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Abstract
Keywords Document examination is one of the main types of investigations in
forensic science, particularly in cases involving questioned
) documents. These documents include assorted forms of written or
spectroscopy;

printed texts on different substrates (paper, banknotes, etc.) with
laser-induced breakdown  uncertain authenticity. Ink analysis plays a vital role in document
spectroscopy; examination. It is often focused on understanding the chemical
composition of the ink, which can be colorants, solvents, vehicles,
and additives. Document examiners utilize several analytical tools
document examination; including laser-induced breakdown spectroscopy (LIBS). The use
of this instrument has gained prominence for its ability to detect
multiple elements, offer straightforward sample preparation,
writing ink minimize sample destruction, and provide fast and accurate
readings. This paper reviews previous research that employed LIBS
for document examination, highlighting its modern applications and
approaches in analysing various types of documents. Furthermore,
this paper discusses the strengths and weaknesses of this instrument
as a viable technique in the field of document examination.

ink analysis;

printing ink;
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1. Introduction

Document examination stands as a key investigation in forensic science. Its primary focus lies in
identifying the source of documents and verifying their legitimacy [1]. The growing market for
printers, computers, scanners, and photocopiers fuelled the progress of printing technology, which
inadvertently promoted the creation of printed document forgeries. Although the use of written
documents in the modern age of technology has declined, handwritten signatures and notes continue
to be widely utilized by the public as proof of consent [2]. Forged signatures and hand-written
alterations on legal documents are still issue in civil and criminal investigations [2, 3]. Therefore,
ink analysis of these documents has become indispensable in the field of document examination.

A forensic document examiner (FDE) typically begins the examination of a questioned
document by identifying the device used to produce the document (e.g., printers, pens, pencils, etc.),
followed by an analysis of the ink’s physical properties and chemical composition [4]. Questioned
documents refer to any form of written or printed text with questionable authenticity that can be
treated as evidence in criminal and/or civil cases [4]. These documents are submitted to forensic
document examiners (FDEs) in order to ascertain the authenticity of documents [1]. FDE is
responsible for detecting alterations, deletions, and obliterations as well as establishing the exact
point in the document’s printing time.

Printed documents can be classified based on their printing ink types, such as toner, inkjet,
offset, and intaglio. As for writing inks, ballpoint and gel pens are more prevalent in the market
compared to rollerball pens, owing to their smoother ink flow and consistent performance [5]. The
scope of questioned documents extends beyond ink on paper and encompasses documents with inks
on various substrates, including currency bills, identity cards, passports, pharmaceutical packaging,
and tax stamps.

Ink, in general, is composed of colorants (dyes or pigments) that are dissolved or suspended
in a vehicle (solvent and/or resin) with flowing and drying characteristics [6-8]. This mixture is
combined with organic and inorganic additives to impart specific properties, control the ink’s
density or flowing characteristic, modify the drying process, or influence the ink’s actual appearance
[8, 9]. Hence, a diverse array of substances, according to the type, brand, and batch of the ink, emit
distinct chemical signatures that FDEs can utilize to their advantage [2, 10]. Even though the exact
chemical composition of a particular ink is undisclosed by its manufacturers, each ink variant
possesses a distinctive fingerprint.

FDE commonly employs visual examinations such as microscopic analysis and light
examination with instrumental tools like visual spectral comparator (VSC) [11-13]. However, these
techniques are not fool proof and may be subject to human error. The results may be inadequate for
the investigation of the authenticity of the documents [12, 13]. Hence, further chemical analysis is
necessary to improve the characterization and discrimination of the ink. According to Calcerrada
and Garcia-Ruiz [9], numerous analytical approaches (destructive and non-destructive) have their
purposes in ink analysis and these approaches have been extensively reported in the scientific
literature.

Destructive techniques, despite being time-consuming and requiring delicate sample
preparation that eventually damages the sample, are still practiced in forensic analysis. Techniques
such as high-performance thin layer chromatography (HPTLC), mass spectrometry, and capillary
electrophoresis (CE) offer powerful compound identification of ink components [10, 13, 14]. In
contrast, non-destructive techniques require minimal sample preparation with the added advantages
of multiple measurements and preservation of the document integrity [15]. These techniques involve
utilizing spectroscopy instruments that are occasionally used in tandem and in conjunction with
multivariate data analysis. Infrared (IR), Raman, and elemental spectroscopy are a few examples of
non-destructive techniques [15-19]. Laser-induced breakdown spectroscopy (LIBS) is also one of
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the non-destructive techniques, which falls under laser-based atomic emission spectroscopy and this
technique is the central focus of this review.

Brech and Cross [20] first reported the application of LIBS and along the way, LIBS has
found its way into other fields of study, such as biology [21-24], geology [25], astronomy [26],
archaeology [27, 28], industry [29, 30], and artistic prints [31, 32]. LIBS is a semi-destructive
elemental analysis that employs a surface technique using laser ablation with high sample
throughput [6, 33-35]. This cost-effective instrument collects information from the ablated mass
with high sensitivity and precision [6, 11, 33, 34]. Therefore, this paper discusses the pros and cons
of LIBS in document examination by reviewing the results from previous research that employed
LIBS. The hybrids of LIBS with other instruments and its role in multivariate data analysis are also
discussed.

2. Principle of Laser-Induced Breakdown Spectroscopy (LIBS)

While LIBS is a relatively recent innovation in forensic science, its features, such as lasers,
spectrometers, and detectors are constantly being upgraded [33]. Figure 1 shows a typical setup for
LIBS, which is compartmentalized into several subsystems as listed below [6, 35-38]:

a) a pulsed laser focused by lenses on the target;

b) a delay pulse generator;

¢) an ablation cell for the plasma formation;

d) an optical system to collect emitted signals,

e) a spectrometer with a sensitive detector, and,

f) acomputer.

Laser
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Figure 1. Typical setup of LIBS [39]

The configurations of the spectrometer-detector, laser type, and time control unit as well
as environmental factors should be considered to improve any experiment with LIBS [39]. A highly
energetic laser-pulsed beam, operating within nanosecond ranges, is directed at the sample surface
to induce optical excitation and create plasma [2, 36, 39, 40]. The light energy from the laser beam
causes the ablation of a small sample mass, leading to the formation of high-temperature plasma.
The temperature at the sample surface rapidly rises to the point of vaporization [37, 39], resulting
in various phenomena including photoelectron emission and plasma formation [37]. The plasma
parameters such as electron density and excitation temperature contribute to the characteristic
transient nature of the laser-produced plasma [41]. The excited atoms and ions of the analyzed
sample in the plasma produce distinct lines, bands, and an overlying continuum [2, 37-39]. The main
features of these discrete lines are wavelength, intensity, and shape, which aid in sample
characterization [2, 39]. Furthermore, the laser energy directly influences plasma emission spectra
and the signal-to-noise ratio [42].
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In addition to laser energy, laser wavelength plays a crucial role in plasma formation [41].
The appropriate wavelength selection depends on the intended analytical work using LIBS.
Moreover, the time delay parameter in LIBS is equally as significant as the laser energy considering
the dynamic processes of plasma formation and radiation [42]. The time delay allows for the decay
of the continuum radiation before the spectral measurements [38, 42]. The spectra are affected by
time variation, wherein the spectrum's formation and the laser plasma's dissipation occur within
microseconds (us) [38]. The process of selecting time delay (gate delay) and integration time (gate
window) must be based on the laser wavelength, as it subsequently affects the signal-to-background
ratio [39]. An optimized delay time can minimize interferences and improve signal intensity, while
a longer time delay may result in lower signal intensities [34, 42].

Plasma emission is directed to a spectrometer using optical fibers and/or lenses [36]. A
spectrometer (e.g., Echelle, Czerny-Turner), equipped with a complex optical system, diffracts the
collected light, which is then dispersed by a grating, producing “spectral signatures” of the sample
[6, 39, 40]. Subsequently, a sensitive detector detects the light, such as a charge-coupled device
(CCD), intensified CCD camera (ICCD), silicon CCD (Si-CCD), photodiode array (PDA), or
photomultiplier tube (PMT) [6, 39]. Finally, a computer stores and processes the acquired spectrum
for further analysis. The spectrum is presented as intensity versus wavelength and the spectral lines
are attributed to elements present in the samples [33]. The spectral lines are typically shown in the
range of 190 nm to 900 nm. The wavelengths can be compared to the database of the National
Institute of Standards and Technology (NIST) [6, 33, 43, 44]. Additionally, simultancous
quantification is also possible, where the concentration of the elements can be determined based on
their emission intensity [6].

Optimizing the parameters for LIBS measurements requires a comprehensive
understanding of LIBS plasma physics and consideration of environmental factors that may affect
the plasma lifetime and features [39]. The plasma lifetime stages are depicted in Figures 2(a) and
2(b) [39, 45]. Figure 2(a) presents an overview of the plasma lifetime, which is divided into three
stages (labelled as i, ii, and iii), whereas Figure 2(b) provides a more detailed explanation of each
stage, appropriately labelled with the corresponding stages. When the laser induces the creation of
plasma (Figure 2(a-i)), several processes take place, beginning with the emission of continuous
Bremsstrahlung [37, 41].

