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ABSTRACT: E-cigarette use may deposit vape aerosol residues on indoor textile surfaces, creating a
potential but underexplored source of trace evidence in forensic environments. Detecting these residues
visually is challenging because they are low contrast and may be distributed microscopically across porous
substrates. This study assessed the capability of multi-wavelength superspectral imaging (SSI) to visualise
trace vape aerosol residues on cotton fabric and identify illumination conditions that improve residue
detectability. Cotton samples were exposed to controlled vape aerosol deposition over seven consecutive
days, with one exposed sample collected daily and compared with an unexposed control. Samples were
examined using SSI under multiple illumination wavelengths, followed by qualitative image-based
assessment of residue visibility and contrast characteristics. Violet illumination (405-425 nm) produced
the clearest contrast and most effective visualisation of residue features on the cotton surface. Temporal
imaging showed a non-linear visibility pattern, with prominent features on Day 1, reduced detectability
from Days 2 to 4, and increased visibility from Day 5 onwards. No comparable residue features were
observed in control samples. These findings demonstrate the potential of multi-wavelength SSI as a non-
destructive preliminary screening approach for visualising trace vape aerosol residues on textile substrates
under controlled conditions.
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1. Introduction

The increasing use of e-cigarettes has introduced vape aerosol residues as a potential form of trace
evidence within indoor environments. During vaping, aerosols containing nicotine and other chemical
constituents are released into the air and subsequently deposited onto nearby surfaces, including textile
materials [1,2]. These residues may persist beyond the period of active use and provide indirect evidence
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of prior vaping activity at a scene [3]. However, their microscopic distribution and low intrinsic contrast on
porous substrates make visual detection challenging during routine crime scene examinations, increasing
the likelihood that such traces may be overlooked.

Following release into the indoor environment, e-cigarette aerosols may deposit a chemically
heterogeneous residue containing constituents derived from the original e-liquid as well as aerosolisation
products. Major constituents may include propylene glycol, glycerol, nicotine, and flavouring compounds,
while nicotine-related alkaloids and other transformation products may also be present. The persistence of
these constituents is influenced by their physicochemical properties, substrate characteristics, and
environmental conditions. Importantly, nicotine has been experimentally demonstrated to persist on cotton
surfaces for at least 72 h, with modelling suggesting substantially longer persistence before returning to
background levels [4]. Other e-cigarette aerosol constituents, including PG, glycerol, and flavouring
compounds, have also been detected in environmental residues, although their component-specific
persistence on textile surfaces remains less well characterised [5]. A summary of representative deposited
constituents and currently available evidence of persistence is provided in Table 1.

Table 1. Representative constituents of deposited e-cigarette acrosol residues and reported evidence of surface persistence.

Residue Constituent Possible Origin/Relevance  Reported Surface Persistence or Evidence References
. - . Detected in environmental e-cigarette aerosol
Major e-liquid carrier and . . . . .
Propylene glycol (PG) residue; precise persistence duration on textile [5]

aerosol constituent L .
surfaces remains incompletely characterised

Major e-liquid carrier; Detected in environmental e-cigarette aerosol
Glycerol/vegetable glycerin comparatively less volatile residue; textile-specific persistence time remains [5]
component insufficiently quantified

o Detectabl 1 tton for at least 72 h;
Principal alkaloid in nicotine- ctectable on glass and cotton for at least 72 h;

Nicotine .. . modelled return to background at approximately 4  [4]

containing e-liquids

days on glass and 16 days on cotton terrycloth
. . Flavour-related compounds, including menthol, have
. Added e-liquid constituents that . p g .

Flavouring . . been detected in environmental aerosol residue;

may transfer into emitted . . . . [5]
compounds/menthol persistence varies according to chemical

aerosol .
composition and surface

Deposited constituents and/or Detected after short-term exposure and in samples
products associated with aged subjected to longer exposure periods ranging from [6]
aerosol residues days to months

