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A theoretical model predicting forward blood spatter patterns resulting from a round
nose bullet gunshot wound is proposed. The chaotic disintegration of a blood layer located
ahead and aside of the bullet is considered in the framework of percolation theory. The size
distribution of blood drops is determined, which allows for the prediction of a blood spatter
cloud being ejected from the rear side of the target where the bullet exits. Then, droplet
trajectories are numerically predicted accounting for gravity and air drag, which is affected
by the collective aerodynamic interaction of drops through air. The model predicts the
number and area of individual stains, as well as the stain distribution as a function of distance
from the region of origin. The theoretical predictions are compared with experimental data
acquired in this work from 9 mm Luger copper full metal jacket bullets fired from a handgun.
The agreement between the predicted and experimentally measured parameters is found to
be good.
DOI: 10.1103/PhysRevFluids.3.063901

I. INTRODUCTION

Blood spatters due to a gunshot are caused by blood ejected from a wound either in the direction
of the bullet motion, termed forward spatter, or in the direction opposite to the bullet motion, called
backspatter. The forward or backward spatter ejecta correspond to bloodstain patterns on a floor, a
wall, or on the persons involved, and they are used by experts of bloodstain pattern analysis (BPA) for
the general purpose of crime scene reconstruction [1]. For instance, the aim of BPA is to determine
the positions of the victim and perpetrator(s), as well as the sequence and type of events that occurred
[2].
Currently, BPA reconstruction of blood drop trajectories relies on several assumptions. For
example, a common assumption that has been in use since at least as early as the 1950s [3] is called
the straight-line trajectory assumption, and it forms the basis of a class of evaluation techniques
known as the method of strings, which is routinely used in software today [4–8]. By assuming that
drops travel in straight lines between the wound and the stain location, the reconstruction procedure
neglects the effects of air drag and gravity on the trajectories of the blood drops [2]. It is known
by forensics experts that the use of straight line trajectories can reduce the reconstruction accuracy,
thus the determination of the region of origin, which is the location from which the blood spatter
ejecta was issued, can be inaccurate [9,10]. It was reported that the method “overestimates the height
of the point of origin and the error associated with this technique is significant (50% on average)”
[11]. When gravity and air drag forces are included in ballistic calculations for the reconstruction of
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drop trajectories, the location of origin has been predicted with an approximately four times higher
accuracy than using the straight-line trajectory assumption [12].
The physical mechanism of blood drop formation and acceleration in the region of origin in the case
of backspatter has recently been discussed and attributed to the Rayleigh-Taylor instability [13,14].
An understanding of the formation of blood drops is an important prerequisite for predicting their
trajectories because their initial size, quantity, and corresponding velocities influence the trajectories.
Such modeling might allow BPA experts to more accurately reconstruct the events of a crime scene,
for example in cases when the type of gun used is unknown.
The physical mechanism of blood spatter generation has so far been studied in detail for backward
spatter, but not for forward spatter. These spatter pattern ejecta types are different and may result in
quite different spatter patterns [15]. In the latter work, it was revealed that the maximum velocity
of forward spattered drops is approximately two times higher than that of their backward spattered
counterparts. Moreover, it was found that there are more drops generated in forward spatter and they
are grouped in a more compact fashion in flight. These physical facts have several consequences for
the development of modeling methods. For instance, the faster velocities may result in drops with
larger deformations in flight, which can possibly render the common drag coefficient correlations,
such as the Schiller-Naumann or Clift-Gauvin correlations [1,16], inaccurate, or even trigger further
atomization events. The effect of drops cooling in flight has been studied before [17] but never in the
context of BPA, where the cooling from body temperature to ambient air might affect atomization,
spreading, splashing, etc.
There is essentially no scientific literature on the mechanisms of forward spatter pattern formation,
to the best of our knowledge, and this could be due to the difficult nature of the problem. It is clear,
however, that the damaged tissue ahead of the bullet is the material from which the forward spatter
ejecta originates [18]. Understanding the formation of forward blood spatters might help crime
scene reconstruction, supplementing information obtained from ballistic reconstruction of bullet
trajectories. The latter information is sometimes confusing or complex because bullets can travel
long distances without striking an object within the crime scene or might not even be recovered at
all. Thus, accurately determining the trajectory of the bullet is not always possible, especially if there
are multiple bullets involved throughout a crime scene. It may be a challenge to associate a specific
hole or bullet to a given forward spatter pattern. Combining the reconstruction of the bullet and
blood drop trajectories may yield the location of the victim. In addition, in cases involving multiple
shooters, forward spatter patterns in conjunction with bullet comparisons may help identify which
gun/shooter fired the fatal shot. Lastly, muzzle gases may have less of an effect on forward spatter
pattern distribution than on backward spatter.
In the present work, the forward spatter pattern and the formation of blood drops which created that
pattern are linked through physics-based modeling. In contrast with the Rayleigh-Taylor instability
mechanism of blood drop formation previously proposed for back spatter due to a gunshot [13,14],
chaotic disintegration characteristic of debris formation in terminal ballistics [16,19,20], which
encompasses multiple instability cycles in the framework of percolation theory, is in focus. That
means that in contrast with the back spatter attributed to a straightforward Rayleigh-Taylor instability
of blood at first contact with the bullet, forward spatter follows the penetration of the bullet
through a body, which is accompanied by a cascade of multiple instabilities and rupture phenomena,
characteristic of the problems of terminal ballistics. The complexity of such situations is adequately
tackled by percolation theory [19,20], and as such this approach is adopted in the present work. The
aim is to develop a model of forward blood spatter that is to be verified experimentally. In relation
to liquids subjected to high-speed impacts, such disintegration is called a fracture or “cavitation”
[21–24]. The resultant model allows for the prediction of drop sizes, the magnitude and direction of
their initial velocities, as well as accounts for gravity and air drag with collective effects that determine
drop motion, final locations, stain areas, impact velocities and angles, and any other parameter of
interest. Section II describes the experiments conducted in the present work, and Sec. III presents
the theoretical approach. Results are discussed and compared with the experimental data in Sec. IV,
and finally conclusions are drawn in Sec. V.
063901-2

