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ABSTRACT 

 

Firearms can cause fatal wounds, which can be identified by traces on or around the body. 
However, there are cases where neither the bullet nor gun is found at the crime scene. 
Ballistic research involving finite element models can reproduce computational 
biomechanical conditions, without compromising bioethics, as they involve no direct tests 
on animals or humans. This study aims to compare the morphologies of gunshot entrance 

holes caused by .40-caliber Smith & Wesson (S&W), .380-caliber, and 919-mm Luger 
bullets. A fully metal-jacketed .40 S&W projectile, a fully metal-jacketed .380 projectile, 

and a fully metal-jacketed 919-mm Luger projectile were computationally fired at the 
glabellar region of the finite element model from a distance of 10 cm, at perpendicular 
incidence. The results show different morphologies in the entrance holes produced by the 
three bullets, using the same skull at the same shot distance. The results and traits of the 
entrance holes are discussed. Finite element models allow feasible computational ballistic 
research, which may be useful to forensic experts when comparing and analyzing data 
related to gunshot wounds in the forehead. 

 

Keywords: Gunshot wounds, Finite element analysis, Forensic ballistics, Biomechanics, 
Forensic medicine, Forensic dentistry, Forensic sciences. 
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RESUMO 

 

Armas de fogo podem causar feridas fatais e serem identificadas pelos vestígios deixados 
no corpo ou em torno deste. Entretanto, há casos em que nem projétil e nem arma do delito 
estão dispostos no local de crime. Estudos balísticos envolvendo modelos de elementos 
finitos podem reproduzir condições biomecânicas computacionais, sem ferir princípios 
bioéticos, pois não ocorrem testes diretos em animais ou em seres humanos. O objetivo 
deste estudo é comparar as morfologias de orifícios de entrada causados por projéteis de 
calibre .40 Smith & Wesson (S&W), calibre .380 e calibre 9×19 mm Luger. Um projétil .40 
S&W encamisado total, um projétil .380 encamisado total e um projétil 9×19 mm Luger 
encamisado total foram computacionalmente disparados contra região de glabela do modelo 
de elementos finitos, à distância de 10 cm, com incidência perpendicular ao ponto do alvo. 
Os resultados apresentam diferentes morfologias nos orifícios de entrada produzidos pelos 
três projéteis, utilizando-se o mesmo modelo de crânio e na mesma distância de tiro. Os 
resultados e as características dos orifícios de entrada foram discutidos. Modelos de 
elementos finitos permitem pesquisas balísticas computacionais praticáveis, que podem ser 
úteis para peritos forenses quando da comparação e análise de dados relacionados a feridas 
por arma de fogo na região frontal do crânio. 

 

Palavras-chave: Ferimentos por arma de fogo, análise de elementos finitos, balística 
forense, biomecânica, medicina legal, odontologia legal, ciências forenses. 
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INTRODUÇÃO 

O exame pericial tanatológico é realizado para diagnosticar a causa mortis de um 

indivíduo que tenha sofrido morte acidental, suspeita ou violenta (Mohd Nor e Das, 2012, 

Soumah et al., 2012, Wilson et al., 2011). 

Há uma diversidade de agentes lesivos que podem provocar alterações orgânicas, 

que culminam na cessação da vida humana, quer sejam agentes mecânicos, físicos, 

químicos, biológicos ou mesmo estes de forma mista. Dentre os agentes de ordem 

mecânica, destacam-se os projéteis de arma de fogo que produzem feridas pérfuro-contusas 

(Wilson et al., 2011, Solarino et al., 2007). 

As armas de fogo portáteis podem ser classificadas como armas de fogo curtas e 

armas de fogo longas, sendo que a importância do estudo das armas de fogo curtas está 

diretamente relacionada com o fato de serem estas as mais usadas tanto para a defesa 

pessoal como para cometer crimes (Tocchetto, 2011). 

