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Abstract

In shooting crimes, ballistics tests are often recommended in order to reproduce the wound characteristics of the involved
persons. For this purpose, several “simulants” can be used. However, despite the efforts in the research of “surrogates” in
the field of forensic ballistic, the development of synthetic models needs still to be improved through a validation process
based on specific real caseworks. This study has been triggered by the findings observed during the autopsy performed on
two victims killed in the same shooting incident, with similar wounding characteristics; namely two retained head shots
with ricochet against the interior wall of the skull; both projectiles have been recovered during the autopsies after migration
in the brain parenchyma. The thickness of the different tissues and structures along the bullets trajectories as well as the
incident angles between the bullets paths and the skull walls have been measured and reproduced during the assemblage of
the synthetic head models. Two different types of models (“open shape” and “spherical”’) have been assembled using leather,
polyurethane and gelatine to simulate respectively skin, bone and soft tissues. Six shots have been performed in total. The
results of the models have been compared to the findings of post-mortem computed tomography (PMCT) and the autopsy
findings.Out of the six shots, two perforated the models and four were retained. When the projectile was retained, the use of
both models allowed reproducing the wounds characteristics observed on both victims in terms of penetration and ricochet
behaviour. However, the projectiles recovered from the models showed less deformation than the bullets collected during
the autopsies. The “open shape” model allowed a better controlling on the shooting parameters than the “spherical” model.
Finally, the difference in bullet deformation could be caused by the choice of the bone simulant, which might under-represent
either the strength or the density of the human bone. In our opinion, it would be worth to develop a new, more representative
material for ballistic which simulates the human bone.
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Introduction of the victim (external examination and/or the autopsy of
the corpse) and those analysed in the laboratory should
Wound ballistics in forensic medicine be combined in order to allow a complete shooting scene
reconstruction. This includes positioning of the traces and
In crimes involving shooting incidents, the traces col-  relevant ballistic evidence, like spend cartridge cases or

lected on the scene, those recorded during the examination  bullets, trajectory estimation and representation, gunshot
residues (GSR) samples as well as wound ballistic findings.
However, the integration of wound ballistics findings into
54 F. Riva the scene needs a correct interpretation of gunshot wounds
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ing ammunitions and firearms, the projectiles have different
properties (energy, velocity, form, composition, etc.) and

Centre Universitaire Romand de Médecine Légale Lausanne-
Geneva, University Hospital of Lausanne, Lausanne,

Switzerland behave differently in the human body [2] creating different
2 Ecole Des Sciences Criminelles, University of Lausanne, pr es of wounds [5-7]. The Varlabl'hty in terms of Woundlng
Lausanne, Switzerland is not only related to the penetration depth or the transfer
3 Centre Universitaire Romand de Médecine Légale of energy, but depends also on the deviation in s.oft tlSSllleS
Lausanne-Geneva, University Hospital of Geneva, Geneva, [8—11] as well as on the deviation caused by the interaction
Switzerland

Published online: 15 August 2021 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00414-021-02671-3&domain=pdf

International Journal of Legal Medicine

with bones [12]. These aspects are particularly important
when a shooting trajectory estimation involving a victim is
integrated into a crime scene model [8]. In order to provide
a correct wound interpretation, ballistic tests are therefore
often performed in conditions as close as possible to the
questioned case [13].

Shooting tests in wound ballistics

During the reconstruction of shooting crimes, multiple
hypotheses are often emitted, especially when several shots
have been fired or when the version of the suspect must be
proven. For example, it is important to know if the observed
wound on a victim has been caused by a direct shot or a
ricocheted or deviated projectile. These alternatives are evi-
dently considered in a different way from a legal point of
view. Shooting tests are thus often performed with the inten-
tion to reproduce the wound characteristics of the injuries.
They permit frequently to confirm or to exclude the hypoth-
esis emitted at the beginning of such shooting investigations.

The set-up of a wound ballistics test is usually driven by
the background information, namely the wound character-
istics described by the forensic pathologist and the crime
scene findings [1]. On the basis of the available information,
the shooting tests target to reproduce as faithfully as possi-
ble the wound characteristics taking into account the types
of organs and biological structures hit by the projectile. To
counter the ethical and legal complications presented when
using human cadaveric tissue [14], several “surrogates”
or “simulants” are often used. The mostly used are surro-
gates concerning soft tissues (e.g. skin or muscle tissue)
and bones. More recent publications also targeted the lung
parenchyma, which provides different resistance character-
istics compared to muscle tissue for example [15].

