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Here we present our preliminary studies into the inorganic pigments Han blue (BaCuSi4O1¢) and Han purple
(BaCuSizOg) as near-infrared luminescent fingerprint dusting powders. These pigments were developed in
ancient China around 800 BCE and both show luminescence in the NIR region. There remains, however, am-
biguity in the literature concerning their photophysical properties. Samples of Han blue and Han purple artist’s
pigments were characterized by optical microscopy, infrared, ultraviolet-visible absorbance and luminescence

spectroscopy. Their performance as fingerprint dusting powders, without any further treatment, on non-porous
surfaces were compared to exfoliated lipophilic coated Egyptian blue and commercial fluorescent powders in a
pilot study. These results demonstrate for the first time that both ancient pigments show promise as alternative
dusting powders for latent fingermarks.

1. Introduction

Dusting powders are widely used as the main development method
for latent fingermarks deposited on non-porous surfaces [1-3]. They
offer a cost-effective development technique, that is ideal for non-porous
surfaces [3-5]. The dusting technique offers versatility in colour and
application method, with minimal destruction to the evidence, as often
experienced with chemical development techniques [1]. However, a key
challenge that remains is the visualisation of developed fingermarks, on
patterned, multicoloured, or reflective surfaces [3].

The use of luminescent dusting powders has gained traction since the
1970s, due to their ability to increase the contrast between the finger-
mark ridge details and deposition surface [5]. Commercially available
powders that luminesce in the visible region of the electromagnetic
spectrum partially overcome the challenges encountered with multi-
coloured and/or highly patterned surfaces. However, there are still
many surfaces that prove challenging, due to the incorporation of
luminescent dyes. The application of NIR luminescent dusting powders
has emerged as a potential solution for improving fingermark visual-
isation and contrast on more challenging surfaces. As a limited number
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of naturally occurring chemical species exhibit luminescence in the NIR
region, potential interferences between the developed fingermarks and
their deposition surface are minimised [6]. However, the cost associated
with commercially available products limits their use in many jurisdic-
tions, with the two Foster + Freeman® fpNATURAL® Powders, fP
Natural 1 and fP Natural 2, costing A$4.80 (€2.98, C$4.38) and A$6.32
(€3.92, C$5.77) per gram respectively [7].

Egyptian blue (EB) is an inorganic pigment first synthesized in
ancient Egypt around 3300 BCE [8]. It has been investigated as a po-
tential dusting powder, displaying intense photoluminescent properties
when excited with visible light [9]. Attempts to improve the pigment’s
performance noted a reduction in particle size through exfoliation, fol-
lowed by lipophilic surface modifications, enhanced the preferential
particle adhesion to the fingermark residue [10,11]. The modified
pigment proved successful in the effective development of latent fin-
germarks with reduced background interference and increased finger-
mark visibility.

In the search for a relatively inexpensive, safe, and accessible dusting
powder that improves latent fingermark detection, this study aims to
investigate pigments analogous to EB, that satisfy the requirements for
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frugal forensics [12]. This could be defined as low-cost, easily accessible,
safe pigments that can be used without any further modifications.
Artificial NIR-luminescent pigments that satisfy these criteria include
Han blue (HB), a pigment isomorphous with EB, and Han purple (HP),
with structures of the three compounds displayed in Fig. 1. The Han
pigments originated from ancient China around 800 BCE and their use in
ancient artworks prevailed until the end of the Han Dynasty [8,13].
Preliminary studies into their application as latent fingermark devel-
opment powders provided promising results, prompting the require-
ment for further research in this domain.

The inorganic copper silicates, EB, HB and HP, have been extensively
studied for their impressive optical properties, displaying long lumi-
nescent lifetimes and relatively high quantum yields [8]. However, there
is ambiguity in the literature concerning these pigments, whose lumi-
nescent properties are dependent on a variety of factors, such as the
synthesis route, temperature, and reagent ratio, as well as the particle
size, the presence of impurities and the deterioration process.

No single study has reported a thorough evaluation of all three pig-
ments, produced under standard commercial routes, and evaluated them
using uniform experimental conditions. This is likely attributed to the
technically challenging process involved, requiring specialised instru-
mentation for extensive photoluminescent investigation. Therefore, this
study will address this gap, providing an extensive analysis of com-
mercial pigment samples.

The application of the ancient inorganic pigments as luminescent
dusting powders for the improved detection of latent fingermarks were
evaluated by a pilot study modelled on the recommendations in the
International Fingerprint Research Group (IFRG) Guidelines [14]. These
studies were conducted with commercial pigments, used without further
treatment, and aimed to test the quality of enhancement of fingermarks
on non-porous substrates, using glass and polymer banknotes as exem-
plar surfaces.