THEORETICAL AND EXPERIMENTAL INVESTIGATION OF …

FIG. 1. Schematic of the forward spatter experimental setup. The muzzle of the gun was located 304.8 cm
away from the target, which was impacted by the bullet normally at 152.4 cm above the ground. The bullet
completely perforated the target to produce a forward spatter pattern on the horizontally laid butcher paper
substrate behind the target. The target thickness was 5 mm and the radius of the bullet was 4.5 mm.
II. EXPERIMENT

The experimental forward spatter patterns were created at the Kansas City Police Department
Crime Lab in Kansas City, MO. In an attempt to construct a reproducible blood source, a closed
blood-filled reservoir was prepared as follows. A 4 × 4 cm2 section of paper was peeled back from
one side of foam board (Elmer’s, USA). Approximately 5 mm of exposed foam in a central 2 × 2 cm2
section was then removed; the cavity was filled with 2 mL of whole human blood containing EDTA
anticoagulant from a single individual. Clear packaging tape was utilized to affix the paper back over
the blood-filled section. The blood was allowed to cool to 20–22 ◦ C and prior to shooting, the foam
board was gently agitated to ensure homogenous displacement and limit coagulation within each
cavity.
Each cavity containing 2 mL of blood was shot only once with an American Eagle (Federal
Premium, USA) 9 mm Luger bullet with a full metal copper jacket fired from a 9 mm Glock model
19 (Glock, Inc., USA) semiautomatic pistol mounted in a remote firing device. Per the manufacturer,
each bullet weighed 7.45 g and was 9 mm in diameter by 19 mm in length. The muzzle was located
304.8 cm (10 ft) from the front side of the target and was aligned to fire a bullet for impact normally at
152.4 cm (5 ft) above the ground (cf. Fig. 1). The average muzzle velocity of the bullet was found to be
351 m/s as determined from five trials via a chronograph (Competitive Edge Dynamics Model M2).
The blood spatter was produced on a butcher paper substrate strip (0.41 × 4 m2 ) located on the
floor behind the target. The substrate was then digitally scanned at 600 dpi and analyzed for the
number of stains and their areas as a function of the distance traveled from the rear side of the target.
The parameters of interest were binned from 25–400 cm in 25-cm-wide strips.
Note that the reported experimental results are the combination of the number of stains and
their average areas over the five conducted trials. Namely, the number of stains were added for
the five experiments, and then, the stain area was averaged stripwise. The theoretical predictions
were organized accordingly. The results were reported in this way to minimize the effect of any
minor irreproducibility such as the bullet impacting the target off-center or arriving non-normal to
the surface. Moreover, if there are multiple gunshot wounds, it can be difficult for BPA experts to
attribute which bloodstain occurred as a result of a specific gunshot wound. Therefore, the total
number of stains is a result of interest. Their respective stain areas were averaged over all five
replicates to get an impression of the possible distribution of stain sizes.
III. THEORETICAL

The formation of blood spatter due to a bullet impact is a short-term event in which the viscous
forces are negligibly small compared to the inertial ones because the Reynolds number is of the order
063901-3
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FIG. 2. Schematic of the coordinates and variables used in the theoretical model.

of 107 [13]. Blood spatter formation in forward spatter involves a cascade of instability phenomena,
and in this sense is seemingly more involved than in the case of backward spatter, where at least
the first group of spattered drops is formed due to the Rayleigh-Taylor instability associated with
acceleration of denser blood toward lighter surrounding air [13,14]. It was also found recently that
the maximum velocity of forward spattered drops is approximately two times higher than that of
backwards spattered ones partially due to the entrainment effect of the bullet traveling in the same
direction as the forward blood spatter [15].
Given the above facts, an appropriate atomization model might be one of chaotic disintegration.
Such models were developed previously in the framework of percolation theory to predict the debris
formation in terminal ballistics, as detailed in Sec. III A [16,19,20]. After atomization, the drops
move through air and experience gravity and air drag forces, with the latter being diminished for
the inner drops in the cloud due to collective effects associated with the aerodynamic drop-drop
interaction [13–15,25,26]. At rates of strain as high as those characteristic of forward spatter, the
viscoelasticity of blood [27] can significantly reduce drop ejection velocities, and thus should be
accounted for.
The framework of the theoretical model is built around percolation theory. First, the probability
field within the target is established, and the fragmented sections are determined under the condition
that the probability of a site being occupied by liquid P < P ∗ , with the latter being the critical
probability value (a fully geometrical parameter known from percolation theory). This is described
in Sec. III A. Then in Sec. III B, the fragmented section is discretized into bins that have the predicted
initial velocities, inclination angles, and characteristic sizes. The effect of blood viscoelasticity creates
a web of blood that decelerates and reconnects droplets forming a strongly interconnected web and
is described in Sec. III C. Finally, the trajectories of the blood droplet spray are predicted following
our recent work [13].
A. Chaotic disintegration of a liquid