A variety of surrogates have already been used to model
ballistic trauma; these include corpses, animals and synthetic
or non-humane biological materials [5, 16, 17]. Corpses or
animals show several constraints, namely the ethical issue
related to their use, the availability of specimens and the
reproducibility of the results related to their heterogeneity
[17, 18]. Contrariwise, synthetic or non-humane biological
materials showed a satisfactory to good level of reproduc-
ibility [5, 18], in replacing human tissues like soft tissues
(skin, muscle or brain tissue) or bones [1, 14, 19-33]. For
ballistics tests, these synthetic or non-humane biological
materials are usually used in a combined way by assembling
them together in order to create a realistic wound model.
Several models have already been subject of studies; most of
them concerned the torso [16] or the head [1, 5, 23, 33, 34].

Despite the efforts of the last years in the research of “sur-
rogates” in the field of forensic ballistic, the development
of the above-mentioned models needs still to be improved
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through a validation process based on specific real case-
works comparisons.

Aim of the study

The purpose of this paper is to further amend existing
knowledge by comparing the performances of two synthetic
head models described in the literature to the findings of
ante- and post-mortem computed tomography (PMCT) and
the autopsy findings of two victims of a well-documented
shooting crime. Advantages, disadvantages and possible
improvements of both models are compared and discussed.

Materials and methods

This study has been triggered by the finding observed dur-
ing the autopsy performed on two victims (two young males
named here victim A and B) killed in the same shooting
incident, with the same firearm, same ammunition, com-
parable shooting distance (small room) and with similar
wounding characteristics. The questioned ammunition was a
Geco calibre 6.35 mm Browning (0.25 Auto) equipped with
a Full Metal Jacket (FMJ) projectile with a brass jacket. The
3.2 g (50 grains) bullet, showed a cannelure in the middle of
its body. No precise information regarding the firearm was
unfortunately available. Based on the general rifling char-
acteristics of the bullet and the cartridge case, a limited list
of potential candidate weapons was evocated. All the men-
tioned firearms were similar semi-automatic pistols, calibre
6.35 mm Browning (0.25 Auto) having a barrel length of
approximately 5 cm (2"). The shooting took place in a con-
fined indoor space with a distance of maximum a few meters
between the shooter and its victims.

Wounds characteristics and analysis of the ante-
and post-mortem CT-scan

Both victims have been shot into the head; the projectile
penetrated the skull without perforating it. In both cases, the
projectile was retained in the skull. The victims did not die
on the crime scene and were transported to the regional hos-
pital, where a computed tomography (CT) was performed
and where they were recovered in intensive care. Victim
A died after 1.5 days and victim B died after 2.5 days of
hospitalisation. After their death, they were transported to
our institute of legal medicine to perform a medico-legal
autopsy. Before the external examination and the autopsy,
a native post-mortem CT-scan (GE LightSpeed VCT64) of
the corps was performed in supine position. For both victims
(A and B), the wound track characteristics were summarized
by combining the observations done on the PMCT and the
autopsy findings. These observations have additionally been
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completed by the findings noticed at the hospital on the ante-
mortem CT (Fig. 1).

Victim A presented at the external examination at the
right parieto-temporal region a round entry wound with a
central skin defect, measuring 0.8 X 0.6 cm, associated to an
abrasion ring and a contusion zone without any exit wound.
At the ante-mortem and PMCT an irregularity of the skin at
the same region was observed. This irregularity was associ-
ated to a loss of bone substance in form of a funnel-shaped
open inwards at the right posterior parietal region measur-
ing approx. 0.11 cm in the axial plane, associated to a few
small bone fragments in the soft tissue of the scalp. The
brain parenchyma showed an acute linear intra-parenchymal
haemorrhage in the right parietal and temporal lobe extend-
ing to the left occipital lobe passing through the posterior
horn of the right lateral ventricle, the right venous sinus
and the middle line (approx. 12 cm of length). This linear
haemorrhage extended further from the left occipital lobe to
the left temporal lobe (approx. 8 cm of length). The presence
of a hyper-dense foreign body, compatible with a projec-
tile, was observed in both CT (ante-mortem and PM-CT);
however, a discrepancy was noticed when comparing the
position of this hyper-dense body between both scans. On
the ante-mortem CT-scan, the projectile was situated in the
left temporal lobe, while after death, during the execution of
the PMCT, the bullet was situated in the left occipital region.
The forensic pathologists concluded in a secondary migra-
tion of the projectile through the wound channel, which the
projectile had created as passing through the brain paren-
chyma. The displacement of the projectile occurred probably
along the gravity (Victim A was placed in a decubitus posi-
tion as hospitalized; the brain parenchyma was weakened
along the wound channel). This phenomenon, even if rarely
observed, has already been documented in the past [35-40].
The direction of the trajectory of the projectile was therefore

Fig.1 Schema of the wound
tracks (red dotted line) of victim
A (left) and victim B (right)
visualised in the axial plane

of the PMCT with illustra-

tion of the measured trajec-

tory parameters: a, AS, AB,,
AX, AB,, and p. a=incident
shooting angle, AS = thickness
of the skin and subcutaneous
layers, AB, =thickness of the
temporal bone at the entry hole,
AX=length of the projectile
path in the brain before ricochet,
AB, =thickness of the occipital
bone where the projectile rico-
cheted, p=incident angle. No
particular metric proportion has
been observed