A verificação de dados relativos à sede de lesões em feridos examinados no Instituto 

Oscar Freire, no Estado de São Paulo, em termos quantitativos, aponta para o seguinte: 

cabeça (40,7%); pescoço (7,0%); tórax (12,6%); abdome (9,6%); região genital (0,2%); 

membros superiores (segmentos superiores e mão, respectivamente, 12,82 e 10,48%); 

membros inferiores (6,6%) (Arbenz, 1988). 

Na década de 1990, ocorreu no Brasil um total de 1.108.422 mortes por causas 

externas, sendo os homicídios os responsáveis por 33,3% (n=369.068) dessas mortes. Os 

homicídios com armas de fogo, em 1991, superavam 50% dos homicídios ocorridos no 

Brasil e ao final daquela década, no ano 2000, houve aumento da contribuição das armas de 

fogo para as mortes por homicídio, o que representou mais de 60% na população brasileira, 

de homicídios por arma de fogo (Peres e dos Santos, 2005). Outro estudo, também no 

Brasil, apontou que nos homicídios a sobremortalidade masculina foi maior que a 

encontrada entre os outros tipos de causas externas, onde a razão masculino/feminino foi de 

8,2. Entre essas mortes, 63,5% foram perpetradas por arma de fogo (Gawryszewski et al., 
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2004). Não muito diferente, entre 1993 e 1997, nos Estados Unidos, as feridas por arma de 

fogo foram as causas mais comuns de casos de homicídios e de suicídios (Control, 2000). 

O estudo acerca das feridas causadas por projéteis de arma de fogo é importante 

tópico das Ciências da Saúde, com finalidades de subsidiar o aprimoramento de técnicas 

cirúrgicas para tratamento ou reparação de traumas balísticos (Doctor e Farwell, 2007, 

Hauer et al., 2011, Labbe et al., 2009), a confecção e avaliação de equipamentos de 

segurança pessoal tais como capacetes e coletes balísticos (Champion et al., 2010, Shen et 

al., 2010), além de subsidiar as Ciências Forenses para elucidar ocorrências em que tenham 

havido disparos com armas de fogo com ou sem vítimas fatais (Solarino et al., 2007, 

Berens et al., 2011, Nikolic et al., 2012, Quatrehomme e Iscan, 1998). 

A aparência de uma ferida por arma de fogo não indica apenas a direção e a 

trajetória do projétil, mas também o tipo de munição e de arma usadas e a distância do tiro 

da arma de fogo. Além disso, pode auxiliar a avaliar se o modo da ferida ou da morte por 

arma de fogo foi acidental, homicida ou suicida (Mahoney et al., 2005). 

Alguns autores têm buscado correlacionar, através de estudos quantitativos e 

qualitativos (Quatrehomme e Iscan, 1998, Quatrehomme e Iscan, 1999, Thali et al., 2002a, 

Thali et al., 2002b) e de análises computacionais (Mota et al., 2003, Pintar et al., 2001, Raul 

et al., 2007, Tang et al., 2012), diferentes formatos de feridas por armas fogo na região 

cefálica com os tipos de projéteis mais comuns de armas curtas. 

As feridas provocadas por projéteis de arma de fogo podem assumir formatos 

variáveis, em função da diversidade que guardam as munições com relação à forma e massa 

do projétil, velocidade, distância e ângulo de entrada do projétil, sendo que poucos estudos 

balísticos estabeleceram modelos de análise das feridas por arma de fogo e o desempenho 

biomecânico pela análise de elementos finitos (Tang et al., 2012). 

Com o advento científico do método dos elementos finitos, possibilitou-se realizar 

estudos dinâmicos e aplicá-los, por exemplo, para o desenvolvimento da engenharia 

automobilística (Bisagni et al., 2005) e aeronáutica (Smojver e Ivancevic, 2010), para fins 
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militares (Sands et al., 2009) e da medicina (Zhao et al., 2013), para compreensão da 

biomecânica em áreas como a ortodontia (Geiger, 2013, Sarmah et al., 2011) e a 

implantodontia (Caglar et al., 2010, Ormianer et al., 2012), servindo inclusive como uma 

nova ferramenta no auxílio para as Ciências Forenses (Li et al., 2010). 

