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a b s t r a c t

Forensic examinations of ink have been performed since the beginning of the 20th century. Since the
1960s, the International Ink Library, maintained by the United States Secret Service, has supported those
analyses. Until 2009, the search and identification of inks were essentially performed manually. This paper
describes the results of a project designed to improve ink samples’ analytical and search processes. The
project focused on the development of improved standardization procedures to ensure the best possible
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reproducibility between analyses run on different HPTLC plates. The successful implementation of this
new calibration method enabled the development of mathematical algorithms and of a software package
to complement the existing ink library.
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. Introduction

It is fair to say that the forensic examination of writing fluids is a
pecialty within the various fields of expertise of modern criminal-
stics. The impact of ink evidence on the detection and conviction
f offenders is not as significant, immediate and visible as for other
vidence types such as DNA, fingerprint or shoe impressions. How-
ver, the U.S. Secret Service has used its large collection of writing
nks, known as the International Ink Library, to help investigate
orged documents, financial fraud, threats against government offi-
ials, suspected terrorism, child pornography, medical fraud, war
rimes, and obstruction of justice cases. Specifically, the library has
een used in the last decade to examine evidence from several high
rofile cases, including the Martha Stewart ImClone stock trading
ase, the DC Sniper case, and war crimes cases (e.g. U.S. vs. John
alymon [1]).

The forensic examination of writing inks is usually performed
or identification, comparison or dating purposes [2–6]. The iden-
ification and comparison processes aim at inferring the identity
f the source [7] of an ink specimen sampled from a questioned
ocument. In other words, the purpose of the identification pro-
ess is to investigate the brand, model, manufacturer and year of
roduction of the instrument(s) that could have produced the ink
pecimen. This is achieved by comparing, and selectively associ-
ting, the questioned ink specimen with samples contained in a
ibrary of controls from known sources, such as the International
nk Library (see Section 3). The aim of the comparison process is
o assess, by a direct side-by-side comparison, whether a particu-
ar writing instrument has been used to write the questioned ink
pecimen.

The dating exercise focuses on the determination of the time of
particular entry on a document, usually by quantifying one or sev-
ral components of the ink. Dating an ink is not a straightforward
xamination and has been discussed by many authors [8–14]. The
ating process is not the topic of this paper, which focuses on the
rst two uses of ink analysis in forensic science.

The forensic examination of ink is not recent. Carvalho relates
hat the first report in court of the results of the chemical exam-
nation of an ink on a questioned document occurred in 1889 in
ew York County [15]. This interest for the examination of ink
as naturally evolved with the developments of ink and writ-

ng instruments: from India ink, and iron gall inks used with
ip pens, through water-, oil- and glycol-based inks used in ball-
oint and felt-tip pen, to toners and pigment-based inks used

n modern printers. In parallel, the technological development of
nalytical methods has offered criminalists with a wide range of
ossibilities to analyze the various components of inks. Early exam-

nations were performed by reacting a minute drop of chemical
eagent on a portion of the ink stroke [16–19]. Chromatography
f ink was introduced in the early 1950s [20–22], soon followed
y planar thin-layer chromatography (TLC) [23]. More recently,
as chromatography/mass-spectroscopy (GC/MS), Fourier trans-
orm infrared (FTIR), Raman spectroscopy, high performance liquid
hromatography (HPLC) and high-performance thin layer chro-

atography (HPTLC) have been used for the analysis of the vehicles,

yes and pigments present in ink samples. Reviews of these tech-
iques can be found in [24–29]. Importantly, these reviews show
hat planar chromatography – more specifically TLC and HPTLC –
as remained the technique of choice for the analysis of ink in crim-
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2810

inalistics. It combines rapidity, efficiency in the screening of ink
dye composition and is cost effective. Planar chromatography also
suffers from some limitations that were not properly addressed
in the field of forensic ink examination. The main limitations are
presented in this paper, together with solutions that were devel-
oped during a research project aimed at creating the new Digital
Ink Library for the U.S. Secret Service.

In the next section, a summary of the scientific and legal contexts
defining the admissibility of ink evidence in U.S. courts is provided;
Section 3 briefly presents the International Ink Library; Section 4
looks at the main limitations of the current analysis of ink by pla-
nar chromatography and lists a series of improvements needed
to meet the criteria of the admissibility of scientific evidence in
courts; Sections 5 and 6 present the research projects that were
designed to investigate these improvements and their results; Sec-
tion 7 describes the practical implementation of the results of the
research projects in the Digital Ink Library (DIL) at the U.S. Secret
Service; and finally, Sections 8 and 9 discuss the immediate impli-
cations of this work for the ink examiner community and present
some scope for future work.

2. Scientific and legal contexts

The main purpose of forensic ink examination is to contribute
to the determination of facts in civil and criminal investigations.
Ultimately, every ink analysis is susceptible to being presented in
court and used by the trier of facts. In 1984, Brunelle and Reed [3]
presented a series of historical and more recent precedents of the
admissibility of ink evidence in U.S. civil and criminal courts. At
the time, Brunelle considered that ink identification satisfied the
criteria of the general acceptance of the technique in the relevant
scientific community [30]. And indeed, to this day, ink evidence has
only been successfully challenged on one occasion: in U.S. v. Bruno
in 1971 [31].

The Judge’s opinion in the Bruno case was that the “state of the
art in this field of ink identification is not yet sufficiently advanced
to be reasonably scientifically certain that an ink of unknown com-
position is the same as a known ink”. His justification was mostly
based on:

(i) The “great number of variables” that “affected to an unknown
extent” the analysis and their results, including analytical and
environmental factors, and the lack of uniformity in the pro-
duction of inks. The demonstration of this effect was performed
by the expert himself by presenting to the court “a slide in
which three chromatograms of the same ink showed entirely
different results” and having to “concede that he could not tell
[. . .] that they were all prepared from the same ink”;

(ii) The “rough subjective judgments as to differences in hue and
intensity of color” between ink samples made by the expert
when comparing the chromatograms and inferring the com-
monality of source;

iii) The serious lack of representativeness of the ink library used by
the expert to identify the brand and date of first introduction of
794 C. Neumann et al. / J. Chromatogr. A 1218 (2011) 2793–2811
the ink in the case, to the exclusion of “all [other] ball point inks
manufactured anywhere in the world for an indefinite period
before December, 1965”;

(iv) The poor documentation and laboratory notes maintained by
the expert with respect to the analytical procedure and its
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apparent lack of standardization “did make cross-examination
difficult” and “made it impossible for a jury to evaluate” the
findings.

The arguments raised in the Bruno case were considered in other
ontemporaneous cases (see [3] for a list of cases). The Bruno case
ltimately had a very limited impact on the judicial system. Courts,
ince that time, have admitted the testimony of ink examiners with-
ut any limitations. Nevertheless, the Bruno ruling triggered some
ignificant changes in the way ink evidence was examined. The
nk library used by the expert was significantly expanded with for-
ign inks, leading to the creation of the International Ink Library
see Section 3). Improved documentation of the analytical pro-
edure and chain of custody were required from ink examiners,
nd more importantly, the development of standardized analytical
rocedures was initiated [32,33]. These changes were deemed suf-
cient at the time, and to this day ink evidence is accepted in court
ithout much challenges.

A recent, widely publicized, report has once again brought
he general issue of the validity and reliability of various forensic
xamination techniques under the scrutiny of the Courts and the
ublic. In 2005, following more than a decade of challenges to scien-
ific evidence in U.S. court, the U.S. Congress mandated the National
cademy of Sciences to conduct a study on forensic science. In 2009,
n ad hoc committee from the National Academy issued a report
ontaining several observations and recommendations [34]. Over-
ll, the committee felt that there were significant shortcomings in
he demonstration of the scientific bases for most of the evidence
ypes that were considered (including fingerprint, trace evidence,
uestioned documents, toolmark impressions and firearms).

In the particular case of the examination of ink, the commit-
ee found that (p. 167) it is “based on well-understood chemistry”
nd that it “presumably rests on a firmer scientific foundation”.
owever, the committee “did not receive input on these fairly

pecialized methods and cannot offer a definitive view regarding
he soundness of these methods or their execution in practice.” A
ecent paper by Neumann and Margot [35] continues this analysis.
n their review of the state of ink analysis in forensic science, and

ore specifically of the two ASTM standards supporting it [32,33],
he authors show clear potential for improvements. Based on the
ame observations and arguments developed in the Bruno case,
he authors reached very similar conclusions to the ones already
resented in 1971: a better implementation of quality assurance
rocesses for the analysis and comparison of ink samples is needed.
aturally, the developments and improvements made in the 1970s
ere based on the technology and knowledge available at the time;
owever, the improvements that were made in 1971 do not take
dvantage of modern technology and answer more modern court
equirements on the admissibility of scientific evidence [36]. In
ther words, falling short of these needed improvements, ink evi-
ence may experience the same challenges that other types of
vidence are currently encountering [34,37,38].

