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Abstract: The ability to establish the exact time a crime was committed is one of the fundamental
aims of forensic science. The analysis of recovered evidence can provide information to assist in age
determination, such as blood, which is one of the most commonly encountered types of biological
evidence and the most common fingerprint contaminant. There are currently no accepted methods
to establish the age of a blood-stained fingerprint, so progress in this area would be of considerable
benefit for forensic investigations. A novel application of visible wavelength reflectance, hyperspectral
imaging (HSI), is used for the detection and age determination of blood-stained fingerprints on white
ceramic tiles. Both identification and age determination are based on the unique visible absorption
spectrum of haemoglobin between 400 and 680 nm and the presence of the Soret peak at 415 nm.
In this study, blood-stained fingerprints were aged over 30 days and analysed using HSI. False colour
aging scales were produced from a 30-day scale and a 24 h scale, allowing for a clear visual method
for age estimations for deposited blood-stained fingerprints. Nine blood-stained fingerprints of
varying ages deposited on one white ceramic tile were easily distinguishable using the 30-day false
colour scale.
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1. Introduction

The reliable and accurate determination of when a crime was committed is one of the fundamental
aims of forensic research. The analysis of recovered evidence from a crime scene can provide
information to assist in this determination. At violent crime scenes, blood is one of the most commonly
encountered types of biological evidence [1] and is the most common fingerprint contaminant [2].
The initial objective when dealing with suspected blood evidence is to conclusively establish that
the substance is actually blood [3]. Dark substrates can pose considerable problems, due to the low
contrast between the substrate and the fingerprint, due to the high amount of incident light absorbed
by the surface [3]. Other colours or patterns that are particularly similar to the stain can also cause
issues for identification through visual examination alone. Presumptive tests are therefore used as
part of the current forensic workflow to indicate the presence of blood [2]. Despite a high sensitivity
to blood, these wet chemical tests are not specific to blood and can generate false positives [2]. Wet
chemical testing can also contaminate the stain, potentially having a detrimental effect on subsequent
DNA analysis [4]. Previous and current research has therefore focused on the development of alternate
methods for the non-destructive identification of blood [1,5-13].

The ability to establish the age of a fingerprint is a highly relevant factor in criminal
investigations [14]. Convictions can largely depend on the ability to show whether a fingerprint
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was deposited at the time a crime was committed or from a previous legitimate visit, as is often
claimed by the defence team [15,16]. There are currently no accepted analytical methods for reliably
establishing a time frame when a fingerprint was deposited, and speculation around age is subject to
considerable error [17]. This is primarily due to the unreliability of previously proposed methods [14].
Successful identification of blood and estimation of the age of a blood-stained fingerprint could provide
the first indication to investigators as to when a crime was committed [18]. This could be especially
beneficial if a blood-stained fingerprint is the only evidence available.

Early research made small steps forward in scientific knowledge, including exploring the solubility
of blood in water over time, as the solubility rapidly drops over time before decreasing more slowly [19].
Other techniques have also furthered the understanding of the effect of time on blood stains, including
the use of oxygen electrodes to establish the changes that occur to the oxyhaemoglobin—haemoglobin
ratio in blood stains [20]. Other methods have also been explored, including the analysis of RNA
degradation to establish the age of blood stains [21-23]. Spectroscopic methods were explored over the
past decade, including atomic force microscopy, which was used to explore the elasticity of blood stains
on glass slides through coagulation over time [11]. A clear increase in the stiffness of blood samples over
time was identified, although several limitations to the method were identified. Research exploring
electron spin resonance spectroscopy established a relationship between the electron paramagnetic
resonance (EPR) of ferric non-heme species and the number of days from bleeding [24]. An error range
within 25% of the actual number of days was obtained under controlled conditions, but environmental
factors, such as light exposure and temperature, had effects on the analysis of EPR-active compounds.

It has been established that the colour of a blood stain changes from red to brown over time [6].
This indicates that optical methods could be used to quantify the colour of blood stains. This was first
explored using the reflectance spectra of blood stains, whereby the effects of environmental variables
on the colour of the blood stain were recognised [25]. Further research quantified absorption bands
independent of the amount of blood present as a possible approach for age determination [26] or for
the use of a small spectral window [27].

