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RESUMO

Feridas por arma de fogo na regido occipital sdo conhecidas em casos de execugdo. O
aumento da violéncia armada nos ultimos tempos tem exigido estudos que investiguem os
padrdes de destruicdo do tecido 6sseo com o intuito de conhecer os mecanismos de lesdo,
reconstruir os eventos em torno da morte através de uma adequada interpretagdo da possivel
distancia, velocidade, direcdo e tamanho do calibre do projétil. A avaliacdo desta natureza de
ferimentos tem sua importincia nas investigacdes policiais e criminalisticas no ambito
forense. O objetivo deste estudo foi simular caraterizar os impactos de projéteis de arma de
fogo na regido do osso occipital por meio da andlise de elementos finitos. As imagens
tomograficas de um cranio humano, adulto, seco, teve sua estrutura éssea segmentadano
software Mimics v. 18. Apds segmentagdo, no software Rhinoceros® 3D 5.0 foi obtida a
geometria do cranio. Os projéteis utilizados neste estudo foram: .380 Auto, .40 S&W, 9 mm
Luger. As geometrias de cada projétilfoi obtida no software Rhinoceros® 3D 5.0. A
constru¢do do modelo de elementos finitos foi realizada no software Ansys v16. Todas as
estruturas foram consideradas lineares e eldsticas. A estrutura dssea foi considerada
isotrépica. Nas condi¢des de carregamento foram configuradas as velocidades, angulacdo e
distancias dos projéteis, tudo por meio computacional em andlise dindmica. A Unica varidvel
de interferéncia no projétil considerada foi a forca da gravidade no valor de 9,8 m/s2. A
distancia definida entre o osso occipital e os projéteis foi de 5 centimetros. Essa distancia
corresponde, teoricamente, ao espaco virtual entre a boca do cano de uma arma do calibre
estudado e o 0sso, caracterizando um tiro a curta distidncia. Nos resultados, foi analisada a
tensdo equivalente de von Mises, bem como a morfologia do orificio de entrada produzido
pela entrada de cada projétil. Os padrdes de ferimentos observados nos diferentes calibres
estudados mostraram um aspecto oval, em que o .40 ficou mais perto ao circular. A maxima
de tensdao de von Mises observada foi de 181.6 MPa para a 9mm, 121,25 MPa no .380 e 88.83
MPa no .40. As simulagdes realizadas possibilitaram a caracterizagdo das feridas apds a

penetracdo dos diferentes projéteis no osso occipital.

Palavras-chave: Anilise de Elementos Finitos.Ciéncias Forenses.Balistica. Osso Occipital.



ABSTRACT

Gunshot wounds in occipital region are commonly found execution cases. The increase of the
violence in the last times has required studies to investigate destruction patterns in bone tissue
in order to know the mechanism of the injuries, reconstruct the events surrounding death
through a proper interpretation of the possible distance, velocity, direction and bullet caliber
size of the firearm used. The nature and evaluation of the different types of wounds are
important to police and criminal investigations in the forensic context. The aim of this work
was to characterize the impact of firearm bullets in the occipital bone region through finite
element analysis. The tomographic images of a human dry skull, adult, had the bone structure
segmented on the Mimics software v. 18. After segmentation, the geometry of the skull was
gathered on the Rhinoceros® 3D 5.0 software. The bullets used in this study were: .380 Auto,
40 S&W, 9 mm Luger. The bullets geometry was gathered on the Rhinoceros® 3D 5.0
software. The Finite Element Model construction was carried out in the Ansys v16 software.
All structures were considered as linear and elastic. The bone structure was considered
isotropic. In the loading conditions were configured the velocities, angle and distances of the
bullets, everything by computational means in dynamic analysis. The gravity with value of
9.8 m/s2 was considered like the only interference variable on the trajectory of the bullet. The
distance between the occipital bone and the projectiles was 5 cm. These distances correspond,
theoretically, to the virtual space between the gun muzzle and the bone, featuring a shot from
close range. In the results, the von Mises stress and the morphology of the inlet orifice to each
projectile was parsed. The wounds patterns observed to the different calibers showed an oval
aspect, wherein .40 was closer to circular. The maximum value of von Mises stress was 181.6
Mpa to 9 mm, 121.25 MPa to .380 and 88.83 MPa to .40. The simulations allowed the

characterization of the wounded after the penetration of the bullets in the occipital bone.

Key words: Finite element analysis. Forensic Sciences. Ballistic. Occipital bone.
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1 INTRODUCAO

Os diferentes tipos de violéncia podem ser classificados em trés grandes grupos, a
saber: autodirigida (como no suicidio ou automutilag¢do), coletiva (em atos de guerra ou por
gangues) e interpessoal (contra criancas, pessoas idosas, conhecidos) (Souza, et al., 2014).
Miller, et al., (2007) relatam que dois em cada trés vitimas americanas de homicidio sdo
mortas com armas de fogo. Entre as regides do corpo mais atingidas por feridas com armas de
fogo tem-se a cabecga (44,5%), torax (25,7%), abdome (10,7%), e a coluna vertebral (5,7%)
(Papadopoulos, et al., 2013). Um estudo de cinco anos (1998 a 2003) no Estado de Rivers, na
Nigéria, revelou que lesdes na cabega sdo a causa mais comum da morte, especialmente em
acidentes de transito, tiro de arma de fogo e assalto, respetivamente (Seleye-Fubara & Etebu,
2011).

Gore, et al., (2003) investigaram, retrospectivamente, 444 mortes por arma de fogo em
Diyarbakir - Turquia, individuos autopsiados pelo Conselho de Medicina Legal num periodo
de 6 anos (1996 a 2001), incluindo homicidio (296 casos, 66,7%), suicidio (120 casos, 27%) e
tiroteios acidentais (28 casos, 6,3%). No homicidio encontraram que a cabeca foi o local de
maior frequéncia, respondendo por 82 (68,3%) dos Obitos, e concluiram que os fatores que
contribuem para o aumento da morte por arma de fogo sdo as atividades dos terroristas,
habitos tradicionais de obten¢do e uso de armas de fogo e gangues de sangue. Kaptigau, et al.,
(2007) relataram que o uso de objetos contundentes, armas de fogo e flechas, juntamente com
o aumento da violéncia urbana € responsavel pela maior parte das lesdes em cranio.