Projectile in
Wound A

Projectile in
Wound B

Fig.2 Projectiles recovered respectively in the Wound A (left) and
the Wound B (right)

established as followed: from the right to the left, from the
front to the back and from the top downwards with a ricochet
in left occipital region redirecting the projectile towards the
left temporal region. The projectile has been extracted dur-
ing the autopsy, its weight was about 3 g and its surfaces
showed a flat diagonal deformation starting from the top
of the projectile and a less pronounced flat deformation on
the opposite side of the projectile. The projectile was also
slightly flattened at the base (Fig. 2 left).

Victim B presented at the external examination at
the right temporal region, a round entry wound with a
central skin defect, measuring 0.5 X 0.3 cm, associated to
an abrasion ring and a contusion zone without any exit
wound. At the ante-mortem and PMCT, an irregularity
of the skin at the same region was observed. This
irregularity was associated to a loss of bone substance
in form of a funnel-shaped open inwards at the right
temporal region measuring approx.1.2 cm in the axial
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plane, associated to a few small bone fragments in the
soft tissue of the scalp. The brain parenchyma showed an
acute linear intra-parenchymal haemorrhage in the right
temporal lobe extending to the left temporal and parietal
lobe passing through the middle line. The presence of a
hyper-dense foreign body, compatible with a projectile,
was observed in both CT (ante-mortem and PM-CT) in
the left temporo-parietal region. Like in victim A, a little
discrepancy was noticed when comparing the position
of this hyper-dense body between both scans (ante- and
post-mortem). In the ante-mortem CT-Scan the projectile
was found 1 cm behind and slightly underneath the linear
intraparenchymal haemorrhage. In the post-mortem
CT-Scan the projectile was found 2 cm behind and slightly
underneath the linear intraparenchymal haemorrhage; the
projectile thus migrated between the CT-Scans. In both
CT-Scans the projectile formed approximately a 40° angle
with the haemorrhage. The direction of the trajectory of
the projectile was therefore established as followed: from
the right to the left, from the front to the back and from
the bottom upwards, with a ricochet in left temporo-
parietal region redirecting the projectile towards the
inner part of the left temporo-parietal region of the brain.
The detailed analysis of the projectiles at the PMCT was
slightly limited by the metallic artefacts emitted by the
projectiles. The projectile has been recovered during the
autopsy (Fig. 2 right), its weight was about 3.1 g. The
projectile showed several small deformations on its body
and a main deformation at the base (flattened).

Both trajectories have been accurately described by
the mean of the CT images. The thickness of the dif-
ferent tissues perforated or penetrated by the projectiles
have been measured and are summarized in the Table 1.
Figure 1 was added to illustrate the bullet paths through
the head of victim A (left) and through the head of victim
B (right).

Synthetic model set-up

To simulate the wound characteristics of the two cases
described above, we choose to use two different synthetic
models, both inspired from previous ballistic studies [1,
19, 20, 33, 41, 42], a so called “open shape” model and a
so called “spherical” model.

The “open shape” model

The “open shape” model has been inspired by Riva et al.
[1]; it is a multilayer model, where the layers are positioned
sequentially in respect to the shooting direction (perpendicu-
larly or with a precise incidence angle); no lateral walls to
enclose the model are used. It is composed by (a) a layer of
leather (cowhide, semi-finished chrome tanned upholstery
“crust) with a thickness of 0.1 cm to simulate the skin in
accordance with Jussilla et al. [27]; (b) a layer of ballistic
gelatine 10% at 4 °C (Type 3, 250 Bloom number, Gelita,
Eberbach, Germany) for the subcutaneous tissues, (c) a pol-
yurethane plate with inorganic filler materials (Synbone AG,
Malans, Switzerland) to simulate the skull wall (available in
three different thickness: 5, 6 and 7 mm); (d) a portion of
ballistic gelatine 10% at 4 °C as surrogate for the brain tissue
and (e) a second polyurethane layer for the skull wall casted
into the gelatine. The gelatine has been previously calibrated
in according with the guidelines provided by Jussilla et al.
[28]. The thickness of each single layer in the model cor-
responds to the thickness of each human tissue measured
on the PMCT images considering the wound track position
(Fig. 1 and Fig. 3). The angles between the trajectory fol-
lowed by the projectile and the outer wall of the skull next
to the entry wound (first impact at the skull), as well as
next to the ricochet (second impact at the inner side of the
skull) were called respectively angle o and . They have
likewise been measured on the PMCT images and have been
reproduced on the models. All the mentioned dimensions
are summarized in Table 2 according to the measurement
illustrated in Fig. 1 and reproduced on the models repre-
sented in Fig. 3.