In addition to the scientific and legal challenges focusing on
he analytical aspects of ink examination, modern criminalists
re increasingly pressed to assess and report the meaning of the
cientific evidence in an objective and transparent manner [34].
eumann and Margot [39] have shown that evaluating the weight
f ink evidence using a probabilistic framework, in a similar fash-
on as DNA evidence [40], enables the maximization of the benefits
nd contribution of ink evidence to the criminal and civil justice
ystem. Such probabilistic framework demands the establishment

f reference collections for the determination of the frequency
f questioned specimens. The establishment and use of these
ollections naturally appears to face the same challenges of repro-
ucibility of the analysis and objectivity of the comparison of ink
amples as introduced above for the comparison and identifica-
. A 1218 (2011) 2793–2811 2795

tion processes. The implementation of a probabilistic framework
will therefore also benefit from the analytical research presented
in this paper.

3. The International Ink Library of the United States Secret
Service

The U.S. Secret Service maintains a reference collection of
more than 10,800 domestic and international writing ink sam-
ples, some of which date back to the 1900s [8]. The library
also includes a smaller collection of toners as well as printing,
stamps pad, typewriter, and inkjet inks. The origin of the collec-
tion dates back to the 1960s when Werner Hoffman (of the Zurich
Cantonal Police in Switzerland) amassed a modest collection of
European blue and black ballpoint inks. This collection, along with
samples from the Federal Bureau of Investigation, United States
Postal Service, and several other private examiners, would form
the nucleus of the International Writing Ink Library in the late
1960s [3].

In 1968, Richard Brunelle, a chemist with the Internal Rev-
enue Service’s (IRS) Alcohol and Tobacco Tax Division Laboratory,
began to contact domestic ink producers and quickly amassed
between 1500 and 2000 samples to add to the library. This collec-
tion was soon transferred to the new Bureau of Alcohol, Tobacco,
and Firearms (BATF) Laboratory on July 1, 1972 (the old IRS Alco-
hol and Tobacco Tax Division laboratory was incorporated into
this new entity). The IRS laboratory in Chicago ultimately con-
tributed approximately 1500 open market samples (i.e., purchased
in stores or collected from public sources) to the library by the late
1980s. The IRS laboratory also obtained portions of the remaining
samples contained in the BATF library at that time. In 1988, the
BATF transferred custody and responsibility for maintaining the
library to the U.S. Secret Service, Forensic Services Division [41].
The two libraries are now maintained cooperatively and are con-
stantly being updated with samples from major ink manufacturers
(primarily in the United States, Europe, and Japan) as well as with
open market purchases from numerous domestic and international
sources.

4. Forensic examination of writing inks

4.1. Background information

The analysis and comparison of ink in criminalistics is more
of a screening problem than a detection and quantification one.
When inferring the source of an ink specimen, criminalists are not
so much concerned with the specific identification and quantifica-
tion of its components: their main interest is the verification that
the components are the same in the questioned and control ink
samples.

Unfortunately, criminalists usually work in adverse conditions.
Firstly, ink examination is part of a more comprehensive foren-
sic document examination process. It is important to minimize the
impact of the ink sampling process in order to avoid important
alteration of the questioned document. Usually, a few millimeters
of ink stroke are sampled for the examination and only a small
amount of ink material is available for the chemical analysis. Since
the ink is usually not homogeneously deposited on the paper, it is
not known precisely how much ink is extracted and analyzed.

Secondly, ink examination is often performed on documents

that are several months/years old. The conservation conditions of
the document are not necessarily optimal, or even known to the
criminalist, and environmental factors may degrade/modify the
chemistry of the ink. As an example, the degradation of the dyes
in an ink due to its exposure to sunlight over the course of several
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Fig. 2. (a) Comparison between 5 pairs of blue ballpoint pen ink from different
batches used in Caran d’Ache Goliath refills (tracks 2 and 3, 4 and 5, 6 and 7, 8
and 10, 11 and 12). Dye ladders are located on tracks 1, 9 and 18; solvent and paper
ig. 1. Degradation of an ink containing Basic Violet 3 (Methyl Violet 10B – C.I.
2555 [42]) due to exposure to sunlight. Exposure went from 0 to 8 weeks (tracks
–11). Dye ladders are located on tracks 1, 9 and 18; solvent and paper controls are
n tracks 16 and 17.

eeks is presented in Fig. 1. The comparison of two samples to infer
he source of a questioned ink needs to properly take into account
hese degradation factors. This is a difficult task. It is especially dif-
cult to account for these factors when simply comparing samples
ide-by-side without supporting data.

Thirdly, the aim of ink manufacturers is to satisfy writing instru-
ent manufacturers’ requirements in terms of viscosity, opacity

nd drying time of the ink. Ink manufacturers are more interested
n the physical properties of the ink than in the chemical ones.
hey also pay a lot of attention to economical considerations and
o not hesitate to replace components by cheaper ones providing
hat the physical properties of the ink remain the same. Thus crimi-
alists cannot rely on the characterization of every ink by the list of
heir components. The individual identification of ink components
ould require an exhaustive reference collection of all possible

hemical compounds that were, are and will be used in the man-
facture of inks. The creation and maintenance of such collection
oes not appear realistic in practice.

Finally, in today’s globalized economy and mass-manufacturing
orld, instrument manufacturers may use inks from different sup-
liers for a given model of instrument and are selling their product
orldwide. The variation in the composition of the ink of a given

rand/model of instrument is illustrated in Fig. 2: tracks 2–10 are
amples from different batches of ink produced for the Caran d’Ache
oliath refills by National Ink Inc. (USA), while tracks 11 and 12 are
amples of ink produced for the same refills by Dokumental GmbH
Germany). Fig. 2 shows that only the first (tracks 2 and 3) and
hird batches (tracks 6 and 7) – both produced by National Ink Inc
cannot be differentiated by HPTLC, while all other batches have

ifferent dye compositions.
Reciprocally, ink manufacturers may sell their ink to mul-

iple instrument manufacturers, thus different brand/models of
ens may share the same ink. This absence of direct relationships
etween ink and instrument manufacturers impacts the process of
he identification of the source of an ink sample using a reference
ibrary, and is a challenge for the interpretation of the weight of ink
vidence.

Back in 1971, the judge in the Bruno case [31] already formed
is opinion based on the elements presented in this section, and on
he fact that the ink expert at that time did not properly address
hem. These background elements are still very much influencing
nk analysis today. It is possible that under certain environmen-
al conditions some components of questioned ink specimens will
e absent, or only weakly showing on their chromatogram; if they

o appear, it may be under some degraded form. Examiners need
o have a deep understanding of the environmental and analyti-
al factors influencing ink samples in order to objectively analyze
nd compare them. The scale of the problem is evidently magni-
ed when considering the hundreds of comparisons that need to
controls are on tracks 16 and 17. (b) Observation of the results presented in (a) under
UV–visible luminescence (excitation at 254 nm—observation in the visible range).
Dye ladders are located on tracks 1, 9 and 18; solvent and paper controls are on
tracks 16 and 17.

be performed when identifying the source of an ink sample through
a library.

4.2. In practice

The current practice results from the improvements made fol-
lowing the Bruno case. Forensic ink examinations are still mostly
performed by HPTLC since it remains the most versatile technique.
The analysis of the samples is guided by two ASTM standards
[32,33]. These standards lack any form of control designed to
prevent, minimize, or at least measure, the variability occurring
between analytical runs. Over the years, some accredited labora-
tories have instituted quality control measures to address some
of these issues. However, further work need to be done on the
development and implementation of internal and external stan-
dards aimed at warning the examiner against failing analyses and
at reducing variability between different runs.

