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ARTICLE INFO ABSTRACT

The estimation of bloodstain age is an important factor in forensic analysis. Previously, we have reported a
smartphone-based colorimetric system for age estimation of bloodstain, in which Whole blood and EDTA whole
blood were dropped on 4 different materials (700 uL) and captured using a smartphone for 72h. In order to
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Blooi pool enhance sensitivity and accuracy of the previous system, the current work is dedicated towards the application of
Créc ratio pattern recognition and classification of bloodstain images based on a smartphone. Three detection methods
Brightness value . . . SN s . :

Smartphone (blood pool, crack ratio, and colorimetric analysis) in terms of 6 steps of drying process of the bloodstain

(coagulation, gelation, edge desiccation, center desiccation, crack propagation, and final desiccation) were
applied to estimate age of the bloodstain accurately. Three parameters from the bloodstain images were then
classified as comparing to those of stored reference images with similar trends in database. The bloodstain age
was successfully determined by 9 h, 18 h, and 48 h with respect to the three detection methods mentioned above,
respectively. The differences in bloodstain images were clearly distinguished every hour by using smartphone-
based pattern recognition analysis. Therefore, our system is expected to shed a light on the field of forensic

science by estimating bloodstain age in real time.

1. Introduction

Bloodstain, the traces left on the crime scene, is one of the key
factors for elucidation of history of crime scene, thus playing a major
role in forensic science (James et al., 2005; Bremmer et al., 2012). The
RNA analysis and reflection spectroscopy were conventionally in-
troduced in order to track genetic information and age estimation of
bloodstains, respectively. In the stated method, RNA from the blood
was extracted for determination of the degree of degradation of the
RNA over time (Bauer et al., 2003). The reflection spectroscopy was
applied to analyze the oxidation of hemoglobin in response to time
(Bremmer et al., 2011). The reflectance values of each oxy-hemoglobin
(HbO,), met-hemoglobin (met-Hb) and hemichrome (HC) fraction were
determined in terms of wavelengths by the spectroscopy. However,
these measurements require exorbitant cost and consume time to esti-
mate the bloodstain age, thereby rarely applying them to the spot. To
address these issues, we have recently reported smartphone-based
colorimetric analysis system without using any additional equipment
for age estimation of bloodstains using color change caused by oxida-
tion of blood because a high-level image sensor for colorimetric analysis
application is built in a smartphone (Shin et al., 2017). The bloodstains
exposed to air was observed in physicochemical changes, such as color
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variation and change in the form of blood. The oxidation of bloodstain
resulted in transformation of hemoglobin into HbO,, met-Hb, and HC,
thereby changing color from bright red to dark red. After the incident,
early response is required to trace the crime, so it was important to
improve accuracy in the early time zone. However, the low color re-
solution was observed in the early time zone (0-9h) in our previous
report although age estimation of the bloodstain was successfully done
by 48h. In this study, a more accurate smartphone-based pattern re-
cognition was designed for enhancing accuracy in the early time zone
compared with our previous work. The blood exposed to air caused a
formation of fibrin in a net structure to cause coagulation of blood,
gelation and crack formation, consecutively during drying process
(Brutin et al., 2011; Sobac and Brutin, 2014; Laan et al., 2016). The
area of the liquid state that remains during the drying process is blood
pool, and it decreases as the water evaporates over time. The rate of
pixels observed in the blood pool, crack ratio and the colorimetric
analysis method for inner circle area of bloodstains were calculated
over time using three characteristics of blood. The area ratio of the
blood pool, crack ratio over the bloodstain, and color intensities of the
captured bloodstains were compared with those of reference images in
order to classify images that had similar trends. Thus, we were suc-
cessfully able to enhance the sensitivity and accuracy of our previous
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method in terms of applying blood pool analysis, crack ratio analysis,
and colorimetric analysis to the bloodstain.