2. Materials and methods
2.1. Chemicals

All pigments investigated were commercially procured samples. The
pigments of interest included: Egyptian blue (Catalogue No. 10060,

Egyptian Blue: CaCuSi 0,

°Ca OBa

Han Blue: BaCuSi,0,,

OCU
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Kremer Pigments Inc., Germany, A$2.27/g, €1.41/g) (Langridge Artist
Colours, Australia), Han blue (Catalogue No. 10071, Kremers Pigment
Inc., Germany, A$0.91/g, €0.57/g) and Han purple (Catalogue No.
10074, Kremers Pigment Inc., Germany, A$2.08/g, €1.29/g). The price
of the Kremer pigments was obtained directly from the brand’s website
[15]. No cost was available for the Langridge pigment, which appears to
have been discontinued on the manufacturer’s website. The exfoliated
Egyptian blue sample was prepared using the Kremer pigment, accord-
ing to a previously established procedure [11]. The pigment samples
were stored in a M-DYCDE-100 Labec Dry Cabinet maintained around
22C and 9 % relative humidity.

2.2. Characterisation of synthetic pigments

2.2.1. Optical microscopy

Optical microscopy was used in this study to determine the particle
shape and size of the pigments investigated. This was performed using
an Alpha300 SAR+ (WITec GmbH, Ulm, Germany) equipped with a
20x/0.4NA objective (Zeiss, Germany). To prepare the samples, a
mixture of the pigment suspended in DI water was added to a glass slide
and particles were evenly dispersed using centrifugal force. The data
obtained was analysed using WITecProjectFOUR (version 4.1.18)
ImageJ2 (version 2.14.0/1.54 f). The particle size was estimated as the
projected area diameter, and the mean value of 150 randomly selected
particulates was reported.

2.2.2. Infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy was conducted on
the pigments using a Nicolet spectrometer (Nicolet iS50, ThermoFisher
Scientific, Massachusetts). The instrument was equipped with a
tungsten-halogen white light source, KBR beam splitter, and attenuated
total reflectance (ATR) crystal. All samples were analysed in solid state
over the range of 4000-400 cm ! (64 scans, 4 cm ! spectral resolution).
Data was analysed using OPUS software.

2.2.3. Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy was used to obtain an ab-
sorption spectrum for the pigments of interest. The powders were loaded
into the solid-state sample cell with no further preparation and analysed

Han Purple: BaCuSi,Og

OSi OO

Fig. 1. Crystallographic structure of (a) EB, (b) HB, and (c) HP.
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using a Cary 4000 UV-Vis Spectrophotometer (Agilent Technologies,
California) set to absorbance mode, across a range of 200-900 nm (1
scan, 2 nm spectral bandwidth). The instrument was equipped with
deuterium arc and tungsten halogen lamps (light source changeover at
350 nm) and a baseline correction was conducted using a standard white
reflector. Data was analysed using the Cary WinUV software (version
4.20(468)).

2.2.4. Photophysical measurements

Photophysical studies of the pigment were recorded using an FLS980
Photoluminescent Spectrometer (Edinburgh Instruments, UK). For the
uncorrected steady-state emission and excitation spectra, the instrument
was fitted with a 450 W ozone-free xenon arc lamp, double mono-
chromators for excitation and emission, and Peltier cooled Hamamatsu
photomultiplier detectors R928P (185 — 850 nm) and R5509-42 (800 —
1400 nm). The source intensity and emission spectral response were
corrected for the emission and excitation spectra by a calibration curve
supplied with the instrument. Experimental uncertainties are estimated
to be + 5 nm for the excitation and emission spectra.

Excited state decay measurements of the pigments were conducted
using the FLS980 Spectrometer with a microsecond flashlamp. The
photoluminescent lifetime was determined by minimising the ¥? func-
tion for the spectral curve fit. Experimental uncertainties are estimated
to be + 8 % for lifetime determinations.

All quantum yields were measured with the use of an integrating
sphere and both visible and NIR detectors. To account for differences in
detector sensitivity, a correction factor was applied. To obtain the
correction factor, a synchronous scan (700 — 800 nm, 0 nm offset) of a
blank, inside the sphere, was recorded on both detectors. The integrated
spectrum of the NIR detector was then divided by the integrated spec-
trum of the visible detector to provide the correction factor. Experi-
mental uncertainty is estimated to be + 20 %.

2.2.5. Supplementary material

Crystallographic structures were obtained from the Cambridge
Crystallographic Data Centre, CCDC numbers 1882695, 1632746, and
1623727 for EB, HB, and HP respectively.

This data can be acquired free of charge via https://www.ccdc.cam.
ac.uk/, or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.