The problem of forward spatter formation is posed similarly to the formation of debris due to bullet
impact and is shown schematically in Fig. 2 [16,20]. The flow field within the blood-impregnated
target is potential. The bullet is assumed to be shaped like an ovoid of Rankine, which is equivalent
to parallel flow superimposed on a single source. The surface of the axially symmetric ovoid of
Rankine in spherical coordinates with the source at the coordinate system origin is given by [28] as
R=

R∞
,
2 sin(θ/2)

(1)

where R is the radial coordinate, θ is the zenith angle reckoned from the parallel flow direction, with
θ = π corresponding to the tip of the bullet, and R∞ being the cross-sectional radius of the ovoid
of Rankine at infinity. The potential flow field generated in the target by the penetrating ovoid of
Rankine and resulting from its disjoining action possesses the velocity vector
vT = −

2
ẋR∞
eR ,
4R 2
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where ẋ is the velocity of the ovoid of Rankine, and eR is the unit vector in the radial direction.
Note that the coordinate x is reckoned from the front surface of the target outward, which means that
x  0 is within the target.
The target undergoes fragmentation into drops due to the angular stretching imposed by the
penetrating axisymmetric bullet. When the kinetic energy of deformation becomes equal to the
surface energy of a liquid element under consideration, the fragmentation process cannot be sustained
anymore. Therefore, the smallest (indivisible) drop size, a0 , is determined by the equality [19]
1
ρa03 (ε̇a0 )2
2

= γ a02 ,

(3)

where ρ is the density of the liquid target, 1060 kg/m3 , γ is the surface tension of blood, 60.45 mN/m
[27], and ε̇ is the local rate of strain. The rate of strain in the target is of the order of
ε̇ ∼

2
|ẋ|R∞
,
R3

(4)

which shows that the azimuthal stretching process fades as 1/R3 . Equations (3) and (4) yield

γ 1/3
2
= R∞ α 1/3 R ,
ρ ε̇2
4
4
6
3
αR ,
V0 = π a03 = π R∞
3
3


a0 ∼

where V0 is the volume of the smallest drop, R̄ = R/R∞ , and
γ
α=
.
ρ|ẋ|2 R∞

(5)
(6)

(7)

Note that Eq. (5) is essentially an order-of-magnitude estimate, where the factor of the order of 1
is immaterial [19,20].
As previously mentioned, the local elements of the target are fragmented due to angular
stretching. This causes a random lacunae growth identical to multiple observations of liquid fracture
(“cavitation”) caused by a high-speed impact (e.g., bullet) or explosion [21–24]. To account for the
random nature of such a fragmentation process, percolation theory can be applied [16,19,29,30]. It
should be emphasized that percolation theory is essentially a purely geometric description, which
underlies the essence of multiple physical phenomena, and thus is applicable to any medium (liquid or
solid). A volume of an envelope encompassing an element of a target that is undergoing fragmentation,
dVT , can be estimated as

3
 t
2
|ẋ|R∞
dVT = dVT 0 1 +
dt ,
(8)
R3
0
where dVT 0 is the initial element volume of that element. The corresponding probability that an
elementary particle of the size a0 is within an elementary site inside dVT is
P (t) =

dVT 0
 t |ẋ|R2 3 .

dVT 0 1 + 0 R3∞ dt

(9)

As t → ∞, the probability that a particle of size a0 occupies an elementary site within dVT
decreases, since the angular stretching (and thus lacunae growth) continues. Therefore, there exists
a certain time moment at which the probability becomes subcritical and thus small enough for an
infinite cluster of the occupied elementary sites to cease existing. The critical probability value may
be taken as P ∗ = 0.311 for three-dimensional percolation [19,20,29,30]. In the subcritical case only
finite clusters can exist, which corresponds to drops of different sizes comprised of a different number
of elementary droplets of size a0 .
063901-5
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In the framework of the Lagrangian description of the target deformation in the present
axisymmetric case, the probability field within the target P (R,θ,t) can be found. The initial radial
and angular positions of a material element are denoted as θ0 and R0 , whereas the current positions
of this material element are denoted as θL and RL . Then, the following set of ordinary differential
equations describes the evolution of the probability field and the current coordinates of the material
element in time:
2
|ẋ|R∞
d −1/3
)=
,
(P
dt
RL3

dRL
= vT · eR + |ẋ| cos θL ,
dt
1
dθL
(vT · eθ − |ẋ|sinθL ),
=
dt
RL

(10)
(11)
(12)

where Eq. (10) is obtained from Eq. (9) by differentiation in time.
Given that |ẋ|dt = d|x| (cf. Fig. 2 having in mind that x < 0 and ẋ < 0), Eqs. (10)–(12) take the
following dimensionless form:
d
1
(P −1/3 ) = 3 ,
d|x̄|
R̄L
d R̄L
1
+ cos θL ,
=
d|x̄|
4R̄L2
dθL
1
sin θL .
=−
d|x̄|
R̄L

(13)
(14)
(15)

Here RL and x are rendered dimensionless by R∞ . Equations (13)–(15) are solved using the
following initial conditions:
|x| = 0 : P = 1, RL = R0 , θL = θ0 .