O incremento da violéncia no Brasil afeta a mortalidade e a mobilidade da sua
populacdo, Souza, et al., (2014) analisaram a taxa de mortalidade por homicidio no estado da
Bahia mediante dados do sistema de informac@o sobre mortalidade (SIM). Estes autores
evidenciaram a relacdo da referida violéncia com a baixa escolaridade, Gawryszewski, et al.,
(2005) reportaram diferentes fontes de dados de homicidios por meio de certiddes de 6bito,
laudos de médicos legistas e boletins de ocorréncia policiais de residentes vinculados a cidade
de Sao Paulo, para o segundo semestre de 2001, mostrando como resultado uma taxa bruta de
homicidios de 57,2 / 100.000, sendo a propor¢ao de homicidios por armas de fogo de 88,6%,
e a maioria destas lesdes foram na cabeca (68,9%), Freitas & Bonatelli (2000) estudaram 417
ferimentos craneo-encefdlicos que foram produzidos por um unico projetil o qual mostrou
uma taxa de mortalidade de 63,1% (n=263), ja Souza, et al., (2013) mediante o andlise de 181
prontudrios de individuos com traumatismo craneo-encefalico por projétil de arma de fogo da

Santa Casa de Sdo Paulo encontraram que o mais atingido foi o sexo masculino com um 85%
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(n=154) e o sexo feminino em um 15% (n=27), em quanto as regides encefdlicas mais
acometidas foram o lobo frontal (27,6%), seguido pelo temporal (24,86%) e occipital
(16,57%), avaliados em um periodo de 16 anos (1991-2005).

Estudos foram realizados com o intuito de encontrar uma correlacdo direta entre arma-
projétil e o didmetro da ferida, a morfologia, a contaminacdo e a destruicdo dos tecidos
(Berryman, et al., 1995) (Stuehmer, et al., 2009) (Matoso, et al., 2014). Plattner, et al., (2003)
estudaram a reproducdo da forma e o padrdo de residuos por arma de fogo perto das feridas
através de uma série de disparos experimentais sobre a pele em um modelo de tecido mole,
Ozer, et al., (2007) mostraram os efeitos de diferentes tiros em tecidos do corpo com o
objetivo de conhecer o tipo de arma que causou o dano e as suas caracteristicas, Von See, et
al., (2009) dispararam na cabecga de porcos com 5 projéteiscom a mesma energia cinética e
encontraram diferencas considerdveis nos padroes de lesdes entre eles. Cecchetto, et al.,
(2011) avaliaram por meio de micro-CT ferimentos de projétil de alcance intermédio
acoplado a um software de andlise de imagem, a fim de quantificar as particulas de pd e
determinar a distdncia do tiro em secgcdes de pele obtida a partir de pernas humanas
amputadas cirurgicamente.

Feridas por armas de fogo na regido occipital sdo conhecidas em casos de execucio
(Matoso, et al., 2014), sendo consideradas uma forma frequente de lesdo fatal (Leymann &
Althoff, 1980), a qual tem como caracteristica o uso de armas de pequeno porte disparadas a
curta distancia (Szleszkowski, et al., 2014). Este tipo de ferimento também tem sido referido
como fonte mais comum de injtrias em homicidios relacionados com gangues na populagdo
adulta (Aryan, et al., 2005) (Stone, et al., 1995) e em criancas e adolescentes (Levy, et al.,
1993).

Szleszkowski, et al., (2014) realizaram um estudo em 194 restos esqueléticos dos
quais 108 foram determinadas as causas da morte sendo em sua maioria (76 casos) tiros na
regido occipital relacionados com execucdo, na cidade de Warsaw na Polonia, neste estudo
também sdo reportados casos de exumagdes com o mesmo tipo de ferimento em cidades tais
como Katyn, Kharkov e Mednoye; Szleszkowski, et al., (2014) analisaram os restos mortais
de 23 individuos com a mesma carateristica de ferimento de execu¢do na regido occipital os
quais foram recuperados do Cemitério Osobowicki em Wroclaw (Polénia), no campo 83B no
2012 (Szleszkowski, et al., 2012). Em 1948 e 1949, Slaus, et al., (2007) realizaram a
identifica¢do e andlise de 61 restos humanos recuperados de pogos na crodcia da guerra de
1991, nos quais observaram uma frequéncia significativamente maior de feridas de bala

sugestivas de execucdo no osso occipital reportando 44,1%.
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Casos de tiros na regido occipital com carateristicas de execu¢do tem sido reportados
por Zugibe & Costello (1993), Feinsod (2003), Ran, et al., (2010) em combates, Rothschild
& Schneider (2000) apés um assalto, D’Errico, et al., (2011) pela méfia italiana, o que mostra
o alto indice deste tipo de ferida nesta regido.

Modelos precisos da cabeca humana t€ém sido desenvolvidos para avaliar diferentes
tipos de lesdes e validados com experiéncias reais sobre o movimento cerebral localizado,
aceleracdo intracerebral e a pressdo intracraniana, cujas comparagdes com os resultados
previstos pelo modelo foram satisfatérias (Panzer, et al., 2012) (Mao, et al., 2013) (Zhu, et al.,
2013). Diferentes partes da cabeca foram testadas a impactos em ossos frontal (Matoso, et al.,
2014), temporal e parietal (Singh, et al., 2014) variando dire¢cOes de carga e duragdo de
impacto incluindo a regido occipital (Chu, et al., 1994) (Yoganandan, et al., 1995) (Kleiven,
2006) (Monea, et al., 2014). Forcas de esmagamento também foram recriadas no cranio
aplicando pressoes bilaterais nas regides correspondentes (Baumer, et al., 2010). Aomura, et
al.,, (2003) realizaram um teste de colisdo usando um péndulo com um bloco de ferro
impactando um modelo fisico na regido occipital incluindo o pescoco humano, o resultado do
ensaio e o resultado do cdlculo numérico fornecido pelo modelo de elementos finitos
obtiveram uma boa concordancia.