Sobre estudos balísticos reproduzindo efeitos em crânio humano pelo método de 

elementos finitos (EF), ainda há escassez de publicações científicas que analisem, por meio 

dessa ferramenta computacional, o estudo comparativo das morfologias de lesões ósseas 

produzidas pela ação dinâmica de projéteis de arma de fogo (Raul et al., 2007, Tang et al., 

2012). 

O presente trabalho objetiva comparar as morfologias dos orifícios de entrada 

causados por projéteis de arma de fogo, em osso frontal humano, obtidos em três 

simulações dinâmicas de disparos de projéteis (calibre .40 Smith & Wesson-S&W, 9x19 

mm Luger e calibre .380), por meio de análise de elementos finitos. 
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Esta dissertação está baseada na Informação CCPG UNICAMP-002/2013 que regulamenta 
o formato alternativo para dissertações de Mestrado e teses de Doutorado e permite a 
inserção de artigos científicos de autoria ou coautoria do candidato. 

ABSTRACT 

Firearms can cause fatal wounds, which can be identified by traces on or around the body. 
However, there are cases where neither the bullet nor gun is found at the crime scene. 
Ballistic research involving finite element models can reproduce computational 
biomechanical conditions, without compromising bioethics, as they involve no direct tests 
on animals or humans. This study aims to compare the morphologies of gunshot entrance 

holes caused by .40-caliber Smith & Wesson (S&W), .380-caliber, and 919-mm Luger 
bullets. A fully metal-jacketed .40 S&W projectile, a fully metal-jacketed .380 projectile, 

and a fully metal-jacketed 919-mm Luger projectile were computationally fired at the 
glabellar region of the finite element model from a distance of 10 cm, at perpendicular 
incidence. The results show different morphologies in the entrance holes produced by the 
three bullets, using the same skull at the same shot distance. The results and traits of the 
entrance holes are discussed. Finite element models allow feasible computational ballistic 
research, which may be useful to forensic experts when comparing and analyzing data 
related to gunshot wounds in the forehead. 

Keywords: Gunshot wounds, Finite element analysis, Forensic ballistics, Biomechanics, 
Forensic medicine, Forensic dentistry, Forensic sciences. 
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INTRODUCTION 

Cadaver examination is performed to uncover the cause of death of an individual 

who has suffered accidental, suspicious, or violent death [1-3]. In this context, there are a 

variety of damaging agents that can cause organic changes that culminate in the cessation 

of human life, including mechanical, physical, chemical, and biological agents, and even 

those in mixed form. Among mechanical agents, firearm bullets are highlighted, as they are 

able to produce very harmful and lethal injuries [3, 4]. 

Portable firearms can be classified as short and long, and the importance of the 

study of short firearms is directly related to the fact that these are the predominant type 

used both for self-defense and to commit crimes [5]. 

Data concerning the region of injury in victims of violence examined at the 

Institute Oscar Freire in São Paulo (São Paulo, Brazil), in quantitative terms, point to the 

following percentages: head (40.7%), neck (7.0%), chest (12.6%); abdomen (9.6%), genital 

region (0.2%), upper limb (hand and upper segments respectively 12.82 and 10.48%), 

lower limbs (6.6% ) [6]. 

In the 1990s, in Brazil, a total of 1,108,422 deaths from external causes occurred, 

and homicide ranked first, accounting for 33.3% (n = 369,068) of these deaths. Homicides 

involving firearms in 1991 exceeded 50% of all homicides in Brazil and at the end of that 

decade, in the year 2000, there was an increase in the contribution of firearms to homicide 

deaths [7]. Another study, also in Brazil, pointed out that in cases of homicide, the 

proportion of male mortality was greater than that found among other types of external 

causes, with a male/female ratio of 8.2. Among these deaths, 63.5% were committed using 



 

6 

firearms [8]. Gunshot wounds were the most common causes of homicides and suicides, 

with no significant differences between 1993 and 1997 in the United States [9]. 