Following its analysis, the inference of the source of a questioned
ink is performed by direct visual comparison of the chromatograms
of the questioned and control ink samples. The respective composi-
tion of the samples is usually not taken into account for the reasons
expressed above: criminalists only consider whether these chro-
matograms look alike, taking into account explainable differences
[33,35]. Side-by-side comparison of the two chromatograms on the
same plate is the norm in the comparison scenario. The search of the
source of a questioned ink in a reference library requires the repeti-
tive direct comparison of the questioned specimen with the control
samples from the library; however, in this scenario, the questioned
specimen is analyzed on one plate, and is compared to reference
samples, which were analyzed on different plates, at a different

time, potentially at different places and by different individuals. The
comparison process is essentially subjective and experience based,
and lacks the necessary structure to account for analytical and envi-
ronmental influencing factors. In turn, the identification process
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ncapsulates the limitations of the comparison process and may
agnify them. Verification procedures aim at minimizing these

imitations by exposing the samples to the same environmental
onditions on a single plate. In addition, challenges related to the
fficiency and reliability of searching the library may be manifested
nto longer than expected search times.

Finally, given the perceived difficulties of interpreting the mean-
ng of ink evidence within the context of the case, examiners usually
evert to fairly non-informative statements, such as “ink A is of the
ame formulation of ink B”. They do not take full advantage of the
tatistical information contained in the available ink libraries. Such
onclusions do not provide the courts with any indication on how
ommon the formula of the ink is, and thus the weight associated
ith the considered evidence [35].

Overall, this short summary of current practice shows that ink
xamination could face validity and reliability challenges based on
he requirements detailed by the National Academy of Science [34]
nd the courts [36].

.3. Requirements of modern forensic ink examination

We outlined in the previous sections that the examination of
nk can only satisfy the most recent and stringent criteria for the
dmissibility of scientific evidence if it meets some fundamen-
al requirements: (i) reproducibility of the analytical process and
esults, (ii) understanding of the potential differences that may
xist between the chromatograms of two samples of the same ink,
iii) efficient and reliable searching and retrieval of ink samples in
he library and (iv) documentation of the analytical conditions, the
esults and of the chain of custody. More specifically:

(i) The analysis of the ink sample needs to be reproducible enough
to ensure that differences in analytical conditions will not neg-
atively affect the comparison of samples analyzed on different
plates, by different individuals, or at different times and loca-
tions. The aim is to reduce analytical variability to a point where
it is negligible when compared to the effect of other environ-
mental factors, and that it will not have to be used to justify
differences observed between two ink samples.

(ii) Differences between multiple chromatograms of samples from
the same ink that were exposed to different environmental
conditions, prior to their analyses, need to be better stud-
ied and documented. This will assist in the transparent and
objective assessment of explainable differences between these
chromatograms.

iii) Automated algorithms are needed for the comparison and
retrieval of ink samples in large libraries (as opposed to the cur-
rent manual, tedious and subjective practice). The algorithms
would naturally benefit from digital storage of the samples and
be robust to the environmental conditions mentioned above.

iv) Modern quality assurance processes in forensic science also
require the implementation of efficient laboratory information
management and case file systems. These requirements are not
exclusively aimed at improving the quality of the analysis of
ink samples. However, they are necessary when considering
the wider challenges of reporting the results in court, and the
maintenance of the chain of custody and quality assurance in
the forensic laboratory.

A collateral requirement focuses on the implementation of a
robabilistic framework for the interpretation of the ink evidence.

rom the analytical perspective, we have already mentioned that
he application of such framework will take advantage of the same
echnology that needs to be developed to fulfill the requirements
utlined above. We will not consider the statistical aspect any
urther. More information about probabilistic framework and its
. A 1218 (2011) 2793–2811 2797

benefits in the context of the examination of ink evidence can be
found in [39].

5. The project

A research program was designed in order to investigate how
modern technology could support the requirements presented in
the previous section to strengthen the validity and reliability of ink
evidence. This joint program was led by the University of Lausanne
(Switzerland) and by CAMAG AG (Switzerland). It was supported
by the Science and Technology Directorate of the U.S. Department
of Homeland Security and by the U.S. Secret Service.

The project was delivered in 2 phases. The aim of the first phase
(research phase) was essentially to build a proof of concept of a
computerized library for the storage, searching and retrieval of ink
samples analyzed by planar chromatography [43]. During this PhD
research, different technologies were investigated and tested to
improve the reproducibility of the ink analyses and the reliability of
the search and comparison processes. Subsequently, the analytical
method was optimized and a software package for the Ink Library
was developed and delivered to the U.S. Secret Service [44] (imple-
mentation phase). The implementation project considered both the
analytical aspects and the needs in terms of laboratory information
management and chain of custody.

The project was then oriented around 3 main axes:

(i) The development and optimization of methods for standard-
izing the analysis and measurement of ink samples by HPTLC.
The aim was to ensure a level of reproducibility for the analy-
sis of ink by planar chromatography that would be compatible
with the establishment of a searchable ink library.

(ii) The development and optimization of algorithms for the com-
parison and searching of ink samples stored digitally. The aim
was to improve the reliability of the search and comparison
process, and to objectively take into account the environmen-
tal factors that can influence ink chromatograms.

(iii) The development of a computer-based laboratory manage-
ment and electronic case-file system to assist with the
monitoring of the proposed quality assurance process and
chain of custody of the ink samples.

The project also ultimately included the complete reanalysis of
nearly all of the inks in the International Ink Library using the newly
proposed methods and processes. The Digital Ink Library of the
United States Secret Service was delivered on January 30th 2009.

5.1. Sampling

Blue ballpoint pens are the most widespread type of writing
instrument. Thus the concepts investigated during the research
phase were tested and validated using a subset of these inks.

The sampling was designed to inform on the reproducibility of
ink analysis when performed repeatedly on different plates using
different batches of the solvent system. The sampling was also
intended to provide data on the natural differences in the chro-
matograms of samples from the same ink exposed to different
environmental conditions.

Thirteen inks were selected following their analysis by HPTLC.
All 13 inks have a different dye profile from each other. Multi-
ple samples from every ink (96 samples per ink) were repeatedly

analyzed under a variety of analytical and conservation conditions
known to influence their chromatograms [32,33,45,46]. The details
of the sampling are reported in Table 1. For all conditions except
the influence of paper, ink strokes were drawn on ISO 12757 certi-
fied write test paper produced by Baumgartner Papier Holding SA
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Table 1
List of the samples and conditions studied during the development of the prototype.

# Condition Exposure Same
plate

Visual description of the samples after analysis

1 Ink concentration 4 samples of 5 mm of ink stroke in 10 �L of solvent system Yes The overall chemical profiles for samples of the
same ink are similar. Some dyes are not
present in the lower ink concentrations; some
extra dyes are present in the upper ink
concentration. On some samples with the
upper ink concentration, major dye
components seem to drag minor ones on the
elution distance

5 samples of 10 mm of ink stroke in 10 �L of solvent system
4 samples of 20 mm of ink stroke in 10 �L of solvent system

2 Influence of HPTLC plate 10 samples analyzed on 10 different plates using the same
preparation of the elution solvent system

No No significant differences between samples
from the same ink. Some weak dye
components are not always present. Some
differences in the respective concentration of
some dyes are noticeable

3 Influence of the solvent
system

10 samples analyzed on 10 different plates using 10
different batches of elution solvent system

No Similar observation as in 2 above

4 Ink homogeneity in the
cartridge—different plates

10 samples from 10 ink strokes generated at 5 min
scribbling intervals analyzed on 10 different plates using
the same batch of solvent system

No Similar observation as in 2 above

5 Ink homogeneity in the
cartridge—same plates

10 samples from 10 ink strokes generated at 5 min
scribbling intervals analyzed on the same plate

Yes Similar observation as in 2 above

6 Exposure to dry heat
(temperature of 100 ◦C)

10 ink strokes exposed to 0, 20, 45, 90 min, and then 3 h,
6 h, 1 day, 2 days, 4 days and 8 days

Yes Overall, there is a tendency for inks to produce
faded or weakened dye profiles for 2 days
onward

7 Exposure to humidity (RH
95%)

10 ink strokes exposed to 0, 20, 45, 90 min, and then 3 h,
6 h, 1 day, 2 days, 4 days and 8 days

Yes No significant differences between samples
from the same ink. Some weak dye
components are not always present. Some
differences in the respective concentration of
some dyes are noticeable.

8 Ageing in darkness 9 ink strokes left in the dark at an ambient room
temperature and %RH during 0, 6, 12, 18, 24, 30, 36, 42 and
48 weeks

Yes Similar observation as in 7 above

9 Exposure to sun 9 ink strokes exposed to sun through a glass window
during 0, 1, 2, 3, 4, 5, 6, 7 and 8 weeks

Yes Clear degradation of the dye components,
starting week 1. Few dyes remain visible after
8 weeks

10 Influence of paper 5 ink strokes drawn on the 5 different following papers: Yes Paper influences the samples in two ways:
(1) paper dyes are visible along the ink dyes;
(2) non-visible paper components disturb ink
dyes elution.

