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Resumo 

A investigação de acidentes é uma prioridade a nível mundial que representa um papel 

importante na mitigação do número de vítimas através da implementação de medidas que permitem 

evitar ou reduzir o número de acidentes, ou reduzir o nível de lesões nas vítimas. O objetivo 

fundamental deste trabalho é a validação de critérios para avaliar a gravidade de lesões sofridas por 

ocupantes de veículos de duas rodas, vítimas de acidentes de viação. Para atingir este fim é utilizada 

a comparação da gravidade de lesões prevista pelos critérios, e as lesões reais, constantes nos 

relatórios clínicos e/ou médico-legais disponíveis na base de dados do INMLCF (Instituto Nacional de 

Medicina Legal e Ciências Forenses). 

Incluem-se alguns fundamentos necessários para compreender e utilizar a metodologia 

proposta. Estas bases resumem-se a uma apresentação do métodos de investigação de acidentes, 

revisões básicas de anatomia humana, escalas de gravidade de lesões e uma breve explicação sobre 

os procedimentos e conteúdos dos relatórios de autópsia. 

A metodologia utilizada engloba critérios de lesão para cada segmento corporal, cuja divisão é 

semelhante ao cumumente encontrado na literatura e neste caso são considerados cabeça, pescoço, 

tórax, abdómen, pélvis, membros inferiores e membros superiores.  

São utilizados vinte casos de estudo e para cada um é validada uma simulação do acidente 

recorrendo a um modelo multicorpo, sendo as lesões para cada segmento corporal classificadas de 

acordo com a tabela AIS (Abbreviated Injury Score), excepto para os membros superiores onde se 

utiliza apenas a ocorrência ou não de fraturas, baseada no respetivo fator de risco. A fim de expôr 

claramente os métodos utilizados, dois dos casos de estudo são apresentados como exemplos, 

incluindo uma descrição detalhada dos procedimentos utilizados. Os restantes dezoito casos são 

resumidos em apêndice. Utilizando os dados dos relatórios clínicos e/ou médico-legais, os resultados 

das lesões são comparados a um nível global, i.e, a probabilidade de morte, utilizando o ISS (Injury 

Severity Score), e para cada parte do corpo, utilizando o AIS. 

A metodologia utilizada revela-se adequada para fornecer uma estimativa quer para o risco de 

vida, quer para as lesões localizadas em vítimas de acidentes com veículos de duas rodas. Num 

processo inverso, são incluídos dois exemplos demonstrativos que estes modelos podem ser 

aplicados para otimizar a simulação do acidente, utilizado a localização e a gravidade das lesões das 

vítimas.  

 

Palavras-Chave: Veículos de Duas Rodas, Reconstituição de Acidentes, Gravidade de 

Lesões, Biomecânica do Impacto, Multicorpo. 
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Abstract 

Road accidents investigation is a worldwide major concern, playing an important role in 

reducing the number of victims by implementation of measures to avoid or minimize the accidents 

occurrence, or reduce the injuries severity of the victims. This work’s main objective is to validate 

criteria for injury severity score evaluation in two wheelers (TW) road accidents victims. The validation 

of the criteria is achieved by comparison of the obtained results from accidents reconstruction with 

clinical and/or medico-legal autopsy reports from INMLCF (National Institute for Legal Medicine and 

Forensic Sciences) data base. 

Some fundamentals are included to be used as guidelines throughout the methodology and 

results. This includes, the accident investigation principles, revisions on basics of human anatomy, 

injuries severity evaluation scales and a brief explanation about the autopsy procedures. 

The methodology establishes injury criteria for each body part. Following a similar division as it 

may be found in the literature, segments considered are head, neck, thorax, abdomen, pelvis, lower 

and upper extremities. Twenty case studies are used and in each one a simulation is validated using 

multibody. The injuries for each body part are obtained in an AIS (Abbreviated Injury Score) 

evaluation, except for the upper extremities, where only fractures occurrence are used, based on risk 

factor. In order to provide a complete explanation of the methods and results, a detailed description on 

two of the case studies simulations and results is included. The other eighteen cases are included in 

appendix as tables. 

Using the data available from clinical and/ or medico-legal autopsy reports, the results from 

simulations are compared as global, i.e, the mortality probability, using the ISS (Injury Severity Score), 

and the AIS for each body segment.  

The methodology used not only reveals to be adequate to predict the life risk of the TW 

accidents victims but also to be used in each body segment to predict the severity of the localized 

injuries. Moreover, two examples are included to demonstrate that this method is suitable to be used 

in the reverse approach, i.e, use the victim’s injuries severity data to optimize the accident 

reconstruction simulation by using the same methodology. 

 

Keywords: Two Wheelers, Accident Reconstruction, Injury Severity, Impact Biomechanics, 

Multibody. 
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Glossary 

 

Accident - Occurrence on the public way involving at least one vehicle, with the knowledge of 

supervisory bodies (GNR and PSP) and which results in victims and/or property damage. 

 

Accident with minor injuries - Accident resulting in at least one minor injured person, where there 

have been no fatalities or serious injuries. 

 

Accident with victims - Accident in which results at least one victim. 

 

Basilar fracture – Fracture occurring at the basis of skull. 

 

Diffuse Axonal Injury - describes disruption to the axons in the cerebral hemispheres and the 

subcortical white matter. 

 

Ecchymosis – Deep injury visible on body surface. It results from blood spreading within the tissues 

caused by traumatic rupture of blood vessels. 

 

Excoriation – Lesion on the skin surface with loss of epidermis. 

 

Fatal accident - Accident in which results at least one dead. 

 

Fatal victim (on site) - Victim of accident whose fatality occurs on site or along the way to medical 

services. 

 

Haematoma - Deep injury that is visible on body surface. It results from a quantity of blood resulting 

from blood vessels rupture and accumulates within a new cavity. 

 

Luxation – Joint injury caused by displacement of a bone extremity out of its normal position.  

 

Sepsis – Infectious situation characterized by existence and spreading of pathogenic microorganisms, 

or their toxins in the blood or surrounding tissues. 

 

Serious injury accident - Accident resulting in a minimum of one severely injured person, with no 

fatal victims involved. 

 

Straddle fracture - Multiple fractures of the pubic rami, usually caused by frontal impact mecanisms, 

as would occur in the case of impact with a straddle. 
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Suffusion – Spread of liquids under the skin, usually blood – hemorragic suffusions. 

 

Trauma – Action of external agent on the body, resulting in injury. 

 

Vault fracture – All fractures that occur in the skull beyond the basilar area. 

 

Victim - Human being that by means of an accident suffers bodily harm. 
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1 Introduction 

Road accidents have been focused from several decades with more and more importance. 

Even though many investments have been made, the statistical indicators don’t lie, and in spite of 

many measures already implemented, many more will have to be accomplished in order to further 

reduce the road accidents and, consequently, the health burden translated in injury, disability and 

deaths. Although a project with a very objective and well define goal, the path to achieve the “holy 

grail” of zero deaths caused by road accidents, is far from being simple. 

Governments and vehicle manufacturers spend billions of dollars annually in order to try to 

reduce the avassalating figures. All these investments on engineering evolutions of the vehicles safety 

systems, road construction, regulation, education, improvement in the quality of political institutions, 

medical care and technology developments, have contributed to reduced motorcycle deaths [Law et al 

(2009)]. 

1.1 Motivation 

Although every road accident is potential to cause physical damages in all individuals involved, 

more critical effects, on life threatening, are accidents involving the occupants of two wheelers 

(bicycles and two wheelers motorcycles and mopes – PTW – Power Two Wheelers). Motorcycle 

occupants are above than 30 times more likely to die in a traffic crash than a car occupant [Lin and 

Krauss (2008)]. This occurs primarily due to the absence of a rigid structure involving the occupants, 

which in case of a collision, acts as a security frame. With the energy dissipation on this shell, the 

values received by the occupants for the same conditions, are always higher when comparing with 

any other terrestrial vehicle. Besides the capsule protection, safety increasing rules demand cars and 

trucks to be equipped with further additional safety systems, the so called passive safety systems. 

These systems acts in order to minimize occupant’s injuries, in case of a crash occurrence, e.g, airbag 

systems, seat belts, emergency braking system. Two Wheelers (TW) offer almost no additional safety 

beyond the helmet protection and protective clothes, especially in bicycles where the mandatory use 

of helmet protection is still optional in Portugal, leaving to the free choice of occupants. Today this 

safety equipment is available in high quality materials and there are helmets and jackets equipped 

with airbag systems. Using of special motorcycle riders protection clothes (jackets, pants and boots) 

may also play a role in reducing accident injuries [Rome (2006)]. Taking into account the evolution on 

the equipment available for TW occupants such as, the design of the helmet, which may increase 

protection on Direct Force Effects (DFE) [Richter et al (2001)] and thus reducing head and brain 

injuries in case of accident [DeMarco et al (2010) and Dee (2009)], the combination of these 

protections assumes a practical mean, especially if the crash occurs at a reasonable low speed, which 

covers a significant amount of crashes involving two wheelers [Bernardo (2012)]. 
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Considering all the measures implemented to prevent accidents occurrences, or minimizing 

their consequences, the yearly number of deaths and serious injuries has been decreasing in the past 

few years in Portugal. However, the values still remain within the higher values if considering EU 

indicators [Dias and Paulino (2007)]. Figure 1.1 compares the number of total fatalities resultant from 

TW accidents per million of inhabitants in a yearly basis for the countries
1
 from EU with complete set 

of data available. The number of fatalities was obtained from CARE (2013) and the country’s 

population per year refers to Eurostat (2013) for the 1
st
 of January in each year. 

 

Figure 1.1 – Number of fatalities in TW accidents per 1 million people. 

Despite this positive decreasing tendency, in the considered set of 12 countries, Portugal is still 

among the ones with higher rate of fatalities with just Greece and Italy keeping higher rates. 

Considering the data from ANSR (2011), graph from figure 1.2 represents the evolution of the total 

number of victims (including fatal, serious and slight injuries) from TW from 1998 to 2011 in Portugal. 

As mentioned, this numbers have been decreasing in the past few years, particularly in victims from 

accidents involving mopes, as already pointed by Bernardo (2012). 

 

Figure 1.2 – TW accidents number of victims in Portugal by yearly basis. 

                                                      

1
 Some countries like Ireland don’t make distinction between motorbikes and mopes 
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Considering fatal victims only, the tendency is similar, as represented in figure 1.3 for the same 

period. 

 

Figure 1.3 – TW accidents fatal victims in Portugal by yearly basis. 

The use of TW is more and more popular, especially in the cities. The major advantages are the 

cost efficiency (gas millage and maintenance savings), parking facilities, time savings, and lower 

acquisition cost, when compared to a car. Particularly, since 2009 in Portugal, the car license was 

extended to enable to drive motorcycles limited to an engine up to 125 cm
3
 [Portuguese Law - DL 

78/2009]. Adding this advantage to the economic recession, the acquisition of motorcycles has been 

increasing in the past few years. Additionally, small distances within urban areas became even more 

cost efficient if using a bike. Fuel savings allied with physical exercise and considering the 

construction of lanes for bike users, are additional incentives for the use of this mode of transport. 

The major disadvantage for all TW is the potential and constant life threatening of the occupants 

in case of accident due to the reasons already mentioned. The diagram in figure 1.4 illustrates this life 

risk by comparison of the rates of fatal victims per 100 victims in TW and the other road vehicles 

referring to 2011 [ANSR (2011)] and including the data from 2010 [using ANSR (2010)] for 

comparison. 

 

Figure 1.4 - Fatalities per 100 victims by vehicle category Portugal for 2010 and 2011. 
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If considering all TW victims rate and the other road vehicles (light and heavy), the figure 

correspond to 1.5 fatalities per 100 victims in light and heavy vehicles against 2.6 fatalities per 100 

victims in TW for 2011 (including for all drivers and passengers), leading to consider that the use of 

TW is (still) potentially more dangerous than other road vehicle.  

About the use of other safety equipment, ANSR database only includes for TW if the occupants 

were using or not the helmet. Table 1.1 summarizes the values of fatalities rate per 100 accidents 

occurrence comparing the victims who wore helmet and those who didn’t. 

 

Table 1.1 - Fatality rate per 100 accidents for victims wearing or not protection helmet. 

TW Victims with helmet Victims without helmet 

Motorcycle 2,4 16,4 

Moped 1,3 3,1 

Bicycle 1,3 3,1 

Total 2,2 3,7 

 

 As it can be seen in table 1.1, the fatality rate increases when victims are not wearing helmet 

protection. For motorcycles the risk factor increases 5 times. Globally, i.e, considering the TW group, 

the risk increases about 70%, which states for that the use of safety helmet, may have a significant 

role in reducing the injuries in case of accident, as already pointed in Bernardo (2012) after a detailed 

statistical analysis. 

Like some previous works accomplished within the same investigation team, this work is part of 

a current national project, The Safety of Vulnerable Road Users (Segurança dos Utentes Vulneráveis). 

“Vulnerable road users” stands for users with no primary protection systems in case of accident, i.e, 

users without the shell protection of a vehicle like TW vehicle occupants and pedestrians. Using all the 

information about accidents involving TW and the involving victim’s injuries, enables to predict which 

parts of the body are mainly affected for each collision scenario and other variables involved in the 

accident, such as the protection equipment, impact speed, and type of vehicle, among others. This 

approach enables to assess the risk factors for TW users and isolate the critical items in order to 

implement procedures in vehicles, traffic rules, laws, actions to increase the level of awareness of 

road users, etc. The main goal is traffic safety increase in order to reduce the number and injuries 

severity of road accidents.  

1.2 Objectives 

The present work is included within injury and impact biomechanics, belonging to the road 

accidents investigation group from mechanical engineering department of IST (Instituto Superior 

Técnico) in cooperation with INMLCF (Instituto Nacional de Medicina Legal e Ciências Forenses) and 

the national project “safety of vulnerable road users” (Segurança dos Utentes Vulneráveis). 

Knowledge of injury mechanism that result from accidents of TW is very important considering 

the project of the vehicles in order to prevent the accidents, reduce the severity of injuries and to 

complement the overall investigation. Accident investigation is a very complex task, not only due to the 

lack of accurate data (rest positions of the vehicles, occupants, debris, fluids, witnesses, personal 
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reports, etc.), but also the dynamics reconstruction complexity, caused by the innumerous amount of 

variables presented in these situations and the reduced time interval of the occurrence [ACEM 

(2003)]. The inclusion of the injuries in mathematical and computational models for the analysis, 

represents enhanced valued for a correct and more detailed reconstruction of the accident conditions. 

One of the most crucial variables is the definition of a reasonably correct point of impact. The 

correlation of the lesions of bicycles and PTW occupants and foot passengers with the accident 

dynamics, is very important to achieve a more accurate location of impact. Thus the prevention and 

mitigation of the consequences of these accidents, and also the input responsibility of the involved 

parts can only be determined if the injuries are correlated with the accident dynamics. Taking into 

account the information included in the victims autopsy reports, although they are completed with 

clinical information, several aspects could be improved, e.g, detailed description and location of bone 

fractures.  

The objective of this work is to establish correlation models between the injuries resulting from 

an accident and the conditions that gave origin to it. A detailed analysis of the bodily damages is 

performed recurring to medical clinical data from the victim’s assistance and/or the medical-legal 

autopsy reports. With the data included in the accident reports (from the insurance company or police 

authorities), a reconstruction of the accident is accomplished recurring to a commercial computational 

software application, the PC-Crash
TM

 with multibody. Using multibody dynamics analysis (in special for 

accelerations, speeds and forces) and recurring to injuries biomechanics criteria in the literature, it is 

established a correlation between the results from the mathematical models for the injuries and the 

real medical observations included in reports (in clinical or forensic settings). When a reasonable 

correspondence is achieved, it’s possible to validate the reconstruction and the conditions that 

motivate the occurrence, in special, speeds and vehicles maneuvers. This provides ways to determine 

the occurrence of a certain kind of injuries with the collision scenario, and plays a very important role 

on the measures to avoid or mitigate them.  