The structures were interpreted and designed using VESTA software
(Version 3) [16].

2.3. Applications in latent fingermark development

2.3.1. Collection of latent fingermarks

Fingermarks were collected in agreement with the Curtin University
Human Research Ethics Committee (approval numbers HRE2016-0252
and HRE2023-0127). The experimental design was modelled on the
IFRG guidelines [14].

Prior to fingermark deposition, substrates were washed with deter-
gent and DI water, rinsed repeatedly with acetone and DI water, and
then left to air dry. KimTech® Science™ KimWipes™ were used to wipe
the substrate before deposition to remove any remaining organic
residues.

This study used a pool of 5 Donors, aged 20-40. Donors were
required to avoid activities that may alter the composition of natural
residue present on their fingertips for 30 minutes prior to fingermark
deposition. This included washing their hands or the handling of food
products, cosmetics, and chemicals. During the fingermark collection
process, donors rubbed their fingertips together immediately before
deposition, to evenly distribute skin secretions. They were then asked to
touch the substrate, establishing contact between the fingertip and the
surface, with moderate to light pressure. This contact was maintained
for approximately 5 seconds. Following collection, the fingermark
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samples were stored in an air-conditioned laboratory covered from
direct sunlight. The temperature and relative humidity of this environ-
ment were previously established as 20 — 23 C and 28 - 67 %, respec-
tively, using a Digitech QP-6013 data logger [17].

A combination of depletion series and split fingermark samples were
used in this study. To obtain a depletion series, donors were asked to
deposit 3 — 6 consecutive fingermarks, using the same finger(s) in im-
mediate succession (Fig. 2a). For split-print samples, donors were asked
to touch the substate with their middle three fingers (ring, middle and
index), simultaneously (Fig. 2b). The substrate was cut in half prior to
development, with each half considered a single entity for grading
purposes.

2.3.1.1. Pilot Study 1. Fingermarks were deposited onto A4 glass panels
from certificate frames (Lifestyle Brands, Australia). The 5 donors were
asked to provide 5 depletions of 10 fingermarks, one for each finger,
accumulating a total of 250 fingermarks per pigment. Samples were left
in ambient conditions for 72 hours prior to development.

2.3.1.2. Pilot Study 2. Substrates used were selected for their designs
that could impact latent fingermark visualisation and included polymer
bank notes.

Twenty dollar and five dollar Australian polymer banknotes were
used as a more challenging substrate. The twenty dollar notes used in
this study included circulated first-generation polymer banknote design.
Both circulated and uncirculated five dollar notes from the second-
generation design were used. The 5 donors provided both depletion
series (3 depletions on twenty dollar notes and 6 depletions on five
dollar notes) and split-print fingermarks for analysis. The location of
fingermark deposits on the bank notes was varied to account for surface
heterogeneity. However, deposits on areas known to incorporate secu-
rity features were purposefully avoided where possible.

Samples were stored under ambient conditions for 48 hours prior to
development. Permission was granted by the chief scientist of the
Reserve Bank of Australia (RBA) for the use and damage of uncirculated
and circulated polymer banknotes.

2.3.2. Development of latent fingermarks

Fingermarks were developed using a dusting technique, with the
ancient pigments in dry powder form. Soft, low-density disposable
fibreglass brushes (TheBreeze, USA) were used to apply the powder to
the deposited fingermark [5]. Samples were brushed using a slow
swirling motion, following the direction of the ridge details, to prevent
damage to the fingermark [5,10].

2.3.3. Photography of latent fingermarks

Developed fingermarks were photographed using a Canon camera
(EOS 40D, Canon, Japan), which was modified to photograph in the
infrared (IR) region by the removal of the internal IR blocking filter and
used in conjunction with an IR Black-Red filter (B & W IR lens filter,
830/093). The camera was equipped with a Canon EFS 18-55 mm lens
and mounted to a Firenze mini repro stand with a desktop computer
connection for remote shooting, using the Canon EOS Utility (Version
2.0) software. The aperture and shutter speed were selected to enhance
fingermark visibility. During photography, samples were illuminated by
a square array of white light (Mirabella, 4000 K 14 W LED) and a
500Watt xenon arc lamp forensic light source (Rofin Polilight® PL500,
Rofin, Australia), with a white light optical output (400-680 nm).

2.3.4. Fingermark grading

Fingermarks were graded based on the visual examination of pho-
tographed samples, with no digital processing used to enhance contrast.
A single assessor, with approximately six months of prior experience,
graded fingermarks using a five-point scale adapted from the UK Home
Office Centre for Applied Science and Technology (CAST) [14,18].
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Fig. 2. Schematic of fingermark depositions for (a) depletion series and (b) split-print fingermarks.