Antalis coloraction Blue 80 g/m2
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Antalis coloraction Green
Pelikan post-it Yellow
Xerox business White
Baumgartner ISO 12757 White

Switzerland). In some experiments, all samples of the same ink
ere analyzed together on the same HPTLC plate, while in others,

he samples were analyzed on different plates (see Table 1).
The development and optimization projects occurring in the

mplementation phase benefited from a larger sample of inks. A
eries of ballpoint inks, non-ballpoint inks (consisting of gel, roller
all, and felt types), and pure dyes were used to evaluate and opti-
ize the analysis process. Sixteen black and 16 blue inks as well as

ne red ink were used in this study. Twenty-one pure dyes of vari-
us colors were also used in this evaluation. Ink samples were taken
rom Whatman grade 2 filter paper scribble sheets using a 1.0 mm
iameter “Harris Micro-Punch” (Electron Microscopy Sciences, cat-
log #69034-10). Various factors like plate variation, humidity,
aturation, extraction solvent, and mobile phase solvents were
ptimized using the aforementioned inks.

.2. Analytical equipment
All analyses for the development of the prototype were per-
ormed on Merck® silica gel 60 plates (Merck KGaA, Germany). Prior
o being used, the plates were washed (entirely eluted; the direc-
ion of elution is recorded) with methanol and dried in an oven for
0 min at 110 ◦C. The samples were deposited on the plates using a
160 g/m
80 g/m2

0 g/m2

80 g/m2

semi-automatic deposition apparatus LINOMAT IV from CAMAG AG
(Switzerland). The plates were developed in horizontal chambers.
The chromatograms on the plates were digitally acquired using
the TLC Scanner III piloted by the WinCats software (CAMAG AG,
Switzerland).

All analyses for the development and population of the Digital
Ink Library were performed on Merck® silica gel 60 F254 (Merck
KGaA, Germany). All the analytical equipment was provided by
CAMAG AG (Switzerland). The samples were deposited on the
plates using an automated system, the Automatic TLC Sampler
(ATS) 4; developed in an environmental chamber, the Automatic
Developing Chamber (ADC) 2; imaged (clean and developed plates)
in the visible (transmitted and reflective modes) and in the short-
and long-wave ultraviolet using a digital image capturing system,
the DigiStore 2; the spectral information was digitally acquired
using the TLC Scanner III run by the WinCats software.

5.3. Solvent systems and procedures
During the development of the prototype, the inks were
extracted from the paper in a solution of ethanol/water: 1:1 (v/v).
Ten millimeters of ink stroke was carefully scratched from the sur-
face of the paper inserted into a micro-capillary tube together with
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Fig. 3. Schematic of the dye ladder (dots) used as anch

0 �L of the extraction solvent system. The tubes were sealed on
oth sides and heated at 100 ◦C for 15 min. The full 10 �L was
eposited on the HPTLC plates in bands 4 mm wide and 10 mm
part from each other. The samples were deposited 10 mm from
he bottom of the plates, starting 15 mm from the left side of the
late. This configuration allows for the deposition of 18 tracks on a
0 cm wide plate.

Dye ladders (see Section 6.1) were deposited on each plate
tracks 1, 9 and 18). Blank samples from the extraction solvent sys-
em alone and from blank paper in the extraction solvent system,
ere also added to each plate (tracks 16 and 17).

The plates were eluted horizontally using an elution solvent sys-
em containing 1-butanol/ethanol/water/acetic acid: 60:10:20:0.5
v/v) [47]. All solvents were HPLC grade. The plates were eluted for
distance of approximately 55 mm from the bottom of the plate

around 1 h of elution).
The extraction and elution solvent systems and the dye ladders

ere optimized during the implementation phase of the project.
he optimization process, the solvent systems and the dye ladder
hat were used to re-analyze the samples of the International Ink
ibrary are described in Section 6.2.

. Results

.1. Development and implementation of the quality assurance
rocedure

A significant improvement of this quality assurance proce-
ure over the one described in the ASTM documents [32,33] can
lready be achieved by using the analytical equipment and method
escribed in Sections 5.2 and 5.3. Nevertheless, it was deemed
ecessary to include the analysis of known quality standards along-
ide the ink samples. The purpose of these external standards
s dual: on the one hand, the analysis of known standards on
very plate acts as a warning mechanism against any failure in the
nalytical process; on the other hand, it enables the further pro-
essing of the analytical results in order to maximize their level of
eproducibility.
Traditionally, elution distances in planar chromatography are
haracterized by the measurement of retention factors (Rf). Several
olutions were proposed to improve the reproducibility of the Rf,
uch as the use of relative and corrected retention factors. In this
tudy, we choose to expand on these concepts to emulate the use of
10 11 12 13 14 15 16 17 18
C Tracks

ints for the grid of the new coordinate system (lines).

allelic ladders in forensic DNA profiling [48,49] or the use of Kovat
indices in gas chromatography [50].

A dye ladder was developed using a mixture of 3 dyes: Acid red
18 (Color Index (C.I.) [42] 16255)/Basic Blue 26 (C.I. 44045)/Sol-
vent Orange 3 (C.I. 11270:1) in methanol—6:1.5:1:60 (w/w/w/v).
These dyes were chosen on the basis of the limited dispersion of
their spots at the end of the elution with the selected solvent sys-
tem. The concentration of each dye was determined empirically.
The dye ladder can be seen in the tracks 1, 9 and 18 in Fig. 2. The
particular use of the dye ladder to calibrate samples analyzed on
different plates has been described in [51]. In summary, the dyes of
the ladders are used as anchor points for a calibration grid, which
can be seen as a new coordinate system. The calibration grid is used
to ‘correct’ the elution distance of every position on the plate by a
two-dimensional interpolation between the metric system and the
new coordinate system (Fig. 3).

Evidently the use of the proposed calibration process cannot be
achieved without the digital acquisition of the chromatograms and
some computerized signal processing. Traditionally, TLC scanners
first detect the position of major components on a track at a given
wavelength and, in a second stage, measure some other properties
of the components at the detected positions (e.g. the absorption
spectrum of the component). Since criminalists are more interested
in the creation of a chemical profile of the ink sample rather than the
identification of some/all of its components, our TLC scanner was
modified to acquire the absorption intensity of each point of the elu-
tion track directly at multiple wavelengths. This approach provides
a tridimensional representation of the sample elution track (Fig. 4),
using the intensity of absorption at 31 wavelengths (between 200
and 700 nm) at each point of the elution distance (in this study, a
measurement was taken every 50 �m over the elution distance). It
does not require any manual verification of the selection of the rele-
vant components since the whole elution distance is automatically
scanned.

Preliminary experiments allowed for the correlation and cal-
ibration of the anchors of the grid with respect to the metric
positions of the dyes in the ladder. This approach was evaluated
using some of the data described in Table 1 (conditions #2–5). The

improvements in reproducibility were tested for ink samples ana-
lyzed on different plates using the same batch of solvent system;
on different plates using different batches of the solvent system;
and when analyzed by different operators (different plates, same
batch of solvent system).
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analyzed on an unsuitable plate, the dyes in the SST would change
position (Fig. 6) and inform the operator that an error occurred.
The samples on the plate would then be reanalyzed on another
plate.

Table 2
List of solvent systems evaluated during the implementation project and the approx-
imate time required to process a plate.

Mobile phase Ratio Time (h)

1-Butanol:2-propanol:water:acetic acid 20:10:10:1 1:57
1-Butanol:2-propanol:water:acetic acid 20:10:10:1 1:25
1-Butanol:ethanol:water 11:3:3 1:45
Methyl ethyl ketone:2-propanol:25% ammonia 6:4:1 0:45
Ethyl acetate:ethanol:water 26:13:11 0:54
Ethyl acetate:ethanol:water 26:13:11 0:45
Fig. 4. Ink sample (on the left) with its tridimensional repre

The results presented in Fig. 5a and b show the improvements in
he reproducibility of the measurement of the position of the same
nk components when analyzed on different plates. The improve-

ents obtained by the use of the calibration grid over the use of the
f, measured by the standard deviation of the positions of the com-
onents in the metric system and in the new coordinate system, are
vident. When using the corrected Rf, Stead et al. [52] described an
mprovement of the mean standard deviation around the compo-
ents’ position from 0.06 Rf to 0.03 Rf. This can be compared to the
eduction (in comparable scale) of the reduction of the variabil-
ty of the positions of ink components from approximately 0.012
o 0.005 Rf achieved in the present research. Overall, we observe
hat analyzing samples of the same ink on different plates is the

ain source of influence on the variability of the position of the
yes, when compared to the examiner who performs the analyses
r the batch of the solvent systems. While the proposed calibration
rocess allows for the controlling of most of this variability, it is
ot able to reduce it to the low level of variability observed when
nalyzing several samples of the same ink on the same plate.