A andlise de elementos finitos tem mostrado sua utilidade em diferentes tipos de
injurias por meio da sua andlise dinamica, buscando estabelecer critérios de identificacdo de
lesdes que indiquem padrdes e relacionamentos entre provaveis agentes-receptores (Raul, et
al., 2006). Usando estes modelos nas reconstru¢des forenses tem sido identificadas condig¢des
de impacto mecanicos-dinamicos e formacOes de fraturas a partir de carateristicas de
variabilidade biolégica tais como geometria, espessura, rigidez, nimero de suturas e
densidade do cranio (Thollon, et al., 2013).

Os Modelos de Elementos Finitos tridimensionais t€m permitido explorar o grau dos
danos créneo-encefdlicos ocasionados como resultado de uma queda a diferentes distincias
reproduzindo situagdes acidentais tais como quedas desde um prédio em construcio, ciclistas
ou pedestres, neste sdo analisadas as distribui¢cdes das tensdes e deformagdes no cranio
(Ruan, et al., 1994) (Lei, et al., 2009) (Liu, et al., 2013) (Monea, et al., 2014), assim como na
area clinica na elaboragdo de dispositivos de fixacdo occipitocervicalpara fornecer uma base
tedrica para a aplicacdo clinica (Cai, et al., 2014). Coats, et al., (2007) estudaram o impacto da
cabeca de um bebé no osso occipital a uma distancia de 0.3m contra o concreto.

Desta forma, a associagdo entre o conjunto de conhecimentos técnico-cientificos e

criminalisticos ajudam a reestabelecer lesdes ou mortes causadas por projéteis, que € de
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interesse nesta pesquisa. A caraterizacdo das carateristicas de ferida por projéteis € uma
questdo importante para interpretar distancia, velocidade, alcance, efeito, direcdo e as vezes o
tamanho do calibre, circunstancias que ajudam ou orientam as investigacdes policiais e ou
judicias contribuindo como elementos probatérios no momento de estabelecer um fato
delitivo (Quatrehomme & Iscan, 1998) (Quatrehomme & Iscan, 1999), assim como na
confec¢do de capacetes a prova de bala com o fim de impedir lesdes e mortes em combates
(Ran, et al., 2010), além da possibilidade de fornecer aos cirurgides de cabeca e pescoco uma
ajuda para o melhoramento das técnicas cirdrgicas (Doctor & Farwell, 2007).

Execuc¢do por ferimento de arma de fogo em osso occipital pode ter variagdes na sua
morfologia devido a fatores como a arma de fogo e o calibre do projétil utilizados, a distncia
do atirador ao alvo, diferentes angulos representando como o assassino empunhe a arma em
direcdo a vitima e a posi¢do em que esta ultima possa estar (em pé, deitado de brucos,
ajoelhado). O presente estudo investigou os padrdes de destruicdo do tecido 6sseo numa
avaliacdo dindmica utilizando a andlise elementos finitos, para melhorar a compreensao dos
mecanismos de lesdo, reconstruir os eventos em torno da morte, e para a possivel criacdo de
critérios de ferimentos nesta regido com o fim de facilitar as investigagdes policiais e

criminalisticas no ambito forense.
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2 ARTIGO

Characterization of Gunshot Wound in the Occipital Bone

Region Using Finite Element Dynamic Simulation

Artigo submetido ao periédico: PLOS ONE Journal (Anexo 2)
Autores: Yuli Andrea Lépez Quintero, Alexandre Rodrigues Freire, Ana Cldudia Rossi,

Rodrigo Ivo Matoso, Felippe Bevilacqua Prado.

Abstract

Gunshot wounds in the occipital region are commonly found in execution cases. The recent
increases in violence warrant studies to investigate the destruction patterns in bone tissue and
thereby understand the mechanisms underlying the injuries and to reconstruct the events
surrounding a death through the proper interpretation of the possible distance, velocity,
direction and bullet caliber size. The characterization and evaluation of different types of
wounds are important for police and criminal investigations in the forensic context. The aim
of this work was to simulate the impact of firearm bullets in the occipital bone region by
using finite element analysis. Tomographic images were obtained of a human dry skull from
an adult, and the bone structure was segmented using the Mimics v18 program. After
segmentation, the geometry of the skull was evaluated using the Rhinoceros® 3D 5.0
software. The bullets used in this study were a .380 Auto, .40 S&W, and 9 mm Luger. The
bullet geometry was also determined using the Rhinoceros® 3D 5.0 software. The Finite
Element Model construction was carried out using the Ansys v16 software. The bone
structure was considered to be isotropic. The loading conditions were configured based on the
velocities, angle and distances of the bullets in the dynamic analysis. The distance between
the occipital bone and the projectiles was 5 cm. This distance corresponds, theoretically, to
the virtual space between the gun muzzle and the bone. The von Mises stress and the
morphology of the inlet orifice following exposure to each projectile was parsed. The wound
patterns observed for the different calibers showed an oval aspect, with the .40 having a

pattern that was closer to circular. The maximum value of the von Mises stress was 181.6
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MPa for the 9 mm, 121.25 MPa for the .380 and 88.83 MPa for the .40. The simulations
allowed for the characterization of the wounds after the penetration of the bullets in the

occipital bone.

Key words: Finite element analysis; Forensic sciences; Ballistic; Occipital bone.

Introduction

Mechanical, physical, chemical and biological agents, among others, contribute to the
loss of life or health of an individual [1]. The frequent use of firearms has highlighted the
mechanical effects that occur under different situations: homicides, suicides, robberies,
shootings, executions, legal interventions, unintentional deaths, deaths due to unknown or
undetermined causes and so forth [2-7].

Among the regions of the body, the head (44.5%), thorax (25.7%), abdomen (10.7%)
and vertebral column (5.7%) were the most common injuries caused by firearms in Athens,
Greece [7]. In cases of murder reported in Diyarbakir, Turkey, the head was the preferred
location, accounting for 68.3% of such deaths [4]. In Rivers State in Nigeria, head injuries
produced by firearms were found to be the most common cause of death, accounting for
23.5% of firearm-related deaths [8]. In Puerto Moresby, Papua Nueva Guinea, 340 cranial
injuries were reported, 14% of which were penetrating skull fractures and open depressed
fractures, accounting for 4 of every 7 deaths from [9].

