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Passive dripping, the slow dripping of blood under gravity, is responsible for some bloodstains found at
crime scenes, particularly drip trails left by a person moving through the scene. Previous work by other
authors has established relationships, under ideal conditions, between the size of the stain, the number
of spines and satellite stains, the roughness of the surface, the size of the blood droplet and the height
from which it falls. To apply these relationships to infer the height of fall requires independent
knowledge of the size of the droplet. This work aims to measure the size of droplets falling from objects

Key Wordf: . representative of hand-held weapons. Pig blood was used, with density, surface tension and viscosity
Bloodstain pattern analysis o -

Dripping controlled to fall within the normal range for human blood. Distilled water was also tested as a reference.
Drop size Drips were formed from stainless steel objects with different roughnesses including cylinders of

Accompanying drop diameter between 10 and 100 mm, and flat plates. Small radius objects including a knife and a wrench
Blood were also tested. High speed images of the falling drops were captured. The primary blood drop size
Spatter ranged from 4.15 + 0.11 mm up to 6.15 + 0.15 mm (depending on the object), with the smaller values from
sharper objects. The primary drop size correlated only weakly with surface roughness, over the roughness
range studied. The number of accompanying droplets increased with the object size, but no significant
correlation with surface texture was observed. Dripping of blood produced slightly smaller drops, with more

accompanying droplets, than dripping water.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Bloodstain patterns at scenes of violent crime are often
analyzed in an attempt to reach conclusions about the events
that gave rise to these patterns. Determining the location and
nature of the blood source at the time the bloodstain pattern was
formed is often of relevance when drawing these conclusions.
Central to any inference about the blood source is an estimation of
blood drop volume and velocity.

For passive drops, formed as a result of dripping of blood from a
wound or bloodied object under the action of gravity only, it is
recognized that the volume of a drop depends on characteristics of
the object from which it originates (such as its geometry, surface
texture and wettability) [1-3] and on the dripping liquid
properties and flow rate [4,5]. Parker et al. [4] reported the range
of drop volumes from 42 L (eye dropper) to 87 L (pre-wetted
palm of the hand). The drop volumes were determined by
collecting and measuring the volume of a known number of
drops, and so tend to be overestimates when small satellite or
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accompanying droplets are present. Ross [5] looked at a range of
objects that could be used as weapons and showed that drop
volumes varied from 30 pL (small kitchen knife) to 210 pL
(hammer). She also used a volumetric method and noted the
presence of what she termed “follow-on” drops. The results, in
addition, were influenced by the varying flow rate of dripping from
weapons dipped into blood.

There have been several attempts to correlate blood stain size
and shape to the volume and velocity of a passive drop [6-10]. In
particular, Balthazard et al. [6] focused on the relationship
between the stain size and drop velocity, whereas MacDonnell
and de Lige [7] sought to develop a relationship that would enable
the volume of a blood drop to be estimated from a bloodstain of
known size. Knock and Davidson [8] and Hulse-Smith et al. [9,10],
in turn, showed that under well-controlled conditions it is possible
to determine both volume and velocity of a drop from the diameter
of the stain and the number of spines on the stain margin. This
method, however, has several limitations such as the reproduc-
ibility in the counting of spines and the limited number, or even
absence, of spines for low velocity impact on some surfaces.

A number of theoretical attempts were made to estimate the
volume of a drop produced as a result of dripping of a liquid other
than blood from a surface or orifice. The theory describing the
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equilibrium shape of a hanging volume of liquid is described by
Fordham [11] and Stauffer [12]. Tanasawa and Toyoda [13]
analyzed the dripping of a liquid film on the underside of a flat
plate and calculated the slow development of the pendant drop up
to the first breakup.

The dynamics of a liquid ligament and conditions for its
breakup of were also studied both experimentally and numerically
for fluids other then blood for low dripping flow rates [14-18].

Lefebvre [19] reported an equation (Eq. (1)) for the size of a drop
falling from the underside of a flat plate, and references Lapple
et al. [20], who in turn reference Tamada and Shibaoka [21].
However this equation does not appear in Tamada and Shibaoka’s
paper [21] or Hida and Nakanishi’s paper [22] and may be a
correlation to their data.

o

darop =33/ o

(1)

In Eq. (1), darop is the diameter of the drop, o is the surface tension
of the liquid, p the density of the liquid and g the acceleration due
to gravity.