.2. Optimization of solvent system and extraction solvent for the
igital Ink Library

Several different plates from multiple batches of Merck HPTLC
lates as well as Durasil and Nanosil plates (Macherey and Nagel,
ermany) were used to investigate plate variations. Slight differ-
nces were observed during the intra- and inter-plate comparisons,
nd a decision was made to run all tests (and subsequent ink library
nalyses) on plates from Merck (batch HX745979). Several different
umidity levels were evaluated for plates developed in the ADC 2.
f the levels tested, 36 ± 4% worked best (maintained using MgCl2).
he chamber was left unsaturated.

A total of 21 different individual solvents and solvent mixtures
ere evaluated as potential extraction solvents. For all of the 60 inks

nd dyes evaluated, tetrahydrofuran/water 4:1 (v/v) was found to

e the best for extracting both ballpoint and non-ballpoint inks.
leven solvent systems were evaluated (Table 2). The system that
chieved the best resolution of dye component bands was a mix-
ure (by volume) of n-butanol/ethanol/water 50:10:15. All solvents
ere HPLC grade.
ion following its digital acquisition with the TLC Scanner III.

A total of 9200 samples were selected for re-analysis using this
newly optimized analytical procedure. For each analysis, the ink
punches were added to a vial containing 80 �L of a tetrahydrofuran
mixture (4:1) and extracted for 15 min at room temperature.

A new dye ladder was developed to be compatible with the
selected solvent system. The dye ladder consisted of four compo-
nents (approximately 176 mg of each dye): crystal violet (Fluka,
CI 61135 [42]); rhodamine 6G (Fluka, CI 83698); Metanil Yellow
(Fluka, CI 64010); and acid red 52 (Transvase, CI 45100). A 10 mg
portion of this mixture was dissolved in 10 mL of tetrahydrofu-
ran/water 4:1 (v/v) and sonicated for 2 min.

Initial testing indicated that there could be considerable vari-
ation between plates even if they originate from the same batch.
This variation would actually affect the relative elution of some
dyes. In other words, dyes would switch places on the developed
plate. After contacting and visiting the manufacturer (Merck), it
was believed that the differences could originate in small changes
in the pH of the silica gel on the plate during the manufacturing
process. To detect these variations, a system suitability test (SST)
was created by dissolving 4 mg of a particular blue ballpoint ink into
10 mL of tetrahydrofuran/water 4:1 and sonicated for 2 min. When
1-Butanol:ethanol:water:acetic acid 60:10:20:0.5 >2:00
1-Butanol:ethanol:water:acetic acid 40:10:20:10 >2:00
Ethyl acetate:methanol 2 cm:5 cm n/a
1-Butanol:ethanol:water (lichosphere plate) 11:3:3 0:29
1-Butanol:ethanol:water 50:10:15 1:10
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ig. 5. (a and b) Comparison between the reproducibility of the peak positions obta
resents the reproducibility between different plates when the samples were analy
resents the results when the solvent system was prepared freshly.

The ladder was applied to tracks 1 and 18 and the SST was
pplied to track 8. Ink samples were applied in three different
oncentrations (3 �L, 6 �L, and 12 �L) in tracks 2–7 (two sam-

les) and 9–17 (three samples). All 18 samples were applied
o the HPTLC plates as 5 mm wide bands. The developing dis-
ance was 55 mm, as measured from the bottom of the plate. The
lates used for the library were Merck HPTLC silica gel 60 F254
batch HX745979).
ith the traditional Rf values versus the dye ladder calibration. The figure on the top
ith the same batch of solvent systems over several days—the figure on the bottom

6.3. Development, test and implementation of search algorithms
in the prototype of the ink library
The digital capture and the calibration process described in
Section 6.1 enables the representation of each ink sample by a two-
dimensional matrix containing 400 rows (migration distances in
the new coordinate system) and 31 columns (wavelengths). The
matrix is populated with the absorption intensities (in absorp-



2802 C. Neumann et al. / J. Chromatogr. A 1218 (2011) 2793–2811

F
d

t
a
l
c

p
e
o
t
t
a
i
n
e
b

s
c
a
d

f
c
o
a
s
c
e
o
o
c
d
p

0.10.2 0.5 1 2 5 10 20 40 60 80

0.1
0.2

0.5

1

2

5

10

20

40

60

80

False Alarm probability (in %)

M
is

s 
pr

ob
ab

ili
ty

 (
in

 %
)

!
A. Euclidean
B. Correlation
C. ANN 16 8 2 F
D. ANN 16 8 2 F&D
E. ANN 32 16 8 2 F
F. ANN 32 16 8 2 F&D

T
L

ig. 6. Changes in the SST dye separations on different plates: the SST is used to
etect plate-to-plate variation in dye separation profile.

ion units (au)) of the sample track at each migration distance
nd for each wavelength. The matrix captures digitally the ana-
og information perceived by the human eye when observing ink
hromatograms (i.e., the position and color of each dye).

The digital capture of chromatograms enables their post-
rocessing (e.g. normalization of the intensity, calibration of the
lution distances and removal of background spectra) and their
bjective comparison. It also allows for the systematic study of
he influence of analytical and environmental conditions. Format-
ing every sample into a standard matrix provides the immense
dvantage of outputting standard digital files for all samples,
ndependently from the type of ink, the number of ink compo-
ents detected in the sample or their spectral characteristics. This
nables the creation of digital libraries for the identification of the
rand/model of questioned ink specimens.

As previously mentioned, the difference between the compari-
on and the identification processes does not reside in the way the
omparison is performed, but in the number of comparisons that
re carried out. Hence, the mathematical comparison algorithm
esigned in this study can serve both purposes.

A comparison algorithm could have been designed based on the
acilities provided by the software packages implemented in most
urrent analytical instruments (i.e., detection and identification
f each component). The difficulties linked to this approach have
lready been explained (see Section 4.1). Mimicking the side-by-
ide comparison of the samples as done by forensic ink examiners
ould have been chosen (i.e., detection of the presence/absence of
ach component of the first sample in the composition of the second

ne and reciprocally). However, when considered in the context
f the automation process, it appears clearly that the mathemati-
al comparison of an unknown, potentially different number of –
egraded, weakly showing, etc. – components between two sam-
les or specimens requires a complex implementation. Instead, it

able 3
ist of the algorithms designed and tested during the development of the prototype.

# Description Input size
(rows × columns)

A Euclidean distance 400 × 31
B Pearson correlation 400 × 31
C ANN—distance preANN compiled along migration distances 400 × 1
D ANN—distance preANN compiled along migration distances 400 × 1

E ANN—distance preANN compiled along wavelengths 31 × 1
F ANN—distance preANN compiled along wavelengths 31 × 1
Fig. 7. DET curve presenting the performances of the six algorithms used during
the development of the prototype when processing all samples from Table 1. The
algorithms are referenced by their letter in Table 3.

was decided to take advantage of the standardized format under
which the ink samples are recorded after the analytical, acqui-
sition and calibration processes: we designed algorithms, which
compare pairs of samples by computing the mathematical differ-
ences between their matrices, thus resulting in the computation of a
similarity score for each pair of samples. This strategy avoids the ref-
erence to a collection of known components, and remains free from
the difficulties of comparing the characteristics of an unknown and
different number of components.

The production of similarity scores is well known to scientists
working in the field of biometry (see for example fingerprint match-
ing [53]). A significant body of theory and tools already exists to
support the development and the evaluation of the performance of
scoring algorithms. During the development of the prototype, we
created and tested six scoring algorithms (Table 3): two algorithms
based on linear distances and two pairs of non-linear algorithms
using artificial neural networks (ANNs). The structure of the ANNs
in each pair is the same; however one of the ANNs is trained using
ink samples exposed to analytical conditions exclusively and the
other one is trained using ink samples exposed to analytical and
environmental conditions (see Table 1). While ANNs are commonly

used in classification problems, we chose, following Srihari et al.
[54], to train our ANNs to recognize between samples that are
from the same ink versus samples that are from different inks
(bear in mind that the inks in Table 1 were all chosen because

ANN design
(neurones in layer)

Training datasets Size of training
dataset

16–8–2 Fresh ink samples (datasets 1–5) 10′140 vectors
16–8–2 Fresh and degraded ink samples

(datasets 1–10)
20′000 vectors

32–16–8–2 Fresh ink samples (datasets 1–5) 10′140 vectors
32–16–8–2 Fresh and degraded ink samples

(datasets 1–10)
59′186 vectors
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hey had a different dye profile from each other). Our algorithms
roduced a score of 0 for two perfectly identical samples (equal
atrices), and produced scores greater than 0 for samples that dif-

er to some extent: the greater difference between the samples, the
reater the number. The details of the algorithms can be found in
55].