The first stage is ignition which involves breaking the bond and plasma shielding during
the laser pulse. When the laser interacts with matter, photons are absorbed by atoms, causing the
transition of electrons to higher energy levels (Figure 2(b-i) in laser energy absorption) [39]. This
process depends on laser type, duration of the laser pulse, and irradiance. The plasma shielding
effect occurs when the plasma becomes opaque for the last part of laser radiation. At this stage, the
plasma surface absorbs or reflects the laser pulse, preventing the ionization of the material and
reducing the ablation rate as the radiation does not reach the sample surface. Consequently, craters
with melted and deposited material are formed. Simultaneously, the plasma is reheated, which
multiplies the lifetime and size of the plasma, as displayed in Figure 2(a-ii) where the plasma has
enlarged in size. This stage only lasts for a few ns to a few ps.

The second stage is plasma expansion and cooling, which is influenced by factors such as
ablated mass, spot size, energy coupled to the sample, and environmental conditions [39]. This
process is crucial for optimizing LIBS spectral acquisition since atomic emission occurs during the
cooling process. Furthermore, the recombination of electrons and ions in this stage is essential for
generating line emission, which impacts the radiation processes [41].



Curr. Appl. Sci. Technol. 2024, Vol. 24 (No. 3), €025720 Sabri et al.

.
AT ;‘u’;"r‘ua"".i .
== # - #wmggm ¥

Processes that occur: Processes that occur:

: 7 %
Y 7 4
Plasma . s
(multiplied size) l—y 4 e The emission of  Atomic emission occurs as
z continuous plasma cools down. ‘ L (

plasma xb__ light Ls rasldnal
developmem em]ssmn n _/ crater
(i) | G| (iii)

Bremsstrahlung * Electrons  transition  to
begins. lower energy levels.
0 « Electrons transition ¢ Line emissions are more
Ablated particles (4} . Residual to higher energy visible but they can be )“
. y crater . : y iativ
o' levels. Ob““"'_d _b’ ridiative o Light emission
= recombination and Torms <nietial
“ Bremsstrahlung effect. — .p .
emission lines in
(i) LIBS spectrum.

(b)

Figure 2. Schematic diagram of plasma lifetime stages; (a) an overview of plasma lifetime stages
(1, 11, and iii) and (b) detailed explanation of these stages [39, 45]

As the plasma continues to expand and cool after ignition, there is a concurrent change in
electron temperature and density. During this process, electrons transition to lower energy levels
and the electrons emits photons in the decay. This process is synonymous with the de-excitation of
atoms [39]. Line emissions become more visible as the plasma cools down after plasma formation
(Figure 2(b-ii) in plasma development). However, these line emissions can be obscured by the
continuous emission due to radiative recombination and the Bremsstrahlung effect [37, 39]. Initially,
the plasma radiation appears as a continuous spectrum that diminishes rapidly as the plasma relaxes
[37, 41]. This plasma radiation constitutes atomic lines from the decay of excited atoms, ions, and
small molecules [37, 41].

The distinct energy levels of different atoms cause them to emit characteristic photon
energies with narrowband emissions, forming the spectral emission lines in the LIBS spectra as
illustrated in Figure 2(b-ii) (in light emission). Therefore, a time delay in the time control unit is
necessary to avoid the continuum radiation, as previously explained [37, 39]. The second stage
occurs within a few microseconds to a few milliseconds. The final stage of the plasma lifetime
involves particle ejection and condensation, which do not affect LIBS measurements [39]. Some of
the mass is ablated as particles that create condensed vapor, liquid sample ejection, and solid sample
exfoliation (Figure 2(a-iii)). This stage can last from milliseconds to several seconds.

3. Instrumental Setup in Laser-Induced Breakdown Spectroscopy (LIBS)

The setup of LIBS involves selecting the best laser source as the light energy and the configuration
of laser parameters such as wavelength, pulse time, and laser energy. Optimization and calibration
of LIBS parameters are imperative to acquire the highest intensity of signals without saturating the
spectrum [34, 46]. Previous research’s instrumental setup and parameters of LIBS for document
examination are summarized in Table 1.



Table 1. Parameter setup of LIBS for document examination

Time Spot ..
Sample Laser Source Spectrometer Detector P Additional Notes Ref.
Delay Size
Ballpoint, Type: Nd:YAG Czerny-Turner 165 ps CCDh Not The detector was fixed with 1.27 us of fixed gate (2]
gel, Wavelength: 1064 nm ~ (255-416 and available delay and 1.2 ms of integration time.
porous Energy: 150 mJ 496-718 nm Spectral resolution was 0.1 nm.
point, and ranges) . . . .
rollerball The experiment was performed in ambient air
ink pens using scan mode.
on paper
Ballpoint Type: Nd:YAG Four compact 0.5 us Not Not Laser pulses were repeated ten times with a (3]
fmd gel Wavelength: 1064 nm spectrometers available available repetition rate of 2 Hz.
ink pens Energy: 30 mJ (for 6.5 (200-795nm A 1-m fiber bundle with four 600 um diameter
on paper ns ranges) quartz fibers was used to direct the light to the
spectrometers.
Spectral resolutions were varied for different
wavelength intervals.
The minimum acquisition gate was set at 1.05 ms.
Gel ink Type: Nd:YAG Echelle Not ICCD Not 1.5 mm optical fiber with 600 um diameter was (4]
pens on Wavelength: 1064 nm available  camera available used.
paper Energy: ~87 mJ (for 5
ns)
Ballpoint Type: Frequency- Echelle Not CCD Not The LIBS system was integrated with Raman [7,47]
ink pens doubled pulsed (equipped with available  camera available spectroscopy, and the spectra of both LIBS and
on paper Nd:YAG the individual Raman were randomly fused to maintain the

Wavelength: 532 nm
Energy: 200 mJ (for 7
ns)

optical system
and entrance slit
aperture in the
range of 290-
930 nm)

variance of both data sets.
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Table 1. Parameter setup of LIBS for document examination (continued)

Sample Laser Source Spectrometer Time Detector Sl.mt Additional Notes Ref.
Delay Size
Ballpoint Type: Nd:YAG Czerny Turner 1.4 ps ICCD ~450 The ablation mode used was line mode. (11]
fmd gel Wavelength: 1064 nm spectrograph Hm ® Scan rate was set at 50 pm /2 s.
ink pens Energy: 50 mJ o L
on paper aser pulse was repeated at 2 Hz rate for 100 shots
and the gate width was set at 4 ps.

Ballpoint Type: Nd:YAG Not available 1.64ms  Not 50 pm Three laser pulses were used for each point during ~ [48]
ink pens Wavelength: 1064 nm available LIBS measurement.
On paper (spectra acquired at Inductively Coupled Plasma Optical Emission

186-1042 nm ranges) Spectroscopy (ICP OES) was used for

Energy: 78 mJ confirmatory evaluations.
Ballpoint Type: Nd:YAG Not available Not Si-CCD Not Optical fiber with a 200 pm diameter was used. [49]
and gel Wavelength: 1064 nm available  array available The integration time was set at 500 ms.
ink pens (spectra collected at
on paper 200-900 nm ranges)

Energy: Varied

energies ranging from

60-500 mJ
Gel ink Type: Nd:YAG Echelle Not ICCD Not A 1.5 m optical fiber with 600 pm diameter was (47]
pens on Wavelength: 1064 nm spectrometer available  camera available used.
paper (IR) and 532 nm

(visible)

Energy: ~25 and ~87

mJ (IR) and ~25 mJ

(visible)
Inkjet and Type: Nd:YAG Not available Not CCD Not A 200 pm-diameter optical fiber was used. [45]
toner inks Wavelength: 1064 nm available available
on paper (spectra acquired at

173-956 nm)
Energy: 120 mJ (for 10
ns)
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Table 1. Parameter setup of LIBS for document examination (continued)

Sample Laser Source Spectrometer Time Detector Sl.mt Additional Notes Ref.
Delay Size

Tonerand e Type: Nd:YAG Ocean Optics Not Not Not Laser voltage was set to 900 mJ with an [46]
inkjet inks o Wavelength: 1064 nm HR4000 available  available available integration time of 100 ms.
on paper e Energy: 270 mJ (for 10~ Spectrometer 60 pm UV-Vis optic fiber was used.

ns) The experiment was performed in ambient air.
Tonerand e Type: Nd:YAG Ocean Optics 2.6 us Not 300 pm Sample chamber was first purged with argon gas [50]
inkjet inks o Wavelength: 1064 nm LIBS2500+ available for 60 s to remove air and to augment spectral
on paper e Energy: 170 mJ spectrometer intensity.

The analysis mode was line mode.
Tonerand e Type: Nd:YAG 6-channel 1.4 ps CCD 300 pm Integration time was fixed at 1.1 ms. [51]
inkjet inks o Wavelength: 1064 nm broadband (inkjet) &  linear Optimum parameters were at 35% energy for 150
on paper e Energy: Not available spectrograph 1.2 ps array shots at 2 Hz frequency and 25 pm/s speed rate.
(190 -1040 nm) (toner)

Tonerink e Type: Nd:GGG Two-channel 40 pus CCD Not The laser was set up for two consecutive pulses [52]
on paper e Wavelength: 198-318 fiber optic (double- available with equal energy.

nm (UV ranges) & 345-  spectrometer pulse Integration time was 2 ms.

