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ABSTRACT 
 
Introduction: In badly preserved cadavers and skeletal human remains, assessing 

the cause and circumstances of death constitutes a major challenge. When forensic 

evidence cannot be taken from the skin and soft tissue, the information may only be 

deduced from more resistant elements such as bone. Whereas cranial gunshot injuries 

have been well studied, reliable data on the fracture patterns in ballistic long bone 

trauma remains scarce. Yet, the correct interpretation of long bone fractures can be 

highly relevant for a better understanding of the circumstances surrounding death. 

More knowledge on the ballistic fracture pattern in human long bones is needed to 

render the forensic trauma interpretation and reconstruction more reliable.  

 

Objectives: The main aim of this thesis was to gain more knowledge on the ballistic 

fracture pattern in human long bones. In addition, alternative surrogate and animal 

models were tested for their suitability to substitute human bones in gunshot trauma 

experiments.  

 

Material and methods: For this study real human bones, bone surrogates and animal 

bones were subjected to ballistic trauma. All biological bones were fresh and dissected 

from the soft tissue. In total, 29 human bones, 16 femurs and 13 humeri, were collected 

from deceased adult body donors. As an alternative surrogate model two different 

polyurethane cylinders from Synbone®, 10 of each, were selected. As an alternative 

animal model, 4 femurs from female red deereviden were included. Each 10 human 

femurs and humeri, alongside all alternative models were embedded in Clear Ballistics 

Gel® to simulate soft tissue. The remaining 6 femurs and 3 humeri were shot without 

a soft tissue simulant. The shaft centre of all specimens was perpendicularly shot with 

a 9 mm Luger full metal jacket bullet at an impact velocity of 360 m/s from a distance 

of 2 m. The fractures were reconstructed and examined macroscopically. The fracture 

characteristics were defined for each sample group and compared between each 

other. In doing so, the alternative models were evaluated using the human bones. The 

characteristics found in the human bones were further analysed for potential 

correlations with bone properties such as cortical thickness, shaft diameter and bone 
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length. In addition, they were tested for any correlation to the presence of Clear 

Ballistics Gel®.  

 
Results: A distinct ballistic fracture pattern in human long bones was characterised. 

Hereby, the cortical characteristics could be divided into entrance, exit and general 

traits. With regard to the comparison between the human and alternative models, 

consistently comminuted fractures with a stellate pattern at the impact side was 

observed. However, despite some general similarities, neither of the two alternative 

models completely reproduced the fracture characteristics seen in the human bones. 

Comparing the two alternative models, the surrogate model revealed more significant 

differences to the human fracture than the animal model. With regard to comparisons 

among the human samples, some traits showed different occurrence values in relation 

to bone properties and the presence of Clear Ballistics Gel®.  

 

Discussion and conclusion: This thesis reveals new insights in the ballistic fracture 

pattern of long bones. Concerning the usage of alternative models for ballistic 

experiments, the findings call caution in extrapolating fracture characteristics to human 

bones. The deer femurs did mainly not permit an as precise fracture reconstruction as 

the human bones due to a massive fragmentation. The Synbone® surrogates showed 

different traits leading to the assumption of a different failure mechanism than real 

bone. The findings underpin the challenge in deploying an accurate alternative trauma 

model in order to replace human material for ballistic experiments. 

 

A distinctive ballistic fracture pattern was characterised based on the experiments with 

the human bones. The results not only allow the interpretation of a gunshot injury, but 

also provide important information for event reconstructions due to the discrimination 

between bullet entrance and exit. All evaluated cortical traits were reproduced in both 

humeri and femurs. This might lead to the assumption that they may be valid for other 

long bones, too. Nonetheless, some of the traits’ occurrence values correlated with 

bone properties such as cortical thickness, shaft diameter or bone length. The 

presence of ballistic gel also influenced some characteristics, emphasising the 

relevance of using a soft tissue simulant in osseous gunshot experiments. 
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The new evidence presented in this thesis may contribute to a clearer guidance to 

identify gunshot trauma in human long bones. This can be particularly valuable for 

forensic anthropologists and pathologists when investigating bone trauma in badly 

preserved cadavers or skeletonised remains that lack correlations with soft tissue 

findings. Nevertheless, due to the dynamic nature of gunshot incidents, more research 

is needed to evaluate to which extent the ballistic fracture pattern alters when ballistic 

variables and bone characteristics change.  
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1. INTRODUCTION 
 

1.1. The relevance of gunshot trauma in the forensic field 
 

The investigation of death and the surrounding circumstances in medicolegal 

situations is an interdisciplinary duty among various investigative authorities. Forensic 

pathology and anthropology are specialties that apply medical and biological scientific 

expertise to law, both civil and criminal, as well as to international humanitarian and 

human rights law aiming at supporting justice. One of the main tasks of forensic 

pathologists and anthropologists is to recognise, analyse and reconstruct traumatic 

findings. In doing so, they intend to create a record of the events occurred and provide 

important evidence in case of committed crimes. Yet, the type of human tissue the 

specialist must deal with, can vary fundamentally. Whilst forensic pathologists 

investigate corpses at a different degree of preservation, forensic anthropologists 

traditionally analyse skeletonised human remains. In some cases, such as the 

interpretation and reconstruction of injuries in badly preserved bodies, it is becoming 

more frequently a multidisciplinary task in which the expertise from both, forensic 

pathologists and anthropologists, can complement each other. When forensic 

pathologists carry out the postmortem examination, they routinely do not have the time 

to collect, clean, assemble and thoroughly analyse fractured bones [1]. Such an in-

depth and time intensive approach to interpret skeletal trauma usually requires the 

expertise of a forensic anthropologist.  

 

In both scientific fields, the investigation of firearm injuries is a frequent and relevant 

challenge. Gunshot trauma is not only widespread in armed conflicts, but also in the 

frame of civil violence [2–5]. With the expanding industrial production of firearms since 

the 19th century, gunshot trauma is increasing worldwide, also in Europe [4, 6–10]. In 

2017, it was estimated that over 1 billion weapons were in circulation, of which 857 

million were in civilian possession [11, 12]. This corresponds to an increase of 32% 

compared to the estimates from 2006 [12]. As a health consequence, gunshot trauma 

essentially affects the population’s mortality and morbidity. Firearm violence has thus 

been recognised as a global public health issue with a growing tendency [13]. In 2016, 

between 195’000 and 276’000 people were reported to have died from gunshot 
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injuries, the majority of which were homicides [12]. Other authors estimate the number 

of annual deaths caused by firearms to be around 400’000 to 500’000 [4, 14]. In 2019, 

it was revealed that globally around 44% of all homicides are associated with firearm 

offences [14]. 

 

1.2. Ballistic principles of gunshot injuries 
 

Gunshot injuries are produced by a fast-acting force, such as a projectile discharged 

from a firearm [1]. To better comprehend how ballistic wounds are caused, some basic 

knowledge on firearms and ammunition is mandatory. Theoretically, firearms can be 

subdivided into many different categories based on aspects like the general structure 

and design, the mode of operation, the detailed construction of the barrel, the 

mechanism of firing and reloading cartridges, the historical evolution, etc. [15, 16]. To 

complicate matters, the classification and nomenclature differ in the literature. 

Attempting to cover all available varieties of firearms and ammunition, including the 

exotica, would go beyond the scope of this thesis. Principally, most authorities 

acknowledge the facilitated classification of modern weapons into small arms 

(handguns) and long arms. Handguns, namely pistols and revolvers, can be fired 

whilst held in one hand. The barrel is rather short and the velocity of a fired bullet is 

typically between 250 m/s and 400 m/s [17]. Long arms, for example rifles and 

shotguns, are designed to be operated with two hands. The barrels are long which has 

an increasing influence on the bullet’s speed during the shot. Typical bullet velocities 

in shots from rifles range from 600 m/s to 1000 m/s [17]. Next to the firearm, the 

ammunition has a relevant impact on the development and severity of gunshot injuries. 

Although the requirements that pistol and rifle ammunition fulfil differ greatly, their 

principal composition is similar [15]. Both, classical handgun and rifle cartridges 

consist of a casing that contains a primer, a propellant (gunpowder) and a single 

projectile [18]. In a loaded firearm, a shot is released by pulling the trigger. The primer 

is struck by a so-called hammer, explodes and ignites the propellant. The expanding 

combustion gases provide the propulsion to drive the projectile out of the barrel to hit 

the target. It is important to know that the composition and construction of the projectile 

itself varies too [15, 16]. Not all possible materials and designs can be introduced here, 

but the most commonly used bullets consist of a lead core and are either conclusion 

or semi-jacketed. The former are also referred to as full metal-jacket (FMJ) projectiles. 
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Their soft lead core is surrounded by a robust metal casing resulting in a stable, non-

expanding, deep-penetrating projectile which is considered very reliable. In 

comparison, semi-jacked projectiles are only partially surrounded by the metal casing. 

They have an exposed lead point resulting in an immediate deformation and 

expansion upon impact and can severely fragmentate in the body. 

 

The science of mechanics dealing with the flight, behaviour and effects of projectiles 

discharged from firearms is referred to as ballistics. This scientific subject can be 

subdivided into three main topics: internal, external and terminal ballistics. Internal 

ballistics considers the effects on the projectile within the firearm. External ballistics 

deals with the behaviour of the bullet during the flight between the muzzle and the 

target. Terminal ballistics focus on the interactions between the bullet and the target. 

In case the target is a body, usually the term wound ballistics is used referring to the 

analysis of the projectile’s behaviour within body tissue and its causing injuries. 

 

Understandably, wound ballistics is the area that forensic pathologists and 

anthropologists deal with the most. The extent of ballistic injuries depends on the 

characteristics and interaction of both, projectile and tissue [19]. The impact kinetic 

energy of a bullet is given by its mass and velocity (Ke = 0.5 mv2). Compared to other 

types of trauma such as blunt or sharp force, the impact velocity in gunshot trauma is 

much higher and usually given in metres per second, rather than kilometres per hour 

[1]. Besides the mass and velocity, the shape, deformation, orientation as well as yaw 

of the projectile have to be considered in order to understand how destructive energy 

is transferred to the tissue [20]. The latter is the manner in which a projectile tumbles 

sideways during the flight. With increasing speed, the bullet is more stable because it 

spins faster and the yaw decreases. In a typical gunshot with bullet penetration, the 

projectile crushes the surface and enters the body [1]. Its path continuous in the body 

and forms a wound channel by disrupting the tissue. In doing so, typically a permanent 

and a temporary cavity is formed [18, 21]. During the macroscopic wound inspection 

of a body, the first is a visible, approximately linear defect correspondent to the bullet’s 

trajectory. It is provoked by the projectile’s shearing and compressive forces which do 

not permit the tissue to fall back into the wound path [22]. In comparison, the temporary 

cavity is the much greater tissue damage, especially with increasing bullet velocities, 

yet more difficult to visualise. Next to the amount of the released kinetic energy, it is 
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based on the tissue’s elastic behaviour and cohesiveness upon projectile penetration 

[18]. Hereby, the tissue is forced to expand, but retracts promptly as the bullet passes 

[22]. Dependent on the projectile’s kinetic energy, it either leaves the body and creates 

an exit wound or becomes embedded in the body.  

 

1.3. The forensic interpretation of gunshot wounds  
 

Soft tissue injuries typically show characteristic features at first sight, permitting 

conclusions on the applied mechanical force [23]. The examination of soft tissue in 

ballistic wounds not only enables the differentiation from other type of trauma but yields 

further essential information for the forensic event reconstruction [23]. Specifically in 

gunshot trauma, the wound characteristics allow the discrimination between bullet 

entrance and exit. Besides that, they can indicate further important clues such as 

information on the shooting distance or impact angle. 

 

It is however important to understand, that the examination of a well-preserved body 

differs widely from the examination of corpses in poor condition such as those which 

are severely decomposed, burnt, scavenged, mummified, saponified, mutilated or 

otherwise damaged [24]. In badly preserved bodies evidence taken from the skin and 

soft tissue often remains inconclusive. 

 

Consequently, the reconstruction of trauma and death may only be deduced from 

elements more resistant to destruction such as bone. The resistance of bone can be 

attributed to its special tissue structure. In comparison to soft tissue, bone has a high 

mineral content besides its organic component [25]. Even though signs of trauma 

usually persist in bone, to date, reliable forensic conclusions have been quite limited 

[26–28]. 

 

The literature reveals that most of the gunshot injuries affect the bone [29]. And still, 

compared to the well accepted wound characteristics of soft tissue, the data on 

osseous gunshot characteristics is comparatively weaker. As a consequence, it can 

be fairly difficult to clearly distinguish ballistic injuries from other types of bone trauma. 

This addresses for instance the distinction between gunshot wounds and perforations 

caused by arrows, spears or other pointed objects [30]. Although firearms usually 
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generate higher kinetic energies, the risk of misinterpretations have been reported 

[30–32]. Furthermore, it can be a challenge to securely distinguish gunshot trauma 

from blunt force trauma, despite the considerable difference in the underlying 

biomechanical mechanism [33, 34]. This problem arises in particular when the skeletal 

remains are shattered or incomplete. 

 

1.4. Ballistic long bone trauma 
 

There is a discrepancy in the literature between the amount of ballistic data for the 

different bone types. Scientific studies concerning gunshot trauma have mainly been 

carried out to analyse cranial fractures, whereas gunshot injuries to long bones were 

given less attention [35–37]. Since one of the main tasks of forensic pathologists and 

anthropologists is to determine the cause of death, one may explain this difference in 

interest with the extremely deadly potential of cranial gunshots. Besides that, ballistic 

long bone trauma also appears to be more difficult to analyse than cranial fractures 

due to the relatively small diameter of long bones resulting in small fragments with 

close proximity [38].  

 

Nonetheless, the literature reveals that at least 50% of all gunshot injuries affect the 

extremities and that they often result in fractures of the long bones [29, 39–41]. In this 

regard, it has been claimed that the femoral shaft fracture is the most common injury 

among all ballistic long bone fractures [41]. On the one hand, the life-threatening 

consequences of a shot to the limbs, especially if left untreated, should not be 

underestimated [42]. For instance, in particular shots towards the upper arm and thigh 

have been considered as potentially deadly. In those cases, it was recognised that 

comminuted fractures of the humeral and femoral shaft would often affect the brachial 

and femoral artery respectively, resulting in severe blood loss and haemorrhagic shock 

[42]. On the other hand, the correct interpretation of long bone fractures can be highly 

relevant for a better understanding of the circumstances surrounding death. With 

regard to forensic event reconstructions, they can provide important information about 

the position or movements of a body during the incident [43]. For example, gunshot 

wounds in the upper extremities may be caused during a defensive posture, sustained 

by covering other body parts or the vitals [43]. 
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Despite the relevance of ballistic long bone trauma, there is little data in the literature 

than can be used for the forensic trauma reconstruction. In 1915, Bland-Sutton 

described five types of ballistic fractures in human long bones [44]: a projectile 

impacting a long bone can result in a transverse fracture, completely pierce the 

diaphysis, stay embedded in the bone, strike the diaphysis and produce a stellate or 

butterfly pattern, and/or shatter the bone into small fragments. On the one hand, this 

work solely describes potential ballistic fracture types from a general point of view 

without providing an in-depth analysis of detailed characteristics. On the other hand, 

an actualisation based on current ballistics is required because firearms and 

projectiles have changed since 1915. Thereafter, the majority of the experimental 

research using human long bones has focused on the fracture pathophysiology and 

risk prediction in relation to different ballistic variables [5, 45–48]. In the sixties, Huelke 

et al. used steel spheres with various sizes and velocities to quantify the energy 

transmitted by the projectiles [46–48]. In the eighties, Ragsdale & Josselson targeted 

on cancellous rich bone areas of distal femurs and proximal tibias, which do not allow 

the best analysis of cortical bone behaviour [49]. Robens and Küsswetter showed 

findings in X-rays after gunshot to the metaphyseal part of tibias [50]. Also Coudane 

et al. studied bone lesions with X-rays after producing gunshot injuries to the limbs of 

two dead bodies [51]. More recently, Dougherty, Sherman and Bir investigated indirect 

gunshot impact on diaphyseal femurs and tibia [5]. Bir et al. analysed the fracture risk 

prediction based on velocity, producing both direct and indirect ballistic fractures in 

human femurs and long bone polyurethane surrogates [45]. 

 

Aside from these few interventional studies, research on ballistic trauma to human 

long bones has essentially remained observational [38, 41, 52–54]. The limitation of 

descriptive studies, however, is that information on ballistic variables, such as the used 

firearm and ammunition, the impact speed and angle as well as other variables usually 

remain unrevealed. 

 

Apart from forensic investigations, ballistic long bone trauma has been subject of 

clinical medical research [3, 41, 53–59]. However, these studies usually have a 

different purpose. Their relevance relates to clinical aspects like the treatment, healing 

process and general prognosis of ballistic injuries. In contrast, the detailed description 
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of the fracture characteristics useful for forensic trauma interpretation and event 

reconstruction is generally out of the scope of clinical medical studies. 

 

In a more recent review from 2022, Veenstra et al. studied publications providing data 

on ballistic fractures observed in long bones [60]. The work revealed different types of 

fractures as a result of gunshot trauma, including linear, oblique, butterfly and 

comminuted fractures. 

 

Complicating the characterisation of ballistic fracture patterns, it must be considered 

that long bones have an inhomogeneous distribution of cortical and cancellous bone 

tissue. The diaphysis resembles a cylinder of thick cortical bone, with a rather low 

cancellous bone component inside the shaft. In comparison, the metaphysis and 

epiphysis are more cancellous rich areas, with a quite thin cortical wall. In this regard, 

it has been suggested that this variation in the ratio between cortical and cancellous 

bone has an effect on fracture patterns in long bones [61].  

 

1.5. The need for more knowledge on ballistic fracture 
patterns in long bones 
 

The main issue of the literature on ballistic long bone trauma is that detailed fracture 

characteristics, such as cortical traits are barely provided. This renders a correct 

forensic interpretation and reconstruction of osseus gunshot wounds and the 

differentiation from other types of trauma somewhat difficult. This is why more specific 

data, that forensic pathologists and anthropologists can rely on during the bone trauma 

analysis, is highly needed. This in turn gives rise to the need for further research in 

this area.  

 

In this context, it should be noted that forensic research has traditionally been 

characterised by data obtained from single case reports [62]. Although they constitute 

a starting point for hypothesis-based systematic research in forensic science, they 

have a rather low scientific evidence level. The preference for this format may result 

from financial and infrastructural restraints and in particular from ethical barriers 

rendering experimental simulation of anecdotal single events difficult or impossible 

[62, 63]. As a consequence, experimental research in the forensic field is generally 
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scarce. Nevertheless, high-quality experimental studies are essentially needed to 

generate a standardised knowledge base for the forensic interpretation of findings and 

to adapt current quality standards to present-day technical development [62].  

 

With respect to ballistic long bone trauma, a crucial method to gain further knowledge 

on the detailed fracture patterns are thus experimental studies. In doing so, the 

fractures can be reproduced under controlled conditions and the fracture mechanism 

can be better understood. Naturally, the use of real human bones is the most reliable 

experimental model for this purpose. In addition, the bones should be fresh in order to 

reproduce as realistic fracture patterns as possible [25, 64–66]. In this context, fresh 

bones are considered moist or wet, because they contain water as well as organic 

components such as lipids and collagen [65]. These components influence the 

biomechanical properties, as they give the bone a certain elasticity in addition to its 

mineral rigidity. Yet, one has to consider that acquiring fresh human material for 

experimental research is not easy due to ethical barriers along with complex tissue 

handling and preservation. This explains why there is growing interest in finding a valid 

alternative model for such trauma experiments.  

 

A suitable analogue to replace human tissue for ballistic trauma recreations should 

feature a similar energy dispersion and fracture mode, despite the microstructural 

particularity of different materials. In the past, both surrogate material and animal 

bones have been used for experimental ballistic research. Initially, bone surrogates 

produced by Synbone® AG (Switzerland) were developed for surgical training. Due to 

the demand for an appropriate bone analogue for forensic testing and event 

recreation, the company has designed special models to react in the same way as 

bone during ballistic impact [67]. The surrogates are made from polyurethane and are 

formed into different models to simulate gunshot trauma in various types of bone. 

Synbone® produces anatomical bone models and simplified cylinders. According to 

the manufacturer, the latter were especially designed for ballistic testing. Few articles 

have been published using both, the anatomical models and simplified cylinders for 

gunshot experiments [45, 68, 69]. For instance, Bir et al. analysed the fracture risk 

prediction based on the bullet velocity producing direct and indirect gunshot trauma 

[45]. Alongside human and Synbone® femurs, they also assessed a polyurethan 

femur from another manufacturer named Sawbone®. Interestingly, the authors 
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claimed similar fracture patterns in Synbone® surrogates and human femurs, whilst 

the Sawbones® fractures were too dissimilar to the human ones. Kneubuehl and Thali 

compared ballistic impacts between Synbone® cylinders and porcine femurs and 

tibias, revealing that the bullet’s energy loss, bullet deformation, bone fragmentation 

and the penetrating wound channel were similar [69]. In an experimental study from 

Henwood et al., it was shown that the Synbone® cylinders behaved more like porcine 

bone than the anatomical Synbone® models [68]. In contrast to the latter, the 

Synbone® cylinders and porcine bones presented comminuted fracture and a similar 

amount of the energy lost by the projectile upon impact. The authors claimed that the 

Synbone® cylinders may be used for ballistic impact tests to some extent, but drawing 

conclusions on fragment sizes or fracture propagation patterns were not 

recommended. However, these models were validated in comparison with porcine 

bone and not human bone.  

 

Animal bones have played an important role in forensic experimental research too. As 

mentioned in the studies from Kneubuehl and Thali [69] and from Henwood et al. [68], 

porcine bones are a preferred animal model. The latter authors inflicted in another 

study gunshot trauma to pig shoulders and assessed whether the osseus entrance 

wound allows to determining the type of projectile with respect to its material structure 

and calibre [70]. Furthermore, also Zhang et al. used porcine bones [71]. The authors 

analysed the transient indirect effect of rifle projectiles on bone in gelatine-bone 

composite targets. 