2. Materials and methods
2.1. Preparation of materials and blood samples

The blood samples (700 uL) were dropped on glass, wood, paper,
and fabric (10 X 10 cm) in order to analyze the bloodstain age in the
various experimental conditions. In addition, we chose these four ma-
terials, which represent parameters that can be found anywhere, whe-
ther at home or in the office. In order to apply three detection methods
(blood pool analysis, crack ratio analysis, and colorimetric analysis) to
the age estimation of the bloodstain, we captured the bloodstain images
by using a smartphone (Samsung Galaxy note 3) for 72 h. The blood-
stain images were consecutively captured every hour until 9h passed
(blood pool analysis), where the blood was completely dried, whereas
they were recorded every 6 h for 3 days (crack ratio analysis and col-
orimetric analysis) after 9h under the following condition: 30% hu-
midity. Three healthy participants (average age of 29.75 and average
hemoglobin concentration of 15.5 g/dL) and three participants (average
age of 32.35) with different concentration of hemoglobin donated blood
(10mL) to our team, respectively. In addition, the hemoglobin con-
centration in each sample was offered by Severance Children's Hospital
where a CBC (Complete Blood Count) analyzer was applied to measure
the subjects’ hemoglobin concentration. This study was conducted in
accordance to the guidelines of human research established by the
Institutional Review Board (IRB) of Severance Children's Hospital,
Yonsei University.

2.2. Principle of drying process and deformation in bloodstain

The drying process of bloodstains consists of the following 6 steps:
coagulation, gelation, edge desiccation, center desiccation, crack pro-
pagation, and final desiccation (Fig. 1). The platelets in the exposed air
were destroyed, changing the shape of the blood during the formation
of thromboplastin. Thromboplastin consecutively conjugated with cal-
cium ions in the blood, transformed prothrombin into thrombin. The
fibrinogen then became a thread-like substance called fibrin after re-
acting with thrombin (Furie and Furie, 1988; Gaertner and Massberg,
2016). The area of the blood pool, the area of the liquid state, was
gradually reduced in response to beginning of drying process, where the
bloodstains were exposed to air. The particles in the center of the
bloodstains migrated to the surface, accumulating at the boundary of
the blood pool as known as coffee ring effect (Deegan et al., 1997; Kuo
et al., 2011; Chen et al., 2018) and transforming into gel form as the
surface of the bloodstain dried, thereby increasing the area of desic-
cated bloodstain (Dugyala et al., 2016).

The crack began to form due to the repulsive force of the bloodstain-
substrate and bloodstain-atmosphere (Sobac and Brutin, 2014). The
contact force between the bloodstain and substrate maintained the in-
itial shape during the drying process of bloodstains whereas the area of
blood pool was shrunk due to H,O evaporation from the interface of
bloodstain and air. The conflict between contact force and shrinkage
force from H,O removal resulted in tensile stress on the bloodstains,
which triggered structural change in the bloodstain (Lei et al., 2002).

In addition, a transformation and oxidation of oxy-hemoglobin due
to O, saturation brought about the formation of methemoglobin and the
color variation of the bloodstains from bright red to dark red (Bremmer
et al.,, 2011) at the beginning of the drying process. Methemoglobin
turned into hemichrome, which decreased brightness value of the
bloodstains.

