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Abstract

Very little is known about the interactions of blood and fabric and how bloodstains on fabric are
formed. Whereas the blood stain size for non-absorbent surfaces depends on impact velocity,
previous work has suggested that for fabrics the blood stain size is independent of impact velocity
when the drop size is kept constant. Therefore, a greater understanding of the interaction of blood
and fabric is required. This paper explores the possibility of using a micro computed tomography
(CT) scanner to study bloodstain size and shape throughout fabrics. Two different fabrics were used:
100% cotton rib knit and 100% cotton bull drill. Bloodstains were created by dropping blood droplets
from three heights; 500mm, 1000mm and 1500mm. Results from the CT scanner clearly showed the
bloodstain shape throughout the fabric. The blood was found to form a diamond shaped stain, with
the maximum cross-sectional area 0.3mm to 0.5mm below the surface. The bloodstain morphology
depended on both the impact velocity and fabric structure.
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Key Messages

- The use of the micro CT scanner to detect blood in fabric
- Size of bloodstain in fabric initially increases with depth
- Bloodstain forms a diamond shape in the fabric

Introduction

When blood hits a surface, a bloodstain is formed. Bloodstains are important to forensic science as,
when present at the scene of a crime, they can help to provide important information on the
character, number and chain of events which occurred (Karger et al. 2008). The main bloodstain is
known as the parent bloodstain (SWGSTAIN 2014). Spines may form, which are linear characteristics
around the circumference of the bloodstain. These are created when the surface tension can no
longer hold the bloodstain as an integral entity (Bevel and Gardner 2008). Satellite stains can also be
formed. These are separate bloodstains formed by secondary droplets, which detach when the large
drop impacts the surface (Bevel and Gardner 2008). The formation of bloodstains on less- and non-
absorbent surfaces such as glass, stainless steel, laminate (Hulse-Smith et al. 2005), drywall and
wood (Hulse-Smith and llles 2007) and paper (Knock and Davison 2007) has been extensively
reported. The aim of such experiments was to ascertain the drop diameter and velocity from
variables such as parent stain area and number of spines. If the impact velocity is known, it is then
possible to include the effect of gravity on the flight of the droplet and hence more accurately
estimate the position of the source of the droplet (Knock and Davison 2007). When a non-absorbent
surface is impacted higher velocity impact of blood droplets result in larger bloodstains and more
spines (Hulse-Smith and Illes 2007, Knock and Davison 2007).

There is a paucity of information in the literature regarding the interaction of blood and absorbent
surfaces, such as fabrics. Reported work has focused on the visible bloodstain on the fabric surface,
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treating it in much the same way as a bloodstain on a non-absorbent surface by looking at, for
example, the number of satellite bloodstains or the parent stain area (e.g. White 1986, Karger et al.
1998, de Castro et al. 2013). The scarcity of literature in this area does not correlate with the
importance of understanding bloodstains on fabric. When bloody clothing is examined following a
crime, there is a need to be able to distinguish between the clothing worn by the assailant and a
bystander. In Indiana v. Camm (2004) blood spatter which was found on the defendants clothing
was believed by four prosecution expert witnesses to be consistent with high-velocity impact
spatter. However, four experts for the defence stated that it was instead consistent with transfer
stains, caused by the defendant finding the bodies rather than committing the murders. A greater
understanding of the interaction of blood and fabrics would prevent situations such as this from
arising.

In contrast with non-absorbent surfaces, the size of the parent bloodstain on fabrics is not
reportedly affected by impact velocity when the drop size is kept constant (e.g. de Castro et al.
2013). A greater understanding of the interaction of blood and fabric, both in terms of the internal
morphology of the bloodstain and the mechanisms by which the blood is soaking in to the fabric is
required. Merely assessing bloodstains on the surface of a fabric as with bloodstains on non-
absorbent surfaces may not provide sufficient understanding of these mechanisms.