 

However, it is well known that there is no animal long bone that consistently resembles 

the human. In terms of morphology and biomechanical properties, Kieser et al. found 

deer femurs were the least dissimilar from human femurs compared to pig and sheep 

bones [72]. In experimental studies, the same authors have used female deer femurs 

to produce remote and indirect ballistic fractures, whereby in both cases wedge-

shaped fractures were reported [73–75]. 

 

Nevertheless, in summary, detailed ballistic fracture patterns in different models have 

not been clearly defined yet. Thus, the question as to whether alternative surrogate 

and animal models are suitable to reproduce the fracture patterns of human long 

bones remains to be answered. This is a highly relevant query in forensic experimental 
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research as the application of inappropriate alternative models can lead to useless, 

irrelevant, or even misleading information [76, 77]. 
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2. OBJECTIVES 
 

The main purpose of this research is to enhance the current knowledge on the fracture 

characteristics of ballistic long bone trauma in order to improve the distinction from 

other types of trauma. Providing guidance for the assessment of ballistic long bone 

trauma could be of great interest for forensic pathologists and anthropologists when 

interpreting and reconstructing gunshot events.  

 

With this general purpose the following specific objectives have been defined: 

 

1. To establish a valuable setup for long bone gunshot experiments. 

2. To macroscopically characterise a distinct ballistic fracture pattern in human 

long bones. 

3. To test the suitability of alternative trauma models for gunshot experiments 

such as synthetic and animal bones. 

4. To assess the influence of bone features and the presence of soft tissue on the 

human fracture pattern. 
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3. STRUCTURE OF THE DISSERTATION  
 

This is a publication-based dissertation that consists of two comprehensive original 

communications that have been published in internationally renowned scientific 

journals:  

 

1. Schwab, N., Jordana, X., Soler, J., Garrido, X., Brillas, P., Savio, A., Lavín, 

S., Ortega-Sánchez, M., Galtés, I. (2023). Can Synbone® cylinders and 

deer femurs reproduce ballistic fracture patterns observed in human long 

bones?. Journal of Materials Science, 58(11), 4970-4986. 

https://doi.org/10.1007/s10853-023-08333-6 

2. Schwab, N., Jordana, X., Monreal, J., Garrido, X., Soler, J., Vega, M., 

Brillas, P., Galtés, I. (2024). Ballistic long bone fracture pattern: an 

experimental study. International Journal of Legal Medicine, 1-16. 

https://doi.org/10.1007/s00414-024-03191-6 

 

The first publication evaluates different gunshot long bone models and addresses the 

objectives 1, 2 and 3. The second publication focuses on the characterisation of a 

ballistic fracture pattern in human long bones useful for the forensic trauma 

interpretation and addresses the objectives 1, 2 and 4.  
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4. MATERIALS AND METHODS 
 

4.1. Samples 
 
For this study real human bones, bone surrogates and animal bones were subjected 

to ballistic trauma. The general sample characteristics are summarised in Table 1. 

 
Table 1 Sample group description (Fem = femur, Hum = humerus, Gel = samples embedded in 
ballistic gel, no Gel = samples without ballistic gel) revealing the gender and age if specified, the 
length, the shaft diameter and the cortical thickness (the numbers represent the mean and 
standard deviation, and below the min - max value). 
 

Model 
type 

Sample 
group 

N ♂ ♀ Age Bone 
length 
(cm) 

Shaft 
diameter 

(cm) 

Cortical 
thickness 

(mm) 

Human  Fem Gel 10 10 0 62 (5.4) 45.9 (2.8) 2.9 (0.3) 6.2 (0.8) 

          55 - 71 43.0 - 52.0 2.5 - 3.3 5.0 - 7.0 

Human  Fem no Gel 6 2 4 66 (4.9) 44.9 (2.4) 3.0 (0.1) 4.3 (1.5) 
          62 -72 41.8 - 46.9 2.9 - 3.0 3.0 - 6.5 

Human  Hum Gel 10 10 0 61 (5.0) 32.5 (1.9) 2.1 (0.2) 3.6 (0.8) 

          55 - 71 30.6 - 36.6 1.9 - 2.4 3.0 - 5.0 

Human  Hum no Gel 3 1 2 61 (4.0) 31.0 (0.8) 1.8 (0.5) 3.7 (1.5) 
          56 - 63 30.5 - 31.9 1.5 - 2.3 3.0 - 5.0 

Synbone® Fem cylinder 10       27.0 3.0 5.0 

Synbone® Hum cylinder 10       27.0 3.0 3.0 

Animal Deer femur 4   4   22.4 (0.7) 1.9 (0.1) 3.8 (0.3) 
            21.6 - 23.3  1.8 - 2.0 3.5 - 4.0 

 

4.1.1. Human bones  
 

In total 29 fresh human bones, 16 femurs and 13 humeri, were used for this study. All 

bones were provided by the Donor Centre - Barcelona Tissue Bank, Banc de Sang i 

Teixits de Catalunya. They were donated from a total of 14 cadavers, 12 males and 2 

females. Informed consent was obtained from their next of kin. Donor age at death 

was between 55 and 72 years. All bones were collected with a postmortem time 

interval of up to 24 hours. They were entirely dissected from the limbs while parts of 

the muscles remained attached in order to prevent desiccation (Figure 1a). The 

samples were individually wrapped in plastic bags and stored in the freezer at the 
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Institut de Medicina Legal i Ciències Forenses de Catalunya (IMLCFC) and at the 

Universitat Autònoma de Barcelona (UAB) until further use. Prior to the experiments, 

the bones were completely thawed. The remaining soft tissue was removed up to the 

periosteum with the usage of surgical tools, wooden spatula and paper (Figure 1b). 

Subsequently, each bone was macroscopically investigated to exclude pathologies or 

damage. Each bone was measured for maximum length and mid-shaft diameter. The 

centre of the anterior shaft aspect was highlighted with a permanent marker to indicate 

the point of target. As the diaphysis has a high corticalis-spongiosa-ratio, it allows the 

best analysis of cortical bone behaviour and hence is more informative than cancellous 

rich areas near the epiphysis.  

 

  
 
Fig. 1 Human humeri and femurs a with soft tissue and b without soft tissue. 
 

4.1.2. Synthetic bones  
 

Cylindrical surrogates from the manufacturer Synbone® were chosen for this study. 

These geometrically simplified models simulate a long bone shaft and were especially 

developed for ballistic testing. They are made out of polyurethane and are covered 

with a rubber skin simulating the periosteum of real bone. Two different types, of each 

ten, were selected (Figure 2). Model PR0108.G is hereafter referred to as femur 

cylinder as its wall thickness is similar to the human femur. Model PR0109.G is 

hereafter referred to as humerus cylinder as its wall thickness is similar to the human 

humerus. The point of target was highlighted with a permanent marker in the centre of 

the cylinder.  
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Fig. 2 a Example of a Synbone® cylinder, transversal view of a b humerus cylinder and c femur 
cylinder. 
 

4.1.3. Animal bones 
 
The Faculty of Veterinary of the UAB provided four healthy, entire, undamaged, fresh 

femurs from wild-shot, young adult, female red deer (Cervus elaphus). The animals 

were shot for hunting reasons. The femurs were dissected with little soft tissue 

attached, leaving the periosteum intact (Figure 3). They were individually wrapped in 

plastic bags and kept in the freezer of the IMLCFC until further use. Analogous to the 

human bones, the deer femurs were measured for maximum length and mid-shaft 

diameter. The centre of the anterior shaft aspect was highlighted with a permanent 

marker to indicate the point of target. 
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Fig. 3 Partially skeletonised leg of a red deer with the femur on the right side. 
 

4.2. Gunshot experiments 
 

In collaboration with the Mossos d'Esquadra, Catalan police, the experiments were 

carried out in their scientific laboratory (Laboratoris de Policia Científica, Divisió de 

Policia Científica dels Mossos d'Esquadra). All staff were instructed in appropriate 

handling technique and complied with ethical principles. 
 

4.2.1. Production of gel blocks 
 

In order to simulate soft tissue, the samples were embedded in ballistic gel, with the 

exception of 9 human bones. A product from the Canadian brand Clear Ballistics was 

used (Clear Ballistics Gel®), which is supplied as a ready mixed, solid block that 

requires to be melted at 100°C for 4 to 5 hours before individual application. The Clear 

Ballistics polymer blocks are known for its convenient preparation and exceptional 

transparency and clearness compared to the standard simulant which is 10% 

ordnance gelatine [78]. Despite the possibility of reusing this gel, in this study, 

consistently new gel was employed for the samples.  

 

To surround the samples with Clear Ballistics Gel®, metal moulds were priorly 

designed (Figure 4 and 5). Those moulds were cylindrical with a diameter of 10 cm. 

The bones were positioned with the anterior face located 2 cm deep behind the 

mould’s front surface. The liquid gel was poured into the moulds until the bone shaft 



 20 

was entirely surrounded. Subsequently, the gel was left to solidify overnight at room 

temperature. The surrogates were analogously embedded in the gel. In addition, the 

hollow interior of the cylinders was also filled with the gel in order to simulate bone 

marrow and its exploding reaction to gunshot [69]. Due to the different anatomy of the 

animal bones a different mould had to be used in order to guarantee an anterior gel 

thickness of 2 cm. The decision of a 2 cm thick gel layer on the target side was made 

in accordance with other authors who conducted ballistic experiments [45, 69].  

 

 
 
Fig. 4 View from above on four cylindrical metal moulds. 
 

 
 
Fig. 5 In ballistic gel embedded shaft of a human humerus.  
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It was observed that after embedding the models in Clear Ballistics Gel®, numerous 

very small air bubbles aligned around the shafts. This hampered seriously the analysis 

of the fracture propagation on the high-speed images later on. Consequently, 9 out of 

29 human samples, 6 femurs and 3 humeri, were included to the study and shot 

without the soft tissue simulant for a better visualisation of the cracking mechanism. 

 

4.2.2. Orthograde fixation of the samples 
 

Each specimen was securely fixed upright using a self-constructed stabilisation 

device. This device was firmly attached to a table (Figure 6). It consisted of a rigid 

metal plate on the bottom and an adjustable metal plate on the top. The latter could 

be moved up or down along a steel bar that connected both plates. By the help of two 

metal cup stabilizers, on each plate one, the sample extremes were held securely. 

  

 
 
Fig. 6 Fixation table and partially depicted light barrier system in the scientific laboratory. 
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4.2.3. Shooting procedure 
 

The specimens were placed 2 m before the muzzle of a 9 mm Luger test barrel (Drello 

Bal 1025 FU-R). While the mechanics of test barrels differ to a certain extent from real 

firearms, they enable precise, reproducible shots and are commonly employed as a 

method in experimentation. The bullet impact velocity produced by the test barrel was 

360 m/s, simulating a shot from a handgun. An optical laser was used to define the 

point of shooting. This was possible in all samples, as the transparency of the ballistic 

gel allows exact targeting. For the shots, a NonTox 9 mm Luger full metal jacket 

projectile from Sellier&Bellot® was used (Figure 7). This ammunition was chosen as 

the 9 mm Luger full metal jacket projectile is the worldwide most common military 

handgun cartridge [18]. The mass of the bullet is 7.98 g. On each sample one single 

projectile was fired in an orthograde manner, whereby the bullet nose struck the middle 

of the anterior face of the shaft. The exit velocity of the projectile upon impact was 

measured using a light barrier (Drello LS 11-03) with a computerised system (Drello 

VC 4043-09). The performance was recorded with a high-speed camera (Phantom 

V2012). Figure 8 illustrates the experimental set up. 

 

 
 
Fig. 7 NonTox 9 mm Luger full metal jacket projectile from Sellier&Bellot®. 
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Fig. 8 Experimental set up: Test barrel (green) on the right side, fixation table (blue) with metal cup 
stabilisers (orange) and bone-gel-sample (light grey). Light barrier with two sensors (red) that 
measure the time the bullet takes from the first to the second sensor. High-speed camera on the 
bottom left. Distances: 200 cm between muzzle and bone, 40 cm between bone and light barrier, 
100 cm between the first and second sensor of the light barrier. The dashed red line indicates the 
trajectory of the projectile (yellow-brown). 
 

4.3. Fragment preparation prior to reconstruction 
 

After the shooting, the fractured samples were placed in individual plastic bags and 

brought to the anthropological laboratory of the IMLCFC. The gel blocks were opened 

with a scalpel to remove the bone fragments.  

 

4.3.1. Preparing human and animal bones 
 

In order to clear away the remaining soft tissue from the human and animal bones, 

they were macerated at 100°C in a water detergent solution (one cup of commercial 

degreasing detergent in 5 litres of plain water) [64]. In doing so, the bone fragments of 

each specimen were placed in a hand-made bag out of heat-resistant fabric. To 

guarantee free floating in the boiling liquid and prevent contact to the hot bottom of the 

pot, the bags were hanged on a stick over the pot. After 2 to 5 hours of cooking, the 

bones were scrubbed smoothly with a wooden spatula and paper to clear away the 
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periosteum. Subsequently, the bones were rinsed with water and left to dry at room 

temperature. Figure 9 shows an example of cleaned bone fragments from a shot 

human femur.  

 

 
 
Fig. 9 Bone fragments from a shot human femur after the cleaning process.  
 

4.3.2. Preparing Synbone® surrogates 
 

In contrast to the biological tissue, the synthetic periosteum of the Synbone® 

surrogates could be smoothly peeled off the fragments without the need of further 

interventions (Figure 10). 

 



 25 

 
 
Fig. 10 Fragments of a shot femur cylinder from Synbone® after opening the gel block from the 
front side. Also visible are the synthetic periosteum and the gel in the cylinder’s hollow interior.  
 

4.4. Reconstruction of the fracture 
 

The fragments of each specimen were reassembled with a superglue to better 

visualise the fracture patterns. This technique is often required and well accepted in 

the forensic anthropological investigation of fractures [1, 77]. The fracture surfaces 

and margins were assessed before the application of adhesives.  

 

4.5. Sample assessment 
 

4.5.1. Qualitative fracture variables 
 

All samples were macroscopically examined to define the fracture type and cortical 

fracture traits. The former was determined by the appearance of the bullet impact side. 

The latter were subdivided into entrance, exit and general cortical traits.  

 

4.5.2. Quantitative fracture variables 
 

For the quantitative analyses, the cortical thickness at the level of the bullet impact, 

the maximal longitudinal fracture extent and the horizontal and vertical diameter of the 
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bullets’ entrance and exit hole were measured with a calliper. The measurement of the 

post-impact velocity of the projectiles allowed the calculation of the kinetic energy lost 

in each sample (Ke = 0.5 mv2). For the comparison between human, synthetic and 

animal bone models also the different forms of radiating fracture lines around the bullet 

entry were counted: longitudinal (lines running along the longitudinal axis towards the 

epiphysis / cylinder ends), oblique (lines running at an angle to the longitudinal axis of 

the samples) and transverse (lines running horizontally from the entry point to the 

posterior aspect of the samples). Any fracture line longer than 5 mm was counted.  

 

4.5.3. High-speed videos 
 

The analysis of the high-speed videos was carried out on human bones shot without 

Clear Ballistics Gel®. As mentioned before, only those samples permitted an accurate 

evaluation of the fracture propagation upon gunshot.  

 

4.5.4. Sample group comparison 
 

All carefully gathered data was recorded and archived in a data sheet. The following 

two sections explain which sample groups have been compared for each part of the 

study. Figure 11 shows a schematic overview of the two research parts.  

 

For the first part of this study, the fracture characteristics between the human, the 

surrogate and the animal models were compared [79]. In doing so, results gathered 

from a preliminary human sample group totalling 14 bones, 7 femurs and humeri each, 

were used. The alternative sample groups counted all 20 Synbone® cylinders and all 

4 deer femurs. The details on materials and methods can be consulted in the 

respective publication (see Results chapter 1). 

 

For the second part of this study, the human sample number was increased in order 

to acquire more knowledge on the fracture pattern and its underlying mechanism [80]. 

The fracture characteristics in all 29 human bones were analysed. The human 

samples were grouped into femurs with and without gel, 10 and 6 respectively, and 

humeri with and without gel, 10 and 3 respectively. All details on materials and 

methods can be consulted in the respective publication (see Results chapter 2). 
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Fig. 11 Schematic overview of both research parts resulting in two publications. The green boxes 
illustrate the compared sample groups. 
 

4.6. Statistical analyses 
 

The statistical analysis applied for the first part of the research [79] included Pearson’s 

Chi-squared test in order to determine significant differences in the frequencies of the 

entry, exit and general cortical traits between the sample groups. Contingency 

coefficients were calculated to correlate the traits with the sample groups. The 

multivariate correspondence analysis was used to examine correlations and clusters 

between the fracture traits in the sample groups. The quantitative variables such as 

entry and exit hole size, fracture extent, percentage of transverse fracture lines and 

energy loss values were tested for normality and equal variance using Shapiro Wilk 

and Levene’s test. An analysis of variance using One-Way ANOVA was performed. 
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Games-Howell post hoc test was applied to compare the quantitative variables 

between the sample groups. Significance level was set at 0.05.  

 

For the statistical analysis of the second part of this research [80] logistic regression 

and two-way ANOVA were performed to test the effect of Clear Ballistics Gel® and 

the type of bone (femur and humerus) in the occurrence of fracture characteristics. 

The significance levels were set at 0.05. A multivariate correspondence analysis was 

done to demonstrate correlations between the fracture traits (qualitative and 

quantitative), experimental groups (type of bone and use of Clear Ballistics Gel®) and 

bone properties (bone length, shaft diameter and cortical thickness).  

 

4.7. Ethical aspects 
 

This study followed the ethical precepts of the Declaration of Helsinki (Fortaleza, 

Brazil, Oct 2013) and was approved by the local ethics committee (Bellvitge University 

Hospital, L’Hospitalet de Llobregat, Barcelona; Ref. PR416/20). Human samples were 

processed according to the guidance for clinical use (EEC regulations 2004/23/CE 

and 2006/17/CE) and to the legal requirements of Spain (Law 14/2007, RD 1716/2011 

and RD 9/2014). All human bone samples were donated anonymously and obtained 

under informed consent. All samples are stored in the private collection at the Institut 

de Medicina Legal i Ciències Forenses de Catalunya (IMLCFC) in Barcelona, Spain 

(Registro Nacional de Biobancos. Ref. C.0004241). 
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5. RESULTS 
 

5.1. Can Synbone® cylinders and deer femurs reproduce 
ballistic fracture patterns observed in human long bones? 
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Addressed objectives 

This first publication evaluates different gunshot long bone models and addresses 

the previously defined objectives 1, 2 and 3: 

 

1. To establish a valuable setup for long bone gunshot experiments. 

2. To macroscopically characterise a distinct ballistic fracture pattern in human 

long bones. 

3. To test the suitability of alternative trauma models for gunshot experiments 

such as synthetic and animal bones. 
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ABSTRACT

Whereas gunshot injuries in human craniums have been well studied, reliable
data on fracture patterns in ballistic long bone trauma remains scarce. Further
information useful for forensic trauma interpretation and reconstruction may be
retrieved from experimentally produced gunshot fractures. In order to avoid the
use of human specimens for experimental research, it is of great interest to
determine whether alternative models can reproduce the ballistic fracture pat-
terns of human long bones. To address this question, we shot seven healthy
adult human femurs and humeri each, ten samples each of two different
polyurethane cylinders from Synbone" and four femurs from female red deer.
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The specimens were embedded in ballistic gelatin and perpendicularly shot
from a distance of 2 m, using a 9-mm full metal jacket projectile at an impact
velocity of 360 m/s. The macroscopical appearance of the detailed fracture
pattern considering entry, exit and general cortical traits as well as the bullet’s
energy lost upon impact were compared between the models. Despite some
general similarities, neither of the two alternative models entirely reproduced
the fracture patterns of human long bones. Comparing the two alternative
models, the surrogate model revealed more significant differences to the human
fracture than the animal model. This leads to the conclusion that the poly-
urethane material provides a different failure mechanism than real bone,
underpinning the challenge in deploying an accurate analog.

Introduction

The analysis and reconstruction of gunshot wounds
are frequent challenges in forensic medicine. Soft
tissue injuries often show characteristic features,
which allow conclusions about the applied mechan-
ical force [1]. Examination of a well-preserved body
differs widely from examination of corpses in poor
condition such as those which are severely decom-
posed, burnt, scavenged, mummified or saponified
[2]. Forensic evidence obtained from soft tissue in
such conditions often remains inconclusive. The
reconstruction of trauma and death may only be
deduced from elements more resistant to destruction
such as bone. Although signs of trauma almost
always persist in bone, to date, reliable forensic
conclusions have been very limited [3–5]. In partic-
ular, when fractured skeletal remains are shattered or
incomplete, it can be challenging to clearly distin-
guish blunt force trauma from gunshot trauma [6, 7].

Forensic research on gunshot bone trauma has
mainly focused on cranial injuries [8–10]. In contrast,
only a few studies have dealt with gunshot trauma in
long bones. In 1915, five types of ballistic fractures in
human long bones have been described [11]. A bullet
grazing a long bone may (1) produce a transverse
fracture, (2) completely pierce the shaft, (3) become
embedded in the bone, (4) strike the shaft and pro-
duce stellate or butterfly fractures and/or (5) break
the bone into small fragments. Since then, most of the
experimental studies with human bones focused on
the fracture pathophysiology and risk prediction
related to ballistic variables [12–16]. Apart from that
research on ballistic trauma in human long bones
mainly remained descriptive [17–21]. A recent review

has summarized publications on ballistic fracture
patterns observed in human long bones [22]. Therein,
different types of fractures such as linear, oblique,
comminuted and butterfly fractures are collated fol-
lowing direct gunshot trauma. However, detailed
data on cortical fracture patterns of gunshot trauma
in human long bones useful for forensic trauma
interpretation and recreation are barely provided. To
fill this gap of knowledge and incorporate confidence
in gunshot trauma evaluation, experimental studies
to reproduce ballistic fractures under controlled
conditions are needed.

Since acquiring human material for experimental
forensic research is not easy due to ethical barriers as
well as complex tissue handling and preservation,
there is growing interest in finding an alternative
model for trauma experiments. A suitable analogue
to replace human tissue for ballistic trauma recre-
ations should feature a similar energy dispersion and
fracture mode, despite the microstructural particu-
larity of different materials.