In Brazil, several studies have shown similar findings. For example, in Porto Alegre
state, a total of 417 patients with skull-encephalic injuries produced by a single projectile
showed a mortality rate of 63.1% [10]. In Sdo Paulo state,2,714 homicides were reported for
the second half of 2001, with most of these caused by firearms (88.6%), and most of the
homicides (68.9%) were by head injuries [11]. An analysis of 181 records from Santa Casa in

Sao Paulo evaluated from a period of 16 years showed that the brain regions most commonly
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affected by firearms were the frontal lobe (affected in 27.6% of cases), followed by the
temporal (24.86%) and occipital (16.57%) regions [12].

Wounds in the occipital region caused by firearms are common in execution cases
[13], with most cases killed using handguns fired at close range [14]. These injuries are
generally fatal [15]. In Los Angeles, USA, handguns were found to be the main cause of
gang-related homicides in the adult population. Of the 525 recorded victims, 51% were
associated with such organizations, and 30% of these used a shot in the occipital region as a
method of execution [16]. In contrast, of 105 other victims, including children and
adolescents, 72% of the killings were associated with gangs, and 28% had been shot in the
occipital region [17]. In Poland a gunshot to the occipital region was reported as a method
used to execute hostages. Of the 108 people executed in Warsaw, 70.4% had an occipital
wound [18]. In a report from Wroclaw, from 223 victims, 17.48% of the 223 victims showed
the same features [19]. In another region of the same city, 23 bodies were found, and 47.82%
presented with the same type of injury [14, 20]. In Hubertus, 41 similar cases were reported
[21]. In Croatia, 61 bodies were found in dry wells, and 1,111 bodies were found in
functioning wells, 44.1% and 15.1% of which, respectively, exhibited typical signs of this
type of execution [22].

Previous studies have been performed to find a direct relationship between the
between the projectile and the wound diameter, morphology, contamination, tissue
destruction, gunshot pattern residues and particle quantification. Therefore, experimental and
computational techniques have been used in attempts to identify the weapon type that caused
the damage, differences in the patterns of injuries and to determine the shooting distance.
Experiments have been performed in (a) animal parts, such as pig heads [23] and calfskin
fixed to a gelatin block or soup [24], (b) patients or autopsy cases [25-27], (c) skin sections

from surgically amputated human legs [28], and (d) soft tissues of the body and ballistic gel
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candles [29]. Finite Element Analysis was used to determine these characteristics
computationally in many of these studies [13, 30-37].

The aim of the present study was to evaluate the morphological and morphometric
features of wounds after a bullet has penetrated the occipital bone. This study was conducted

using three different calibers of bullets in an explicit dynamic simulation.

Materials and Methods

The Committee for Ethics in Research of the State University of Campinas (Protocol

number -123/2015) approved this research.

For this research, we considered the conditions of an execution, where the victim is
kneeling, head inclined and looking at the floor, while the shooter is standing behind the
victim. In this situation, the projectile enters perpendicular to the skull in the occipital region.
The simulation parameters of the shooting conditions were then established for (a) the firearm

caliber and (b) the shooting distance.

1. Sample acquisition

In this study, we used images with a 0.25-mm slice thickness that were obtained using
cone beam computed tomography of a dry skull from the Laboratory of Anatomy of

Piracicaba Dental School, State University of Campinas, SP, Brazil.

2. Geometrical construction

The three-dimensional set of contiguous sectional images was presented in gray scale,
where each value on the scale corresponds to an intensity value in the voxel. The Materialise
MIMICS v.18 program (Materialise, Leuven, Belgium) was used for the segmentation of the

cone beam computed tomography images. After segmentation, a three-dimensional surface in
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a stereolithographic (STL) format was created (Fig 1). The STL images from the skull were
imported into the Rhinoceros 5.0 software (McNeel & Associates, Seattle, WA, USA), where

the geometrical modeling was performed (Fig 1).

Fig 1. Steps performed for human skull modeling showing (A) the dry human skull (real), (B)
the segmentation using the MIMICS v18 software and (C) the final geometry obtained
through reverse engineering modeling (*After the inferior plane was cut to restrict the
application during the simulation) The geometries of the bullets (D) .380, (E) .40 and (F) 9
mm were obtained using the Rhinoceros 5.0 software.

The geometries of the bullets were also obtained using the Rhinoceros 5.0 software
(McNeel & Associates, Seattle, WA, USA) (Fig 1). Three bullets were modeled following the
design of .40, .380 and 9 mm calibers (Table 1). The technical information (dimensions) for
the construction of the geometries of the bullets was provided by Mr. Ivan Moraes Gasparotti

from Cartridges Brazilian Company (CBC, Ribeirdo Pires, SP, Brazil).
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Table 1. Bullet features according totheir material composition and recommended utilization
according the Cartridges Brazilian Company (CBC, Ribeirao Pires, SP, Brazil)

Bullets Features Recommended Utilization

380 Auto | full metal-jacketed; round nose Great penetration into barricaded targets

40 S&W full metal-jacketed; flat point Great penetration into barricaded targets

9 mm Luger | full metal-jacketed; round nose Military use with great penetration

3. Finite element model construction

The geometry of the human skull was imported into the ANSYS v16 (ANSYS, Inc.,
USA) software, in which a three-dimensional finite element mesh was constructed using our
custom mesh generator software. The final mesh was composed of tetrahedral elements (Fig
2) and an average element quality of 0.79 (SD + 0.12), where 0 was the worst value and 1 was
the best. At the bullet impact region, the mesh was refined for better accuracy in the results

(Fig 2).

All structures were considered linear and elastic. The bone structure and material of
the projectiles were considered isotropic [38-39]. These properties were in agreement with the
elastic modulus values (E) and Poisson's ratio (v) of isotropic structures. All structures were

continuous. The mechanical properties of the bone structure are shown in Table 2.
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Fig 2. Finite element mesh with tetrahedral elements (ANSYS v16 software; ANSYS, Inc.,
USA). The red arrow indicates the region with refinement.