In this light, an alternative method to determine the range of
the variability of passive blood drop volumes excluding the
contribution of smaller satellite droplets as well as a study of the
influence of the dripping surface characteristics on the process of
drop formation (and so on the resulting drop volume) would
complement previous studies.

The purpose of the present work is therefore to reconsider the
relationship between the volume of a drop formed by passive
dripping and geometry and surface texture of a dripping object
providing the constancy of its surface properties (or resistance to
corrosion and staining) as well as dripping liquid temperature,
flow rate and composition. To this end, dripping experiments with
non-absorbent metallic surfaces representative of weapons
frequently used in criminal assaults were conducted. High speed
imaging was used to directly measure the size of the primary drop,
distinct from the accompanying droplets, and count the number of
the later.

2. Methodology
2.1. Test objects

Liquid drops were allowed to form from the surface of a number of objects
representing common weapons (Fig. 1 and Table 1). Among them were five sets of
AISI 304 stainless steel cylinders of diameter between 10 and 100 mm and two flat
plates with different surface roughness.

Different surface textures were produced by turning the cylindrical samples on a
lathe and by vertical milling the flat samples. As a result the machining marks of the
cylinders followed the circumferential direction (perpendicular to their axis of
symmetry) whereas the flat plates had cross-hatched patterns.

It should be noted that each machining process removed a small amount of
material from the specimen’s surface to produce a higher degree of surface finish.
Rougher surface finishes required more machining, so the actual diameter for the
cylindrical objects tended to decrease slightly as the roughness increased.

A Taylor-Hobson TALYSURF 10 profilometer was used to measure average
roughness values, R, = R; (Fig. 2). R; is half the average vertical difference between a

Fig. 1. Objects tested.

Table 1
Dimensional and surface characteristics of the objects tested.

Object description Surface characteristic

H(mm™")  Rq(um)
‘Smooth’ ‘Medium’ ‘Rough’
Cylinders 0.010 0.19+0.02 3.59+0.16 ~12.5
0.013 0.13+£0.09 24+0.1 ~12.5
0.025 0.17 £0.02 ~6.3 ~12.5
0.050 0.55+0.19 3.7+0.17 ~12.5
0.10 0.66 - 0.07 ~6.3 ~12.5
Flat plates ~0 0.37+£0.05 ~6.3 -
Wrench ~0.20 -
Knife ~5.25 -

peak and the adjacent valley. The profilometer tip was run in a direction
perpendicular to the surface texture direction. Eight tests were performed with
each object. The waviness (long wavelength undulation) of the machined surface
profile was considered to be small and was not investigated.

Surface roughness values of the ‘medium’ cylindrical samples (10.01 mm and
39.5 mm in diameter) and all ‘rough’ samples were visually and tactile assessed
using surface roughness standards, comparator Flexbar composite set no. 16008.

The samples were then grouped in three -categories: smooth with
0.1 pm < R, < 0.7 wm, medium with 2.4 um <R, < 6.3 um and rough objects
with R; ~12.5 pm.

Experimental data was assessed in terms of the mean curvature H of the test
object surface as a measure of its convolution or deviation from flatness:

1/1 1
=3k )

where R; and R; are the principal radii of curvature, or maximum and minimum
perpendicular radii of the surface curvature of the object from which the drops are
formed. These are measured at a point on the surface in perpendicular (or principal)
directions.

Flat surface objects had radii of curvature which tend to infinity and hence had
close to zero mean surface curvatures. Each cylindrical test object had one radius of
curvature equivalent to its geometrical radius and an infinite radius of curvature
corresponding to its axial length. Mean surface curvature for these samples ranged
from about 0.1 to 0.01 mm~".

A stainless steel kitchen knife and a chrome vanadium metric wrench were also
tested. The knife blade had a body with flat parallel surfaces and an edge with a
radius of curvature of about 20 cm. The point of the knife had a radius of curvature
of a few millimeters in the plane of the blade and a fraction of a millimeter in the
other direction (see Fig. 3) which gave H of about 5.25 mm™".

The wrench open end (opposite to the ring end) had a radius of curvature of a few
centimeters in one direction, and a few millimeters in the other corresponding to H
of about 0.2 mm™".