In the past, both surrogate material and animal
bones have been used for experimental ballistic
research. Initially, polyurethane surrogates produced
by Synbone! AG (Switzerland) were developed for
surgical training. Due to the demand for an appro-
priate bone analogue for forensic testing and event
recreation, the company has designed special models
to react in the same way as bone during ballistic
impact [23]. The surrogates are made from poly-
urethane and formed into different models to simu-
late gunshot trauma in various types of bone.
Focusing on ballistic long bone trauma, few articles
have been published using anatomical models or
simplified cylinders from Synbone! [12, 24, 25].
According to Synbone! the latter were especially
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designed for ballistic testing. In an experimental
study from Henwood et al. [25], it was shown that the
Synbone! cylinders behaved more like porcine bone
than the anatomical Synbone! models. In contrast to
the latter, the prior two presented comminuted frac-
ture and a similar amount of the energy lost by the
projectile upon impact. The authors claimed that the
Synbone! cylinders may be used for ballistic impact
tests to some extent, but drawing conclusions on
fragment sizes or fracture propagation patterns were
not recommended. However, these models were
validated in comparison with porcine bone and not
human bone.

Animal bones have played an important role in
forensic experimental research too [24, 26–29]. How-
ever, there are morphological and biomechanical
differences and no animal long bone consistently
resembles the human. In terms of morphology and
biomechanical properties, Kieser et al. [30] found
deer femurs were the least dissimilar from human
femurs compared to pig and sheep bones. In experi-
mental studies, the same authors have used female
deer femurs to produce remote and indirect ballistic
fractures, whereby in both cases wedge-shaped frac-
tures were reported [26, 27].

Nevertheless, in summary, detailed ballistic frac-
ture patterns in different models have not been
clearly defined yet. Thus, the query as to whether
alternative surrogate and animal models are suit-
able to reproduce the fracture patterns of human long
bones remains to be answered. To address this
question, we experimentally inflicted gunshot trauma
to human femurs and humeri, Synbone! surrogates
and deer femurs. Qualitative and quantitative eval-
uation was made on all samples to compare the
macroscopic fracture patterns.

Materials and methods

Samples and sample preparation

Human bones

The Donor Center-Barcelona Tissue Bank, depart-
ment of Banc de Sang i Teixits de Catalunya provided
14 healthy, entire, unfractured, fresh human bones
from cadavers with informed consent from their rel-
atives. Seven femurs and humeri each were collected

from a total of six male aged between 55 and
71 years.

With a postmortem time interval of up to 24 h the
bones were dissected from the limbs, defleshed and
stored in the freezer until further use. The human
femurs had an average length of 46.1 cm (43–52 cm),
an average mid-diaphyseal width of 2.9 cm
(2.5–3.3 cm) and an average cortical thickness of
5.8 mm (5–6.5 mm). The human humeri had an
average length of 32.6 cm (30.8–36.6 cm), an average
mid-diaphyseal width of 2.1 cm (1.9–2.3 cm) and an
average cortical thickness of 3.1 mm (3–4 mm).

Synbone! surrogates

Two different types of polyurethane cylinders from
Synbone!, each ten, were selected. Both types have a
length of 27 cm, an outer diameter of 3 cm, a hollow
interior and are covered with a rubber skin simulat-
ing periosteum. Model PR0109.G is hereafter referred
to as humerus cylinder and has a wall thickness of
3 mm, which is similar to the human humerus.
Model PR0108.G is hereafter referred to as femur
cylinder and has a wall thickness of 5 mm, which is
similar to the human femur.

Animal bones

The Faculty of Veterinary of the Universitat Autòn-
oma de Barcelona (UAB) provided four healthy,
entire, undamaged, fresh femurs from wild-shot,
young adult, female red deer (Cervus elaphus). The
animals were shot for hunting reasons. The femurs
were dissected with very little soft tissue attached,
leaving the periosteum intact. They had an average
length of 22.4 cm (21.6–23.3 cm), an average mid-di-
aphyseal width of 1.9 cm (1.8–2 cm) and an average
cortical thickness of 3.8 mm (3.5–4 mm). They were
stored in the freezer until further use.

Preparation of the ballistic gelatin blocks

All specimens were embedded in ballistic gelatin to
simulate transparent soft tissue. We used gelatin
from Clear Ballistics (Canada), which is supplied as a
ready mixed, solid block that needs to be melted at
100 "C for 4–5 h before it can be individually applied.
The liquid gelatin was poured into molds with the
samples and left to solidify at air temperature over-
night. The thickness of the gelatin on the target side
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was 2 cm for each specimen. In case of the Synbone!

cylinders, also the hollow interior was filled with
gelatin to simulate bone marrow and its exploding
reaction to gunshot [31, 32].

Shooting procedure

The 9 mm Luger test barrel (Drello Bal 1025 FU-R)
was used to fire a 9 mm Luger full metal jacket pro-
jectile to each specimen. The impact velocity of the
projectile was 360 m/s, simulating a shot from a
handgun. The specimen blocks were placed 2 m
before the muzzle. In order to ensure a perpendicular
impact, we constructed a device that held the speci-
mens at the ends to stabilize them upright. An optical
laser was used to define the impact point in the
middle of the shaft. For velocity measurement of the
projectile upon impact, a light barrier (Drello LS
11-03) with a computerized system (Drello VC
4043-09) was used.

Sample assessment

After the shooting, the fractured samples were
removed from the gelatin blocks. The synthetic
periosteum of the Synbone! surrogates could be
smoothly peeled off. In order to clean the human and
animal bones, they were cooked at 100 "C in a water
detergent solution (one cup of commercial degreas-
ing detergent in 5 L of plain water) [33]. After 2–5 h
of cooking, the bones were cleaned and left to dry.
After the cleaning process, the fragments of each
specimen were reassembled with a superglue to
better visualize the fracture patterns.

All samples were macroscopically examined to
define the fracture type and cortical fracture patterns.
The latter was subdivided in entrance, exit and gen-
eral cortical traits. We determined the fracture type
by the appearance of the impact side. Furthermore,
we counted the different forms of radiating fracture
lines around the bullet entry: longitudinal (lines
running along the longitudinal axis toward the epi-
physis/cylinder ends), oblique (lines running at an
angle to the longitudinal axis of the samples) and
transverse (lines running horizontally from the entry
point to the posterior aspect of the samples). Any
fracture line longer than 5 mm was counted. For
further quantitative analysis, the cortical thickness at
the level of the impact, the maximal longitudinal
fracture extent and the horizontal and vertical

diameter of the bullets’ entrance and exit hole were
measured with a calliper. The measurement of the
post-impact velocity of the projectiles allowed the
calculation of the kinetic energy lost in each sample
(Ke = 0.5 mv2). The mass (m) of the projectile was
7.98 g. After collection of all data, they were com-
pared within the sample categories.

Statistics

Pearson’s Chi-squared test was carried out to deter-
mine significant differences in the frequencies of the
entry, exit and general cortical traits between the
sample groups. Contingency coefficients were calcu-
lated to correlate the traits with the sample groups.
The multivariate correspondence analysis was used
to examine correlations and clusters between the
fracture traits in the sample groups.

The quantitative variables such as entry and exit
hole size, fracture extent, percentage of transverse
fracture lines and energy loss values were tested for
normality and equal variance using Shapiro Wilk and
Levene’s test. An analysis of variance using One-Way
ANOVA was performed. Games-Howell post hoc test
was applied to compare the quantitative variables
between the sample groups. Significance level was set
at 0.05.

Ethics

This study followed the ethical precepts of the Dec-
laration of Helsinki (Fortaleza, Brazil, Oct 2013) and
was approved by the local ethics committee (Bellvitge
University Hospital, L’Hospitalet de Llobregat, Bar-
celona; Ref. PR416/20). Human samples were pro-
cessed according to guidance for clinical use (EEC
regulations 2004/23/CE and 2006/17/CE) and to the
legal requirements of Spain (Law 14/2007, RD
1716/2011 and RD 9/2014). All human bone samples
were donated anonymously and obtained under
informed consent. The respective samples are stored
in the private collection at the Catalonian Institute of
Legal Medicine and Forensic Science (IMLCFC) in
Barcelona, Spain (Registro Nacional de Biobancos.
Ref. C.0004241).
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Results

Qualitative fracture characteristics

All samples were completely perforated by the bullet
and presented comminuted fractures. In the human
bones and Synbone! cylinders the complete speci-
men length, the entrance and exit holes could be
reconstructed. In contrast, the animal bones exhibited
a massive fragmentation, particularly on the lateral
aspects of the bullet perforation. This hampered the
shaft assembling, allowing only a partial reconstruc-
tion of the entry and exit hole. All samples presented
a various number of radiating fractures lines creating
a stellate pattern at the impact side. Explanations of
the assessed cortical traits are given below. We divi-
ded them into entrance, exit and general traits as
shown in Table 1 (the wall of the surrogates will still
be referred to as cortical for the sake of simplified
readability). To the best of our knowledge, some of
these traits have not yet been reported in the litera-
ture. In all sample groups we found the impact side

provided more cortical characteristics to identify
gunshot trauma than the exit.

Entrance traits (Figs. 1, 3)

A round entry hole is the bullets initial entry defect that
visually appears round.

A V-shape of the bone is present proximal and/or
distal of the entry hole. The tip of the V points toward
the impact and the margins are defined by oblique
fracture lines.

Y-branching is present proximal and/or distal of the
entry hole. It is a bifurcation of the longitudinal
fracture line into two oblique lines that run toward
both lateral aspects.

Tip fragmentation is a superficial, external loss of
cortical fragment(s) at the tip of the bone around the
bullet entry. The transition to the intact cortical bone
is sharply defined by quite chiseled edges. Tip frag-
mentation on bone pieces next to each other appears
as a stepped circular margin around the entry.

Table 1 Cortical traits analyzed in all sample groups subdivided in entrance traits, exit traits, and general traits, with the respective x2

test’s p-value and contingency coefficient (CC)

Human
femur

Human
humerus

Synbone! femur
cylinder

Synbone! humerus
cylinder

Deer
femur

p value CC

N 7 7 10 10 4
Entrance traits
Round hole 7 100% 7 100% 10 100% 10 100% 0 0% \ 0.001 0.707
V-shape 7 100% 7 100% 4 40% 7 70% 4 100% 0.011 0.506
Y-branching 0 0% 1 14% 7 70% 6 60% 0 0% 0.005 0.532
Tip fragmentation 6 86% 6 86% 6 60% 3 30% 4 100% 0.034 0.463
Wing flake 4 57% 2 29% 0 0% 0 0% 0 0% 0.006 0.524
Wing flake defect 6 86% 2 29% 0 0% 0 0% 0 0% \ 0.001 0.624
Ring defect 7 100% 7 100% 0 0% 1 10% 0 0% \ 0.001 0.688
Depressed ring 0 0% 0 0% 10 100% 10 100% 0 0% \ 0.001 0.707
Bullet wipe 0 0% 0 0% 10 100% 10 100% 0 0% \ 0.001 0.707
Internal beveling 7 100% 7 100% 10 100% 10 100% 4 100%
Radiating Fx lines 7 100% 7 100% 10 100% 10 100% 4 100%
Exit traits
Round hole 1 14% 0 0% 2 20% 8 80% 0 0% 0.001 0.570
Square hole 6 86% 7 100% 8 80% 2 20% 0 0% \ 0.001 0.597
Layered breakage 7 100% 6 86% 0 0% 0 0% 0 0% \ 0.001 0.707
External beveling 7 100% 7 100% 9 90% 10 100% 4 100% 0.579 0.265
Radiating Fx lines 7 100% 7 100% 10 100% 10 100% 4 100%
General traits
Plastic deformation 7 100% 7 100% 0 0% 0 0% 4 100% \ 0.001 0.707
Wall splitting 2 29% 0 0% 9 90% 6 60% 0 0% \ 0.001 0.576
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A wing flake is a loose trapezoidal chip of cortical
bone that resembles spread wings. It originates from
the lateral aspect(s) of the entry hole.

A wing flake defect is the imprint of a wing flake that
is left on the lateral aspect(s) of the entry hole.

A ring defect is a circular or partial circular loss of
superficial cortical bone on the margin of the entry
hole. Its appearance reminds of an abrasion ring. It
may be interrupted by other entrance patterns such
as tip fragmentation.

A depressed ring is a circular or partial circular
depression of the entry hole margin.

A bullet wipe appears as a gray ring around the
entry hole.

Internal beveling is a funnel shape in the cortical
wall with the larger part on the internal aspect.

Radiating fracture lines run from the entry hole
toward the epiphyses and the posterior aspect of the
sample.

A significant difference was found for round
entrance hole that was produced in all human bones
and Synbone! surrogates, while in the deer femurs it
could not be reconstructed. V-shape was featured by
all human and animal bones and thus significantly
more frequent than in Synbone! surrogates.
Y-branching was significantly more often present in
Synbone! surrogates than in human humeri, while in
human and deer femurs it was never observed. Tip
fragmentation was featured by all deer femurs and
the majority of human bones and thus significantly
more frequent than in the Synbone! surrogates. Also

statistically significant were the findings wing flake
and wing flake defect that exclusively occurred in
human bones. Ring defect was statistically significant
present in all human bones and in only one humerus
cylinder from Synbone!, while in femur cylinders
and deer femurs it was never observed. Finally, all
Synbone! surrogates significatively featured depres-
sed ring and bullet wipe, while in human and animal
bones both traits were absent. No statistical signifi-
cances were found for internal beveling and radiating
fracture lines that both occurred in every specimen.

Exit traits (Figs. 2, 3)

Round exit hole is the bullets exit defect that visually
appears round.

Square exit hole is the bullets exit defect that visually
appears edgy or square.

Layered breakage is a layered pattern on the fracture
surface of the cortical bone.

External beveling is a funnel shape in the cortical
wall with the larger part on the external aspect.

Radiating fracture lines run from the exit defect
toward the epiphyses and the anterior aspect of the
sample.

Concerning the exit traits, all human humeri and
the majority of the human femurs and femur cylin-
ders showed a square exit hole. This is statistically
significant compared to the humerus cylinders that
mostly featured a round exit hole. As noted, the exit
hole in deer bones could not entirely be

Figure 1 Stellate fracture at the impact side of a a human femur
with a round entry hole surrounded by a partial ring defect, tip
fragmentation (black arrow head), wing flake defect (white arrow
head), wing flake and V-shape, b human humerus with a round
entry hole surrounded by a partial ring defect (white arrow head)
and V-shape, c Synbone! femur cylinder with a round entry hole

surrounded by a depressed ring and bullet wipe (white arrow head)
and Y-branching, d Synbone! humerus cylinder with a round
entry hole surrounded by a depressed ring and bullet wipe (white
arrow head) and V-shape, e deer femur with tip fragmentation
(white arrow head) an V-shape.

J Mater Sci



 37 

 

  

reconstructed. Layered breakage occurred in all
human femurs and the majority of human humeri.
This finding is statistically significant, since it was
never featured by the Synbone! surrogates and the
animal bones. No significant differences were found
for external beveling and radiating fracture lines.
External beveling was present in all specimens with
the exception of one femur cylinder from Synbone!.
Radiating fracture lines were present in all samples.

General traits

Plastic deformation is a persistent deformation of bone.
Wall splitting is a separation of bone within the

cortical wall (Figs. 3, 4).

Plastic deformation was present in all human and
animal samples. This finding is significantly signifi-
cant, since in the Synbone! surrogates it never
occurred. Wall splitting was significantly more fre-
quent in both Synbone! models compared to human
femurs. In human humeri and deer femurs it was
never observed.

Multivariate analysis

All qualitative variables were used for a multivariate
correspondence analysis (Fig. 5). The results showed
that human bones and Synbone! surrogates feature
distinctive fracture patterns. A closer inspection
shows two clusters of fracture patterns, one typically
found in human bones and the other in Synbone!

surrogates. The cluster of typical ballistic traits

Figure 2 The exit side of a a human femur with a square exit hole
and external beveling (white arrow head), b human humerus with
a square exit hole and external beveling (white arrow head), c
Synbone! femur cylinder with a square exit hole, external
beveling (black arrow head) and internal beveling (white arrow

head), d Synbone! humerus cylinder with a round exit hole and
external beveling (white arrow head), e deer femur with external
beveling (black arrow head) and internal beveling (white arrow
head).

Figure 3 a The exit side of a human femur with the view on
internal entrance beveling (white arrow head), and b axial view on
the fracture surface of a human femur showing wall splitting
(black arrow head) at the impact side and layered breakage (white
arrow head) at the exit side.

Figure 4 a Oblique-lateral view on a Synbone! femur cylinder
with wall splitting (white arrow head) and a void lacuna in the
material, and b demonstrates the irregular fragment shape of a
Synbone! humerus cylinder.
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observed in human bones consists of ring defect,
wing flake, wing flake defect, layered breakage and
plastic deformation. The cluster of typical ballistic
traits observed in Synbone! surrogated consists of
depressed ring, bullet wipe, Y-branching, round exit
hole and wall splitting. The cluster of cortical traits
featured by the animal model is more similar to the
cluster reproduced in human bones.

Quantitative fracture characteristics

The entry and exit hole diameters, fracture extent,
and the presence of transverse fracture lines could
only be evaluated for the human and Synbone!

specimens (Table 2; Fig. 6). The largest mean fracture
extent was found in human femurs. Statistically sig-
nificant differences were found compared to the
human humeri and femur cylinders. Furthermore,
among the humerus cylinders a considerable varia-
tion of the fracture extent was observed.

The entry and exit holes were measured in their
vertical and horizontal diameter. Compared to the
projectile’s diameter, the mean vertical entry hole
diameter in human bones and humerus cylinders

was larger, while in femur cylinders it was smaller.
Comparing the sample groups, the mean vertical
diameter in the femur cylinders were significantly
smaller than in the other three sample groups. The
mean horizontal entry hole diameter in human bones
was larger, while in Synbone! surrogates it was
smaller than the projectile’s diameter. Comparing the
sample groups, the mean horizontal diameter in
human bones was significantly bigger than in the
Synbone! surrogates. Among the Synbone! surro-
gates the horizontal diameter in humerus cylinders
were significantly bigger than in femur cylinders. The
mean vertical exit hole diameter in human humeri
was significantly bigger than in all other three sample
groups. The mean horizontal diameter was signifi-
cantly bigger in femur cylinders compared to human
bones and in humerus cylinders compared to human
humeri.

The percentage of transverse, oblique and longi-
tudinal fracture lines compared to all entrance asso-
ciated radiating fracture lines are shown in Table 2.
Statistical differences were found for the percentage
of transverse fracture lines that was significantly

Figure 5 The multivariate correspondence analysis with the
qualitative cortical traits evaluated in all sample groups
(REH = round entrance hole, VS = V-shape, YB = Y-branching,
TF = tip fragmentation, WF = wing flake, WFD = wing flake
defect, RD = ring defect, DR = depressed ring, BW = bullet wipe,
IB = internal beveling, RFE = radiating fracture lines entrance,

RExH = round exit hole, SExH = square exit hole, LB = layered
breakage, EB = external beveling, RFEx = radiating fracture lines
exit, PD = plastic deformation, WS = wall splitting). The first
component represents 52% of the total variance and the second
component 14%, cumulative both axes represent 66%.
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higher in both Synbone! surrogates compared to
human femurs (Fig. 6). No significant differences
were found for the presence of oblique and longitu-
dinal fracture lines.

The projectile’s exit velocity was detected in all
samples, except in three human femurs and one
humerus due to interferences. Table 2 and Fig. 7
show the calculated energy loss upon impact in all
sample groups. The mean energy loss in the human
femur was significantly higher than in the rest of

sample groups. Energy loss in the human humeri was
significantly higher than in both Synbone! surro-
gates. Energy loss in the deer femurs was most sim-
ilar to human humeri. It was significantly higher than
in the humerus cylinders from Synbone!. Further-
more, also between the two Synbone! models, the
energy loss in femur cylinders were significantly
higher than in humerus cylinders.

Table 2 Descriptive statistics
of the entry and exit hole size
(VD = vertical diameter,
HD = horizontal diameter),
fracture extent, percentage of
the transversal, oblique and
longitudinal fracture lines out
of the entrance associated
fracture lines in human bones
and Synbone! surrogates

Quantitative variables Group N Mean SD Min Max

Entry hole VD (mm) FH 7 10.4 1 9 11.5
HH 7 10 0.7 9 11
FS 10 8.3 0.4 8 9
HS 10 9.8 0.5 9 11

Entry hole HD (mm) FH 7 10.4 0.5 10 11
HH 7 9.8 0.9 9 11
FS 10 6.8 0.3 6.5 7
HS 10 8.6 0.5 8 9

Exit hole VD (mm) FH 7 16 3.9 12.5 23
HH 7 24.7 10 13.5 40.5
FS 10 15.4 4.3 8.5 22
HS 10 14.2 4.4 11 24.5

Exit hole HD (mm) FH 7 11.2 1.6 9 13
HH 7 9.5 1.7 8 12.5
FS 10 13.8 1.8 11 16
HS 10 12.9 2.1 10 15.5

Fracture extent (cm) FH 7 14.2 2.6 11.2 17.9
HH 7 9.5 1.8 6.5 12.0
FS 10 10.2 2.4 6.9 15.1
HS 10 11.1 3.8 6.7 16.6

Transverse Fx lines (%) FH 7 8.7 8.4 0 17
HH 7 10.3 10.9 0 29
FS 10 24.5 4.3 18 33
HS 10 22.2 8.4 11 33

Oblique Fx lines (%) FH 7 83.7 16.9 50 100
HH 7 73.4 11.4 57 86
FS 10 64.1 10.5 50 78
HS 10 68.3 10.7 50 88

Longitudinal Fx lines (%) FH 7 7.6 13.6 0 33
HH 7 16.3 12.8 0 33
FS 10 11.5 10.9 0 25
HS 10 9.6 9.8 0 25

Energy loss (J) FH 4 352.4 29.9 316.9 389.1
HH 6 232.4 29.8 193.8 265.7
FS 10 168.3 10.7 153.4 188.7
HS 10 124.8 12 108.9 151.1
FA 4 245.5 32.4 215.2 278.6

Also shown is the projectile’s energy lost upon impact in all five sample groups (FH, human femur,
HH, human humerus, FS, femur cylinder, HS, humerus cylinder, FA, deer femur)
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Figure 6 Box plots representing the a vertical and b horizontal
entry hole diameter, the c vertical and d horizontal exit hole
diameter, the e fracture extent, and f the percentage of transverse

fracture lines out of the entrance associated fracture lines in human
bones and Synbone! surrogates (p-values for the pairwise
comparison).
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Discussion

Alternative models for trauma experiments are of
great interest due to the restricted possibilities of
using human specimens for forensic research.
Despite different tissue and material, a suitable alter-
native is thought to exhibit properties such as elas-
ticity, strength and energy absorption similar to
human tissue [32]. Moreover, useful models should
ensure reproducibility [12]. To date, this is the first
experimental study designed to provide conclusions
on whether Synbone! cylinders and deer femurs are
suitable to macroscopically reproduce detailed bal-
listic fracture patterns in human long bones. For this
purpose, we shot with real ammunition and used real
human bones as a comparison alongside the alter-
native synthetic and animal models.