Fingermarks received a score from O to 4 based on the degree of ridge
detail development and contrast against the substrate, as outlined in
Table 1. Samples graded 3 or above were considered ‘suitable’ for
forensic applications, whereas those graded a 1 or 2 were deemed ‘un-
suitable’, and those that received a 0 grade were denoted as
‘undetected’.

Table 1
Fingermark grading scheme used in this investigation.

Grade  Friction Ridge Detail Contrast

0 No development. No contrast

1 < 1/3 of continuous ridge detail, Poor contrast
some evidence of contact.

2 1/3 — 2/3 of the developed Moderate
fingermark is continuous ridge contrast
detail.

3 > 2/3 of the developed fingermark Good
is continuous ridge detail. contrast

4 Full development; whole fingermark ~ Excellent

visible with continuous ridges. contrast

3. Results and discussion
3.1. Characterisation of synthetic pigments

Commercial EB pigments manufactured by Langridge Artist Colours
and Kremer Pigments Inc. (EB-L and EB-K, respectively), as well as HB
and HP pigments from Kremer Pigments Inc. (Fig. 3), were studied for
their physical properties, with assessments into the pigment particle
size, chemical structure and optical properties explored. Two EB
pigment suppliers were selected for this study to investigate the vari-
ability in physical properties between different commercially available
samples of the same product.

EB (CaCuSisO19) and HB (BaCuSi4O1¢) are isostructural alkaline-
earth metal copper tetrasilicates, with crystallographic lattices
comprised of analogous nanosheets, arranged in layers (Fig. 4a-b) [8,
19-23]. The nanosheets contain eight-membered rings of corner-shared
silica tetrahedron ([SiO4] 2’), whereby each silica atom is bound to two
adjacent silica atoms in the same ring, by equivalent bridging oxygens,
and a neighbouring tetrahedron belonging to a separate Si4O;¢ ring
structure, by an inequivalent bridging oxygen. The fourth oxygen in the
silica tetrahedron is an anionic non-bridging oxygen, that coordinates to
a chromophoric Cu?>" ion. The copper ions are coordinated to four
non-bridging oxygens, each from a separate Si4O1¢ ring, with each Cu-O
bond equivalent and arranged in a near-perfect square planar geometry
(D4, symmetry, space group P4/ncc) [8,19,21,24-26]. This symmetry is
due to the tetragonal distortion that occurs for metals in the d” config-
uration bonded to identical ligands, known as the Jahn-Teller effect
[24]. The alkali-earth metal bridges the nanosheets [CuSi4010]2' in a
distorted cubic geometry. The change in the bridging metal from Ca?* to
Ba?t between EB and HB respectively, increases the stacking distance
between adjacent nanosheets [8,19,21,22]. Additionally, a marginal

Fig. 3. EB-L, EB-K, HB, and HP respectively, pictured (left) under natural light
(f/22, 1/125 s) and (right) under white light in NIR luminescence mode (f/29,
1.0 s, B & W IR lens filter).
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Fig. 4. Crystallographic structure of (a) EB, (b) HB, and (c) HP.
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decrease in Cu-O bond distance is likely attributed to the increase in the
atomic radii of the alkali earth metal. However, the quoted bond lengths
for each structure vary slightly between sources, with values ranging
between 1.91 — 1.928 A for EB and 1.918 — 1.925 A for HB.

The crystallographic structure of HP (BaCuSi»Og) differs from that of
HB, due to the arrangement and quantity of silica tetrahedrons in the
compound (Fig. 4c) [8,19]. In HP, the silica tetrahedrons form isolated
square ring structures, corner linked by non-bridging oxygen atoms
bonded to the Cu®" ion in a near-perfect square planar geometry. The
copper ions are arranged in CuO4-CuO4 dimers, with a square lattice
arrangement, resulting in antiferromagnetic coupling [8]. Much like HB,
the structure of HP consists of analogous nanosheets bridged by the Ba%*
alkali-earth metal.

The samples were analysed via optical microscopy, to assess the
particle size in contrast to the advertised value. The pigment suppliers
advertise EB as approximately 50 ym (Langridge) and < 120 pm
(Kremer), whereas the average measured particle sizes were 27 ym (¢ =
14.9 um) and 29 ym (o = 32.6 um), respectively. For HB and HP Pig-
ments, Kremer Inc. advertises a particle size < 40 um. The measured
mean values were within this range, calculated as 17 um (¢ =10.5 um)
for HB and 14 um (6 = 6.2 pm) for HP. This is consistent with visual
observations of particle size and shape under the optical microscope, as
shown in Fig. 5. However, difficulties in elucidating the particle size
arose from the ineffective distribution of the pigment on the microscopy
slide. Studies conducted by Errington et al. [10] uncovered that the
quality of latent fingermarks developed improved when the particle size
of EB was reduced from 40 ym to 5 pm, with improved adhesion be-
tween the pigment particles and fingermark residue. Hence, the smaller
particle size of HB and HP may overcome the requirement for
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modifications to the commercial sample. This would be advantageous,
as the use of the pigment without further treatment supports frugal
forensic applications [12].

