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Charts based on millions of fluid dynamics simulations provide a simple tool to estimate how far
from its source a specific blood stain can be found

Daniel Attinger
lowa State University, Mechanical Engineering Department, Ames 1A 50010, USA
Highlights

e A large dataset of more than five million of numerically calculated trajectories of blood
drops is produced and mined to determine the maximum distance between a blood stain
and the source of the blood.

e The numerical results are presented as a set of charts that can be directly useful for
investigative work in bloodstain pattern analysis.

e Results are presented using variables that are directly and easily observed on the crime
scene, such as the stain size and its ellipticity.

e The packaging of complex physics into a tool that is simple to use and that does not
require any knowledge of fluid dynamics is analog to a pregnancy test.

e Comparisons with existing reports of experiments and a limited set of experiments are
consistent with the results of the proposed theoretical model.

Abstract

The bloodstain pattern analyst sometimes has to judge if a given stain could originate from a specific
location. A wide range of values of the maximum distance that a blood drop can travel have been reported
from experiments, ranging from less than one meter to more than 10 meter. Here we formulate the
problem in a fluid dynamics and data mining framework. The fluid dynamics is solved with Newton’s
classical equation of motion coupled with well-established models for the gravity and drag forces that
bend the trajectories of drops. The parameters screened are the drop size, initial velocity and launch angle,
as well as the height of a blood source and the ceiling height. Combining a wide range of values of those
five parameter commended the performance of more than 5 million fluid dynamic simulations. Results of
those simulations have been searched and mined for parameters directly measurable on a crime scene,
such as the stain size and stain ellipticity. The results are presented in simple charts. Those charts are easy
to use, and do not require any knowledge of fluid dynamics from the analyst.

Introduction

Recently, fundamental research in BPA has augmented the science base and offered new venues for the
development of tools and methods. For instance, several recent studies have improved the knowledge
base and tools related to the determination of the region of origin of a stain or a spatter. For instance, a
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method to infer the fall height of a dripping drop was proposed [1] based on a fluid dynamics analysis of
the occurrence and abundance of spines -which are pointy deformation at the periphery of a stain.
Uncertainties related to fluid dynamic conditions on the determination of the impact angle from stain
inspection have been investigated quantitatively [2]. The fate of a dripping drop was characterized as a
function of the impact conditions, with respect to spreading on various target materials [3]. Quantitative
measurements were made of the wicking, rotation and deformation of stains caused by fabrics [4]. New
fluid dynamic models of the atomization of blood have been tested against backward [5] and forward [6]
gunshot spatters. Medium to large datasets of blood spatters [7] [8] have been made available, in high
resolution, to the scientific community for the purpose of testing methods and data. High Speed videos
describing the multiple physical phenomena related to BPA were produced [9], and quantitative
measurements thereof have estimated the initial velocities and drop sizes [10]. State of the art image
processing methods [11] were described to measure the multiple stains (more than 40,000 in some
gunshot spatters). Also, blood is a complex fluid with properties that are not yet fully known. Its
properties have been further characterized in terms of storage life [12] and extensional viscosity [13].
Trajectory models accounting for the effect of drag and gravity on drops were formulated and calibrated
[14, 15]. Many of the rationale for these research efforts can be justified by the multiple and natural
connections between fluid dynamics and bloodstain pattern analysis [16]. That latter reference presents
the fluid dynamics concepts relevant to BPA, with relevant examples, and might help BPA practitioners
and researchers who are not already familiar with fluid dynamics, understand of the fluid dynamics in the
present manuscript.

Despite the above acceleration of research, it is not clear to the author if any of the above efforts has
resulted in novel methods currently used in the field. It certainly takes time to vet academic progresses
and to package these into useable tools. It is a complex task to change an industry. For instance, airline
pilots still communicate with control towers using low quality analog radio, despite more advanced digital
systems like FANS [17 ], which have been under development since at least the 1990s. Those digital
systems provide clear voice quality with written transcription. Importantly, new forensic methods must be
robust, easy to use, offer a significant improvement over the state of the art, with other desirable
requirements such as a known uncertainty and error.