The macroscopical generalization
of the fractures

On the first sight, the ballistic fractures in each sam-
ple group appeared similar. All samples presented
comminuted fracture, which is consistent with the
review by Veenstra et al [22]. revealing comminuted
fracture is the most frequent diaphyseal fracture in
gunshot trauma. In order to characterize the fracture
type more accurately, we considered the appearance
at the impact side. Stellate fracture was identified in
all sample groups, as it has also been observed by
other authors [11, 21, 28, 34]. All models allowed the
assessment of the impact direction and bullet

trajectory, since entrance and exit side could be
identified and distinguished from each other. Inter-
estingly, some authors revealed that the exit hole is
not always present in long bones because the bullet
entry fragments the bone before the projectile reaches
the other side of the shaft [21, 35]. This observation
could not be made in our study. In all sample groups,
we found a beveled exit with radiating fracture lines
allowing the conclusion that they were directly pro-
duced by the projectile. Certainly, the entrance asso-
ciated fracture lines that reach the posterior aspect
may influence the shape of the exit fracture, taking
into account the Puppe rule that fracture lines stop at
preexisting ones [36]. As a standard feature to dis-
tinguish between entrance and exit, it is well known
that bone bevels out in the direction in which the
projectile travels [34]. In cranial bones, the entry
wound classically presents an internal beveling,
whereas external beveling is a typical characteristic of
the exit wound [37, 38]. In our study, internal
beveling of the entrance defect and the already
mentioned external beveling of the exit defect were
reproduced in all sample groups. Furthermore, in all
sample groups the exit fractures were dominated by a
vast fragmentation and thus larger than the bullet
entry as it has already been reported in human long
bones [39]. In accordance with claims about the par-
ticular importance of the entry wound assessment
[40], we found the impact side in all sample groups
provided more characteristic traits to identify gun-
shot trauma than the exit side.

Figure 7 Box plots
representing the projectiles’
energy lost upon impact in all
five sample groups (p-values
for the pairwise comparison).
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The fracture macroscopy in detail

A detailed fracture pattern analysis showed that both
the surrogate and animal models differed signifi-
cantly from human bones. When comparing the two
alternative models, the clusters of entry, exit, and
general cortical traits in the animal model were found
to be more similar to human bone than the Synbone!

surrogates.
In a ballistic study comparing human craniums

with Synbone! plates and spheres, Smith et al. [41]
noted similar entry but different exit wound features
between the models. Unlike these findings, in our
long bone models especially the entrance fracture
presented differences between the sample groups.
We observed traits that revealed to be distinct for
human bones and described them as wing flake, wing
flake defect and ring defect. The aspect of V-shape, as
already observed by Martrille et al. [21], and tip
fragmentation, a term we defined in this study, were
reproduced in all sample groups. However, both
traits appeared significantly more often in human
and animal bones than in Synbone! surrogates.
Y-branching, depressed ring and bullet wipe
revealed to be characteristic Synbone! entrance traits.
According to the literature, the presence or absence of
a depressed ring may help to identify the type of
ammunition in terms of fully jacket or lead bullets
[25, 42]. However, this finding may not be applicable
in human bones, since we could not reproduce it
there. Another unique Synbone! finding is the bullet
wipe that may be associated with the presence of a
depressed ring. With other words, in Synbone! we
found the anterior surface around the bullet entry
depressed but mostly intact. In contrast, in human
and animal bones we always saw a loss of cortical
bone around the bullet entry. The main difference on
the impact side of the deer femurs was that especially
the medial and lateral aspects of the bullet entry were
shattered and could not be reassembled. This did not
allow us the same precise evaluation of the entrance
traits compared to human bones and Synbone!

surrogates.
With respect to the exit fracture, we also found

some dissimilarities between the three models. Lay-
ered breakage revealed to exclusively occur in human
bones. Interestingly, this trait has formerly been
associated to the compression side of blunt force
trauma in fresh human long bones [33]. The Syn-
bone! femur cylinders mostly presented a square

hole like in human bones, whereas the majority of the
humerus cylinders showed a round exit hole. The
deer bones did not allow the assessment of the exit
shape.

In terms of general cortical traits, exclusively the
real bones featured plastic deformation which is
referred as to the persistent deformation of bone prior
fracturing [34]. In contrast, wall splitting revealed to
be a distinct Synbone! trait.

Focusing on caliber estimation, studies on cranial
bones have revealed that the minimum diameter of
the entry hole allows the discrimination between
‘‘small’’ and ‘‘large’’ calibers, whereas a precise
determination is difficult [43–45]. In our study, we
found significant differences between the entry size
in the models. The human bones reproduced bigger
entry holes, while the Synbone! surrogates featured
mostly smaller entry holes than the projectile used.
This may be explained by the different entry hole
traits, ring defect in human bones versus depressed
ring in Synbone! surrogates. While the first repre-
sents a cortical loss of bone, the latter can be regarded
as an inward folding of the material. Again, the deer
bones could not be used to evaluate the entry hole
size.

The energy loss of the projectile
upon impact

Our results on the bullet’s energy lost upon impact
indicates that the resistance to the projectile is sig-
nificantly lower in Synbone! cylinders than in
human and deer bones. Interestingly, this result dif-
fers from the finding that Synbone! surrogates fea-
ture a similar resistance to porcine bone [24, 25].

In accordance with the literature, the distinct frac-
ture patterns found in our study may essentially be
attributed to differences in the underlying material
[25, 41]. In respect of the microstructural differences,
it has been expressed that polyurethane is not a
suitable alternative for studies investigating bone
trauma below a very general and superficial level
[41]. Thus, other authors have argued that animal
bones remain an essential alternative model for
human bone trauma [46].

Surrogate material such as polyurethane does not
feature the microstructural complexity of real bone
based on its components and their arrangement in
space [47]. Despite some histological differences
between the species [48, 49], all bones consist of a
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mineral phase (hydroxyapatite) embedded in an
organic matrix (mainly type I collagen). The former
makes the bone rigid and stiff, while the latter con-
tributes to its toughness and gives it a certain flexi-
bility reducing brittleness and allowing some
resistance to fracture [50]. Also, the water content is
critical to the mechanical behavior [34]. Bone is a
fluid-imbibed material and its water is not only pre-
sent in the vascular system and canaliculi, but also
structurally bound in the collagen matrix [51]. It was
found that drying out of a bone is related to a loss of
elasticity and plasticity [33, 52]. In this context, frac-
ture characteristics have been linked to the elasticity,
cohesiveness and density of bone [53]. It is known
that the less flexible the tissue the greater the damage
because more energy is transferred to the stretch
mechanism [54, 55].

But, not only intrinsic factors influence the bone’s
fracture biomechanics. It is thought that in response
to different mechanical stressors bone reacts differ-
ently. In blunt force trauma, bone has been observed
to behave like a ductile material by deforming prior
to fracturing [33]. In contrast, in gunshot trauma,
bone typically behaves as a stiff and brittle material
and tends to fracture instantly before deformation
can occur [56]. These authors, however, do not pro-
vide information on the impact speed. In our study,
simulating a shot from a pistol, we could find plastic
deformation in all human and deer bones. Indeed,
this finding finds support by the observation of
Martrille et al. [21] who also reported on the occur-
rence of plasticity prior fracturing in gunshot trauma.
In the Synbone! models we could not find plastic
deformation. A potential explanation is that the sur-
rogates may are more brittle than real bone. Further
support for this is given by our finding that trans-
verse fractures occurred more frequently in the Syn-
bone! surrogates than human bones. In the literature,
transverse lines are typical associated to fractures in
dry, brittle bone [57].

In our study, the deer femurs were massively
fragmented into very small pieces and chips. The
fracture could not be as efficiently reconstructed and
thus not all parts as precisely evaluated as human
bones and Synbone! cylinders. We considered this as
a main drawback of the animal model. Interestingly,
this finding differs from results by Kieser et al. [28]
who found radiating fracture lines producing a but-
terfly-shaped fracture at the impact side of the ante-
rior mid-shaft of fresh mature female deer femurs.

Compared to our study, their findings resemble more
the fracture pattern found in our human bones than
in our deer bones. We assume that this difference
may be particularly traced back to the impact energy
of 0.013–5.35 J of the spherical steel projectiles used in
the experiments by Kieser, compared to the impact
energy of 517.97 J in our study. This assumption may
be supported by the literature reporting bone
behaves more like brittle material under high velocity
impacts [58, 59]. Since the grade of comminution is
not only associated to the amount of transferred
energy but also to a small target size [34], an addi-
tional influence might be related to the smaller size of
the deer bones used in our study (Iberian subspecies
from Catalonia, Spain). They featured an average
length of 22.4 cm and an average diaphyseal width of
1.9. We assume they were smaller than the ones used
by Kieser et al. [27] from New Zealand, who reported
in an earlier study an average bone length of 27.6 cm
and a mid-diaphyseal width of 2.7 cm. The relation
between the grade of comminution and a small target
size may further be supported by our experience that
human humeri compared to human femurs shattered
in smaller fragments and hence were more difficult to
assemble. Kieser et al. reported deer femurs being a
suitable model to substitute human femurs. The deer
femurs used in our study were considerably smaller
and from this point of view they might rather sub-
stitute human humeri. This can find further support
by our observation that energy loss in human humeri
and deer femurs were quite similar. With respect to
the material properties, the deer bones seem to have a
comparable toughness as human humeri.

Ultimately, an additional explanation for the dif-
ferent fracture patterns found in our study may
constitute the geometrical variability of the models,
in particular dissimilar cortical thickness and the
complex shape of real bone. In accordance with Smith
et al. [41], these factors also influence the resistance
through thinner and thicker bone areas and thus
fracture propagation. As noted, there is no animal
bone that geometrically resembles a human femur or
humeri. In case of the Synbone! surrogates, there
exist anatomical models, however the ones especially
developed for ballistic testing were geometrically
simplified. These simplified cylinders have been
developed to reduce the effect of heterogeneous tis-
sues during research and hence should guarantee
reproducibility. In this context, however, we could
observe some differences in the detailed fracture
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patterns among the Synbone! models. Some entrance
traits such as V-shape, Y-branching, Tip fragmenta-
tion and ring defect only occurred irregularly. Also
the exit hole reveled to appear round or square
shaped. Furthermore, we found a considerable vari-
ability of the fracture extent among of the humerus
cylinders. In contrast to the findings of Henwood
et al. [25], however, we did not observe fractures
reaching the cut edges of the cylinders. Since fracture
lines run along the least resistance [9], a potential
explanation for the observed inconsistencies among
the Synbone! models may lay in a certain degree of
heterogeneity of the polyurethane wall. As an indi-
cator for this heterogeneity, we found void lacunas of
up to 2.5 mm in some samples. This assumption finds
further support by our observation of irregular frag-
ment shapes in the Synbone! models. Henwood et al.
[25] made an analogous observation, reporting on a
sudden change of fracture direction in Synbone!

surrogates that could not be observed in real bones
from pigs. The authors claimed that the fracture lines
change the direction when they reached a different
pore density. However, they also express some
reluctance to accept this interpretation because not all
fracture lines showed a response to the change in
pore density.

Limitations

A limitation of the research presented in our study
may concern the sample size, in particular the num-
ber of animal bones. However, within this groups we
found a 100% congruence of the presence or absence
of the evaluated fracture patterns. Furthermore, the
results of this study represent fracture patterns in the
diaphysis, produced by a 9 mm full metal jacket
projectile with an impact speed of 360 m/s. Gunshot
trauma in more cancellous rich areas such as the
epiphyses as well as different bullet types and impact
velocities may produce different fracture patterns.
Since the scope of this study was only a macroscop-
ical evaluation, it might be useful to investigate the
material behavior of each model from a microstruc-
tural point of view.

Conclusion

The ballistic fracture patterns produced in the Syn-
bone! surrogates and animal bones tested in this
study were a fair general approximation of those seen
in human long bones. However, a detailed analysis
revealed a range of dissimilarities that calls caution in
extrapolating ballistic fracture patterns of alternative
models to human long bones. The Synbone! surro-
gates did not present all the observed human fracture
traits and in addition, they presented different char-
acteristics. This leads to the conclusion that the
polyurethane material provides an alternate failure
mechanism than real bone. The animal model tested
in our study revealed to be more suitable than Syn-
bone!, in terms of both qualitative and quantitative
fracture characteristics. However, the main drawback
of the deer femurs was the massive fragmentation
that did not allow us the same precise fracture
reconstruction as in human bone and Synbone! sur-
rogates. Our study shows that special caution is
needed when validating surrogate material with
animal bone instead of human bone. We further
emphasize the continued need for innovation in new
model systems such as computational modeling.
However, before alternative models can be validated,
further experiments with real human long bones
seem to be required to define a distinct ballistic
fracture pattern.

Acknowledgements

Funding support for the current project was provided
by the Research Fund for Excellent Junior Research-
ers of the University of Basel, Switzerland. A very
special thank goes to Professor Christian De Geyter,
Professor Eva Scheurer and Professor Roland Haus-
mann. We are extremely grateful for the collaboration
with the Mossos d’Esquadra for providing the facil-
ities, the material and the personal staff.

Authors’ contribution

Conceptualization was contributed by NS and IG;
Methodology was contributed by NS, JS, XG, PB, AS,
and MO-S; Formal analysis and investigation were
contributed by NS, IG, and XJ; Writing—original
draft preparation was contributed by NS; Writing—

J Mater Sci



 45 

 

  

review and editing was contributed by IG, XJ, and
NS; Visualization was contributed by NS, IG, and XJ;
Supervision was contributed by IG and XJ.

Funding

Open Access Funding provided by Universitat
Autonoma de Barcelona.

Data availability

The data generated during and/or analyzed during
the current study are available from the corre-
sponding author on reasonable request.

Declarations

Conflict of interest The authors have no conflicts of
interest to declare that are relevant to the content of
this article.

Ethics approval This study followed the ethical
precepts of the Declaration of Helsinki (Fortaleza,
Brazil, Oct 2013) and was approved by local ethics
committee (Bellvitge University Hospital, L’Hospi-
talet de Llobregat, Barcelona; Ref. PR416/20). Human
samples were processed according to guidance for
clinical use (EEC regulations 2004/23/CE and
2006/17/CE) and to the legal requirements Spain
(Law 14/2007, RD 1716/2011 and RD 9/2014). All
human bone samples were donated anonymously
and obtained under informed consent. The respective
samples are stored in the private collection at the
IMLCFC (Barcelona, Spain) (Registro Nacional de
Biobancos. Ref. C.0004241).

Open Access This article is licensed under a Crea-
tive Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution
and reproduction in any medium or format, as long
as you give appropriate credit to the original
author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were
made. The images or other third party material in this
article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s
Creative Commons licence and your intended use is
not permitted by statutory regulation or exceeds the

permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licen
ses/by/4.0/.

References

[1] Saukko P, Knight B (2015) Knight’s forensic pathology.

CRC Press, Boca Raton

[2] Sorg MH, Haglund WD (eds) (1996) Forensic taphonomy:

the postmortem fate of human remains. CRC Press, Boca

Raton

[3] Andrews P, Fernández-Jalvo Y (2012) How to approach

perimortem injury and other modifications. Forensic micro-

scopy for skeletal tissues. Humana Press, Totowa,

pp 191–225

[4] Cappella A, Castoldi E, Sforza C, Cattaneo C (2014) An

osteological revisitation of autopsies: comparing anthropo-

logical findings on exhumed skeletons to their respective

autopsy reports in seven cases. Forensic Sci Int 244:315-e1

[5] Sauer NJ (1998) The timing of injuries and manner of death:

distinguishing among antemortem, perimortem and post-

mortem trauma. Forensic Osteol: Adv Identif Hum Remains

2:321–331

[6] Hart GO (2005) Fracture pattern interpretation in the skull:

differentiating blunt force from ballistics trauma using con-

centric fractures. J Forensic Sci 50(6):1–6

[7] Symes SA, Ericka N, L’Abbé ENC, Wolff I, Dirkmaat DC
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Abstract
When dealing with badly preserved cadavers or skeletal human remains, the assessment of death circumstances remains chal-
lenging. When forensic evidence cannot be taken from the skin and soft tissue, the information may only be deduced from 
more resistant elements such as bone. Compared to cranial gunshot injuries, reliable data on ballistic long bone trauma remains 
scarce. This study aims to define ballistic fracture characteristics in human long bones. The shaft of 16 femurs and 13 humeri 
from body donors was perpendicularly shot with a 9-mm Luger full metal jacket bullet at an impact velocity of 360 m/s from 
a distance of 2 m. Some bones were embedded in Clear Ballistics Gel®, and some were shot without soft tissue simulant in 
order to better visualise the fracture propagation on the high-speed camera. The fractures were examined macroscopically and 
compared between the sample groups. We consistently found comminuted fractures with a stellate pattern. Fracture details 
were classified into entrance, exit and general characteristics. For some traits, we detected different occurrence values in the 
group comparison. The results indicate that some of the traits depend on bone properties such as shaft diameter, bone length 
and cortical thickness. The presence of ballistic gel also influenced some fracture traits, emphasising the relevance of soft tissue 
simulant in osseous gunshot experiments. This study revealed new insights in the detailed fracture pattern of human long bones. 
These may serve as guidelines for the identification and reconstruction of gunshot trauma in human long bones.

Keywords Forensic anthropology · Human bones · Femur · Humerus · Gunshot · Fracture pattern

Introduction

When dealing with badly preserved cadavers or skeletal 
human remains, event reconstruction of traumatic cases and 
determination of the cause of death remain a major challenge 

for forensic pathologists and anthropologists. In contrast to 
fresh or well-preserved cadavers, forensic information in 
such cases may only be deduced from more resistant tissue 
such as bone, without further evidence provided by findings 
on the skin or soft tissue. Although signs of trauma usually 
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persist in bone, reliable forensic conclusions can be consid-
erably complicated, particularly when skeletal remains are 
shattered or the fractured bones incomplete [1, 2].

Gunshot trauma is widespread not only in armed con-
flicts, but also in the frame of civil violence [3–6]. Some 
authors report that at least 50% of the gunshot injuries 
affect the extremities, often resulting in fractures [7–10]. 
In this context, the femoral shaft fracture was observed 
most frequently among ballistic long bone trauma [9]. 
Despite the frequent occurrence of ballistic long bone 
trauma, there is only little reliable data in the literature 
on their fracture characteristics useful for forensic trauma 
reconstructions.

Studies concerning gunshot trauma have mainly been 
carried out to analyse cranial fractures [11–13]. There are 
only a few studies focusing on gunshot trauma in long 
bones. In 1915, Bland-Sutton described five types of bal-
listic fractures in human long bones [14]: a projectile 
impacting a long bone can result in a transverse fracture, 
completely pierce the diaphysis, stay embedded in the 
bone, strike the diaphysis and produce a stellate or butter-
fly pattern, and/or shatter the bone into small fragments. 
On one hand, this work solely describes the potential frac-
ture type produced by a gunshot without providing details 
on cortical traits. On the other hand, an actualisation based 
on current ballistics is required as guns and projectiles 
have changed since 1915. Since then, however, the major-
ity of the experimental research using human long bones 
focused on the fracture pathophysiology and risk predic-
tion in relation to different ballistic variables [6, 15–18]. 
In the 1960s, Huelke et al. used steel spheres with vari-
ous sizes and velocities to quantify the energy transmit-
ted by the projectiles [16–18]. In the 1980s, Ragsdale and 
Josselson targeted on cancellous-rich bone areas of distal 
femurs and proximal tibias, which do not allow the best 
analysis of cortical bone behaviour [19]. Robens and Küss-
wetter showed findings in X-rays after a gunshot to the 
metaphyseal part of the tibias [20]. Also, Coudane et al. 
studied bone lesions with X-rays after producing gun-
shot injuries to the limbs of two dead bodies [21]. More 
recently, Dougherty, Sherman and Bir investigated indirect 
gunshot impact on diaphyseal femurs and tibia [6]. Bir 
et al. analysed the fracture risk prediction based on veloc-
ity producing both direct and indirect ballistic fractures 
in human femurs and long bone polyurethane surrogates 
[15]. Aside from these studies, research on ballistic trauma 
in human long bones essentially remained descriptive [9, 
22–25]. In a more recent review from 2022, Veenstra et al. 
studied publications providing data on ballistic fractures 
observed in long bones [26]. The work revealed different 
types of fractures as a result of gunshot trauma such as 
linear, oblique, butterfly and comminuted fractures. How-
ever, the above-mentioned studies barely provide data on 

detailed cortical traits useful for gunshot trauma interpre-
tation, reconstruction and differentiation from other types 
of trauma.