The overall performances of all six algorithms were measured
nd compared by means of Detection Error Trade-off curves or
ET curves [56] (Fig. 7). DET curves are commonly used in biom-
try in order to assess the performance of matching algorithms
57,58]. DET curves report the relationship between miss proba-
ilities (or false negatives) and false alarm probabilities (or false
ositives). DET curves are constructed for any given algorithm by
easuring the respective miss probability rate for each possible

alse alarm rate of the algorithm [56]. In other words, in refer-
nce to this particular study, a DET curve indicates the risk that
he algorithm will miss an association between two ink samples of
ommon origin, for an accepted risk of wrongfully associating ink
amples of different origin. To construct the DET curves, multiple
airs of samples of common/different origin were repeatedly com-
ared using each of the proposed algorithms. For each pair of ink
amples, the score was computed and related to the expected the-
retical outcome (i.e., common/different ink). Due to the limited
ample size, the datasets used to train the 4 ANN-based algorithms
ere included in the datasets used to measure their performances.

he datasets used to train the ANNs represent up to 10% of the
ata from the test datasets (the test datasets are the sets listed in
able 1).

The tests performed on the algorithms and reported in [55] were
ocusing on the following aspects:

(i) Influence of the calibration process: does the variability
between HPTLC plates influence the performance of the algo-
rithms? Can the proposed calibration process based on the dye
ladders minimize this influence?

(ii) Comparison of the algorithm’s performance: does an algorithm
(or a class of algorithms) perform consistently better than oth-
ers?

iii) Effects of the different analytical and environmental factors on
the algorithms: what is the impact of the various conditions on
the performance of the algorithms? Does a particular algorithm
(or class of algorithms) show a greater level of robustness to
the various conditions?

The results of the tests show that all algorithms benefit from the
ye ladder calibration process. Nevertheless, the calibration pro-
ess does entirely compensate for the variability existing between
amples of the same ink analyzed on multiple HPTLC plates: all
lgorithms show a decrease in performance when comparing these
amples versus when comparing samples of the same ink analyzed
ide-by-side on the same plate. Neural network-based algorithms
erform logically better than linear algorithms since they have been
rained to take into account between-plate variability.

As a general rule, neural network-based algorithms perform bet-
er than the two other ones. The ANN algorithms trained using
amples exposed to analytical and environmental factors show
ower rates of false positives and false negatives. These algorithms
lso consistently perform better and show more robustness even
hen comparing heavily degraded or modified samples, such as

he ones exposed to sunlight or extracted from colored paper.
The performances of the algorithms in the specific context of
he search of questioned specimens through a reference library
ere also tested. The performances were measured using preci-

ion/recall curves (Fig. 8), which are commonly used to monitor
he performances of information retrieval systems [59]. These plots
ompare the capacity of the system to retrieve only relevant infor-
Fig. 8. Precision/recall curve presenting the performances of the six algorithms used
during the development of the prototype when processing all samples from Table 1.
Their letter in Table 3 references the algorithms.

mation (precision) to its capacity of retrieving all the relevant
information (recall). The precision is then defined as:

precision = Pr(relevant|retrieved) = #(relevant items retrieved)
#(retrieved items)

And the recall capability as

recall = Pr(retrieved|relevant) = #(relevant items retrieved)
#(relevant items)

The performances of the algorithms were tested for the same
three aspects described earlier in this section. The results also show
that all algorithms benefited from the dye ladder calibration and
that, on average, neural network-based algorithms perform better
than the two other ones. However, linear algorithms were observed
to have better precision than the ANN-based algorithms. Similarly,
ANN algorithms trained on samples exposed to analytical factors
only had a slightly better precision than the ANN algorithms trained
on samples exposed to both analytical and environmental factors.
We deduced that since ANN-based algorithms are trained to per-
form better on average in a multitude of conditions, they tend to
lose their ability to strongly associate ink samples that are nearly
identical (e.g. analyzed side-by-side on the same plate). On the con-
trary, linear algorithms do not perform as well on degraded samples
for obvious reasons; however, they are very efficient at recognizing
very similar dye profiles.

6.4. Implementation of the scoring algorithms in the Digital Ink
Library

Between the development of the scoring algorithms for the pro-
totype and the development of those for the Digital Ink Library, new
requirements and challenges were raised. Firstly, each ink sample
of the new library was analyzed at three different concentrations:
therefore each control ink was represented by at least three sam-
ples. Furthermore, the ink library was designed in order to allow for
the consolidation of each sample (i.e., the addition of new samples
of the same ink to the samples already representing that ink), thus
leading to a multiple, but potentially different, number of samples

representing each ink.

Secondly, the implementation and training of artificial neu-
ral networks proved to be complex: the size (more than 10,000
inks) and structure (multitude of inks with a similar dye profile,
three samples per ink) of the ink library rendered impractical the
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Table 4
Description of the algorithms and weights used for the implementation phase.

k Algorithm Dimension of
feature vector

Weight ˇk

1 Tri-dimensional representation of ink
chromatogram
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2 Lightness L* (in Lab color space) 512 1
3 Red 512 1
4 Green 512 1
5 Blue 512 1

evelopment of a dataset suitable to train an ANN. Furthermore,
he solvent system and the number of divisions in the coordi-
ate systems used for the calibration of the samples were changed
etween the development of the prototype and the final version.
his implied that the ANNs developed and trained for the prototype
ould not be reused.

Given the results presented in Section 6.3, we decided to use
combination of different linear algorithms to compute aggre-

ated scores. In contrast to the algorithms presented above, where
imilarities were only measured between chromatograms, we also
lected to have our algorithms measure the similarities between
he images of the tracks.

Five algorithms were developed (Table 4). The first algorithm
as designed to compare the tridimensional chromatograms pre-

ented in Fig. 4 and corresponds to algorithm A in Table 3. It was
hosen based on its performance in the identification process as
resented above. The remaining four algorithms were designed to
ompare the images of the elution tracks and are based on the
itmap information of these images. Note that all algorithms are

n fact simple Euclidean distances computed on different feature
ectors. The different algorithms were weighed and aggregated to
roduce a single resulting score.

More precisely, for two ink entries in the library, denoted A and
, there can be any number of samples, denoted A1, A2, . . ., An and
1, B2, . . ., Bm (where n and m are typically equal to 3). A compar-

son between inks A and B with any of the algorithms in Table 4
ould then result in nm scores. If k denotes the chosen algorithm

n Table 4, the score for that algorithm is then:

corek =
n∑

i=1

m∑

j=1

|Ai − Bj|

And the aggregated score is:

coreA,B =
5∑

k−1

ˇkscorek

here the coefficients ˇk are the weights reported in Table 4
or each k algorithm. These weights were determined empirically
nd remain to be optimized. A significantly larger weight was
ssigned to the algorithm comparing the chemical profile of the
nk measured with the TLC scanner since the reliability of the
bsorption spectra (the TLC scanner has internal calibration algo-
ithms) is much higher than the expected reproducibility of the
olors of the imaging device used to take the pictures of the ink
racks.

. Implementation at the United State Secret Service—The
igital Ink Library
In order to manage the ink samples, and to exploit the tech-
ologies selected during the first phase of the project to their full
fficiency, the Digital Ink Library (DIL) was created. It was imple-
ented following the specifications outlined by the U.S. Secret

ervice. In short, the DIL is the digital version of the Interna-
. A 1218 (2011) 2793–2811

tional Ink Library. It includes a content management system, a
laboratory management system and a user interface. The content
management system stores information on several thousands of
inks from various origins and on ink suppliers, ink formulas, con-
tacts, and case files. The laboratory management system records
all actions performed on the ink samples, such as the introduc-
tion of new questioned and control samples, the creation of case
files, and the identification of questioned specimens. The user inter-
face supports all aspects of casework operations: it allows for
monitoring the ink examination workflow, piloting the compari-
son process and managing the questioned and reference samples,
the cases and all other relevant information pertaining to the ink
examination.