The study of wounds caused by firearm bullets is at the forefront of scientific 

research, in order to support the improvement of surgical techniques for the treatment or 

repair of ballistic trauma [10-12] and for the preparation and evaluation of personal safety 

equipment such as helmets and ballistic vests [13, 14], in addition to improving the forensic 

investigation of cases involving firearms, with or without fatalities [4, 15-17]. 

The appearance of a gunshot wound may not only indicate the bullet’s direction 

and trajectory, but also the type of ammunition and weapon used and the range of gunfire. 

Additionally, it may assist with identifying the manner of gunshot injury or death, with 

respect to it being accidental, homicidal, or suicidal in nature [18]. 

Some authors have tried to correlate, through quantitative and qualitative studies 

[17, 19-21] and through computational analysis [22-25], different aspects of gunshot 

wounds in the head inflicted by the most common types of handgun bullets. 

Wounds caused by firearm bullets can take varying shapes, due to the diversity of 

ammunition with respect to form and mass, speed, shooting distance, and angle of entry of 

the bullets, but few studies have established models for the ballistic analysis of gunshot 

wounds and biomechanical performance [25]. 

The scientific advent of finite element analysis has enabled the performance of 

dynamic studies and their applications in the automotive [26] and in the aircraft industries 

[27], for military [28] and medical purposes [29], for the investigation of the biomechanism 
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in areas such as orthodontics [30, 31], implantology [32, 33], and blunt injuries [34], and as 

a new tool to aid in the forensic sciences [35]. 

Research studies that utilize finite element analysis on ballistics issues to 

reproduce gunshot effects in the human skull remain sparse. Scientific studies are needed to 

address the validation of this computational tool in correlating the morphology of bone 

injuries produced by the dynamic action of firearm bullets [24, 25]. 

The present study aims to compare the morphologies of gunshot entrance wounds 

in human frontal bone obtained in three dynamic shooting simulations (.40-caliber Smith & 

Wesson-S&W, .380-caliber, and 919-mm Luger bullets), using finite element analysis. 

 

MATERIALS AND METHODS 

This study was approved by the Committee for Ethics of Research of the State 

University of Campinas (Protocol number CEP-FOP-UNICAMP-066/2012) (Anexo 3). 

a. Bone surface acquisition 

The authors used CT scan data from a human skull (GE HiSpeed NX/i CT scanner 

– General Electric, Denver, CO, USA), with a thickness of 0.25 mm, to obtain a three-

dimensional (3D) surface of bone structures. The 3D skull surface was exported in 

stereolithographic (STL) format using the InVesalius 3.0b program (Center for Information 

Technology, CTI, Campinas, Brazil). 
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b. Construction of CAD geometry  

The 3D CAD model of the human skull was built from the STL surface involving 

the upper third of the head and part of the middle third, in order to reproduce the frontal 

bone and its adjacent bones. This skull model, as well as the models of the three different 

types of ammunition (.40-caliber S&W, .380-caliber, and 919-mm Luger bullets), was 

constructed with freeform Non-Uniform Rational B-Splines (NURBS) surfaces by a reverse 

engineering method [35], using the 3D software Rhinoceros 5.0 (McNeel & Associates, 

USA). 

These three different types of bullets were chosen based on their availability in 

Brazil: the 919-mm Luger is used by Brazilian military forces (Army, Navy, and Air 

Force) and federal police officers, the .40-caliber S&W is used by state military police 

officers and civil police officers, and the .380-caliber is permitted for use. 

c. Finite element models 

The models (skull and bullets) were imported into ANSYS v.14 software 

(ANSYS, Inc., USA) for mesh generation with tetrahedral elements, which was refined in 

the glabellar region (Figures 1A and 1B). 
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Fig. 1. (A) FE model meshed with small tetrahedral elements particularly in the glabellar region. (B) Right view of the 3D-FE model. 