Smooth and rough cylinders were 50 mm long. The length of the medium-
roughness samples was 100 mm. The flat plates were 100 mm x 100 mm x 5 mm
in size. The uncertainty in the dimensional measurements was +0.02 mm. The
absolute errors in the measured roughness values in Table 1 include both the
profilometer instrumental uncertainty and the standard deviations of the mean values
for a 95% confidence interval.

Before each test all objects were carefully cleaned with 1% Virkon solution, rinsed
with distilled water, acetone and ethanol and then dried in hot air to remove any
deposits on their surfaces.

Roughness height 2R;

Roughness width A

Fig. 2. Basic surface texture characteristics.
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Fig. 3. Knife diagram.

2.2. Test liquids

Both distilled water and 1-day-old abattoir porcine blood, used as a human blood
substitute, were tested. Porcine and human blood have been shown to have similar
physical properties and produce droplets similar in size [23]. To prevent the blood
from clotting, EDTA was added at a concentration of 7 mg/mL of blood. The blood
was stored at 4 °C for 24 h before experimentation.

Density, surface tension and viscosity of porcine blood were controlled to match
human values before and after the experiments. Measured mean values of blood
density, surface tension and viscosity together with the additional measurements of
blood packed cell volume (PCV) and plasma viscosity are listed in Table 2. Before
each physical property measurement, calibrations with distilled water were
conducted. The table includes data from distilled water calibrations and calculated
absolute errors. Density and surface tension tests were performed with the blood
warmed to 37 £ 0.5 °C in a water bath.

Temperature measurements for this study were obtained using Yokogawa TX10
digital thermometer.

The density of porcine blood was measured by a weighing syringe method using
a Sartorius analytical balance ED224S. Six independent measurements were taken
and averaged. Corrections of the order of 1% were applied, based on the calibration
with distilled water.

Surface tension measurements were performed on a KSV Contact Angle and
Surface Tension Meter with a CAM 200 CCD camera and CAM 2008 software. A
1.25 mm diameter hypodermic needle and a syringe were used to produce fifteen
pendant blood drops with fully developed (elongated) neck. Before each test the
needle was cleaned with 1% Virkon solution, rinsed with distilled water and
acetone, then carefully dried with a hot air gun. Droplet images were captured and
analyzed by fitting a curve to the image profile. The mean surface tension and
standard deviation of the mean were calculated.

Packed cell volume (PCV) of pig blood was measured after 4 min centrifugation
at 12,000 rpm in a Hettich EBA 21 Centrifuge (Andreas Hettich CmbH & Co. KG). An
average value was taken from six capillary tube readings. Only slight, if any,

Table 2

haemolysis was visually observed in blood which had been used in the dripping
experiment.

Porcine whole blood and plasma viscosity were measured at a shear rate of
1000 s~ with a rotational rheometer HAAKE Rotovisco RV 20 with NV coaxial
cylinders sensor system. The rheometer heating bath thermocontroller HAAKE F3
maintained blood at 37 + 0.01 °C. Two verification runs were made for each sample.
Shear stress correction factors of the order of 3% and instrumental error based on the
device calibration with a general purpose viscosity reference standard type N10
(Paragon Scientific Ltd.) were applied to the obtained data.

2.3. Drop formation

Liquid was introduced at the top of the object and allowed to flow over the
surface to the lowest point, where the drops formed. A peristaltic pump (Gilson
Minipuls 3 M312, Gilson LTD) with a speed controller and 4 mm diameter silicone
tubing was used to draw the liquid from a reservoir flask to the experiment. A
constant flow rate of 0.1 +0.02 mL/s (measured by weighing) was maintained.
Distilled water was tested at ambient temperature 22 + 0.5 °C. The blood was heated
to 37.5 £ 0.5 °C in a reservoir flask placed in the water bath, both agitated by magnetic
stirrers. The temperature of the blood leaving the supply tube was 36.8 & 0.5 °C, but
the objects were at ambient temperature 22 + 0.5 °C.

For each object studied and for each liquid tested, the formation process of
twelve drops was captured on a Redlake MotionPro v3 (CCD or CMOS, resolution
1280 x 1024 pixels) at 1040 frames per second. Motion Studio Ver. 2.09.00
(Integrated Design Tools (IDT), Inc.) software was used to operate the camera. The
experimental set up was side- and back-lit by 0.5-2 kW incandescent lamps placed
behind diffusing screens of sandblasted PMMA. The images were processed with
Photron FASTCAM Viewer Ver.3.0 (Photron Ltd.) software.