(16)

The analytical solutions of Eqs. (13) and (14) read [16,20]
1/2
cos θL − cosθ0 + 2R̄02 sin2 θ0
,
2sin2 θL

−3
R̄ 2 sin2 θL
P = 1 + 2 ln L2 2
,
R̄0 sin θ0


R̄L =

(17)
(18)

where R̄0 = R0 /R∞ . The equation for the current angular position of the material element, Eq. (15),
however, must be simultaneously numerically integrated for different material elements of the target
corresponding to different values of R0 and θ0 , as
√
2sin2 θL
dθL
= −
1/2 .
d|x̄|
cos θL − cosθ0 + 2R̄02 sin2 θ0

(19)

Note that Eqs. (17) and (18) are singular at θL = θ0 = π . The singularity in the limit θ → π is
removed by introducing δθ = π − θ  1 as θ → π . Then, Eqs. (13)–(15) reduce to the following
063901-6
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equations:
d
1
(P −1/3 ) = 3 ,
d|x̄|
R̄L
 
d R̄L
1
− 1 + O δθ2 ,
=
2
d|x̄|
4R̄L
 
dδθ
δθ
+ O δθ2 .
=
d|x̄|
R̄L

(20)
(21)
(22)

The analytical solutions of the latter three equations read [16,20]

P = 1 + 2 ln
4R̄0 − ln

R̄02
R̄L2
− 2 ln
2
4R̄L − 1
4R̄02 − 1

−3

,

2R̄0 + 1
2R̄L + 1
= 4|x̄| + 4R̄L − ln
,
2R̄0 − 1
2R̄L − 1
 2
1/2
4R̄0 − 1
δθL = δθ0
,
4R̄L2 − 1

(23)
(24)
(25)

where δθL = π − θL and δθ0 = π − θ0 .
The probability that a material element of elementary size a0 occupies a site in proximity to the
bullet axis is thus found and its current position along that axis is determined by Eq. (24). However,
at the bullet tip, Eqs. (23) and (24) become singular since there, R̄L = R̄0 = 1/2, which means that
the asymptotic behavior at this point must also be further explored. Defining δR  1, Eq. (23) for
P = P (RL ) and Eq. (24) for RL = RL (x) can be linearized about the tip point, δR = 0, which yields
P = {1 + 8|x|}−3 +

 
24(1 − e−4|x| )
δR + O δR2 .
4
(1 + 8|x|)

(26)

The probability that an elementary droplet of size a0 occupies any site inside the target domain
undergoing fragmentation at time t after impact is thus found.
It should be emphasized that an analytical solution for the magnitude of the coordinate of the tip
of the fractured zone in the target |x|∗ at time t ∗ reckoned from the front surface of the target can be
found using Eqs. (23) and (24) as


1
2R̄ ∗ + 1
1
1
∗
|x̄| = H̄ + − R̄ +
,
− ln 1 +
ln
2
4
H̄
2R̄ ∗ − 1
∗

(27)

where
R̄ ∗ =
Q = exp ln



Q
4Q − 1

(H̄ + 1/2)

1/2

2

2

4(H̄ + 1/2) − 1

+

,

(28)

(P ∗ )−1/3 − 1
,
2

(29)

which uses the fact that R̄0 = H̄ + 1/2 with H̄ = H /R∞ , and H is the target thickness.
To determine the distribution of mass and number of drops (finite clusters) within a volume
element in the fractured zone, dVT , percolation theory is applied. If s is the number of elementary
indivisible droplets of size a0 in a fragment (a finite cluster) emerging from the target (s  1), the
063901-7
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volume and mass of the fragment can be found using a0 from Eq. (5) as
3
V = 43 π R∞
α R̄ 6 s,

(30)

3
α R̄ 6 s.
m = 43 πρR∞

(31)

The probability density function corresponding to a cluster of s elementary indivisible droplets
of size a0 is known from percolation theory [19,20,29,30] as
ws = Ks −τ +1 exp(−bs ζ ),

(32)

where τ and ζ are known constants determined by the space dimensionality (here we are dealing with
a three-dimensional case), b depends on the spatial location within the target, and K is a normalization
parameter,
K = ∞
1

1
.
s −τ +1 exp(−bs ζ )ds

(33)

Using Eqs. (30)–(33), the total number of fragments of mass mf in the fractured zone of the
target, dN, in dVT is found as
 sf
3dVT K
s −τ exp(−bs ζ )ds,
(34)
dN(mf ) =
3 α R̄ 6
4π R∞
1

3mf
.
(35)
sf (mf ,R̄) = max 1,
3 R̄ 6
4π αρR∞
The upper limit of the integration in Eq. (34) is sf , given by Eq. (35), which is the number of
elementary indivisible droplets of size a0 in the fragment of mass mf . The total mass of the fractured
target corresponding to the fragments beginning from the indivisible elementary one of size a0 to
the one of mass mf is given by
 sf
s −τ +1 exp(−bs ζ )ds.
(36)
dM(mf ) = ρdVT K
1

Accordingly, the total number of fragments (finite clusters, drops) and mass in the fractured zone
of the target are equal to

N (mf ) =
dN(mf ),
(37)
VT
dM(mf ),
(38)
M(mf ) =
VT

respectively.
Evaluating these integrals using the standard parameter values and the expression familiar
in percolation theory [29,30], namely τ = 3/2, b = 20.84|P ∗ − P |1/σ , σ = 0.45, and ζ = 1,
results in