 

The final mesh consisting of the system skull/bullet for each analysis was 

composed of 540,055 elements and 116,052 nodes in the shooting simulation with the fully 

metal-jacketed flat-point (FMJ FP) .40-caliber S&W bullet; 514,912 elements and 110,939 

nodes in the shooting simulation with the FMJ round-nosed (RN) .380-caliber bullet; and 
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525,672 elements and 112,961 nodes in the shooting simulation with the FMJ RN 919-

mm Luger bullet. 

d. Analysis configuration 

An explicit dynamics analysis was performed using Ansys v14 AUTODYN solver 

(Ansys, Inc.) for each shooting simulation with bullets of different calibers. The mechanical 

properties of bone structures were simplified based on a previous study involving 

craniomandibular mechanics in humans, in which the authors focused on the importance of 

the morphological performance of the human skull in response to mechanical stimuli [36]. 

Furthermore, the stress values in this shooting simulation were considered for comparison, 

due to the importance of the difference in caliber and the morphological characteristics of 

the aperture caused by bullet penetration. The mechanical properties of each material 

present in the bullets were selected according to the ANSYS database. The material failure 

properties of the bone structure were obtained from the database of MatWeb, LLC [37]. 

The mechanical properties of the finite element models (skull, .380-caliber bullet, 919-

mm Luger bullet, and .40-caliber S&W bullet) are shown in Table 1. 
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Table 1. Properties of the materials used in the finite element models. 

Properties 
Human 

bonea 

FMJ RN .380 bullet FMJ FP .40 S&W bullet 
FMJ RN 9mm Luger 

bullet 

Jacket 

Cub 

Core 

Pb (99%) / 

Sb (1%)c 

Jacket 

Cub 

Core 

Pb (99%) / 

Sb (1%)c 

Jacket 

Cub 

Core 

Pb (99%) / 

Sb (1%)c 

Young’s modulus 

(GPa) 

14 115 14 115 14 115 14 

Poisson’s ratio 0.3 0.3 0.38 0.3 0.38 0.3 0.38 

Shear modulus (GPa) 5.3846 46 8.6 46 8.6 46 8.6 

Bulk modulus (GPa) 11.667 129 - 129 - 129 - 

Density (Kg/m3) 1850 8960 11340 8960 11340 8960 11340 

Specific heat 

(J/Kg.ºC) 

440 383 124 383 124 383 124 

a. Wroe et al [36] 

b. Copper (Cu) alloy UNS C23000 [37] 

c. 99% Lead (Pb) / 1% Antimony (Sb) alloy UNS L52605 [37] 

d. Copper (Cu) alloy UNS C22000 [37] 

 

For boundary conditions, displacement restrictions were applied along the three 

axes (x, y, z) in the lower plane section. The loading conditions were set in accordance with 

dynamic explicit analysis, involving the initial speed, the effect of gravity, and constraint 

conditions. 

e. Conditions of velocity, mass, energy and shape of the bullets 

The muzzle velocity conditions, mass, kinetic energy and the shape of the three 

bullets were selected according to data provided by a Brazilian manufacturer of weapons 
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and ammunition (Companhia Brasileira de Cartuchos, CBC, Ribeirão Pires, Brazil), as 

seen in Table 2. 

 

Table 2. Muzzle velocity, mass, energy and shape of each bullet in the computational simulation. 

Bullets Shape Velocity (m/s)* Mass (g)** Energy (J)*** 

FMJ RN .380 Round nose 288 6.16 ± 256 

FMJ FP .40 S&W Flat point 300 11.66 ± 524 

FMJ RN 9×19mm 

Luger 

Round nose 343 7.45 ± 440 

*Meter/second; ** gram; ***Joule. 

 

f. Conditions of angles and distance 

The angle of incidence set in the present study was a perpendicular angle formed 

between the long axis of the bullet and the glabella. The 3D-FE model of the skull was 

arranged considering the anatomical position. The shot trajectory was considered parallel to 

the ground for each dynamic simulation. 