Horizontal and vertical diameters of the primary drop were measured as it
passed through the approximately spherical phase of its oscillation and then
averaged. A distance calibration (pixels/mm) was made using an image of a steel
ruler. Typical magnifications of 14 pixels/mm were used. The ruler was mounted
vertically as close as possible to the object plane of the camera and within 2 mm of
the perimeter of drop formation on the object surface. The second parameter of interest
was the number of accompanying (satellite) droplets produced from the ligament
breakup. Accompanying droplets were allowed to fall 6 cm from the object surface to
ensure the cessation of inter-droplet interactions (collision and coalescence [36]) and
were then counted. Absolute uncertainties based on the standard deviation of the
mean and instrumental uncertainties for each set of the experiments were calculated
for a 95% confidence interval.

The dripping rate of test liquids, i.e. the number of drops detached from the object
in unit time was assessed by measuring the time for 10 drops to detach using a digital
stopwatch. The relative error of these indirect measurements was less than 3%.

3. Results

The primary drop size and number of accompanying droplets
formed from objects of different surface curvature and
roughness are shown in Figs. 4 and 5. The plots include data
from dripping experiments with distilled water and with
porcine blood, and error bars are equal to two times the square
root of the sum of squares of the instrument error A;, (one pixel)
plus the standard deviation of the mean S, multiplied by
Student’s coefficient t=2.2 for 12 measurements and a 95%

confidence interval: A = \/(Ai)? + (£5)°,

The mean primary drop size, for both distilled water and blood,
decreased as the object surface mean curvature increased over the

Measured physical properties of porcine blood and distilled water. Errors listed are either sample standard deviations or absolute errors for a 95% confidence interval.

Before the experiment

After the experiment

# of measurements Published reference values

Pig blood

Age since collection from a pig 1-Day-old
PCV 0.39+0.01
Density (x10°kg/m>) 1.069 +0.022
Surface tension (mN/m) 62.47 £0.71
Whole blood viscosity at 1000s~" (mN s/m?) 4.001 +0.008
Plasma viscosity (mN s/m?) 1.482 +0.003
Distilled water

Density at 22°C (x10%kg/m?) 1.007 +0.028
Surface tension at 22 °C (mN/m) 71.87+£0.35

Viscosity at 22 °C (mN s/m?)

2-Days-old -

0.388 £0.006 6 0.40-0.45 [24]

1.069 +0.021 5 1.052-1.063 [25-27]
62.96 +0.49 15 55.5-63.1 [28,29]
4.133 £0.008 2 3.2-4.4 [30-34]

- 2 1.025-1.029 [30,31]
0.993 +£0.030 5 0.998 [35]

72.06 £0.37 15 72.75 [35]

- - 1.002 [35]
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Fig. 6. Dripping of water from the cylindrical object with H=0.013 mm~! and 2.4 pm surface roughness. Smallest scale division is 0.5 mm.

0.37 wm rough). This corresponds to drop volumes of between
52.0 pL and 156.1 L. Blood drops tended to be more variable in size
than water drops for a given object.

For the cylinders, primary drop size correlated, although
weakly, with object roughness over the roughness range studied,
both for water and for blood. The correlation is weaker for blood
than for water. The maximum observed deviation in mean drop
diameter due to difference in roughness of a particular sample was
0.9 mm for blood and 0.6 mm for water.

However, the obtained data showed a slight increase in the
mean primary drop size as the object’s roughness increased from
0.4 pm (smooth samples) to 6.3 wm (medium samples). A further
increase in roughness to about 12 pm led to a decrease in drop size.
This was seen in both water and blood data. The flat plates show no
change in primary drop size due to roughness.

The number of accompanying water and blood droplets
decreased with the object surface curvature (from blunt to sharp
weapons), but the trends were not clear because of the high
variability in the data (Fig. 5(a) and (b)). No statistically significant
correlation with the surface roughness was observed.

Blood was observed to produce a slightly higher number of
accompanying droplets compared to water.

The dripping rate of blood was generally higher than that of
water, though of the same order of magnitude. Dripping rate was
observed to increase with the surface curvature of the object from
which either blood or water was dripping within the range of about
0.5-0.6 for flat objects to 2-2.5 drops per second for the sharpest
object tested, knife. 5-8% difference in the dripping rate was
associated with the difference in the roughness of the wetted
object with higher values for rough objects and lower for medium
ones, compared to the smooth objects tested.