With the available information in the accidents database, ANSR (2011), basic statistical analysis 

is accomplished in order to update the data already issued by Bernardo (2012), using a more recent 

database available. An additional goal is to describe a methodology that may provide additional tools 

on the medical bodily damage evaluations in forensic settings, as well as improvement on the type 

and/or amount of information provided on the clinical and/or medico-legal autopsy reports. 

 

The outline of this thesis is as follows: 

 

Chapter 1 – Introduction is divided in three sub-chapters. It starts by placing the accidents 

investigation using a comparison of evolution of the number of fatal road accidents victims in a yearly 

basis, for Portugal and some countries of the EU. This leads to the main reasons that justify the 

importance of this type of investigation. The second subsection explains the purpose and objectives of 

this work. Finally a summary of the references used for support this thesis is included in the sub-

chapter of literature review. 

 



 

 

6 

 

Chapter 2 – Fundamentals provides the basis for all the analysis and information process within 

this thesis. First section summarizes the methods used for accident investigation and reconstruction. 

Next, a revision on the anatomical reference planes is included and the correspondence (x,y,z) 

coordinates in the planes used by PC-Crash
TM

. Since this thesis includes information collection from 

clinical and medico-legal reports, a brief revision on the human anatomy is included and also a brief 

description of the processes and standards of the medico-legal autopsy procedures in Portugal. It is 

also included a section descriptive of the scales for injury severity used for body segments and for the 

body as a whole. 

 

Chapter 3 – Methodology presents a division of the human body in the main segments, head, 

neck, thorax, abdomen, pelvis and lower and upper extremities. In each of the segments a detailed 

description is made, including the methods for estimation of injuries severity, obtained using data 

available from the accidents simulations with PC-Crash
TM

. The main purpose of using different criteria 

for one same segments is to get as close as possible to a model that predicts not only a raw value but 

a usable severity score to compare with the medical information. In order to evaluate the accuracy of 

the scores, tables with the lesions severity classification are also included for each of the body 

segments. 

 

Chapter 4 – Results synthetizes two of the twenty case studies. The first case is detailed 

described and separated in body segments using the medico-legal information and the values 

obtained by the application of the models. Also it is included several pictures of the body segments 

with the indications of the location of the lesions reported in the medico-legal autopsy report. The 

second example is summarized in a global table to explain in a more brief way the information 

arrangement. This corresponds to the lay-out of the remaining eighteen case studies results presented 

as an appendix.  

 

Chapter 5 – Discussion compiles the results and the comments for methods application 

validation. A discussion of the information is presented including an optimization proposal for the 

medico-legal autopsy reports, focused on the analysis objectives for the investigation of these type of 

accidents. 

 

Chapter 6- Conclusions provides a summary of the quality, validation and limitations of the 

results, applications of the methods and suggests some improvements as well as opportunities for 

future work in this field. 

1.3 Literature Review 

As stated, this work belongs to the global project of vulnerable road users. Although some work 

is already accomplished within this global objective, for TW, there aren’t many data specifically 

focusing injury analysis.  
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When using data from accident investigation to determine and correlate with human lesions 

caused by the crash, fundamental concepts about human anatomy are crucial either for location of 

affected organs and tissues, the respective functional importance and criticity of failure, or as an aid to 

understand the lesions mechanisms for a deeper analysis. Netter (2011) and Seeley et al (2003) are 

commonly referenced authors, providing useful illustrations of concepts in human anatomy and 

physiology. Schmitt et al (2007), besides many other useful information regarding the injury criteria 

and mechanisms, also helps in understanding human anatomy specifically for accidents investigation 

purpose. To accomplish the main goal of this work, a very important issue is to correctly interpret the 

clinical and medico-legal autopsy reports. There is a large amount of specific information within those 

documents and, if a comparison is supposed to be made with data from models, it is crucial to be 

aware of the contents and meaning of such reports. Santos (2008) - 1 and 2 provides an useful 

approach for the technical procedures used in Portugal for medico-legal autopsy practices. These 

technical documents are legally supported by Portuguese Law DL 45/2004 and, in a more operational 

basis, by the INMLCF internal procedure INML - NP (2009). Detailed information on international 

general autopsy procedures and technics may be found in Collins (2005) and Waters (2009). Also, it 

reveals relevant to have a general understanding of common medical concepts, since in specific 

references a certain basal level of knowledge is implicit. Costa (2012) provides all the basic medical 

definitions, including the ones described in this text glossary.  

To better explain the case studies an anatomical model is used throughout the text, providing 

references for the lesions in body segments. This anatomical model belongs to the software Zygote
TM

, 

an on-line free application from Zygote 3D anatomy atlas and dissection lab. 

In this work, since the number of accidents used for analysis is a quantity that doesn’t enable a 

deep statistical treatment, the cases selected intent to represent a variability of situation considering 

the TW classification according with ACEM (2009), the occupant injured (driver and/or passenger) and 

the collision scenario suffered by the TW, in accordance with ISO 6813 (1981). 

Accident investigation regarding PTW is presently focused on efficiency tests of safety 

equipment such as helmets and airbags, thus leading to a common methodology of simulation of the 

impact situations, including the respective protection equipment in a human body or vehicle model, 

depending on the situation. As mentioned in Bernardo (2012), MAIDS (ACEM, 2009) still represents 

the deeper investigation on accidents involving PTW, and all the procedures to accomplish, in order 

obtain a complete and detailed work. Thus this report provides a good way to define the methodology 

for reconstruction and investigation of the accidents as well as the minimum amount of information 

that should be gathered in order to achieve this objective. The accidents simulations are accomplished 

recurring to computational software. The most common computational tool used for this purpose is 

MADYMO (MAthematical DYnamic MOdles), enabling the use of detailed biomechanical models that 

include a several measurable injuries parameters and the ability to use a multibody with finite 

elements, enhancing the structure system detail [Orozco (2006)]. Regarding injuries investigation and 

the respective criterion evaluation, this provides a very useful tool to determine the moments and 

forces that the occupants of the vehicles suffered.  
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However, the better accuracy and detail of the results lead these models to became more 

complex and computationally more expensive, when comparing with multibody models implemented 

for example in PC-Crash
TM

, which are able to reliably reproduce the human body kinematics [Moser et 

al (1999)]. The use of PC-Crash
TM

 with such purposes was validated by Clief et al (1996). 

In this kind of analysis of human body impact, for example in collisions between a motorcycle 

and the lateral of a car passenger vehicle, it may be mentioned the work done by Mukherjee et al 

(2001) or Deguchi (2005) for validation of motorcyle and car models using multibody and finite 

elements and comparing the results obtained in the computational simulations with real impact tests. 

Namiki et al (2005) also validated some simulations tecnologies to determine injuries severity in 

ground impacts and evaluation of a airbag system for motorcycles. 

In quantifying injuries and their severity, within forensic biomechanics, Guo et al. (2008) 

reconstituded computacionally two typical acidents involving a motorcycle with two occupants in 

collison with a car, to caracterize the injuries occurred and thus determine which of the occupants was 

the motorbike driver. Injuries are analyzed recurring to the respective scales within the body segments 

as divided according with Schmitt et al (2007). The body is then separated in head, neck and spine, 

thorax, abdomen, lower and upper extremities. After the kinematics reconstruction, several criteria 

provide methods to obtain data representing the injury severity in either of those body segments. By 

comparing those values with the limit thresholds for injuries to occur, provides a way to determine the 

severity of those injuries. In Schmitt et al (2007), threshold values for the injuries lower limits are used, 

considering that it causes at least a serious injury on a standard worldwide injury scale the AIS – 

Abbreviated Injury Scale, firstly used only for car accidents, but after demonstrated being very useful, 

extended to all impact biomechanics. Also, an extension of this definition to a global body injury, 

correlated with life threatening, is the ISS – Injury Severity Score. 

The evaluation of head injuries is based on head (linear) accelerations and their duration. 

Presently, one mostly used is HIC (Head Injury Criterion), providing limiting values for head injuries 

severity. In PTW vehicles most of the times, the occupants ware helmet which provides an additional 

protection up to a certain impact speed. HIC doesn’t provide a model for a head wearing a helmet. 

Corrections of head injuries quantification, for PTW occupants with helmet may be accomplished 

based on Bernardo (2012) and Liu et al (2008) which provided a useful statistics in severity reduction 

in those cases. A correlation between values of HIC and AIS is available in Hayes et al (2007) and 

also used by Teixeira (2012) when analyzing injuries on pedestrians. Besides the HIC which depends 

on head acceleration, other injury criteria exist allowing a correlation with AIS. Schmitt et al (2007) 

provides tables for values of angular acceleration and angular velocities and the corresponding injury 

severity expectable. 

Neck and spine injuries considers all the way from the upper cervical down to the sacrum and 

coccyx. The mechanical forces that lead to injuries in neck and spine may be found in Silva (2004). 

Cases where it becomes necessary to use biomechanical inertia properties, these can be found in a 

very detailed correlation with biometric values, body type, gender and age in Yoganandan et al (2009). 

Since distal to the neck all the vertebra are included within the thorax and abdomen, when considering 

the body segments division in the multibody model, the only vertebrae that might be isolated consider 
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are in the cervical segment (the neck). All the other should be considered within the thorax and 

abdomen segments. Based on Viano et al (2001) upper cervical injuries represent the critical spine 

injuries that most probably represent life threatening. Many lesions in the spine may cause severe 

damages, such as paraplegia or tetraplegia, due to underlying damage to the spinal cord and the 

interruption of information transmission at the central nervous system (in the spinal cord). Many of 

those lesions involve soft tissues damages. Spitzer et al (1995) provides a more fine injury scale for 

the neck than the AIS, since critical injuries may sometimes be classified as lower AIS, but seriously 

compromise physical integrity, making AIS a less effective scale for spinal and neck lesions. Several 

neck and spinal injury criterion are presented in Schmitt et al (2007). Some of the data obtained by the 

crash simulation software doesn’t allow a direct analysis on the values to consider in order to obtain 

the magnitude and/or severity of the lesions. Applied mechanics for using correctly the data is 

available in Beer and Johnston (2009). Severity of neck lesions in correlation with AIS may be found in 

Eppinger et al (1999) or in Hayes et al (2007) in a more complete correlation up to AIS 5, as a function 

of Nij criterion. Hays also correlates the duration of neck injury symptoms with values of NIC (Neck 

Injury Criterion) and differentiates short term duration (less than a month) and long term duration 

(more than a month) probability occurrence. 

Several criteria are also available to determine severity of thoracic injuries. The lesions in this 

segment are potentially fatal and detailed mechanisms and consequences are described in Smith and 

Chang (1986) and Connor et al (2009). One important parameter to decide which of the criterion to 

use is the speed of the accident occurrence as described in Silva (2004). Within the order of 

magnitude of speeds at which PTW accidents typically occur, it is important to consider deformation of 

the thorax in the impact. Thoracic compression injury criteria may be found in King (2000) – part 1, 

Melvin et al (1985) and Kroell et al (1971, 1974). Using multibody models with rigid bodies, it might 

become unfeasible to use a viscous criterion. Lobdel (1973) performed tests in volunteers and 

measured thorax deformation in response to applied forces. Recurring to the obtained forces and 

accelerations in side impact tolerances, Viano (1989) and Cavanaugh et al (1993) defined limits for 

probability of injuries severity in AIS. Beyond compression criterion, Schmitt et al (2007) includes 

tables for lateral forces and the threshold limits for severe injuries. Considering acceleration 

exposition, Kuppa (2004) define AIS 3 and AIS 4 graphs for acceleration in the upper and lower spine.  

Some abdominal organs are not rigidly attached to the body wall which generally allows more 

mobility when comparing with organs from the thorax, for example, when changing the body position 

from seated to standing. This characteristic is given by the organs support membranes and provides a 

range of different stiffness values, depending on the situation [Schmitt et al (2007)]. This makes 

difficult to validate a model similar to the compression criterion used for the thorax, although Rouhana 

(1993), stated that the same criterion can be used relying that thorax enables an additional protection 

(when compared to the abdomen) due to the rib cage. Rib cage acts as the bigger protection in the 

thoracic area and consequently, the severity thresholds will have lower limits in the abdominal area, 

since it is less resistant to loads. The more critical organs in the abdomen are the liver, spleen and 

kidneys. Since the organ distribution in this region is less symmetrical, side impacts are typically more 

critical than the frontal impacts and different injuries severity may be expectable depending if the same 
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load is applied on left or right side. In abdominal region the criteria are mainly by comparison of 

applied loads and upper tolerable limits. King (2000) – Part 2 performed some tests in human 

cadavers and compiled several threshold limits for severe injuries for both frontal and lateral 

abdominal impacts. Kuppa (2004) did a similar work but, instead of using frontal and lateral impacts 

separately, considered the total horizontal force and obtain probability of injury severity scores of AIS 

3 and AIS 4 as a function of the total horizontal load in the abdominal region.   

Pelvic region is mainly treated as a mechanical component since the major concern is the 

bones and articulations. King (2000) - Part 2 concluded that the most severe injuries are consequence 

of side impacts and gathered an amount of data from several references in an attempt to achieve the 

tolerable load limits in pelvis. The more severe pelvic injuries typically result from sports accidents or 

falls rather than from automotive accidents [Schmitt et al (2007)]. Injuries in pelvis are divided in 

isolated fracture of the pelvic ring, multiple fractures of the pelvic ring, sacrum fracture and associated 

lesions. According with Guillemot et al (1997), in side impacts the most frequent injuries are pubic rami 

and acetabular fractures. There are just a few works that attempt to measure hipbones mechanical 

properties. The most common is to get values of mechanical behavior for the joint between hip and 

femur [Dalstra et al (1993)], motivated for this quite frequent situation, especially in elderly people 

[Schmitt et al (2007)]. As all the organic parts, the mechanical (and others) characteristics of bone are 

complex and non-linear, but Dalstra et al (1993) performed a realist, almost isotropic, approach for 

pelvic bones mechanical properties. Kuppa (2004), brought together several works on mechanical 

properties of pelvic bones, obtained in cadaver tests. In his work, using acetabular and iliac wing total 

horizontal force, Kuppa established fractures occurrence and lesions severity of AIS 2 and AIS 3 

occurrence probability as a function of horizontal load applied in the pelvis. Using acceleration criterion 

from cadaver drop tests, Tarriere et al (1979) established maximum acceleration in z-axis for fractures 

to occur. 

Lesions in lower and upper extremities (generally speaking, the arms, legs and foots), are 

mostly related to fractures. Many studies are published considering road accidents with the objective 

to determine the cause, frequency and incidence of lesions in the limbs and extremities motivated by 

car crashes [Schmitt et al (2007)]. Using the critical loads for fracture to occur, Levine (2002) reports 

several limits in axial compression and bending for lower extremities. Other criteria, specifically 

developed for automotive accidents may be found FMVSS 208. Although usually lesions in the limbs 

aren’t life threatening, in the case of TW, severe fractures can occur, leading to high blood volume 

loss, which can became a life threatening condition, but this rarely is the direct cause of death in such 

accidents. Besides the limit values of Levine (2002), Tencer et al (2002) defined a probability of femur 

fracture occurrence as a function of axial compression load.  