Here we address a practical problem relevant to BPA with a set of charts that can be used without
knowledge of the complex underlying physics. The fluid dynamics is indeed packaged in a large data set
of millions of simulation results, the useful results of which are provided as simple charts. The practical
problem is as follows. The bloodstain pattern analyst sometimes has to assess if a given blood stain could
have originated from a given location at a crime scene. Thus arises the question of how far a blood drop
can be found from its blood source.

This question has been addressed experimentally in several studies. The location of stains furthest away
(horizontally) from a blood source has been measured in studies of gunshots, where various guns,
ammunition, settings and blood source have been used. Examples of blood sources include calves heads
[18], a human cadaver filled with blood [19], foams or sponges soaked in blood [20, 21], or cavities filled
with blood [6]. Some experimental results of blood spatters were selected for comparison with theoretical
and numerical studies, and the maximum experimental distances were 70cm [22] for backspatters and 4
meter for forward spatter [6]. An anonymous literature review in the 2007 newsletter of the International
Association of Bloodstain Pattern Analyst [23] mentions 12 references for “distance that backspatter
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travels”. Depending on the study cited, the maximum distances given are between 30cm (= 1 foot) and
6.5 feet (= 198cm). It is important to mention that not every one of the work cited [24-29] was focused on
the same single issue of how far on drop can travel. Some studies were focused on how far sub mm-stains
would travel [30], while some other were focused on the presence or not of stains on the hand holding the
gun [28]. At the 2018 IABPA conference, the presentation “Slugger Slaying Caught on Tape” by John
Bockrath and Ray Lugo describe a beating in a Walmart department store [31]. The beating was recorded
by the surveillance cameras in a unique and gruesome piece of data. The victim was on the floor and did
not move; their head was destroyed by repeated assaults with a baseball bat, and the furthest stain was
found 33 feet (= 10.1 m) away from the region of origin of the spatter, which as far as we know is the
largest reported distance to date.

Note that there is little standardization in the above studies with respect to the blood (human or animal),
its hematocrit (known or unknown), its temperature (ambient or heated), its container and the height of
the blood source over the floor. The present theoretical work solves the problem in a general manner, with
clearly stated assumptions. Comparisons with experimental data are consistent with the theory. The rest of
the manuscript is organized as follows: a brief presentation of the theoretical framework leads to the
results and their discussions, followed by a thorough description of the methods used to obtain those
results.

Theoretical question and framework

The theoretical question addressed in this manuscript is represented in Figure 1: “A blood source at height
h over a horizontal floor, in a room with ceiling at height H, generates drops with a broad and realistic
range of diameters, initial velocities and launch angles. How far from the blood source can the drops
travel?

Note that the theoretical question above corresponds to a physical and deterministic problem. By
deterministic we mean a problem proceeding forward in time, from well-known initial conditions.
Questions asked to forensic investigators are never that simple, as those questions are rather
reconstruction problems. Indeed, in a bloody crime or accident, little is known about velocities and drop
sizes. The available evidence is one or several stains, or patterns thereof, on a given target surface. The
investigator can measure their orientations, sizes and shapes. The question asked by the bloodstain pattern
analyst is thus not the deterministic question above (“How far can a blood drop travel from its source?”),
but the slightly different question: “Considering a stain, what is the ensemble of locations in space from
which it could have originated?”” This reconstruction question could be solved by proceeding backward
in time from impact conditions inferred from stain inspection, but this study takes a different route, in
solving millions of time-forward trajectories and then mining the data for the results of interests, as
follows.