The process of passive blood drop formation differed from the
formation of water drops and seemed to be more complex and
variable. For both liquids, the process began with the slow

formation and growth of a pendant drop at the lowest point of the
object under the action of gravity. A drop with the critical weight
then started to fall, but remained connected to the volume of liquid
adhering to the object surface (residual liquid) by a liquid neck. The
neck then elongated forming a thin ligament.

With water, uniform axisymmetric cylindrical ligaments were
observed in all test cases. The water ligament when narrow enough
broke up first at the bottom near the primary drop (Fig. 6(a)). The
surface tension force at the ligament’s highly curved lower end
pulled it upward (Fig. 6(b)). Surface instabilities (waves) occurred,
grew and propagated upward and eventually reached the upper
end of the ligament. The ligament then broke off from the residual
liquid at the top and contracted vertically into one or more
accompanying (or satellite) droplets (Fig. 6(c) and (d)). These
oscillated in shape and occasionally collided or bounced from each
other and moved with different velocities and trajectories.

For the case of the dripping of blood, ligaments generally had
non-uniform (stepped) shapes (though they are axis-symmetric). A
number of liquid bulges (satellite beads) could be distinguished in
the ligament body (Fig. 7(a)).

The blood ligament narrowed with time and underwent several
fragmentation phases. It occasionally ruptured firstly either at its
lower end just near a primary drop or, more frequently, anywhere
in the lower part of its body leaving a fragment attached to a
primary drop (Fig. 7(b), (f) and (g)). It should be noted, however,
that in several cases the initial blood ligament was observed to
break first at the upper end or in the middle. The detached primary
drop tended to merge with the adjacent ligament fragment while
moving downward.

The ligament could subsequently break in one or more places
along its length.

Finally, the ligament ruptured close the residual liquid (the
liquid which remained attached to the object). The size of the
ligament fragment remaining connected to the residual liquid after

g)

5

Fig. 7. Dripping of porcine blood from the cylindrical object with H=0.013 mm~' and 2.4 pwm surface roughness. (b), (f) and (g) are observed variants of the primary drop

detachment. The smallest scale division is 0.5 mm.
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Fig. 8. Porcine blood and distilled water dripping from a knife tip. Smallest scale division is 0.5 mm.

the detachment varied from case to case. It was generally drawn
back into the residual liquid.

Just prior to ligament breakup, thin threads were formed at the
point of rupture which then produced one or more small droplets.
Following this, the fragments of the ligament contracted into
accompanying droplets (Fig. 7(c)-(e)). Occasionally, one drop was
seen to bounce off another. This is a recognized phenomenon
which occurs over a certain range of Weber numbers and impact
parameter [36].

The fragmentation process seemed to differ for ligaments of
different lengths. In particular, shorter ligaments, as seen during
dripping from a knife, tended to rupture in only one or two places
and subsequently produced fewer accompanying droplets (Fig. 8).

It was observed that longer ligaments were formed on larger
objects, both for water and blood. However, blood ligaments
tended to be longer than those of water.

Once separated from the ligament, primary blood and water
drops continued to fall and experienced shape oscillations which
damped with time. The amplitude of the oscillation seemed to
depend on the way the drop was formed. The frequency of
oscillation is known to depend on drop volume and surface tension
and the rate of damping on viscosity [37]. In the present work
blood drop oscillations were observed to damp more quickly than
water drops.

4. Discussion
4.1. Effect of object size

The formation of larger primary drops from the less curved
objects can be understood in terms of the increase in an available
wetting area (Fig. 9). On an object of greater radius of curvature, the
edges of the suspended mass lie at an angle closer to the horizontal
(and the vertical component of the surface tension force is smaller),
unless the suspended mass extends further around the object. The
greater wetted area leads to an increase in total interfacial tension
forces between the liquid and object surface which in turn can
support a greater mass of liquid before it detaches. In addition,
more liquid is available to flow into the ligament body as it
extends, producing a large number of accompanying droplets. This

Fig. 9. Dripping of water from (a) the cylinder with H=0.1 mm~! and 0.66 wm
surface roughness and (b) form the cylinder with H=0.01 mm~' and 0.19 pum
surface roughness. The smallest scale division is 0.5 mm.

effect, however, is not pronounced, possibly due to the low rate of
liquid inflow.

