. Visual analyses, such as OP and HSI, can fulfill this objective
because of their sensitivity to visual and chemical changes that take place during the
aging process. Additionally, OP and HSI are able to collect topographical measure-
ments that can be easily analyzed and interpreted.

After the first initial studies, further ideas arose on how to examine and develop
models forfingermark aging patterns. Weyermann and Ribaux [77] describe that
aging studies need to be focused on the kinetic properties of the evidence obtained
and how to create a valid model that can be universally implemented. They note that
although it is important to study the disappearance of features/full latent fingermarks
as a function of time, it can be just as important to study the persistence of char-
acteristics and even the alterations as a function of time. This means that although
the disappearance of features can yield great knowledge, being able to determine
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Fig. 3.16 DSLR (left) and false color images manually colored from hyperspectral analysis (right)
of blood-stained fingermarks based on thirty-day false color scale. Reprinted from ref. [79] with
permission from MDPI

what does not change can yield relevant information as well. The struggle noted with
the models presented is the ability for them to be reproducible and consistent under
controlled conditions. Researchers have found it difficult to find features and trends
that can be generalized to a large population of individuals. Overall, Weyermann and
Ribaux developed research to help forensic scientists think outside the realm of what
is already known in fingermark science to try to stimulate future ideas to address the
challenges already facing the age determination of fingermarks [77].

From a technological perspective and based on the speed of engineering advances,
OP and HSI could become operational in the field within a decade. However, these
technologies will be useless to forensic scientists unless accompanied by a bet-
ter understanding of degradation patterns and the effects of environmental and physi-
cal variables on age estimations. Based on past published data, from proof-of-concept
studies in many cases, the time has arrived to upscale research and move beyond
small, and at times unfunded, projects. This will be the only way knowledge on
aging will pair with technological advancements.

As mentioned earlier, age estimations can provide, for the first time, valuable
new information and intelligence about a crime beyond the possible presence of an
individual. For this reason, more financial resources are needed to expand current
research and ensure reliable results within a reasonable time span.

Great progress made in the field of fingermark aging gives hope for the future
endeavors and research that is to come. There has been success in certain areas
regarding latent and bloody fingermark age estimations; however, additional research
effords need to be highlighted. There are seven key points to study moving forward:

e Identification of visual parameters and chemical decomposition products of
aging fingermarks. To date, studies have gathered valuable knowledge on fin-
germark topography and composition; however being able to understand chemi-
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cal intermediates and end-products can yield a better idea of how old the fingermark
is by how far along it is in the reaction process.

e Scientists and researchers could delve deeper into deciphering and modeling the
reaction kinetics of a (latent) fingermark. If the rates of decomposition can be
determined for specific chemicals, the time intervals after deposition could be
more easily estimated.

e Efforts should be made to study ratios of chemical compounds. Studies have shown
how variable the quantities of different chemicals are; however, all these were
conducted with a very small population of donors and/or samples. If the ratios of
chemicals could be generalized using a more large-scale study, it would be easier
to accurately extrapolate the age of the given print.

e One of the most important goals of future research is to carry out large-scale
studies. It is very difficult for research findings to be generalized and implemented
into real-world practice without enough data to produce accurate generalizations.
A model, trend or any research cannot be certified as accurate, precise or reliable
unless it can be completed by multiple researchers using multiple donor sets and
reproduced on a large scale [39].

e The effect of donor, environmental, and substrate variables are critical areas of
future focus. In a real scenario, (latent) fingermarks are not all aged under the
same environmental conditions and on the same substrates. It has been shown
that the location where the fingermark is deposited can have unique effects on its
visual degradation. Much like in forensic entomology, if models can be created to
map the acceleration or deceleration rates dependent on donor, environmental and
substrate conditions, accurate age estimations of fingermarks would ensue.

e Translation of the statistical results into software algorithms: the software devel-
oped could be used in the field or in the office. A mobile app could automatically
determine the age of the questioned fingermark based on input of a limited number
of known (or estimated) environmental conditions (e.g. temperature and humidity)
and certain visual degradation parameters (e.g. number of minutiae, ridge widths
and heights). The software could even provide examples of reference fingermark
images that could be easily correlated to the “questioned” deposition.

e Lastly, itis critical to continue collaborations and teamwork with different fields of
science and technology, including statisticians in (latent) fingermark analysis. The
only way for this forensic science to become more objective and more dependable
in a court of law is to provide error rates, probabilities and other statistical models
that make evidence more robust.

Overall, the ability to estimate the age of a fingermark might appear in the dis-
tant future. It is critical to start understanding the methods that will successfully
help develop techniques to further this field of research. In terms of statistical evi-
dence, researchers such as Kellman and Neumann [28, 78] have successfully began
developing equations and models that can eventually be used as mathematical proof
in court. However, these researchers are aware of the limitations of their work due
to the heterogeneity of prints and continue to develop computerized systems that
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can minimize and overcome the subjectivity that is currently present in the field of
fingermark identifications.

In summary, many methods including visual, biological, chemical, and biochem-
ical have shown to be valuable in providing partial knowledge to estimate the time
of deposition of (latent) fingermarks. The move towards studying fingermarks in 3D
seems to be the most logical and beneficial of paths moving forward. It is important to
be aware that every field of research has limitations and to always draw conclusions
with caution. Fingermark aging research is not an exception and needs to move for-
ward by studying larger number of conditions and find commonalities among them,
especially because there will be multiple types of environments, substrates and other
undetermined factors influencing each fingermark’s degradation process. In conclu-
sion, this field of research will, in time, lead to answering the overarching question
of how old a fingermark is, but it will take continued and groundbreaking research
to develop suitable and creative techniques to solve such a challenging subject.
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