888 nm (Vis ranges) mode) The measurements were performed under argon

e Energy: 10 mJ gas.

Toner, e Type: Nd:YAG 6-channel- 0.1 ps CCD 200 pm LIBS was used in tandem with Laser Ablation — [53]
inkjet, e Wavelength: 1064 nm broadband (inkjet, linear Inductively Coupled Plasma — Mass Spectrometry
intaglio, e Energy: 7.8 mJ (inkjet), ~ spectrometer of  offset & array (LA-ICP-MS).
and offset 13 mJ (toner), 4.1 mJ 190-1040 nm intaglio) The ablation mode was single line mode.
inks on (offset & intaglio) & 0.8 ps
paper (toner)
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Table 1. Parameters setup of LIBS for document examination (continued)

Sample Laser Source Spectrometer Time Detector Sl.mt Additional Notes Ref.
Delay Size
Pencil marks Type: Nd:YAG Not available 1.5 ps Not 100 pm e A coupling fiber was used to direct the signal [1]
Wavelength: 1064 nm available from plasma emission into the LIBS
Energy: 60 mJ (for 10 spectrometer.
ns)
Ink on Type: Nd:YAG; 6-channel Not CCD Ranged e The experiment was performed at atmospheric [34]
banknote Wavelength: 1064 nm  Czerny-Turner available from pressure in the air.
papers (spectra collected at 0.6t01 e The spectral resolution was around 0.1 nm.
185-904 nm UV-Vis mm
ranges);
Energy: 150 mJ (for
6ns)
Ink on Type: Nd:YAG 6-channel 0.9 us Not 100 pm e The ablation mode used a straight-line mode. [40]
pharmaceutical Wavelength: 266 nm Czerny-Turner available
packages Energy: 5.4 mJ (190-1040 nm
ranges)
Passports and Type: Nd:YAG 6-channel Not CCD 0.4-08 o The detector was fixed with gate delay of 1.27 ps ~ [54]
identity cards Wavelength: 1064 nm  Czerny-Turner available mm and integration time of 1.5 ms.
Energy: 150 mJ (for 6 (185-904nm ® Spectral resolution was set at around 0.1 nm.
ns) ranges) ® The experiment was performed under
atmospheric air pressure.
Tax stamps Type: Nd:YLF Czerny-Turner Not CCD 80 um e Optical fibre with a 100 pm core cable was used. [55]
Wavelength: 1053 nm  polychromator available  sensor e The laser pulse was set with 100 Hz repetition
Energy: 600 uJ (for (200-850 nm array rate.
470 ps) ranges)
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As seen in Table 1, most studies utilized Nd:YAG laser as the light source with a
wavelength of 1064 nm despite the type of documents. Nd:YAG laser with a fundamental mode of
1064 nm was the preferred laser for LIBS as it could quickly generate compact plasma [39]. As
highlighted by Anabitarte et al. [39], a higher laser wavelength produced a lower ablation rate with
a higher elemental fractionation.

Elsherbiny and Nassef [47] conducted LIBS study using both visible and IR lasers as
excitation sources with fundamental wavelengths of 1064 nm and 532 nm, respectively. The pulse
energies of these lasers were also varied for each wavelength as stated in Table 1. One study
switched the light source to Nd:GGG laser with a wavelength range of 198 nm to 888 nm (UV-Vis
ranges) [52]. The change in the light source was motivated by the conversion to a micro-LIBS
system. The authors also configured the laser to emit two consecutive pulses to increase the
intensities of LIBS signal emission. Another study utilized Nd: YLF laser for tax stamp samples with
a wavelength of 1053 nm as shown in Table 1, and this laser type used the lowest laser energy (600
pJ) compared to the other types [55].

Several researchers used Czerny-Turner [2, 11, 34, 40, 54, 55], Echelle [4, 7, 47] and Ocean
Optics [46, 50] spectrometers in their studies. Czerny-Turner spectrometer is commonly used in
LIBS. The spectrometer has an entrance slit, two mirrors, and a diffraction grating [39]. Light passes
through the slit and collides with the first mirror, which pivots the light onto the grating. Then, the
second mirror focuses the light onto the focal plane with the detector. The choice of detectors
depends on the application of the instrument.

According to Table 1, some researchers used various types of CCD detectors for document
examination, while others did not divulge details of the type of detector. CCD detectors provide less
background signal for two-dimensional spatial information [39]. The spot size and laser pulse
energy determine the fluence, which is the amount of energy per area [48]. Large spot size increases
the number of pulses delivered in a small area, which enhances the resolution of chemical images.
Several researchers measured the spot size, and it was larger for banknote papers (0.6 mm to 1.0
mm) [34] and identity documents (0.4 mm to 0.8 mm) [54] compared to ink on paper samples (~50
um to ~450 pm). All studies kept the spectral resolution constant, except for a study by Cicconi et
al. [3], where they varied the values according to the intervals of wavelength (0.07, 0.09, 0.10, and
0.16 nm for 200-270 nm, 270-400 nm, 400-546 nm, and 570-795 nm, respectively).

Hilario et al. [48] applied ICP OES in conjunction with LIBS for confirmatory evaluation
of the differentiation of the ballpoint ink pens. ICP OES was performed in robust conditions using
argon gas (99.999%) for plasma generation and maintenance in the instrument. A combination of
LIBS and Raman was applied by Hoehse ef al. [7] to examine ballpoint ink pens on paper. The
researchers previously published an extensive article on the instrumental setup of this combination
for elemental and molecular microanalysis [47]. A mechanical chopper was employed in the
instrument to cut off an initial plasma continuum in order to prevent the CCD from detecting early
continuum radiation from LIBS plasma [7, 47]. The spectra acquired from LIBS were randomly
fused with Raman spectra to maintain the variance of both data sets. For instance, LIBS spectra
from 2432 cm! to 1797 cm! were attached to Raman spectra from 1796 cm™ to 300 cm.

Subedi et al. [53] explored the application of tandem LIBS with laser ablation — inductively
coupled plasma—mass spectrometry (LA-ICP-MS). A fiber optic collected the excitation of samples
by the emitted light in the LIBS plasma to a CCD spectrometer. An argon carrier gas transported
the ablated particles to the inductively coupled plasma (ICP). Moreover, the researchers varied the
laser energy and frequency according to the ink type [53]. The highest energy was used for inkjet
ink (13 mJ). Additionally, laser frequency was varied according to ink type. A higher frequency was
used for toner ink (1.8 Hz), offset ink (4 Hz), and intaglio ink (4 Hz) compared to inkjet ink (0.8
Hz) [53]. High frequency can cause more damage to the samples. Therefore, low frequency is more
suitable for inkjet ink to minimize interferences from paper since the ink is immersed in the paper.

10
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4. Elemental Analysis

LIBS can perform qualitative and quantitative chemical analyses at the atomic level, with several
strengths and limitations [39]. A summary of the advantages and disadvantages of LIBS in document
examination is presented in Table 2. Qualitative analysis can be carried out accurately using LIBS
as it detects the atomic emission of all elements in the analyzed sample [39]. Quantitative analysis
of LIBS determines the relative amount of elements in units of ppm (concentration of elements), ng
(absolute mass of elements), or ng/cm? (surface concentration) [39]. This analysis encompasses the
non-calibration method and calibration method. The latter uses a calibration curve tied to
experimental factors [39, 56].

Table 2. Advantages and disadvantages of LIBS for document examination

Advantages Disadvantages

e LIBS is capable of simultaneous rapid multi- e The optimization and development of LIBS

elemental detection (<1 second per analysis) are time-consuming [50].
in ink samples [34-36, 38, 51, 57]. e LIBS may not be sensitive enough in the

e LIBS can analyze any ink material, quantitative analysis compared to other
irrespective of its physical states (solid, atomic emission spectroscopies [38].
liquid, gas, etc.) [38, 42, 57]. e There can be spectral noise due to the

e LIBS can properly identify each emission presence or absence of distinct emission
line for a specific element in a neutral or lines that interfere with elemental analysis
ionized state [39]. [34].

e There is no requirement to prepare or treat e It is difficult to interpret a large volume of
the ink samples prior to analysis of LIBS [2, data from LIBS with many variables in a
38]. short period [33, 46].

e LIBS does not require pre-set elemental e LIBS is a semi-destructive instrument,
menu as in LA-ICP-MS [51, 53]. leaving a small visible crater after the laser

e LIBS can provide inorganic information ablation [2, 11, 35, 46].

about the printing ink which is a rare feature
in standard techniques [52].