The models were prepared as followed: the polyure-
thane plates were placed according to the dimensions and
characteristics listed in Table 1. The resulting blocs (Fig. 4
part I) were introduced into a mould (Fig. 4 part II) and
the liquid gelatine (Type 3 of Gelita) prepared in accord-
ing with Kneubuehl et al. [5] was poured into it (Fig. 4
part III). The models were placed for 48 h into a fridge at
4 °C. Once the models became solid, they were cut first
in the middle in order to obtain two models with the same
dimensions (Fig. 4 blue dotted line); then each model was
cut close to the first polyurethane plate in order to obtain
the suitable subcutaneous layer. The leather (0.1 cm) was
finally added in the front part of the model (Fig. 4 red

Table 1 Thickness of the

AS AB AX AB ° o

different tissues perforated or (cm) 1 (em) (cm) 2 (em) *® PO

penetrated by the projectiles Wound A 0.5-0.8 0.4-0.5 11.7D +8.2@ 0.3 125 45
Wound B 0.8 12.80 42,52 0.4-0.6 79 73

@ Distance between the bone walls along the trajectory

@ Path length in the brain after the ricochet on the 2° bone wall
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Fig.3 Graphical representation of the “open shape” model. Schemas
of the models assembled for the simulation of wound tracks (red dot-
ted line) of victims A (left) and victim B (right) visualised in the axial
plane with illustration of the trajectory parameters: o, AS, AB,, AX,
AB,, and f. a=incident shooting angle, AS=thickness of the skin
and subcutaneous layers, AB,=thickness of the first polyurethane

plate, AX =length of the soft tissue portion along a straight trajec-
tory before ricochet, AB,=thickness of the second polyurethane
plate, f=incident angle on the second polyurethane plate consider-
ing a straight trajectory. No particular metric proportion has been
observed

Table 2 Individual modelling

of the questioned injuries A AS (em) AB, (em) AX (em) AB, (em) *® PO

and B by the mean of the “open  Wwound track A 0.5-0.8 0.4-0.5 11.7048.2@ 0.3 125 45

shape” models Model A 0194059 05 1179 0.5 125 45
Wound track B 0.8 0.3 12.8042.5® 0.4-0.6 79 73
Model B 0.1940.79® 0.5 12.8® 0.5 79 73

@ Distance between the bone walls along the trajectory

@ Path length in soft tissues after the ricochet on the bone wall

® 0.1 cm cowhide, semi-finished chrome tanned upholstery “crust”[27]

@ Gelatine 10%

© Distance between the polyurethane plates in the model along a straight trajectory

arrow) by heating the gelatine slightly (Fig. 4 part IV). At
the end, the models were placed again into the fridge at
3—4° until the shooting tests.

Two “open shape” models with the same characteristics
and dimensions have been assembled for each simulation
(simulation of wound tracks of victims A and B); they were
called A.1 and A.2 respectively for the simulation of the
wound track of victim A and B.1 and B.2 for the wound track

of victim B. The dimensions of the models were approxi-
mately 15X 15%20 cm.

The “spherical” model
The “spherical” model has already been used in several

ballistic studies, especially in forensic science [5, 33, 43].
Similar head models have also already been used in wound

Fig.4 Individual model prepa-
ration. Part (I) illustrates the
frame used to fix the polyure-
thane plates before the gelatine
was added. Parts (II) and (III)
represent both models in the
mould respectively without and
with gelatine. The dotted blue
line represent the cut performed
to separate the models from

the single gelatine bloc. Part
(IV) illustrates the finished
model with the leather layer
highlighted by the red arrow
(direction of shooting from the
bottom to the top of the image)
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AS

Fig.5 Graphical representation of the “spherical” model for the sim-
ulation of the wound track of the victim A. The red dotted line repre-
sents the projectile trajectory. The others trajectory parameters are: o,
AS, AB,, AX, AB,, and p. a=incident shooting angle; AS = thick-
ness of the skin and subcutaneous layers, AB, =thickness of the first
polyurethane plate, AX=length of the soft tissue portion along a
straight trajectory before ricochet, AB,=thickness of the second pol-
yurethane plate; p=incident angle on the second polyurethane plate
considering a straight trajectory. No particular metric proportion has
been observed

ballistics tests [23, 25]. Its concept has been slightly adapted
to the needs of our ballistic tests. The main body of the
model is a 5 mm thick polyurethane sphere (Synbone AG,
Malans, Switzerland) with a diameter of 19 cm fulfilled with
calibrated ballistic gelatine 10% at 4 °C (Type 3, 250 Bloom
number, Gelita, Eberbach, Germany). To simulate the skin
and the subcutaneous tissues, a layer of 0.1 cm leather [27]
has been attached on one layer of ballistic gelatine 10% at
4 °C; these layers have been placed on the polyurethane
sphere as displayed in Fig. 5. Theirs values are summarized
in Table 3.