Further studies on this topic are needed to improve the qual-
ity and reliability of the forensic investigation of human long 
bone trauma. A crucial method to gain further knowledge on 
detailed ballistic trauma patterns including cortical traits are 
experimental studies, where the fractures can be reproduced 
under controlled conditions. In a recent paper, we presented 
some preliminary data on cortical traits observed in experi-
mentally produced gunshot fractures in human long bones 
[27]. The purpose of that study was to test whether alterna-
tive long bone models such as polyurethane cylinders from 
Synbone® AG (Switzerland) and female red deer femurs can 
reproduce the same ballistic fracture patterns. It was revealed 
that neither the synthetic nor the animal model sufficiently 
reproduces the human fracture pattern, making these alter-
native models unsuitable to replace human bones for further 
fracture investigations.

In the current work, we aim to define a distinctive gunshot 
fracture pattern in human long bones. Specifically, we propose 
to reproduce, characterise and discuss the cortical traits related 
to ballistic long bone trauma and to acquire more knowledge 
on the underlying fracture mechanism. To this purpose, we 
have experimentally analysed a broad size of human long 
bones including femur and humerus. Two different types of 
long bones were selected to assess if there are considerable 
differences or if they show similar characteristics indicating 
that long bones generally produce a similar ballistic fracture 
pattern. We surrounded the specimens with Clear Ballistics 
Gel®, a synthetic simulant for soft tissue. In addition, some 
bones were shot without the gel in order to better visualise the 
fracture propagation on the high-speed videos. In doing so, 
we used the opportunity to assess potential differences in the 
fracture patterns between the specimens shot with and without 
the soft tissue simulant.

Materials and methods

A total of 29 fresh human healthy bones, 16 femurs and 13 
humeri, were used to analyse the fracture type, the fracture 
propagation and the cortical traits upon gunshot.

Samples and sample preparation

All 29 bones were provided by the Donor Center-Barcelona 
Tissue Bank, Banc de Sang i Teixits de Catalunya. They 
were donated from a total of 14 cadavers, 12 males and 2 
females. Donor age at death was between 55 and 72 years. 
All bones were collected with a postmortem time inter-
val of up to 24 h. They were entirely dissected from the 
limbs and kept in the freezer until further use. Prior to the 
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experiments, the bones were thawed and the remaining soft 
tissue was removed up to the periosteum with surgical tools. 
Subsequently, each bone was macroscopically investigated 
to exclude pathologies or damage.

To simulate soft tissue, 20 samples, 10 femurs and 
humeri each, were embedded in ballistic gel. We used a 
product from the Canadian brand Clear Ballistics, which 
is supplied as a ready mixed, solid block that requires to 
be melted at 100 °C for 4 to 5 h before individual applica-
tion. Clear Ballistics polymer blocks are known for their 
convenient preparation and exceptional transparency and 
clearness compared to the standard simulant which is 10% 
ordnance gelatine [28]. Despite the possibility of reusing 
this gel, in this study, we consistently employed new gel 
for the samples. To surround the bones with the gel, we 
used cylindrical metal moulds with a total diameter of 
10 cm. The bones were positioned with the anterior face 
located 2 cm deep behind the mould’s front surface. The 
liquid gel was poured into the moulds until the bone shaft 
was entirely surrounded. Subsequently, the gel was left to 
solidify overnight at room temperature. We observed that 
air bubbles formed around the bones, which hampered a 

clear view on the bone surface. As a consequence, further 
nine samples, six femurs and three humeri, were shot with-
out gel for a better visualisation of the cracking mechanism 
on the high-speed recordings. The sample characteristics 
are summarised in Table 1.

Shooting procedure

All bones were shot under the same condition. Figure 1 illus-
trates the experimental setup. We securely fixed each speci-
men upright using a self-constructed stabilisation device. This 
device was firmly attached to a table. It consisted of a rigid 
metal plate on the bottom and an adjustable metal plate on the 
top. The latter could be moved up or down along a steel bar 
that connected both plates. With the help of two metal cup 
stabilisers, on each plate one, the bone’s epiphyses were held 
securely. The specimens were placed 2 m before the muzzle 
of a 9-mm Luger test barrel (Drello Bal 1025 FU-R). While 
the mechanics of test barrels differ to a certain extent from 
real firearms, they enable precise, reproducible shots and are 
commonly employed as a method of experimentation. The 
bullet impact velocity produced by the test barrel was 360 m/s, 

Table 1  Sample group description (Fem Gel, = femur with gel; Fem no Gel, = femur without gel; Hum Gel, humerus with gel; Hum no Gel, 
humerus without gel), revealing the gender, age, bone length, shaft diameter and cortical thickness (mean and standard deviation)

Sample group N Male Female Age Bone length (cm) Shaft diameter (cm) Cortical 
thickness 
(mm)

Fem Gel 10 10 0 62 (5.4) 45.9 (2.8) 2.9 (0.3) 6.2 (0.8)
Fem no Gel 6 2 4 66 (4.9) 44.9 (2.4) 3.0 (0.1) 4.3 (1.5)
Hum Gel 10 10 0 61 (5.0) 32.5 (1.9) 2.1 (0.2) 3.6 (0.8)
Hum no Gel 3 1 2 61 (4.0) 31.0 (0.8) 1.8 (0.5) 3.7 (1.5)

Fig. 1  Experimental setup: test 
barrel (green) on the right side, 
fixation table (blue) with metal 
cup stabilisers (orange) and 
bone-gel-sample (light grey). 
Light barrier with two sensors 
(red) that measure the time the 
bullet takes from the first to 
the second sensor. High-speed 
camera on the bottom left. Dis-
tances: 200 cm between muzzle 
and bone, 40 cm between 
bone and light barrier, 100 cm 
between the first and second 
sensor of the light barrier. The 
dashed red line indicates the 
trajectory of the projectile (yel-
low–brown)
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simulating a shot from a handgun. An optical laser was used to 
define the point of shooting. This was possible in all samples, 
as the transparency of the ballistic gel allows exact targeting. 
For the shots, we used a NonTox 9-mm Luger full metal jacket 
projectile from Sellier & Bellot® (m = 7.98 g). On each sam-
ple, one single projectile was fired in an orthograde manner, 
whereby the bullet nose struck the middle of the anterior face 
of the shaft. As the diaphysis has a high corticalis-spongiosa 
ratio, it allows the best analysis of cortical bone behaviour 
and hence is more informative than cancellous-rich areas near 
the epiphysis (Antrag: 43). The exit velocity of the projectile 
upon impact was measured using a light barrier (Drello LS 
11–03) with a computerised system (Drello VC 4043–09). 
The performance was recorded with a high-speed camera 
(Phantom V2012).

Sample assessment

The fragments of each shot specimen were collected and 
cleaned prior to analysis. In doing so, the bones were cooked 
at 100 °C for 2 to 5 h in a water detergent solution consisting of 
5 L of plain water and 1 cup of commercial degreasing deter-
gent [29]. Subsequently, the bones were scrubbed smoothly 
to clear away the periosteum. After the bones were left to dry, 
the fragments of each sample were reassembled using a super-
glue. This allowed us to better visualise the fracture patterns. 
The fractures were examined macroscopically. The fracture 
type was determined by its appearance on the impact side. The 
cortical traits were classified into entrance, exit and general 
features. For quantitative analyses, we used a calliper to meas-
ure the maximal longitudinal fracture extent and the horizontal 
and vertical diameter of the projectile’s entrance and exit hole. 
The projectiles’ post-impact velocity was used to calculate the 
kinetic energy lost in each bone (Ke = 0.5  mv2).

After the collection of all data, the ballistic fracture patterns 
were defined. In doing so, we grouped the samples into femurs 
with and without gel and humeri with and without gel. Logistic 
regression and two-way ANOVA (Tukey post hoc tests) were 
performed to statistically test the effect of ballistic gel and the 
type of bone (femur and humerus) in the occurrence of frac-
ture characteristics. The significance level was set at 0.05. A 
multiple correspondence analysis was done to explore correla-
tions between the fracture traits (qualitative and quantitative), 
experimental groups (type of bone and use of gel) and bone 
properties (length, shaft diameter and cortical thickness).

Results

Upon gunshot, all samples exhibited comminuted fracture 
accompanied by severe fragmentation into small bone chips. 
Nevertheless, assembling the bigger fragments allowed a 

more comprehensive fracture reconstruction and a sound 
macro-morphological assessment. Tables 2, 3 and 4 and 
Figs. 2, 3 and 4 present the qualitative cortical traits classi-
fied into entrance, exit and general features that characterise 
the ballistic fracture pattern in human long bones. In total, 
24 qualitative and 6 quantitative variables were determined.

The entrance fracture pattern

Table 5 shows the occurrence of the cortical entrance traits 
in the sample groups. Figures 2 and 3 illustrate the entrance 
fracture with the detailed cortical traits. In each case, the 
entrance fracture featured a round entry hole with various 
radiating and concentric fractures. On the impact side, this 
visually resulted in a stellate pattern. Longitudinal concen-
tric fractures around the entry hole were observed in all sam-
ples. They could typically be seen on the lateral shaft aspect. 
Transversal concentric fractures were less frequent. In the 
gel samples, they occurred in none of the femurs (0%) and 
in three out of ten humeri (30%). In the samples without gel, 
they occurred in two out of six femurs (33%) and in one out 
of three humeri (33%). Differences between sample groups 
were not statistically significant.

V-shape, ring defect, internal beveling and wing piece were 
featured by all samples. A lateral notch was found in all femurs 
with and without gel (100% each), in all humeri without gel 
(100%) and in nine out of ten humeri with gel (90%). There 
were no significant differences between the sample groups. Tip 
fragmentation was featured in all femurs and humeri without 
gel (100% each) and in nine out of ten femurs and humeri 
with gel, respectively (90% each). The difference between the 
samples, however, was not statistically significant. Wing flake 
was most common in gel femurs with seven out of ten posi-
tive cases (70%). In contrast, they were not found in any of the 
femurs without gel (0%). In gel humeri, they occurred in five 
out of ten cases (50%), and in humeri without gel in one out 
of three cases (33%). Logistic regression revealed a significant 
correlation between the presence of gel and the occurrence of 
wing flakes (p value = 0.031, odds ratio = 12.5). Wing flake 
defect was featured by all femurs with gel (100%) and three out 
of six femurs without gel (50%). In humeri, the trait was found 
in five out of ten with gel (50%) and in two out of three with-
out gel (67%). Logistic regression did not reveal a significant 
difference, but yet showed that the occurrence of a wing flake 
defect is close to significantly greater in femurs than humeri 
(p value = 0.081, odds ratio = 0.19).

As quantitative entrance variables, we measured the ver-
tical and horizontal entry hole diameter (Table 6, Fig. 5). 
The latter, however, could not be evaluated for all samples 
as a complete entry hole reconstruction was not always pos-
sible. The mean vertical entry hole diameter was the larg-
est in femurs, both with (10.1 ± 1.0 mm) and without gel 
(10.1 ± 0.5 mm). In humeri with gel, it was 9.8 ± 0.7 mm, 
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and in humeri without gel the smallest with 9.2 ± 0.3 mm. 
There was no significant difference between the sample 
groups. The largest mean horizontal diameter was estab-
lished for femurs with gel (10.1 ± 0.7 mm). In contrast, the 
smallest mean horizontal diameter was found in femurs 
without gel (8.3 ± 0.9  mm). In humeri with gel, it was 
9.8 ± 0.9 mm. In humeri without gel, only one sample could 
be evaluated revealing a horizontal diameter of 9.5 mm. 
Two-way ANOVA showed significant differences in the size 
of the horizontal entry hole diameter between samples with 
and without gel (p value = 0.002,  eta2 = 0.39).

The exit fracture pattern

Table 5 shows the occurrence of all cortical exit traits in the 
sample groups. In all samples, we observed an exit hole with 
various radiating and concentric fractures. The transversal con-
centric fractures were present in all femurs and humeri with 
gel (100% each), in all humeri without gel (100%) and in five 
out of six femurs without gel (83%). There were no significant 
differences between the sample groups. Longitudinal concen-
tric fractures were present in seven out of ten femurs and six 
out of ten humeri with gel (70% and 60% respectively). In 

Table 2  Trait definition at the entrance fracture

Round entry hole The projectile’s initial entry defect appearing visually round

Radiating fracture Longitudinal, transversal or oblique fractures that radiate away from the entry hole
Concentric fracture Curvilinear fractures facing with their concave aspect towards the entry hole. They were divided into transversal or longitu-

dinal ones. The first occurs proximal/distal of the entry hole, the second on the sides of the entry hole
V-shape Describes the shape of the bone proximal/distal to the entry hole. The tip of the v-shape points towards the bullet entry. The 

margins of the v-shape are built by oblique fracture lines
Tip fragmentation A superficial, external loss of cortical fragment(s) at the tip of the bone around the entry hole. It only appears proximal/

distal of the bullet entry. Typically, chiselled edges indicate a sharply defined transition to the intact cortical bone. In case 
oblique fractures separate the bone, tip fragmentation on bone parts next to each other creates the image of a stepped 
circular margin around the bullet entry

Ring defect A circular or partial circular loss of superficial cortical bone on the entry hole’s margin. Its presentation reminds of an abra-
sion ring. It can be interrupted by other entrance traits such as tip fragmentation

Wing flake A loose trapezoidal flake of cortical bone resembling spread wings. The aspect facing the entry hole features part of the 
ring defect. In contrast to tip fragmentation, it comes from the lateral aspect(s) of the entry hole. It may be broken and 
thus incomplete

Wing flake defect The superficial cortical defect on the lateral aspect(s) of the entry hole that is produced when the wing flake breaks out
Internal beveling A funnel shape in the cortical wall with a larger extent on the internal side
Wing piece A bone fragment originating from the lateral shaft aspect(s). Its shape is similar to the wing flake, but it is usually much 

bigger, and most importantly, it affects the hole cortical wall; only the extremes run out superficially. The aspect facing 
the entry hole may contain part of the ring defect or a wing flake defect. A wing piece can be entire, but also broken into 
two or more fragments. Less frequently, they may be still attached on one side of the shaft

Lateral notch As the wing piece’s extremes run out superficially, they leave behind a corresponding cortical defect on the lateral shaft 
aspect. On this fracture surface, there is a prominent notch visible

Table 3  Trait definition at the 
exit fracture Square exit hole The projectile’s exit defect appears visually edgy or square

Radiating fracture Transversal, longitudinal or oblique fractures that radiate away from the exit hole
Concentric fracture Curvilinear fractures facing with their concave aspect towards the exit hole. They 

were divided into transversal or longitudinal ones. The first occurs proximal/
distal of the exit hole, the second on the sides of the exit hole

Layered breakage Is a layered pattern visible on the fracture surface
External beveling A funnel shape in the cortical wall with a larger extent on the external side
Stepped breakout A sequence of multiple transversal concentric fractures on the posterior shaft 

aspect resulting in a stepped breakout of fragments with similar shapes

Table 4  General trait definition Plastic deformation Is the persistent deformation of bone

Marginal chipping Tiny, superficial cortical defects on the fracture margin
Fx surface scaling Tiny cortical scaling on the fracture surface



 55 

 
  

 International Journal of Legal Medicine

Fig. 2  Anterior view of two shot femurs (white bar = 1 cm). Entrance 
traits: round entry hole (1), radiating fracture (2), transversal concen-
tric fracture (3), v-shape (4), tip fragmentation (5), ring defect (6), 

wing flake defect (7), wing flake (8), wing piece (9), transversally 
broken wing piece (10). General cortical traits: plastic deformation 
(11), marginal chipping (12)

Fig. 3  Lateral view of four shot femurs (white bar = 1 cm). Entrance 
traits: round entry hole (1), radiating fracture (2), longitudinal con-
centric fracture (3), wing flake defect (4), wing piece (5), wing piece 

attached to the shaft (6), lateral notch (7), internal beveling (8). Gen-
eral cortical traits: plastic deformation (9), Fx surface scaling (10)
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the samples without gel, they were present in three out of six 
femurs (50%) and in none of the humeri (0%). There were no 
significant differences between the sample groups.

A square exit hole was found in all humeri with and 
without gel (100% each). In femurs, it was found in nine 
out of ten with gel (90%) and in five out of six without gel 
(83%). There were no significant differences between the 
sample groups. The two femurs, one with and one with-
out gel, which did not have a square exit hole, presented a 
round exit hole. Stepped breakout was found in six out of ten 
femurs with gel (60%) and five out of six femurs without gel 
(83%). In humeri, it was less common with an occurrence 
of two out of ten with gel (20%) and a complete absence in 
the ones without gel (0%). Logistic regression revealed that 
the occurrence of stepped breakout is significantly greater 
in femurs than humeri (p value = 0.009, odds ratio = 0.08). 
Layered breakage occurred in nine out of ten femurs and 
eight out of ten humeri with gel (90% and 80% respectively). 
In the samples without gel, it occurred in four out of six 
femurs (67%) and in one out of three humeri (33%). The 
logistic regression showed no significant, but yet a close cor-
relation between the presence of gel and layered breakage 
(p value = 0.075, odds ratio = 5.9). External beveling was 
detected in all femurs with and without gel (100% each) and 

in all humeri with gel (100%), but only in one out of three 
without gel (33%). However, statistically significant differ-
ences between sample groups were not found.

Quantitatively, the vertical and horizontal exit hole diam-
eters were evaluated; however, the consistent measurement 
was hampered as the exit hole could not always be entirely 
reconstructed (Table 6 and Fig. 5). Notably, it was not possi-
ble with any of the no gel humeri. The mean vertical exit hole 
diameter was the largest in humeri with gel (21.6 ± 9.6 mm). 
In the femurs with gel, it was 18.2 ± 6.3 mm, and in femurs 
without gel the smallest with 15.0 ± 6.9 mm. There were no 
significant differences between the groups. The mean hori-
zontal exit hole diameter was the largest in femurs with gel 
(10.5 ± 1.8 mm). In the humeri with gel, it was 9.5 ± 1.7 mm, 
and in femurs without gel the smallest with 7.9 ± 2.6 mm. 
Two-way ANOVA showed that the size of the horizontal exit 
hole diameter was significantly larger in samples with gel 
than without gel (p value = 0.026,  eta2 = 0.234).

The general fracture characteristics

Some general cortical traits could be detected without a rela-
tion to the entrance or exit fracture. All samples showed 
plastic deformation, marginal chipping and fracture surface 

Fig. 4  Posterior view and supe-
rior view of two shot femurs 
(white bar = 1 cm). Exit traits: 
square exit hole (1), radiating 
fracture (2), transversal concen-
tric fracture (3), external bev-
eling (4), stepped breakout (5), 
layered breakage (6). General 
cortical traits: plastic deforma-
tion (7), Fx surface scaling (8)
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scaling (Table 5). As shown in Table 6 and Fig. 5, the 
mean fracture extent was the largest in femurs with gel 
(14.9 ± 3.3 cm), followed by femurs without gel (14.3 ± 2.6). 
In humeri with gel, it was 9.2 ± 1.7 cm, and in humeri with-
out gel the smallest with 8.3 ± 1.9 cm. Two-way ANOVA 
showed that the fracture extent was significantly larger in 
femurs than in humeri (p value < 0.001,  eta2 = 0.58).

Video analysis

Figure 6 shows a sequence of images from two high-speed 
videos. Despite the clarity and transparency of the Clear Bal-
listics Gel®, the densely arranged air bubbles around the 
bone significantly hindered the analysis of the fracture propa-
gation in the recordings. In this regard, to assess the fracture 
propagation during gunshot, only the samples without gel 
allowed an accurate analysis. On the high-speed videos of 
these samples, we saw that the bullet penetrates the anterior 
and posterior wall of the shaft producing a direct entrance 

and exit fracture, respectively. As a further result, we found 
when the bullet penetrates the anterior wall, radiating frac-
tures initiate on the front side. On the lateral aspect, concen-
tric fractures develop just before the radiating fractures are 
fully extended. With fracture progression, the radiating and 
concentric fractures merge. In doing so, the lateral wing piece 
is formed and eventually blown out laterally as a consequence 
of the blast effect when the bullet penetrates the shaft.

The bullet’s energy lost upon impact

The projectile’s exit velocity was measured to calculate 
the energy lost upon impact (Table 6 and Fig. 5). How-
ever, the measurements were not successful in all sam-
ples due to interferences with the light barrier caused by 
bullet fragments and in case of no gel samples also bone 
fragments. The greatest mean energy loss was observed in 
femurs with gel (348.6 ± 69.7 J), whereas in femurs with-
out gel, it was only 264.4 ± 99.1 J. In humeri with gel, it 

Table 5  Analysed cortical traits 
divided into entrance, exit and 
general traits (*p value < 0.05, 
**p value < 0.01)

Femur gel Femur no gel Humerus gel Humerus no 
gel

N 10 6 10 3

Entrance traits
  Round hole 10 100% 6 100% 10 100% 3 100%
  V-shape 10 100% 6 100% 10 100% 3 100%
  Tip fragmentation 9 90% 6 100% 9 90% 3 100%
  Ring defect 10 100% 6 100% 10 100% 3 100%
  Wing flake 7 70% 0 0% 5 50% 1 33%
  Wing flake defect 10 100% 3 50% 5 50% 2 67%
  Internal beveling 10 100% 6 100% 10 100% 3 100%
  Wing piece 10 100% 6 100% 10 100% 3 100%
  Lateral notch 10 100% 6 100% 9 90% 3 100%
  Radiating fracture 10 100% 6 100% 10 100% 3 100%
  Concentric fracture 10 100% 6 100% 10 100% 3 100%
  Transversal 0 0% 2 33% 3 30% 1 33%
  Longitudinal 10 100% 6 100% 10 100% 3 100%

Exit traits
  Square hole 9 90% 5 83% 10 100% 3 100%
  External beveling 10 100% 6 100% 10 100% 1 33%
  Layered breakage 9 90% 4 67% 8 80% 1 33%
  Stepped breakout 6 60% 5 83% 2 20% 0 0%
  Radiating fracture 10 100% 6 100% 10 100% 3 100%
  Concentric fracture 10 100% 6 100% 10 100% 3 100%
  Transversal 10 100% 5 83% 10 100% 3 100%
  Longitudinal 7 70% 3 50% 6 60% 0 0%

General traits
  Plastic deformation 10 100% 6 100% 10 100% 3 100%
  Marginal chipping 10 100% 6 100% 10 100% 3 100%
  Fx surface scaling 10 100% 6 100% 10 100% 3 100%
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was 261.1 ± 61.3 J), and in humeri without gel, we could 
only calculate the energy loss in one out of three samples, 
which was 258.8  J. Two-way ANOVA showed that the 
higher energy loss in gel femurs compared to the energy 
loss in gel humeri was close to significant (p value = 0.059, 
 eta2 = 0.206).