According to Table 2, LIBS does not require any sample pretreatment, which is favorable
for ink samples as the sample integrity can be preserved [2, 38]. In addition, broadband scanning
can be employed by LIBS to detect unusual peaks without requiring a pre-set elemental menu, unlike
in LA-ICP-MS [51, 53]. Table 2 also presents the limitations of LIBS in analysis of various types
of ink. Elemental analysis using LIBS may be affected by spectral noise. However, this issue can be
resolved by selecting valid spectral lines to generate reproducible spectra with consistent qualitative
differences in the samples [34]. Another issue the researchers faced was difficulty in interpreting
multivariable data from LIBS, and thus a reliable overall data analysis could not be achieved [33,
46]. Nevertheless, statistical analysis was applied for a systematic classification and differentiation
of the samples.

Certain elements were not listed by researchers in their studies due to many factors. Lennard
et al. [50] rejected the analysis of several elements due to poor precision (low relative standard

11
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deviation) and the fact that their concentrations were below the detection limits. On the other hand,
Hui et al. [46] selected a few regions of interest in order to minimize the effect of the paper spectrum,
and thus certain elements were discarded from the list of elements reported in their study. Trejos et al.
[51] facilitated the use of signal-to-noise ratio (SNR) in the selection of elements. Additionally, certain
elements such as S and I were rejected by the researchers due to the limited ability of suitable standards.
Elements found by Krol et al. [34] with low-intensity signals were not accepted as significant spectral
lines. Furthermore, the researchers did not list several elements that exhibited many intense lines as
these elements were not categorized as persistent in the NIST database.

Metzinger et al. [52] microscopically scrutinised the images of before and after LIBS
analysis on inkjet and toner ink on paper to measure the size of the craters. They observed that the
diameters of all craters after ablation were tenfold or a hundredfold larger than the microspot size
for all prints, which was only a few um in diameter. Deep craters of 30 pm to 95 pum in diameter
were observed for inkjet ink. The low-density fibrous structure of the paper caused higher
penetration of laser on inkjet ink. For toner ink, the ablation only affected the toner layer, which was
caused by the strong absorption of light energy in the layer. The toner particles had a weak adhesion
to the paper fibre, and their heat conduction was higher than the materials in the paper.

Additionally, Krél et al. [54] measured the diameter of the craters on samples of identity
documents with 400 pm to 800 um. Due to the resultant craters after laser ablation, the size of the
craters should be taken into account to ensure the least amount of ablated substrate on which the ink
was deposited. Despite these disadvantages, several researchers argued that LIBS was a viable
technique to distinguish printing ink from various sources [46, 51].

4.1 Detected elements in hand-written documents

Comparative analysis of writing instruments benefits from the various combinations of colorants
that are present in the inks [2]. Most studies focused on ballpoint pens as sample subjects. Gel pens
have gained popularity since the late 1990s [5], however, to date, only three studies of these pens
using LIBS to distinguish the inks from various sources have been conducted [2, 11, 47]. Future
research should be concentrated on analyzing gel pens due to their wide availability in the market.
Table 3 listed the elements reported in previous studies that were found in hand-written documents.
However, a study by Sadam et al. [49] did not specify the pen type (i.e., ballpoint and gel pens) for
the elements they reported. As highlighted by Lennard et al. [50], ink analysis is more challenging
compared to the analysis of paper. The difficulty lies in isolating the pen inks from the substrate
since these inks are absorbed into the paper fibers.

As seen in Table 3, Cu and Mn were detected in all studies involving gel pens and several
authors also discovered Cr [2,47] and Mg [11, 47]. As for ballpoint pens, most studies observed the
presence of Cr and Mn. Other common elements found in these pens were Ba [2, 48, 50], Cu [2, 3,
48], Li [2, 7, 50], and Ni [2, 3, 50]. Lennard et al. [SO] noted the presence of Mg I, Si I, Al I, Ti I,
Ca l, and Na I at 285.21 nm, 288.21 nm, 308.22 nm, 336.12 nm, 643.91 nm, and 819.48 nm,
respectively in ballpoint pens. In a study conducted by Hilario et al. [48], a scores map was
constructed by selecting sample signals from ballpoint pens that were greater than paper signals,
namely Ca (392-395 nm and 315-319 nm), Cr (396-398 nm and 422-423 nm), Mn (247.5-248.5
nm), Ti (279-281 nm), and Cu (520-522.5 nm).

Several researchers classified the pen samples based on their colors [2, 3]. Kula et al. [2]
categorized pen inks according to both their type (ballpoint, gel, rollerball, and porous-point) and
color (blue, black, and red). The differences in the elemental profile of the pens according to their
types are shown in Table 3. Similar elements such as Cu (324.7 nm, 327.4 nm, 510.6 nm, 515.3 nm,
and 521.8 nm), Cr (~360 nm and ~520.5 nm), Li (670.7 nm), and Mn (~403 nm) were observed in
all three colors. Cu was characteristic of blue inks, while black inks did not exhibit any characteristic
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element. Blue inks contained additional elements Ni, Ba, and W. Red inks had the highest number
of indistinguishable samples, mainly due to the use of cationic dyes (e.g., Rhodamine B). The
researchers highlighted that Li is preferred as a counterion for anionic dyes compared to Na and K.
Additionally, they determined the discrimination power by calculating the ratio of successfully
differentiated ink pairs to all possible ink pairs of the same color. Based on these calculations,
ballpoint and gel pens showed similar values of discrimination power. The discrimination power
was higher for blue and black inks compared to red inks.

As seen in Table 3, the presence of Cu was observed in several studies related to ballpoint
pens [2, 3, 47]. Figure 3 shows several spectra that detected the presence of Cu in ballpoint pens.
Cicconi et al. [3] pointed out that blue pens commonly contain phthalocyanine blue BN, where Cu
is coordinated inside the phthalocyanine ring. Black inks, on the other hand, may consist of a black
pigment or a combination of various colorants such as violet, blue, yellow, and red. Nigrosine, with
its main structural unit as phenazine, can also be present in black inks. Black dyes are produced by
heating a mixture of nitrobenzene, aniline, and hydrochloric acid with Cu or Fe. Other than ballpoint
and gel pens, Kula et al. [2] analyzed rollerball and porous-point pens. They detected similar
elements of Cr, Mn, and Li in both pen types. Trejos et al. [11] conducted both qualitative and
quantitative comparisons of gel pen samples. They selected Cu I (324.3 nm), Na I (330.2 nm), Mg
IT (280.2 nm), and Mn II (255.8 nm) for quantitative differentiation. Additional lines of these
elements were used for qualitative comparisons.

Sadam et al. [49] optimized the LIBS setup by increasing laser energy from 60 mJ to 80
mJ which resulted in an increase in the power density. The increase in power density had a positive
effect on the intensities of emission lines as it produced a higher mass ablation rate, leading to an
increased number of excited atoms and intensities of spectral lines. However, it was noted that
excessively high-power density increased the influence of the paper’s spectrum which potentially
interfered with the ink analysis. Elsherbiny and Nassef [41] tested different wavelengths and
energies of the laser pulse. They observed that different wavelengths produced different spectra.
When using a 1064 nm-wavelength IR laser pulse, several spectra did not display any characteristic
emission lines after subtracting the paper’s spectrum, which could not differentiate the gel ink
samples. This was because the IR laser was well-absorbed by the black ink, resulting in insufficient
laser energy being available to produce characteristic atomic or ionic lines from the samples.

To address this issue, the researchers increased the laser pulse energy while being careful
not to damage the samples. No significant differences were observed for ink samples from the same
sources. Nevertheless, ink samples from different sources were successfully distinguished using this
approach. Chen et al. [1] conducted an analysis of pencil marks and discovered that chemical
components in all four analyzed samples were similar, as can be seen in Table 3 (i.e., C, Mg, Al,
Ca, Si, and Fe). The researchers noted that due to the similar composition of the samples, it was
challenging to differentiate the pencil marks based solely on the spectrum. Thus, further analysis
using machine learning methods was necessary to effectively distinguish these samples.

4.2 Detected elements in printed documents

The elemental composition of a printing ink can vary due to the addition of additives, driers,
pigments and/or dyes during its manufacture [51]. Qualitative and semi-quantitative data from peak
intensities are favored over complete quantitative methods when comparing the toner and inkjet
samples. Table 4 shows a list of elements detected in previous studies. Most studies provide detailed
information on ink types, except the study by Hui et al. [46]. The most analyzed ink types were toner
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Table 3. List of elements detected in hand-written documents

Elements
Sample Ref.
Ba Cr Cu Fe Li Mn Mo Ni Zr Ca Ti

/ / / / / / / / x x x [2]

X / / / X / X / X X X [3]
Ballpoint ink pens

X X X X / X X X X / X [71

/ / / x x / x x x / / [48]

/ / X / / / / / x X X [50]
Ballpomt and gel o / / / < « x x x / / [49]
ink pens

X / / / / / X X X X X [2]
Gel ink pens X X / X X / X X x x x [11]

X / / X X / X / X X X [47]
Rollerball ink pens x / X x / / X x x x X [2]
Porous-point ink « / “ “ / " y y B B . 2]
pens
Pencil marks x X x / x X X X x / x [1]

/ indicates the presence of the element in the sample.
x indicates the element was not reported by the authors.
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Table 3. List of elements detected in hand-written documents (continued)

Elements
Sample Ref.
Mg \% Cd Al La Zn Pb Si Co Ta Na

X X X X X X X X X X X [2]