As for the “open shape” model, the thickness of each
single layer in the model should correspond approximately

to the thickness of the corresponding human tissue meas-
ured using the PMCT images considering the wound track
position (Fig. 1 and Table 1).

However, the “spherical shape” model represents some
limitations; in fact, its spherical form does not allow a
whole control on the parameters related to the trajectory.
This makes it therefore not obvious to accurately repro-
duce the desired impact angles and an established penetra-
tion length at the same time, affecting heavily the results.
Therefore, only the wound track A has been simulated by
the mean of the “spherical” model (Table 3). This point
will be discussed further in the document.

Two shots have been performed on this model to simu-
late the wound A, they were called C.1 and C.2.

Shooting tests set-up

The firearm and the ammunition used for the ballistic tests
were all fired with an Astra CUB calibre 6.35 mm Brown-
ing (0.25 Auto) semi-automatic pistol with a 5 cm (2")
barrel and a Geco cartridge equipped with a brass Full
Metal Jacket (FMJ) projectile weighting 3.2 g (50 grains).
The cartridges were of the same brand and type as the one
as used in the two cases described above. The pistol was
fixed in a ransom rest at 2 m distance from the synthetic
model (Fig. 6). A velocity detector (Drello®, Germany)
was placed in the middle of the trajectory at 1 m from the
pistol and 1 m from the model. For each shot, the velocity
has been recorded.

Four shots were performed on the “open shape” models
(one shot for each model, namely A.1, A.2, B.1 and B.2)
and two shots on the “spherical” model (C.1 and C.2).
Before each shot, the temperature of the gelatine within
the model was measured with a thermometer at a depth
of 4 cm from the upper surface. After the shot, the “open
shape” and “spherical” models were first documented
photographically and secondly by the mean of a CT-scan.
Finally, the projectiles were extracted from the models,
photographed and described.

Table 3 Individual modelling

AS AB AX AB ° °

of the wound track A with the (cm) 1 (em) (cm) 2 (em) « PO

“spherical” model Wound track A 0.5-0.8 0.4-0.5 11.70 48232 0.3 125 45
Model C 0.1940.5@ 0.5 13.5© 0.5 125 50©

@ Distance between the bone walls along the trajectory

@ Path length in soft tissues after the ricochet on the bone wall

0.1 cm cowhide, semi-finished chrome tanned upholstery “crust”[27]

@ Gelatine 10%

© Distance between the polyurethane walls of the sphere along a straight trajectory

© Expected value of the incident angle f on the second polyurethane wall for a straight trajectory
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Fig.6 Shooting test set-up

MODEL

Im

1m

Fig.7 Axial view of the CT-scan images of the Model A.2. Left:
representation of the shooting trajectory (red dotted line) as well
the shooting parameters a (125°), AS (0.6 cm), AB, (0.5 cm), AX
(~11 cm), AB, (0.5 cm), and P (43°) (for more details see Figs. 1
and 3). Right: the same CT-image as in A) with additional informa-

Comparison between real cases and ballistic tests

The findings observed visually on the models were com-
pleted with the observations and measurements done by
using the CT-scan after the shooting. An example of the
measurements and observation by the mean of the CT
images is presented in Fig. 7.

The results of the synthetic models were then compared
with the observations done during the autopsy of the two
victims and especially the observations done by analysing
the PMCT. The following characteristics observed on the
synthetic models have been noted and compared to the
corresponding findings of the wound tracks of victims A
and B: damage on the first polyurethane layer (first impact
on the skull wall of the victims), length and characteris-
tics of the wound track in the gelatine (in the brain of the
victims), results of the interaction between the bullet and
the second polyurethane layer (second impact on the inner
part of the skull wall of the victims, ricochet), the bullet
position and the bullet deformation.

tion: (1) entry hole, (2) hole in the first polyurethane wall with funnel
form, (3) track in the gelatine attesting the side position of the projec-
tile, (4) fracture in the second polyurethane wall, (5) position of the
projectile after ricochet (in blue)

Results
Data recorded during the ballistic tests

Before each shot, the temperature of the gelatine has been
measured in order to assure that it was laying in an accept-
able range (not more than 4°). During the ballistic tests,
the velocity of each projectile has been measured (Fig. 6).
These values have been noted and summarized in Table 4.

Table 4 Velocity of the

Model V, (m/s) Tgejaine (°C
projectiles before impact against 1 (8 Toetine °C)

the model and temperature of Al 2222 3
the gelatine during the ballistic A2 205.7 3
tests
B.1 219.6 3
B.2 216.6 3
C.1 215.1 4
C2 223.9 4
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Fig.8 From left to right pro-
jectiles recovered respectively

B.1

B.2 A2

C.2

217m/s
206m/s
224m/s

Vl
Vl
Vl

from the models B.1, B.2, A.2
and C.2 (side view (first row)
and bottom view (second row)) 0 =2 Xy
S0 §
(IS ;
o
€
3
258
el >

Bullet retention and deformation

With the exception of the models A.1 and C.1, the projectiles
were retained in the models. The ones which were retained
in the models were recovered from the models after the
photographical documentation and the CT-Scan which was
performed. All projectiles showed a main side deformation
close to the base (Fig. 8). This observation is in concordance
to Riva et al. [1], according to whom the bullets are flattened
at the base because they move to the side position before
impacting the second polyurethane layer.