Nicotine-related alkaloids and
tobacco-specific nitrosamines

Spectral imaging approaches exploit wavelength-dependent differences in light absorption, reflection,
scattering, and fluorescence to enhance features that may exhibit little or no contrast under conventional
white-light examination. Unlike conventional RGB photography, multi-wavelength imaging allows the
same surface to be examined under selected illumination bands and optical filter combinations, thereby
facilitating the identification of spectral conditions that maximise contrast between a trace material and its
underlying substrate. In the present study, superspectral imaging (SSI) refers to a multi-wavelength forensic
imaging approach in which samples are sequentially examined under different illumination and filter
conditions while retaining their spatial characteristics. This is particularly advantageous for forensic trace
examination because the technique is rapid, contact-free, and non-destructive, allowing subsequent
confirmatory analyses to be performed if required. Spectral imaging has previously demonstrated the
capability to detect and spatially differentiate chemical residues on heterogeneous textile surfaces [7].
Furthermore, e-liquids have been reported to exhibit wavelength-dependent autofluorescence, with
comparatively strong responses under near-ultraviolet and short-wavelength excitation, including around
405 nm, supporting the potential utility of violet illumination for visualising deposited vape aerosol residues
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[8]. However, the application of multi-wavelength SSI to vape aerosol residues on textile substrates,
particularly their time-dependent visibility, remains largely unexplored.

From a forensic perspective, visually inconspicuous residues on textile surfaces may be overlooked
during initial evidence screening, particularly when deposits are spatially heterogeneous and exhibit limited
contrast against the underlying substrate. Spectral imaging has demonstrated potential for the non-
destructive detection and spatial differentiation of chemical residues on textiles [9], while fluorescence-
based approaches have shown that deposited e-liquid can exhibit wavelength-dependent optical responses
[8]. Nevertheless, previous studies have primarily addressed either general chemical residues on textiles or
the fluorescence characteristics of e-liquid deposits, rather than the multi-wavelength SSI appearance of
deposited vape aerosol residues on cotton and their changes in visibility across repeated exposure periods.
The present study addresses this methodological gap by evaluating wavelength-dependent residue visibility
and its temporal imaging behaviour under controlled conditions. Accordingly, this study has two linked
objectives. Methodologically, it aims to (i) determine the illumination condition that provides the greatest
visual contrast between deposited vape aerosol residues and cotton fabric and (ii) characterise changes in
residue visibility across a seven-day exposure period. From a forensic perspective, the study evaluates the
potential of SSI as a rapid, non-destructive preliminary screening approach for locating visually
inconspicuous vape aerosol residues on textile surfaces prior to confirmatory chemical analysis.

2. Methods
2.1. Study Design and Sample Preparation

An experimental laboratory study was conducted to investigate the time-dependent accumulation of
trace vape aerosol residues on cotton fabric using SSI. Plain-woven 100% cotton fabric (Premier Cotton
Pads) was selected as the substrate due to its high absorbency and widespread use in textile applications.
Fabric samples were cut into uniform dimensions (6 X 5 cm) to ensure consistent exposure conditions.

Seven samples were sequentially exposed to vape aerosol under controlled laboratory conditions, with
one sample collected per day over a seven-day period. An additional unexposed sample was retained as a
control. All samples were stored at room temperature in sealed polyethylene bags before and after exposure
to minimise contamination and environmental interference.

2.2. Vape Aerosol Exposure

Vape aerosol exposure was conducted in a sealed Perspex chamber (25 x 20 x 25 c¢m) to provide a
controlled, enclosed exposure environment. A commercially available e-cigarette device and e-liquid were
used as the aerosol source. The same device and e-liquid were maintained throughout all exposure sessions
to ensure consistency across experimental samples. For each exposure, three controlled puffs were
introduced into the chamber to represent low-intensity vaping conditions. One fabric sample was placed
inside the chamber per exposure cycle, with cumulative exposure durations ranging from one to seven days.
The chamber was ventilated between exposure sessions to minimise residual aerosol accumulation and cross-
contamination. All sample handling procedures were conducted using disposable gloves and sterile forceps.

2.3. 881

All samples were analysed on Day 8 using a Forenscope SSI system (Turkey). Spectral imaging has
previously been applied for the non-destructive detection and spatial assessment of chemical residues on
textile substrates [9]. Imaging was conducted under controlled conditions with fixed camera positioning,
constant working distance, and uniform background to ensure reproducibility. Samples were imaged
sequentially under multiple illumination wavelengths, including white, infrared, green, cyan, blue, and
violet light, using the system’s standard acquisition settings.
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Automated wavelength optimisation was performed using the system’s built-in intelligent analysis
mode to identify illumination conditions that enhanced contrast between residue features and the textile
substrate. All imaging parameters, including exposure conditions and acquisition settings, were maintained
constant across all samples.