√

K √
3ρ|ẋ|2
bs
)
−
erf(
bπ
[erf(
b)]
N(mf ) = −
f
2
6
2π γ R∞
VT R̄

−1/2
+ exp(−bsf )sf
− exp (−b) dVT ,
(39)
√


erf( bsf ) − erf( b)
M(mf ) = ρ
(40)
dVT ,
√
erfc( b)
VT
063901-8
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FIG. 3. Target discretization types from the bullet as it travels from the right to the left. The gray crosshatched section represents the portion of the target in which droplets form and are ejected from the target. (a)
Section of the target where VT is approximated as a cone, and (b) where VT is approximated as a cylinder.

where the normalization parameter becomes
K=

 1/2
b
1
√ .
π
erfc( b)

(41)

Equations (39) and (40) are numerically integrated over the entire fractured volume, VT , which
exists in the target only when P < P ∗ . Directly in front of the leading edge of the bullet, VT is
encompassed by a conelike domain whose apex is at the location of the source generating the ovoid
of Rankine (cf. Fig. 3). The boundaries of this domain are fully determined by the critical percolation
value P ∗ . The semiangle of the cone, β, changes as the bullet approaches the rear surface of the
target, and at a time instance of t > t ∗ , the fractured zone reaches the rear side of the target and the
fragment cone is ejected. Between the time intervals from t (where t > t ∗ ) to t + t, a new, hollow
fragmented cone emerges as a result of the continuous bullet motion whose volume is found as VT .
Eventually, this volume VT also leaves the target and the process repeats until β  π/2 because
at that point, the cone approximation of the fractured domain is not valid anymore and is replaced
by the cylindrical one. This process continues until the bullet can freely leave the target without any
further fragmentation.
B. Drop trajectories

Discretized ringlike slices of the fractured target volume, VT , are termed bins and denoted by i.
The number of drops and their respective masses for each bin are found using Eqs. (39) and (40).
These drops are ejected from the target with velocity magnitude ui |initial determined by Eq. (2) as

4
2
R∞
R∞
ui |intial = ẋ
+
1
−
cos θ
(42)
16R 4
2R 2
at the initial inclination angle, ϕ, which is found as
⎡
−1 ⎤
  4

2
2
R
R
R
∞
∞
∞
⎦.
ϕ = cos −1 ⎣ 2 −
cos θ 2
+1−
cos θ
(43)
2R 2
16R 4
2R 2
Each drop in the ejected bins has a characteristic size, l∗,i , calculated as

6(Mi /Ni ) 1/3
l∗,i =
.
πρ

(44)

Each bin is considered as a blood drop spray that entrains air due to the turbulent eddy viscosity,
thus forming a two-phase interpenetrating continuum [25,26]. The resultant trajectory equations are
063901-9
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described in detail in our previous work [13]. It should be emphasized that the equation for the
coefficient of drag used in the present work is the Schiller-Naumann formula [16]
CD,i =


24 
1 + 0.15Re0.687
,
i
Rei

(45)

where Rei is the Reynolds number for each bin. The current results belong to the range of validity of
this widely used correlation. Another option would be the empirical formula for the drag coefficient
discussed in [1].
C. Effect of blood elasticity on forward blood spatter

Consider a single drop of a characteristic size l∗,i , disconnecting from the target at a velocity
ui |initial . Since blood is a complex, non-Newtonian fluid that exhibits viscoelastic behavior [27,31–33],
elastic stresses can build up in the rapidly stretching drop tails. Such tails are inevitably formed
during the ejection of a viscoelastic fluid at a sufficiently high initial velocity of the drops in a
short-time detachment process, i.e., when the Deborah number, De, is De
1 [19,27,34]. Here,
the Deborah number is the ratio of the blood elastic relaxation time, λ, to the characteristic time of
the tail detachment process tdet,i , i.e., De = λ/tdet,i . Note that in non-Newtonian fluid mechanics,
flows with De
1 are called strong flows. Drop tails are inevitably formed as drops separate from
ligaments, films, or fully three-dimensional liquid bodies. Tail formation in viscoelastic fluids from
strong elongational flows is due to significant elastic stresses. This effect was explored in detail,
for example, in [35]. A similar flow scenario is present as in the current case of projectile-induced
flow. It should be emphasized that at De
1, the rheological behavior of any material essentially
resembles an elastic solid. As a result, high-speed collisions with all liquids including blood cause a
shock wave front to propagate followed by a rarefaction wave, which induces cavitation and solidlike
brittle fracture. These spallation (fragmentation) phenomena have been experimentally observed to
occur in both Newtonian viscous and in practically inviscid and non-Newtonian viscoelastic liquids
[21–24,36], where, for example, the brittle fracture of a liquid jet was demonstrated starting from the
impact velocity as low as 23 m/s [21]. Because the impact velocity of the bullet in the current case,
|ẋ| = 351 m/s, is much higher than this threshold, it is assumed that the blood droplet tails undergo
brittle fracture.
The buildup of the elastic stresses in the drop tail, evident from the estimates [27] and substantiated
by detailed calculations in Sec. IV, can decelerate the drop detachment process and diminish its
initial ejection velocity. It should be emphasized that in the previous models of backward spatter
[13,14], blood viscoelasticity was not accounted for because the drop detachment velocities there
were significantly lower than in the present case of forward spatter. For example, in a previous
experiment where both forward and backward spatter were observed, at 0.45 ms after bullet impact,
droplet velocity in the forward spatter case was 40 m/s, whereas for backward spatter it was only
8 m/s [15], with the former being higher than the threshold velocity of brittle fracture of 23 m/s
[21], whereas the latter was lower. Accordingly, in the present case, consider a drop tail of size Li ,
which still spans the detaching drop and the main body of the target. Its evolution is determined by
the following kinematic equation and the momentum balance, respectively:
dLi
= ui ,
dt
 