Previous research has clearly established changes to the physical and chemical properties of
blood over time [6]. The optimum technique will require a high selectivity to blood; a high level of
sensitivity, even with diluted blood; and a high level of precision to determine the age of a blood stain
or blood-stained fingerprint in practice. One method is the use of visible wavelength hyperspectral
imaging. This was first reported for the detection and age determination of horse blood stains between
442 and 585 nm as proof of concept research [28]. The determination of age was obtained through
linear discriminant analysis from data based on the progressive changes in the absorption spectra over
time as the composition of the blood stain altered. This approach used training and test datasets from
the same blood stain in order to determine the age with a high level of accuracy. With different blood
stains, the accuracy was considerably lower, although this research demonstrated the potential of the
method to establish an age estimation non-destructively. A similar method by a different research
group also successfully demonstrated the identification of blood stains [29,30]. The proposed method
allowed for rapid, non-destructive presumptive blood stain detection. Other research has explored
forensic traces across a range of substrates [31]. Most recently, a new blood stain identification and age
determination approach was proposed based on the Soret y band absorption in haemoglobin [3,32]
and indicated a higher sensitivity and specificity for the detection and identification of blood stains
over previously proposed methods [3].

Previous research has identified the need for a non-contact and non-destructive method for the
determination of the age of a blood-stained fingerprint. An ideal method should function across a
practical range of ages of blood, have a high specificity to blood so as to prevent false positives, and
have a clear and accurate method for determining the age of a blood-stained fingerprint, so as to allow
for reliable age estimations.

The visible wavelength hyperspectral imaging method proposed in this paper meets all of these
requirements. In this study, we present a novel application of visible wavelength hyperspectral imaging
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(HSI) based on the absorption spectrum of haemoglobin between 400 and 680 nm for the non-contact,
non-destructive detection, identification and age determination of blood-stained fingerprints on
white tiles. False colour scales are presented based on the ratio of the 525 nm peak to the trough at
550 nm in the absorption spectrum. The 30-day colour scale is demonstrated with nine blood-stained
fingerprints deposited on a single white tile to demonstrate the effectiveness of such a method for
age determination.

This work follows on from [33,34] where hyperspectral imaging was used for the first time to
detect, identify, and visualise ridge detail in blood-stained fingerprints across a wide range of substrates.
The research presented in this paper again demonstrates the potential of HSI, through successful
non-destructive detection, identification, and age determination of blood-stained fingerprints.

2. Materials and Methods

2.1. Production of Blood-Stained Fingerprints

Horse blood was used to produce blood-stained fingerprints in this study and was deposited into
a Petri dish containing a small sponge. The right middle finger was pressed against the sponge to
evenly coat the digit, and the blood-stained fingerprint was then deposited onto the white tile. The
fingerprints were left to age under controlled conditions in an environmental chamber at 23-24 °C
(Qualicool LR202, LTE Scientific, Oldham, UK) between analyses.

2.2. HSI System

The HSI system used in this study had the same setup as that detailed in [3,33,34], consisting
of a liquid crystal tuneable filter (LCTF) coupled to a 2.3 megapixel Point Grey camera and a light
source for scene illumination. The light source was comprised of two 40 W LEDs—one violet giving an
output at 410 nm and one white giving an output between 450 and 700 nm. Control of the LCTF and
image capture was performed using custom developed software written in C++ (Microsoft, Redmond,
WA, USA). Images were captured between 400 and 680 nm with spectral sub-sampling at 5 nm
intervals, resulting in an image cube at 56 wavelengths for each scan. Spectra from the image cube
were subsequently analysed using custom routines developed in Visual Studio (Microsoft, USA) and
Spyder (Python, Wilmington, DE, USA). The time required to acquire and process each image was
approximately 30 s.

2.3. Hyperspectral Reflectance Image Acquisition and Pre-Processing

The hyperspectral reflectance measurements were made following the method detailed in [3]
and [33,34]. A reference image (R() was obtained using a blank ceramic tile. This image was recorded
in a 5 nm series of 56 discrete wavelengths between 400 and 680 nm. The sample image (Rs) was
recorded at the same wavelengths under the same illumination conditions and integration time settings
on the camera. The hyperspectral reflectance image (R) consisted of a data cube of 1280 x 1024 pixel
values at 56 discrete wavelengths.