The movement of liquids into and through a fabric has to be understood with reference to wetting
and wicking, as this will allow a greater understanding to be gained of why the blood soaks into the
fabric. These two mechanisms are well understood in textile science, generally in the context of the
movement of water and water-vapour into and through a fabric. Wetting is the displacement of the
solid-air interface with the solid-liquid interface. The surface energy of a liquid would usually keep a
drop of that liquid in a spherical shape. If this energy is overcome by the attractive forces between
the liquid molecules and the surface on which the liquid is placed, wetting occurs (Kissa 1996).
Wetting is a dynamic and complex process in a fibrous assembly. The surface fibres must be wetted
(Kissa 1996) before the liquid can then be transported through the inter-fibre and inter-yarn pores
by means of capillary action, known as wicking (Patnaik et al. 2006). Wicking can only occur when a
wetted material has capillary spaces in between the fibres (Patnaik et al. 2006).

Wicking and wetting mechanisms are beginning to be considered within the context of blood on
fabrics (de Castro et al. 2015). It has been shown that the fibre content within a plain woven fabric
affects the resultant parent stain area, and therefore most likely the wetting and wicking properties.
A cotton/ polyester blend was found to result in larger parent stain areas than either 100% cotton or
100% polyester, possibly owing to larger inter-fibre pore-size. 100% polyester produced larger stains
than 100% cotton, most likely owing to the continuous polyester fibres producing capillary action,
wicking the blood along the fibres but not into them (de Castro et al. 2015). As wetting and wicking
will only occur on absorbent surfaces they therefore need to be treated differently to non-absorbent
surfaces.

Thus a greater understanding of the internal morphology of the bloodstain is required to inform the
mechanisms by which blood moves through a fabric’s structure. The aim of the work summarised in
this paper was to investigate the use of a micro computed tomography (CT) scanner to examine the
morphology of the bloodstain inside fabrics.



Materials and methods
Materials

Two fabric specimens were used in this research. They were i) 100% cotton rib knit fabric and ii)
100% cotton bull drill (a woven fabric) (de Castro et al. 2013). In the work of de Castro et al. (2013),
bloodstains were created on each fabric specimen by dropping a single blood drop from heights of i)
500mm, ii) 1000mm and iii) 1500mm; five specimens of each fabric / height combination were used
(de Castro et al. 2013). The three heights resulted in slightly different impact velocities for the two
fabrics. For rib knit the mean impact velocities were: i) 3.2 ms™, ii) 4.5 ms™ and iii) 5.3 ms™; for the
bull drill they were i) 2.9 ms ™ ii) 4.2 ms™ and iii) 5.0 ms™. It has previously found to be the case that
the effects of air resistance need to be taken into consideration when calculating velocity from drop
height (Adam 2012). Therefore, as the mean drop diameter for the rib knit was 4.1mm (s.d. =
0.01mm), but for the bull drill it was 3.4mm (s.d. = 0.01mm), this is the most likely explanation for
the differences in the velocities between the two fabrics. Velocity and blood drop diameter were
consistent for each height for each fabric excepting one replicate which was removed from the
current analysis. A technical drawing of the resultant specimens can be seen in figure 1.

technical face of fabric

<+—— technical face of fabric
warp or walesI ‘ ' ]
‘4— parent bloodstain
\ technical rear of

fabric

Fig 1a Fig 1b
Figure 1: a technical drawing of the resultant specimens, indicating the direction of the warp (woven)

and wales (knitted) (fig 1a), and a possible cross-section of a specimen, indicating the two faces of the
fabrics (1b).

Method

The specimens, for which previously only the external visible stain had been analysed (de Castro et
al. 2013), were examined using a Nikon XTH225 micro CT scanner’, with an Open Tube UltraFocus
Reflection Target X-Ray source, a Tungsten target, a max kV of 225 and power rating of 225W. The x-
ray spot size was 3um, with a geometric magnification of >150x and a Varian 2520 flat panel
detector (Nikon Metrology 2010)

The micro CT scanner exploited the difference in density between the higher density dried blood and
the lower density air-filled fabric. The two fabrics were analysed using different voltage (kV), current
(HA) and exposure (ms) settings to optimise contrast; the two fabrics were not compared to each
other. This difference was due to the differences in the structure of the fabrics used in the work
(knits are typically between 85-95% air whilst tight woven fabrics such as drills are typically between

! Nikon Metrology UK, Tring Business Centre, Icknield Way, Tring, Hertfordshire, HP23 4JX, UK.
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60-90% air (Schneider and Holcombe 1988)). The samples were analysed between 30 - 35kV, 30 -
330pA and 500 — 1000ms exposure.