 2
l∗,i
4π l∗,i 3 dui
= −π
ρ
3Gεxx ,
3
2
dt
2

(46)
(47)

where, ui is the current drop velocity, G is the elastic shear modulus, and εxx = (Li − l∗,i )/l∗,i , is
the tail strain.
In the momentum balance of the drop, subjected to a resistive elastic force acting on it from the
stretching tail as described by Eq. (47), a relatively small tail stretching occurs below Li ≈ l∗,i , and
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FIG. 4. Schematic of the discretization of the paper substrate. The dashed lines are where the locations of
the data points, both theoretical and experimental, are accounted for.

before the fracture would happen, and thus blood elasticity is described using Hooke’s law [33]. Note
that G = E/3, where E is Young’s modulus of blood. The latter can be evaluated using the speed
of sound in blood, c = 1570 m/s [37], and its density, which yields E = 2.6 GPa.
Equations (46) and (47) yield

1/2
2
2 ρl∗,i
ui = ui |initial cos (ti /Ti ), Ti =
.
(48)
3 E
Droplet detachment time ti = tdet,i , which is obviously less than Ti , increases with its size l∗,i and
an appropriate correlation between tdet,i and l∗,i is discussed in Sec. IV. It should be emphasized that
ui predicted by Eq. (48) is used as the initial velocity in the simulations of drop trajectories.
IV. RESULTS AND DISCUSSION

At the onset of the bullet penetrating the target, a nearly instantaneous spray is formed that contains
many small droplets traveling at a high initial velocity [15]. The theoretical model described in Sec. III
predicts that these small droplets form in the target directly ahead of the bullet. These small droplets
are rapidly decelerated by air drag and fall down very close to the target. Moreover, high-speed
videos of bullet penetration phenomena show that the majority of the resultant blood drop spray
stems from the area surrounding the bullet [15] and thus droplets issued from the cross-hatched
domain in Fig. 3(a) are disregarded. On the other hand, bigger drops formed and issued from the
“cylindrical” cross-hatched domain shown in Fig. 2(b) were fully accounted for and their trajectories
tracked. This cylindrical domain was discretized into 20 ringlike slices (bins) spanning the length of
the target, as shown in Fig. 4.
To compare the experimental data to the theoretical results, several governing parameters must be
specified. Namely, the velocity of the bullet, ẋ = 351 m/s was used in the simulations, as well as the
height at which the bullet impacted the target, H0 = 152.4 cm. Since the theoretical model implies
the bullet is shaped like an ovoid of Rankine, the latter was fitted to the real bullet shape. Although
close, the present bullet was not a perfect ovoid of Rankine. It is unphysical to have the ovoid of
Rankine bullet in the numerical simulation to extend past the surface of the actual bullet since the tip
shape practically completely determines the flow field in blood, which is substantiated by multiple
well-established phenomena in the field of terminal ballistics [38] and is a fundamental assumption
in such models as the cavity expansion model developed there. A very good agreement of the shape
of the ovoid of Rankine can be achieved with the leading part of the real bullet (Fig. 5). This, however,
reached only 3/4 of the real bullet radius (i.e., R∞ = 3.375 mm) at “infinity,” which was considered
to be tolerable. The thickness of the target was set to be equal to R∞ and the droplet bins issued from
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FIG. 5. A 9 mm Luger copper full metal jacket bullet and cartridge casing used in the experiment with the
ovoid of Rankine shown by the line superimposed on its leading edge.