Table 2. Mechanical properties of bone

Materials

Modulus of Elasticity (E)* Poisson’s ratio(V)

Bone 14

0.3

[38-39] *Values in gigapascals (GPa).

The mechanical properties of the bullets in the finite element model were assigned

according to predetermined data to compute the dynamic analysis [40]. These properties are

described in Table 3 (CBC, 2011).
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.380-caliber 40-caliber S&W 9 mm Luger
Properties of the Jacket Core Pb Jacket Core Pb Jacket | Core Pb
materials (Cu”) | (99%) and (Cu®) | (99%)and | (Cu®) | (99%) and
Sb (1%)* Sb (1%)* Sb (1%)*
Elasticity modulus (GPa) 115 14 115 115 14
Poisson’s ratio 0,3 0,38 0,3 0,38 0,3 0,38

b. Copper alloy UNS C23000 [57] (MatWeb, 2012c)
c. Alloy containing 99% lead and 1% antimony [57] (MatWeb, 2012b)
d. Copper alloy UNS C22000 [57] (MatWeb, 2012a)

4. Analytical configuration

In the explicit dynamics conditions, the analysis was configured to assess the impact

of the bullets on the occipital bone. The initial velocity of the bullet was set according to the

velocity to determine when it exited the muzzle. In addition, the angle and distance of the

bullets were determined by using the position from which they exited the muzzle, and these

were considered in the geometrical modeling. The only external variable of interference

during the bullet displacement was the standard earth gravity (9.8 m/s?).

The velocity values made available by the Cartridges Brazilian Company [40] for the

.380 caliber, .40 caliber S&W and 9x19 mm Luger are shown in Table 4 (CBC, 2011).

Table 4. Kinematic data for when the bullets exit the muzzle

Bullets Velocity (m/s) Weight (g) | Energy (Joules)
.380 Auto 308 95 293
40 S&W 300 180 524
9 mm Luger 332 124 443
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The distance between the occipital bone and the bullets was equal to 5 cm. This
distance theoretically corresponds to the virtual space from the muzzle of the gun being

studied to the bone, representing a close-range shooting (Fig 3).

Fig 3. Configuration used for the analysis showing the distance of the bullets from the bone
and the boundary condition (restraints indicated by red crosses).

A cut plane at the skull base level was created to apply restraints in all axes (Fig 3).
This boundary condition allowed for greater stability during the simulation.

Measurements of the horizontal and vertical diameters of the outer edges of the wound
were made using the ImageLab 2000 software. The images were obtained from the results
included in the Ansys software, which contained the wound area and a reference scale (in
mm). Thus, after the calibration, the horizontal and vertical diameters were measured to
determine the morphometric differences between wounds caused by the different calibers of

bullets.
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Results

In this work, the different morphological patterns of the wound orifice and the stresses
produced in the inlet orifice (von Mises criteria) were observed for three different calibers of

bullets.

1. Injury patterns

The injury patterns were observed according to the morphological characteristics of
the inlet orifice, which included the apparent shape and the horizontal and vertical diameters
(Table 5). All of the inlet orifices presented an oval shape that was close to circular. The most

circular shape was formed from the .40 caliber impact.

Table 5. Morphometric measurements and maximum stress of the wound

Sample Results
Shape Horizontal Vertical Maximum stress in
diameter (mm) diameter (mm) the wound (MPa)
.380 bullet Oval 13.94 14.85 121.25
.40 bullet Circular 15.30 15.15 88.837
9 mm bullet Oval 16.62 15.71 181.63

The inlet orifice caused by the .380 bullet penetration was oval but very close to
circular, with a vertical diameter greater than the horizontal diameter (Table 5). The orifice
caused by the .40 bullet had a circular shape, which presented smaller differences between the
vertical and horizontal diameters. The impact from the 9 mm Luger bullet produced an oval
inlet orifice, which was very close to circular, with small extensions in the lateral direction.

The horizontal diameter was greater than the vertical.
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2. von Mises stress in the impact region

The von Mises theory considers the distortion energy of one side of the element, or the
energy associated with changes in the element shape, but not the element volume. If the
geometric combination of all tensions acting on a specific point of a ductile material exceeds
the traction resistance, the material breaks in that location [41]. In this study, the energy
supplied by the projectile’s penetration into the skull (Fig 4), the stress condition values, and
the deformation that led the material to fail (rupture or leak) were parsed in each sub-region

determined by the finite elements.

Fig 4. Results showing the von Mises stress and the bone destruction after bullet penetration.
This sagittal plane shows the differences between the external and internal bone destruction
caused by energy dissipation from the bullets (A) .380, (B) .40 and (C) 9 mm.

The entire wound (external and internal bone surface) caused by the .380 bullet
showed a maximum stress of 121.25 MPa. The stress was distributed over the entire wound
edge but was focused at the superior region. From the wound edge, the stress dissipated to the

adjacent surface in the occipital bone, which presented low stress values (Fig SA).
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Fig 5. von Mises stress after the penetration of the three bullets (A) .380, (B) .40 and (C) 9
mm. The stress values in the scale were applied to the bone structure.

The wound from the .40 bullet presented a circular shape, with the highest stress
concentrated in the inferior edge. A value of 88.83 MPa was the highest stress caused by the
wound, which was lower than the stress caused by the .380 and 9 mm bullets. As occurred in
the .380 wound, the stress dissipated to the adjacent surface of the occipital bone, which
showed low stress values (Fig 5B).

The highest stress in the 9 mm wound was 181.6 MPa, which was located in the
superior border of the orifice in the inner bone surface. Part of this energy was dissipated to

the occipital bone, which presented low stress values (Fig 5C).
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Discussion

Improved head models have been developed to evaluate several parameters of
different types of lesions, such as localized brain motion, intracerebral acceleration and
intracranial pressure. Real experiences were used to compare and validate the results provided
by the models, showing satisfactory behaviors [10, 42-43]. Different parts of the head were
tested for impacts on the frontal [13], temporal and parietal [44] regions, as were varying
exposure times and load directions in the occipital region [45-48]. Collision tests using
physical models and including the occipital region and human neck were also made, and the
test results and calculations provided by the Finite Element Model (FEM) had good

agreement [49].