2.4. Image and Data Analysis

Spectral images obtained under different illumination wavelengths were compared to identify the
illumination conditions that produced the greatest visual contrast between exposed and control surfaces,
consistent with spectral imaging approaches previously applied to detect chemical residues on textile
substrates [9]. Comparative evaluation was performed by analysing exposed samples alongside the
unexposed control to identify wavelength conditions that enhanced residue visibility while minimising
background interference.

Time-dependent changes in residue appearance were evaluated through qualitative comparison of
images obtained from samples exposed over the seven-day period. Visual assessment focused on the
presence, contrast, and spatial distribution of residue features across exposure time points. All images were
analysed under identical imaging conditions to ensure consistency and reduce observer-related variability.
The present analysis was designed as an exploratory qualitative comparison of wavelength-dependent
residue visibility; therefore, no inferential statistical analysis was performed.

3. Results
3.1. Spectral Response and Optimal Illumination for Residue Visualisation

The effectiveness of different illumination wavelengths for visualising trace vape aerosol residues on
cotton fabric was evaluated using the SSI system. Representative images from a Day 1 exposed sample are
presented in Figure 1.

Under white light illumination (Figure la), the fabric surface appeared visually uniform, with no
discernible residue features. Imaging under cyan (Figure 1b), green (Figure 1c), and blue light (Figure 1d)
similarly produced minimal contrast variation, limiting differentiation between exposed regions and the
unexposed control. These wavelengths did not provide sufficient optical contrast to enable reliable
identification of residue-related features.

In contrast, violet illumination (405—425 nm) (Figure le) produced a pronounced increase in surface
contrast, revealing diffuse and spatially distributed features across the cotton substrate. These features were
not observed under other visible wavelengths and are consistent with the presence of deposited vape aerosol
residues. Infrared imaging using LP715 and LP850 filters, in both monochrome and negative modes (Figure
11-1), altered the overall tonal characteristics of the fabric but did not enhance residue visibility. No distinct
residue-related features were observed under infrared conditions.

Overall, violet illumination provided the highest contrast for visualising trace vape aerosol residues on
cotton fabric among the tested spectral conditions and was therefore selected for subsequent temporal analysis.
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Figure 1. SSI of a Day 1 cotton fabric sample under different illumination conditions: (a) white light; (b) cyan light; (c) green
light; (d) blue light; (e) violet light (405-425 nm); (f) infrared light (LP715, monocolour); (g) infrared light (LP850, monocolour);
(h) infrared light (LP715, negative); and (i) infrared light (LP850, negative).

3.2. Temporal Evolution of Residue Visibility

Temporal changes in residue appearance were evaluated using violet illumination (405—425 nm),
identified as the optimal spectral condition. Representative images of samples exposed over seven
consecutive days, together with the unexposed control, are shown in Figure 2.
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On Day 1, multiple discrete residue features were observed as localised regions of increased contrast
across the fabric surface. On Day 2, a reduction in both the number and apparent intensity of these features
was noted, with fewer distinguishable regions visible. This reduced detectability persisted on Days 3 and
4, where residue features appeared more diffuse and less defined. From Day 5 onwards, residue features
became progressively more visible, with an increase in both spatial extent and contrast of detectable regions
across the fabric surface. The unexposed control sample exhibited a uniform surface appearance with no
comparable detectable features, indicating that the observed contrast features were absent from unexposed

cotton under the controlled experimental conditions.

Day 1 Day 2 Day 3 Day 4

Day 5 Day 6 Day 7 Control

Figure 2. Time-dependent visualisation of vape aerosol residue features on cotton fabric under violet illumination (405—425 nm)
using the SSI system. The figure shows samples corresponding to Day 1 through Day 7 exposure periods, together with the
unexposed control sample. All images were acquired under identical SSI conditions.

4. Discussion and Conclusions

This study demonstrates that illumination wavelength plays a critical role in the visualisation of trace
vape aerosol residues on cotton fabric using SSI. Among the tested conditions, violet illumination (405—
425 nm) consistently produced the highest contrast, whereas white, cyan, green, blue, and infrared
wavelengths did not enable reliable detection of residue features. This finding reflects the optical
characteristics of vape aerosol residues, which typically consist of thin films of semi-volatile organic
compounds, including propylene glycol, glycerol, nicotine, and flavouring agents [10,11]. These residues
do not form opaque deposits and are therefore poorly visualised under broad-spectrum or longer-
wavelength illumination. As the individual residue constituents were not examined separately, the present
study cannot determine the relative contribution of propylene glycol, glycerol, nicotine, or individual
flavouring compounds to the observed SSI contrast.