2.3. Detection methods and algorithms for prediction of bloodstain age

These types of detection methods are primarily employed for
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enhancement of sensitivity and accuracy of detection system for age
estimation of bloodstains, namely blood pool analysis, crack ratio
analysis, and colorimetric analysis. These methods are applied on dif-
ferent stages of the smartphone-based pattern recognition system —
coagulation, gelation, edge desiccation, center desiccation, crack pro-
pagation, and final desiccation as shown in Fig. 1, respectively. The
methods in Fig. 2 can be briefly explained as follows - in the first de-
tection method (blood pool analysis), scanning from 0 to 100 pixels in
units of 10 (a section) was done to find a starting point where color
intensities changed rapidly. The slope of each section during pixel
scanning was then compared by increments of consecutive 10 units.
Our system then automatically detected color intensities of the pixel at
a point (Red value = 200) where the slope suddenly changed in each
direction and displayed a circle with points. The measurement system
after detection of outer circle of the bloodstain scanned the inner part of
the bloodstain in the same way, capturing each point where the color
intensity rapidly decreased (Red value = 200) and drawing the inner
circle likewise as finding the outer circle of the bloodstain as shown in
Fig. 2(a). In the light of the above, the change in ratio of the inner and
outer circle was then calculated over time to estimate the age of the
bloodstain in the following Eq. (1), where the f(x) denotes a boundary
of outer circle, A refers to total area of the bloodstain, and Ax stands for
the differential of the variable x.
S I dv/a = lim 3 f () Ax/A a
The number of white pixels over total area of the bloodstain, crack
ratio, was considered as the second detection method for estimation of
bloodstain age (0 — 18h) after blood pool analysis. The smartphone-
based pattern recognition system automatically converted RGB (Red,
Green, and Blue) values of the captured image into binary scale image,
thereby counting a number of all the white pixels from the image. Once
the system converted a bloodstain image from RGB to binary scale, the
white pixels of the image were identified by blue boundary lines as
shown in Fig. 2(b). In addition, the ratio of white pixels was determined
by dividing the number of pixels in the entire bloodstain image after
counting the number of all white pixels in the bloodstain. Finally, the
third method, colorimetric analysis, was applied to the system in order
to estimate the overall bloodstain age from O to 48 h. The variation of
the brightness (V) values in the bloodstain was observed every hour by
using the RGB values of the pixels in the white box. The color intensities
of all the pixels above each line were consecutively scanned and stored
n times as shown in Fig. 2(c). The measurement system divided the
color values of all the pixels by the number of counted pixels to obtain
each R, G, and B value. In addition, since the sensitivity of the V values
was the highest of these parameters, the V values of HSV (Hue, Sa-
turation, and Brightness) were then calculated from the collected RGB
using the following set of Egs. (2)-(4) (Yang et al., 2017; Yu et al.,
2015; Lee et al., 2014; Yamanaka et al., 2018). Moreover, we have
designed the detection algorithm for three different stages: initial stage,
analysis stage, and final stage in Fig. 2. In the initial stage, the system
scanned the bloodstain image after material selection that the blood-
stains were dropped. The novel three detection methods were auto-
matically applied to the captured images, thereby comparing blood
pool ratio, crack ratio, and color intensities of the captured bloodstains
with those of reference images, which were already stored in the da-
tabase. Finally, the smartphone-based pattern recognition system dis-
played the estimated time for the bloodstains and saved data from the
classified images to the database. The operation of our system is de-
monstrated in Fig. S1.
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Fig. 1. Schematic diagrams of the estimation system for bloodstain age. Detection methods for estimating bloodstain age include three consecutive stages: blood pool
analysis, crack ratio analysis and colorimetric analysis. These methods are applied on different stages of the smartphone-based pattern recognition system — coa-
gulation, gelation, edge desiccation, center desiccation, crack propagation, and final desiccation.

V = Max (R, G, B) (@)

3. Results and discussion
3.1. Effects of different types of materials on bloodstain characteristics

The images of EDTA whole blood (700 pL) dropped on 4 different
materials (glass, wood, paper, and fabric) were captured by our system
as shown in Fig. 3(a) and Fig. S2. In order to estimate age of the
bloodstains accurately, we divided the analytical methods for drying
process of bloodstains into 3 stages: blood pool analysis, crack ratio
analysis, and colorimetric analysis. The blood pool ratio over total area
of the bloodstain gradually decreased, thereby completely drying the
bloodstain within 9 h in the first stage (Fig. 3(b)); the CV (Coefficient of
Variation) of the blood pool ratio in 4 different materials was calculated
as 0.0%, 0.3%, 0.1%, 0.1%, 0.5%, 2.4%, 2.3%, 0.0%, 0.0% and 0.0% on
glass, 0.0%, 0.6%, 0.5%, 1.9%, 2.5%, 2.8%, 5.9%, 0.4%, 0.0% and
0.0% on wood and 0.0%, 1.2%, 1.6%, 0.2%, 1.8%, 0.4%, 1.4%, 0.8%,
2.7%, and 6.5% on paper and 0.0% on fabric over time, respectively
(Table S1).