Considering upper extremities fractures, Schmitt et al (2007) compiled several results from tests 

performed in human cadavers. Since the more critical force is the bending load, those tests include 

only this type of load application. Begeman et al (1999) makes no difference in fore arms bones (ulna 

a radius) defining an upper limit which beyond that any of the two bones fracture may occur. 

For upper and lower extremities fractures occurrence, since no fine comparison can be 

performed, a concept established by Hayes et al (2007) and also used by Teixeira (2012) reveals to 
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be useful, is the risk factor. It provides a numerical value, comparing the intensity of the load obtained 

in the bones, with an upper limit, and thus is able to predict a rough probability of fracture occurrence. 

However, neither risk factor nor upper extreme limits take into account aging effects. These should be 

looked just as indicators since bone mechanical properties are strongly influenced by individual’s age, 

as demonstrated by Diab et al (2006) or George and Vashishth (2006). 





 

 

13 

 

2 Fundamentals 

This chapter contains some theoretical information to support the methods and results 

throughout this work. The understanding of some specific language and concepts is necessary to 

investigate and analyze the data provided in accident reports. The adopted process for investigation is 

a standard, described in this chapter. Also, some anatomical references for the human body and 

multibody systems are presented, to try and be as coherent and non-ambiguous as possible when 

performing the simulations and subsequent results analysis. To interpret the lesions within the human 

body, the included section on human anatomy is specifically focused in the anatomical structures 

more relevant for the analysis in sight. The injuries severity scales are largely used in the data process 

and analysis. A sub part of this chapter explains the meaning and interpretation of those scales. 

Finally, for the interpretation of medico-legal reports it is desirable to be aware of the technical 

language and forensic investigation procedures and thus, a brief summary is included to explain the 

purpose and objectives, as well as the level of detail of the information included in the medico-legal 

autopsy reports. 

2.1 Accident Reconstruction 

A fundamental step for the objectives of this work is the investigation of the accidents involving 

TW. The purpose of this section is to briefly explain the fundamentals of crash simulations in order to 

achieve the better results, and which information is elicited in order to allow the validation of the 

results. Due to many complex legal, economic and social factors, accidents investigation is a 

continuous procedure made day by day in the most different situations. This investigation is 

accomplished using computational reconstruction based on the MAIDS – Motorcycle Accident In 

Depth Study [ACEM (2003)] methodology. 

Usually, there is no special multidisciplinary team that accomplishes an investigation of the 

accident right after the occurrence. The necessary investigation is most frequently done by insurance 

companies, under courts requirement. The procedure used for accidents reconstruction and 

investigation is represented on the flow chart of figure 2.1. Many inputs contribute for this simulation, 

and after implemented in computational simulation, the investigation is an optimization process with 

variable speeds and impact positions until the best coherence with the available facts is achieved. 

Within the evidences to corroborate the data are included: 

 Authorities registrations of the occurrence 

 Scale sketch of the situation, including final position of vehicles and bodies, debris and a 

presumable point where the impact took place 

 Vehicles, debris, road, marks and victims photographs 

 Reports from eye witnesses 

 Clinical and medico-legal autopsy reports 



 

 

14 

 

The quality and reliability of those data are fundamental for the accuracy and rigor of the 

simulation. 

 

Figure 2.1- Flow chart of the steps for accident investigation. 

2.2 PC-CrashTM Simulation Program 

To accomplish computational simulations of the accidents, PC-Crash
TM

 is used enabling 

simulations on a direct dynamics analysis along time evolution of vehicles paths (including multibody 

systems). PC-Crash
TM

 is a Microsoft Windows™ based accident reconstruction program. It uses 2-D 

or 3-D vehicle geometry to model the pre-impact dynamics, impact engagement, and post-impact 

trajectories of multiple vehicles and multiple collisions. Within acceptable limits, adjustments can be 

performed in some parameters that influence the collisions, such as steer angle, braking level, friction 

conditions, and suspension properties at each wheel. Simulations can be visualized from any angle 

with the program's built-in 3-D animator. PC-Crash
TM

 is validated for accidents simulations in several 

international seminars [Clief et al (1996)], including the simulations using multibody systems – rigid 

bodies interconnected by joints [Moser et al (1999)]. PC-Crash
TM

 includes a database which enables 
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to use vehicles with similar specifications to the ones involved in the accidents. Three dimensions 

multibody systems enables to simulate the TW, including driver and occupants, all the motorcycle’s 

main parts and, with a fundamental importance for the purpose of this work, the main body segments 

of the occupants. A detailed description of the body segments in the multibody system is included in 

chapter 3 – Methodology. Multibody systems may be used as well for pedestrians, e.g, for runovers 

simulations [Teixeira (2012)]. Accidents involving TW are complex since, by inherent geometry a three 

dimensional motion is comumn after the impact, influenced by slight changes in initial conditions, such 

as point of impact, colision speeds and initial positions. A characteristic of this type of accidents is the 

inherent high propability of projection of the TW occupants after the collision. Since beyond that point 

a separation between the vehicles and driver and/or occupants can occur, the use of biomechanical 

models is a fundamental tool to understant how accident occurred [Bernardo (2010)]. 

2.3 Reference Planes 

Since throughout the text many references are made recurring to the reference system in PC-

Crash
TM

 and human body, an explanation of the reference planes and axis is included to complement 

the results mentioned within the human body, or the multibody systems used for the computational 

simulations. 

On the human body, the anatomical reference position is considered the default body posture 

that stands for reference to describe relative motions of anatomical segments of human body. 

Anatomical reference position enables to locate a body segment position relative to another, 

regardless of body attitude (standing, lay-down or other). The anatomical reference position 

corresponds to a standing vertically body with the feet slight spread, upper limbs suspended and hand 

palms turned to front (or anterior direction). In this position the three anatomical reference planes are 

defined: sagittal, coronal and transverse. Each of these planes splits the body in two equal mass 

parts, being the intersection point the center of mass of the body. Figure 2.2 represents human body 

in anatomical reference position with the three anatomical reference planes. 

 

Figure 2.2 - Anatomical reference position and anatomical reference planes in human body. 

Sagittal plane divides the body vertically in half left and right. Coronal or fontal plane divides half 

anterior and posterior of the body and transverse or axial plane divides the body horizontally in half 
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superior and inferior. In PC-Crash
TM

 multibody system a correspondent reference is used. Sagittal 

plane includes the x-z axis, i.e, anterior-posterior and inferior-superior axis, corresponding to lateral 

view (figure 2.3). A correspondence for coronal or frontal view is the projection in y-z axis (figure 2.4). 

 

Figures 2.3 and 2.4 - PC-Crash multibody lateral (x-z axis) [left] and frontal (y-z axis) [right] view. 

 

Figure 2.5 - PC-Crash multibody top view (x-y axis).  

 And finally a top view corresponds to transverse plane, i.e, the x-y axis (figure 2.5). 

2.4 Human Anatomy Review 

In order to get familiar with some of the names and body references mentioned throughout the 

text, a brief explanation of the human anatomy is presented in this section. The objective is to 

emphasize the segments that are mainly exposed to lesions caused by these types of accidents in 

study, and thus lead to a better comprehension on the injury mechanisms. The purpose isn’t an 

exhaustive presentation of detailed organs anatomy or either systems physiology. The criterion is 

chosen based on the typical information found in medico-legal autopsy reports contents, in order to 

allow a clear idea about the positions of the organs and structures that were affected by the accident 

injuries. This permits to compare the medical information and the corresponding body position, with 

the data obtained in the model of the software used for accident simulation. The exposition is 

separated by the different body segments, omitting some parts that are less affected and/or life 

threatening, and consequently less relevant for this analysis. Detailed studies in human anatomy are 

widely available in Netter (2011). For systems physiology, more detailed information may be found in 

Seeley (2003). 

z 

x 
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2.4.1 Head Anatomy 

The human head can be compared with a multilayer system, being the scalp the outermost 

layer. Below the scalp is the skull, i.e, the bones of the head. Bellow the skull lays the meninges and 

finally the encephalon. 

The scalp is formed by the hair-bearing skin, the subcutaneous connective tissue and the 

muscle and fascial layer. Below the scalp covering the skull there is loose connective tissue and a 

fibrous membrane, the periosteum. 

The skull is formed by several bones fused together. The joint between the bones is fixed and 

designated by suture. The only movable joints in the skull are the pair of temporo-mandibulars that 

allow for mandibular excursion when “opening the mouth”. Figure 2.6 represents the skull, bones 

designation and sutures. 

 

Figure 2.6 - Location and designation of skull structures. 

The interior of the cranial vault is a concave and an irregular plate of bone forms the basis. This 

basis contains several small holes for blood vessels and nerves. A larger hole (foramen magnum) is 

the cavity that allow the brainstem to connect the encephalon to the spinal cord. Bellow the cranial 

bones, covering the encephalon there are the meninges. These are composed by three different 

membranes. From the outer to the inner there is the dura matter, the arachnoidea matter and the pia 

matter. Dura matter is a fibrous membrane and is separated from the pia matter by the subdural 

space. Arachnoidea is separated from pia matter by the subarachnoidal space. Subarachnoidal space 

if filled with cerebrospinal fluid (CSF) which is also present in brain ventricles (spaces inside the brain), 

and protects the brain by acting as a shock absorber. Pia matter is the layer in contact with brain. The 

meninges layers are represented in figure 2.7. 
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Figure 2.7 - A schematic representation of meninges. 

Inside the head is the encephalon, i.e, the head part of central nervous system. The encephalon 

together with the spinal cord forms the central nervous system. The major substructures of the 

encephalon are the cerebrum, the cerebellum and the brainstem. The brainstem as previously said, 

connects the brain to the spinal cord. Figure 2.8 illustrates the substructures of the brain within a cut 

through the sagittal plane.  

 

Figure 2.8 - Main structures of the brain – sagittal plane. 

Each of substructures of the brain is highly complex, this subsection summarizes the basic that 

enables a guidance inside the head lesions reported in clinical and/or medico-legal autopsy reports 

used throughout this work.   

2.4.2 Spine Anatomy  

Vertebral column or spine is in the human body the main load-bearing structure for head and 

torso. It is composed by 24 bones, designated by vertebrae. From head to legs (cranial to caudal) the 

first seven vertebrae are the cervical and are numerated from C1 to C7. C1 is the uppermost vertebra 

and is connected to the skull via the occipital condyles. Below the cervical vertebrae there are 12 

thoracic vertebrae, T1 to T12. The spine ends in the lumbar region with five vertebrae L1 to L5. 
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Between the vertebrae are the intervertebral disks (cervical, thoracic and lumbar), except between C1 

and C2, separated by the atlanto-axial joint (very important for the rotation of the head relatively to the 

neck). Figure 2.9 illustrates the regions, vertebrae and intervertebral disks in the sagittal plane. The 

entire structure is supported by the sacrum and coccyx, both part of the pelvic girdle. Spinal curves in 

the sagittal plane are designated lordotic for cervical and lumbar regions, i.e with the concave part to 

the back, and kyphotic for the thoracic region, i.e, with concave part to the front of the body. Looking in 

the coronal plane, the vertebral column is “straight” in healthy individuals. 

 

Figure 2.9 - Sagittal view of the vertebral column. 

Each vertebra may be divided in cylindrical body, vertebral arch, spinous process and 

transverse process (with subtle variations among the regions). Spinous and transverse processes 

serve as attachments for muscles and ligaments which account for stability and movements, mainly of 

neck and head. Figure 2.10 is a schematic transverse plane view of a thoracic vertebra. 

 

Figure 2.10 - Transverse plane view of a thoracic vertebra. 

The junction of all foramina vertebralia forms the spinal canal that aligns with the foramen 

magnum for the skull, and contains the spinal cord and associated soft tissues. Similarly to the brain, 

the spinal cord is bounded by the meningial layers and cerebrospinal fluid. From the neck to the 

coccyx, the spinal cord “emanates” the nerves that transmit and receive information, to and from “the 
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body” to the central nervous system. Figure 2.11 represents the nerves from the central nervous 

system to the periphery of the body. If a lesion is suffered within the spinal cord, the closer to head it 

happens, the higher the number of affected organs and territories will suffer. 

The possible motions of the neck are lateral bending (rotation through the anterior-posterior 

axis), flexion and extension (rotation through the lateral-medial axis) and lateral rotation (through the 

vertical axis). 

 

Figure 2.11 - Representation of nerves emanating from spinal cord to the body. 

The main soft tissues in the neck are pharynx, larynx, trachea, thyroid, muscles for head and 

neck motion and blood vessels like carotid arteries and jugular veins. These soft tissues are 

represented in figure 2.12. 

 

Figure 2.12 - Soft tissues in the neck region. View posterior-anterior through coronal-sagittal planes. 

The injuries along the spine are more critical in the upper part (cervical and thoracic) than in the 

lower spine, as mentioned in chapter 3. 
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2.4.3 Thorax Anatomy 

Thorax is a junction between the bonny rib cage that underlays inside soft tissue organs. It is 

upper limited by the base of the neck extending down to the diaphragm, which separates the thoracic 

cavity from the abdominal cavity. Rib cage is formed by twelve pairs of ribs, posterior connected to the 

thoracic vertebrae of the spine. At the interior side of the thorax, sternum fixes the upper seven ribs. 

The lower five ribs are indirectly connected to the sternum via the costal cartilage, or attach to muscles 

at the abdominal wall, forming the floating ribs. Ribs are interconnected between each other via the 

internal and external intercostal muscles. This anatomical configuration enables the rib cage to have 

stiff properties for organ protection, but at the same time, deformability to assist on respiration. Figure 

2.13 is a schematic representation of rib cage. 

 

Figure 2.13 - Rib cage schematic – coronal view. 

Internal to the rib cage are the soft tissues and organs. On the left and right outer region are the 

lungs. The right lung is formed by three lobes (upper, middle and lower) being bigger than left lung, 

formed by two lobes (upper and lower) providing the extra space taken on the left for the heart. Lungs 

are covered by two membranes, the visceral pleura, overlaying the lung tissue, and the parietal pleura 

covering the inside of rib cage and upper diaphragm. Both membranes are separated by the (mostly 

virtual) pleural cavity which contains a surfactant that, through surface tension properties, maintains 

an underpressure, keeping the lung inflated. In case of this underpressure failure, caused e.g. by a 

chest perforation, the lung will deflate and the pleural cavity will be filled with air. This is called a 

pneumothorax. On the center of the thorax (the mediastinum) are the heart and large blood vessels, 

trachea, bronchus and esophagus. Heart and large vessels like aorta, vena cava and pulmonary 

arteries and veins are located bellow the sternum. Heart is covered by a double membrane layer 

called the pericardium. The outermost membrane is designated fibrous pericardium and the innermost 

serous pericardium. The interspace between the two layers is filled with a fluid that acts as a lubricant 

and shock absorber, thus protecting the heart. Figure 2.14 illustrates the location of the soft tissue 

organs inside the thorax rib cage in a coronal view. 
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Figure 2.14 - Thoracic organs schematic – coronal view. 

The available space for those organs is relatively small, making them a sensitive target for 

accidents that cause anterior rib cage compression. 

2.4.4 Abdomen Anatomy 

Abdomen is upper limited by the diaphragm and lower limited by the pelvic bones. The upper 

part of the abdomen is anterior limited by the lower part of the rib cage (figure 2.13) and posterior by 

the thoracic vertebrae. Lower abdomen is anteriorly limited by the wall musculature and posteriorly by 

lumbar vertebrae and sacrum. Thus, lower abdomen is more exposed to frontal injuries than upper 

abdomen due to the lack of a stiff structure on the anterior wall. Inside the abdomen several organs 

are hosted and generally are divided in solid and hollow organs. The distinction is made based on the 

average density. Hollow organs are the ones that include a functional cavity that may be filled by gas 

or digestive material, such as the bladder, stomach, small and large intestines. Solid organs don’t 

have this kind of large cavities, and are filled with blood vessels and fluid channels, like liver, spleen, 

kidneys, adrenal glands or pancreas. Location of the organs is represented in figure 2.15. 