Scanning data was manually reconstructed using CT Pro’, and then two-dimensional and three-
dimensional data were gathered using VGStudio Max®. The cross-sectional data were saved at
0.1mm intervals in the vertical (z) direction. The interval of 0.1mm was decided upon to be able to
visualise the bloodstain at small intervals without having an excessive number of cross-sections
(figure 2). The data was then imported into Imagel* to measure i) area ii) length in the y (wale or
warp) direction iii) length in the x (course or weft) direction. The built-in tools in Image) were used
for each of these measurements. The area was measured using a freehand drawing tool around the
external edge of each parent stain.
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Figure 2: the direction of the measurements taken from the bloodstain. The area measurements were
taken on the cross-sections marked in figure 2a from the technical face to the technical rear in
direction z. The resultant images were approximately circular, as seen in figure 2b, and
measurements were taken in the y (wale or warp) direction and x (course or weft) direction on the
cross-section with the largest area.

To determine whether the impact velocity had a statistically significant effect on the area and the
length in the y (wale or warp) and x (course or weft) directions of the bloodstain an analysis of
variance (ANOVA) and Tukey’s HSD test (IBM SPSS statistics version 22) was carried out. To ensure
that these statistical tests were viable, equality of variances and normality of data were checked.

2 CT Pro is an offline 3D computer tomography reconstruction programme (Metris 2008).

* VGStudio Max is high-end software for the visualisation and analysis of CT data (Volume Graphics 2014).
4 Imagel is a public domain Java image processing programme (http://imagej.nih.gov/ij/docs/intro.html
accessed 20th Jan 2015)




Results

General Observations

Figure 3 shows a typical cross-section from the micro CT in the z-direction of the bloodstains formed
on the rib knit and bull drill fabrics. From these images it is possible to see the blood-soaked areas
and blood-void areas (labelled A in figure 3), the latter of which are most likely the air spaces
between the yarns. There are more of these voids in the knit fabric (3a) than the bull drill (3b). It is
also possible to see some variation in the intensity of the blood, with the external edges having a
brighter colouration (labelled B in figure 3), suggesting denser blood in these areas. There is a
possibility this is caused by the ‘coffee-ring’ effect. This is when the stain cannot shrink during
drying, causing liquid evaporating from the edge to be replaced by liquid from the interior of the
stain; hence, much of the dispersed material within the stain ends up at the edge (Deegan et al.
1997). This higher concentration of particulates would account for the brighter colouration seen in
the CT scanner.

3a 3b

Figure 3: an example of a cross-sectional slice in the z-axis from the rib knit from a depth of 0.8mm (3a)
and bull drill from a depth of 0.6mm (3b). An example of a blood-void sections is indicated by ‘A’, an
example of an area of denser blood is indicated by ‘B’.

Bloodstain Area

The variation of the area with depth (z-direction) for each impact velocity is given in figure 4 for the
rib knit and figure 5 for the bull drill fabric. For both fabrics and all impact velocities the bloodstain
initially showed an increase in area with depth. The maximum area is reached between 0.3mm and
0.5mm below the technical face (figure 4, 5 and 6). Thereafter the mean area decreases with depth
towards the technical rear of the fabric.

The coefficient of variation (CV) for each cross-sectional area through the fabrics varied. For both
fabrics at all velocities the CV was smaller (between 2 and 11%) at the centre of the bloodstain in the
z-direction, between 0.5mm and 0.7mm from the technical face. This suggested there was more




variation in the area of the bloodstain towards the technical face and the technical rear of the fabric,
than there was in the middle of the bloodstain in the z-direction.
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Fig 4a: the rib knit from 3.2ms™

60
50
f\g 10 T § } § T
E3 T T,
© 4
g2 T ;
10 3 =
0 ‘ T T T T T T 1
0 02 04 06 08 1 1.2 14
Distance through fabric in the z-direction (mm)

Fig 4b: the rib knit from 4.5ms™
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Fig 4c: the rib knit from 5.3ms™