Comparison between real cases and ballistic tests

Tables 5 and 6 summarize the most pertinent characteris-
tics observed on the synthetic models as well as the cor-
responding findings on the wound tracks respectively of
victims A and B. The results are represented in Tables 5
and 6; they are completed by a comparison between the
models and wound tracks under the form of drawings
(Figs. 9 and 10).

Table 5 Comparison between findings observed on the models A.1, A.2, C.1, C.2 and the wound track A characteristics

Wound track length Incident angle () Ricochet angle ~ Wound track Bullet deformation (Fig. 8)
between the two bone on the 2° bone wall length after
walls ricochet
Model A.1 11.5cm 47° Perforation - Not recovered
Model A.2 11.0cm 43° 10° 5.7 cm Flattened at the base
Wound track A 11.7 cm ~45° ~50° 8.2 cm Small deformations on its body
and a main deformation at the base
(flattened)
Model C.1 153 cm ~59° Perforation - Not recovered
Model C.2 142 cm ~49° 8° 2.5cm Flattened at the base

Table 6 Comparison between findings observed on the models B.1, B.2 and the wound track B characteristics

Wound track length Incident angle (8) Ricochet angle Wound track Bullet deformation (Fig. 8)
between the two bone  on the 2° bone length after
walls wall ricochet
Model B.1 12.5cm 75° 2° polyurethane layer perfo- - Flattened at the base
rated/projectile retained by
the model
Model B.2 12.8 cm 77° Unknown 0.1 cm Flattened at the base
Wound track B 12.8 cm ~73° ~30° ~2.5cm Small deformations on its body

and a main deformation at the
base (flattened)
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Fig. 9 Comparison between

the “spherical model” C.2, the
wound track of victim A and
the “open shape” model A.2.
For each drawing, the follow-
ing information is reported: the
wound track length between
the two bone walls, the incident
angle (B), the ricochet angle and
the wound track length after
ricochet

Discussion

Two interesting shooting cases that took place under simi-
lar circumstances were submitted to our legal medicine
institute. After shooting, both victims were brought to the
hospital, where they died shortly later. For both victims
an ante-mortem, a post-mortem CT and an autopsy were
performed. In both cases the main findings were: (1) a
FMI projectile of calibre 6.35 mm Browning retained in
the head; (2) CT observations showed a deviated trajec-
tory after an internal ricochet on the skull wall; (3) a dis-
crepancy between projectile position in the ante-mortem
and the post-mortem CT caused by bullet migration. The
particularity of these two cases and their shared shoot-
ing conditions constituted a solid basis to contribute to
the existing knowledge on the use of synthetic models in
wound ballistic via ballistic tests.

Fig. 10 Comparison between
the wound track of victim B and
the “open shape” model B.2.
For each drawing, the follow-
ing information is reported: the
wound track length between

the two bone walls, the incident
angle (B), the ricochet angle and
the wound track length after
ricochet

Victim A

Considerations regarding bullet migration

Despite that it is a phenomenon described in the literature
[35-40], bullet migration is rarely documented in forensic
caseworks because, to observe such phenomenon, some con-
ditions which are difficulty given in standard forensic cases
have to be fulfilled: (a) the projectile has obviously to be
retained and (b) if migration occurs, (c) this last has to be
detected. Because of the rarity of bullet migration and even
if the study does not focus specially on this phenomenon, the
findings related to the projectile’s displacements collected
during both cases are briefly analysed and discussed below.

a) The projectile has obviously to be retained: the fre-
quency of cases where bullets are retained in the head
is relatively low. Especially FMJ projectiles in calibre
9 mm Luger and stronger tend to perforate the skull.
Retained projectiles are more often observed in cases

Victim B
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involving small calibres with limited muzzle energy.
The use of such calibres in our country is limited. In
fact, analysing the ballistic cases of our institute between
2015 and 2020, showed that only 17.7% of cases
involved a retained projectile in the head (14 cases of
79 cases with headshot). Within these 14 cases, 80%
of deaths were caused by a shot with a calibre having
a muzzle energy less than approx. 250 Joules (6 mm
Flobert, 6.35 mm Browning, 7.65 mm Browning,
0.22LR), like in the two cases described in this docu-
ment.

b) Migration must occur: it is to highlight that bullet migra-
tion can be facilitated under some conditions. In the
reported cases, both victims survived the headshot and
were transported to the hospital. During the period in the
hospital, the patients were laid on the back; so that the
gravity acted on the bullets mainly in the same direction.
Additionally, as the victims survived for a certain time,
the brain parenchyma along the wound track got weaken
and brain swelling took place. Such a weakness could
influence the consistence of the wound path and together
with the gravity it could favour a bullet displacement.
In our opinion, these are the explanations for the bullet
migration in our two reported cases.