The FEM is commonly used for experimental studies in human heads to enhance the
understanding of the mechanism(s) of injury via a dynamic analysis [50]. Therefore, injury
identification criteria can be established and patterns can be found to indicate the relationships
between probable agents and receptors [45]. The mechanical and dynamic impact conditions
and formation of fractures were identified using these models in forensic reconstructions, with
biological variability in their geometry, thickness, stiffness, number of sutures and skull

density [51].

The association between the technical-scientific knowledge set and criminalistics
contributes to reconstructing injuries or death caused by projectiles. The victims executed by
firearms who have bullets fired into the occipital region have specific morphological features,
and understanding the features of these wounds is important for interpreting and determining
the shooter distance, bullet velocity, reach, action, direction, angle variations and sometimes

the caliber size. Due to specific factors, such as differences in both firearms and projectiles
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and the features mentioned above, it may be possible to determine how the weapon was held
and the position of the victim when it was fired (standing, lying down, kneeling or face
down). Police and judicial investigations can be aided by such evidence in criminal cases
[26]. In the present study, the skull position was selected based on reported cases in the
literature, featuring an execution with the victim looking down and the projectile output

pointed toward the occipital bone.

Cases in which the victim was shot in the occipital region with characteristics of an
execution have been reported [52-56], where the impact region and general state of the body
were depicted but the type of gunshot that caused the injury was not. The aim of this work
was to contribute to the interpretation of the findings in similar cases, providing a tool to
suggest the type of firearm, distance from which the shot was fired and probable projectile
based on the features of the injuries in this region. This will help provide a larger number of

elements that can aid in solving crimes.

Calculating the impact of the bullet on the skull allows for a morphometric study of
the wound in the bone structure, a described in a study conducted in the glabellar region [13],
in which the region of the wound presented an irregular format with a triangular aspect. In
contrast, when the wound is in the occipital bone, it is oval or circular. These different
features are largely related to the bone morphology and to the bullet’s angle of entry. This
association between the bone region and angle of entrance is important when a computational
simulation is used as a tool for identifying the caliber of the bullet used.

Computational simulations are based on models because of the complexity of real
situations. It is therefore impossible to take into account all of the parameters involved in the
process, such as the gases produced during the combustion of a propellant charge and the

absence of soft tissues that could influence the wound morphology. Future studies including
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angle and distance variations, other types of munitions, as well as the other skulls are
necessary to establish the anatomical variability in the patterns of the wounds caused by

firearms in this region.

Conclusion

The simulations enabled the characterization of the injuries after bullet penetration
into the occipital bone. In this bone, the three wounds from three different calibers of bullets
showed a similar morphology, but there were different morphometric data as well as different
levels of stress and types of stress dissipation. These data are important to develop optimal
simulation protocols to be applied in forensic traumatology, especially in cases of gunshot
wound identification. Moreover, the finite element models allow for a dynamic analysis with
sufficient flexibility to support adjustments based on behavioral estimates and the results of

experimental trials.
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3 CONCLUSAO

As simulagdes permitiram a caracterizagdo das lesdes apds a penetracdo dos projéteis
no osso occipital. Neste osso, as trés feridas de trés diferentes calibres apresentaram
morfologia semelhante, mas apresentaram diferentes dados morfométricos, bem como
diferentes dissipacdo das tensdes. Esses dados sdo importantes para determinar protocolos de
simulacdes e aplicd-las em traumatologia forense, em caso de identificacdo de ferimentos por
arma de fogo. Além disso, os modelos de elementos finitos permitem gerar o andlise dindmico
com a flexibilidade suficiente para suportar os ajustes com base em estimativas de

comportamento e resultados de ensaios experimentais.



36

REFERENCIAS*

Aomura S, Fujiwara S, Ikoma T. Study on the influence of different interface conditions on
the response of finite element human head models under occipital impact loading. Jsme Int J
C-MechSy. 2003;46(2):583-593.

Aryan HE, Jandial R, Bennett RL, Masri LS, Lavine SD, Levy ML. Gunshot wounds to the
head: gang- and non-gang-related injuries and outcomes. Brain Inj. 2005;19(7):505-10.
Baumer TG, Nashelsky M, Hurst CV, Passalacqua NV, Fenton TW, Haut RC. Characteristics
and prediction of cranial crush injuries in children. J Forensic Sci. 2010;55(6):1416-21.
Berryman HE, Smith OC and Symes SA. Diameter of Cranial Gunshot Wounds As a
Function of Bullet Caliber. J Forensic Sci.1995;40(5):751-754.

Cai X, Yu Y, Liu Z, Zhang M, Huang W. Three-dimensional finite element analysis of
occipitocervical fixation using an anterior occiput-to-axis locking plate system: a pilot study.
Spine J. 2014;14(8):1399-409. doi: 10.1016.

Cecchetto G, Giraudo CH, Amagliani A, Viel G, Fais P, Cavarzeran F, Feltrin G, Ferrara D,
Montisci M. Estimation of the firing distance through micro-CT analysis of gunshot wounds.
Int J Legal Med. 2011;125:245-251.

Chu CS, Lin MS, Huang HM, Lee MC. Finite element analysis of cerebral contusion. J
Biomech. 1994;27(2):187-94.

Coats B, Margulies SS, Ji S. Parametric study of head impact in the infant. Stapp Car Crash J.
2007;51:1-15.

D’Errico S, Turillazzi E, Pomara C, Fiore C, Monciotti F, Fineschi V. A Novel Macabre
Ritual of the Italian Mafia (‘Ndrangheta) Covering Hands With Gloves and Burying the
Corpse With Burnt Lime After Execution. Am J Forensic Med Pathol. 2011;32(1):44-46.
Doctor VS, Farwell DG. Gunshot wounds to the head and neck. Curr Opin Otolaryngol Head
Neck Surg. 2007;15:213-218.