 

Figure 2.15 - Abdominal organs – coronal anterior and posterior view. 
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Major blood vessels in the abdominal segment are the aorta, inferior vena cava, iliac artery and 

vein. Aorta and vena cava enter the thorax through diaphragm openings (in a similar fashion to the 

esophagus). From a biomechanical point of view, the accommodation of abdominal organs allows a 

fair amount of motion and displacement capability. This comes from the fact that some of the organs 

aren’t fixed neither to each other, nor to the abdominal walls, but embedded in fat like kidneys or 

housed by more or less extense sheets of peritoneum, such as the intestines. Peritoneum is a serous 

membrane (like the pericardium), that forms the lining of abdominal cavity. Besides support of the 

organs, it conducts nerves, blood and lymphatic vessels. Acting as a lubricant, it helps enabling the 

organs displacement. One example of this motion is the adjustment when changing from seated 

position to standing. 

2.4.5 Pelvis Anatomy 

Pelvis consists of a ring of bones making the union between the torso and the legs. Through the 

connection from the spine to the bones of the thighs (femurs), it is the structure that transmits the 

weight of torso, head and arms to the legs. The bones that form the pelvis are the hip bones, the 

sacrum and the coccyx. There are two hip bones, one at each side, and they consist of three fused 

bones, the ilium, pubis and ischium. The group forms the acetabulum which is a cup shaped structure 

that forms part of the hip joint (as a socket for the head of the femur). At the front, right and left pubic 

bones are connected by the pubic symphysis. Figure 2.16 shows the position and shape of the pelvic 

bones.  

 

Figure 2.16 - Pelvic Bones – coronal anterior view. 

Large blood vessels crosses the pelvic region to irrigate the legs (mainly illiac arteries and 

veins), making this region critical in life threatening point of view when severe injuries occur.   

2.4.6 Lower Limbs Anatomy  

For the purpose of this work, only the large bones matter for lesions analysis. Femur is the long 

bone of the thigh and connects the hip joint to the knee. Lower leg connects the knee to ankle via the 

tibia and fibula (figure 2.17). The knee is a complex joint involving several muscles and tendons, 
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ligaments and patella is a vulnerable bone, especially to front impacts. The more degrees of freedom 

a joint possess, the more unstable it becomes and particularly the knee, as a high amplitude and 

almost permanent load. 

 

Figure 2.17 - Bones and main joints of the legs. 

Foot is adjoined to the lower leg and a detail is represented in figure 2.18. 

 

Figure 2.18 - Detailed bone structure of the foot. 

The leg’s soft tissues are mainly muscles for locomotion and all legs motion capabilities. From 

an accidents analysis point of view, serious injuries happen in cases of amputation or deep wounds 

that lead to large volume bleeding suitable to become a life threatening, when a large blood vessel is 

injured. Large blood vessels within the legs are femoral veins and arteries in the thighs. 

2.4.7 Upper Limbs Anatomy 

Upper extremities are divided in to shoulder, arm, forearm and hand. The shoulder is the most 

mobile joint in human body, allowing rotations in the three axis. Formed by scapula and clavicle, 

connects the arm to the torso. Arm is formed by humerus and distally the elbow joint connects the arm 

to the forearm. The forearm is formed by the ulna and the radius, and is connected to the hand via the 
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wrist. The bone structure of the arm is represented in figure 2.19. A detailed hand bone structure is 

included in figure 2.20. 

 

Figure 2.19 - Bones and main joints of upper extremities. 

 

Figure 2.20 - Detailed bone structure of the hand – palmar view. 

Soft tissues (mainly muscles) complete the upper limbs. They contain, as well, large blood 

vessels such as brachial artery, which represents a potential life threatening analogous situation to 

that described to the lower limbs of excessive blood loss, in cases of severe injury or amputation. 

2.5 Injuries Severity Evaluation 

The major goal of this work is to correlate injuries determined by application of models and the 

real occurrences observed by medical examination. To do this, a uniform scale must be used in order 

to predict how further an organ or body region is actually affected by the injuries. This section presents 

the injury evaluation scale used to determine the severity and life threatening potential of lesions 

resulting from the accident. Injury scaling can be defined as a means of quantitatively describe 

injuries. One of the most worldwide used is the Abbreviated Injury Scale (AIS). The AIS was 

developed in the mid-1960s as a reference to describe the severity of injuries throughout the body. It 
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consists on a six levels scale that defines the lesion severity in each body region, head, neck, spine, 

thorax, abdomen and pelvis, upper and lower extremities. The higher the number of AIS, the more 

severe the lesions are, up to the top limit where death is eminent. Several revisions have been made 

to AIS tables. In this work the revision used is AIS 2005, and the scales correspond to table 2.1 with 

the corresponding fatality rate [Hayes et al (2007)]. 

 

Table 2.1 - AIS ordinal scale and fatality rate [Hayes et al (2007)]. 

Injury Severity AIS Severity Code Fatality Rate (%) 

1 Minor 0.0 

2 Moderate 0.1-0.4 

3 Serious 0.8-2.1 

4 Severe 7.9-10.6 

5 Critical 53.1-58.4 

6 Maximum - Untreatable - 

 

In chapter 3, where the methods to determine the lesions severity are presented, this scale is 

largely used, as well as when analyzing the clinical or medico-legal autopsy reports, since tables are 

available to attribute certain lesions types to an AIS evaluation and vice-versa [Schmitt et al (2007)]. 

The AIS scale is not linear, i.e, AIS 4 is not twice severe as AIS 2. Although the larger the AIS 

value, the higher the corresponding rate of fatality (as shown in table 2.1), this increase in fatality rate 

jumps markedly from AIS 3 to AIS 4 and even more dramatically from AIS 4 to AIS 5, with the fatality 

rate corresponding to a change from approximately 2%, to approximately 10% in the first example and 

from approximately 10% to more than 50% in the later. So, in cases involving traffic accidents, when 

analyzing injuries based of load acting in a body segment, forces that produce injuries that range 

between AIS 3 and AIS 4, and even more severely from AIS 4 to AIS 5, correspond to important 

regions of human tolerance, each representing a concomitant increase in fatality rates. A load intensity 

capable of smashing the thorax it will cause an injury of AIS 6. However, if the same load is applied in 

a forearm, it will reach a lower value, probably not above AIS 3. 

In spite of the strong correlation between AIS and mortality, i.e, the higher the AIS, the higher 

the death probability, AIS is not designed to assess the combined effects of multiple injuries. In case 

of accidents involving TW, except cases where only very light injuries occur, it is very uncommon to 

have just a segment of the body affected. So, it is desirable to have a criterion that considers the 

global body injuries as a whole, after body segments evaluation. Extending the use of AIS, two 

alternative criteria may be considered to assess the global injury level. The first is the Maximum AIS 

(MAIS), i.e, the global attributed AIS corresponds to the maximum value obtained in all of the body 

segments. The other criterion is the Injury Severity Score (ISS), corresponding to the sum of the 

square of the three highest AIS body segments, including head or neck, face, chest, abdominal or 

pelvic and extremities according with equation 1. 

    (1) 

 

Where AIS1 corresponds to the highest AIS anywhere in the body, AIS2 the highest AIS 

anywhere, except the body segment of AIS1, and AIS3 the highest AIS anywhere, except body 
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segments of AIS1 and AIS2. In ISS, the cervical spine is included in the neck, the thoracic spine is 

included in the chest, and the lumbar spine is included in the abdomen or pelvic contents. ISS scores 

range from 1 to 75, with a score of 75 corresponding to three AIS 5 injuries or to one AIS 6 injury, 

which automatically attribute a value of ISS=75. The correlation between ISS values and the 

percentage of mortality is represented in the graph of figure 2.21 [Silva (2004)]. 

 

Figure 2.21 - ISS values and life threatening [adapted from Silva (2004)]. 

As it can be seen by observing the graph, the probability of mortality is not linear with the ISS 

value. For example, one segment with AIS 5 leads to a mortality probability of 10% while with two 

body segments with AIS 5, increases this value to 60%. 

2.6 Main Guidelines for Medico-Legal Autopsy Procedures 

This section includes a summary about the medico-legal autopsy major goals and the deep of 

the analysis performed. The aim is to better understand the information included within the medico-

legal autopsy reports, and be aware of the criteria used to decide whether to continue or not a further 

investigation in evaluating the body injuries. This information is important as well for the interpretation 

of the medico-legal reports contents. In this work, it is relevant to know a little beyond the human 

anatomy and so, a brief explanation of the standards for this procedure is useful when interpreting the 

lesions. If an injury scale is to be attributed for each segment of the body, it is important that the 

correlation includes, of course, only the injuries that resulted from the accident. There are several 

points in the medico-legal reports that can include some observations which are not caused by the 

accident. For example, if a victim suffers from cirrhosis, the liver could be seriously injured, but if this is 

the only lesion found within the abdomen, the AIS for the accident should be evaluated as AIS 0. 

Other recurrent situation is the mention of some observations that are related with the postmortem 

natural processes, e.g cadaver livor, which has nothing to do with the accident (or other) lesions. It is 

correct to assume that the final conclusion of the medico-legal autopsy will reveal a medical diagnosis 

on the cause of death, and if it is relevant to the accident, such information will be non-ambiguous. 

Still, considering this work’s objective, it is important to split each body segment, in order to detail the 
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injuries and their severity, and thus make a more accurate evaluation. This increases the importance 

of the correct interpretation of this information. 

The main purpose of a medico-legal autopsy is to perform an examination in order to establish 

the cause and manner of death. It is a mandatory procedure every time a death occurs motivated by a 

traffic accident, as described in Portuguese Law, DL 45/2004.  

Usually there is an initial supposition, depending on the conditions in which the victim is found. 

As currently known, sometimes this reveals to be a wrong interpretation, especially when murder 

cases are present. Situations of traffic accidents on the other hand, usually provide almost an 

unquestionable truth that, if the victim died in the local of the occurrence, or within a short period of 

time, then the cause of death should be pointed as lethal injuries caused by the accident. 

Considerations on the manner of death are not relevant for this work, and every traffic collision will be 

assumed to be accidental. Once again, although in most of the cases this will be true, it is still possible 

that the death was not due to the injuries resulting from the crash. So, the first important point is to 

exclude that the cause of death wasn’t, for example, a sudden natural death, caused by a mechanism 

completely alien to the accident circumstances. Origins of sudden deaths can be [Santos (2008)-1]: 

 Cardiovascular system; 

 Nervous system; 

 Respiratory system; 

 Digestive system. 

The procedure itself is divided in six steps [Santos (2008)-2]: 

 Local body examination; 

 Information research; 

 External examination; 

 Internal examination; 

 Complementary exams; 

 Issue of medico-legal autopsy report. 

The first step is more important in cases of crime scenes, accomplished locally using a 

multidisciplinary team, although it is not common for the medical doctor to perform such examinations 

in Portugal. Moreover, these situations are usually not applicable in cases of road accidents. The 

following description of the procedures is done briefly and focused on cases of traffic accidents. The 

complete procedure is much more exhaustive and is described in detail, for example, in Collins (2005) 

or Waters (2009). 

The external examination is usually the first step of the medico-legal autopsy proper, and 

consists of an analysis of all of the available biometric data (such as weight and height), a general 

visual inspection of the body surface, considering population affinity, eye and hair color and any 

lesions that may be present, such as ecchymosis. Fingerprints are taken, and, when necessary, dental 

exams may be accomplished. Further a tactile examination of the body surface is done, which will 

make any major fracture in long bones evident. Usually, smaller fractures are not a major concern, 
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since cases of death motivated by such fractures are rare, and generally associated with amputation, 

leading to excessive blood loss that in turn results in death. 

Internal examination always includes the opening of head, the thorax and the abdomen. Other 

more detailed and invasive studies may be accomplished, as required in cases involving fractures of 

the limbs or spine (or other particular situations), but those cases are exceptional. The medical doctor 

performing the autopsy should always dismiss all unnecessary procedures, avoiding as much as 

possible, additional damages to the body. All the cavities (such as the pleura and the peritoneum) 

should be evaluated according to the contents (such as the presence of gas or fluids), appearance, 

anatomical limits integrity, signs of trauma, and so on. In the neck, soft tissues and muscles should be 

separated and inspected. Major thoracic and abdominal organs are always examined in detail, 

including the respective weights. All solid organs, hollow organs and main ducts, should be dissected 

and macroscopic observations of sections surfaces described. The hollow organ’s internal duct matter 

should be evaluated for quantity and macroscopic aspect. Major blood vessels, such as the aorta, the 

coronaries, the brain arteries and other main vessel, must be carefully observed. All internal lesions 

should be accurately described in size and location. 

Complementary exams should be done as necessary and indicated. These, basically, may 

include histological exams of small sections of the organs and toxicological exams of the blood, the 

urine or gastric contents for alcohol, prescription drugs or drugs of abuse. 

Put very simply, the compilation of the information previously pointed should be gathered in the 

medico-legal autopsy report, with the aim of indicating the cause and manner of death. 
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3 Methodology 

In order to accomplish the objectives of this work, this chapter describes the sequence of 

procedures adopted for the accidents data analysis. It is indicated and justified the criteria for selection 

of the case studies as well as the methods for injuries analysis and severity evaluation, based on the 

information available from the PC-Crash
TM

 simulations. It is also included an overview of the risk factor 

concept, an useful criteria when the comparison with a single upper limit value from the literature is the 

only tool available for injury prediction in a certain body segment.  

3.1 Selection of Case Studies 

A number of accidents involving TW was selected for investigation. The ideal solution would be 

to gather enough data as to give some statistical significance to the sample for a deep validation of the 

results. So far, in the IDMEC data base of road accidents there isn’t yet any analysis of this kind for 

TW, it was decided to start by using 20 cases of accidents for investigation. The case studies selection 

was conveniently done to gather a broad colletion of scenarios considering the TW involved. The 

variables includes the collision scenario, the other vehicles (OV), the classification (in cases of TW 

being motorcycles), the injured occupant, i.e, the driver or passenger (or both) when applicable, and of 

course, cases where medical data was available. These accidents involve front, side, rear, and a 

combination of those collisions. The OV involved in the collisions are cars, buses, pick-ups and trucks. 

For the TW, a selection was made considering motorcycles, moped and bicycles. For the motorcycles 

classification, case studies involving sport, standard and scooters were used. The motorcycles 

classifications are described and illustrated in appendix 2 [adapted from Bernardo (2012)]. Initially the 

idea was to use only accidents with fatal injuries occurrence, since these were the kind of data 

available through the medico-legal autopsy reports from INMLCF. Medical information is usually 

confidential and sometimes is not easy to access, but, since in some of the processes this information 

was made available by the insurance company, three of the case studies are regarding minor injuries. 

The main purpose in using minor injuries is to understand how sensitive the lesions criteria are. In fatal 

injuries the upper tolerance limits were surely crossed. The question is to know how many times. If 

using only fatal injuries, it might happen that all the deaths were violent and thus, even if the criteria 

are able to predict it, they could be doing so by overestimating values, and, since the victims died, it 

could be unfeasible to validate for less severe injuries. Using minor lesions, if criteria show the same 

tendency, this is a good indication for the sensibility of the model. 