¢) The migration has to be detected: as the two reported
cases were transported to the hospital and a CT-scan
(ante-mortem) was performed on both of them at their
arrival to the hospital, we have the chance to have the
original position of the bullet documented. As both
victims were transported to our institute after death, a
post-mortem CT-scan was performed two to three days
after the shooting. Having the images of both CT-scans
available is quite rare. In our two cases, it permitted to
compare the bullet position in detail.

Simulants characteristics

The models developed and used in this study (“open shape”
and “spherical”) have been inspired respectively by Riva
et al. [1] and Thali et al. [33]; both have been composed
using only materials, which are well known in wound ballis-
tics tests; namely a layer of leather [27], the ballistic gelatine
10% at 4° [22, 28, 32, 44-46] and polyurethane plates [1,
5, 14, 19].

Various studies can be found in the wound ballistics
literature regarding the quantitative and qualitative aspects
of skin perforation [27, 47-49]. However, few studies
propose concretely a suitable material, which can be
used to simulate the skin; the difficulty to find a simulant
which fulfils simultaneously the quantitative as well as the
qualitative needs can be one of the reasons. Synthetically
and natural materials have been tested by Jussilla et al. [27].
According to the results obtained by the authors, the best
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natural simulant was the “semi-finished chrome tanned
upholstery “crust” cowhide”. This skin simulant has already
been used successfully in wound ballistics research [9].

When headshots are analysed, questions arise about the
most suitable soft tissue surrogate to simulate the brain
parenchyma. Soft tissues surrogates have already been
widely investigated; the most accepted one in the forensic
field is the ballistic gelatine at 10% of concentration used at
4 °C temperature (FBI standard) [22, 32]. Ballistic gelatine
at 20% used at 10 °C (NATO formulation) is also widely
used in the ballistic domain [22]. Other similar products, like
Clearballistics®, a synthetic gelatine, exist and are also com-
mercially available. However, this alternatives does not meet
the penetration standards applicable for the ballistic gelatine
[50]. Other more specific solutions to simulate brain tissues
have also been studied [51]; however, the most widely used
in the field of wound ballistics remains the gelatine 10%
at 4 °C [1, 5, 33, 52]. Although the ballistic gelatine 10%
showed already good reproducibility in several studies [1,
18, 23, 33, 34], it is known that it does not reproduce exactly
the characteristics of brain parenchyma and its reaction to
the shooting process [53].

Furthermore, different types of polymers have already
been tested to simulate bone structures. Such type of mate-
rial has the advantage to successfully reproduce the macro-
scopic fracture pattern of real bone under a ballistic impact
[18, 23, 33, 34]; however, it lacks the complex structure
of a real human bone [25]. The most used synthetic proxy
in wound ballistics studies seems to be the polyurethane
products provided by the Swiss company Synbone® in the
form of plates, spheres or cylinders [1, 18-20, 41, 52, 54,
55]. Even if this polymer seems to be a suitable solution to
simulate the loss of energy associated to the perforation of a
bone structure [14], it does not provide sufficient resistance
to reproduce a bullet deformation [1]. According to Kraniotti
et al., the polyurethane spheres of Synbone® can be used to
simulate the biggest portion of the cranial vault, but are not
appropriate for the facial skeleton, which exhibits consider-
able anatomical complexity [52].

The obtained results during this study showed a good
potential of the different compounds when assembled into
a unique model. The comparison between the findings on
victim A and the results in the Model A.2 showed in terms
of penetration and bullet behaviour a good correlation.
However, even if the gelatine and the leather have already
been tested and validated as simulants, a real suitable
bone simulant does not yet exist. In fact, the results
showed a limited projectile deformation compared to the
questioned ones (Fig. 2 vs. Figure 8). A similar result was
already observed by Riva et al. [1]. The suboptimal bone
simulant can lead to differences between the wound track
characteristics and the bullet deformation observed in real
cases and in ballistic tests. The projectile deformation caused
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by the bone’s interaction should be one priority taken into
account in developing new bone simulants.