A comparison between FTIR spectra collected for the four pigments
of interest is displayed in Fig. 6, with the assignment of key vibrational
modes indicated in Table 2. The two EB pigments displayed similarities
in the peak signals in the spectra, aside from a signal at 790 cm ™" that
was not observable in the EB-K spectrum. The peaks measured were also
consistent with other literary reports, confirming the identity of the
alkali-earth copper tetrasilicate [25,26]. The two samples showed large
variations in the peak intensities, however, this could potentially be
explained by the variation in particle size, whereby the decrease in
particle size of inorganic compounds has been linked to an increase in
FTIR signal intensity. The spectra for HB displayed many commonalities
with the EB samples, asides from the presence of a signal at 1474 cm ™!
and 924 cm™!. The spectrum of HP has signals in the same general re-
gion as EB and HB, due to Si-O-Si symmetric and asymmetric stretching,
occurring between 1230 cm ™! and 420 em ™. Though, it is likely that
variations in the number of signals and their intensity can be related to
the different crystallographic structures of the compound.

The photophysical properties of the four pigments were analysed,
with the absorption, emission, luminescent lifetime, and quantum yields
recorded for samples in solid state under ambient conditions.

The inorganic copper silicates display square planar geometry
around the Cu?" centre, inducing a descent in symmetry from Oy
(octahedral) to Dg4p (square-planar) [8,19,24]. Broadband absorptions
between 500 nm and 900 nm were observed for the pigments, corre-
lating to the following d-d ligand-field transitions centred on the copper:
?B1g — %A1, “B1g — 2Eg, “B1g — “Bgg (Fig. 7). The ?B1g — 2By transition
is responsible for the NIR emission observed upon radiative decay to the
ground state. Both EB pigments provided similar absorption spectra,
whereas the Han pigments displayed a blue-shift in the wavelength of
the peak absorbances, observed to a greater extent for HP than HB.

Photoluminescent emission spectra were obtained using an excita-
tion wavelength of 627 nm (Fig. 8), corresponding to the 2B, g = 2Eg
electronic transition. The emission for both EB samples spanned from
800 — 1200 nm, with a peak wavelength of 912 nm consistent between
the two samples. This value falls within the range of literary reported
values, spanning from 909 — 950 nm [8,19,27-29]. HB is isomorphous to
EB and displayed a red-shifted emission band, centred around 951 nm.
This aligns with the reported values between 948 — 980 nm [8,19,28,
29]. The red-shift is attributed to the different crystal field splitting
caused by the substitution between the Ca?* and Ba®" ions [8]. On the
other hand, the emission spectrum of HP was found to be analogous to
those of EB, with maximum centred at 902 nm.

This value varies from previous studies, where Pozza et al. [19]
quotes 980 nm as the wavelength at maximum emission and 924 —
925 nm is reported in other sources [19,28,30].

A relatively long luminescent lifetime was observed for all four
pigment samples, as typical of parity-forbidden ligand-field transitions
(Table 3) [31,32]. These values are consistent with previous reports. The
excited state lifetime decay of EB-L was best fit using a biexponential

Fig. 5. Optical microscopy of (a) EB-K, (b) EB-L, (c¢) HB, and (d) HP.
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Fig. 6. ATR corrected FTIR spectra of EB, HB and HP.

Table 2
Functional group assignment for vibrational modes observed in the ATR cor-
rected FTIR of EB, HB, and HP.

Pigment

Peak Wavenumber (cm )

Assignment

Egyptian blue - L

Egyptian blue - K

Han blue

Han purple

479

594, 663, 755, 790
1007, 1054, 1159

484

593, 662, 755

996, 1047, 1166

467

656

1006, 1049, 1160, 1226
557

598

433, 495, 725, 916
1017, 1041, 1123, 1328
572

641

Si-O-Si bending

Si-O-Si symmetric stretch
Si-0-Si asymmetric stretch
Si-O-Si bending

Si-O-Si symmetric stretch
Si-O-Si asymmetric stretch
Si-0-Si bending

Si-O-Si symmetric stretch
Si-O-Si asymmetric stretch
Cu-O symmetric stretch
Cu-O asymmetric stretch
Si-O-Si symmetric stretch
Si-O-Si asymmetric stretch
Cu-O symmetric stretch
Cu-O asymmetric stretch

function, whereas all Kremer Inc. pigments presented monoexponential
decays. Compared to the other pigments, HP displayed a notably shorter
luminescent lifetime, potentially attributed to its differing crystallo-
graphic structure and space group or the presence of quenching impu-
rities. As prior literature postulates that the synthesis route and particle
size alter the lifetime measurements obtained, without substantiating
evidence to justify the claim, it is difficult to appropriately compare the
results obtained [8].