only over the top and below the bottom of the bullet (at the azimuthal angles φ = 90◦ and 270◦ ; cf.
[13]) were tracked numerically. This was motivated by the fact that the experiment was designed in
such a way that only a strip of paper directly under the trajectory of the bullet was used to acquire
the data.
The configuration of the fragmented “cylindrical” volume (cf. Fig. 3) of the target was predicted
at t = 0.02 ms after the bullet impact using Eqs. (17) and (19). This means that each slice (bin) in
this fragmented volume is fully fragmented accordingly in multiple droplets. The mass and number
of droplets issued from each bin was predicted using Eqs. (39) and (40). The initial velocities and
inclination angles of the droplets of each bin were predicted by Eqs. (42) and (43) with characteristic
sizes calculated by Eq. (44). It should be emphasized that the droplets originating from the bins
that are closer to the rear surface of the target move forward slower than the ones originating from
the other side. Immediately following the moment of fracture, in a very dense cloud of droplets,
such a velocity distribution inevitably causes chaotic multiple drop-drop collisions. Moreover, the
following three circumstances should be mentioned. (i) The fragmentation of a target due to a bullet
impact is a large-scale phenomenon, albeit the volume of material that actually leaves the target is
quite small. An example of this is seen in the seminal images photographed by Harold Edgerton
[39]. In an image of a 0.30 caliber bullet impacting a sheet of plexiglass, one can see that there are
small fragments leaving the target in the direction of the bullet motion (the forward “spatter”) only
in the very near vicinity of the bullet impact point. On the other hand, there is a fractured zone that
is massive in comparison to the material that actually leaves the target. (ii) The case of the forward
spattering of blood due to a gunshot is not dissimilar to the bullet impact on a plexiglass pane due to
the fact that at high values of the Deborah number characteristic of bullet impact, blood undergoes
brittle fracture, as discussed in Sec. III C. A rough estimate can be done of the volume of blood that
is splashed forward, using the high-speed videos of blood spatter due to a gunshot, which were taken
by the Midwest Forensic Resource Center [40] and analyzed in [15]. From experiment 7Aa1 in [15],
which closely resembles the one here, one estimates that the target looks to be filled with ∼10 mL
of blood and that only 0.33 cm3 of blood was splashed (taking the average sizes and estimating the
number of droplets splashed), which means that only about 3.3% of blood was actually splashed.
It should be emphasized, however, that this is a rough “higher” value, and in some cases it can be
much lower. Using the exact number of droplets and average area from [15], for instance, shows that
in experiment 7Aa1 [15], the percentage of droplets that leave the target becomes 0.01%. (iii) An
additional factor preventing detachment of multiple droplets from the bulk is the formation of long
tails that are stabilized by the elastic forces and do not break up (the situation discussed in Sec. III C)
and illustrated by the images of disintegrating jets of dilute polymer solutions in [35]. Summarizing,
one can state that in any case, the volume of material that escapes the target is extremely small when
compared to the volume of the entire fractured part of the target. As a result, it is assumed that 5%
of the fractured target results in droplets that form the forward spatter spray.
The relaxation time of swine blood (which shares similarities with human blood [41]) is about
λ = 15 ms [27], bullet penetration happens on the scale of 10−5 s, and the fracture process of the
blood drop tail is on the order of microseconds, as Eq. (48) reveals given the known input parameters.
The droplet tail detachment time is naturally an increasing function of the droplet size, l∗,i , and the
plausible interpolation function that satisfies these criteria and generates the cutoff time in Eq. (48)
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FIG. 6. The dependence of the droplet tail detachment time on its characteristic size used in the simulations
in conjunction with Eq. (44).

and is shown in Fig. 6 is the following:
tdet,i = −1.34 × 10−5 (l∗,i )2 + 8.34 × 10−6 (l∗,i ) + 1.70 × 10−9 ,

(49)

where tdet,i is in μs and l∗,i in cm, and the coefficients have the corresponding units. This function was
determined through testing the required initial velocities calculated with Eq. (48), which produce
trajectories corresponding to the experimental range seen in the experimental data. It should be
emphasized that according to Fig. 6, De = λ/tdet ,i
1, indeed, which corresponds to the brittle
fracture regime. Note that this function satisfies the following plausible criteria: (i) it grows with the
droplet size, which is physical, and (ii) it works on the scale of microseconds, i.e., once again, on
physical grounds.
Drop trajectories were numerically determined using the algorithm described by this group
elsewhere [13]. The predicted dependence of the number of stains on the floor to their final distance
from the rear side of the target is shown in Fig. 7 in comparison with the experimental data, with the
agreement being quite satisfactory.
The resultant stain area on the floor was measured experimentally and predicted following the
procedure of [14], which employs the calculated impact angle of blood drops on the floor, αi [42],
and the drop spread factor for normal impact, ξi . Namely, a blood drop impinging onto a horizontal
surface shown in Fig. 8 reveals the longest size of the drop stain Xi = (ξi l∗,i )/ sin αi , where
ξi = 0.61(Wei /Ohi )0.166 [43,44] with Wei and Ohi being the final Weber and Ohnesorge numbers,
respectively, based on the droplet parameters. This spread factor was first proposed by Scheller and
Bousfield [43] with the validity range for viscosity of 1–300 mPa × s and the correlation coefficient of
0.963 for all of their experimental data. There is a plethora of various other spread factor correlations to
choose from and they all have different ranges of validity. Some of these correlations are experimental
and some others span the results of numerical simulations [45,46]. Recently, the present group showed
in [47] that all those later correlations are in full agreement with the Scheller-Bousfield correlation
used here.
It should be emphasized that the Ohnesorge number involves viscosity μblood , which was taken as
the asymptotic value obtained in the simple shear flow, μblood = 5 mPa × s [27], because high shear
rates accompany droplet spreading on impact [48,49]. This leads to the following expression for the
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FIG. 7. The number of stains deposited on the floor vs the distance from the rear side of the target in forward
blood spatter. The red circles correspond to the predicted results, and the blue squares to the experimental data.
It should be emphasized that these data correspond to the combined results of five experiments as discussed in
Sec. II.

stain area:
Ai =

2
π l∗,i
ξi 2

4 sin αi

.