To answer the two above questions, we first design and perform numerical simulations to calculate a data
set of drop trajectories, screening a wide range of initial velocities and drop sizes, of room dimensions
and of height of the blood source. The range of parameters is presented in Table 1.
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Each trajectory is calculated by numerical integration of Newton’s second law for a drop moving through
the air, proceeding forward in time until the drop either hits the ceiling, the floor, or breaks up in flight.
The calculation of the drag force is based on published models based on published correlations based on
experiments. The drag model considers that drops deform in flight, and the corresponding increase of
drag. Information on stain ellipticity is estimated from the numerically calculated impact angle, and stain
size is estimated from widely used spreading correlations. The resulting data set is relatively large,
corresponding to more than five millions of different trajectories. Numerical sorting and search of the
data set is then performed to produce charts of interest for forensic reconstruction. Those charts are
presented in the results section, with clear instructions on how to use these and on the underlying
hypotheses. Results of the theoretical simulations are finally compared with several experiments
documented in the BPA literature, as well as a limited set of gunshot spatter experiments performed in the
context of this work. Details of the simulations and methods are provided in a later, specific section.

Results and Discussion

In figure 2, the ceiling height is 2.75 m (~9 feet) and some red trajectories are seen to hit and stop and the
ceiling. Note also the small and fast drops (cyan) that ultimately fall almost vertically to the floor (on the
right): those drops descend at terminal velocity, and create round stains that have lost any directionality.

Numerical results

In this section, several numerical results of interest to practitioners are provided. Figure 3 describes the
maximum distance that a stain on the floor can be found away from a blood source, as a function of the
stain size and ellipticity. This maximum distance is larger than 7 meter, and is reached by stains with
equivalent diameters in the 10-50mm range. The size of the stain is expressed by its equivalent diameter,

dg = \/%, which is approximately equal to VWL, as represented in Figure 1, right. Above, the symbols

A, W and L stand for the area of the stain, and the width and length of an ellipse fitted to the stain,
respectively. The shape of the stain is defined by the ellipticity of a best-fitted ellipse € = V—: Other

variables illustrated in Figure 1 such as ceiling height, height of blood source, drop diameter and drop
velocity are allowed to take any combination of values of Table 1. On the left of the plot, the
accumulation of vertical contours describe the fact that stains with sub-mm size do not travel far from the
source, which is consistent with experimental observations that the “mist’ produced by backspatter does
not travel further than a few feet [23]. Since no constraints were set on the height of the blood source, of
the ceiling, nor on the initial velocity, it is possible that some results for specific values of ceiling height
and source height are smaller than in Figure 3. Examples of specific cases are in figures Figure 4 to
Figure 6.

It is also possible to screen the numerical results for more specific situations, to obtain even more
precise answers. For instance, let us assume that the position of the blood source is known, from,
e.g. wound evidence or concurring testimony. This limits the range of source heights, as shown
with the model photographs in Figure 4. Heights corresponding to the three positions (lying on
the floor, sitting or standing) are listed in Figure 4a, in an exclusive way, assuming a height
range that only corresponds to on given position.
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Curves in Figure 4a describe the maximum and minimum horizontal distances between a stain
and its source, with respective hatched and continuous color lines, as a function of the position of
the source and the ellipticity of the stain. For instance, if the blood is known to originate from a
standing person, and the measured ellipticity of the stain is 0.7, the red curves provide the
maximum and minimum horizontal distances as rp,;, = 3m; ry.x = 6m. Interestingly, results
of the model reported in Figure 4a show that the curves for the “standing” and “sitting” heights
do not extend all the way to the left of the figure. This illustrates that stains with low ellipticity
values are not compatible with an arbitrary source height. Indeed, a search on the entire data set
indicates that the minimum predicted stain ellipticity corresponding to a respective source height
of 40cm or 140cm is 0.31 or 0.61, respectively. Thus, the model would indicate that a stain with
ellipticity of, e.g., 0.5 could not originate from a height of (or larger than) 140cm. Figure 4b
explains how to use Figure 4 to discriminate among possible and impossible locations of the
victim: locations E and A are impossible because their horizontal distance to the stain is larger
than rmax; location C is impossible because its horizontal distance to the stain is smaller than rmin;
location F and E are not aligned with the main direction of the stain, thus impossible; location D
is aligned with the main direction and within the correct distance, but the presence of the
splashing features (also called wave cast-off) indicate that the drop flew from the opposite side
of the stain, the side of location B. Thus only location B is compatible with the stain of interest.
Note that we assume a specific uncertainty on the main direction of the stain, as in [32], and this
uncertainty is represented by the thickness of the wedge. This angular uncertainty depends on
several factors such as the target material, the size of the stain, and the impact angle. On the one
hand, a round stain typical of normal impact will have angular uncertainty of +/-180°, which is a
whole cylindrical cake. On the other hand, an elongated stain with ellipticity of about 0.4
corresponding to a slanted impact angle of about 40° will have angular uncertainty of a few
degrees, say +/-3°. A tentative quantification of the uncertainty on the direction of stains on
cardstock is in [33]. Also, if the investigation deals with persons of widely different heights or
figure than the model in Figure 4, in-situ measurements with a model of similar size as the
person of interest are necessary.