Multiple correspondence analysis

A multiple correspondence analysis was done in order to 
observe correlations among fracture characteristics, bone 
properties and sample groups (Fig. 7 and Table 7).

Dimension 1 (21% of the variance) shows that gel was 
especially important in the presence of both wing flake and 
wing flake defect, as well as the absence of transversal con-
centric fractures at the bullet entrance. To a lesser extent, gel 
also had an influence on the presence of external beveling. In 
contrast, the type of bone (humerus or femur) did not show a 
significant correlation with the fracture characteristics. Yet, 
a correlation between bone properties such as cortical thick-
ness and shaft diameter with the occurrence of wing flake, 
wing flake defect, external beveling and a larger horizontal 
entry hole diameter has been found.

Dimension 2 (15% of the variance) shows a correlation 
between a squared exit hole and a higher vertical exit hole 

diameter, as well as a correlation between absent stepped 
breakout and absent transversal concentric fractures around 
the exit hole. The latter was expected, as the stepped break-
out is formed by a repetition of transversal concentric 
fractures.

Ultimately, dimension 3 (14% of the variance) cor-
relates bone properties such as the shaft diameter and 
bone length with fracture characteristics such as a larger 
vertical entry hole diameter, a not squared exit hole and 
a greater occurrence of longitudinal concentric fractures 
at the exit.

Discussion

In good preserved cadavers, skin and soft tissue injuries 
typically show characteristic features allowing conclu-
sions on the applied mechanical force such as gunshot, 
blunt force, sharp force or other impacts [30]. In gunshot 
trauma, the ballistic characteristics of entrance and exit 
skin wounds are widely accepted and applied in routine 
forensic investigations, while less precise morphological 
information is given for bones. The interpretation and 
reconstruction of ballistic bone trauma is particularly 
challenging when dealing with long bones as conclusive 

Table 6  Descriptive statistics 
of the analysed quantitative 
(VD, vertical diameter; HD, 
horizontal diameter; Fem Gel, 
femur with gel; Fem no Gel, 
femur without gel; Hum Gel, 
humerus with gel; Hum no Gel, 
humerus without gel)

Group N Mean SD Min Max

Entry hole VD (mm) Fem Gel 10 10.1 1.0 9.0 11.5
Fem no Gel 6 10.1 0.5 9.5 11.0
Hum Gel 10 9.8 0.7 9.0 11.0
Hum no Gel 3 9.2 0.3 9.0 9.5

Entry hole HD (mm) Fem Gel 10 10.1 0.7 9.0 11.0
Fem no Gel 4 8.3 0.9 7.5 9.0
Hum Gel 7 9.8 0.9 9.0 11.0
Hum no Gel 1 9.5

Exit hole VD (mm) Fem Gel 10 18.2 6.3 12.5 29.0
Fem no Gel 6 15.0 6.9 9.0 27.0
Hum Gel 10 21.6 9.6 13.0 40.5
Hum no Gel 0

Exit hole HD (mm) Fem Gel 10 10.5 1.8 7.5 13.0
Fem no Gel 5 7.9 2.6 4.0 11.0
Hum Gel 7 9.5 1.7 8.0 12.5
Hum no Gel 0

Fracture extent (cm) Fem Gel 10 14.9 3.3 11.2 21.5
Fem no Gel 6 14.3 2.6 11.2 16.6
Hum Gel 10 9.2 1.7 6.5 12.0
Hum no Gel 3 8.3 1.9 6.2 9.8

Energy loss (J) Fem Gel 6 348.6 69.7 237.4 444.6
Fem no Gel 4 264.4 99.1 157.5 375.1
Hum Gel 8 261.1 61.3 193.8 379.2
Hum no Gel 1 258.8
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data is scarce. To resolve such uncertainty, realistic 
experiments are of great importance. As we revealed in 
a previous study, the selection of alternative models is 
problematic because animal bones and bone surrogates 
are too dissimilar to human bones [27]. In this study, 
we shot ten femurs and ten humeri with ballistic gel and 
six femurs and three humeri without ballistic gel. We 

examined in a comprehensive way the macroscopic char-
acteristics in order to provide supportive guidelines for 
the ballistic trauma interpretation. Consistently, a com-
minuted fracture was reproduced, which according to the 
literature is the most common type of diaphyseal gunshot 
trauma [26]. In line with the postulation that particularly 
the bullet impact region is of high conclusive value [27, 

Fig. 5  Box plots representing the a vertical entry hole diameter, 
b horizontal entry hole diameter, c vertical exit hole diameter and 
d horizontal exit hole diameter, e fracture extent and f projectiles’ 
energy lost upon impact (VD = vertical diameter, HD = horizontal 

diameter, Fem Gel = femur with gel, Fem no Gel = femur without gel, 
Hum Gel = humerus with gel, Hum no Gel = humerus without gel) 
(significant p values for the pairwise comparison)
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31], the entrance fracture provided more characteristics 
than the exit fracture. Figure 8 illustrates the scheme of 
paradigmatic diaphyseal gunshot fracture resulting from 
the gunshot scenario tested in this study. In all sample 
groups, we found a similar ballistic fracture pattern. 
However, the occurrence values of some traits differed 
between the groups. The results support the relevance 
of using a soft tissue simulant, but are not entirely in 
line with the assumption that the biomechanics behind 
gunshot trauma are similar in all tubular bones [32]. A 
detailed discussion of the traits and their correlation to 
ballistic gel and bone properties is provided in the fol-
lowing paragraphs.

Entrance fracture and fracture type

In the literature, the fracture type in ballistic long bone trauma 
is commonly classified as a stellate pattern, indicating that 
multiple fractures radiate from the entry hole [14, 25, 33, 34]. 
Other authors refer to butterfly fractures [14, 18, 34, 35]. Yet, 
there is a controversy in using this term as it implies a dif-
ferent fracture mechanic occurring classically in blunt force 
trauma [36]. There, a real butterfly fracture is thought to initi-
ate on the tension side of the shaft, which is opposite to the 
impact side [37, 38]. In contrast, ballistic fractures initiate at 
the impact side. Hence, some authors also use the term false 
butterfly fracture to describe this reverse phenomenon [37, 

Fig. 6  Sequence of images from high-speed videos capturing the shot 
of two femurs without gel, from the a lateral-posterior perspective 
showing the bullet entry and exit and the blast effect, and b lateral-

anterior perspective showing the formation of first radiating and then 
concentric fractures at the entrance and the blast out of the wing piece

Fig. 7  Multiple correspondence analysis showing the three first 
dimensions. Representation of the variables: exCFxTran = trans-
versal concentric fracture of the exit, Stepped = stepped breakout, 
exSquare = squared exit hole, exCFxLon = longitudinal concentric 
fracture of the exit, Fxext = fracture extent, Tip = tip fragmentation, 
ExitVD = vertical exit hole diameter, Layered = layered breakage, 
ExitHD = horizontal exit hole diameter, EntryVD = vertical entry 

hole diameter, EntryHD = horizontal entry hole diameter, ExBev-
eling = external beveling of the exit hole, CFxTran = transversal con-
centric fracture of the entry, Flakedefect = wing flake defect, Wing-
flake = wing flake, EnergyLoss = bullet’s energy loss, bone = type of 
bone (femur or humerus), Gel = ballistic gel, Length = bone length, 
ShaftDM = shaft diameter, Cortical = cortical thickness
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39]. Lower gunshot velocities have also been linked to other 
patterns such as spiral, oblique or bore-hole fractures [14, 20, 
24, 34, 39]. In our study, the impact side revealed an entry 
hole with radiating and concentric fractures, similar to the 
findings by Martrille and Symes and Smith et al. [13, 25]. 
As these fracture components also appear in skulls, Smith 
et al. claimed that long bone and cranial gunshot trauma is 
comparable. In general, the formation of radiating and con-
centric heaving fractures is strongly related to large amounts 
of kinetic energy [1, 13, 25, 40]. Principally, radiating frac-
tures without concentric ones can occur when they are suf-
ficient to relieve the pressure [41]. In contrast, concentric 
fractures do not occur solely. In cranial gunshot trauma, they 
were related to the increased intracranial pressure and blast 
effect upon bullet penetration [41]. Long bones can also be 
considered hollow organs with a solid wall. Thus, increased 
pressure in the shaft and cavity formation are thought to be 

part of the ballistic fracture mechanism [42]. In cranial gun-
shot trauma, radiating and concentric fractures are usually 
visible at the impact side [1]. Authors described the concen-
tric form after the radiating ones and end perpendicularly at 
them [1, 11]. The fracture image reminds of a spiderweb and 
thus is referred to as a spiderweb-like pattern [1]. In long 
bones, we saw concentric fractures are often not visible on 
the frontal view since they appear mostly lateral on the shaft. 
Hence, they are less commonly transversal ones on the ante-
rior aspect. Soft tissue simulant was even revealed to reduce 
their appearance. In addition, we observed the concentric 
fractures typically merge with the radiating ones instead of 
ending perpendicularly at them. As a consequence, the defini-
tion of a classical spiderweb-like pattern may not be entirely 
accurate for ballistic long bone trauma. In summary, although 
the classification is not that trivial, we consider the stellate 
pattern to be the most suitable to describe the fracture type 
revealed in our study.

Beyond the fracture type, radiating and concentric 
fractures also formed distinctive cortical entry traits. The 
v-shape is formed by radiating fractures, defines the anterior 
silhouette of the shaft and indicates the bullet impact with its 
tip. We recognised this characteristic in a work from Baray-
bar and Gasior [43], who analysed long bone fractures of 
real gunshot victims. The wing piece is formed by the fusion 
of radiating and concentric fractures. It is mostly detached 
from the shaft, but easy to recognise among other frag-
ments due to its characteristic shape. Martrille and Symes 
described it as a pie-shaped fragment that can be confused 
with the wings of a butterfly fracture [25]. On our high-
speed videos, we saw the wing piece was laterally blasted 
off the shaft. This is in line with Di Maio, who explained 
when a bullet penetrates a bone, it creates a temporary cavity 
causing the bone fragments to be propelled laterally [31]. 
After the wing piece breaks out, a prominent lateral notch 
can be seen on the shaft.

Focusing on the entry hole, we consistently found a round 
shape as well reported in perpendicular impacts [25, 41]. 
On the interior surface, all specimens exhibited internal 
beveling, a cone shape due to bone shards knocked off in 
the bullet’s flight direction [11, 31, 44–47]. The entry hole 
size did not precisely reflect the bullet diameter. Compa-
rable findings exist for cranial gunshot wounds, where it 
is reported that an exact calibre estimation is not possible 
[48–50]. In the majority of our cases, both the vertical and 
horizontal diameters were slightly larger than the bullet 
diameter. This may be attributed to a loss of cortical bone 
around the entrance hole, mainly due to a ring defect as dis-
cussed below. In addition, our results revealed the entry hole 
is bigger in larger bones. Moreover, the horizontal entry hole 
diameter was revealed to be bigger when soft tissue simulant 
was present. Interestingly, in femurs without gel, we even 
found a smaller horizontal entry hole than bullet diameter. 

Table 7  Description of the axes of the multiple correspondence anal-
ysis. Significant correlations of the traits with the three first dimen-
sions are shown. Category: ( +) trait presence or (-) trait absence of 
the qualitative traits. Representation of the variables: Wingflake, wing 
flake; Flakedefect, wing flake defect; CFxTran, transversal concentric 
fracture of the entry; Cortical, cortical thickness; ExBeveling, exter-
nal beveling of the exit hole; Gel, ballistic gel; EntryHD, horizontal 
entry hole diameter; ShaftDM, shaft diameter; Length, bone length; 
exCFxTran, transversal concentric fracture of the exit; Stepped, 
stepped breakout; exSquare, squared exit hole; ExitVD, vertical exit 
hole diameter; exCFxLon, longitudinal concentric fracture of the exit; 
EntryVD, vertical entry hole diameter; Layered, layered breakage

Percentage of the 
variance

Trait Category R2 p value

Dim 1 (21.08%) Wingflake  + 0.61 0.001
Flakedefect  + 0.52 0.001
CFxTran - 0.41 0.001
Cortical 0.30 0.001
ExBeveling  + 0.28 0.002
Gel  + 0.23 0.007
EntryHD 0.19 0.01
ShaftDM 0.17 0.02
Length 0.16 0.03

Dim 2 (15.31%) exCFxTran - 0.50 0.001
Stepped - 0.41 0.001
exSquare  + 0.17 0.02
CFxTran - 0.17 0.02
ExitVD 0.15 0.03

Dim 3 (14.54%) exSquare - 0.54 0.001
exCFxLon  + 0.28 0.001
EntryVD 0.16 0.03
Layered - 0.16 0.03
ShaftDM 0.14 0.03
exCFxTran - 0.14 0.04
ExBeveling  + 0.14 0.04
Length 0.13 0.04
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In the literature, a smaller entry hole than a bullet diameter 
is described as possible but less common [41]. Some authors 
explained this phenomenon by the elasticity of fresh bone 
[51, 52]. In general, our results support the evidence that an 
exact representation of the bullet size cannot be expected as 
bone is a material that can deform under force [40].

Around the entry hole, we observed distinguishable 
external cortical lesions. Hereby, a proper trait discrimina-
tion ensures to not confound them with external beveling of 
exit holes. A ring defect is a very superficial cortical loss at 
the edge of the entrance wound. Similar findings have been 
observed in cranial gunshots [31, 47, 53, 54]. Tip fragmenta-
tion is more irregular and is the consequence of bone chips 
that have been pushed off proximal and distal of the bullet 
entry. A wing flake defect occurs on the lateral aspects of the 
entry hole after a wing flake is pushed off upon bullet impact. 
Despite the link between both traits, wing flakes could not be 
found in all cases with wing flake defect. A potential explana-
tion is that flakes shatter and are not recognisable anymore. 
In the recovery of real skeletonised remains, it is conceivable 
that wing flakes are difficult to find as they are small and 
can get easily lost. Our results indicate that cortical thickness 

and shaft diameter as well as soft tissue have an important 
influence on the presence of wing flakes. General bone chip-
ping and delamination around the entry hole have also been 
reported [25]; however, there is no specific terminology that 
helps the reconstruction and identification of the entry hole. 
Although perpendicular bullet impacts in skulls usually result 
in smooth or sharp-edged entry holes [13, 31, 42], external 
bone chipping has been observed too [47, 53–56]. Regarding 
the trauma mechanism, bone chipping in general has been 
linked to increasing kinetic energy [37]. In gunshot trauma, 
authors have discussed bone chipping due to gases in contact 
shots [53], the projectile’s twisting force [53, 55], a backward 
explosion after released kinetic energy [54, 56] and a tempo-
rary cavity-induced blowback [56].

Exit fracture

In the literature, authors reported on missing exit defects, 
which they explain by the fact that entry fractures cause the 
opposite shaft side to break before the bullet impacts there 
[13, 25]. In our study, all samples revealed an exit hole with 

Fig. 8  Scheme of a paradig-
matic entrance and exit fracture 
in a femur upon perpendicular 
impact of a 9-mm FMJ bullet 
shot at a handgun speed from a 
distance of 2 m: a anterior shaft 
aspect illustrating the follow-
ing entrance traits: round entry 
hole (1), radiating fracture (2), 
v-shape (3), tip fragmentation 
(4), ring defect (5), wing flake 
defect (6), wing piece (7); b 
posterior shaft aspect illustrat-
ing the following exit traits: 
square exit hole (8), radiat-
ing fracture (9), transversal 
concentric fracture (10), stepped 
breakout (11), external beveling 
(12), layered breakage (13)
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radiating and concentric fractures. Nevertheless, we saw that 
entry-associated fractures predominantly extended laterally 
towards the posterior shaft aspect. This clearly influenced the 
shape of the exit fracture respecting the Puppe rule [57], and 
may explain why longitudinal concentric fractures (on the 
lateral shaft aspects) were less common than transversal ones.

In line with other authors, we found the exit wound was 
quite destructive, characterised by a substantial fragmenta-
tion resulting predominantly in a large square hole, not to 
be confused with the small round entry hole [36, 39, 58]. 
An explanation may be considered the structural damage 
of the bullet after entering the shaft, such as deformed cir-
cular shape and increased contact surface, leading to a high 
energy transmission and tissue damage [36]. Our results 
further showed that square exit holes correlate with a larger 
vertical exit hole diameter. The less common round exit hole 
is smaller, linked to longitudinal concentric fractures, and 
more likely to be found when both bone length and shaft 
diameter increase. The horizontal exit hole diameter, how-
ever, was shown to be larger with the presence of the soft 
tissue simulant.

Furthermore, we revealed additional distinctive corti-
cal traits to identify the bullet exit. External beveling, as it 
is well known from cranial exit wounds [47, 59], was also 
present in our long bones. Our results indicate that it cor-
relates with the presence of the soft tissue, cortical thick-
ness, bone length and shaft diameter. Layered breakage is a 
trait that has previously been described in blunt force trauma 
[29]. The authors mentioned it to be a great indicator for 
the impact direction because it was exclusively found at the 
compression (impact) side. In comparison, we also com-
monly found it in gunshot trauma, though as an indicator for 
the exit side. Stepped breakout was more frequently seen in 
femurs than humeri. This might be traced back to the dif-
ferent shapes of the posterior shaft, which is rather edgy in 
femurs and round in humeri.

General fracture characteristics

This study confirms our previous observation of plastic 
deformation in ballistic long bone trauma [27]. It is often 
reported that in blunt force trauma, bone acts as viscoelastic 
material and thus plastic deformation occurs prior to frac-
ture, while in gunshot trauma, bone acts as brittle material 
and breaks without going through the stage of plastic defor-
mation [36, 42, 60]. Yet, it is also mentioned that limited 
plastic deformation can occur in gunshot trauma, too [60]. 
Some authors [11, 25], though, linked this observation to 
low-velocity ballistic impacts such as the projectiles used 
in the current study.

With respect to the fracture surface, by using an animal-
bovine model, Adharapurapu et al. suggest that it smooths 
out at increasing impact energies [61]. In our human bone 

experimental analysis, however, we noted the fracture sur-
face displayed bone scales, referred to as fracture surface 
scaling. The fracture margin revealed that occasionally 
superficial bone chips were missing, referred to as mar-
ginal chipping. In the literature, marginal bone chipping 
has also been observed in blunt force trauma, named as 
“knapping” [41]. It was explained that in repeated impacts, 
the conjoining fractures would rub against each other and 
cause spalling along the margins. In our study, we saw on 
the high-speed videos that after the bone fragments are pro-
pelled away by the temporary cavity, they are forcefully 
thrown back again. However, as this trait was observed in 
the samples without gel too, we assume marginal chipping 
was rather produced in the course of bullet impact than 
forceful retraction of the temporary cavity.

Finally, we have observed that the fracture extent was 
larger in femurs than humeri. This may be related to the 
bullet’s energy lost upon impact. Our results show that when 
both bone length and shaft diameter increase, the bone shat-
ters less and the fracture lines propagate longer, which could 
imply a greater energy loss. In comparison, humeri revealed 
shorter fractures but a greater fragmentation, as noticed by 
smaller fragments and greater difficulty in reassembling 
them. In this context, support is given by the evidence that 
the grade of fragmentation is linked to the target size [42].

Limitations

The use of human bones for forensic experiments is asso-
ciated with various limitations due to limited access and 
difficult tissue handling. Our sample size only allowed us to 
test one ballistic scenario. It can be assumed that the fracture 
patterns may differ to varying degrees when the ballistic 
variables such as bullet calibre, structure, speed and impact 
angle or the shooting distance are changed. Also, age- and 
sex-related bone proprieties may influence the fracture pat-
tern. Furthermore, the results were obtained within an exper-
imental setup using a test barrel and a soft tissue simulant. 
With respect to the latter, the underlying mechanism of how 
the gel exactly impacts the fracture pattern has to be further 
investigated. In concrete, it remains to be revealed whether 
the varying fracture characteristics are related to a different 
impact velocity after penetrating a 2-cm-thick gel layer or to 
another influence that soft tissue has on the bone. Further-
more, previous studies have indicated that Clear Ballistics 
Gel® cannot be considered equivalent to the standard 10% 
ballistic gelatine [28]. Authors have reported variations in 
Clear Ballistics Gel® concerning bullet penetration depth, 
temporary cavity and peak retarding forces, ultimately fail-
ing to meet the FBI calibration criteria [28]. This area war-
rants further investigation and should be considered in future 
studies investigating ballistic bone trauma.
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Conclusion

With this study, we could define a distinctive ballistic frac-
ture pattern for human long bones. The results have been 
achieved under the specific circumstance of a perpendicular 
impact of a 9-mm FMJ bullet shot at a handgun speed from 
a distance of 2 m. Specifically, a reliable discrimination 
between bullet entrance and exit was doubtlessly possible 
allowing to define the bullet’s flight direction. The bullet 
entrance could be identified by a round entry hole with radi-
ating and concentric fractures and several cortical traits such 
as v-shape, wing piece, lateral notch, internal beveling, ring 
defect, tip fragmentation, wing flake defect and wing flake. 
The exit hole was predominantly square and accompanied by 
radiating and concentric fractures. It further featured corti-
cal traits such as external beveling, layered breakage and 
stepped breakout. In addition, general cortical traits such as 
plastic deformation, fracture surface scaling and marginal 
chipping were also attributed to ballistic long bone trauma. 
All evaluated cortical traits were reproduced in both humeri 
and femurs, leading to the assumption that they may be valid 
for other long bones, too. However, the trait’s occurrence 
values may considerably differ between the types of bone. 
In this context, we found that some fracture characteristics 
correlate with bone properties such as shaft diameter, bone 
length and cortical thickness. The application of soft tissue 
simulant in bone trauma experiments was also revealed to 
influence the fracture pattern, even though the underlying 
effects require to be further investigated. This study provides 
new evidences on the ballistic fracture pattern in order to 
contribute to a clearer guidance on how to identify gunshot 
trauma when investigating fractured long bones. This is par-
ticularly relevant when forensic pathologists and anthropolo-
gists deal with skeletal remains that lack correlations with 
soft tissue findings. Nevertheless, due to the dynamic nature 
of gunshot incidents, more research is needed to evaluate to 
which extent the ballistic fracture pattern alters when bal-
listic variables and bone characteristics change.
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6. DISCUSSION 
 

In good preserved cadavers, skin and soft tissue injuries typically show characteristic 

features allowing conclusions on the applied mechanical force such as gunshot, blunt 

force, sharp force or other impacts [23]. In gunshot trauma, the ballistic characteristics 

of entrance and exit skin wounds are widely accepted and applied in routine forensic 

investigations, while less precise morphological information is given for bones. The 

interpretation and reconstruction of ballistic bone trauma is particularly challenging 

when dealing with long bones as conclusive data is scarce. To resolve such 

uncertainty, realistic experiments are of great importance. 