In all the case studies, information suitable to identify persons, vehicles or places was always 

kept confidential.  For each case a PC-Crash
TM

 simulation was performed and validated recurring to 

the method described in 2.1. There were a few situations where there was already a simulation 

validated by an official report. In those cases, the simulation was sometimes used with the necessary 

changes for this study. 
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3.2 Injury Criteria 

Several models exist for injuries prediction in human body when this is subjected to forces, 

accelerations, moments or energies sufficient to cause organs and tissues damages. In case of road 

accidents, the main cause for lesions is impact from the mechanical (kinetic) energy dissipation. In this 

section a few methods for injuries evaluation are presented. These were chosen in an attempt to best 

fit the situation of accidents involving TW occupants, the collision scenario, and the variables that can 

be calculated recurring to PC-Crash
TM

. There are situations of lesions in the same part of the body 

that may be determined using different models since it depends on if it is a front or a rear impact. 

Other situations may use a criterion that, according with the literature, may not be the best to fulfill the 

scenario, but, due to limitations on the software, it reveals to be the best available way to get 

information suitable for analysis. These situations are explained in the next sections.  

The lesions estimation using the models, are within a methodology of comparing values with a 

scale, in order to predict the severity of the injuries. The scale used is the AIS already explained in 

section 2.2. Tables are available in the literature to correlate the lesions described in medical reports 

and this AIS scale [Schmitt et al, 2007]. This work main goal is to establish a correspondence between 

the AIS predicted by the model, and the AIS obtained recurring to clinical and/or medico-legal autopsy 

reports data, enabling to validate the model for injuries prediction. This is done separating the lesions 

in body segments and thus applying the criteria in all the parts according with the accident 

reconstruction. The criteria for each body segment are presented in this chapter, and include: head, 

neck, thorax, abdomen, pelvis, lower and upper extremities, i.e, lower and upper limbs, similarly to the 

same segments for the human anatomical fundamentals described in chapter 2. This division is 

inspired within the current practices described in literature. The majority of the authors use the same 

subassembly body segments. Slight differences may be encountered on the lower part of the body. 

Some authors use lower body segments which include pelvis and lower limbs, probably motivated by 

the importance and criticity of the hip joint with the femur, as a subpart. Others choose to consider this 

subpart as two, the pelvis and lower limbs separately. 

3.2.1 Head Injuries 

Head injuries, caused by road accidents, continues to be a leading cause of death and 

disability, even though considerable advancement in understanding the injury mechanisms and the 

introduction of several measures to prevent such injury (e.g. helmets, vehicle restraint systems), has 

resulted in the reduction of the number and severity of head injuries [Schmitt et al (2007)]. The 

severity of the lesions corresponds to the physiologic and morphologic changes that are caused by the 

mechanical loads and/or accelerations. The injury criteria represent the physical parameters that 

correlate the injuries within the head and, by the values achieved, the severity and potential damages. 

The most important lesions on the head are those involving either the skull or the brain, including the 

meninges. Fractures may be open fractures or closed. In road accidents, especially involving TW, 
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when occupants are not wearing helmet, soft tissue of scalp and face injuries are very common, even 

at low speed accidents. Table 3.1 summarizes head injuries and AIS correspondence. 

 
Table 3.1 – AIS classification for head injuries. 

AIS Code Description 

1 
Skin/scalp: abrasion, superficial laceration 
Face: Nose fracture 

2 

Skin: major avulsion 
Vault fracture: simple, undisplaced 
Mandible fracture: open, displaced 
Minor and medium maxilla fracture 

3 

Basilar fracture 
Major maxilla fracture 
Total scalp loss 
Single contusion cerebellum 

4 
Vault fracture: complex, open with torn, exposed or loss of brain 
tissue 
Small epidural or subdural hematoma 

5 

Major penetrating injury (> 2cm) 
Brainstem compression 
Large epidural or subdural hematoma 
Diffuse Axonal Injury (DAI) 

6 Massive destruction of both cranium and brain (crush injury) 

 
Injuries on the head may be caused by situations where direct contact of the head has occurred 

(contact forces), or no direct contact has occurred, and in this case, the only lesions responsible 

mechanisms are the inertial forces, i.e, accelerations (or decelerations). Several studies were 

performed in cadaver using drop tests to determine the limit impact force to cause skull fractures. A 

compilation of those studies may be found in Schmitt et al (2007) and is summarized in table 3.2. 

 
Table 3.2 - Peak force for fracture at different regions of the skull [Adapted from Schmitt et al (2007)]. 

Impact Area Criterion Force (kN) 

Frontal # 1 4.2 

# 2 5.5 

# 3 4.0 

# 4 6.2 

# 5 4.7 

Lateral # 1 3.6 

# 2 2.0 

# 3 5.2 

Occipital # 1 12.5 

 
For lesions caused by accelerations, experimental studies were addressed to measure limiting 

values for diffuse brain injuries and subdural hematoma. Ommaya et al (1967) measured angular 

accelerations in primates, assessed the injuries level and extrapolate limiting values for human brain 

with a probability above 90% to produce concussions. It was found that the injuries caused by angular 

acceleration depend on the mass of the brain. On this basis, the extrapolation of Ommaya et al (1967) 

results for humans considers this mass scale between the primates and human brain. Schmitt et al 

(2007) compiles several studies on the limits of angular velocity and acceleration and the respective 

brain injuries obtained (table 3.3). 
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Table 3.3 - Tolerance thresholds for rotational acceleration and velocity of the brain [Adapted from 
Schmitt et al (2007)]. 

Tolerance Threshold Type of Brain Injury 

50% Probability: 
    α = 1800 rad/s2 for t < 20 ms 
    α = 30 rad/s2 for t > 20 ms 

Cerebral Concussion 

α < 4500 rad/s2  and/or  ω < 70 rad/s Rupture of bridging vein 

2000 < α < 3000 (rad/s2)   Brain surface shearing 

ω < 30 rad/s 
    safe:  α < 4500 rad/s2   
    AIS 5: α > 4500 rad/s2 
ω > 30 rad/s 
    AIS 2: α = 1700 rad/s2 
    AIS 3: α = 3000 rad/s2 
    AIS 4: α = 3900 rad/s2 
    AIS 5: α = 4500 rad/s2 

General Injuries 

 
Since PC-Crash

TM
 calculates contact forces, angular velocities and accelerations, comparisons 

may be made between the obtained values and the limiting values from previous tables. 

Another method for head injuries estimation is the HIC. This is a largely accepted criterion 

based on head acceleration values. HIC is computed based on equation 2. 

 

 

(2) 

 

 

Where a(t) is the acceleration resultant in gravitational acceleration units [g] obtained in the 

head centre of mass. t2-t1 interval is chosen up to a maximum of 36 ms (FMVSS 208). For situations 

where direct head contact exists, the chosen interval is 15 ms (HIC15) and for situations with no direct 

contact, the interval should be 36 ms (HIC36). Minimum HIC threshold for injuries to occur is 700 for 15 

ms and 1000 for 36 ms. Beyond these values, severe and permanent head injuries are expected. 

The value of HIC is of course for a human head, meaning that, is doesn’t consider the helmet 

protection. PC-Crash
TM

 doesn’t permit to include helmet accessory within the multibody system and, 

since the introduction of a helmet modeling in finite elements, or using CAD, is unfeasible within the 

available time for this project, an alternative approach, used by Bernardo (2012), seems to be 

appropriate for this purpose. This is based on the work of Liu et al (2008), who predicted a reduction in 

head lesions severity when using the helmet. On the contrary, the attenuation of head injuries with the 

helmet, seem to increase the severity of lesions in the neck. Actually, if using an inertial criteria 

(accelerations) this makes a lot of sense, since the helmet addition is associated to an increase in 

mass and moment of inertia and thus, for the same impact speed, larger momentum values are 

expected to be applied to the neck. The correction factors applied by Liu et al (2008) depend on the 

determined injury scale. In case of head injuries the helmet reduces the risk in 69% while in case of 

death, the risk is reduced in 42%. These are represented in equations 3 and 4. 

 

(3) 
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(4) 

 

Establishing correlations of HIC with injury scales, Kuppa (2004) provides some data upon 

Head Injury Risk Curves. Considering normal distribution, the probability of head injury as a function of 

HIC is given by equation 5. 

 
                    (5) 

  
Where φ is the cumulative normal distribution, μ=6.96352 and σ=0.84664 values for AIS ≥2 

head injuries, μ=7.45231, σ=0.73998 for AIS ≥3 head injuries, and μ=7.65605, σ=0.60580 for AIS 4+, 

i.e, 4<AIS<5 head injuries. Table 3.4 summarizes the obtained values of equation 5 for probabilities of 

25% and 50% for AIS≥2, using the 50
th
 percentile adult male. 

 
Table 3.4 - Values of HIC36 at 25% and 50% risk of head injury for 50

th
 percentile adult male [Adapted from 

Kuppa (2004)]. 

Injury 
Predictor 

25% Probability of Injury 50% Probability of Injury 

AIS≥2 AIS≥3 AIS≥4 AIS≥2 AIS≥3 AIS≥4 

HIC36 600 950 1400 1050 1680 2113 

 
The graph of figure 3.1 represents another model, provided in Schmitt et al (2007), that enables 

to estimate a probability of skull fracture as a function of the HIC value. By observing the graph, values 

of HIC above 3000, lead to a probability above 90% of skull fracture.  

 

Figure 3.1 – Probability of skull fracture with HIC [Adapted from Schmitt et al (2007)]. 

By consulting figure 3.1, there is a consistent correspondence between table 3.4 from Kuppa 

(2004) and the graph from Schmitt et al (2007), since for values of AIS above 3, the fractures of the 

skull are always included, increasing in severity with AIS. Considering HIC values above 2000, AIS 

above 3 is quite predictable according with Kuppa (2004). Skull fractures as well, in accordance with 

Schmitt (2007). Since usually above this value, the skull fracture is included in the AIS classification 

tables, this lead to a good and consistent correlation with both head predictable injuries. An even more 

fine correlation between AIS and HIC may be found in Hayes et al (2007). This correlation (figure 3.2) 

determines the probability of AIS 1 to 6 as a function of HIC.  
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Figure 3.2 – Head injury risk curves based on HIC values [Hayes et al (2007)]. 

By observing the diagram from figure 3.2, it can be concluded that from HIC values above 2000 

a serious life threatening risk exists, i.e, AIS 5 or above. 

3.2.2 Neck Injuries 

In automotive crashes, loading of the neck is generally due to head contact forces and/or 

combined axial or shear load with bending. Because of the anatomical curvature of the cervical spine, 

bending in whichever direction is almost always present. Assessing life threatening, table 3.5 makes 

an AIS grade correspondence with several spine and neck injuries. 

 

Table 3.5 – AIS classified spine injury. 

AIS Code Description 

1 Skin, muscle: abrasion, contusion (hematoma), minor laceration.  

2 
Vertebral artery: minor laceration 
Cervical/thoracic spine: dislocation without fracture 
Thoracic/lumbar spine: disc herniation 

3 
Vertebral artery: major laceration 
Cervical/thoracic spine: multiple nerve laceration 

4 Cervical/thoracic spine: spinal cord contusion incomplete 

5 Cervical/thoracic spine: spinal cord laceration without fracture 

6 
Decapitation 
Cervical spine: spinal cord laceration at C3 or higher with fracture 

 
 In frontal impacts which the torso is restrained and the neck is meant to stop head movement, 

may result in flexion of the cervical spine while being subjected to tension. 

Schmitt et al (2007) presents several criteria for spine injuries evaluation. As stated before, 

using multibody systems, all the parts of the occupants correspond to rigid bodies and consequently, 

below the neck, all the vertebra are included within the thorax. The only vertebrae that might be 

considered separately are within the cervical segment of the spine. Based on Viano et al (2001) upper 

cervical injuries include the critical spine lesions that may represent a life threatening. So, for this 

purpose, considering that neck part is more critical, obtaining the severity of neck injuries will include 

also the lower spine injuries with respect to severity classification. 
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The neck injury criteria classification proposed in Schmitt et al (2007) can be selected 

depending on the situation itself.  

NIC (Neck Injury Criterion) is a very useful method applicable for accidents which the impact is 

mainly to cause reaction in anterior-posterior direction, i.e, x-axis. This criterion is validated specific for 

this purpose by Kullgren et al (2003) and is defined by equation 6. 

 

(6) 

 

In equation 6, arel(t) is the acceleration of the head center of gravity relative to the first thoracic 

vertebra, T1, and vrel(t) is the relative speed. Considering the PC-Crash
TM

 rigid bodies, this 

corresponds to the relative acceleration and speed between the head and the thorax. Boström et al 

(1996) defined limiting values for this equation, considering that in order to avoid major lesions, this 

NIC(t) should remain at a value up to 15m
2
/s

2
. During the rear impacts, an extension of the head 

typically occurs, leading to a major error of calculation when it reaches angles of about 20° to 30° with 

the vertical axis. In consequence it was introduced the concept of NICmax which indicates the point 

during the collision process where the head reverses its direction of motion relative to the neck. 

Currently, there is no method for assessing the potential for injury from relatively minor rear-end and 

frontal collisions. In forensic injury biomechanics, NIC can be used to assess soft tissue neck injuries 

in such impacts [Hayes et al (2007)].  For NICmax value, a probability of short term (less than a month) 

and long term (longer than a month) injuries may be estimated (figure 3.3). 

 

Figure 3.3 - Neck long term injury risks as a function of NICmax [Hayes et al (2007)]. 

Other criterion for neck injuries is the Nij to assess severe lesions, resulted from frontal impacts. 

This criterion combines axial force (z-axis) with flexion or extension bending moment in sagittal plane 

(y-axis), to provide a composite neck lesions indicator, according with equation 7. 

 

 
(7) 
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Where Fint and Mint are the normalizing factors, called the intercept values. Initially, Fint and Mint 

were obtained for a 3 year old child representing dummy, but scaling technics were applied to 

extrapolate values for all the sizes and weights [Schmitt et al (2007)]. For an adult test dummy, 

FMVSS 208 defines the intercept values according with table 3.6: 

 

Table 3.6 – Normalizing factors for Nij calculation. 

Fint Mint 

Compression Tension Flexion Extension 

6160 N 6806 N 310 Nm 135 Nm 

 
Combination of forces can either give Nij to be Ncf – compression – flexion, Nce – compression – 

extension, Ntf – tension – flexion or Nte – tension – extension. At each point in time, only one of the 

four loading conditions occurs and the Nij value corresponding to that loading condition is computed, 

while the three remaining loading modes shall be considered with a value of zero. An injury threshold 

value of 1.0 applies for each load case, leading to AIS ≥ 1. A diagram correlating Nij with AIS above 3 

occurrence probability may be found in Eppinger et al (1999). These results are corroborated by 

Hayes et al (2007) who extended this correlation between Nij criterion and the probability of AIS 

occurrence from 2 to 5. These results are represented in figure 3.4. 

 

Figure 3.4 - AIS 2, 3, 4 and 5 probabilities as a function of Nij [Adapted from Hayes et al (2007)]. 

Adopting the Nij to analyze the effect of deploying side impact airbags, Duma et al (1999) 

replaced the sagittal bending moment by the total bending moment. 

There are other neck injuries determination criteria, but for the purpose of this work, these two 

previously described seem to fit in the characteristic impact situations typical from accidents involving 

TW, allowing to cover situations of rear-end, front and side impacts. 