In addition, the white pixels of the bloodstain increased by gradual
crack formation, enabling to count the variation of the white pixels over
the bloodstain until 18 h passed in Fig. 3(c), whereas the V values of the
bloodstain gradually decreased by 48 h as shown in Fig. 3(d). The CV
(Coefficient of Variation) of the crack ratio in 4 different materials was
calculated as 0.0%, 3.4%, 2.3%, 1.6%, 3.3%, 4.4%, 4.7%, 3.2%, 3.2%,
2.1%, 2.8%, 2.7% and 2.6% on glass, 0.0%, 6.3%, 4.0%, 5.7%, 3.3%,
3.3%, 3.8%, 9.4%, 8.2%, 5.9%, 7.8%, 6.0% and 4.1% on wood and
0.0%, 4.9%, 3.8%, 3.8%, 5.0%, 5.6%, 5.2%, 5.7%, 4.7%, 4.8%, 5.1%,
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6.0%, and 4.5% on paper and 0.0% on fabric in terms of time, re-
spectively (Table S1). The spread of blood on the materials in the order
of paper, wood, glass, and fabric caused rapid evaporation of the
bloodstain, thereby resulting in a sharp decrease of the blood pool ratio
over total area of the bloodstain. Moreover, the ratio of crack formation
to the bloodstain varied in response to the degree of moisture absorp-
tion of each material; the less H,O absorption for a degree of porosity of
the materials, especially in glass (no porosity), brought about large
amount of crack formation from the bloodstain. Finally, the highest V
values were detected on the material where the bloodstain was widely
spread, transmitting light source fully due to minimum concentration of
hemoglobin per unit area.

On the other hand, the colorimetric analysis method was only ap-
plied to the bloodstain on a fabric material since blood was completely
absorbed, preventing the formation of blood pool and cracks; the CV
(Coefficient of Variation) of the V values in 4 different materials was
calculated as 4.6%, 1.4%, 1.4%, 5.7%, 1.7%, 3.6%, 3.8%, 2.0%, 2.0%,
1.5%, 1.0%, 4.0% and 4.5% on glass, 2.0%, 3.7%, 4.7%, 1.7%, 4.8%,
6.5%, 4.1%, 1.0%, 2.1%, 2.1%, 4.2%, 3.2%, and 2.1% on wood, 5.0%,
4.0%, 1.8%, 4.4%, 2.7%, 3.3%, 3.3%, 1.7%, 1.7%, 0.9%, 1.7%, 1.7%
and 1.3% on paper and 4.6%, 4.0%, 6.1%, 5.0%, 2.9%, 1.0%, 2.8%,
1.4%, 1.4%, 0.9%, 2.0%, 1.5%, and 1.5% on fabric in response to time,
respectively (Table S1). The bloodstain age was able to be accurately
calculated by using the following equations from the drying process of
the bloodstain on each material where the blood was dropped via the
smartphone-based pattern recognition system. Furthermore, whole
blood samples were dried an hour faster than EDTA whole blood,
whereas no significant difference among blood pool ratio, white pixel
ratio (crack) over total area of the bloodstain, and trend lines toward
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Fig. 2. The flowchart (Initial stage, Analysis stage, and Final stage) and the three different detection methods for estimation of bloodstain age: Blood pool analysis,
Crack ratio analysis, and Colorimetric analysis. The flowchart contains comparison between reference data and measured data to enhance accuracy of the mea-
surement of bloodstains. (a) The ratio of blood pool area over the total area of the bloodstain was calculated from scanning red color pixels. (b) The cracks of the
bloodstains were detected by binary scale conversion of the image, thereby counting white pixels of the crack. (c) The color intensities of the bloodstain were
measured the variation of color intensities over time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.).

variation of V values was observed as shown in Fig. S3 (p < 0.05). The
LOD (Limit of Detection) of our system was 0.1%, 15%, and 7.6% for
blood pool, crack ratio, and V values, respectively.