Feinsod M. Gunshot brain injury--Rishon-le-Zion 1913. Harefuah. 2003;142(3):227-30, 236.
Freitas PEP, Bonatelli APF. Lesdes craniencefélicas por projétil de arma de fogo — fatores de
avaliacdo da mortalidade. J BrasNeurocirurg. 2000;11(3):89-105.

Gawryszewski VP, Kahn T, Mello Jorge MHP. Informacdes sobre homicidios e sua
integracdo com o setor saude e seguranga publica. Rev Saude Publica. 2005;39(4): 627-33.
Gore S, Subasi M, Tirasci Y, Kemaloglu S. Firearm-related mortality: a review of four
hundred-forty four deaths in Diyarbakir, Turkey between 1996 and 2001.Tohoku J
ExpMed. 2003;201(3):139-45.

* De acordo com a norma da UNICAMP/FOP, baseadas na norma do International Committee of Medical
Journal Editors — Grupo de Vancouver. Abreviatura dos periédicos em conformidade com o Medline



37

Kaptigau WM, Ke L, Rosenfeld JV. Open depressed and penetrating skull fractures in Port
Moresby General Hospital from 2003 to 2005. P N G Med J. 2007;50(1-2):58-63.

Kleiven S. Evaluation of head injury criteria using a finite element model validated against
experiments on localized brain motion, intracerebral acceleration, and intracranial pressure.
Int J Crashworthines. 2006;11(1):65-79.

Lei G, Bao CY, Liu XJ. Finite Element Analysis of Head-Ground Collision. IEEE.
2009;408-411.doi:10.1109/WMS0.2008.85.

Levy ML, Masri LS, Levy KM, Johnson FL, Martin-Thomson E, Couldwell WT, McComb
JG, Weiss MH, Apuzzo ML. Penetrating craniocerebral injury resultant from gunshot
wounds: gang-related injury in children and adolescents. Neurosurgery. 1993; 33(6):1018-24.
Leymann J, AlthoffH. Occipital gunshots - a now frequent form of fatal gunshot injury. Beitr
Gerichtl Med. 1980;38:113-7.

Liu N, Zhao H, Xu J, Li Z, Zheng J, Chen J. Relationship between landing distance and
degree of craniocerebral injury in accidental falls. 22nd Congress of the International-
Academy-of-Legal-Medicine (IALM). 2013;269-272.

Mao H, Zhang L, Jiang B, Genthikatti VV, Jin X, Zhu F, Makwana R, Gill A, Jandir G, Singh
A, Yang KH. Development of a finite element human head model partially validated with
thirty five experimental cases.J Biomech Eng. 2013;135(11):111002.

Matoso RI, Freire AR, de Mello Santos LS, Daruge Junior E, Rossi AC, Bevilacqua Prado F.
Comparison of Gunshot Entrance Morphologies Caused by .40-Caliber Smith & Wesson,
.380-Caliber, and 9-mm Luger Bullets: A Finite Element Analysis Study. PLoS One.
2014;9(10):e111192.

Miller M, Hemenway D, Azrael D. State-level homicide victimization rates in the US in
relation to survey measures of household firearm ownership, 2001-2003. Soc Sci Med.
2007;64(3):656-664.

Monea AG, Van der Perre G, Baeck K, Delye H, Verschueren P, Forausebergher E, Van
Lierde C, Verpoest I, Sloten JV, Goffin J. The relation between mechanical impact parameters
and most frequent bicycle related head injuries. ] Mech Behav Biomed Mater. 2014;33:3-15.
Ozer MT, Ogiin¢ G, Eryilmaz M, Yigit T, Mentes MO, Dakak M, Uzar AI, Oner K. Organ
models in wound ballistics: experimental study. Ulus Travma Acil Cerrahi Derg.
2007;13(1):20-27.

Panzer MB, Myers BS, Capehart BP, Bass CR. Development of a finite element model for
blast brain injury and the effects of CSF cavitation. Ann Biomed Eng. 2012;40(7): 1530-44.



38

Papadopoulos IN, Kanakaris NK, Danias N, Sabanis D, Konstantudakis G, Christodoulou S,
Bassiakos YC, Leukidis C. A structured autopsy-based audit of 370 firearm fatalities:
Contribution to inform policy decisions and the probability of the injured arriving alive at a
hospital and receiving definitive care. Accid Anal Prev. 2013;50:667-77.

Plattner T, Kneubuehl B, Thali M, Zollinger U. Gunshot residue patterns on skin in angled
contact and near contact gunshot wounds. Forensic Sci Int. 2003;138(1-3):68-74.
Quatrehomme G, Iscan MY. Analysis of beveling in gunshot entrance wounds. J Forensic Sci.
1998;93(1):45-60.

Quatrehomme G, Iscan MY. Characteristics of gunshot wounds in the skull. J Forensic Sci.
1999;44(3):568-576.

Ran Y, Yagudaev M, Kosashvili Y, Yegorov Y, Ganor O, Ash N, HirschhornG.Anatomic
Distribution of Bullet Head Injuries in Combat Fatalities. J Trauma. 2010;69(3):541-543.
Raul JS, Baumgartner D, Willinger R, Ludes B. Finite element modelling of human head
injuries caused by a fall. Int J Legal Med. 2006;120:212-218.

Rothschild MA, Schneider V. Gunshot wound to the head with full recovery. Int J Legal Med.
2000;113:349-351.

Ruan JS, Khalil T, King Al. Dynamic response of the human head to impact by three-
dimensional finite element analysis. J Biomech Eng. 1994;116(1):44-50.

Seleye-Fubara D, Etebu EN. Pathology of death from severe head injuries in Rivers State: a
study of sixty eight consecutive cases in five years. Niger J Med. 2011;20(4):470-4.

Singh D, Cronin DS, Haladuick TN. Head and brain response to blast using sagittal and
transverse finite elementmodels. Int J Numer Method Biomed Eng. 2014;30(4):470-89.

Slaus M, Strinovic” D, Pecina-Slaus N, Brkic” H, Balicevic” D, Petrovecki V, Pecina TC.
Identification and analysis of human remains recovered from wells from the 1991 War in
Croatia. Forensic Sci Int. 2007;171:37-43.