The effects caused by air resistance were discarded due to the condition of very 

short-range shooting, which was set at 10 centimeters (cm) distant from the target 

(glabella). Theoretically, the distance of 10 cm corresponds to the virtual space between the 

handgun barrel of the three calibers (.380, .40 S&W, and 919-mm Luger) and the forehead 

of the 3D-FE model (Figures 2A, 2B, and 2C).  
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Fig. 2. Right view of the firing distance at 10 cm: (A) .380-caliber bullet; (B) .40-caliber S&W bullet; (C) 919-mm Luger bullet. 
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g. Data analysis 

Data were processed with the ANSYS AUTODYN solver, using a computer 

equipped with Intel® Core™ i7-3770, 3.40 GHz, 32 GB RAM and NVIDIA Quadro 4000 

video card, 1 GB. 

Results were analyzed with respect to two aspects: the external morphology of the 

entrance holes in the frontal bone of the 3D-FE model and the equivalent von Mises stress 

distributed around each ballistic impact area. 

 

RESULTS 

In the present study, the skull model presented different wound geometry patterns. 

a. Wound patterns  

The data from the three computational gunshot wounds are listed in Table 3. 

Table 3. External shape (morphology) seen after each shooting simulation. 

Bullets Wound type Location Shape (external) 

FMJ RN .380 Entry Glabella Triangle, irregular 

FMJ FP .40 S&W Entry Glabella Round, irregular 

FMJ RN 9×19mm Luger Entry Glabella Triangle, irregular 
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Figures 3A, 3B, and 3C show the moment of bullet penetration in the glabellar region. 

 

            

 

Fig. 3. Simulated gunshot with: (A) .40-caliber S&W bullet; (B) 919-mm Luger bullet; (C) .380-caliber bullet.  
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Figures 4A, 4B, and 4C show the morphologies of the entrance holes caused by the 

three computational gunshots. The entrance hole morphology seen in Figure 4A resembles a 

round wound, while the one seen in Figure 4C resembles a triangular wound. Figure 4B shows 

an intermediate shape between a round (Fig. 4A) and triangular wound (Fig. 4C). 

 

 

 

Fig. 4. (A) Irregular round entrance hole (FMJ FP .40 S&W); (B) Irregular triangular entrance hole (FMJ RN 919-mm Luger); (C) 

Irregular triangular entrance hole (FMJ RN .380). Note that the wound seen in B exhibits an intermediate shape between those seen in A 

and C.  
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b. von Mises stress concerning each shot simulation 

The von Mises stress criterion is defined as stress caused by energy flow along a 

material that is receiving a load [38]. The stress distributes through the material, causing 

distortion until a critical resistance condition is reached, thereby causing failure. In this 

study, the energy flow resulted from critical stresses caused by each bullet impact, and the 

consequent failure occurred in some regions of the skull model (e.g., glabellar region and 

orbital roofs). 

von Mises stress is presented in Figures 5A, 5B, and 5C, where the scale for the 

stress runs from the minimum stress value (blue) to the maximum stress value (red). This 

information (see Table 4) is quite important in order to analyze and understand how the 

transferred energy of the bullet dynamically behaves within the gunshot injury. The floating 

red images correspond to those elements and nodes in which the effective stress was 

sufficient to cause complete failure in the connections of the mesh. The failure in the 

connections was seen where the bullet directly hit (glabellar region) and where the 

transferred energy was indirectly most affected (orbital roofs). 
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Fig. 5. von Mises stress values in the glabellar region for each shot. (A) FMJ FP .40 S&W; (B) FMJ RN 919-mm Luger; (C) FMJ RN 

.380.  
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Table 4. Values of von Mises stress (MPa) for each shooting simulation. 

Bullets Dark blue (min)* Green Yellow Red (max)** 

FMJ FP .40 S&W 0–2,4778 14,867–17,345 24,778–27,256 32,211–34,689 

FMJ RN 919mm Luger 0–2,413 14,478–16,891 24,13–26,542 31,368–33,781 

FMJ RN .380 0–2,7845 16,707–19,491 27,845–30,629 36,198–38,983 

*Minimum; ** Maximum. 