X X X X X / / X X X X [3]
Ballpoint ink pens

X X X / X X X X X X / [7]

X X X X X X X X X X X [48]

X X X / X X X X X X X [50]
Ballpomt and gel / / “ / o “ o / / / / [49]
ink pens

X X X X X X X X X X X [2]
Gel ink pens / X X X X X X X X X / [11]

/ X X X X X X / X X X [47]
Rollerball ink pens X X x x X x x x x x x 2]
Porous point ink o o N N o “ “ “ N y N 2]
pens
Pencil marks / X X / X X X / x x x [1]

/ indicates the presence of the element in the sample.
x indicates the element was not reported by the authors.
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Table 4. List of elements detected in printed documents

Elements
Sample Al Ba Ca Cd Co Cr Cu Fe Hf Mg Mn Na Ref

?nkj et and toner « « < % % « % / x X x x [46]
inks on paper

x x / x x / / X x / X x [50]
Inkjet ink on " o o y / v / x x / x x [51]
paper

/ X / X X X X X X X X / [53]

x x / x x / / X / / X X [50]
Toner ink on / - i ) ! - / / - / / : ol
paper x x / x x x x / x x x / [52]

X X / X X X X / X X / / [53]
Offset ink on / / / % / x / x x / / / [53]
paper
Intaglio ink on / « / « / x / x x / / / [53]
paper
Ink on
pharmaceutical / / / / X / / / X / / X [40]
packages

02,5209 ‘(€ 'ON) #Z "IoA ‘$20gZ "louyda] 19§ "|ddy "1nD

/ indicates the presence of the element in the sample.
x indicates the element was not reported by the authors.

10 12 1Iqes



L1

Table 4. List of elements detected in printed documents (continued)

Samol Elements Ref
ple Nb Ni Pd Rb_Rh Sb Sc Si St T n 7Zr ¢
Inkjet and toner N o 9 » x x x / / x x [46]
inks on paper
X x x X X X X / / X x X [50]
Inkjet ink on « « « % % x x x X x x X [51]
paper
X X X X X X X X X X X X [53]
X X / X / X X / / / X x [50]
Toner ink on x / x / x / / / / / / / [51]
paper x X X x X X X X X / X X [52]
X X X X X X X / X X X X [53]
Offset ink on y N y “ x x x / / / X X [53]
paper
Intaglio ink on / o o ” x x x x / / x / [53]
paper
Ink on
pharmaceutical x / x x x x x / / / x x [40]
packages

/ indicates the presence of the element in the sample.
x indicates the element was not reported by the authors.
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Figure 3. Presence of Cu detected in LIBS spectra of ballpoint pens by (a) Cicconi et al. [3] and
(b) Sadam et al. [48]

and inkjet ink printed on paper as substrate [46, 50-53]. Only one study analyzed printing ink on
pharmaceutical packages [40].

Several studies employed the conventional technique of spectral overlay as the data
acquisition approach [40, 46, 51, 53]. This approach minimized errors when comparing spectral
regions with no linear response and below the detection limit [51]. Two examiners independently
reviewed the spectral data to discriminate between the samples based on the differences and
similarities of the replicated spectra [16, 51]. The spectra were first divided into smaller regions of
interest. In the LIBS software, the signals between replicates for each region were normalized with
background subtraction [46, 51]. At least two spectral lines for each element beyond the detection
limit were identified by employing a peak search tolerance comparable to spectra resolution [16, 46,
51]. This allows for a comparison of replicates within the samples, highlighting the variability within
the samples. The samples were discriminated if any significant difference between the samples (e.g.,
spectral shapes and peak heights) was detected [46, 51].
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Table 5 shows that LIBS detected fewer elements in inkjet ink samples than in other ink
samples [8, 34, 52]. Similar elements of Ca, Mg, Cu, and K were identified in inkjet ink [50, 51,
53]. Li was detected in inkjet ink only since it is vital for electrical conductivity in inkjet printing
[51, 53]. Additionally, Subedi et al. [53] discovered Al and Na in inkjet ink, whereas Trejos ef al.
[51] detected Co. Lennard et al. [50] detected Sr, Si and Cr. The chemical formulations of inkjet ink
may cause fewer elements to be detected in this ink than in toner ink [53]. Furthermore, inkjet ink
was partially absorbed into paper fiber. This absorption caused poor discrimination due to
interferences from high paper contribution [52].

In contrast, toner ink was deposited onto the paper surface. Therefore, this ink type was
discriminated efficiently [52]. A similar observation was found with a tandem LIBS-LA-ICP-MS
in which inkjet ink was primarily embedded in the paper fiber while the layers of other ink types
(toner, offset, and intaglio inks) were slightly raised above the paper [53]. Figure 4 shows an
example of LIBS spectrum obtained from toner ink on paper with the peaks assigned to specific
elements present in the samples [34, 46].
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Figure 4. LIBS spectrum of toner ink sample labelled as P1 [46]

According to Lennard et al. [50], the selected emission lines for detected elements in toner
inks were the following; Mg I (285.21 nm), Si I (288.21 nm), Rh I (332.3 nm), Hf II (325.37 nm),
Ti I (498.17 nm), Sr II (460.73 nm), Cr I (520.84 nm), Ca I (643.91 nm), Cu I (327.36 nm), V I
(440.82 nm), and Pd I (324.27 nm). As for Hui et al. [46], only several spectra regions of interest
(220-278 nm, 320-360 nm, 400-420 nm, and 460-500 nm) were used to detect emission lines from
ink compositions in order to reduce the contribution from paper spectra. As seen in Figure 5, both
Fe II and Mg II were detected in the 220 nm to 280 nm region [46]. A minimal paper contribution
was observed for Fe II, but the paper contribution was similar to the ink component for Mg II [46].

Moreover, only quantitative differences were observed for all toner ink samples except for
one photocopier sample that showed qualitative differences [46]. This sample showed unique lines
of Sr at wavelengths 407.41 nm, 460.73 nm, and 421.27 nm. The highest number of elements in
toner inks was 20 elements, as shown by Trejos et al. [51], who detected Ni, Sc, I, Sb, V, Y, Rb,
and S in toner ink samples that went undetected in other studies. Meanwhile, only Lennard et al.
[50] detected Rh, Pd, and Hf. Metzinger et al. [52] found that most black toner ink samples had
carbon-based particles or soot, but one of the samples had iron oxide. They also noted that UV
spectra showed fewer lines, and their structured background had lower intensity than Vis spectra.
Furthermore, the detection of Zr, Nb and Hf in toner ink samples was expected since these elements
had been included in several patents and books for toner ink formulations [58, 59]. Subedi et al.
[53] analyzed offset and intaglio inks. They postulated that each of these ink types had a single
element that was absent in other ink. As for offset ink, Ba was detected whereas Nb was discovered
in intaglio inks only [53].
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Figure 5. Emission lines of elements Fe II and Mg II in samples with paper contribution [46]
4.3 Detected elements in other types of documents

The examination of questioned documents extends beyond written or printed texts on plain paper
and includes various types of documents such as identity documents, stamps, banknotes, etc.
Currently, LIBS has been applied to analyze identity cards [54], passports [54], banknotes [34], and
tax stamps [55], expanding its use to different types of documents. Analysis of ink on banknotes by
Krol et al. [34] proved the presence of Mn as the most frequent element. Their studies also detected
Al Ca, Na, K, Cr, Zr, and Ti. The emission lines of some of these elements are illustrated in Figure
6. Banknote paper has Ti due to the addition of titanium oxide during manufacturing.

Authentic and counterfeit banknotes have different ratios of elemental profiles [34].
Furthermore, the spectra of banknotes can be distinguished from standard office paper based on the
number of lines in the spectra. A higher number of lines from neutral species, singly charged ions,
and molecules were observed in the spectrum of banknotes. Based on a case study performed on
several suspected Polish zloty banknotes, Krol et al. [34] revealed that these banknotes were printed
on standard office paper. The spectral differences between banknotes and office paper formed the
basis on which to tell counterfeit banknotes apart from authentic banknotes. In addition, the research
study showed the discrepancies between new banknotes and used banknotes. Qualitative differences
were observed in the spectra of samples of both banknotes. Several used banknotes showed
additional emission lines from Fe I at wavelengths from 371.965 nm to 374.942 nm, as shown in
Figure 7. These peaks may arise from contamination due to contact with human skin and metallic
parts of items such as pockets, wallets, and purses.