Souza RB, Todeschini AB, Veiga JCE, Saade N, Aguiar GB. Traumatismo cranio encefélico
por projétil de arma de fogo: experiéncia de 16 anos do servico de neurocirurgia da Santa
Casa de Sao Paulo. Rev. Col. Bras. Cir. 2013;40(4):300-304.http://www.scielo.br/rcbc.

Souza TO, Souza ER, Pinto LW. Evolucdo da Mortalidade por Homicidio no Estado da
Bahia, Brasil, no periodo de 1996-2010. Ciéncia e Saide Coletiva. 2014;19(6):1889-1900.
Stone JL, Lichtor T, Fitzgerald LF, Barrett JA, Reyes HM. Demographics of civilian cranial
gunshot wounds: devastation related to escalating semiautomatic usage. J Trauma.

1995;38(6):851-4.



39

Stuehmer C, Blum KS, Kokemueller H, Tavassol F, Bormann KH, Gellrich NC, Rucker M.
Influence of Different Types of Guns, Projectiles, and Propellants on Patterns of Injury to the
Viscerocranium. J Oral Maxillofac Surg. 2009; 67(4):775-781.

Szleszkowski L, Thannhéduser A, Szwagrzyk K, Jurek T. The possibility of establishing
causes of death on the basis of the exhumed remains of prisoners executed during the
communist regime in Poland: the exhumations at Powgzki Military Cemetery in Warsaw. Int J
Leg Med. 2014;21a:51-168./

Szleszkowski L., Thannhduser A, Szwagrzyk K, Kawecki J, Jurek T. Reconstruction of
methods of execution of the death penalty by shooting in the years 1949-1954 based on
exhumation research of "prison fields" in Osobowicki Cemetery in Wroclaw. Part II--analysis
of gunshot injuries and an attempt at reconstructing the course of execution. Arch Med
Sadowej Kryminol. 2012;62(2):87-97,75-86.

Szleszkowski t., Thannhduser A, Szwagrzyk K, Kawecki J, Jurek T. Gunshot wounds
(resulting from execution) of exhumed victims of the communist regime in Poland. Leg Med
(tokyo). 2014;16(4):201-7.

Thollon L, Llari M, André L, Adalian P, Leonetti G, Piercecchi-Marti MD.Biomechanical
analysis of skull fractures after uncontrolled hanging release. Forensic Sci Int. 2013;233(1-
3):220-9.

Von See C, Stuehmer A, Gellrich NC, Blum KS, Bormann KH, Riicker M. Wound ballistics
of injuries caused by handguns with different types of projectiles. Mil Med. 2009;174(7):757-
61.

Yoganandan N, Pintar FA, Sances A Jr, Walsh PR, Ewing CL, Thomas DJ, Snyder RG.
Biomechanics of skull fracture. J Neurotrauma. 1995;12(4):659-68.

Zhu F, Skelton P, Chou CC, Mao H, Yang KH, King AI. Biomechanical responses of a pig
head under blast loading: a computational simulation. Int J Numer Method Biomed Eng.
2013;29(3):392-407.

Zugibe FT & Costello JT. The Iceman murder: one of a series of contract murders.)

ForensicSci. 1993; 38(6):1404-8.



40

ANEXOS

ANEXO 1 - Artigo submetido ao periédico: PLOS ONE Journal.

POMNE-D-16-06316
Characterization of Gunshot Wounds in the Occipital Bone Region Using Finite Element Dynamic Simulation
PLOS ONE

Dear MS Lopez Quintera,

Thank you for submitting your manuscript entitled ‘Characterization of Gunshot Wounds in the Qceipital Bone Region Using Finite
Element Dynamic Simulation’ to PLOS OME. Your assigned manuscript number is POME-D-16-06316.

We will now begin processing your manuscript and may contact you if we require any further information. You will receive an update
once your manuscript passes our in-house technical check: you can also check the status of your manuscript by logging into your
account at http://pone edmarcom/. If you have any inquiries or other comments regarding this manuscript please contact

plosone@plos.org.

We're interested in learning more about how authors share their work. Have you shared this manuscript publicly, such as on your own
website, a preprint server, or other repository?

Yes. 've posted this manuscript publicly, or am planning to post it publicly before it's published. http://surveys.plos.org/s3/

18c3348dd16f&answer=yes
Mo, I've not posted it publicly. http://surveys plos. org/s3/18c3348dd16f&answer=no

Thank you for your support of PLOS ONE.

Kind regards,
PLOS ONE



41

ANEXO 2 - Certificado do Comité de Etica em Pesquisa da Fop-Unicamp.

y COMITE DE ETICA EM PESQUISA

= FACULDADE DE ODONTOLOGIA DE PIRACICABA e
~O UNIVERSIDADE ESTADUAL DE CAMPINAS

CERTIFICADO

0 Comité de Etica em Pesguisa da FOP-UNICAMP certifica que o projeto de pesquisa "Simulacdo dindmica de projéteis
disparados contra a regido occipital do cranio humano - anélise de elementos finitos", protocolo n® 123/2015,
dos pesquisadores Yuli Andrea Ldpez Quintero, Alexandre Rodrigues Freire e Ana Claudia Rossi, satisfaz as exigéncias do

Conselho Nacional de Satide - Ministério da Salde para as pesquisas em seres humanos e foi aprovado por este comité em
19/10/2015.

The Ethics Committee in Research of the Piracicaba Dental School - University of Campinas, certify that the project
"Dynamic simulation of projectiles fired at the occipital region of the human skull - finite element analysis",
register number 123/2015, of Yuli Andrea Ldpez Quintero, Alexandre Rodrigues Freire and Ana Cldudia Rossi, comply with
the recommendations of the National Health Council - Ministry of Health of Brazil for research in human subjects and
therefore was approved by this committee on Oct 19, 2015.

i

Jém@nd@mwm f’f“/s

Profa. Dra. Fernanda Miori Pascon Prof. Dr. Jacks Jorge Junior
Secretdria Coordenador
CEP/FOP/UNICAMP CEF/FOP/UNICAMP