Figure 4: The mean and standard deviation of the area of the parent bloodstain for cross-sections

taken every 0.1mm throughout the depth of the bloodstain in the z-direction for three velocities
(3.2ms™, 4.5ms™ and 5.3ms™) on rib knit fabric.
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Fig 5a: the bull drill from 2.9ms™
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Fig 5b: the bull drill from 4.ms™
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Fig 5¢: the bull drill from 5.0 ms™

Figure 5: The mean and standard deviation of the area of the parent bloodstain for cross-sections
taken every 0.1mm throughout the depth of the bloodstain in the z-direction for three velocities
(2.9ms™, 4.2ms™* and 5.0ms™) on bull drill fabric.
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Fig 6a: the mean area for all impact velocities for the rib knit (3.2ms*= ,45ms*=A,53ms" = @®)
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Fig 6b: the mean area for all impact velocities for the bull drill (2.9ms*=" ,4.2ms"' =A, 5.0ms"’ =@)

Figure 6: The mean of the area of the parent bloodstain for cross-sections taken every 0.1mm

throughout the depth of the bloodstain in the z-direction for three velocities for both rib knit and
bull drill fabrics.

The impact velocity affected the area of the bloodstain throughout the thickness of the fabric (i.e. in
the z-direction, figure 2a).

Bloodstains formed on the rib knit fabric from the middle impact velocity of 4.5ms™* (1000mm)
produced the smallest maximum area at the deepest point into the fabric (i.e. further away from the
technical face of the fabric). The fastest impact velocity of 5.3ms™ (1500mm) and slowest impact
velocity of 3.2ms™ (500mm) both produced larger maximum areas at a shallower depth than the
middle velocity (figure 4, 6a).



Figure 7c: the first three cross-sections in the z-direction for a specimen from 5.3ms™

Figure 7: The first three cross-sections (0.1mm, 0.2mm and 0.3mm) in the z-direction (through the
depth of the stain) for a specimen for each velocity for the rib knit fabric.

Bloodstains formed from an impact velocity of 5.3ms™ (1500mm) had thinner bloodstains (Imm
thick) than the other impact velocities. Specimens formed from 4.5ms™ (1000mm) had the thickest
bloodstains (1.2mm). Figure 7 shows the first three cross sections for a specimen for all three
velocities for the rib knit fabric. From figure 7a and 7c it is possible to see that for the specimens
from 3.2ms ™ and 5.3ms™ respectively, the bloodstain has largely formed by a depth of 0.2mm; there
is blood apparent over the vast majority of the area which will be covered when the bloodstain
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reaches its maximum extent. However, figure 7b shows the specimen from 4.5ms™ has not formed
to as great an extent as the other two specimens within that same depth. In figure 7b, for all three
cross-sections, blood is only visible around the edge of the stain, suggesting these sections are
therefore raised above the external visible stain.

For the drill fabric (figure 5, 6b) a different pattern was observed. The largest mean area was at the
same distance (0.4mm) from the technical face for the specimens from the middle impact velocity of
4.2ms™ (1000mm) and the fastest impact velocity of 5ms™. The largest mean area for the slowest
impact velocity of 2.9ms™ (500mm) was seen at a greater depth (0.5mm).

The bloodstains formed at a velocity of 4.2ms™ produced the largest mean areas in the first two
cross sections from the technical face. The area was around 40% greater than the other two
velocities at a depth of 0.1mm, and between 10% and 30% greater at a depth of 0.2mm, although
the large CV at these depths (between 33% and 58%) negates some of this variability. Towards the
middle of the bloodstain in the z-direction (between a depth of 0.3mm and 0.7mm) the bloodstains
from 5.0ms™ produced the largest areas, although at most they were only 15mm? greater than the
areas for the other two velocities. The differences among the areas were greater towards the
technical rear of the fabric; the specimens created from the middle velocity of 4.2ms™ (1000mm)
produced the smallest mean area at a depth of 0.7 — 1mm.