Although PC-Crash
TM

 doesn´t provide calculation of momentum, it does for angular velocity and 

thus,  

 

(8) 

Equation 8 may be found e.g in Beer and Johnston (2009), being Iyy and αy the MOI (Moment Of 

Inertia) and angular acceleration in y-axis respectively. 
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Yoganandan et al (2009) performed a detailed study, correlating mass, gender, height and 

weight with MOI. For calculation simplification it is used, throughout this work, inertial properties of the 

head corresponding to 50
th
 percentile of male found in Beier et al (1980), also validated by 

Yoganandan et al and resumed in table 3.7. 

 

Table 3.7 – Mass and MOI for head corresponding to 50
th

 male percentile. 

Head Inertial Properties for 50
th
 Percentile Male 

Mass 4.54 kg 

 22.0 x 10
-3

 kgm
2
 

 24.2 x 10
-3

 kgm
2
 

 15.9 x 10
-3

 kgm
2
 

 
 
Still, if cases are found where the discrepancy from this average is very evident, e.g, small adult 

or children, the correlation proposes by Yoganandan et al (2009) may be used, relying that biometric 

data, in this case the mass of the head, is provided in the clinical or medico-legal autopsy report. This 

correlation, corresponding to the graph of figure 3.5, directly provides Iyy as a function of the head 

mass. 

 

Figure 3.5 - Head Iyy as a function of mass. Pink data corresponds to female specimens and blue data 
points corresponds to male specimens and the line corresponds to regression with the equation details 

[Adapted from Yoganandan et al (2009)]. 

A simpler correlation for neck injuries, more qualitative and depending only on vehicle 

acceleration, was achieved in Kullgren et al (2003), after a deeper study involving several thousands 

of vehicles equipped with accelerometers involved in road accidents, motivated by a big research in 

WAD (Whiplash Associated Disorders). Using acceleration as injury predictor, it was found that below 

5g mean acceleration, the risk to sustain a long-term neck injury was still very low. Within values 

above 7g the risk seems to approach 100%. 3g appeared to be the minimum threshold value for 

symptoms to exist, since no one was observed to have complains for more than one month in this 

situation. 

Another situation that might occur in accidents involving TW is related with one common 

situation of the throwing of the occupants after the impact when it occurs at a certain threshold speed. 

In this case, the contact with the ground is similar to an accident such as a dive in shallow waters. Aito 

et al (2005) observed commonly injuries to the cervical spinal at the level of fifth and sixth vertebra 

occurring in diving accidents with head impact. Still, as demonstrated on the results, the investigation 
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on this matter is only relevant if the first head contact is similar to a dive, since the larger values for 

forces and accelerations happens during the first impact and not in subsequent dynamics, making an 

approach of this type inadequate for the purpose of this work. 

3.2.3 Thoracic Injuries 

Thoracic and abdominal lesions are directly correlated with the rate of deformation caused by 

the impact that occurs in both regions during the accident. The deformation, and consequently the 

lesions, depends on the kinetic energy, stiffness and the shape of the impact object, as well as the 

direction and point of contact. The biomechanical behavior of the thorax and abdomen can be divided 

in inertia component, elastic component and viscoelastic component. Inertia is the opposing force due 

to the acceleration caused by the impact. Elastic is associated with the stiffness of bones and soft 

tissue, a fundamental characteristic that provides protection special during low speed impacts. 

Viscoelasticity is a characteristic of soft tissues that enables the limits of deformation of the organs, by 

developing an opposing stress, particularly during high speed impacts. This property plays a crucial 

role in organs protection by dissipation of energy. During impact, the three components combine 

themselves in order to develop an opposite force to the impact dynamics that limits the deformation 

and the injury severity. Usually impact lesions are blunt type. The lesion appears by smashing of soft 

tissue of the organs when the deformation is above the limits that still allows elastic recover. When 

compression in the thorax exceeds the upper limits, fractures on the ribs appear. Beyond this, all 

internal organs, veins and arteries are much more exposed and subjected to injuries, such as 

contusions and ruptures. Still, it is important to add that lesions may be suffered in soft tissues and 

internal organs, even without any fractures on the thorax bones. This may happen at high speed 

impacts with momentum transmission and shock waves associated with the impact. Skeletal lesions 

appear as bone fractures that may affect ribs, sternum, or vertebral column. In case of vertebral 

column fractures that result in spinal cord injuries, these may lead to transverse lesions that in the 

cases of TW vehicle occupants, results sometimes in quadriplegia. In general, cases of thoracic 

lesions, these occur more often in internal organs such as esophagus, lungs, aorta, heart and 

diaphragm [Schmitt et al (2007)].  

The inertia of internal organs may be associated with lesions that appear due to different 

moments between the organs and the thorax. This may lead to torn or rupture in the membrane that 

supports the organ, breakdown of arteries, especially in aorta. This is particularly important since 80 % 

to 85 % of the victims in road accidents sustaining an aortic trauma, die at the scene of the accident 

[Smith and Chang (1986)]. Blunt injuries to thoracic great vessels are the second most common 

causes of trauma related death, after head injuries [Connor et al (2009)]. 

The severity of injuries and the corresponding life threatening in AIS scale is presented in table 

3.8 and table 3.9 for skeletal and soft tissues lesions respectively. 
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Table 3.8 – AIS grades for thoracic skeletal injuries. 

AIS Code Description 

1 One rib fracture 

2 
2-3 rib fractures 
Sternum fracture 

3 
4 or more rib fractures on one side  
2-3 rib fractures with haemothorax or pneumothorax 

4 
Flail chest 
4 or more rib fractures with haemothorax or pneumothorax 

5 Bilateral flail chest 

 
 

Table 3.9 – AIS grades for thoracic soft tissue injuries. 

AIS Code Description 

1 Contusion of bronchus 

2 Partial thickness bronchus tear 

3 
Lung contusion 
Minor heart contusion 

4 
Bilateral lung laceration 
Minor aortic laceration 
Major heart contusion 

5 
Major aortic laceration 
Lung laceration with tension pneumothorax 

6 Aortic laceration with hemorrhage not confined to mediastinum 

 
Criteria for determination of thoracic injuries are very difficult to apply when using an accident 

reconstruction based on a multibody with rigid bodies. The most severe impacts with higher potential 

to cause thoracic injuries are the frontal and lateral. For side impacts, the TTI (Thorax Trauma Index) 

is most well-known acceleration based injury criterion. TTI requires lateral accelerations determined 

on 4
th
 and 8

th
 rib, and also 12

th
 thoracic vertebra. As mentioned, in PC-Crash

TM
, the thorax is a rigid 

body with the corresponding center of gravity, and all the variables that may be obtained, correspond 

to application in that point. So, using this model, there is no possibility of isolating accelerations on 

those three segments.  

Other criterion is the rate of compression of the thorax, which in case of rigid models lead to the 

same limitation. The compression criterion requires obtaining the deformation of the thorax, in 

accordance with equation 9. 

                   
 

(9) 
 

 

Where d(t) is the deformation of the thorax and D the thickness of the torso. King (2000) - Part 1 

gathered several data concerning measure of chest stiffness in cadavers. Although some values were 

achieved, these can’t be used for calculations because, according to Lobdell et al (1973), after using 

some volunteers for living experiments, concluded that depending on being tensed or relaxed, the 

stiffness gets different values. In case of tensed muscles, stiffness is increased when comparing with 

all the muscles relaxed, as it happens in a dead body. According with this study, the values reached 

for small values of compression are summarized in table 3.10. 



 

 

42 

 

Table 3.10 – Stiffness of thoracic muscles to compression force. 

Thoracic Muscles Tensed Relaxed 

Thorax stiffness to compression force 23.6 N/mm 7 N/mm 

 
For compression values up to 60 mm. 

Melvin et al (1985) corroborated this value of 23.6 N/mm (± 4 N/mm) up to 40 mm of 

compression and stated an upper stiffness of 120 N/mm (± 18 N/mm) for compressions above 76 mm. 

This nonlinear relationship may be represented as: 

 

   (10) 

 

In equation 10, Fx is the compression force in the thorax, i.e, the force applied on the chest 

thought the anterior-posterior x-axis (N) and d is the amount of deformation (mm) suffered through the 

application of the force. This result was obtained for a static load, but in the same report, authors 

concluded that the maximum deflection of the chest occurs when the impact velocity and the chest 

reach a common velocity, and consequently the force at maximum deflection is primarily a static 

response making equation 10 valid for this work purpose. 

By obtaining the compression contact force recurring to PC-Crash
TM

, using equation 10, the 

value of the chest deformation d may be obtained. Kroell et al (1971, 1974) correlated the maximum 

deformation (Cmax) with AIS by analyzing blunt impacts, and concluded that his correlation was better 

than the tables using force and acceleration. This correlation corresponds to equation 11. 

 

   (11) 

Where C comes from equation 9, using D as 230 mm, corresponding to 50
th
 male percentile. As 

stated previously, lateral injuries quantification results are limited using these methods based on PC-

Crash
TM

 calculations. For this purpose, a comparison can be made, using those tables of limiting 

forces or accelerations. As discussed, although not being a good evaluation as the corresponding for 

frontal impacts, provides at least a way to fit the order of magnitude of life threatening in that body 

segment. Schmitt et al (2007), based on several references, summarizes this correspondence 

between forces and accelerations and injury level. This data is presented in table 3.11 for lateral 

forces and accelerations only, since these are the values available for comparison. 

 

Table 3.11 – Thoracic injury levels caused by lateral forces [Schmitt et al (2007)]. 

Tolerance Level Injury Level 

Force  
7.4 kN AIS0 
10.2 kN AIS3 
5.5 kN 25 % probability of AIS4 

Acceleration  
60 g 25 % probability of AIS4 

 

Also, it can be added some data from Kuppa (2004), where a thoracic injury criteria was 

estimated using data from 42 side impact sled tests with cadavers. The purpose was to get values for 
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maximum rib deflection. After statistical procedures, the level of injuries obtained within the tests was 

correlated with the spine lateral acceleration of the impact. Maximum values for both upper and lower 

spine lateral accelerations were obtained, and table 3.12 summarizes these data and correlates it with 

the probability of injury, considering AIS above 3 and 4. 

 

Table 3.12 - Predictor of injury severity in upper and lower spine caused by lateral accelerations [adapted 
from Kuppa (2004)]. 

Injury Predictor 25% Prob. Of Injury 50% Prob. Of Injury 

AIS>3 AIS>4 AIS>3 AIS>4 

Max Lower Spine Acceleration 
Std Error Range 

36g 
0g - 59g 

70g 
2g - 114g 

80g 
54g - 112g 

130g 
96g - 170g 

Max Upper Spine Acceleration 
Std Error Range 

15g 
0g-30g 

46g 
25g-65g 

43g 
26g-60g 

74g 
58g-114g 

Average Values 26g 58g 62g 102g 

 
In spite of PC-Crash

TM
 doesn’t provide acceleration values for upper and lower spine, but 

instead just for torso region, this allows another comparison beyond the lateral loads. So, using the ay 

values, it is possible to predict some additional injury scale, but, moreover, to have a qualitative order 

magnitude of damages in the spine. 

Predictor values from table 3.12 may be also represented by the graphs included in figures 3.6  
and 3.7. 

 

Figure 3.6 - Graphic representation injury severity prediction in upper spine caused by lateral 
accelerations [adapted from Kuppa (2004)]. 

 

 

Figure 3.7 - Graphic representation injury severity prediction in lower spine caused by lateral 
accelerations [adapted from Kuppa (2004)]. 

_______ AIS≥3 

_______ AIS≥4 

_______ AIS≥3 

_______ AIS≥4 
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As stated previously, the same acceleration values produce more severe injuries if applied in 

upper spine, than in lower spine. 

3.2.4 Abdominal Injuries 

As briefed in chapter 2, abdomen is cranially bounded by the diaphragm, and caudally by the 

pelvic bones and respective muscles. Only a part of upper abdomen is protected by the lower rib cage 

(the hard abdomen), while the lower part is surrounded by muscles only. Thus, it’s a region more 

exposed than the thorax, since no thoracic cavity exists to provide protection. As mentioned, the 

organs are divided in solid and hollow, depending on the average density. 

The direct impacts from the accidents are suitable to cause damages in the kidneys, liver and 

spleen. The organs in abdominal region are not rigidly fixed to the walls, but supported by membranes 

or embedded in fat, allowing them to move and adjust the body position and respiration or 

biomechanical inputs. This freedom of movement greatly influences the response of these organs to 

the injury mechanisms. 

Position of the organs also influences the lesions, depending on where the impact takes place. 

Frontal impacts appear to be more dangerous for the organs in front of the spine than the lateral ones. 

Due to the differences in lateral symmetry regarding the internal organs distribution, side impacts may 

cause different damages, depending on whether they came from left or right side of the body, even if 

the same amount of energy is transferred. The frequency of lesions with AIS>3 with the side impact is 

represented in the graph of figure 3.8. On the right hand side the affected organ is mainly the liver, 

while on the left is the spleen. However, both lesions in those organs are life threatening. Liver 

compression induces an internal pressure growth leading to strains beyond the tolerance limits, 

resulting in breakdown of the main hepatic blood vessels [Silva (2004)]. Table 3.13 contains examples 

of abdominal injuries graded by AIS scale. 

 
Table 3.13 – AIS grades for abdominal injuries. 

AIS Code Description 

1 Skin, muscle: contusion (hematoma) 

2 Spleen of liver contusion inferior to 50% of surface area 

3 
Major kidney contusion 
Spleen rupture 

4 
Abdominal aorta minor laceration 
Kidney/liver rupture 

5 Total destruction of kidney tissue and vascular system 

6 Hepatic avulsion (total separation of all vascular attachments) 
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Figure 3.8 - Frequency of AIS > 3 abdominal injury for different organs due to side impact on the right or 
left side, [adapted from Schmitt et al (2007)]. 

The structure of the organs is important for the AIS level. Solid organs are more prone to suffer 

injuries than hollow organs for the same scenario. 

Many studies were made in animals and cadavers in an attempt to reach models for abdomen 

injuries quantification. King (2000) - Part 2 includes values for stiffness on lower abdomen bounded by 

the interval from 23.0 N/mm to 53.9 N/mm. This measurements result in highly nonlinear diagrams, 

because of the hysteresis effect, caused by all the complex mechanical behavior due to the 

anatomical characteristics already mentioned. Also, like all other parts that are different from person to 

person, organs in abdomen may also, within a relative short time basis, behave with mechanical 

differences in the same person. This is caused mainly by variations in mass and volume, which in a 

viscoelastic body represents a major influence. Examples of this changes causes are the amount of 

digestive matter within the stomach or intestines that may vary in an hourly basis, pregnant women 

with fetus in the uterus (weeks or monthly basis), or some kinds of diseases, such as obesity or 

cirrhosis on the liver, which may affect the mass (liver augmentation caused by the illness) of stiffness 

(due to this histological changes, caused by the pathology) [Seeley et al (2003)]. 

Using the same software to obtain the kinetics of the accident, the same limitations previously 

applied to the thorax rise again. One possibility is consider, as already stated, abdomen is more 

exposed than the thorax, and thus use as well for abdomen the thorax criterion, considering the 

contact forces on the torso. In this approach, if already severe damages were expected in the thorax, 

a qualified assertive extrapolation may be extended to the abdomen, and severe injuries are expected 

too. This is actually corroborated by Rouhana (1993), who recommended lower abdominal response 

to be used as for the thorax and upper abdomen.  

Using data from PC-Crash
TM

, a more refined approach may be used, since the values of contact 

forces are available for the hip. Seems quite reasonable to suppose that abdomen is exposed to force 

magnitudes somewhere between the values in both segments, e.g, the lower value of the upper limit 

in both areas, which may represent the threshold force reached in the region. 