 

This work is based on an exclusive study in which real human bones were used, as 

well as carefully selected alternative models. The findings reveal new insights into how 

gunshot trauma in long bones can be interpreted and reconstructed. The first part of 

the work deals with the validity of alternative models in comparison to human bones. 

The second part characterises the distinct ballistic fracture pattern in human long 

bones disclosed in this study. 

 

6.1. The development of the experimental setup  
 

To gain more knowledge on the ballistic fracture pattern, an experimental approach 

was designed permitting the reproduction of gunshot long bone trauma under 

controlled circumstances and in an as realistic manner as possible. This is why, entire 

fresh human bones, alongside alternative models, were fired with real ammunition at 

a realistic impact velocity that simulates a shot from a handgun.  

 

In order to determine reproducible and comparable fracture characteristics, one 

gunshot scenario was selected in this research. This implied to shoot the shaft, as this 

area has a relatively thick cortical wall and thus allows better the characterisation of 

cortical traits than the cancellous rich area near the epiphysis. 

 

To guarantee the replication of the same trauma circumstance across a diverse 

sample size, precise targeting has been considered mandatory. In line with other 
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authors [45] a test barrel was deemed to be the best choice to shoot under uniform 

conditions as it ensures more consistently precise shots than firing with a gun by hand.  

Furthermore, all biological bones were dissected from the soft tissue to consistently 

identify and indicate the impact point on the shaft. In accordance with other authors, a 

simulant was then applied to replace the soft tissue [45, 69, 74, 81]. Although soft 

tissue simulants are isotropic and cannot entirely reproduce the heterogeneous tissue 

characteristics of a living body, they are still widely used to simulate the ballistic effects 

of soft tissue during gunshot [82]. 

 

In this regard, the standard soft tissue simulant is calibrated 10% ballistic gelatine [78]. 

However, this standard simulant has a rather blurred aspect. In comparison, Clear 

Ballistics Gel®, a newer simulant which has come into broad use recently, is 

characterised by its excellent clarity and transparency [78]. Since it was intended to 

analyse the fracture propagation during gunshot on the high-speed videos, Clear 

Ballistics Gel® was preferred over 10% ballistic gelatine. Besides that, the preparation 

and handling of Clear Ballistics Gel® is less complicated than of standard ballistic 

gelatine [78].  

 

Nevertheless, in this study the experience was made that after surrounding the bones 

with Clear Ballistics Gel®, air bubbles would form around the shafts. This drastically 

hampered the fracture observation on the recordings. After reporting this issue to the 

manufacturer, the answer was given this was a common problem when applying the 

gel with objects. The best way to get rid of those bubbles would be to place the gel 

and bone in the oven allowing the heat to work out those bubbles by bringing them to 

the surface. However, the decision was made to not follow this suggestion in order to 

not expose the fresh bones and surrogates to a temperature of 100°C. To overcome 

the missing data on the fracture propagation, additional human bones without the 

application of a soft tissue simulant were included to the study. This eventually allowed 

an accurate visualisation and analysis of the propagating fracture on the high-speed 

videos. 

 

In further regard to choose an accurate soft tissue simulant, a previous study has 

claimed that Clear Ballistics Gel® cannot be considered equivalent to the standard 

10% ballistic gelatine [78]. The authors have reported variations in Clear Ballistics 
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Gel® concerning bullet penetration depth, temporary cavity, and peak retarding forces, 

ultimately failing to meet the FBI calibration criteria. In any case, to which extent these 

differences influence the fracture pattern of direct impacts remains unclear and has to 

be further studied.  

 

The thickness of the soft tissue simulant on the target side was 2 cm for each 

specimen. This value was also chosen in the gunshot experiments of other authors 

[45, 69]. To fill the hollow interior of the Synbone® cylinders, simulating bone marrow, 

was also in line with the literature [69].  

 

For this study, metal cups with a simple tree-point screw system were constructed and 

mounted on a table in order to stabilised the long bones upright. In other experiments 

with 10% ballistic gelatine, bone models were usually completely immerged in the 

blocks and did not require further stabilisation [45, 69, 74, 81].  

 

In order to calculate the bullet’s energy loss during the sample penetration, a light 

barrier was used. Although it was possible to measure the velocity in most shots, not 

all data points could be obtained. The regrettable absence of velocity data could be 

traced back to bullet and bone fragments causing interferences with the light barrier. 

This methodological issue, however, is an important finding as it suggests that a light 

barrier might not be the best method to measure the exit speed in gunshot experiments 

with bones. The analysis of the high-speed images could probably serve as a suitable 

alternative method for calculating the loss of velocity during bone penetration [69]. This 

however requires a previous preparation allowing to determine the exact distances on 

the footages. In this study, difficulties were encountered in using the recordings 

retrospectively for an accurate assessment of the projectile velocity, as no precise 

metric information could be derived from the images. 

 

6.2. The evaluation of long bone trauma models 
 

Alternative models for trauma experiments are of great interest due to the restricted 

possibilities of using human specimens for forensic research. Despite different tissue 

and material, a suitable alternative is thought to exhibit properties such as elasticity, 

strength and energy absorption similar to human tissue [17]. Moreover, useful models 
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should ensure reproducibility [45]. This thesis provides conclusions on whether 

Synbone® cylinders and red deer femurs are suitable to macroscopically reproduce 

detailed ballistic fracture patterns in human long bones.  

 

6.2.1. The similarities of the trauma models 
 

On the first sight, the ballistic fractures in human, synthetic and animal bones 

appeared similar. All samples presented comminuted fracture and showed a stellate 

pattern at the impact side. All models allowed the assessment of the impact direction 

and bullet trajectory, since entrance and exit side could be identified and distinguished 

from each other. In all model groups, a beveled exit defect with radiating fracture lines 

was found. This allowed the conclusion that the fracture on the posterior shaft side 

was produced by a direct projectile impact. As a standard feature to distinguish 

between entrance and exit, it is well known that bone bevels out in the direction in 

which the projectile travels [83]. In cranial bones, the entry wound classically presents 

an internal beveling, whereas external beveling is a typical characteristic of the exit 

wound [84, 85]. In this thesis, internal beveling of the entrance defect and the already 

mentioned external beveling of the exit defect were reproduced in all sample groups. 

Furthermore, in all model groups the exit fractures were dominated by a vast 

fragmentation and thus larger than the bullet entry. This has already been observed 

by other researchers [86]. In accordance with claims about the particular importance 

of the entry wound assessment [18], the impact side in all model groups provided more 

characteristic traits to identify gunshot trauma than the exit side.  

 

6.2.2. The dissimilarities of the trauma models 
 

A detailed fracture pattern analysis showed that both the surrogate and animal models 

differed significantly from human bones. When comparing the two alternative models, 

the clusters of entry, exit, and general cortical traits in the animal model were found to 

be more similar to human bone than the Synbone® surrogates.  

 

In a ballistic study comparing human craniums with Synbone® plates and spheres, 

Smith et al. noted similar entry but different exit wound features between the models 

[87]. Unlike these findings, in the long bone models of this study especially the 
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entrance fracture presented differences between the model groups. Traits were 

observed that revealed to be distinct for human bones. They were described as wing 

flake, wing flake defect and ring defect. The aspect of v-shape, as already observed 

by Martrille et al. [38], and tip fragmentation, a term defined in this thesis, were 

reproduced in all sample groups. However, both traits appeared significantly more 

often in human and animal bones than in Synbone® surrogates. Y-branching, 

depressed ring and bullet wipe revealed to be characteristic Synbone® entrance traits. 

According to the literature, the presence or absence of a depressed ring may help to 

identify the type of ammunition in terms of fully jacket or lead bullets [68, 70]. However, 

this finding may not be applicable in human bones, since they could not be reproduced 

there. Another unique Synbone® finding is the bullet wipe that may be associated with 

the presence of a depressed ring. In other words, the anterior surface around the bullet 

entry in the surrogates appeared depressed but mostly intact. In contrast, in human 

and animal bones a loss of cortical bone around the bullet entry was always seen. The 

main difference on the impact side of the red deer femurs was that especially the 

medial and lateral aspects of the bullet entry were shattered and could not be 

reassembled. This did not allow the same precise evaluation of the entrance traits 

compared to human bones and Synbone® surrogates. Focusing on calibre estimation, 

studies on cranial bones have revealed that the minimum diameter of the entry hole 

allows the discrimination between “small” and “large” calibres, whereas a precise 

determination is difficult [88–90]. In this study, significant differences between the entry 

size in the models were found. The human bones reproduced bigger entry holes, while 

the Synbone® surrogates featured mostly smaller entry holes than the projectile used. 

This may be explained by the different entry hole traits, ring defect in human bones 

versus depressed ring in Synbone® surrogates. While the first represents a cortical 

loss of bone, the latter can be regarded as an inward folding of the material. Again, 

the deer bones could not be used to evaluate the entry hole size. 

 

With respect to the exit fracture, there were also some dissimilarities found between 

the three models. Layered breakage revealed to exclusively occur in human bones. 

Interestingly, this trait has formerly been associated to the compression side of blunt 

force trauma in fresh human long bones [64]. The Synbone® femur cylinders mostly 

presented a square hole like in human bones, whereas the majority of the humerus 



 72 

cylinders showed a round exit hole. The deer bones did not allow the assessment of 

the bullet exit shape.  

 

In accordance with the literature, the distinct fracture patterns found in this study may 

essentially be attributed to differences in the underlying material [68, 87], but also to 

differences in the external geometry and internal microarchitecture.  

 

6.2.3. The problem of the Synbone® surrogates  
 

Surrogate material such as polyurethane does not feature the microstructural 

complexity of real bone based on its components and their arrangement in space [91]. 

Consequently, it has been expressed that polyurethane is not a suitable alternative for 

studies investigating bone trauma below a very general and superficial level [87]. Yet, 

other authors have claimed that the Synbone® surrogates can be used as a substitute. 

Those authors have found that the Snybone® material features a similar resistance to 

porcine bone [68, 69]. In contrast, this study’s results on the bullet’s energy lost upon 

impact indicated that the resistance to the projectile is significantly lower in Synbone® 

cylinders than in human and deer bones. Furthermore, the data suggests that the 

Synbone® surrogates are more brittle than real bone. This assumption is made 

because plastic deformation, referred to as to the persistent deformation of bone prior 

fracturing [83], was exclusively found in real bones. In comparison to the Synbone® 

polyurethane cylinders, bone consists of a mineral phase (hydroxyapatite) embedded 

in an organic matrix (mainly type I collagen) [65]. Whilst the former makes the bone 

rigid and stiff, the latter contributes to its toughness and gives it a certain flexibility 

reducing brittleness and allowing some resistance to fracture [92]. In further 

comparison to Synbone®, real bone is a fluid-imbibed material whose water is not only 

present in the vascular system and canaliculi, but also structurally bound in the 

collagen matrix [93]. This water content has also been regarded as critical to the 

mechanical behavior [83]. It was found that drying out of a bone is related to a loss of 

elasticity and plasticity [64, 94]. In this context, fracture characteristics have been 

linked to the elasticity, cohesiveness and density of bone [95]. It is known that the less 

flexible the tissue the greater the damage because more energy is transferred to the 

stretch mechanism [96, 97]. Further support for the assumption that the Synbone® 

surrogates are more brittle than real bone is given by the finding that transverse 
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fractures occurred more frequently in the Synbone® surrogates than human bones. In 

the literature, transverse lines are typically associated to fractures in dry, brittle bone 

[98]. 

 

Next to different material properties, also the geometrical variability of the models, in 

particular dissimilar cortical thickness and the complex shape of real bone has to be 

considered as cause for the different fracture patterns. In accordance with Smith et al 

[87], these factors also influence the resistance through thinner and thicker bone areas 

and thus fracture propagation. Theoretically, Synbone® also manufactures anatomical 

models. However, the ones especially developed for ballistic testing were 

geometrically simplified. These simplified cylinders have been developed to reduce 

the effect of heterogeneous tissues during research and hence should guarantee 

reproducibility. In this study, however, there were some differences observed in the 

detailed fracture patterns among the Synbone® models. Some entrance traits such as 

v-shape, y-branching, tip fragmentation and ring defect only occurred irregularly. Also 

the exit hole revealed to appear round or square shaped. Furthermore, I found a 

considerable variability of the fracture extent among the humerus cylinders. In contrast 

to the findings of Henwood et al. [68], however, there were no fractures observed 

reaching the cut edges of the cylinders. Since fracture lines run along the least 

resistance [35], a potential explanation for the observed inconsistencies among the 

Synbone® models may lay in a certain degree of heterogeneity of the polyurethane 

wall. As an indicator for this heterogeneity, there were void lacunas of up to 2.5 mm 

found in some samples. This assumption finds further support by the observation of 

irregular fragment shapes in the Synbone® models. Henwood et al. made an 

analogous observation, reporting on a sudden change of fracture direction in 

Synbone® surrogates that could not be observed in real bones from pigs [68]. The 

authors claimed that the fracture lines change the direction when they reach a different 

pore density. However, they also express some reluctance to accept this interpretation 

because not all fracture lines showed a response to the change in pore density. 

Ultimately, it was observed that the wall of the Synbone® surrogates would split apart 

which was referred to as wall splitting. This trait could not be found in the human and 

animal models and may thus have nothing to do with real ballistic bone fractures.  
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6.2.4. The problem of the animal model 
 

Authors have argued that animal bones remain the essential alternative model for 

human bone trauma since synthetic material is too different to biological tissue [99]. 

As mentioned above, all bones have a mineral and organic component. Yet, it has to 

be considered that the histological structure of bone tissue differs between the species 

[100, 101]. This complicates the matter of substituting human bones with animal 

bones. The deer femurs tested in this study fragmented massively into very small 

pieces and chips upon gunshot. The fractures could not be as efficiently reconstructed 

and thus not all parts as precisely evaluated as human bones and Synbone® 

cylinders. This massive destruction was considered as a main drawback of the animal 

model. Interestingly, this finding differs from results by Kieser et al. who found radiating 

fracture lines producing a butterfly-shaped fracture at the impact side of the anterior 

mid-shaft of fresh mature female deer femurs [73]. Their findings resemble more the 

fracture pattern found in the human bones than in the deer bones of this thesis. This 

difference might be particularly traced back to the impact energy of 0.013 to 5.35 J of 

the spherical steel projectiles used in the experiments by Kieser, compared to the 

impact energy of 517.97 J in this study. This assumption may be supported by the 

literature reporting that bone behaves more like brittle material under high velocity 

impacts [102, 103]. 

 

Since the grade of comminution is not only associated to the amount of transferred 

energy but also to a small target size [83], an additional influence might be related to 

the smaller size of the deer bones used in this study (Iberian subspecies from 

Catalonia, Spain). They featured an average length of 22.4 cm and an average 

diaphyseal width of 1.9 cm. It is assumed they were smaller than the ones used by 

Kieser et al. from New Zealand, who reported in an earlier study an average bone 

length of 27.6 cm and a mid-diaphyseal width of 2.7 cm [74]. The relation between the 

grade of comminution and a small target size may further be supported by the 

experience in this study, that human humeri compared to human femurs shattered in 

smaller fragments and hence were more difficult to assemble. Kieser et al. reported 

deer femurs being a suitable model to substitute human femurs [72]. The deer femurs 

used in this study were considerably smaller and from this point of view they might 

rather substitute human humeri. This can find further support by the observation that 
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energy loss in human humeri and deer femurs were quite similar. With respect to the 

material properties, the deer bones seem to have a comparable toughness as human 

humeri. Similar to human bones, also the deer bones featured plastic deformation.  

 

6.3. The human fracture pattern  
 

As revealed through the evaluation of ballistic trauma models, neither the synthetic 

nor the animal model sufficiently reproduced the characteristics of the human fracture 

pattern. This finding makes those alternative models unsuitable to replace human 

bones for further fracture investigations. Consequently, for the classification of a 

ballistic fracture pattern in long bones, only human models were used. To this purpose, 

the sample size was increased from 14 to a total of 29 human bones. Hereby, 10 

femurs and 10 humeri were shot with ballistic gel and 6 femurs and 3 humeri were 

shot without ballistic gel. The purpose of shooting bones without the gel was to improve 

the evaluation of the fracture propagation on the high-speed recordings. This 

condition, additionally allowed to assessing the influence of soft tissue on the fracture 

pattern. 

 

The sound macro-morphological examination of the ballistic fractures allowed the 

characterisation of the fracture type as well as detailed cortical traits. Those were 

divided into bullet entrance, bullet exit and general cortical traits. The first two thus 

permitted to identify the shooting direction and bullet path. In forensic death 

investigations, such additional information besides the diagnosis of a gunshot wound 

is highly valuable for the reconstruction of the event [43]. Figure 12 illustrates the 

scheme of paradigmatic diaphyseal gunshot fracture resulting from the gunshot 

scenario tested in this thesis. In all sample groups, a similar ballistic fracture pattern 

was found. However, the occurrence values of some traits differed between the 

groups. The results support the relevance of using a soft tissue simulant, but are not 

entirely in line with the assumption that the biomechanics behind gunshot trauma are 

similar in all tubular bones [61]. A detailed discussion of the traits and their correlation 

to ballistic gel and bone properties is provided in the following paragraphs. 
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Fig. 12 Scheme of a paradigmatic entrance and exit fracture in a femur upon perpendicular impact 
of a 9 mm FMJ bullet shot at a handgun speed from a distance of 2 m: a anterior shaft aspect 
illustrating the following entrance traits: round entry hole (1), radiating fracture (2), v-shape (3), tip 
fragmentation (4), ring defect (5), wing flake defect (6), wing piece (7), b posterior shaft aspect 
illustrating the following exit traits: square exit hole (8), radiating fracture (9), transversal concentric 
fracture (10), stepped breakout (11), external beveling (12), layered breakage (13).  
 

6.3.1. The general fracture type  
 

All samples presented comminuted fracture, which is consistent with the review by 

Veenstra et al. revealing comminuted fracture is the most frequent diaphyseal fracture 

in gunshot trauma [60]. In order to characterise the fracture type more accurately, the 

appearance at the impact side was considered.  

 

In the literature the fracture type in ballistic long bone trauma is commonly classified 

as stellate pattern, indicating that multiple fractures radiate from the entry hole. 

Sometimes the fracture type has also been referred to as butterfly fracture [44, 47, 56, 
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73]. Yet, there is a controversy in using this term as it implies a different fracture 

mechanic occurring classically in blunt force trauma [1]. There, a real butterfly fracture 

is thought to initiate on the tension side of the shaft, which is opposite to the impact 

side [103, 104]. In contrast, ballistic fractures initiate at the impact side. Hence, some 

authors also use the term false butterfly fracture to describe this reverse phenomenon 

[103, 105]. Lately, lower gunshot velocities have also been linked to other patterns 

such as spiral, oblique or bore-hole fractures [44, 50, 54, 73, 105]. 

 

In this study, the impact side revealed an entry hole with radiating and concentric 

fractures, similar to the findings by Martrille & Symes and Smith et al. [37, 38]. As these 

fracture components also appear in skulls, Smith et al. claimed that long bone and 

cranial gunshot trauma is comparable. In general, the formation of radiating and 

concentric heaving fractures is strongly related to large amounts of kinetic energy [33, 

37, 38, 106]. Principally, radiating fractures without concentric ones can occur when 

they are sufficient to relieve the pressure [107]. In contrast, concentric fractures do not 

occur solely. In cranial gunshot trauma concentric fractures were related to the 

increased intracranial pressure and blast effect upon bullet penetration [107]. Long 

bones can also be considered as hollow organs with a solid wall. Thus, increased 

pressure in the shaft and cavity formation are thought to be part of the ballistic fracture 

mechanism [83]. 

 

In cranial gunshot trauma, radiating and concentric fractures are usually visible at the 

impact side [33]. Authors described the concentric form after the radiating ones and 

end perpendicularly at them [33, 35]. The fracture image reminds of a spiderweb and 

thus is referred to as spiderweb-like pattern [33]. In long bones, the concentric 

fractures were often not visible on the frontal view since they appeared mostly lateral 

on the shaft. Hence, they were less commonly transversal ones on the anterior aspect. 

Soft tissue simulant even revealed to reduce their appearance. In addition, the 

concentric fractures typically merged with the radiating ones instead of ending 

perpendicularly at them. As a consequence, the definition of a classical spiderweb-like 

pattern maybe not entirely accurate for ballistic long bone trauma. 

 

In summary, a stellate pattern was considered to be the most suitable to describe the 

fracture type revealed in this study. 
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6.3.2. The entrance fracture pattern 
 

In line with the postulation that particularly the bullet impact region is of high conclusive 

value [18, 79], the entrance fracture provided more characteristics than the exit 

facture.  

 
V-shape  

The v-shape is formed by oblique radiating fracture lines. It defines the anterior 

silhouette of the shaft. Its tip points towards the bullet impact. In this study, v-shape 

was formed in all human bones. This characteristic could also be recognised in a work 

from Baraybar & Gasior who analysed long bone fractures of real gunshot victims [42].  