The problem in Figure 1 can better be addressed by considering the additional information of the
stain size. Results in that case are reported with two plots in Figure 5, one for the maximum and
one for the minimum horizontal distance that a stain can be found from its blood source. In the
specific case of a stain with equivalent diameter of 20mm and an ellipticity of 0.7, Figure 5
determines the minimum distance as larger than 3.3m, while Figure 4 determines the distance as
larger than 3m — without using information on the stain size. Thus, the additional information on
stain size can reduce the uncertainty on the location of the blood source in specific cases.

Figure 7 has no practical use but informs on several aspects of the fluid dynamics at hand. It plots the
same maximum distance between stain and blood source as Figure 3, however as a function of the initial
drop size and drop velocity. Figure 7 is not directly useful on a crime scene, because drop size and initial
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velocities are unknown. While past literature has associated typical drop sizes and velocities to specific
events such as beatings and gunshot, recent optical measurements in [10] have shown that the single same
atomization mechanism, a gunshot by Laber et al. [9], would generate a wide range of drops sizes and
initial velocities. Interestingly, the drops that travel the farthest are those with average size (d €

[2mm — 6mm] and average velocity (V = 14m/s). Faster drops corresponds to the white region in
Figure 7, where drag overcomes surface tension and the drop breaks up in flight. Smaller drops suffer
from a disproportionally strong drag, with respect to their inertia, and do not travel much — less than 2
meter for drops smaller thank 500 micrometer. Larger drops can only be thrown at velocities below
10m/s, to avoid break-up in flight. This explains that larger drops cannot travel as far as those with
average size. Charts like Figure 7 summarize millions of numerical simulations and allow to see through
various aspects of the physics of the problem, in a different way than via experiments.

In interpreting the numerical results, it is important to keep in mind the assumptions underlying the
calculations presented here.

a) The model considers deformation and breakup of drops during flight under the effect of drag
forces [34].

b) Blood properties are same as those of swine blood at 22°C [16].

c) Effects of wind and indoor air currents on the trajectories is considered negligible. See [14] for
estimates of those effects. Similarly, it is assumed that muzzle gases do not modify the drop
trajectories in the case of gunshot spatters.

d) Each drop travels independently from any other. The ‘bird formation flight’ effect in [5] is thus
neglected. Consideration of this drag reduction effect might increase the maximum distance
between drop and source, especially for situations where the launch angle is within a narrow
range — like jets in e.g., arterial gushing.

e) The stains of interest are those found on the horizontal floor. Results are not directly applicable
to stains found on a vertical wall or on the ceiling.

f) The spreading of stains on the non-absorbing target of interest is similar to that characterized on
smooth cardstock [3].

g) The stain ellipticity is a simple function of the impact angle, shown in Figure 1, for any fluid
dynamic conditions.