 

c. Indirect gunshot wounds caused by stress distribution 

From the initial impact, additional wounds were observed. Figures 6A, 6B, and 6C 

show von Mises stress distribution and wounds in the orbital roof of both sides after each 

shooting simulation; these are considered indirect effects. 

  



 

20 

 

 

 

Fig. 6. von Mises stress distribution and wounds in both orbital roofs of the skull model after each shooting simulation (A) FMJ FP .40 

S&W; (B) FMJ RN 919-mm Luger; (C) FMJ RN .380.  
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DISCUSSION 

The authors are certain that several fatal or non-fatal gunshot injuries are daily 

examined by forensic experts around the world, but few studies have considered the 

characteristics of gunshot wounds in human head with regard to their medico-legal aspects 

[17, 24, 39-43]. Human head models are mainly used for car crash evaluations and are not 

commonly used in forensic sciences [24]. 

The mechanism by which bullets injure living tissues has been extensively studied 

in animal models, human cadavers, and synthetic materials. However, these models are 

expensive and time-consuming, and whether these models represent situations within a 

living human body penetrated by bullets remains controversial [44, 45]. 

It is evident that the use of animals or human cadavers for experimental research 

has many limitations with regard to ethical and moral aspects [44, 46]. Moreover, once a 

ballistics experiment is carried out in animals or cadavers, it cannot, naturally, be 

reproduced in the same anatomical region in a subsequent trial to analyze other conditions. 

Finite-element models of the skull are quite useful to reproduce and analyze 

different ways of injuring human bones, independent of the mechanical force applied. The 

interaction and behavior of damaging agents to the human head can be understood and the 

amount of energy or force measured using finite element analysis. 

The results of dynamic simulations using finite element models may correlate with 

the degrees and patterns of biological tissue injury [44]. 



 

22 

In the present study, the authors used the same finite element model of the human 

skull for computational simulations of gunshots with three different bullets. The glabellar 

region was the one chosen to be the area of ballistic impact. The tested skull model had 

frontal sinus, according to the CT-images, which was reproduced in the finite element 

mesh. Based on this information, the impacting zone had only the cortical bone (outer) and 

frontal sinus-cortical bone (inner). The orbital roofs had only a thin bone layer. 

The authors compared the external morphology of the entrance gunshot wounds 

caused by three bullets of different calibers, and the computational results showed different 

traits. The FMJ FP .40-caliber S&W bullet caused an irregular round wound, the FMJ RN 

919-mm Luger bullet caused an irregular triangular wound, and the FMJ RN .380-caliber 

bullet caused an irregular triangular wound. As seen in Figure 4B, the entrance hole shows 

an intermediate shape between 4A and 4C. Considering that the simulations used the same 

FE skull model set at the same conditions (firing distance, axes, and directions), the 

different wound morphologies might be related to the kinetic energy of each bullet. 

The kinetic energy information provided by the manufacturer (CBC, Ribeirão 

Pires, Brazil) (Table 2) indicated that the .40 caliber S&W bullet presented higher energy 

than the other two bullets (919-mm Luger and .380-caliber). This may explain why the 

rounded shape was more regular than the triangular shape caused by the 9-mm and .380-

caliber shots (Figures 4A, 4B, and 4C). Additionally, the shapes of the bullets and the 

anatomy of the assessed frontal bone corresponded to the different gunshot entrance 

morphologies. 
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Table 4 shows the values of von Mises stress (MPa) of each simulated shot. 

According to these data, the bone tissue of the impacted area produced more resistance 

against the FMJ RN .380 bullet than against the FMJ FP .40 S&W and FMJ RN 919-mm 

Luger bullets. By comparing von Mises stress values between the two FMJ RN bullets 

(.380-caliber and 919-mm Luger), the 919-mm Luger bullet was able to penetrate the 

impacted area with lower resistance from the bone tissue. 