The enhanced visibility observed under violet illumination may be associated with wavelength-
dependent interactions involving scattering, absorption, and fluorescence between the deposited aerosol
residue and the cotton substrate. Previous experimental work has demonstrated that e-liquids can exhibit
wavelength-dependent autofluorescence, with comparatively strong responses under near-ultraviolet and
short-wavelength excitation, including around 405 nm [8], which closely approaches the 405—425 nm range
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identified in the present study. The fibrous structure of cotton may additionally influence diffuse reflectance
and background contrast [12]. However, because component-specific optical spectra and individual
constituent experiments were not performed in the present study, the exact mechanism responsible for the
enhanced violet-light contrast cannot be conclusively established. The observed response should therefore
be interpreted as the optical behaviour of the composite deposited aerosol—cotton system rather than as a
component-specific spectral response. Infrared illumination did not enhance residue visibility under the
experimental conditions investigated in the present study. These findings are consistent with previous
imaging studies demonstrating that short-wavelength illumination is more effective for detecting low-
contrast organic residues on porous substrates [9,13,14].

Temporal imaging revealed a non-linear pattern in residue visibility over the seven-day exposure
period, characterised by relatively prominent features on Day 1, reduced visibility during Days 2—4, and
increased visibility from Day 5 onwards. These observations demonstrate changes in the optical appearance
of deposited material over time but do not, by themselves, establish corresponding changes in chemical
composition. Processes such as volatilisation, absorption into textile fibres, redistribution of deposited
material and accumulation following repeated exposure may potentially influence the observed pattern
[15,16]; however, their relative contributions cannot be determined from SSI alone. Previous studies have
demonstrated that e-cigarette-derived residues can deposit and persist on exposed surfaces, including cotton
materials [4—6]. Chemical profiling using complementary techniques such as GC-MS at defined exposure
intervals would therefore be required to determine whether the temporal optical changes observed here
correspond to compositional changes in the residue.

From an imaging perspective, these results highlight the importance of wavelength selection when
targeting chemically subtle and spatially heterogeneous residues on textile substrates. The ability of SSI to
enhance contrast under specific illumination conditions demonstrates its potential as a non-destructive
method for preliminary surface screening. Compared with conventional forensic light sources, which are
typically optimised for biological evidence, multi-wavelength imaging provides greater flexibility for
detecting non-biological trace residues.

Several limitations should be noted. Only unexposed cotton control was included in the present study,
while potential interferents such as cigarette smoke residues, perfumes, cosmetics, and skincare products
were not evaluated. Accordingly, the observed SSI features should not be interpreted as chemically specific
to vape aerosol residues. The analysis was primarily qualitative and based on visual assessment of contrast
differences, which introduces potential observer-related subjectivity. Objective image metrics, including
grayscale intensity, contrast-to-background ratio, signal-to-noise ratio, and feature area, were not quantified
in the present proof-of-concept study. Furthermore, the controlled chamber environment does not reproduce
the wvariability encountered in operational forensic scenes, including differences in ventilation,
environmental contamination, substrate condition, and competing surface residues. Therefore, the present
findings should be regarded as laboratory proof-of-concept evidence rather than field validation. Future
studies should incorporate relevant interference controls, predefined regions of interest, quantitative image-
analysis metrics, a broader range of textile substrates, and simulated or operational forensic-scene conditions
to establish detection specificity, objective detection thresholds, reproducibility, and practical applicability.

In conclusion, this Communication demonstrates that multi-wavelength SSI can enhance the visibility
of trace vape aerosol residues deposited on cotton fabric, with violet illumination at 405425 nm providing
the clearest visual contrast among the conditions investigated. The principal methodological contribution
is the identification of a wavelength-selective, non-destructive imaging approach for preliminary
localisation of visually inconspicuous aerosol residues on a porous textile substrate. In a forensic context,
such screening could potentially assist the examination of clothing, upholstery, and other cotton-based
textile surfaces when prior vaping activity is relevant to an investigation, while preserving the material for
subsequent confirmatory chemical analysis. However, SSI should presently be regarded as a preliminary
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screening approach rather than a chemically specific or field-validated identification method. Quantitative
image analysis, interference testing, chemical confirmation, and realistic scene validation are required
before operational forensic implementation can be established.
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