The two EB pigments displayed different values of photo-
luminescence quantum yields: 6.16 % (Langridge) and 14.75 % (Kremer
Inc.). These values are close to literature reports of 10.5 % [8,27]. On
the other hand, the quantum yields for HB and HP were measured at
16.67 % and 5.17 %, respectively. Hydrothermally synthesized HB and
HP pigments were reported with lower quantum yields, 6.9 % and
0.9 %, respectively [25].

The photophysical properties of the four pigments assessed are
summarised in Table 3. The data obtained provides an overview of the
photophysical properties measured under consistent conditions. The
results justify the pigments’ potential use as luminescent dusting pow-
ders for the detection of latent fingermarks, with emissions in the NIR
region of the electromagnetic spectrum, long luminescent lifetimes, and
good quantum efficiency. Additionally, the smaller commercial particle
size of HB and HP could potentially allow for the application of the
pigments without the requirement for further treatments.

3.2. Applications to latent fingermark development

3.2.1. Pilot study 1

The aim of this study was to conduct a preliminary proof of concept
to assess the suitability of HB and HP as luminescent dusting powders.
The development of latent fingermarks deposited on a glass substrate
was investigated to evaluate their ability to enhance fingermark residues
for effective visualisation, without additional treatment to the com-
mercial product.

Latent fingermarks developed using HB and HP displayed similar
performance for their ability to visualise fingermarks suitable for use in
forensic investigations. Fig. 9 displays a comparison between the pro-
portion of suitable fingermarks developed using HB and HP, with a
grade of three or above awarded to the majority of samples developed by
both pigments. However, HB displayed marginally better performance,
as a greater affinity for the fingermark residue was observed.

A comparison between development success and the fingermark
depletion number indicates a minimal effect on the proportion of suit-
able fingermarks (Fig. 10). This implies that the Han pigments are
sensitive dusting powders, showing an affinity for the deposited fin-
germark residues. This is a promising result as it reflects the ability of the
pigment to develop fingermarks containing various amounts of latent
residues, an ideal quality for forensic applications.

Not unexpectedly, the results indicated donor variability (Fig. 11),
with a higher proportion of unsuitable results from donor 5.

Based on this pilot study, it could be concluded that HB and HP are
capable of developing latent fingermarks with sufficient contrast,
required for effective visualisation. The majority of developed finger-
marks assessed in this study could be deemed suitable for use in forensics
applications. However, the greatest cause for lower grading pertained to
the quality of fingermark deposit, owing to donor variability, with a
decrease in effective visulisation exacerbated by the pigments coating
the substrate. Overall, it was determined that HB outperformed HP, with
increased selectivity towards the deposited fingermark residues.

3.2.2. Pilot study 2

This study was conducted to assess the performance of HB and HP
pigments to enhance fingermark visualisation on highly patterned,
multicoloured or reflective surfaces. Polymeric banknotes were selected
as a substrate known to be challenging for fingermark visualisation due
to the semi-porous nature of the polymeric coating, security features
that alter surface characteristics, and surface texture defects caused by
degradation of the polymeric coating and general wear and tear [33-35].
Security features, including a transparent window, tactile enhance-
ments, foil stamping and luminescent dyes, introduce variability in the
surface characteristics and colours of the banknote [34,36]. Notably, the
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Fig. 7. (a) Absorption spectra of the four silicate pigments, (b) the energy level diagram for the Cu(II) centre [23], and (c) the assignment of absorption wavelength
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Fig. 8. Emission spectra of EB, HB, and HP.

application of inks within the polymeric structure has been identified to
introduce inconsistencies, with an uneven coating and the presence of
impurities producing random disparities in the surface characteristics
[36]. This makes fingermark visualisation inherently challenging, as it
alters the interaction between the deposited fingermark and the bank-
note components [35].

HB and HP were used to develop a series of 6 fingermark depletions,
collected on second-generation five dollar polymer banknotes. A large
proportion of the fingermarks developed were classed as unsuitable for
use in forensic applications, due to poor contrast, resulting from the
pigment coating the substrate. Comparatively, HP developed more
suitable fingermarks than HB, with better selectivity towards the fin-
germark residue observed, resulting in less pigment coating on the
substrate, allowing for the visualisation of continuous ridge details.