As presented for the thorax injuries, King (2000) - Part 2 compiled several results for abdominal 

tolerances for frontal and side impacts. Within the limitations of the model, and no other method 

available, the estimation of a force order of magnitude, and comparison with those limits, may be 
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accomplished, in an attempt to predict the severity of the lesions in abdominal segment. Table 3.14 

resumes the threshold limits of lateral and frontal forces, and the severity of injuries expected to occur 

in abdominal segment. 

 

Table 3.14 - Abdominal tolerance for frontal and side impacts [adapted from King (2000) - Part 2]. 

Tolerance Level Injury Level Main Organ Affected 

Front Impact   
0.24 kN AIS>3 Liver 
3.76 kN 25 % probability of AIS>4 Lower Abdomen 

Side Impact   
6.73 kN 25 % probability of AIS>4 Upper and Mid Abdomen 

 
A comparison of King – Part 2 (2002) with data from Kuppa (2004) may be accomplished. 

Similarly to thorax injuries criteria, Kuppa (2004) congregates some tests performed in human cadaver 

side impacts. One of the criterion validated for this segment injuries, is the viscous criterion [Viano et 

al (1989)]. This is not surprising, based on the anatomical characteristics of the abdominal internal 

organs already briefed. In cases of severe impact, once again the injuries level was correlated with the 

impact force. In this case, a statistic curve was obtained, considering the total (horizontal) force. The 

result is presented in table 3.15. 

 

Table 3.15 - Predictor of injury severity in abdomen caused by lateral force [adapted from Kuppa (2004)]. 

Injury Predictor 25% Prob. Of Injury 50% Prob. Of Injury 

AIS>3 AIS>4 AIS>3 AIS>4 

Maximum total horizontal 
abdominal force  

2300 N 3800 N 2800 N 4400 N 

 
Or, figure 3.9 is a graphical representation of the injury risk probability as a function of the 

abdominal force. 

 

Figure 3.9 - Graphic representing the abdominal injury risk as a function of the horizontal abdominal force 
measured [adapted from Kuppa (2004)]. 

For the purpose of this work, a combination of King (2000) - Part 2 and Kuppa (2004) results is 

used for this body segment. 

_______ AIS≥4 

_______ AIS≥3 
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3.2.5 Pelvic Injuries 

Pelvic segment is often considered as pelvis and lower extremities, i.e, considering also the 

thigh, the knee, the lower leg and foot. Since many of the injuries that actually occur in this segment 

are within the joint between the hip and the femur head, they are considered together and not the 

pelvic bones isolated from the legs. Table 3.16 contains the categorized injury scale for pelvis and 

lower limbs.  

 
Table 3.16 – AIS grades for pelvis and lower limbs injuries. 

AIS Code Description 

1 Ankle, hip. Sprain concussion 

2 

Patella, tibia, fibula, calcaneus, metatarsal: fracture 
Pelvis: fracture (closed, undisplaced) 
Toe: amputation, crush 
Hip, knee dislocation 
Muscles, tendons: laceration (rupture, tear avulsion) 

3 
Femur: fracture 
Pelvis. Fracture (open, displaced) 
Traumatic amputation below knee 

4 
Pelvis: “Open book” fracture 
Traumatic amputation above knee 

5 
Pelvis substantial deformation with associated vascular disruption 
and blood loss above 20% of volume 

 
In this work, taking the advantage that PC-Crash

TM
 permits to calculate the kinetics in the pelvis 

separated from the legs, it is worth to try to obtain some separated criterion to quantify lesions in those 

segments separately. This becomes even more important because in medico-legal autopsy reports, 

those segments are subjected to separated analysis as well, leading to a good motivation to go a little 

deeper in pelvic injuries.  

Injuries from accidents affecting pelvis and the lower extremities are usually fractures, so the 

main focus of attention are the bones. Like any other biological material, the structure and properties 

are complex, but, according with Dalstra et al (1993), pelvic bones are not so far from isotropic.  The 

most severe injuries are consequence of side impacts [King (2000) - Part 2]. These may result from 

sports accidents or falls, respectively, rather than from automotive accidents [Schmitt et al (2007)]. Par 

excellence, accidents involving TW are often associated with falls, either from the vehicle, of motivated 

by the strong impact caused by the accident itself. Pelvic injuries can be very severe and life 

threatening, especially in cases of disruption of blood vessels, leading to blood loss of a volume above 

20% (AIS 5 from table 3.16). Injuries in pelvis are divided in isolated fracture of the pelvic ring, multiple 

fractures of the pelvic ring, sacrum fracture and associated lesions. Hip fractures are a common injury, 

especially in older people when suffering a fall. In side impact, the most frequent injury is pubic rami 

fractures, followed by acetabular fractures [Guillemot et al (1997)]. 

Considering the body segments where the main lesions are fractures, a detailed comparison 

with the data from clinical or medico-legal autopsy reports may be accomplished using mechanical of 

fractures, in an attempt to correlate the load type, used to determine the injury in the model, and the 

type of lesion observed, instead of just confirm the respective occurrence. In a biomechanical point of 

view, the fractures in pelvis may be motivated by compression, vertical shear, or a combination of both 
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loads. Like in the abdomen, compression of the pelvis may be differentiated in frontal (anterior-

posterior) within the x-axis, or lateral (y-axis). In case of application of a directed compression force in 

the pelvis center, a straddle fracture is expected, i.e, multiple fractures of the pubic rami. In cases of 

compression with impact forces on the right and left front, the expected result is a hinge or “open 

book” fracture. In this case, the pelvic diameter is increased, causing tensile forces to act on tissue 

hosted by the pelvis, and possibly, violating ligaments. Using the direction of load application, obtained 

by PC-Crash
TM

 simulations, it is possible to determine in which direction most probably occurred the 

more severe trauma. 

There are just a few works that attempt to measure hipbone mechanical properties. The most 

common is to get values of mechanical behavior for the joint between hip and femur [Dalstra et al 

(1993)], motivated for this quite frequent situation, especially in elderly people [Schmitt et al (2007)]. 

Many of the references on this matter use this type of approach. For frontal impacts, tolerance data for 

the pelvis are sparse. This is due in part to the lack of a single study involving a large number of 

cadaveric subjects. On the other hand, motivated by use of belt restraints in passenger cars, more 

side impact data is available, due to the higher occurrence of these injury type in car accidents. Pelvic 

tolerance data due to vertical loading (in the superior to inferior direction) is also available.  

King (2000) - Part 2 gathered an amount of data from several references in an attempt to 

achieve the tolerable load limits in pelvis. Tables 3.17 and 3.18 summarizes those values, the test 

type, i.e, the point of load application, and the expected injuries, for both frontal and side impacts. 

 

Table 3.17 - Limit load criteria for injuries in pelvis motivated by frontal impact. 

Criterion Tolerance Level Load Application Injury Level 

# 1 6.2 kN – 11.8 kN Pelvis Pelvic fractures 

# 2 8.9 kN – 25.6 kN Knee Hip and/or pelvic fractures 

# 3 37 kN Knee Hip and/or pelvic fractures 

# 4 3.7 kN – 11.4 kN Knee Hip and/or pelvic fractures 

 
 

Table 3.18 - Limit load criteria for injuries in pelvis motivated by side impact. 

Criterion Tolerance Level Injury Level 

# 1 
4.9 kN – 11.9 kN (male) 

Multiple fractures of the pubic rami 
4.4 kN – 8.2 kN (female) 

# 2 
10.0 kN (male) 

2<AIS<3 
4.6 kN (female) 

# 3 80 g – 90 g Multiple fractures of the pubic rami 

 
As it can be seen in table 3.17, many of the tests performed use the indirect fracture, i.e, with 

the load applied in the knee. This is perfectly reasonable when analyzing passenger car accidents, 

where the possibility of knees impact exists, transmitting the energy to the hip, while the back of the 

occupant is restricted by the backrest of the seat, or the knees hit the dashboard, while the occupants 

remains within the seated position. In TW, there is no restriction to neither of these situations, so using 

those load limits for indirect fractures, causes an unrealistic situation. Instead, and just for further 

comparison, the limit of the authors who performed essays with direct pelvic front load, may be used 

to compare with the contact force in x-axis (criterion #1 from table 3.17). Still, this leads to a limitation, 

since some of the tests were performed as sled tests, and others within vehicles with seatbelts. The 



 

 

49 

 

approaches are far from the characteristic situation of TW accidents, because in these cases, impact 

forces acts on the occupants de per si, and it’s not transmitted either by the seat, the seatbelt, or in 

modern car tests, by the lateral airbag.  

On the other hand, a much more reliable data is provided in table 3.18, where the loads during 

the essays where always applied laterally to the pelvis and directly on the cadavers test. It seems in 

this case to reproduce fairly the impact forces associated with TW accidents. Considering this 

situation, from table 3.18 it may be defined a criterion, where in case the contact force Fy is above 10 

kN (for male and 4.6 kN for female) an AIS above 2 is expected with multiple fractures. If this load 

exceeds the upper value of 11.6 kN for male, and 8.2 kN for female, multiple fractures are expected to 

occur, although it shouldn’t be discarded a fracture occurrence probability, if the value is already 

above 4.9 kN (for male, or 4.4 kN for female), since this value is reported as the lower limit for injuries. 

Of course these are order of magnitude values, since it depends from person to person. Beyond the 

load criterion, maximum acceleration criterion may be used, since this was obtained by cadaver drop 

tests [Tarriere et al (1979)], i.e, with no support and thus, seems as well quite reasonable approach for 

application in impacts of TW vehicle accidents, where (typically) no intermediate damper body exists 

(except isolated cases of special equipment). Since previous loads arrive from the comparison with 

computed values of Fx and Fy, this criterion uses a component on z-axis, but instead of the contact 

force, is the acceleration, which together with the previous ones, allows a comparison criterion in the 3 

axis. 

For comparison, Kuppa (2004), brought together several works on mechanical properties of 

pelvic bones, obtained in cadaver tests. One of the criteria is to get the acetabular and iliac wing total 

horizontal force and compare the result with Kuppa (2004) thresholds of probability of fractures 

occurrence. This result in synthetized in table 3.19. 

 

Table 3.19 - Point values of total iliac and acetabular force corresponding to 25% and 50% risk of pelvic 
fractures (AIS>2). 

Injury Predictor 25% Probability of Fracture 50% Probability of Fracture 

Maximum Acetabular and Iliac Force 5.2 kN 6.3 kN 

 
These results correspond to the values within the graph in figure 3.10. 
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Figure 3.10 - Risk of AIS>2 pelvic fracture as a function of iliac wing and acetabular force [adapted from 
Kuppa (2004)]. 

The other criterion is, using the applied force on pubic symphysis, determine the probability of 

lesions occurrence with severity above AIS 2 and 3. The results are summarized in table 3.20 and 

within the graph of figure 3.11. 

 

Table 3.20 - Predictor of injury severity in pelvis caused by maximum pubic symphysis force [adapted 
from Kuppa (2004)]. 

Injury Predictor 25% Prob. Of Injury 50% Prob. Of Injury 

AIS>3 AIS>4 AIS>3 AIS>4 

Maximum pubic symphysis force  3250 N 6000 N 4000 N 7000 N 

 

 

Figure 3.11 - Graphic representing the pelvic injury risk as a function of the horizontal pubic symphysis 
force measured [adapted from Kuppa (2004)]. 

In case of the data available in PC-Crash
TM

, both the comparisons can be made, using the total 

horizontal force in the pelvic segment, which is of course the value in the center of gravity and not 

located in any specific region. In a rough comparison, the AIS estimation can be done using the forces 

in x-y plane and compared with the clinical and/or medico-legal autopsy reports to determine the AIS 

correspondence. The other is a more fine approach which leads to the probability of fractures 

occurrence. 

_______ AIS≥3 

_______ AIS≥2 
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3.2.6 Lower Extremities Injuries 

Like in pelvis, and as stated previously, the occurrence of lesions in lower extremities (thighs, 

knees, lower legs and foots), are related with fractures. Considering road accidents, many studies 

have already been accomplished to determine the cause, frequency and incidence of lesions in the 

legs motivated by car crashes. Schmitt et al (2007) presents the information detailed for this purpose. 

The major areas of legs exposure to fractures are long bones, femur, tibia and fibula. With 

particular respect to the bones of the legs, fracture patterns are differentiated depending on the 

loading conditions that motivate the fracture, i.e, the injury mechanism. There are four possible types 

of fracture mechanisms, the direct loading, indirect loading, repetitive loading and penetration. Except 

for repetitive loading, either of the typed may be presented in lower extremities injuries resulted from 

TW vehicle accidents. 

Levine (2002) reports several load limits for lower extremities. These values may be used within 

PC-Crash
TM

, data by comparison of maximum forces. Table 3.21 summarizes the mechanical strength 

as reported by Levine (2002). 

 
Table 3.21 - Mechanical strength of bones of lower limbs. 

 
Femur Tibia Fibula 

Male Female Male Female Male Female 

Torque (Nm) 175 136 89 56 9 10 

Bending (kN) 3.92 2.58 3.36 2.24 0.44 0.30 

Average Maximum 
Moment (Nm) 

310 180 207 124 27 17 

Compression in z-axis 7.72 7.11 10.36 7.49 0.60 0.48 

 
Other criteria, specifically developed for automotive accidents are included in FMVSS 208. For 

the femur, maximum compression force is limited up to 10 kN. Another criterion is the tibia 

compression force criterion (TCFC) that limits the maximum compression of tibia to 8 kN. 

The comparison of the values obtained by PC-Crash
TM

 simulations with the tables, are mainly to 

check for fractures probability and compare with clinical and/or medico-legal autopsy reports. It is not 

within this particular analysis objective to achieve a value of AIS, although this can be performed, 

knowing that, especially in cases of TW, sometimes severe fractures can lead to high blood volume 

lost, which can became a life threatening, and in this case, AIS is for sure above 3. Still, usually, this 

does not appear as a single cause of death, so, for a first approach, fractures are the main goal. 

Initially the comparison with the threshold values is made considering bending, i.e, the resultant load 

within the transverse plane and compression, i.e, the load in z-axis. Upper and lower extremities allow 

a lack of dynamic approaches within a range much vaster than any other segment within the human 

body. This results from the characteristics of the joints in pelvis, arms and legs, which are 

characterized by a number of degrees of freedom above any other joints in the body, and thus leading 

to the possibility of deeper dynamic analysis.  

This more detailed analysis may be accomplished using the relative moments between femur, 

or upper leg and pelvis, and upper leg and lower leg. For a first approach, it seems reasonable to start 

just comparing the contact forces and the values provided by Levine (2002), for bending and 
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compression. For bending comparison with the limits, the load applied is the resultant in transverse 

plane, i.e, resultant in x-y plane. For axial loading, a comparison can be made using the risk of fracture 

from Tencer et al (2002). The risk as a function of axial load of the femur is represented in graph of 

figure 3.12. 

 

Figure 3.12 - Graphic representing the femur fracture risk as a function of the axial (compression) load 
[adapted from Tencer et al (2002)]. 

 For ankle and foot deep research is currently being conducted to better understand the 

complex mechanisms of foot and ankle injuries. This deep analysis is not included in the present work. 

3.2.7 Upper Extremities Injuries 

Similarly to pelvis and legs, the injuries occurrences in upper limbs are mainly fractures. 

Fractures classification is the same as stated for legs. In arms, the most common are clavicle fractures 

which occur, for example through compression during side impact of the shoulder, or in falls on the 

outstretched arm. 

Many of the studies for arm fractures correlate de occurrence with several variables in 

automotive accidents. Further, it was found that women are more prompt then men to experience arm 

fractures for the same situation [Schmitt et al (2007)]. This is not surprising though since, for all the 

analysis performed so far, women thresholds for bones injuries are lower due to typically smaller 

bones and age related demineralization.  