Univariate ANOVA was undertaken on the first area on the technical face, the maximum area and
the last area at the technical rear of the cross-sections in the z-direction. ANOVA revealed only one
statistically significant difference due to impact velocity. This was for the area of the cross-section on
the technical face for the knit fabric (F,;; = 5.523, p = <0.05). Tukeys HSD analysis revealed a
significant difference between only two of the means; 4.5 ms™ (2.7mm?) and 5.3 ms™ (6mm3). No
significant difference was found between either of these two means and the mean area of the
bloodstain formed at 3.2 ms™ (5.4mm?2).

For the bloodstain area formed on the technical face of the drill fabric the data was transformed as it
was not normal (log10), but no significant difference was found (F,,;, = 3.803, p = NS). No significant
difference was found for the maximum bloodstain area (knit: F,1; = 1.66, p = NS; drill: F,,, = 2.088, p
= NS) or the area of the last bloodstain cross-section at the technical rear (knit: F,,; = 0.454, p = NS;
drill: F,1, = 0.058, p = NS).

Warp and wale measurements

Figure 8 shows the mean and standard deviation of measurements taken in the y (wale or warp) and
X (course or weft) directions for the largest cross-section in the z-direction for each of the three
impact velocities for each fabric. The coefficient of variation is largest for the x (weft) measurements
for the bull drill, and smallest for the y (warp) measurements for this same fabric. For the rib knit the
CV was similar for both the x (course) and y (wale) measurements. A greater difference between the
x and y measurements is seen for the bull drill fabric, as well as a suggestion of a pattern, with the x
(weft) measurement decreasing with impact velocity and the y (warp) measurement increasing.
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Figure 8b: the mean and standard deviation x (weft) (@) and y (warp) (I ) measurement for each
impact velocity for the bull drill fabric.

Figure 8: the mean and standard deviation measurements for rib knit and bull drill fabrics for all
velocities for the x (course or weft) and y (wale or warp) measurements from the cross section with
the largest area.

Impact velocity did not affect either the y (wale) or x (course) measurements for the rib knit fabric
(wale: Fy1; = 0.512, p = NS; course: F,;; = 0.38, p = NS). For the drill fabric, impact velocity affected
the y (warp) measurement (F,;, = 4.911, p = < 0.05). Tukeys HSD analysis revealed a significant
difference between only two of the means; 2.9 ms™ (9.7mm) and 4.2 ms™ (10.7mm). No significant
difference was found between either of these two means and the mean y (warp) measurement from
5 ms™* (10.5mm). Impact velocity did not affect the x (weft) measurement (F512 =3.307, p = NS).
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Discussion

Four key points were examined in this paper: (1) the use of the CT scanner to study bloodstains, (2)
the shape of the bloodstain (3) the effect of impact velocity on the bloodstain (4) the effect of fabric
structure on the bloodstain.

The use of the CT scanner

Gaining a greater understanding of the morphology of a bloodstain on fabric has proved difficult by
examining the external parent stain (e.g. de Castro et al. 2013). The use of the micro CT scanner has
enabled the internal morphology of the bloodstain to be examined, by showing the shape which the
blood forms within the fabric and therefore indicating how the blood has moved through the fabric.

Shape of the blood stain

For all impact velocities and both fabrics the combination of wetting and wicking resulted in a
diamond shaped stain. The cross-sectional area of the bloodstain initially increased with depth,
before decreasing towards the rear of the fabric. When the blood initially hit the fabric it spread,
wetting the top of the fabric and allowing wicking to occur. The largest cross-sectional area was
always below the technical face of the fabric (figures 4 and 5). In all cases the largest cross-sectional
area was always within 0.5mm of the first cross-section of the bloodstain.

For the rib knit fabric, the first cross-sectional area measured was always less than the cross
sectional area of the original blood drop (e.g. for an impact velocity of 3.2 ms™ the mean cross-
sectional area of the stain was 5.44mm? for a blood drop diameter of 4.1mm giving a cross-sectional
area of the droplet of 13.2mm?). This could also be as a result of the ‘coffee ring’ effect (as shown in
figure 7), whereby the edges of the stain where the particulates have built up above the stain. This
section is therefore seen in an earlier cross section than the remainder of the stain.