 
Wing piece 

The wing piece is a bone fragment formed by the fusion of radiating and concentric 

fractures on the lateral shaft aspect(s). It affects the hole cortical wall, whilst only the 

extremes run out superficially. The aspect facing the entry hole may contain part of the 

ring defect or a wing flake defect. A wing piece can be entire, but also broken into two 

or more fragments. It is mostly detached from the shaft, yet easy to recognise among 

other fragments due to its characteristic shape. Martrille & Symes described it as a pie 

shaped fragment that can be confused with wings of a butterfly fracture [38]. In this 

study it was identified in all human bones. On the high speed-videos it was shown that 

the wing piece was laterally blasted off the shaft. This is in line with Di Maio, who 

explained when a bullet penetrates a bone, it creates a temporary cavity causing the 

bone fragments to be propelled laterally [18].  

 
Lateral notch 

A lateral notch is a prominent notch-like defect on the fracture surface of the lateral 

shaft aspect(s) after the break out of a lateral wing piece. As the wing piece’s extremes 

typically run out superficially, they leave behind this corresponding and easily visible 

cortical defect. This trait was defined in this thesis, as it has not been described in the 

literature before. Furthermore, it can be characterised as very common one as it 

appeared in all human samples with the exception of one humerus. In the literature, it 

has been unreported to date. 
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Round entry hole 

A round entry hole is the bullets initial entry defect that visually appears round. This 

was found in all human bones and has already been well reported in perpendicular 

impacts [38, 107].  

 
Entry hole size 

This quantitative variable showed the entry hole size did not precisely reflect the bullet 

diameter. Comparable findings exist for cranial gunshot wounds, where it is reported 

that an exact calibre estimation is not possible [88–90]. In the majority of this study’s 

cases, both the vertical and horizontal diameter were slightly larger than the bullet 

diameter. This may be attributed to a loss of cortical bone around the entrance hole, 

mainly due to ring defect. In addition, the results revealed the entry hole is bigger in 

larger bones. Moreover, the horizontal entry hole diameter was revealed to be bigger 

when soft tissue simulant was present. Interestingly, in femurs without gel there were 

even smaller horizontal entry hole diameters measured than the bullet diameter. In the 

literature, a smaller entry hole than bullet diameter is described as possible but less 

common [107]. Some authors explained this phenomenon by the elasticity of fresh 

bone [108, 109]. In general, the results of this thesis support the evidence that an exact 

representation of the bullet size cannot be expected as bone is a material that can 

deform under force [106].  

 
Internal beveling 

Internal beveling is a funnel shape in the cortical wall with the larger part on the internal 

aspect. Beveling in general is a standard feature to distinguish between bullet entrance 

and exit. It has been linked to bone shards knocking off in the bullet’s flight direction 

[18, 28, 35, 84, 110, 111]. The literature on cranial bones revealed the entry wound 

classically presents an internal beveling, whereas external beveling is a typical 

characteristic of the exit wound as discussed later on [84, 85]. In this study all 

specimens exhibited internal beveling. 
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Radiating fracture lines 

Radiating fracture lines run from the entry hole toward the epiphyses and the posterior 

aspect of the shaft. They were consistently produced in all samples and have been 

discussed above in the section on the general fracture type. 

 
Concentric fracture lines 

Concentric fractures lines are curvilinear fractures facing with their concave aspect 

towards the entry hole. They were part of all entrance fractures in human bones and 

have also been discussed previously in the section on the general fracture type.  

 
Ring defect 

A ring defect is a very superficial, circular or partial circular loss of cortical bone on the 

margin of the entry hole. Its appearance reminds of an abrasion ring. Similar findings, 

have been observed in cranial gunshots [18, 84, 112, 113]. A ring defect may be 

interrupted by other entrance patterns such as tip fragmentation. This trait was 

featured in all human bones. 

 
Tip fragmentation 

Tip fragmentation is a superficial, external loss of cortical fragment(s) at the tip of the 

bone around the entry hole. Compared to the ring defect it is irregular and only appears 

proximal and / or distal of the bullet entry. It is the consequence of bone chips that 

have been pushed off. The transition to the intact cortical bone is sharply defined by 

quite chiselled edges. In case oblique fractures separate the bone, tip fragmentation 

on bone parts next to each other create the image of a stepped circular margin around 

the bullet entry. In the literature this trait has not yet been reported. It was defined in 

this thesis and revealed to be a very common trait as it appeared in all human bones 

with the exception of one femur and humerus.  

 

Wing flake defect 

A wing flake defect occurs on the lateral aspect(s) of the entry hole after a wing flake 

is pushed-off upon bullet impact. Its shape is very characteristic and thus easy to 
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recognise. This cortical lesion was defined in this thesis, as it has not been otherwise 

specified in the literature.  

 
Wing flake  

A wing flake is a loose trapezoidal chip of cortical bone that resembles spread wings. 

It originates from the lateral aspect(s) of the entry hole. Its shape is similar to the wing 

piece, but it is usually much smaller and most importantly, it is only a cortical chip and 

does not affect the hole cortical wall. This trait is yet unreported in the literature. 

Despite the link between both traits, wing flakes could not be found in all cases with 

wing flake defect. A potential explanation is that flakes shatter and are not recognisable 

anymore. Moreover, this study revealed that the cortical thickness and shaft diameter 

as well as soft tissue have an important influence on the presence of wing flakes. With 

respect to the first two correlations, wing flakes were more common in femurs than 

humeri. In the recovery of real skeletonised remains, it is conceivable that wing flakes 

are difficult to find as they are small and can get easily lost.  

 
A comment on bone chipping 

The above-described cortical traits ring defect, tip fragmentation, wing flake and wing 

flake defect can be traced back to the phenomenon of bone chipping. They appear 

around the entry hole and can be clearly distinguished from one another by a careful 

examination. Hereby, a proper traits discrimination ensures to not confound them with 

external beveling of exit holes. In comparison with the literature, general bone chipping 

and delamination around the bullet entry in long bones have already been reported 

without a deeper specification [38]. Although perpendicular bullet impacts in skulls 

usually result in smooth or sharp-edged entry holes [18, 37, 83], external bone 

chipping has been observed too [84, 112–115]. Regarding the trauma mechanism, 

bone chipping in general has been linked to increasing kinetic energy [103]. In gunshot 

trauma, authors have discussed bone chipping due to gases in contact shots [112], 

the projectile’s twisting force [112, 114], a backward explosion after released kinetic 

energy [113, 115] and a temporary cavity induced blowback [115]. Other authors have 

related the phenomenon of bone chipping to the impact of a full metal jacket projectiles 

[70]. This area clearly deserves more attention for further research in future.  
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6.3.3. The exit fracture pattern 
 

In the literature, authors reported on missing exit defects, which they explain by the 

fact that entry fractures cause the opposite shaft side to break before the bullet impacts 

there [37, 38]. In this study, all samples revealed an exit hole with radiating and 

concentric fractures allowing the conclusion that they were directly produced by the 

projectile. Nevertheless, the entry associated fractures predominantly extended 

laterally towards the posterior shaft aspect. This clearly influenced the shape of the 

exit fracture taking into account the Puppe rule that fracture lines stop at preexisting 

ones [116]. Moreover, this may explain why longitudinal concentric fractures (on the 

lateral shaft aspects) were less common than transversal ones. Analogue to the 

entrance, also for the exit defect distinct cortical traits were identified. 

 
Square exit hole 

A square exit hole is the bullets exit defect that visually appears edgy or square. In line 

with other authors, the exit wound was quite destructive, characterised by a substantial 

fragmentation resulting predominantly in a large square hole, not to be confused with 

the small round entry hole [1, 86, 105]. As explanation may be considered the 

structural damage of the bullet after entering the shaft, such as deformed circular 

shape and increased contact surface, leading to more energy transmission and tissue 

damage [1]. The results of this thesis further showed that square exit holes correlate 

with a larger vertical exit hole diameter. The less common round exit hole is smaller, 

linked to longitudinal concentric fractures, and more likely to be found when both bone 

length and shaft diameter increases. The horizontal exit hole diameter, however, was 

shown to be larger with the presence of the soft tissue simulant.  

 
External beveling 

External beveling is a funnel shape in the cortical wall with the larger part on the 

external aspect. As already mentioned above, this trait is well known from cranial exit 

wounds. It was also present in the long bones of this study. The results further 

indicated that this trait correlates with the presence of soft tissue, cortical thickness, 

bone length and shaft diameter.  
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Radiating fracture lines 

Radiating fracture lines run from the exit defect towards the epiphyses and the anterior 

aspect of the sample. They were part of the exit fracture in all samples. 

 
Concentric fracture lines 

Concentric fractures lines are curvilinear fractures facing with their concave aspect 

towards the exit hole. They were found in all samples. 

 
Layered breakage 

Layered breakage is a layered pattern on the fracture surface of the cortical bone. This 

trait has previously been described in blunt force trauma [64]. The authors mentioned 

it to be a great indicator for the impact direction because it was exclusively found at 

the compression (impact) side. In comparison, in this study it was also commonly 

found in gunshot trauma, though as an indicator for the bullet exit side.  

 
Stepped breakout 

Stepped breakout appears as similarly shaped fragments that break out in steps on 

the posterior shaft aspect. It is the consequence of a sequence of multiple transversal 

concentric fractures around the exit hole. In the literature, this trait has not been 

reported to date. In this research, it has been more frequently seen in femurs than 

humeri. This might be traced back to the different shape of the posterior shaft, which 

is rather edgy in femurs and round in humeri. In future studies, it may be interesting to 

shoot femurs from behind in order to get an exit fracture on the rounded anterior shaft 

aspect. In doing so, it could be tested whether this trait is truly related to the bullet exit 

or to anatomical characteristics such as the irregular shape of the line aspera.  

 
  



 84 

6.3.4. The general fracture characteristics 
 

It was revealed that some of the characteristics were neither attributable to the 

entrance nor exit fracture. They, however, constitute reproducible and easily evaluable 

characteristics that can be found in ballistic long bone trauma. 

 
Plastic deformation 

Plastic deformation is a persistent deformation of bone. As mentioned above, plastic 

deformation can be explained by the organic component of bone that gives the tissue 

some degree of flexibility and resistance to fracture. But, not only intrinsic factors 

influence the bone’s fracture biomechanics. It is thought that in response to different 

mechanical stressors bone reacts differently. In principle, plastic deformation is 

strongly associated with low-velocity impacts, such as blunt force trauma. There, it has 

often been reported that bone behaves like a ductile material by deforming prior to 

fracturing, while in gunshot trauma, bone acts as a brittle material and breaks without 

going through the stage of plastic deformation [1, 77, 83]. Yet, the consistent finding 

of this characteristic in each bone can be supported by other authors who have already 

pointed out that limited plastic deformation can occur in gunshot trauma, too [77]. 

Some authors [35, 38], though, linked this observation to ballistic impacts at rather low 

velocities. 

 
Fracture surface scaling 

Fracture surface scaling describes tiny bony scales on the fracture surface. It was 

observed in all human bones. This trait was defined in this thesis as it has not been 

described before. As an interesting comparison, Adharapurapu et al. suggested that 

the fracture surface smooths out at increasing impact energies [117]. Yet, it has to be 

considered that those authors studied bovine models and not human bones.  

 
Marginal chipping 

Marginal chipping appears as superficial bone chips that are occasionally missing on 

the fracture margin. In this study, it was found in all human bones. In the literature, 

marginal bone chipping has been observed in blunt force trauma, named as 

“knapping” [107]. It was explained that in repeated impacts the conjoining fractures 
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would rub against each other and cause spalling along the margins. In this study, it 

was seen on the high-speed videos that after the bone fragments were propelled away 

by the temporary cavity, they were forcefully thrown back again. However, as this trait 

was observed in the samples without gel too, it is assumable that marginal chipping 

was rather produced in the course of the bullet impact than forceful retraction of the 

temporary cavity.  

 
Fracture extent 

Finally, it was observed that the fracture extent was larger in femurs than humeri. This 

may be related to the bullet’s energy lost upon impact. The results showed that when 

both bone length and shaft diameter increase, the bone shatters less and the fracture 

lines propagate longer, which could imply a greater energy loss. In comparison, humeri 

revealed shorter fractures but a greater fragmentation, as noticed by smaller 

fragments and greater difficulty in reassembling them. In this context, support is given 

by the evidence that the grade of fragmentation is linked to the target size [83]. 

 

6.3.5. Differentiation from other types of trauma  
 

The revealed characteristics represent a distinct ballistic fracture pattern in human 

long bones. The data suggests that with a comprehensive fracture pattern analysis a 

reliable distinction from other type of trauma may be made. 

 

As discussed above, blunt force trauma can feature few individual traits similar to 

ballistic trauma such as radiating fracture lines, layered breakage, plastic deformation 

and marginal chipping [64, 77, 107]. However, when these few traits are interpreted 

within the bigger picture of the fracture, potential doubts should be resolved.  

 

As mentioned in the introduction, confusion has also been reported in distinguishing 

gunshot wounds from perforations with pointed objects such as arrows, since both 

have been associated with round entry holes [30–32]. However, crossbow injuries are 

thought to not produce radiating or concentric fractures, and particularly to not result 

in as complex fractures as gunshots wounds [87, 106]. Since the arrows usually travel 
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at lower velocities, they transfer less energy to the tissue and do not produce the blast 

effect of a penetrating bullet.  
 

More difficult, though, might be the distinction from other impacts at ballistic trauma 

speeds such as blast injuries resulting from penetrating fragments and shrapnel. There 

is limited data on the corresponding fracture patterns, but it has been reported that 

they can lead to similar fractures as high velocity bullets, including the formation of 

radiating and concentric fractures [106]. 

 

In contrast, other types of trauma such as sharp force may be less problematic to 

distinguish from gunshot. In specific, sharp force typically leaves distinct (cut) marks 

on the bone surface such as straight line incisions, punctures, gouges and / or clefts 

[106]. In comparison, such traits could not be found in this study. 

 

6.4. Practical guidance for the analysis of ballistic long bone 
trauma 

 

Based on the experience gained during this research, a practical guidance for the 

interpretation and reconstruction of ballistic long bone trauma can be proposed. Figure 

13 shows a sequential procedure for the trauma analysis. Hereby, the principles of the 

forensic anthropological investigation of skeletal remains were respected, including a 

comprehensive recovery, gentle cleaning from adherent soft tissue and assembling of 

all bone fragments to identify the type of bone and reconstruct the facture [61, 77].  

 

When applying the results of this research, it must be considered that the 

characteristics relate to diaphyseal fractures. It is conceivable that gunshots towards 

the metaphysis or epiphysis may result in different fracture patterns because in this 

area the cortical wall is thinner. Hence, the fracture location on a long bone should be 

taken into account during the analysis.  

 

The experience made in this study was that long bones shattered severely upon 

gunshot. The resulting fragments varied in size that ranged down to the extent of sand 

grains. Those tiny fragments could not be incorporated into the fracture reconstruction. 

With regard to the forensic fieldwork, it is very likely that small fragments may not be 
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recovered. Yet, the cortical traits described in this thesis are predominantly not depend 

on the recovery and assembling of tiny fragments. When comparing humeri with 

femurs, the experience was however made that the analysis of humeral fractures was 

more challenging as they generally shattered into smaller fragments. 

 

 
 

Fig. 13 Approach for the analysis of ballistic long bone trauma. 
 

After the fracture reconstruction, it is recommended to check the cortical bone for any 

in this thesis revealed trait and classify them as entrance, exit and general 

characteristic. This will further allow the determination of the general fracture type and 

the identification of the bullet impact direction.  
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A further comment may address forensic imaging, which is a widely applied method 

when investigating skeletal remains [61]. In this respect, it is quite conceivable that the 

defined macroscopic fracture pattern can also be visualised using high-resolution 

technology such as computed tomography. However, to what extend the cortical traits 

are recognisable with different radiological methods may be investigated in future 

studies.  

 
6.5. The thesis’ scientific impact on the forensic fieldwork 
 

The results of this research may find application in the forensic pathological and 

anthropological examination of skeletal injuries. As mentioned, the interpretation and 

reconstruction of long bone fractures can be very challenging. This applies in particular 

to cases where skeletal remains are severely damaged or incompletely recovered, 

and no additional information on the trauma mechanism can be obtained from the skin 

or soft tissue. 
 

Such complicated conditions can occur during a routine legal medical examination of 

a deceased individual, whose body is skeletonised, decomposed, burned, mutilated 

or otherwise unrecognisable. Beyond that, the examination of badly preserved human 

remains recovered from mass graves is a fundamental task in the emerging field of 

humanitarian forensic actions. In this context, exhumations after armed conflicts are 

more common since investigations into war crimes are becoming more demanded. 

The relevance of such investigations is given by the International Criminal Tribunal for 

the Former Yugoslavia which was later expanded to include Rwanda. Exhumations 

were conducted to determine cause and circumstances of death during the respective 

genocides [118, 119].  

 

The ballistic fracture pattern characterised in this thesis may contribute to the 

identification and reconstruction of gunshots to long bones in both everyday forensic 

investigations and forensic humanitarian operations. Hereby, the results might even 

help to shed light on events long in the past. In summary, the outcome of this thesis 

may contribute to deliver reliable evidence for national and international truth 

commissions.  
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6.6. Limitations 
 

The use of human bones for forensic experiments is associated with various limitations 

due to limited access and difficult tissue handling. Although it was a unique opportunity 

to use real human bones for experimental forensic research, the sample size only 

allowed to testing one ballistic scenario. Hence, the results of this study represent 

fracture patterns in the diaphysis, produced by a 9 mm full metal jacket projectile with 

an impact speed of 360 m/s. It can be assumed that the fracture patterns may differ to 

varying degrees when the ballistic variables such as bullet calibre, structure, speed 

and impact angle or the shooting distance are changed. Also, age and sex related 

bone proprieties may influence the fracture pattern.  

 

In regard to the evaluation of alternative bone models, a further limitation related to 

the sample size concerned the number of animal models tested. However, within this 

group a 100% congruence of the presence or absence of the evaluated fracture 

patterns was found. Another limitation of the first part of this thesis was that the 

different trauma models were evaluated macroscopically. To receive further 

information on the material behaviour of each model, it might be useful to investigate 

the differences from a microstructural point of view. 

 

With respect to the study design, the results were obtained within an experimental 

setup using a test barrel and a soft tissue simulant. Regarding the latter, the underlying 

mechanism of how the gel exactly influences the fracture pattern has to be further 

investigated. In particular, it remains to be revealed whether the varying fracture 

characteristics between gel and no gel samples are related to a different impact 

velocity after penetrating a 2 cm thick gel layer or to another influence that soft tissue 

has on the bone. Furthermore, authors have indicated that Clear Ballistics Gel® 

cannot be considered equivalent to the standard 10% ballistic gelatine [78]. To which 

extent the different soft tissue simulants influence the fracture pattern also warrants 

further research.  
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7. CONCLUSIONS 
 

The following conclusions can be drawn from the results obtained under the special 

conditions of a distant range, vertical shot with a 9 mm FMJ bullet at handgun velocity: 

 

1. The ballistic fracture patterns produced in the Synbone® surrogates and animal 

bones tested in this study seemed to be a fair general approximation of those seen in 

human long bones. They all presented a stellate pattern at the impact side. However, 

the detailed analysis of the fracture traits revealed a broad range of dissimilarities, 

warranting special caution when extrapolating ballistic fracture patterns from 

alternative models to human long bones. 

 

2. The Synbone® surrogates did on the one hand not reproduce all characteristics 

observed in human bones, and on the other hand featured characteristics such as  

y-branching, depressed ring, bullet wipe, round exit hole and wall splitting that were 

not typical for human bones. This leads to the assumption that the polyurethane 

material may provide an alternate failure mechanism than real bone. 

 

3. The animal model appeared to be more suitable than Synbone®, in terms of both, 

qualitative and quantitative fracture characteristics. However, the main drawback of 

the deer femurs seemed to be the massive fragmentation that did not allow a same 

precise fracture reconstruction and assessment as the human bones. Hence, the 

shape and size of the entry and exit holes, and the fracture characteristics at the lateral 

shaft aspects could not be evaluated. 

 

4. In the human long bones, a distinct ballistic fracture pattern was characterised 

indicating that a secure interpretation of gunshot trauma seems to be possible. In 

addition, the defined cortical traits suggest that the bullet direction can be determined, 

which can be of great value for forensic event reconstructions. 

 

5. The bullet entrance in human long bones could be identified by a round entry hole 

with radiating and concentric fractures and several cortical traits, including v-shape, 

wing piece, lateral notch, internal beveling, ring defect, tip fragmentation, wing flake 

defect and wing flake.  
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6. The exit hole in human long bones was predominantly square and accompanied by 

radiating and concentric fractures. It further featured cortical traits such as external 

beveling, layered breakage and stepped breakout. 

 

7. General cortical traits such as plastic deformation, fracture surface scaling and 

marginal chipping were additionally attributed to gunshot trauma in human long bone.  

 

8. The results further suggest that a similar fracture pattern might be reproduced in 

other long bones, too. Among all analysed characteristics only stepped breakout and 

the fracture extent showed a significant difference between femurs and humeri (both 

were greater in femurs). Nonetheless, bone properties seem to influence the fracture 

pattern. In concrete, the cortical thickness and shaft diameter correlated with the 

occurrence of wing flake, wing flake defect, external beveling and a larger horizontal 

entry hole diameter. The shaft diameter and bone length correlated with a larger 

vertical entry hole diameter, a not squared exit hole and a greater occurrence of 

longitudinal concentric fractures at the exit. 

 

9. In regard to the application of a soft tissue simulant, the results showed a positive 

correlation with the occurrence of wing flake, wing flake defect, external beveling and 

the size of the horizontal exit hole diameter. In comparison, a negative correlation was 

shown for transversal concentric fractures at the bullet entry. This seems to indicate 

that soft tissue may influences the fracture pattern in gunshot trauma, even though the 

underlying effects require to be further investigated. 

 

10. This study provides further insights into the ballistic fracture pattern in human long 

bones aiming to contribute to a clearer orientation during the investigation of gunshot 

injuries. This is particularly relevant when forensic pathologists and anthropologists 

deal with skeletal remains that lack correlations with soft tissue findings. Nevertheless, 

due to the dynamic nature of gunshot incidents, future research is needed to evaluate 

to which extent the fracture pattern alters when ballistic variables and bone 

characteristics change. 
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