The user interface contains a navigation bar on the left-hand
side, which allows users to browse the entire file system of the
library, and a main screen where they can perform actions and
observe results (Fig. 9). It is designed to allow users to perform
the 7 main actions derived from the user requirements for the
DIL:

(i) Importation of questioned specimens and reference/control
samples.

(ii) Browsing of the library and management of samples.
(iii) Management of cases’ and suppliers’ information.
(iv) Direct comparison between any samples contained in the DIL.
(v) Searching, identification and confirmation of the source of

questioned ink specimens, using the reference samples con-
tained in the DIL.

(vi) Audit of the creation and modification of DIL elements.
(vii) Production of reports for the cases examined using the DIL.

7.1. Importation of ink samples

Since its creation in 1968, the International Ink Library grew
from a few hundred reference inks to nearly eleven thousands.
Therefore, there is an obvious need to import samples into the DIL
and the technologies included in the DIL allow for its exponen-
tial expansion. The importation procedure is a fundamental one.
Indeed, it involves various calibration and quality assurance pro-
cedures, which are crucial to ensure the optimal performance of
the DIL, and the tagging of the samples, which allows for their
subsequent handling.

The DIL accepts the importation of reference samples (for library
population and maintenance), questioned specimens (to investigate
their provenance using the DIL), and of a mixture of questioned
specimens and reference samples analyzed on the same plate (to
confirm the source of the questioned specimens by comparing them
directly to reference samples). For each ink sample (questioned or
reference), the DIL stores its chemical profile, multiple images of
the sample’s HPTLC elution tracks and meta-data, such as brand,
manufacturer, and years of production. The chemical profiles were
measured in absorbance from 200 to 700 nm as described in Section
6.1. The images were taken under different light conditions (UV flu-
orescence, visible, IR luminescence). The DIL allows for important
new data for samples that are already contained in the library; this
process enables the consolidation of the samples by expanding the
knowledge on their individual variability.

Because of the requirements of the calibration process, all sam-
ples and ladders analyzed on a given plate are imported together.
The importation process is summarized in Fig. 10.
The calibration process follows the procedure summarized in
Section 6.1 and described in [51]. In addition to the calibration of
the chromatograms, the images of the plates are also calibrated to
ensure the correspondence between the images of the dyes and
their position in the chromatograms (Fig. 11).
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ig. 9. Layout of the DIL’s user interface. The navigation bar can be seen on the le
creen (ink manufacturers information have been edited out).

.2. Browsing of the DIL and sample management

Users can browse the file system of the DIL using the naviga-
ion bar on the side of the screen and obtain/modify information
n questioned specimens and control samples. The navigation bar
rovides access to the entire file system of the library, including

nk cases. Ink samples are referenced under different categories. A
ingle sample can belong to one or more of these categories. Refer-
nce samples are categorized by color, type of writing instrument,
hemical tag [3], formulation and manufacturer.

Questioned specimens are referenced by case. A distinction is
ade between questioned specimens that need to be searched and

pecimens that have already been searched. A further distinction is
lso made between questioned specimens, which were imported
or investigation and those, which were imported for confirmation
urposes (i.e., analyzed side-by-side with control samples).

The interface allows users to search and select particular sam-
les and view their physical and chemical properties. It also permits
o observe and compare samples visually. The observation and
omparison can be done at various wavelengths providing that
mages of the samples at those wavelengths were imported into
he DIL.

More importantly, the information available for the samples can
e viewed and modified. The sample chromatogram and its spectra
an be accessed, together with the plate on which it was analyzed,
nd a sheet presenting the meta-data gathered for that particular
nk (Fig. 12).

A search engine, based on keywords, is available in the DIL. Users
an search ink samples using any keyword in the suppliers, attached
ocuments, reference inks and families contained in the DIL.

Finally, the interface permits the grouping of the samples in
ser-defined families.
.3. Management of cases and other information

One of the primary functions of the DIL is to enable users to
reate and manage cases. Classic information pertaining to foren-
d side, while the list of the ink samples in the library can be browsed in the main

sic cases is recorded in each case file: submission/analysis dates,
submitting office, examiner name, notes on the case, ink samples
analyzed in relation to the case, the audit trail of the activities per-
formed in the DIL in relation to the case, and documents or emails
that have been collected. The attribution of unique case identifiers
to questioned specimens renders possible the archiving of search
results and scores for confirmation matches, as well as the main-
tenance of the chain of custody of all actions performed on the
specimens.

The DIL also stores other categories of data, such as contacts,
manufacturer’s information, ink formulation and tags. In addition
to the preformatted fields storing information for each of these
categories, the DIL allows for linking them together with any doc-
uments (e.g. Adobe PDF, Microsoft Word, emails, images, etc.).

7.4. Direct comparison of any samples contained in the DIL

The DIL undertakes three types of matching. Their main charac-
teristics are presented in Fig. 13.

The comparison of samples is the first type of matching. It is
a generic comparison process, which enables the direct algorith-
mic comparison of any two samples contained in the DIL. The two
other types of matching can only be performed within an ink case.
These two matching processes are part of the ink examination case-
work workflow and are described more extensively in the next
section.

The comparison process allows for comparing samples outside
of the usual casework ‘identification’ workflow, and can be used for
research purposes or to group control samples together. It may also
be used to compare two or more questioned specimens with a view
to link them together. The comparison of questioned specimens to
other questioned specimens can link these specimens within a case,

or between cases.

Since this process performs comparisons outside of the regular
casework workflow, the matching of two samples is not registered
within a particular case. However, the association of two samples
is recorded within their individual sheets.
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Fig. 10. Flow chart of the importation process.

Fig. 11. Plate calibration: the positions of the dyes in the ladder are automatically detected and the frame of the new coordinate system is constructed. The handles in the
corners of the grid allow for manually supplementing the automated calibration process.
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.5. Identification and confirmation of the source of questioned
pecimens

The determination of the source of questioned ink specimens is

he main purpose and functionality of the DIL. It is carried out in two

ain stages [32]: the investigation and confirmation of the source
f the specimen. The ink examination workflow commonly used by
nk examiners in casework was implemented in the DIL to support
hem through the different steps of the forensic examination of an

Fig. 13. Different types of matc
ple sheet, 3D view of chromatogram, 2D view of chromatogram, audit trail.

ink sample. The DIL guides the users at every step by indicating
the required actions and reference material needed for the next
steps.

The workflow is represented in Fig. 14 and its main steps are

presented below:

(i) At first, a case is created or selected.
(ii) Questioned specimens are analyzed on a HPTLC plate and

imported in the DIL.

hing allowed in the DIL.
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rificat
Fig. 14. Flow chart for the identification and ve

(iii) The source of each of the questioned specimens is investi-
gated by searching similar control samples in the DIL. This
stage is called the Investigation stage in the DIL. It allows for
searching unknown specimens in the database in order to
determine their potential model/brand/manufacturer/year of
production.

(iv) Once the search is completed, the list of reference samples

is presented to the user, ranked from the most similar to the
most dissimilar to the questioned specimen. Users browse
through the list of results and visually compare questioned
specimens and control samples at multiple wavelengths.
Users then select the most similar control samples.
ion of the source of a questioned ink specimen.

(v) Each questioned specimen and its potentially ‘matching’ con-
trol samples are analyzed side-by-side on a new HPTLC
confirmation plate.

(vi) The confirmation plate is imported into the DIL.
(vii) The confirmation samples from the questioned and the con-

trol inks are compared to each other using the DIL matching
algorithm. This stage is called the confirmation stage. Ques-

tioned specimens are compared only with reference samples
selected during the investigation search, in order to measure
the quality of the association between the questioned and ref-
erence samples without any interference from the variability
observed between plates.
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viii) Once the questioned and confirmation samples have been
compared, the questioned specimen is declared ‘Matched’ or
‘Non-matched’.

.6. Auditing the DIL

The DIL includes an auditing mechanism. The creation and mod-
fication of any object in the DIL, such as ink samples, manufacturer,
r a case, is logged into an audit file. The log registers the date and
ime of an activity performed on an object, the user performing the
ctivity and the type of activity. The audit log is accessible to the
sers through the interface.

A special type of auditing is proposed for ink cases (Fig. 15).
n addition to the standard log recording the creation and modi-
cation of case information, a complete history of the case is also
vailable to the users. This case history lists:

(i) The plates imported for that case and more specifically the
questioned specimens loaded into the DIL.

(ii) The investigation/confirmation searches performed on the
questioned specimens.

iii) The results of these searches and the control samples found to
be similar.

iv) The notes taken by the examiner.