2.4. Criteria for the Identification of Blood Stains

The blood reflectance spectrum in the visible region is dominated by the presence of
haemoglobin [28,32]. The spectrum contains a strong narrow absorption at 415 nm called the Soret
or y band with two weaker and broader absorptions between 500 and 600 nm known as the 3 and
bands [3]. The Soret band results in the distinctive red colour of blood, due to the absorption in the
blue part of the visible spectrum. Other red substances also absorb between 400 and 680 nm in the
blue region, although these absorption features tend to not be centred at 415 nm and are much broader.
This is the basis of the methodology used to identify and discriminate blood stains from other similarly
coloured substances. Further information is detailed in [3]. From the reflectance images obtained, the
pixels which satisfied the criteria were marked in black, whilst all other pixels were marked in white.
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This allowed regions of the image where the blood-stained fingerprint was present to be identified,
as well as clear distinction of the ridge detail.

2.5. Age Determination Methodology for Blood-Stained Fingerprints

The age of the blood-stained fingerprints was explored through the effect of time on the
composition of the fingerprint. This has already been established as the only potentially viable
method for age determination, due to the numerous variables that affect fingerprint composition
over time [14]. This research explored the compositional changes that occur within a blood-stained
fingerprint using hyperspectral imaging. After deposition of a blood-stained fingerprint, specific
chemical changes occur which result in a colour change from bright red to dark brown. This is
attributed to the complete oxidation of haemoglobin (Hb) to oxy-haemoglobin (HbO,), which then
auto-oxidises to met-haemoglobin (met-Hb) and denatures to hemichrome (HC) [6,35], as shown in
Figure 1. As this process occurs, the concentration of haemoglobin decreases, which can be observed
in the visible spectrum through the decrease of the Soret band at 415 nm, as shown in Figure 2.

After the HSI analysis, the absorption spectra of the blood-stained fingerprints were analysed,
and the ratio of the peak at 525 nm to the trough at 550 nm was determined. This ratio was used to
produce false colour Red-Green-Blue aging scales, as shown with ten false coloured fingerprints in
Figure 3, with the values determining the values assigned to red, green, and blue in the image.

100% oxygenation

Hb > HbO,

autoxidation
W ,
met-Hb

denaturation

v,
Hemichrome

Figure 1. Reaction of haemoglobin in blood stains.

Spectrum of horse blood from 400-680nm

Absorbance

400 450 500 550 600 650
Wavelength {nm)

Figure 2. Spectrum of blood from 400-680 nm.
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Decrease in 525/550nm ratio Decrease in 525/550nm ratio
Red Green Blue

0-255 0 0
255 0-255 0
255 255 0-255

Figure 3. Use of Red-Green-Blue colours to produce false colour scales based on the 525/550 nm ratio.
2.6. Digital Single Lens Reflex (DSLR) Setup

The images used in this report were taken using a digital single lens reflex (DSLR) camera
mounted on a Kaiser RS1 copy stand. The DSLR was a Canon EOS 700D which was fitted with a
Canon Angle Finder C 90° viewfinder with a 1.25-2.5x optical magnification and a Canon TC-80N3
remote control external shutter release to avoid camera motion. Images were taken using two sizes
of macro-lenses—a 50 mm lens for overview shots of the substrates and a 100 mm lens for high
magnification macro-shots of individual fingerprints. The 50 mm lens was used as it is recognised as
being generally equivalent to the view seen by the human eye [36]. The lenses used were a Canon EF
50 mm f2.5 macro lens and a Canon EF 100 mm f2.8L. macro IS USM lens. Substrates were lit using
oblique lighting from two Daylight Twist Portable Lamps with a white light output of 6500 K.

2.7. Age Estimation Intervals

2.7.1. Aging of Blood-Stained Fingerprints over 30 Days

Deposited blood fingerprints were aged under controlled conditions in an environmental chamber
at 23-24 °C, as detailed in Section 2.1. Analyses were carried out daily for thirty days and false colour
aging scales were produced after 7, 16, 24, and 30 days.

2.7.2. Aging of Blood-Stained Fingerprints over 24 h

Deposited blood fingerprints were also analysed over a 24 h period. Blood-stained fingerprints
were deposited and analysed every hour for 12 h. A second set of fingerprints was then deposited and
left overnight for 12 h. This set was then analysed from 12 h to 24 h. The results from both sets were
combined to produce the 24 h aging scale.