Experimental results: While this study is essentially theoretical, a small set experiments were also
performed. The blood source was a cavity filled with blood, similar to the one used described in [6], set
at height 1.3m. The blood source was hit by a full metal jacket bullet shot with either a rifle or a handgun.
No attempt was made to screen the muzzle gases, as the gun was held relatively far from the blood
source, about 250 cm. The floor of the shooting range was covered with 5 strips of 36°’-wide butcher
paper, corresponding to a total width of about 4.55 m (180°’) and a length in the direction of the bullet
path of about 10 meter. The ceiling of the shooting range was measured as 260cm. The most remote stains
were circled with pencil on the butcher papers, which have been preserved. The horizontal distance
between the most remote blood stain and the blood source was recorded. Two experiments were made
with the handgun, and one with the rifle. Bullets and guns are described in Table 2.
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Temperature in the shooting range was 15°C and the hematocrit of the pig’s blood used was 39%.
Maximum distances measured were 3.92 m for the rifle and 5.45 meter for the handgun.

Note that those experiments on how far a blood drop travels were not as extensive as the independent
reports of the same cited in the introduction, but were produced within a larger effort focused on creating
a data base of freely-available high-resolution spatters [7]. Gunshot experiments are good candidates to
produce stains at large distances from their source, because gunshots produce a wide range [10] of drop
velocities and drop sizes, including drop sizes and velocities likely to travel maximum distances, as
predicted in Figure 7.

Considering the data reported in the introduction as well as the above experiment, maximum distances
reported experimentally between a blood stain and its source vary between 30cm and 10 meter. Figure 8
compares experimental data with the numerical results of this manuscript.

In four out of five studies, the maximum distances reported experimentally are smaller than the maximum
distances predicted by our simulations. This trend to be expected because the numerical simulations
correspond to every possible combination of drop size, velocity, launch angle, while any experiments will
only produce a subset of those combinations — although gunshot backspatters have been shown to produce
40,000 stains [8]. The fact that experiments only produce a subset of velocities and drop sizes also
explains the scatter of the experimental data. One reported experimental result is larger than the
theoretical maximum, by about 2 meter. This is unexpected, and the author remembers addressing the
issue in the questions following the oral presentation [31]. Possibly, one or several assumptions of the
numerical simulations presented here need to be revisited. The speaker hinted at the fact that the stain was
possibly not pure blood but rather brain matter. Indeed tissues such as brain matter behave differently
than fluids, because they have internal structure that maintain their cohesion. They behave differently in
the way fragments are created upon impact; also, flying chunks of brain matter deform less than blood
drops and are less likely to break up because of drag forces. Technically, the experimental data of [31]
violates assumption (b) presented above. There is certainly a lot more physics to uncover in the world of
bloodstain patterns.

Methods

There is a wide body of engineering literature describing the trajectories of flying drops, in relation to e.g.
inkjet printing [16], fuel injection [35] or raindrops [36]. Thus simulations such as those presented here
do not present specific difficulties beyond the challenge of running 4 millions of these within a reasonable
amount of time. The simulation equations and framework are described below.

The trajectories of flying drops are described with an equation of motion based on Newton’s law:

dv -~ =
my 4 = Mgg - Fp.

1
Above, my,t,V ,g’,F_D’ are the drop mass, time, drop velocity, gravity acceleration and drag force,
respectively. It is assumed that the air is quiescent, and that the interactions between drops are negligible
Lift forces are also neglected — those would matter if the drop spins and such information is unavailable at
the time of reconstruction.
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To calculate the equation of motion (1), it is necessary to estimate the drag caused by the air on the
travelling droplet. The drag force is defined as in [16]

— Aq =
FD:paCD 7dvva (2)

where p,, Aq,V and V are the air density, the cross-sectional area of the undeformed droplet (As=nd?/4),
the velocity magnitude and velocity vector of the droplet, respectively. The dimensionless parameter Cp
is a drag coefficient for isolated spherical particle, modified to account for the particle deformation that
occurs at intermediate Weber number. Indeed, when the Weber number becomes larger than one, the drop
becomes oblate, with a ratio of the largest diameter to the smallest that can be as high as 2 [37]. At higher
drag, the drop has been observed to break up in flight, and those trajectories are excluded from the
simulation. The drag coefficient has been validated against a wide body of experimental studies reviewed
and synthetized by Loth [37], and is expressed as.