Krol et al. [54] analyzed identity documents particularly passports and identity cards. They
discovered that identity cards exhibited a lower number of elements compared to passports.
Different areas on the identity cards (emblem, date of birth, and kinegram) showed similar elements
of Ca, K, and Na. Al was also identified in the kinegram area, while Mg, Cr, Al, and La were
identified in the emblem area. Furthermore, the study included an examination of old and new
passports, revealing qualitative comparisons between these samples. Both old and new passports
contained similar elements, which were Ca, Ti, Mg, K, Na, and Li [54]. Copper was present in old
passports but absent in new passports. In contrast, the new passports contained the elements of V,
Cr, Fe, Cd, Al, and La, which were not observed in old passports. It was also stated that Na and K
were discovered in polycarbonate film covering the analyzed objects.
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In a study conducted by Gonzaga et al. [55], they examined authentic and false tax stamps
from liquor bottles. Th elements such as Ca, Na, Ti, Mg, K, and H were found in these samples. The
peak intensity of Ca (at 585.75 nm) on hologram and blank paper region was responsible for
distinguishing the authentic and false samples. False samples exhibited higher intensity of calcium
peaks compared to authentic samples. This difference in peak intensity indicated that a special paper
type was used in the production of the authentic samples, while a regular paper type was used for
the false samples. This observation highlighted the potential of LIBS as a valuable tool for detecting
counterfeit tax stamps and ensuring the authenticity of the stamps.
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Figure 6. LIBS spectrum of a Polish banknote [34]
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Figure 7. LIBS spectrum of used banknotes with additional lines of Fe I indicating possible
contamination [34]

Another study by Haase et al. [40] applied LIBS to analyze printing ink on pharmaceutical
packages. They observed qualitative and quantitative differences between authentic and counterfeit
packages. Quantitative differences in signal intensities for peaks of K at 766 nm and Ca at 397 nm
for P1 samples (authentic package) and C4 (counterfeit package) were also described. Samples P1
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and C4 also showed qualitative differences with peaks of Mg (285 nm), Si (288 nm), and Al (396
nm). These elements were only found in the authentic package. As seen in Table 5, most of the
detected elements (Al, Ca, Cr, Cu etc.) were similar to ink on paper except for Cd, which was
detected on pharmaceutical packages only.

5. Comparison of LIBS with Other Spectroscopic Techniques

Several studies applied LIBS in conjunction with other spectroscopic instruments such as LA-ICP-
MS, CE, microscopy, scanning electron microscopy — energy dispersive x-ray spectroscopy (SEM-
EDS), attenuated total reflectance — Fourier transform infrared (ATR-FTIR) spectroscopy, and
micro x-ray fluorescence (WXRF) analysis. The comparison of LIBS with these techniques for
printing ink analysis is summarized in Table 5.

As shown in Table 5, Subedi ef al. [53] built a tandem system of LIBS and LA-ICP-MS to
analyze inkjet, toner, offset, and intaglio inks. This hybrid reduced interferences, improved
discrimination ability, and provided a thorough chemical composition of printing ink. The
researchers further explained that the optimization was performed differently in the standalone mode
compared to the tandem mode due to different principles of the techniques. In LIBS, the excitation
of atoms and ions and the correct timing for emission line acquisition are crucial for optimization.
For LA-ICP-MS, the critical factors are sub-micron-sized particle production and efficient transport.
LIBS optimization in tandem mode before adjusting the parameters to LA-ICP-MS were prioritized.
As a result, some ICP-MS sensitivity had to be withdrawn to encourage improved performance of
both methods.

Complementary information for the elements was obtained, which could not be provided by
LIBS and LA-ICP-MS when used separately. LIBS detected additional elements that were used to
discriminate indistinguishable samples in LA-ICP-MS. LIBS also observed fewer interferences with
better signal-to-noise and reproducibility for Fe, Ca, K, and Si. Moreover, LIBS successfully detected
certain elements (Si, Ca, and K) responsible for the issues in LA-ICP-MS due to isobaric interferences
[51, 53]. Unlike LA-ICP-MS, LIBS could not detect all elements due to its lower sensitivity. This fact
underscores the superiority of LA-ICP-MS over LIBS. Nevertheless, LIBS is an alternative method
for analyzing printing ink due to its rapid speed of testing and low associated costs [S1].

In terms of precision, both techniques gave comparable precision figures for inkjet ink
(10%-15%). However, toner ink (3%-27%) gave poorer results due to its larger variations. Despite
low repeatability between measurements, good discrimination for these inks was accomplished with
both techniques. Excellent discrimination was also observed for writing inks analyzed by LA-ICP-
MS with more than 95% discrimination [11]. A study by Hoehse ef al. [7] combined LIBS with
Raman spectroscopy, and the spectra from both techniques were randomly fused as previously
explained. This combined approach enabled the determination of both elemental and molecular
compositions of the ink samples. The data from the combined LIBS-Raman significantly enhanced
the correct classifications using statistical tools, which is discussed in the following section.

SEM-EDS was applied by Trejos et al. [51] to analyze toner and inkjet samples. This
instrument classified toner samples into sub-categories based on their iron composition. Mono-
component toners contain approximately 30% to 70% of magnetite, whereas two-component toners
typically lack magnetite, but they consist of up to 90% resin or binder. The latter also contains higher
concentrations of surface additives (e.g., silicon). SEM-EDS was also employed to analyze gel ink
pens for their morphology imaging and elemental composition [49]. SEM imaging of the ink
samples revealed that the inks were absorbed into the paper fibers, making it difficult to analyze
only the ink composition without some paper components. Therefore, a correction method was
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Table 5. Comparison of LIBS with other techniques for document examination

Other Sample Findings Ref.
Spectroscopic
Techniques

LA-ICP-MS Toner, inkjet, e LIBS could not detect all elements found by LA-ICP-MS ~ [51,53]
offset, and but LIBS detected additional elements that can
intaglio inks discriminate indistinguishable samples in LA-ICP-MS.
on paper o LIBS could detect problematic elements (Si, Ca, and K) in

LA-ICP-MS.

e Lesser interferences and better signal-to-noise ratio for Fe,
Ca, K, and Si in LIBS.

® Both techniques showed comparable precision figures for
inkjet ink (10-15%) but poorer results for toner ink (3-
27%).

e Tandem LIBS-LA-ICP-MS system reduced interferences
and improved discrimination ability.

LA-ICP-MS Ballpointand e Excellent discrimination (97.4%-99.1%) with low rates of ~ [11]
gel ink pens false inclusions were obtained for the pen ink samples.

e Several indistinguishable samples by LA-ICP-MS were
successfully differentiated by LIBS.

SEM-EDS Toner and e SEM-EDS is capable of subclassifying toner samples [51]
inkjet inks on based on their iron composition (mono-component and
paper two-component toners).

e Sensitivity of SEM-EDS was lower compared to laser
ablation methods (LA-ICP-MS and LIBS) for both inkjet
and toner ink samples, resulting in relatively low
discrimination (47.4% and 70.7%, respectively).

® The precision results of SEM-EDS varied for different
concentration levels of the element of interest (6-30%
relative standard deviation).

SEM-EDS Gel ink pens e Both imaging and elemental analysis were performed [49]
using SEM-EDS.

e SEM imaging revealed that the ink samples were
absorbed into the fibers of the paper rather than forming a
deposited layer on top of the paper.

e The imaging analysis was also utilized to examine the
morphology of the craters generated with different laser
types and energies.

e Similar elemental results were obtained using SEM-EDS
as compared to spectra from IR and LIBS.

e SEM-EDS successfully analyzed chlorine which is a
difficulty for LIBS but it was incapable of analyzing Ni
and Fe, which are distinguishable using LIBS.
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Table 5. Comparison of LIBS with other techniques for document examination (continued)

Sabri et al.

Other Sample Findings Ref.
Spectroscopic
Techniques
Raman Blue and black e A combination of LIBS with Raman spectroscopy [7]
spectroscopy ink samples improved the classification of ink samples and enhanced
the correct classifications using statistical analysis.
e LIBS provided elemental information of the ink samples,
whereas Raman spectroscopy revealed the information on
molecular composition of the samples.
ATR-FTIR Ink on e Information from LIBS and ATR-FTIR were [40]
spectroscopy pharmaceutical complementary.
packages o LIBS provided inorganic elemental information.
o ATR-FTIR revealed the presence of organic compounds.
uXRF analysis  Ink on e Elemental compositions from LIBS and uXRF strongly [34]
banknotes varied from the same measuring area.
Microscopy Ballpoint, gel, e The results of analyzing pen ink samples under a (2]
analysis porous point, microscope with IR radiation did not show any differences
and rollerball in the composition of the ink samples.
ink pens
ICP OES Ballpoint ink e The application of cluster classification using data from [48]
pens ICP OES resulted in a clearer differentiation of the

samples, grouping them based on the highest element
content present in the samples.

required to subtract the paper spectrum. Additionally, the crater morphology produced by visible
and IR lasers was observed using SEM imaging. The visible wavelength at 532 nm resulted in larger
and deeper craters (~570 pm in diameter) compared to the fundamental wavelength at 1064 nm
(~350 um in diameter). Additionally, higher pulse energy with 1064 nm wavelength produced
craters of comparable size, although they were still shallower than those from the visible laser.

Haase et al. [40] applied ATR-FTIR spectroscopy and LIBS to analyze pharmaceutical
packages. They discovered that the information from ATR-FTIR spectroscopy was complementary
to that from LIBS analysis. ATR-FTIR provided information of organic constituents, while LIBS
revealed the presence of inorganic elements in the samples. However, several peaks from the
inorganic composition appeared in ATR-FTIR spectra in the region from 1000 cm™ to 400 cm™.
Krdl et al. [34] compared the performance of LIBS against pXRF in the ink analysis of banknote
papers. They discovered that elemental compositions from LIBS and pXRF strongly varied even in
the same area of the banknote papers. The distinction between these two techniques was likely
caused by the differences in penetration depth and sensitivity.