According to the slopes of crack ratio and the level of moisture
absorption for each material, the rate of crack formation against the
bloodstains were determined by the following Eq. (5), where the Mi
denotes an increase rate for weight of each material, Ma refers to mass
of materials absorbed by the blood, and Mo and Vw stand for original
weight of each material and the blood, respectively. The rate of
moisture absorption on each material increased in the following order:
glass (0.0%), paper (11.4%), wood (48.6%), and fabric (100%). H,O
absorption of the bloodstain on each material resulted in less surface
tension between the blood and the material. Thus, we were able to
observe more cracks (white pixels) of the bloodstain on the glass, rarely
absorbing H,O from the blood, were formed than those on 3 different
materials as shown in Table 1.

(Ma - Mo)

M;(%) = X 100

)

w

3.2. Analysis of the three parameters of the bloodstain relative to
temperature and hemoglobin concentration

The bloodstains, dropped on glass at 4 different temperature (-15, 5,
23, and 36°C) and hemoglobin concentration (8.7, 10.3, 15.5, and
17.3 g/dL), were measured over time by using 3 types of detection
methods due to changing the pattern of bloodstain formation in re-
sponse to temperature, concentration of hemoglobin, and drying pro-
cess time (Fig. S4 and S5). The blood was not absorbed into glass
against other 3 materials, thereby conserving the physical properties of
the bloodstain, such as reduction rate of blood pool area, crack for-
mation ratio, and decrease in the V values, so that we dropped the
blood on glass. As shown in Fig. 4(a)-(c), the blood pool was completely
dried within 4-9h and white pixel ratio over total area of the

bloodstain increased by 18-30h, whereas V values continuously de-
creased until 48 h passed in 4 different temperature. The blood pool was
rapidly disappeared from the bloodstain at high temperature since
temperature increase triggered to accelerate evaporation rate of H,O in
the bloodstain (Hu and Larson, 2002). Furthermore, high temperature
stimulated vaporization between bloodstain and atmosphere, thereby
increasing gradually force difference between bloodstain-substrate and
bloodstain-atmosphere and forming drastically a number of white
pixels from the bloodstain. The binding of hemoglobin and oxygen
formed HbO,, increasing brightness of the bloodstain temporarily. On
the other hand, oxidation of HbO, transformed HbO, into met-Hb and
HC, decreasing the V values of the bloodstain sharply. In other words,
the oxidation rate was dependent on temperature change.

In addition, a number of hemoglobin per unit area caused the re-
duction of blood pool area, the formation of cracks from the bloodstain,
and the variation of the V values in Fig. 5(a)-(c). The contents of H,O in
the same blood volume is different in response to hemoglobin con-
centrations (Hu et al., 2012) since H,O ratio is dependent on an amount
of red blood cells; the higher hemoglobin concentration causes the less
time spent for drying of the blood and decreases blood pool ratio ra-
pidly as shown in Fig. 5(a). The formation of cracks is proportional to
thickness of hemoglobin layers of blood due to obtaining a more chance
to aggregate hemoglobin together. As shown in Fig. 5(b), the ratio of
white pixels to the bloodstain at high concentrations of hemoglobin
showed that cracks were increasingly formed in the bloodstain. More-
over, the V values of the bloodstain decreased at highly aggregated
hemoglobin because a degree of light transmission was dependent on
hemoglobin concentration in Fig. 5(c).