Co = Co sprere *ACo *(Cip ctormed — Cov shere )- 0 <We, <13,400 < Re, <7000 @)
In the above equation,
ACp = 3.8 x 1073(We,Re?) + 3 x 1075(We,Red?)% + 9 x 1077 (We,Red?)3 (4)

is an empirical fit provided in [37] and based on experiments with drops of various fluids in air by
Reinhart [38]. The Reynolds and Weber numbers are based on air as the fluid, as per their subscript a. The

other terms in equation  (3) are also provided in [37]: Cj, (... is a drag coefficient for an isolated

spherical particle by Clift el al. [39]

_ ﬁ 0.687 0.42 < < 5.
CD,sphere - |: Rea (1+0'15Rea ) + 1+425(% N 0.1< Rea <2x10°; (5)
e,

and the drag coefficient at to the maximum deformation is an empirical relation by Clift et al. [39]

c _8 | 24(2+3u
D,deformed 3 R ea 3 + 3/1* ’
(6)

with p*the ratio of the dynamic viscosities of the blood and the air. Comparison between the drag
coefficient used in this study and the one correlated on experiments by Vargas et al. [36] showed no
significant difference in the trajectories.

Once the drop hits the ceiling or the floor, the angle between its velocity and the target surface is used to
estimate the stain ellipticity according to the relation sin(a) = v_Lv = ¢, and produce plots such as Figure 3

and Figure 4. To produce charts such as Figure 5, a relation is needed to estimate drop spreading and the
correlation between drop size and the size of the resulting stain. For oblique impact, Adam [40] has
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shown that a correlation exist between normal impact velocity and drop spreading. This correlation can be
expressed [41] in the way proposed by Bousfield and Scheller [40, 42],

B = W/D = a(Re}0h)". )

Above, B is the spread ratio expressing how much the drop spreads upon impact. It is the ratio of the stain
width over the initial drop diameter. The coefficients are specific to the impact surface, and here we use
coefficients a=0.257 and b=0.235 [3], measured on smooth cardstock. Those correspond to a non-
absorbing surface with average spreading, in the sense that drops would spread more on glass and less on
plastic [3]. The Reynolds number Rey = pV,d/u measures the ratio of the blood inertia normal to the

impact surface to the viscous forces inside the drop, and the Ohnesorge humber Oh = % scales inertial

N

with respect to the resisting viscous and surface tension forces. Symbols p, u and o, are the density,
viscosity, and surface tension of the blood drop, respectively, and u is the velocity component normal to
the target. The following values are used for the physical properties of air and blood: blood density p =
1060 kg/m?; surface tension between blood and air o = 59 mN/m; dynamic viscosity of blood p =42cP;
dynamic viscosity of air p, = 1.98 x10-5 Pa-s; density of the air p, = 1.229 kg/m3. The blood
properties correspond to swine blood, considered an adequate substitute for human blood in BPA
experiments, at temperature of 22°C and hematocrit of 45% [3]. The critical Weber number for drop
breakup in flight is set to 13, consistently with extensive experimental studies by Hsiang and Faeth [43].

The total number of simulations is the product of the numbers of each parameters in Table 1,
p=9x21x28x27x35 simulations, which represents more than 5 million simulations. Simulations were
conducted using the scientific computing language MATLAB [44] version 2013b, which is reasonably
fast at integrating ordinary differential equations and excellent at manipulating large amounts of
numerical data. Simulations took about 48 hours on a 2016 workstation (Intel i7 CPU at 2.7GHz, with
32GB of RAM). Results and input parameters of the simulations have been saved into a structured data
file of about 28 GB. The resolution of the saved trajectories is 20cm or better, in terms of horizontal
distance. The fate of the drop, which either hit the ceiling, hit the floor, or broke up in flight, is also saved
in the data set. Sorts and search operations with were then used to identify the data required for the
various plots of interest to BPA analysts.