Additionally, the grades allocated to fingermarks decreased in accor-
dance with the depletion series, indicating a degree of sensitivity in the
performance of the pigments as fingermark dusting powders (Fig. 12).
Elevated background interferences further reduced the contrast be-
tween developed fingermarks and the substrate, lowering the grades
awarded. It was identified that an anti-counterfeit security feature of the
banknotes is an ink that emits in the NIR region, much like the Han
pigments. As this study used a broadband light source to excite the
pigments into a luminescent state, it was hypothesised that this inter-
ference could be potentially mitigated by using a light wavelength of
lower energy, to prevent the excitation of the dye. However, this was
disproven, with the ink remaining visible under a range of excitation
wavelengths (350 nm - 650 nm). That said, some degree of the total
background interference was minimised by exclusively using a longer



R. La Rocca et al.

Table 3
Summary of photophysical data collected for commercial EB, HB, and HP
pigments.

Compound Absorption Emission Properties
Properties
A abs hAem @ T
(nm) mm) % (us) s
Egyptian blue 796, 630, 556 912 6.16 36.89 1.149
@ (43 %)
106.85
(57 %)
Egyptian blue 796, 628, 554 912 14.75 138.49 1.039
X
Han blue 799, 610, 552 951 16.67  152.59 1.015
Han purple 783, 581, 532 902 5.17 21.6 1.01

wavelength. While this is advantageous for improved visualisation, it
renders this technique inapplicable to forensic departments not equip-
ped with a specialised light source and therefore does not satisfy the
conditions of frugal forensics.

Comparative assessments of the pigments on polymer banknotes

HB

HP

+ + + +

M Suitable Unsuitable Undetected

0% 20% 40% 60% 80% 100%
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were conducted through the development of split print impressions,
generating a side-by-side comparison between development methods.
This provided insight into their relative competencies in developing
fingermarks, with sufficient contrast, and resolution of ridge details. The
performance of the Han pigments was assessed against exfoliated
Egyptian Blue (eEB), previously reported by Shahbazi and co-workers
[11,17].

Overall, HP was identified as the most successful candidate for NIR
luminescent fingermark dusting, outperforming both HB and eEB
(Fig. 13). Whilst the luminescence of HP was less apparent in contrast to
the blue pigments, the smaller particle size resulted in a higher resolu-
tion fingermark with evident ridge details. The performance of HB was
akin to HP, however, continuous ridge details were observed less
consistently for fingermarks developed with this pigment due to the
larger particle size. Comparatively, eEB displayed minimal selectivity
for the deposited residues, with an excessive coating of the substrate
observed in all samples. This distorted the appearance of continuous
ridge details, causing few fingermarks to be graded above a 2.

A disparity in results for Pilot Study 1 and Pilot Study 2 was noted,
with HB yielding the best results on the glass substrate and HP on the
polymer banknotes. This could be attributed to the increased porosity

Fig. 9. (a) Comparison between latent fingermarks developed using HB and HP (n = 250, /16, 1.0 s). (b) Fingermarks developed using HB (donor 4, depletion 1,
fingermarks 1-5). (¢) Fingermarks developed using HP (donor 4, depletion 1, fingermarks 1-5).

a)

Depletion 5
Depletion 4

Depletion 3

HB

Depletion 2
Depletion 1
Depletion 5
Depletion 4

Depletion 3

HP

Depletion 2

Depletion 1
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Fig. 10. (a) Graphical representation of sensitivity assessment of Han pigments as latent fingermark dusting powder (f/16, 1.0 s), based on the grades awarded for
each depletion (n = 50). Examples of developed fingermark depletion series (Donor 4, fingermark 10, depletion 1-5) for (b) HB and (c) HP.
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Fig. 11. (a) Graphical relationship between the suitability of developed fingermarks of HB and HP inclusive and the donors (f/16, 1.0 s). Examples of fingermarks
developed (depletion 1, fingermark 1) for donors 1-5 (left to right), developed with (b) HB and (c) HP.
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Fig. 12. Grades awarded to fingermark depletions (n = 5) deposited on five dollar polymer banknotes, developed using the Han pigments (f/11, 1.0 s).
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Fig. 13. Comparative assessment of split-print fingermarks (n = 5) (left) and photographs of the developed split-print fingermarks under natural lighting (f/20, 1/
800 s) (middle) and under a white broadband light source in NIR luminescence mode (f/11, 2 s, B & W IR lens filter) for (a) HB (left) and HP (right), (b) HB (left) and
eEB (right), and (c) HP (left) and eEB (right).

and surface texture of the polymer banknotes, compared to the glass receiving a 0 grade. Both HB and HP pigments coated the background
substrate. substrate, showing no affinity for the fingermark residue (Fig. 14). This

The development of latent fingermarks on twenty dollar polymer was potentially caused by ineffective substrate cleaning and prepara-
banknotes was deemed unsuccessful, with all collected fingermarks tion, or the rougher surface texture observed in the first-generation
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Fig. 14. Split-print fingermarks developed using HP (left) and HB (right) on twenty dollar polymer banknotes.

circulated polymer banknotes. However, more likely this is attributed to
the elevated surface roughness of the banknote polymeric coating,
resulting from their handling [33].