4.2. Effect of liquid properties

The higher surface tension of water is believed to be responsible
for the larger primary water drops in comparison to blood (see for
example [38]). The higher surface tension of water supports a
greater mass of liquid before the droplet separates.

The variability in the number of accompanying drops may be
explained by the viscosity of the liquid. In particular, the higher
viscosity of blood, especially at the low shear rates which occur in
the dripping process, slows the liquid as it flows axially along the
ligament. In addition, viscous forces damp capillary waves,
stabilizing the ligament. Because of this blood ligaments tend to
be longer and more uniform in diameter at the time of breakup,
compared to water ligaments which have lower viscosity. This
consequently leads to the formation of a slightly greater number of
accompanying droplets as a result of the breakup of the longer
blood ligaments.

It may be hypothesized that, due to the high elongational
stresses generated during the evolution of the ligament, the
viscoelastic nature of blood properties becomes apparent. The
observed shape of the blood ligament with a number of liquid
bulges on it may be associated with this viscoelasticity [39].
Similar structures were observed during the detachment of drops
of dilute aqueous solutions of high molecular weight polymers
exhibiting viscoelastic (with elevated elongational viscosity)
behavior by Wagner et al. [40]. Alternatively, these bulges may
simply be capillary waves on the surface of the ligament.

The main drop size does not seem to be influenced by the fluid
viscosity since the velocity gradients during the drip formation
process are low. However, the variability in the observed main
blood drop sizes may be related to the variability of the ligament
fragmentation process. Notably, whether the ligament first breaks
up near the end where it joins the primary drop, or closer to the
object. The latter case implies an increase in the drop volume due
to merging with the attached ligament fragment.

A study of the motion and breakup of ligaments of liquids with
different viscosities by Handerson et al. [41] proposed a criterion
for a ligament breakup/pinch off location based on the growth rate
of disturbances with various wave numbers. In short, a ligament
breaks up in one or more interior points if the wavelength of the
most unstable wave mode is shorter then the ligament length. The
breakup occurs at the ends when the wavelength is approximately
equal to the ligament length.

The complexity of the blood ligament formation, elongation and
fragmentation invites further investigation.

EDTA, used to prevent blood coagulation in this study, was
observed previously to slightly increase blood density, viscosity
and surface tension of blood. This might have caused a slight
increase in the sizes of primary blood drops and formation of
longer blood ligaments and, consequently, more satellite droplets.

The detailed study of the influence of different anticoagulants
on physical properties of blood will be addressed in future
publications of this research group.
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Fig. 10. Diagram of advancing 6, and receding 6, contact angles.

4.3. Effect of surface roughness

The surface roughness of the flat plates, with a cross-hatched
surface texturing, appeared to have little effect on either primary
drop size or number of accompanying drops. There was a weak
dependence of primary water drop size on the roughness of the
cylinders, and possibly a still weaker dependence when the fluid is
blood.

The role of the unidirectional texturing of the machined objects,
meaning a complex periodic surface structure of parallel peaks and
valleys, in the drop formation process should be considered in
relation to the wetting phenomenon. A static or equilibrium angle
between the solid-liquid interface and the liquid-air interface at
the point of contact, called the contact angle 6 (Fig. 10), is used to
quantitatively describe wetting and is defined by the Young-Dupre
equation [42-44].

The static contact angle on a rough surface generically differs
from the contact angle 6y on an ideal (flat, rigid, smooth and
chemically homogeneous) surface. In addition there is contact-
angle hysteresis on non-ideal surfaces, defined as the difference
between the advancing 6, and receding 6, contact angles during the
dynamic wetting (Fig. 10).

Liquid can wet a rough surface by filling in the troughs between
the surface asperities [45].

Assuming that the surface roughness scale is insignificantly
small compared to the dimensions of the liquid-solid contact area,
the apparent contact angle is believed to depend on the ratio of
actual to projected wetted area, called the roughness ratio, and
increases with roughness if 65> 90°. Whereas, for 69 < 90° it
decreases with roughness compared to the contact angle on the
smooth surface [46].

This implies that hydrophobic surfaces become more hydro-
phobic, while hydrophilic surfaces become more hydrophilic when
microtextructured. Consequently the liquid tends to spread more
easily and cover larger areas on a rough hydrophilic surface.