Conclusion

A large dataset of more than four million of numerically calculated trajectories of blood drops is
produced and mined to determine the maximum distance between a blood stain and the source of
the blood. The governing equations are presented, and the results depend on the following
variables: drop size, drop initial velocity and launch angle, height of blood source and height of
ceiling. The numerical results are presented as a set of charts that can be directly useful for
investigative work in bloodstain pattern analysis. Results are presented using variables that are
directly and easily observed on the crime scene, such as the stain size and its ellipticity. The
packaging of complex physics into a tool that is simple to use and that does not require any
knowledge of fluid dynamics is analog to a pregnancy test. Throw-away pregnancy tests
packages complex chemistry and biology, even fluid dynamics, in a way that is easy to use and
produce reliable results. As such, the “pregnancy test” approach presented in this work is worthy

9
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of pursuing to design tools for the BPA analyst, besides the classical approach which consists in
teaching fluid dynamics to bloodstain pattern analysts. We would certainly recommend
considering both approaches, considering that typical mechanical engineering programs at e.g.,
lowa State University or EPFL allocate between 300 and 700 contact hours to teach fluid
dynamics and the pre-required math and physics background to their undergraduate students.
Comparisons with existing reports of experiments and a limited set of experiments are consistent
with the results of the proposed theoretical model. The wide range of reported experimental
values for the maximum travel distance of a blood drop warrants however further comparisons.
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ceiling

trajectory sin(a) =

ZT floor | stain

r !

Figure 1: representation of the problem at hand: ‘How far can a blood drop travel from a blood
source?”. The side view describes the controlling variables of the forward problems: two heights
(origin and ceiling), the initial velocity Vo and launch angle 6, as well as the drop diameter d.
The top view shows how the main direction of the stain determines the directional angle y, and
how the width W and length L of an ellipse fitted on the stain are used to determine impact angle
a and equivalent diameter ds. We use equivalent diameter because it is simpler to use than stain
area for the analyst. In the case of a round stain, the equivalent diameter is simply the diameter of
the stain.

~
T
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Figure 2: 3D geometry of 2160 simulated trajectories, corresponding to less than 0.5 %o of all the
simulations performed. Colors inform on the initial and boundary conditions, which are those of the
bolded parameters in Table 1. Red means large (d>1mm) and fast (Vo>1m/s) drops; blue, large and slow;
cyan small and fast; yellow small and slow. Yellow trajectories are barely visible because small and slow
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drops do not travel further than a few cm. While all the simulations are calculated in the two-dimensional
plane X-Z, the trajectories are plotted with an arbitrary rotation around the vertical axis, set by angle ¢ €
[0,360°] , to reduce overlap.
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0.9

(=)
~
—

o
(¢)]
—_

o
~

ellipticity of stain
o
()]

©
w
—_

0.2

0.1

0.02
0.033 10 20 30 40 50 60 70 80

equivalent diameter of stain, mm

Figure 3: Maximum horizontal distance, in meter, between a stain on the floor of a crime scene and its
blood source, as a function of the stain size and shape. Data is generated assuming that the height of the
blood source, of the ceiling, the initial velocity and the launch angle, can take any combination of values

listed in Table 1.
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............................................................

““““““ :7 ; —@any position
s s s A : /- standing

: ; : —7¢— sitting :
S — A N | <

01 02 " 03 C04ANN5 "06 Y07 208~ 0g° ¥
ellipticity of stain

!