The mass of the remaining drop resulted in capillary action through the depth of the fabric, which
did not occur around the extremities. In figures 4, 5 and 6 this is shown as the gradually decreasing
area towards the technical rear of the fabric; as the blood travelled towards the technical rear, there
was less liquid to spread.

Effect of impact velocity and fabric type

Previous studies on absorbent surfaces have suggested that the impact velocity does not affect the
surface morphology of bloodstains when the drop size remains constant (e.g. de Castro 2013). In this
work there were some suggestions of variability among the impact velocities for the two fabrics. The
shape of the bloodstain through the fabric thickness (figures 4 and 6a) varied with velocity for the rib
knit fabric. The cross-sectional areas for the fastest (5.3 ms™) velocity reached their greatest extent
closer to the technical face of the fabric than the middle velocity (4.5 ms™). The first cross-sectional
area for the fastest velocity (5.3 ms™) was only marginally smaller than the cross-sectional area of
the original blood drop (10.7mm? compared to 13.2mm?). Both of these findings were most likely
due to the higher velocity forcing the blood through the capillaries between and among the yarns
and fibres, not allowing much blood to remain on the surface. The faster velocity resulted in a
bloodstain which had a larger maximum cross-sectional area, but penetrated a shorter distance into
the fabric resulting in a shallower depth, suggesting sideways wicking is dominating at this velocity.
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The middle velocity (4.5 ms™) resulted in the smallest maximum area. It also had the deepest
maximum area, 0.5mm compares to 0.4mm for the 3.2 ms™* and 5.3 ms™ impact velocities. This
suggests sideways wicking was less dominant at this velocity, allowing more capillary action.
However, why the lowest velocity (3.2 ms™) had a maximum area only Imm? smaller at the same
depth into the fabric as the highest velocity (5.3 ms™) raises further questions. The lowest velocity
may have allowed the blood to wick to a greater extent than the middle velocity.

A statistically significant difference was seen between the areas on the technical face of the rib knit
fabric for the specimens from 4.5 ms™ and 5.3 ms™. This pattern was not observed for the maximum
area or the technical rear, indicating the greatest differentiation between these two groups of
specimens was present on the technical face of the fabric. This was not a differentiation seen in the
original external analysis of the parent stain (de Castro et al. 2013) as the technical face area
measurement from the CT cross-sections was different to the area of the visible parent stain on the
external surface. This can be seen in figure 7, in that the bloodstain in the first cross-section for all
three specimens is only a small percentage of the maximum area of the bloodstain, and the external
visible stain. This is something which would not have been visible in the original external analysis of
the bloodstain.

The lack of variability among the cross sectional areas depending on velocity seen in the bull drill
fabric was most likely owing to the smaller capillary spaces than in the rib knit fabric. This meant the
blood could not dissipate to a great extent regardless of the velocity (Kissa 1996). However, a
statistically significant difference was seen in the warp measurement of the bloodstain for the bull
drill fabric (figure 8b) for specimens from 2.9 ms™ and 4.2 ms™. These measurements were taken
from the largest cross-section in the z-direction; however, the area measurements of this same
cross-section revealed no statistically significant differences. This suggests that it is the warp
measurement which varies most with velocity for this fabric. The pattern which is seen in figure 8b,
where the weft decreased as the warp increased, helped explain why there was no statistically
significant difference in the areas for the bull drill. As the warp was increasing as the weft decreased,
the area would remain approximately similar throughout. However, no significant difference was
seen among the weft measurements, most likely owing to the greater CV, pointing to the fact that
the variation among specimens within a velocity was greater than for the warp measurement.

Conclusions

This pilot study has demonstrated that micro CT scanning may aid understanding of the morphology
of bloodstains on and within fabrics. The technique has allowed extra measurements to be taken
regarding the size and shape of the bloodstain inside the fabric. The results have shown that the
maximum cross-sectional area occurs below the surface of the fabric and the stain therefore formed
a diamond shape within the fabric as a result of wetting and wicking occurring.

This work has identified some variability regarding the bloodstain morphology on two common
fabrics due to impact velocity, for example the variation in the area of the cross-sections throughout
the depth of the stain. This work has also suggested that the structure of the fabrics themselves did
have an effect on the bloodstain morphology.
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