Kula et al. [2] highlighted that microscopic observation of pen inks was unsuccessful since
no difference was detected between the samples. ICP OES was applied by Hilario ef al. [47] to
examine hand-written documents and this technique showed a more visible sample discrimination.
The samples were grouped into three main elements, especially P, Cu, and Cr. Each technique listed
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in Table 4 has its own strengths and limitations compared to LIBS. The advantages and
disadvantages of these techniques are summarized in Table 6.

6. Merging LIBS with Multivariate Data Analysis

Multivariate data analysis or statistical analysis is the application of statistical tools combined with
scientific studies to improve sample discrimination and produce extensive data. Manual processing
of datasets from LIBS can be impractical due to the combined complexities and sheer volume of
chemical information (sometimes more than 500 spectral lines) in the spectra, especially with many
samples [33, 36, 40, 56, 60]. Chemometric analysis can be introduced to extract useful information
for the systematic classification of samples based on the differences among the acquired spectra [40,
56]. This analysis is advantageous for printing ink analysis since it reveals minimal differences
between ink samples with the return of higher accuracy for ink discrimination.

Chemometric analysis can be categorized into supervised and unsupervised pattern
recognition techniques. Unsupervised patten recognition techniques analyze datasets without prior
knowledge of classes or categories, whereas supervised techniques are used to construct training
models using samples with known class or categories [56]. Principal component analysis (PCA) is
an unsupervised data analysis which reduces the spatial dimensionality of the original dataset by
transforming the original variables into a smaller set of independent variables called principal
components (PCs) [33, 61]. PCA visualizes and interprets the variations among the variables in
order to identify the similarities and differences between the samples [37, 61]. Cluster analysis (i.e.,
hierarchical cluster analysis or HCA) is an exploratory technique used for grouping samples based
on the types of similarity measures used [62]. This technique classifies samples with similar spectral
signatures and the number of clusters is determined using Ward’s method as clustering algorithm
and Euclidean distance as the similarity measure.

Supervised pattern recognition techniques are included in machine learning (ML)
algorithms. Several ML algorithms have been employed in document examination with the
application of LIBS such as k-nearest neighbor (KNN), linear discriminant analysis (LDA),
multivariate curve resolution - alternating least square/discriminant analysis (MCR-ALS/DA),
partial least squares discriminant analysis (PLS-DA), soft independent modeling of class analogy
(SIMCA), support vector machine (SVM), and backpropagation (BP) neural network [1, 3, 7, 40,
52, 55]. ML can organize data into separate groups using their names, attributes, interconnections,
and occurrences by disassembling and reassembling their concepts [68]. This enables powerful
searches within these categories, thereby automating the sorting of data instead of relying on manual
sorting. ML has the potential to be at the core of future research involving ink analysis for various
documents.

KNN can be applied to classify unknown samples by calculating the nearest distance of the
unknown sample to the different types of known samples [56, 61]. A training set is built in KNN
prior to constructing the classification model. LDA highlights the linear separation of two data
populations by maximizing the separation between the populations [61]. This model functions as a
confirmation of whether the sample groups are correctly discriminated, and the unknown samples
are correctly classified. The MCR method is suitable for analyzing individual data matrices and the
algorithm of MCR-ALS solves the MCR basic bilinear model using a constrained alternating least
squares algorithm [61]. MCR-ALS enhances the interpretability of profiles within pure spectra
matrices.
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Table 6. Advantages and disadvantages of different techniques used in conjunction with LIBS

Sp ectrqscoplc Advantages Disadvantages
techniques
LA-ICP-MS e Superior detection limits of LA-ICP- e Quadrupole mass analyzer is only
MS compared to LIBS, which are in capable of distinguishing ions
sub-ppm levels [51, 53]. (elements such as S, Ca, Fe, K, and
e Its high sensitivity allows for a more halogens) with one-mass unit
extensive range of trace elements and difference [53].
provides an excellent discrimination Argon-based ICP introduces isobaric
power [51, 53]. and polyatomic interferences [53].
e LA-ICP-MS is capable of multi- High cost and complexity of
elemental, micro-bulk analysis with operation as compared to LIBS [51,
minimal sample destruction within 53].
short period [51].
SEM-EDS e SEM-EDS is a non-destructive SEM-EDS exhibits low
analysis [51]. discrimination capability compared
e SEM-EDS can provide both to laser-based methods (LA-ICP-MS
elemental and imaging analysis [51]. and LIBS) due to its poor sensitivity
[51].
Acquisition time of SEM-EDS is high
with around 20 min per replicate [51].
ATR-FTIR e Technique of ATR-FTIR is portable, ATR-FTIR  could not detect
spectroscopy non-destructive, sensitive, and compounds with nonpolar bonds,
minimally invasive [40]. limiting qualitative information of the
e Speed of analysis is only under one samples [63].
minute [40].
e ATR-FTIR is suited for on-site
applications during real seizures or at
points of care [40].
puXRF analysis e uXRF requires low cost and it has Its penetration depth depends on the
high sample throughput [34]. elemental composition, density, and
e The operation of this method is absorption characteristics of the
relatively easy [34]. sample [34]. Thus, analysis of thin
objects may be unsuitable for this
method due to possible contamination
from underneath the sample, resulting
in misinformation.
Raman e Raman spectroscopy is fast and non- Raman  spectroscopy has low
spectroscopy destructive that requires only a small sensitivity due to naturally weak

amount of samples [61].

This technique enables direct analysis
of samples with reproducible and
robust results [61].

Raman scattering [64].

Raman spectra can be interfered by
intense fluorescence signals, which
can obscure the chemical information
of the analyzed samples [1, 64].
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Table 6. Advantages and disadvantages of different techniques used in conjunction with LIBS
(continued)

ngzg,?is;ﬁfslc Advantages Disadvantages

Microscopy e Microscopy analysis is non-invasive, e Microscopic ~ method can be

analysis which preserves the integrity of the misleading since this approach highly
samples [2]. depends on human interpretation and

e This technique’s cost-effectiveness the analyst’s skills [65].
and simplicity is preferable among
researchers [65].

ICP OES ¢ ICP OES is a highly sensitive e ICP OES requires sample digestion
technique, yielding results with which can cause damage to the
excellent quality particularly in samples thus, this technique is less
quantitative analysis [47, 66, 67]. preferable for very small sample

quantities [47, 66].

BP neural network is operated by propagating the signal forward and the error backward
[1]. The error is determined by comparing the results obtained from each training with the expected
outcomes. This algorithm adaptively adjusted its parameters to create a model that matches the
characteristics of the training data. SVM is often used to model nonlinear relationships for spectral
regression purposes [7]. This algorithm provides unique classification results excluding multiple
classifications which leads to more precise and definitive categorization. SIMCA is primarily based
on PCA in which PCA is first used to obtain PCs from sample classification [62]. The best model is
developed from all types of samples and is then used for predicting the class of unknown samples.
PLS-DA can be applied to first order data by obtaining a vector for each sample [69]. These vectors
are organized into a matrix and PLS-DA decomposes the matrix into scores and loadings matrices
in order to develop a model.

Other statistical approaches used with LIBS are analysis of variance (ANOVA), t-test, and
3-sigma criterion. ANOVA is a test that allows for simultaneous analysis of the relationship between
several variables and a common set of predictors [61]. A t-test can be applied to compare the means
of two sample groups that meet the requirements of normality, independence, and equal variance
[70]. Two types of t-tests are widely applied for normally distributed data which are the two-sample
t-test and the paired t-test [70, 71]. The 3-sigma criterion, or empirical rule, is used to determine the
detection limit values within normally distributed data [70, 72, 73]. This rule states that nearly all
observed data will lie within three standard deviations of the mean of the data [72]. A summary of
applied statistical analyses in previous studies is shown in Table 7.

Relative standard deviation values for datasets from LIBS were higher (around 28%)
compared to uXRF (around 20%) when the quantitative repeatability of these methods was taken
into consideration [34]. Therefore, the repeatability of LIBS is slightly lower than uXRF. Principal
component analysis (PCA) was applied for toner and inkjet ink samples. It was found that PCA
offered good separation and variation (beyond 95%) between brands and models of these samples
[46, 50]. Trejos et al. [51] noted that PCA required an extensive sampling collection. On top of the
sampling requirement, it is vital to gather information from the ink manufacturers for systematic
grouping of printing ink based on their brand and source.
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Table 7. Application of various statistical analyses with LIBS for document examination

Statistical
Analysis

Findings

Ref.

PCA

PCA showed good differentiation and variation (beyond
95%) for toner and inkjet ink as well as gel ink pens.

PCA revealed batch-to-batch variation among ballpoint
pens with similar brand and model, whereas no significant
difference was observed for pens from the same box. Good
discrimination was provided by PCA for different models
of pens with similar brand.

As for pencil marks, PCA successfully separated all four
types of samples.

PCA aided in separating false tax stamps from authentic
stamps. The false stamps were also categorized into three
distinct subgroups.