Figure 4: (a) distance in meter between a stain and its blood source as a function of the drop ellipticity and the
position of the victim. Minimum distance is hatched, and maximum distance is continuous. Here the positions
(standing, sitting or lying on the floor) are described in an exclusive manner in terms of the associated heights. Data
generated assuming that the height of the ceiling, and the initial velocity, drop size and the launch angle, can take
any combination of values listed in Table 1. Example (b) of using chart in Figure 4a. Based on a measurement of

stain ellipticity, Figure 4a provides the minimum and maximum distance between stain and source, which are

respectively labelled rmin and rmax. Together with the direction of the main axis of the stain (indicated in blue with its
uncertainty), the possible location of the blood source is identified as a wedge-like “piece of cake” with blue edges.
In Figure 4b, multiple possible source positions are labeled A-F, and only position B is compatible with the shape

and orientation of the represented stain.
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Source Standing: maximum distance between stain and blood source, in meter

ellipticity of stain

0.6 I i I 1 1
0.033 10 20 30 40 50 60 70 79

equivalent diameter of stain, mm

Figure 5: Maximum horizontal distance, in meter, between a stain and its blood source, as a function of
the drop size and velocity. Source height is between 140cm and 200cm. Ceiling height, drop size, launch
angle and drop velocity can take any value in Table 1. Result indicated by the bold connector corresponds

to the maximum radius in Figure 4b.
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Standing:minimum distance between stain and blood source, in meter

ellipticity of stain
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Figure 6: Minimum horizontal distance, in meter, between a stain and its blood source, as a function of
the drop size and velocity. Source height is between 140cm and 200cm. Ceiling height, drop size, launch
angle and drop velocity can take any value in Table 1. Result indicated by the bold connector corresponds

to the minimum radius rmin in Figure 4b.
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initial velocity of drop, m/s
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diameter of drop, mm

Figure 7: The colors represent the horizontal distance between a stain and a blood source, as a function of
the initial velocity of the drop and the diameter of the drop. Regions without color correspond to breakup
in flight. Data generated assuming that the height of the blood source, of the ceiling, and launch angle can
take any combination of values listed in Table 1.
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Figure 8: Reported maximum horizontal distance between stains and blood source, rmax. Comparison of
simulations in this work and various experiments in the published literature [6, 23, 31] and performed for
this study.
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Parameter, symbol,
unit

Number | [minimum, increment, maximum — separated by commas] or
of [list of values separated by space]
values

Ceiling height, H, m

9 (1) [2.52.7533.25 3.5 3.75 4 4.25 4.5]

Blood source height, h,
m

21 (1) [0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
170 180 190 200]

Launch angle &, degree

28(15) |[0 5 10 15 20 2527.5 30 325 35 37.5 40 42.545
475 5052.5 55 57.5 60 62.5 65 67.5 70 75 80 85
90]

Drop diameter d, mm

29 (12) | [0.0330.066 0.1 0.2 0.3 0.4 05 06 0.7 0.8 091 1.3.1.6
223263333644555567 89 10]

Initial velocity Vo, m/s

35(12) | [0.01 0.015 0.02 0.03 0.04 0.05 0.075 0.1 0.250.50.75123 45
7.510 125 15 17.5 20 22.5 25 27.5 30 35 40 45 50 60 70 80 90
100]

Table 1: list of the discrete parameters used in the trajectory simulations. Total number of simulations considered in this
manuscript is the product of each number of values: 5.63 million of simulations. A smaller set of parameters, in bold, is

plotted in the example Figure 2.

Gun label

description

Rock River Arms rifle
223>

LAR-15 16" barrel length M-4, .223 caliber (5.66 mm), with Yankee
Hill YHM Phantom 223 suppressor

S&W 9 mm Smith and Wesson M&P Caliber 9mm, with 4.25" barrel length.
Bullet label | Velocity, m/s Full description Picture

(tip shape)

AE223 ~987 FMJ rifle rounds, Federal

(pointy) Ammunition American Eagle

#AE223, bullet mass 55
grain, .223 rem.

AEOFP (flat) | 285

FMJ flat nose handgun
ammunition, Federal
Ammunition American Eagle
#AE9FP, 147 grain, 9 mm.

Table 2: guns and bullets used in the experiments, with #manufacturer number. Velocities are
either as per manufacturer data (and preceded with the symbol “~”) or measured with a
chronograph at the shooting range. The grain is a measure of mass, and can be converted to SI
units as 1 grain = 64.8 mg. Pictured ruler has cm units.
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