In the comparison of the two bullets with the highest kinetic energies (.40-caliber 

S&W and 9x19-mm Luger), the von Mises stress was higher when the FMJ FP .40 S&W 

bullet was shot than in the FMJ RN 919mm Luger bullet shooting simulation. This 

behavior may be associated with the difference in the shape of the nose of these two bullets: 

the .40-caliber S&W is a flat-point bullet and the 9x19-mm Luger is a round-nosed one. 

Because the flat-point surface of the FMJ FP .40 bullet is larger than the round-nosed 

surface of the FMJ RN 919-mm Luger bullet (see Figures 2B and 2C), the von Mises 

stress was higher in the simulated shot with the flat-point bullet. 

In the present study, the authors did not consider soft tissues (outer skin, meninges, 

brain) during skull modeling, neither did they reproduce the bullet’s gyroscopic properties 

(rotation, precession, and nutation), which may cause discrepancies between these results 

and real forensic data. Other finite element studies of gunshots did not consider those data 

either; however, they did provide useful information [22, 25, 44]. 

The gyroscopic properties of the simulated shots were not reproduced because the 

distance of 10 cm between each bullet and the target (glabella) was established as a short 
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distance. However, future studies may reproduce these properties, especially with respect to 

longer firing distances. 

Berryman et al [43] state that before any determination of bullet caliber from a 

gunshot defect to bone can be determined, a number of factors must be considered. These 

factors include the large variety of calibers available, some of which are very close or 

identical in diameter. Furthermore, bullets vary in shape and surface treatment, causing 

some to deform and produce a larger wound. The loss of gyroscopic stability may result in 

a more irregular or larger defect. Intermediate targets can result in a defect that is larger 

(from tumbling or deformation) or smaller (from fragmentation) than the bullet caliber. 

Another factor is a tangential shot that results in an irregularly shaped defect with portions 

that may be larger than the caliber. Finally, bullets that pass through an existing fracture 

may leave a defect that is smaller than the caliber. 

In conclusion, the present study proposed a finite element method to compare the 

results of three different gunshots using three different bullets at the same firing distance. 

The results showed different gunshot wound morphologies and their correlation to the 

amount of kinetic energy at the moment of impact, as expected in real shooting cases. The 

present study showed that the highest velocity bullet caused the rounded gunshot wound, 

while the lowest one caused an irregular triangular shaped wound. Finite element analysis 

is a practicable tool to be used in ballistics cases. However, further research is required to 

improve the methodology applied, in order to assist forensic experts in gunshot injury 

investigations. 
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CONCLUSÃO 

De acordo com esta análise de elementos finitos envolvendo simulações balísticas, é 

possível concluir: 

- Foram perceptíveis as diferenças nas morfologias dos orifícios de entrada causados 

pelos três impactos balísticos simulados; 

- As diferenças morfológicas dos orifícios de entrada guardam nexo de causa-e-

efeito, em função das propriedades de cada projétil analisado, considerando as condições da 

metodologia aplicada; 

- As diferenças observadas nas simulações computacionais, no presente estudo, 

precisam ser comparadas com ensaios experimentais, utilizando a metodologia aplicada, em 

modelos físicos de prototipagem de crânio humano; 

- Ocorreram diferenças morfológicas dos orifícios balísticos e em função de suas 

correlações com a quantidade de energia cinética, no momento do impacto, o que é 

esperado em casos de tiros reais. 

- O projétil de maior velocidade causou a ferida pérfuro-contusa arredondada, 

enquanto que o menos veloz causou um orifício de formato irregularmente triangular. 

- A análise de elementos finitos é uma ferramenta executável para ser utilizada em 

casos de balística. No entanto, novas pesquisas precisam ser realizadas para aprimorar a 

metodologia, a fim de auxiliar peritos forenses em investigações de lesões por projéteis de 

arma de fogo. 
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ANEXO 1 – COMPROVANTE DE SUBMISSÃO DE ARTIGO ONLINE – PERIÓDICO PLOS ONE 
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ANEXO 2 – CARTA DE SUBMISSÃO DO ARTIGO À PUBLICAÇÃO – 
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