The case history is available from the case sheet and questioned
pecimens’ sample sheets.

.7. Production of reports

Finally, the DIL is equipped with a report generator, which
xports in a printable format the results of forensic investigations
erformed on questioned ink specimens. The following reports can
e produced from the DIL: casework reports, reports on the actions
erformed on questioned specimens, and reports on the informa-
ion gathered on control samples.

. Discussion and scope for future work

The use of the dye ladder and the optimization of the solvent
ystems provide a mechanism to measure and reduce the analytical
ariability of the analyses of ink samples by HPTLC. Nevertheless,
he variability between plates remains the main source of analyt-
cal uncertainty when inferring the commonality of the source of

nk samples. Differences in the composition of the plates them-
elves (even within a same batch of plates) have also been found
o influence the analytical results. It is not possible to have control
ver these elements. Using the described calibration technique, it is
ossible for different ink examiners to reliably compare ink samples
as automatically recorded by the DIL.

analyzed on different HPTLC plates, and at different locations. This
improvement in the reproducibility and reliability of the analyses
enables the creation of ink reference libraries for the identification
of the source of ink specimens or for the assessment of the weight
of ink evidence. More generally, the use of the dye ladders permits
the monitoring of the elution of given plates and the assessment
of the quality of the analysis. Indeed, the use of adequate controls
allows detecting lower quality analyses/plates and redoing them.
A further increase in the reproducibility may be achieved by opti-
mizing further the composition of the dye ladders and the number
of dyes that are used. The optimal resolution of the new coordinate
system used for the calibration process can also be investigated.

The digital acquisition of the samples with the TLC scanner
and their standard formatting in matrices is particularly suitable
for the development and application of automated comparison
algorithms. This is mainly due to the capacity of the acquisition
process to fix the size of the data representing each ink sam-
ple, independently from the number of dye components, color,
intensity, or from the total elution distance of the sample. During
the development of the prototype, six algorithms were proposed.
These algorithms were designed to investigate the effect of analyt-
ical and environmental factors on the comparison of ink samples.
These algorithms were also designed to validate some technological
choices. These algorithms were not optimized in the first phase of
the research. During the implementation of the Digital Ink Library,
we were constrained by some user-requirements and we did not
fully optimize and validate the chosen algorithm.

Significant improvements are certainly possible in the area of
the comparison of samples analyzed by HPTLC. The score is influ-
enced by the variability present between analyses performed on
different plates. Artificial neural networks-based comparison algo-
rithms were shown to minimize this problem but were difficult
to implement in the final product. A scoring algorithm that would
search for the best fit between samples before computing the score
could be developed. The signal from the background and the sig-
nal from the ink components can also be weighed differently, so
that the score would be increased when it measures the difference
between dye components, and decreased when it represents the
difference between background noises. Finally, the algorithm can
be set to take into account the number of components that are being
compared: for example, a score computed between inks with three
dyes would be weighed differently than a score computed between
inks with more dyes.

The scores are also influenced by potential degradations of ink

in the questioned specimen due to environmental factors. The use
of automated algorithms clearly does not entirely solve the limi-
tations of the current visual side-by-side approach. In fact, current
algorithms may have reduced performance when compared to an
experienced examiner. The development of heuristic algorithms,
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ncapsulating this experience needs to be considered. For exam-
le, mathematical ‘degradation’ modeling of the control ink, or
athematical ‘reconstruction’ of the questioned specimen, may be

erformed in order to improve the accuracy of the searches.
Nevertheless, the results obtained from this research are

romising. The possibility of automatically comparing samples was
emonstrated and the performances of the algorithms using indus-
ry standard tools were measured. Overall, the performances were
ound to be very satisfying. As mentioned above, future work will

ostly focus on the optimization of the proposed algorithms, or
he development of new ones, using the methodology and tools
hat have been validated here. Changes in the algorithms’ param-
ters, design or training can be directly compared to the level of
erformance achieved in this study and thus be either validated
nd implemented or rejected.

The Digital Ink Library is currently undergoing validation test-
ng. Additional refinements and upgrades to the system will be
equired on a regular basis, as more features and capabilities are
eeded. Although the analysis time for each plate has increased
due primarily to the change in solvent system and increased time
or ink application), the new system has the ability to drastically
educe search times. In addition, the increased control of envi-
onmental variables will improve reproducibility. However, larger
ample volumes are required for the new analytical protocol. A
odified protocol may be required to handle cases where the ques-

ioned ink sample is limited. Although there is a significant start-up
ost for equipment, the consumables cost is similar. A major advan-
age of the new system is the fact that the plates have been recorded
mmediately after analysis and are backed up at regular intervals
n a server. There is also a possibility of future exchanges of digital
ata between different organizations and countries (if the new ana-

ytical protocol is followed). A detailed case management system
as also included in the DIL to allow for an audit trail and a greater

ransparency. Multiple cases can be worked at the same time and
otes can be recorded. These features are essential for maintain-

ng the laboratory’s accreditation under the American Society of
rime Laboratory Directors—Laboratory Accreditation Board Inter-
ational/ISO 17025.

. Conclusion

The contribution of ink evidence to the criminal and civil justice
ystems is relatively limited. Some of these limitations are inherent
o the evidence type. Ink evidence is not found in cases as frequently
s biological, fingerprint or shoemark evidence. Furthermore, the
iscriminative value of ink evidence is not as high as for these other
vidence types. Other limitations arise from the lack of relevant
nformation extracted from ink evidence and/or the inefficient use
f this information. These limitations do not appear to have been
dequately addressed in the abundant forensic literature on the
xamination of ink evidence.

A series of technological developments have been proposed for
rriving at a standardized method to analyze, record and compare
nk samples and to search them in reference libraries. The experi-

ents performed while developing the prototype of the ink library
ave shown that the method performs well under very stringent
onditions. The experiments allowed for gaining a better under-
tanding of the effect of various variables on ink examination.
or example, the observation of extensive ink data sets permit-
ed the study of the less well-understood concepts of explainable

nd genuine differences between ink samples. With the limitations
xpressed here, mostly in terms of the optimization of the scoring
lgorithm, it is believed that this research represents an important
ontribution to the strengthening of the reliability and validity of
he examination of ink evidence in forensic science.
. A 1218 (2011) 2793–2811

It has been described how the method has been further devel-
oped in relation to user requirements laid down by the United
States Secret Service and implemented into the Digital Ink Library.
During this phase of the project, the transition required a move
away from the existing paradigm. The substantial benefits in qual-
ity assurance, reliability, capability to process significant amount
of data, workflow management and interoperability offered by the
Digital Ink Library significantly outweigh the challenge of chang-
ing the culture in the community. The Digital Ink Library also shows
that the development and use of this technology, together with the
structured collection of ink data, is not only possible and doable,
but also justified economically.

That said, it is important to emphasize that the use of the pro-
posed technology is not only necessary to construct and manage
ink reference collections, but is indispensable when comparing ink
samples directly: the quality assurance requirements are to be the
same in the identification and comparison processes.

More has to be done to maximize the contribution of ink evi-
dence. New analytical techniques are proposed regularly, which
allow for better discrimination between different ink compositions
and for better sensitivity of weakly concentrated ink components.
In addition, new mathematical algorithms for the post-processing
of analytical results and for the objective comparison of ink sam-
ples can be implemented. Nevertheless, the framework and ideas
developed in this research will support the introduction, opti-
mization and validation of these new analytical techniques and
algorithms. The proposed framework and the resulting Digital Ink
Library demonstrate that significant improvements in the foren-
sic examination of ink are possible and are being pursued by law
enforcement agencies.

In the immediate future, the provision and validation of a quan-
titative method for assessing the weight of ink evidence is needed.
Population studies of inks need to be performed in order to gather
statistical information on the frequency of the multiple formula-
tions and their market penetration. The population of the library
needs to be formalized in order to reflect this statistical distribution.
As demonstrated for other evidence types, such as glass or fiber, this
will maximize the usefulness of ink evidence and provide a pow-
erful agent for further transparency. The general approach to the
quantitative evaluation of evidence by examiners requires a new
paradigm that involves the use of additional information. This is
missing from current reporting practices. This research enables the
implementation of such methods and the development of training
tools to support their introduction in practice.

Ultimately, the introduction of transparency at every level of
the examination process is the key for the reduction of variability
between individuals and organization. It will support the conver-
gence towards a common examination and reporting standard, in
line with the recent recommendations of the National Academy of
Sciences, and with the efforts pursued in other fields of forensic
science.
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