(50)

Note also that for the effect of the impact obliquity on drop spreading at the surface there are
no fully reliable correlations, especially accounting for the detailed behavior of the advancing and
receding contact angles (which are unknown for blood). Therefore, Eq. (50) is used to account for
the effect of the impact obliquity by indirectly introducing into consideration the largest semiaxis of
an elliptical stain, as is currently done in the framework of BPA [50,51].
The predicted and measured stain area are shown as a function of the distance from the rear
side of the target in Fig. 9 with the agreement being fairly good. The spatial distribution in the
stain area plot in Fig. 9 reveals that the initially slower, larger droplets fly further than the initially
faster, smaller ones (cf. Fig. 7), which can be explained by two effects. First, the smaller drops
have a lower inertia with respect to the effect of air drag and as such the trajectories of smaller
drops are more affected by drag and fall shorter than those of larger drops. Second, the collective

FIG. 8. Schematic of stain formation due to a blood droplet impacting onto a horizontal surface.
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FIG. 9. The average stain area as a function of distance from the rear side of the target in forward blood
spatter. The red circles depict the predictions and the blue squares are the experimental data. The error bars for
the experimental data indicate the standard deviation in the stain area arising from the five experiments.

aerodynamic effect also participates in the spatial distribution in the stain area plot in Fig. 9, because
the initially leading droplets create the aerodynamic wake, which reduces the drag and facilitates
the flight of the subsequent larger droplets. Note that the model uses probability only to determine
which part of the target is fragmented and produces detached droplets under a given bullet geometry
and motion. Other than that, droplet motion is fully deterministic, and Figs. 7 and 9 represent the
fully deterministic predictions. This is, essentially, similar to how detached droplets are generated,
travel, and are deposited in reality.
It should be emphasized that the parameters in such experiments are very difficult to control,
which results in the large standard deviations (for example, cf. Figs. 6–8 in [13]). These standard
deviations do not follow a Gaussian distribution, first of all because area is an inevitably positive
quantity. Also, it should be emphasized that all the outlier stain areas were included. It seems nearly
impossible to create perfectly repeatable experiments because things that are seemingly minute,
such as the gunpowder in the cartridge, easily change the muzzle velocity of the bullet. Or, for
instance, the grain (the mass of the projectile) can be different even for the same bullet type, which
is something entirely dictated by the manufacturer and would completely change the inertia of the
impacting projectile. These parameters are out of the control of the police shooters conducting these
experiments. Blood properties can also vary from sample to sample, which further compromises
reproducibility and increases error bars, as in Fig. 9.
The offset stain area in the numerical results as compared to the experimental data may be
attributed to the physical considerations under which Eq. (50) was determined. For instance, the
numerical calculations neglect the evaporation of the drops during flight. Moreover, the effect of
hematocrit on surface tension is unknown, even though it is plausible that it does have an effect
because the surface tension of water is higher than that of blood. The addition of whey protein
isolate, for instance, is known to reduce the surface tension along with temperature [52]. It should
be emphasized that the most commonly used spread factor correlations are empirical and valid only
for the flow regimes that they were experimentally tested on. As such, it is nearly impossible to
really prove that one correlation is better or more appropriate than the other unless the correlation is
tested and found for each possible deposition scenario. Note also that using the dependence of the
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blood viscosity on temperature and hematocrit from [49] and of the surface temperature of blood
on temperature from [53], it was found that the theoretical predictions of the dependence of the
average stain area on distance (cf. Fig. 9) change insignificantly between the two limiting cases of
the room and body temperature. Accordingly, the effect of drop cooling during flight on the results
is insignificant.
It should be emphasized that the experimental data were collected by adding the values found in
five experiments and that the number of stains in Fig. 7 was predicted accordingly, whereas the stain
area in Fig. 9 was averaged. An artificial discretization of the experimental and theoretical results,
as indicated in Fig. 4, can contain some stains resulting from a certain bin into a strip with the other
stains, thus creating the resulting fluctuations, as for example those seen in the theoretical predictions
in Fig. 9 at x = 175 and 250 cm.
V. CONCLUSION

This work describes a theoretical model of forward blood spatter due to a gunshot. The model is
based on the approach previously applied to the problems of terminal ballistics in the framework of
percolation theory. In addition, the present model incorporates the effect of the viscoelasticity of blood
on droplet detachment from the target and the collective aerodynamic interaction of droplets flying
through air. The theoretical predictions are corroborated versus the experimental data acquired in the
present work from gunshots of a 9 mm full metal jacket bullet shot by a Glock model 19 into a cavity
filled with human blood. The comparison of the predicted and measured number of blood stains found
at certain distances from the rear side of the target along the bullet path revealed good agreement.
The comparison of the predicted spatial distribution of the average stain area revealed a reasonable
agreement. It should be emphasized, however, that the experimental results are preliminary, and in
order to fully validate the proposed model, more varied experiments should be conducted in the
future.
The present model predicted the following three outcomes of the forward blood spatter resulting
from a gunshot: (i) the distances from the target at which blood stains appear, (ii) the distribution of
the number of stains, and (iii) the distribution of the stain area. These predictions are produced in the
framework of a unified approach, based on physical principles, i.e., the chaotic disintegration of blood
described through percolation theory, the viscoelasticity of blood, the velocity field, the individual
droplet flight affected by the gravity force, and air drag and the collective effect, which stems from
the aerodynamic droplet-droplet interaction. These predictions are based on the same set of input
parameters, and they are not trivial, e.g., the maximum of the number of stains and the deposition
of the largest of the droplets. These nontrivial effects stem from the collective aerodynamic effect in
which the leading drops create an aerodynamic wake, which lowers the drag on the subsequent ones,
and as such, the slower and larger droplets can fly to a distance farther than the initially faster smaller
droplets. Moreover, the model also predicts the droplet impact angle and its final velocity responsible
for the stain area. To date, to the best of our knowledge, there is no other theoretical model capable
of predicting any of these outcomes of the forward spattering of blood due to a gunshot based on
sound physical principles.
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