3.2.3. Experimental considerations

There are a variety of factors that could potentially explain the
observed inconsistencies in fingermark development ability for the three
pigments.

During the Pilot Study 1, the pigments were observed to inconsis-
tently coat the background substrate, showing minimal affinity for the
fingermark residue. A separate study conducted by Shahbazi et al. [11,
17] indicated that this issue could be minimised by coating the pigment
with lipophilic polymers. It was found that this increased selectivity
towards the deposited fingermark residues, mediated by lipophilic in-
teractions with the sebaceous skin secretions. While this would be
logical continuation to this investigation, the treatment of the
commercially purchased pigments reduces its applicability for frugal
forensics.

It was noted that the background substrate coating correlated to
residues remaining on the substrate surface following the cleaning
process. This was due to wearing of nitrile gloves, which were degraded
by acetone during the washing process. Kimtech® Science™ Kim-
wipes™ were found to effectively combat this issue and remove any
residues remaining on the substrate post-drying, decreasing the extent of
the pigments coating the substrate. However, it is worth considering that
latent fingermarks of interest in forensic investigations are unlikely to be
deposited onto an ideal, clean substrate. Hence, this provides a true
indication of the limitations of this technique for its “real-world”
intended purpose.

The experience of the individual carrying out the dusting is another
factor that influences the effective enhancement of fingermark ridge
details. While this study used a single person, further studies incorpo-
rating multiple fingermark dusters from a range of expertise

10

backgrounds would be required to provide evidence of the robustness of
this technique. Moreover, further investigations into the powdering
technique, such as the type of dusting brush used, could prove advan-
tageous in improving the performance of the pigments as fingermark
dusting powders.

Additionally, it is important to note that fingermark grading can be
considered a subjective process [37,38]. Using a grading scale, as out-
lined in Table 1, and following the IFRG guidelines pertaining to the
assessment and reporting of samples, this variation can be minimised
but not entirely eradicated [14,37]. The grading scale used in this study
considered the amount of visible ridge detail and the contrast between
the developed fingermark and the substrate equally. This approach was
taken to ensure that the results reflected the pigment’s ability to selec-
tively develop the fingermark residues, accounting for the quality of the
mark deposited. This is a key challenge associated with donor variation,
whereby skin secretion chemistry, deposition pressure, movement and
contact time could impact the quality of the fingermark obtained [5,14,
18,39,38]. It is recommended that further studies, graded by multiple
fingermark assessors, would be beneficial in validating the results ob-
tained, reducing subjectivity in the grades awarded through
moderation.

4. Conclusion

This study has completed a thorough investigation into the physical
properties of Egyptian blue, Han blue and Han purple artistry pigments,
commercially produced by Kremer Pigments Inc. and Langridge Artist
Colours.

Preliminary studies into their applicability as latent fingermark
dusting powders provided promising results, indicating a degree of
selectivity to the deposited fingermark residues. However, poor contrast
was consistently observed in studies conducted using polymer bank-
notes as the substrate, likely due to the changes that occur within the
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polymeric coating over time. This results in a degree of porosity that
limited the amount of fingermark secretions remaining on the surface
following the aging period.

It can be hypothesised that alternate fingermark dusting techniques,
such as the use of non-synthetic dusting brushes in combination with
using a clean brush to carefully remove excess pigment on the substrate
surface would improve the contrast of the developed fingermarks.
Moreover, applying a lipophilic coating onto the raw pigment would
likely improve its affinity to the sebaceous fingermark residues, result-
ing in more consistent development of continuous ridge details. This has
proved successful in prior studies on Egyptian blue, and would therefore
be a logical extension to the work conducted with Han blue and Han
purple.

Overall, this study has identified that Han blue and Han purple
display the photophysical properties to suggest that they are a workable
fingerprint dusting alternative to Egyptian blue, at a lower price. The
work demonstrates the successful application of powders as received in
some common instances of forensically relevant fingerprint evidence.
These pigments should be further investigated for “off the shelf” appli-
cation as well as more technologically advanced modifications to
improve luminescent fingerprint dusting powders, such as particle size
optimization and lipophilic surface coatings.
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