However, the selected compounds have the great advan-
tage to be homogeneous allowing to reach a good level of
reproducibility. This allows to keep the set-up unchanged
and to modify only single parameters permitting to analyse
them further in detail. On the other hand, the homogeneity
of the synthetic materials can also be a disadvantage. Human
tissues are not as homogenous and can therefore react dif-
ferently. The difference in the homogeneity of the selected
compounds used and the human tissues can explain some
differences which we have noted between our expected and
our finally obtained results. For example, the surface irregu-
larities on the inner part of the skull wall can more easily,
in case of ricochet, generate different angles of rebound
than the smooth surface of the polyurethane plates or
spheres. This might explain the discrepancy found between
the wound track and its extent of injury of victim A and
the experimental results concerning the simulated wound
track of it. In victim A, the angle of ricochet was about 50°
(Table 5) compared to the limited ricochet angle observed
after the shot performed on the model A.2 (ricochet angle
about 10°). Such difference can also be enhanced by the
limited bullet deformation caused by the interaction with
the first polyurethane layer.

Finally, it should also be noted that some differences
between the real wound tracks and the models simulations
could be related to the ammunition batch and the questioned
pistol, as also the exact shooting distance, who’s exact infor-
mation were not available at the moment of the ballistic
tests. In the opinion of the authors despite these uncertain-
ties, their influence on the results remains limited from a
wound ballistics point of view.

Comparison of the “open shape” and the “spherical”
model

Regarding the comparison between the two types of models,
the “open shape” model allowed to better control all the
shooting parameters. This aspect was not always fulfilled
when using the “spherical” model. Even a small error from
the intended point of impact on a 19 cm sphere leads to an
impact angle that is bigger or smaller than intended. On the
other side, the “open shape” model used in this study has
been tested only with low energy projectiles [1]. With such
ammunition, the energy deposition and the temporary cav-
ity are limited, especially when FMIJ projectiles are used.
The effect of a bigger temporary cavity has not been tested
but it is possible to imagine that a “spherical” model should
be more suitable to simulate the damages caused by more
powerful projectiles into the head, as the spheres enclose the
gelatine better than an open model does. This point should
be further investigated if simulations with such ammunition

are taking into account. Moreover, the polyurethane walls
of the “spherical” model are provided with constant thick-
ness (available in 5, 6 and 7 mm); these values can be hardly
modified. It is thus difficult to deal with cases where the
thickness of the bone wall changes considerably for the same
victim, depending on its locations, like it’s the case for the
skull. It is important to keep in mind that the “open” shape
model allows a clear visualisation of the bullet behaviour
and the tissues reaction during the shooting if a High-Speed
camera is used.

Criticism around the bone simulant and further
research

Wound tracks, from Victim A and B, and their injury effect
have been successfully reproduced by the mean of the “open
shape” models and the wound track of victim A has been
also reproduced similarly by using the “spherical” model.
Concerning all the retained shots, the main difference was
the bullet deformation, which was less pronounced in our
ballistic tests compared to the projectiles found in the head
of the victims. This difference is probably caused by the
physical properties of the Synbone® polyurethane plates
which might under-represent the strength and/or the density
of human bone. Despite a simulant does not need to have
exactly the same biomechanical properties as the human
tissue it represents, it has to provide results, which can be
extrapolated or scaled in a constant way [28, 56]. However,
this aspect cannot be applied by using Synbone® polyure-
thane plates when considering the deformation of the projec-
tile. In fact, the path of a deformed projectile in soft tissues
will not be the same in terms of damages and penetration’s
length as a path left by an “intact” projectile. The magnitude
of the bullet’s deformation can have important consequences
on the wounding profile and wound track [1]. This aspect
should thus not be underestimated and should be strongly
considered for the development of more adapted materials.

Conclusion

In order to reconstruct shooting incidents, ballistics tests
based on simulants are often recommended in order to repro-
duce the wound characteristics of the victims. The validation
of such simulants needs still to be improved through the
comparison with real caseworks. In this study, the findings
observed during various investigations (ante- and post-mor-
tem CT-Scan, autopsy) performed on two victims killed in
the same shooting have been reproduced with shooting tests
on synthetic models.

Two different models have been assembled to simulate
the victim’s head (“open shape” and “spherical” model).
Both are composed by a layer of leather, two Synbone®
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polyurethane layers and ballistic gelatine 10% to simulate
respectively the skin, the bone walls of the skull and the
brain parenchyma. In the first model, named “open shape”
model, the three compounds have been assembled sequen-
tially layer by layer without lateral walls to enclose them; as
opposed to the second model, namely the “spherical” model,
which was enclosed by a polyurethane sphere.

The comparison between the investigation findings of the
victims and the shooting tests results of both models shows a
good correlation in terms of projectile penetration and bul-
let behaviour. However, the “open shape” model allowed to
better control all the shooting parameters, though it has been
tested until now only with low energy projectiles.

The main difference between the real cases and our mod-
els was the bullet deformation, which was less pronounced
in the ballistic tests compared to the projectiles found in
the head of the victims. This result could be related to the
bone simulant, which we used, which might under-represent
the strength and density of the human bone. Future studies
which target the development and the validation of ballistic
bone simulants should thus focus on this aspect in priority.
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