2.7.3. Age Estimations of Nine Blood-Stained Fingerprints

Nine blood-stained fingerprints were deposited between 0 to 28 days onto one white tile, as shown
in Figure 4. These were deposited in a random arrangement on the white tile. The fingerprints were
aged under controlled conditions in an environmental chamber at 23-24 °C, as detailed in Section 2.1.
Analyses were carried out using his, and the results were manually coloured using the 30-day false
colour scale for a visual representation of the ages.

POSITION | AGE (Days)
1 13

28

6

22

0

17

wlo|N|o|u|swn

Figure 4. Nine blood-stained fingerprints from 0 to 28 days old.
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3. Results

3.1. Aging of Blood-Stained Fingerprints over 30 Days

Blood-stained fingerprints were successfully detected and identified using hyperspectral imaging
for the full 30 days explored. Clear ridge detail was identified for all scans, a selection of which are
shown in seven day increments from 0 to 28 days in Figure 5. The level of clear ridge detail observable
even after 30 days demonstrates the advantage of HSI over existing chemical methods, as not only can
blood be conclusively identified, as opposed to an indication as occurs with presumptive tests, but
ridge detail is preserved and photographed for potential comparison in one step.

14 days 21 days 28 days

Figure 5. Visible ridge detail for blood-stained fingerprints with hyperspectral imaging (HSI) on day 0,
7,14,21, and 28.

The analysis of the absorption spectrum between 400 and 680 nm showed a clear decrease in
the Soret band and the (3 and « bands between 500 and 600 nm over the aging period. This change
forms the basis for the age estimation methodology. False colour scales were produced to represent the
changes in the 525/550 nm ratio over 30 days, as shown in Figure 6.

| DAYS DAY 14| DAY 15

DAY 16 | DAY 17 DAY 18 DAY 19 DAY 20 DAY 21 | DAY 22 DAY 23

DAY 24| DAY 25 | | DAY 30

Decrease in 550/525 nm ratio

Red |Green| Blue
Decrease in 0-255/0-255| 0
550/525 nm ratio 0 0-255/0-255

1 0-255] 0 Jo-255

Figure 6. 30-day false colour aging scale.
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3.2. Aging of Blood-Stained Fingerprints over 24 h

Blood-stained fingerprints were successfully detected using hyperspectral imaging for the full
24 h explored. Clear ridge detail was identified for all scans and the absorption spectrum was analysed
to produce a false colour scale, as shown in Figure 7. This scale represents the changes that occurred in
the absorption spectrum over the 24 h aging period, as shown in Figure 8. The logarithmic conversion
also shown demonstrates the clear relationship between the 525/550 nm ratio and time.

0 HOURS

5 HOURS

10 HOURS

15 HOURS

20 HOURS

1 HOUR

6 HOURS

11 HOURS

16 HOURS

21 HOURS

2 HOURS | 3 HOURS | 4 HOURS

7 HOURS

12 HOURS

17 HOURS

22 HOURS

Decrease in 550/52% mm ratie

"
S550/525 nm ratio

Figure 7. 24 h false colour aging scale.
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Figure 8. Effect of time on the absorption ratio of 550 and 525 nm (left) and the logarithmic conversion
(right) over 24 h.



J. Imaging 2018, 4, 141 8of 11

3.3. Age Estimations of Nine Blood-Stained Fingerprints

From a visual examination of the nine blood stains alone, it was very difficult to determine
any significant differences that may allow for age estimations. The analysis carried out using HSI
successfully detected and conclusively identified the blood ridge detail. Using the data obtained from
the HSI analysis and the false colour scales produced, a clear visual representation of the different ages
of the blood-stained fingerprints was produced, as shown in Figure 9. The DSLR images show minimal
variation between the fingerprints. Using the false colour scales, all recently deposited fingerprints
could be easily distinguished due to the significant differences in colour, such as fingerprints 5, 8, 7, and
3, which correspond to 0, 1, 3, and 6 days respectively. After 14 days, the variation in the composition
of the blood-stained fingerprint was less, so the difference between the colours was smaller and harder
to distinguish by eye. This was apparent for fingerprints 2, 4, and 6, which were all shades of purple,
despite varying by eleven days. The use of this false colour method for age estimations is therefore
most effective for blood-stained fingerprints deposited within 14 days, as the increased variation over
the first seven days results in significant differences in the false colour images produced.

|_POSITION | AGE (Days)
1 13

28

6

22

0

17

3

1

Vi INjo v s lwINn

9

Figure 9. Digital single lens reflex (DSLR) (left) and false colour images manually coloured from HSI
analysis (right) of blood-stained fingerprints based on a 30-day false colour scale.