Large sampling collection and significant information from
ink manufacturers were required for sample grouping.
PCA reduced variables prior to classifications with
supervised machine learning models.

When datasets of LIBS and Raman for ink samples were
used separately for PCA, LIBS data showed lesser
discrimination power data from Raman. Data fusion of
LIBS and Raman resulted in higher discrimination power.

[3,4,7,40,46,47, 50, 51,
55]

HCA

HCA exhibited similar pattern for tax stamp samples with
PCA. The false and authentic stamp samples were
effectively separated, with the false samples being
classified into three well-defined subgroups.

[55]

ML methods

Data fusion of LIBS and ATR-FTIR resulted in robust
classification models of KNN and LDA with low error and
confusion rates for ink on pharmaceutical packages. The
models showed high accuracy with correct classification
rates for LDA (85-99%) and KNN (90-100%).

As for ballpoint and gel pens, results of LDA showed that
errors in classification may be affected by low
corresponding amount of the elements used in the model,
reducing the correct classification rate to 89%.

A high identification accuracy was observed for pencil
marks samples (more than 96%) using KNN after reducing
the data dimension with PCA, creating PCA-KNN
identification model.

BP neural network was applied for pencil marks samples
and high classification accuracy was observed (97.5%). The
model was verified for its stability using 10-fold cross-
validation. The fluctuation of the model was less than 0.04,
indicating a stable model.

SIMCA successfully classified blue and black ink samples
although several samples required further analysis.

SVM yielded a correct classification of 97% using fused
LIBS-Raman spectra.

[2,3,7, 40]
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Table 7. Application of various statistical analyses with LIBS for document examination
(continued)

Statistical

Analysis Findings Ref.

Discriminant e Advanced multivariate statistical analysis and results of [52,55]
analysis high accuracy and reliability were accomplished with
MCR-ALS/DA. UV range (83%) presented better results
compared to Vis (60%) and UV-Vis (71%) ranges for print
identifications.
e PLS-DA models of tax stamp samples were 100% accurate
in identifying and classifying authentic and false samples
with no classification error.
e PLS-DA model created using fused LIBS-Raman spectra
effectively classified all blue and black ink samples.

ANOVA e Analysis of Variance (ANOVA) with Tukey’s post hoc test [4, 50]
produced excellent discrimination for toner (98%) and
inkjet (100%) samples.

o Similar approach was employed for gel ink pens, obtaining
non-significant results for similar brands, manufacturers,
and batches but highly significant differences were
observed among different samples (p = 0.0001).

e Tukey’s post hoc test at a 95% confidence limit determined
which gel ink pen was responsible for the differences or the
unique effect.

e ANOVA was applied with 3-sigma rule, yielding excellent
discrimination for black (99%) and blue (100%) ballpoint
pens.

3-sigma e Excellent discrimination was achieved for toner ink [50]
criterion samples (97%) and inkjet ink samples (93%).
e 3-sigma rule was employed with ANOVA, which
successfully discriminated black and blue ballpoint pens.

t-test o t-test with a 95% confidence limit discriminated three [50]
indistinguishable pairs of toner samples and nine
indistinguishable pairs of ballpoint pens with 99.8%
discrimination.

Haase et al. [40] implemented PCA prior to classifications with supervised ML models of
KNN and LDA. PCA reduced the variables to be used as data input for these classifiers. The
classifications with KNN and LDA were realized by combining the data from LIBS and ATR-FTIR.
The hybrid data produced robust classification models with low error and confusion rates. These
models had high accuracy, as observed in the classification rate for both LDA (85%-99%) and KNN
(90%-100%). In contrast to models from separate datasets, lower percentages were observed in
LIBS datasets, with 69% to 94% for LDA and 74% to 97% for KNN. ATR-FTIR datasets gave
outputs of 81% to 95% and 88% to 99% for KNN and LDA, respectively. Data fusion of LIBS and
Raman also improved the classification of the samples using ML models of SVM and SIMCA [7].
The fusion combined the benefits of both LIBS and Raman techniques resulting in higher
discrimination power.
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In a study conducted by Lennard et al. [50], high discrimination was achieved for both
toner and inkjet ink samples using the 3-sigma criterion. They reported that the inkjet samples
exhibited 93% discrimination (with one indistinguishable pair), while the toner samples showed
97% discrimination (with five indistinguishable pairs). The 3-sigma rule was chosen over the 2-
sigma rule due to the low standard deviation between replicates for ink samples [50]. Moreover,
excellent results were observed in the application of ANOVA with Tukey’s post hoc test for toner
samples (98% discrimination with three indistinguishable pairs) and inkjet ink samples (100%
discrimination) [50]. For the three indistinguishable pairs of toner samples, the researchers used a
student t-test at a 95% confidence limit for discrimination [50]. A similar approach utilizing the 3-
sigma rule with ANOVA was employed for pen inks, resulting in 99% discrimination for black pens
and 100% for blue pens [50]. Likewise, the researchers subjected the indistinguishable pairs of pen
inks to a student t-test which discriminated seven out of nine pairs, yielding a discrimination power
0£99.8%.

In addition, the MCR-ALS/DA approach produced accurate results for print identifications,
and superior results were observed in the UV range compared to the Vis and UV-Vis ranges [52].
The UV range showed the highest accuracy with 40 out of 48 correct identifications (83%). As for
the rest of the spectral ranges, the Vis range had an accuracy of 60%, while the UV-Vis range was
accurate by 71% for print identifications. The UV range showed low spectral background and the
number of peaks resulting in highly distinctive spectral features. Therefore, better results were
observed in the MCR-ALS/DA approach by using the UV range.

Al-Ameri et al. [45] proposed an unsupervised clustering algorithm inspired by the
DBSCAN algorithm (density-based spatial clustering of applications with noise). Their research
primarily focused on developing the algorithm and they did not provide details on the elemental
profiles of the samples in their study. Although the same steps for the DBSCAN algorithm were
followed, they adopted a different approach. The proposed algorithm successfully distinguished
forged toner ink on questioned documents from original toner ink with 92.08% accuracy. Moreover,
toner and inkjet inks were correctly classified into their respective clusters. It was highlighted that
the proposed algorithm is cheap, easy to implement, non-destructive, and visually interpretable.
However, they acknowledged certain limitations such as the requirement for the laser in LIBS
system to have high stability to ensure even energy distribution in each pulse, and any change in
LIBS system affects the accuracy of the proposed algorithm.

Although chemometric tools allow for easy data processing, there are several limitations
for certain statistical tests when analyzing data [33]. Improper utilization of statistical software and
algorithm can lead to the enhancement of poor characterization by high fluctuations and low
sensitivity. The advantages and disadvantages of statistical analyses are listed in Table 8. Despite
the limitations listed in Table 8, these statistical analyses can reliably classify, discriminate, and
group chemical datasets [66]. Furthermore, the discriminating power of analytical methods
including LIBS can be increased to improve data interpretation and presentation.
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Table 8. Advantages and disadvantages of statistical analyses applied for document examination

Advantages Disadvantages

e PCA can clearly separate data points for e Discriminatory capability of PCA can be

sample classification based on characteristic overwhelming when there are substantial
LIBS spectra [33]. differences in the data, diminishing the

e ML algorithms often produce excellent smaller differences among the remaining
results [39]. data [33].

e Procedure of the 3-sigma criterion can easily ® ML algorithm requires an extensive training
compute the detection limits of a dataset dataset, and it necessitates time for
[73]. classification due to high-dimensional data

e BP neural network is capable of processing [1, 39].
large amounts of data with remarkable e The rate of false negatives can be quite high
optimization and convergence speed thus, when applying 3-sigma rule due to the
the whole wavelength range can be used for limited amount of variability, resulting in a
the analysis [1]. low value of the 3-sigma rule [73].

e BP neural network can accurately obtain e The first result of BP neural network is often
recognition results [1]. poor since the model requires feedback to

e Calculation time of SVM is usually a few  optimize itself for data processing [1].
seconds faster compared to PCA and SIMCA e Visualization of the identification process
[7]. using BP neural network is difficult [1].

e SIMCA requires a long time for calculation
depending on the size of the dataset [7] and
it tends to yield poor results when the
differences between classes are small [67].

7. Conclusions

The application of spectroscopic techniques, including LIBS, has garnered attention among
document examiners. This review article discussed the strengths and limitations of LIBS as an
alternative technique in ink analysis. Although the applications of LIBS are still relatively new in
document examination, several peer-reviewed studies have demonstrated its reliability in
qualitatively and quantitatively distinguishing ink samples on various substrates. LIBS provides
crucial information on ink samples, corroborating the results obtained from other analytical methods
and overcoming their limitations (e.g., LA-ICP-MS, ATR-FTIR, and pXRF). Furthermore, LIBS
demonstrated excellent results when coupled with statistical analysis in achieving higher accuracy
for ink discrimination. Future research endeavors may delve into the combination of LIBS with
spectroscopic and statistical methods that have yet to be investigated. Additionally, there is potential
for the use of LIBS to analyze various other types of writing instruments and printing machines to
enhance the scope of LIBS application in this field.
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