The stainless steel used for the test objects has a high surface
energy and exhibits hydrophilic properties where 6y < 90°, which
indicates its high degree of wettability by water [47,48]. The
observed contact angles on the flat plate samples tested were
90 < 90°.

From the present data, it is suggested that an increase in the
area (and perimeter) covered by the liquid (caused by the decrease
in contact angle) on roughening leads to an increase in the
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Fig. 11. The increase in advancing contact angle 6, due to the slope of a surface
asperity a.

interfacial forces which in turn support larger liquid drops on
rougher objects than on smoother objects.

In some cases (if the contact angle is large and the surface
sufficiently rough), however, a thin layer of gas can be left between
the liquid and solid surface [49,50]. Such a system must be largely
hydrophobic with relatively high contact angles, and is unlikely in
the present system.

Asperities on rough surfaces could pose significant barriers for a
liquid flow especially if the roughness scale is relatively high [51-
55]. This results in the pinning of a contact line and an increase in
an advancing contact angle depending on the slope of the surface
asperities/roughness at the liquid perimeter (o) for both rough-
ened wetted and non-wetted surfaces (Fig. 11).

This effect may explain the formation of the smallest passive
drops from the rough objects tested as a result of the reduction in
the interfacial forces proportional to a decrease in the liquid-solid
contact perimeter which accompanies a decrease in the contact
angle on a sufficiently rough surface.

The combination of opposing effects (increasing surface
roughness increases fluid contact area, but also exacerbates
contact line pinning, perhaps limiting the fluid contact area)
may explain the maximum in primary water drop size seen at
medium roughness, with smaller drops occurring when the
roughness is either increased or decreased. However there is not
yet sufficient data to draw a firm conclusion. In any case, the size of
the primary drops varies little with roughness value (Rg)
suggesting only slight alteration of the available for wetting area
(and perimeter) over the roughness range studied.

It should be noted that the influence of the surface texture on
wetting is not limited to the effects of surface roughness (R;) only,
but the process may be influenced by other topological character-
istics, for example, by the orientation and form of the roughness
asperities [56].

The present results are for a flow rate of 0.1 mL/s only and the
effect of varying flow rate would benefit from future study.
Temperature and surface tension gradients, pressure fluctuations,
air currents and evaporation may also affect drop formation
mechanism, possibly inducing variability in resulting drop sizes,
but this is expected to be small in the present study.

5. Conclusions

The process of passive dripping from (blunt and sharp) objects
with different surface curvatures and roughnesses has been
studied with high speed video and the size of the primary drops
and number of accompanying drops have been measured. These
objects were chosen to represent weapons that might be used
during the commission of a crime. Distilled water and porcine
blood, controlled so that the surface tension and viscosity fell
within the normal human range, were used.

Previous observations [6,8,9] that the size of a primary passive
blood drop decreases as the surface curvature of the object from
which it drips increases, have been confirmed by our findings, and
systematically quantified. Blood drop volumes of between 37.4 L
(knife) and 121.8 wL (cylinder with H=0.01 mm~! and 3.59 wm
roughness) were recorded. The primary drop size was, however,
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relatively insensitive to the size of the object if the mean curvature
of its surface was smaller than 0.10 mm~! (primary blood drop size
87-125 pL, diameter 5.5-6.2 mm in this range). Surface roughness
influenced drop size only weakly for the cylinders studied, and not
at all for flat plates, so surface roughness not a complicating factor,
over the hydrophobicity and the range of roughnesses studied.

Blood on average tended to produce a slightly greater number
of accompanying droplets than water and there was some
dependence on object size, but the number of accompanying
droplets showed great variability even under nominally identical
conditions. The surface roughness had a small effect on the drop
formation mechanism, over the roughness range studied.

It is possible, under favorable conditions, to infer the impact
velocity and hence fall height of a passive drop hitting a target
surface, from the stain size, if the primary drop volume can be
ascertained using a correlation such as that between stain
spreading and the impact Weber number [13]. We speculate that
primary drop size could be estimated for smaller weapons if the
shape and surface roughness of the dripping object is known. It
may also be possible to distinguish dripping from blunt objects
such as baseball bats and iron bars from that of sharp weapons
such as knives and screwdrivers. However further work is required
to determine the reliability of such methods when factors such as
temperature, movement or vibration of the object and blood
composition are considered.
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