4. Discussion

Results have been presented on the application of a visible wavelength reflectance hyperspectral
imaging system for the detection of blood-stained fingerprints and the determination of the fingerprint
age on white tiles. The method used for the detection and identification of blood as well as the
age determination was based on use of the main narrow absorption peak in blood at approximately
415 nm (Soret band), and the ratio of the peak at 525 nm to the trough at 550 nm was also determined.
This was used to produce a false colour aging scale over 30 days. A second false colour scale was
also produced over 24 h, allowing for highly accurate estimations of the age of freshly deposited
blood-stained fingerprints.

Nine blood stains of varying ages deposited on one tile were able to be distinguished using the
30-day false colour scale. With visual examination alone, there were minimal differences between
deposited fingerprints in the DSLR image, making it very difficult to establish any significant
differences for age estimations. The analysis carried out using HSI successfully detected and identified
the ridge detail. The analysis using the 30-day false colour scale established a clear visual representation
of the different ages of the blood-stained fingerprints. Recently deposited fingerprints were easier to
distinguish due to the greater differences in colour. After 14 days, this variation reduced, due to the
slower changes in the blood composition, and the colours were slightly more difficult to distinguish.
Previous research has demonstrated the success of using hyperspectral imaging as a method for
establishing the age of blood stains, although a clear visual approach using false colour scales has not
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been carried out. The approach presented in this study demonstrates the considerable potential of HSI
to both conclusively identify a blood-stained fingerprint and to determine its age.

5. Conclusions

A novel application of visible wavelength reflectance hyperspectral imaging (HSI) was used for
both the detection and age determination of blood-stained fingerprints on white ceramic tiles. Both
the identification of blood and the age determination were based on the unique visible absorption
spectrum of haemoglobin between 400 and 680 nm and the presence of the Soret peak at 415 nm. In the
processed hyperspectral images, pixels where blood was identified were coloured black, whilst all
other pixels were coloured white, thus enhancing the location of ridge detail in blood fingerprints.

Blood-stained fingerprints were aged over 30 days and analysed using HSI. From these results,
a 30-day scale and a 24 h scale were produced, allowing for a clear visual method for age estimations
of deposited blood-stained fingerprints. This was demonstrated with nine blood-stained fingerprints
deposited on one white tile. From a visual examination using DSLR, no significant differences
between the deposited fingerprints could be identified to allow for age estimations. The application
of HSI demonstrated several advantages, as the analysis successfully detected and identified the
blood ridge detail. Additionally, the application of the 30-day false colour scale allowed for the
deposited blood-stained fingerprints to be coloured corresponding to their age. This identified clear
distinctions between the nine blood-stained fingerprints in the false colour image produced, with the
greatest differences in colour occurring among the most recently deposited fingerprints as the greatest
differences in composition occur over the first 24 h after deposition [37,38].

Overall, HSI has significant benefits for both the detection and age determination of blood-stained
fingerprints and blood stains. Preliminary work exploring both human and horse blood demonstrated
minimal differences, indicating that the findings of this research are applicable to crime scenes
involving human blood. Further work is required, however, to confirm that the age determination
methodology demonstrated here is effective across both blood stains and blood-stained fingerprints
with both human and horse blood. Large scale blind tests are also required to establish the effectiveness
and reliability of the age determination method on white tiles, as well as other substrates, including
other colours and porosities, and as a function of environmental variables, such as temperature and
humidity. Previous work with this setup has already demonstrated the successful detection and
identification of blood-stained fingerprints on a range of substrates [33,34]. A full comparison of the
technique against existing chemical enhancement methods would be beneficial to allow a comparison
of the sensitivity of the setups. Development of a more rugged instrument could allow for the
production of a robust portable device for use at crime scenes, which would be particularly beneficial
for criminal investigations. HSI could then be used for the detection and identification of both blood
stains and blood-stained fingerprints, as well as for the reliable establishment of the age of a stain
or fingerprint.
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