Considering estimation of the bloodstain age at the crime scene, we
applied various volume of the blood (100, 400, 700, and 1000 L) to the
comprehensive experiment under the following conditions: 23 °C tem-
perature; 30% humidity; 15.5 g/dL hemoglobin (Fig. S6(a)). The area of
the blood pool slowly decreased at 1000 pL of the blood since the
moisture content increased at high blood volume, thereby drying the
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Fig. 3. (a) Four different materials (glass, wood, paper and fabric) were applied to estimate bloodstain age under the following conditions: 30% humidity, 23 °C
temperature, 15.5 g/dL hemoglobin, and 700 pL sample volume (Scale bar: 1 cm). (b-d) The constant change in the blood pool area at 0-9 h, crack ratio at 0-18 h, and
color intensities of bloodstains at 0-48 h were observed, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.).

Table 1
The degree of moisture absorption (M;), the crack ratio, and the slopes of crack
ratio for each material (glass, paper, wood, and fabric) were presented.

Glass Paper Wood Fabric
M; (%) 0.0 11.4 48.6 100
Crack ratio (%) 17.4 11.4 6.4 0.0
Slope of crack ratio 15.3 9.3 5.4 0.0

bloodstain steadily (Fig. S6(b)). Apart from these, delaying in the
drying process of the bloodstain resulted in gradual crack formation
(Fig. S6(c)) and enabled to observe variation of the V values for a long
time (Fig. S6(d)). However, no significant difference was observed in
terms of the final results from 3 parameters (blood pool ratio, white
pixel ratio, and V values) over a volume of the bloodstain (p < 0.05).
Furthermore, no significant difference among 3 parameters was ob-
served, whereas the whole blood dropped on 4 different materials was
dried an hour earlier than the EDTA whole blood as shown in Fig. S6(a)-
(d). The coefficient of variation (CV) of the variation of the bloodstain
in response to various temperature and hemoglobin concentration is
shown in Table S1.

4. Conclusion

In this study, we developed the smartphone-based pattern recogni-
tion system in order to enhance the accuracy and sensitivity of our
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previous work (Shin et al., 2017) by using three detection methods
(blood pool analysis, crack ratio analysis, and colorimetric analysis) for
age estimation of the bloodstain. The captured bloodstain images were
successfully classified by comparing reference data of the stored
images, such as blood pool ratio, white pixel ratio, and V values. We
found out the obvious physical change of the blood on glass where the
area of the blood pool, crack ratio over the bloodstain, and the V values
were consecutively changed by 9h, 18 h, and 48 h, respectively. Fur-
thermore, we were able to distinguish clearly the differences in
bloodstain images every hour in the early time zone by using the newly
developed system. Our method possesses many advantages compared
with the existing technologies for estimating postmortem interval
(PMI), where rigor mortis (Bate-smith and Bendall, 1949), algor mortis
(Henssge, 1988), and livor mortis (Kaatsch et al., 1993) can be replaced
with the smartphone-based technologies expeditiously in terms of
rapid, easy-to-use, and cost-effective methods (Shin et al., 2018).
However, the bloodstain is dependent on various experimental condi-
tions, such as temperature, humidity, and volume, so that considering
such factors into our detection method is required to enhance accuracy
of various conditions. In addition, we will apply such chemicals that
react with bloodstains to generate color variation and deformation in
order to overcome the limitation for estimating bloodstains age beyond
48 h. Thus, we envision our system to be a powerful portable tool in the
forensic science fields by applying classification algorithm to enhance
accuracy and sensitivity of the results.
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the web version of this article.).
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Fig. 5. The pattern change of bloodstains were monitored in response to the hemoglobin concentration. The shrinkage of blood pool area, increment of crack
formation and degradation of color intensities were observed over time. (a: blood pool ratio, b: crack ratio, c: brightness in response to hemoglobin concentration).
Each experiment was carried out under the following condition: 30% humidity; 23 °C temperature; 700 pL blood. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).
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