As previously stated, the main goal in this analysis is to compare the forces obtained in the 

model with limits for failure. There aren’t many studies on mechanical properties of upper extremities 

bones. For many years there were used many values obtain in 19
th
 century by several authors. 

Probably this is motivated by relative low severity injuries in arms caused by automotive accidents. 

Only recently, more attention was paid due to several lesions caused mainly by airbag deployment, 

especially in the forearms. Schmitt et al (2007) compiles several results from tests performed in 

human cadavers, in an attempt to determine the failure limits of arm and forearm. Many of those tests 

were performed limiting the thresholds for bending moment only. Since this is difficult to obtain in PC-

Crash
TM

, the important values are the shear forces that lead to the fractures. Table 3.22 summarizes 

the values obtained for humerus and forearm.  
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Table 3.22 - Failure tolerances for upper limbs. 

Humerus Forearm 

Male Female All 

2500 N 1700 N 1370 N 

 
In forearm there is no separation in ulna and radius, thus above the limited value, either fracture 

may occur according to Begeman et al (1999). 

3.3 Risk Factor 

As stated, from the methods presented in this chapter to estimate and evaluate the injuries in 

each of the body segments, some of them allow to obtain a direct, or almost direct injury scale level or 

AIS. Examples are head, abdomen and thorax. In these cases, the models allow a good correlation or 

even more, a direct calculation of an AIS value, e.g, thoracic compression criterion. Eventually due to 

a less probable life threatening, other segments such as upper and lower limbs and pelvis are not so 

easy to attribute an AIS level. Especially in cases of fractures occurrence, only situations where 

amputation happens, may be more dangerous and thus lead to life risk consequences. Since the limits 

for injuries in those body segments are defined by the determined ultimatum load in the limbs or 

pelvis, the criterion is kind of rigid when comparing the applied loads with the ultimatum limits. Of 

course this will estimate a certain probability for fractures to occur, but for each human being, a 

different limit load exists for each bone. Depending on many factors, like age, gender, race, body type, 

metabolism and other factors, the mechanical strength of the bones are different from one person to 

another [Rouhi (2012)]. Based on Hayes et al (2007), a definition of risk factor reveals useful for this 

purpose. This is a very simple definition based on the same safety factor engineers use for structures 

calculations. It’s the ratio between the applied load and the ultimatum limit for fracture to occur as 

represented in equation 12. 

      (12) 

 

There are other ways to compare values with ultimatum loads recurring to statistics. For the 

purpose of this work, risk factor intents to provide a way to roughly predict if a fracture occurrence is 

likely or unlikely to happen, when comparing the higher load limits that a bone was exposed during the 

accident simulation with the limit values describe in previous sections. For ɸ Bones«1, fracture 

occurrence is unlikely. Values of ɸ Bones »1, the fracture occurrence is likely. Intermediate values of 

ɸ Bones≈1 are considered within the limit to cause injuries.  

Since in the case of neck injuries only Nij is easily related with AIS, the same definition may be 

extended to NIC (equation 13), where, over the limit 15 m
2
/s

2
, long term injuries are likely to occur. In 

this case,  

      (13) 
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And using the same concept, for ɸ Neck«1, injuries in the neck are unlikely. Values of ɸ Neck »1 

correspond to injuries likely to occur. Intermediate values of ɸ Neck≈1 are the limit for some non-lethal 

short-term injuries to occur. In this case, and based on the graph of figure 3.3, a ɸ Neck >2 corresponds 

to a high probability of long term (more than 1 month) neck injuries. 
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4 Results 

This chapter includes the results obtained after the accidents simulations and application of the 

injuries criteria described in the previous chapters. As mentioned, twenty cases were analyzed in an 

attempt to get the body injuries, determined by the applications of the methods previously described, 

in the TW occupants, and further a comparison was made between those results and the available 

medical and/or forensic information. Two examples are included and the other eighteen are 

summarized in appendix 1 in order to avoid include too much information in this part of the report. 

Table 4.1 is a compilation of the case studies used in this thesis, referring to the TW type, 

classification if applicable, the injured occupant and the injuries severity. 

 

Table 4.1 - Summary of the case studies used in this thesis. 

Case Study Vehicle Classification Injured Occupant Injuries 

1 Motorcycle  Sport Driver Fatal 

2 Motorcycle  Sport Passenger Fatal 

3 Motorcycle  Sport Driver Fatal 

4 Motorcycle  Sport Passenger Fatal 

5 Motorcycle Sport Driver Minor 

6 Motorcycle Sport Passenger Minor 

7 Motorcycle Sport Driver Fatal 

8 Motorcycle Sport Driver Fatal 

9 Motorcycle Sport Driver Fatal 

10 Motorcycle Sport Driver Fatal 

11 Motorcycle Sport Driver Fatal 

12 Motorcycle Standard Driver Fatal 

13 Motorcycle Standard Passenger Minor 

14 Motorcycle Standard Driver Fatal 

15 Motorcycle Standard Driver Fatal 

16 Motorcycle Standard Driver Fatal 

17 Motorcycle Scooter Passenger Fatal 

18 Moped NA Driver Fatal 

19 Bicycle NA Driver Fatal 

20 Bicycle NA Driver Fatal 

  

In the first example a detailed report is included in order to provide a complete explanation of 

the application of the methods and the results obtained. In this section a description of the accident 

occurrence and conditions is provided, as well as the vehicles involved and the correspondent drivers 

and occupants (age, gender and psychotropic substances abuse if applicable). Further, a summary of 

the computational simulation, including pictures of some parts of the accident to briefly illustrates the 

dynamics of the accident. The injuries are described in tables with the corresponding AIS, recurring to 

the clinical and/or medico-legal autopsy reports. This AIS value is compared with the correspondent 

obtained by the application of the criteria for each of the body segments described in section 2.3 and 
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in chapter 3. Pictures are included to point in each of the body segments the location of the injuries 

pointed by the medical reports. This first example finishes with a brief comment on the case itself, 

leaving further and more global comments for chapter 5. 

The second example is another case study presented in a more summarized shape just 

including two tables. These tables are equivalent to the ones used in appendix 1 for compilation of the 

other eighteen cases. Thus, in this section the main objective is to explain how information is gathered 

in those tables making easy for the user that intent to work and/or consult the data from appendix 1. 

4.1 Example 1 – Case Study # 1 – Frontal Collision 

Example 1 refers to a frontal collision between a passenger car and a motorcycle. 

The information included in this example provides a qualification method to analyze this kind of 

data. Instead of just compare the AIS values obtained from each information source for the cases, i.e, 

the clinical and/or medico legal autopsy reports data and the accident data, a detailed description is 

made. The main purpose is to alert that sometimes the classification obtain using the tables for the 

lesions may be different from the corresponding severity predictions from the models, but the detailed 

analysis of case may lead to a tendency of the results that correspond to a very interesting match of 

the information, and thus allowing to validate the method, even if some cases of AIS do not reveal a 

quite accurate correspondence. 

4.1.1 Accident Description 

This accident occurred at early spring time during the evening twilight. It involved a frontal 

collision between a passenger car, carrying 4 occupants, and a sport motorcycle carrying only the 

driver. The weather conditions were good visibility and weather. When completing an overtaking, the 

car driver invaded the opposite traffic lane, colliding front to front with the motorcycle. The motorcyclist 

was wearing helmet. 

From the computational simulation a speed of about 83 km/h was determined for the car and a 

speed of about 62 km/h for the motorcycle at the time of collision, consequently leading to a crash 

relative speed of about 145 km/h. Casualties of the accident were the motorcycle driver death and 

severe material damages in both vehicles. The accident conditions are summarized in table 4.2.  
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Table 4.2 - Case study #1 general conditions - frontal collision between a car and a motorcycle. 

Accident Data 
Vehicles Involved 

#1 – Car #2 - Motorcycle 

Vehicles category Passenger Sport 

Occupants (Age/Gender) 
Driver (46 yo/Male) + 3 Passengers 
(1 Adult Female + 2 Children) 

Driver Only (42 yo/Male) 

Crash speed 83 km/h (legal limit of 90 km/h) 62 km/h (legal limit of 50 Km/h) 

Collision scenario Frontal Frontal 

Maneuver Overtaking NA 

Injuries NA Fatal for the driver 

Motorcycle estimated 
relative speed 

145 Km/h 

Weather conditions / Time Good weather and twilight/Evening 

High Lights 

Motorcycle driver was using slight excessive speed. Car driver didn’t take 
all the precautions when he decided to overtake a vehicle rolling in his lane 
and didn’t see the motorcycle, leading to the collision.  
Car driver had a BAC of 0.08 g/l and motorcycle driver a BAC of 0.25 g/l. 
Both BAC were below the legal limit (0.50 g/l), and no changes on either 
driver behavior were expected caused by psychotropic substances abuse. 

4.1.2 Accident Computational Simulation 

From the data gathered by authority documents and statement from the car driver, the 

computation simulation was run in PC-Crash
TM

. 

After the collision, the motorcycle driver was thrown against the car windshield where he 

suffered a severe impact. This situation is illustrated in figures 4.1 and 4.2 which occurred respectively 

50 ms and 80 ms after the collision.   

  

Figures 4.1 and 4.2 - Beginning of motorcycle driver thrown over the car and impact against the car 
windshield. 

After this impact with the windshield the motorcyclist runs over the top of the car and falls on the 

ground, while the car continues to a complete stop, dragging the motorcycle in front of it, situation 

represented by figures 4.3 and 4.4.  

   

Figures 4.3 and 4.4 - Motorcyclist fall on the ground and car dragging the motorcycle after the collision. 
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The fall of motorcycle driver to the ground occurred about 2 seconds after the collision. 

4.1.3 Injuries on Motorcycle Driver 

Using the models described in chapter 3 – Methodology, an attempt to determine the location 

and severity of the injuries suffered by the motorcyclist was done using data from PC-Crash
TM

. 

Additionally a comparison between those data and the ones reported by the forensic pathologist is 

performed.  

 

Head Injuries 

 

Using equation 2, the integration of the acceleration suffered by the head of the motorcyclist 

leads to an estimation of HIC=7678.  This value is far above the safety limits, either wearing head 

protection (helmet) or not, respectively 1000 and 700. Thus, according with the data obtained, severe 

or lethal injuries were expected, a probability above 90% of skull fractures and, in accordance with the 

graph from figure 3.2, an AIS 6 for the head. 

Comparing this data with the one reported by the forensic pathologist, relevant head injuries 

were indeed found, as summarized in table 4.3. 

 

Table 4.3 - Summary of head injuries found in the motorcycle driver autopsy. 

External Observations Ecchymosis of purple color in superciliar left region. 
Excoriation in auricular left region. 
Blood flowing from oral and nasal cavities. 

Internal Observations Blood suffusions under skull. 
Bone contusion. 
Internal bleeding in right temporal subarachnoid space. 
Lateral ventricles with blood. 

 

In figure 4.5 is included a representation of the head areas where lesions were found in the 

medico-legal autopsy. 

 

Figure 4.5 - Representation of head injuries. Red cross – location of internal lesions. Blue cross – location 
of external lesions. 
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Using data from table 3.1, an estimation of AIS 5 is predictable, according with the medico-legal 

autopsy report section regarding the head injuries, even without any conclusions available regarding 

on the medical certification of the cause of death. These correspond to critical injuries and are in 

accordance with to the ones predicted by the criteria that use the accident simulation data. 

 

Neck injuries 

 

Since this is a front impact collision, the appropriate method for neck injury criterion is N ij. Using 

data from the computational simulation, Nij obtained is 0.46 and so, inferior to 1, which means that no 

major injuries are expected in this region. On the contrary, if NIC is chosen for the injury evaluation, a 

value of NIC=316 m
2
s

-2
 is obtained recurring to equation 6. This NIC value corresponds to a risk factor 

of 21 and thus far above the lower limit for long term lesions to exist. The data from autopsy is 

summarized in table 4.4. 

 

Table 4.4 - Summary of neck injuries found in the motorcycle driver autopsy. 

External Observations No injuries observed. 

Internal Observations C5 fracture with epidural haemorrhage. 

 

According with exterior inspection, no signals of traumatic injuries were observed and in interior 

dissection, fracture on the C5 vertebra was found. 

In figure 4.6 is included an illustration of the neck areas where lesions were found in the 

medico-legal autopsy. 

 

Figure 4.6 - Representation of neck injuries. Red cross – location of cervical lesions. 

Although the value achieved by Nij criterion doesn’t reflect in an accurate fashion the fracture 

within the vertebrae, on the contrary, NIC is far above the lower limit, revealing severe injuries in the 

neck. This is in fact very consistent with the autopsy report. On external habit no injuries were 

observed. Traumas should be present only when the body part hit some external obstacle, i.e, a 

contact force existed above a certain limit. Nij criterion is based on contact forces and momentums. 

Since no exterior traumas were observed on the neck, it is reasonable to affirm that no major stroke as 

acted on the neck. On the other hand, NIC is based on relative speeds and accelerations within the 
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anterior-posterior axis with no contact forces. Since major injuries were observed on the interior, this is 

more consistent with the NIC criterion. 

 

Thoracic Injuries 

 

Using the compression criterion for the thorax, the value estimated is AIS=6, i.e, the lesions in 

this segment are lethal. Using injury predictors based on upper and lower spine acceleration for the 

thorax, leads to a 25% probability of AIS above 4 in lower spine, and 50% for AIS above 4 in upper 

spine. Definitely, within the thorax, the injury predictors lead to lethal lesions. The observations from 

the medical autopsy are summarized in table 4.5. 

 
Table 4.5 - Summary of thoracic injuries found in motorcycle driver autopsy. 

External Observations Excoriation over the sternum. 
Irregular excoriations in left haemothorax. 

Internal Observations Fractures on 1
st
 and from 4

th
 to 7

th
 right ribs with blood infiltration 

and pleural rupture. 
Fractures from 1

st
 to 7

th
 left ribs. Some fractures leaded to pleura 

rupture. 
All the fractures with blood infiltration. 

 

Figure 4.7 includes an illustration of the thoracic areas where lesions were found in the medico 

legal autopsy. 

 

Figure 4.7 - Representation of thoracic injuries. On the lateral pictures of the figure are internal lesions in 
the ribs. On the centre image the red crosses are soft tissue injuries and the blue crosses are externally 

observed injuries. 

The lesions within the thorax affect both the bones and soft tissues. By making a 

correspondence with the AIS tables for the thorax (tables 3.8 and 3.9), it is expected that bone injuries 

are AIS 4 severity and soft tissue injuries AIS 5. This is highly corroborative with the injury criterion 

used. 
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Abdominal Injuries 

 

By applying the models previously described, the maximum value for horizontal force estimated 

in this segment is 7963 N. The values for maximum load in each direction obtained (front, lateral and 

combined) are presented in table 4.6.  

 

Table 4.6 - Load maximum values on x-axis, y-axis and horizontal obtained in the abdominal region. 

max Fx 5565 N 

max Fy 6416 N 

max Fxy 7693 N 

 

Using front and lateral criteria separated, the maximum load in x-axis leads to an estimation of 

AIS>3 with liver injuries and 25% probability of AIS>4. According with Kuppa (2004), which uses 

maximum horizontal value, this predicts probability above 90% of injuries severity AIS 4 or higher.  

The observations from the medico-legal autopsy are summarized in table 4.7. 

 

Table 4.7 - Summary of abdominal injuries found in motorcycle driver autopsy. 

External Observations Excoriation in umbilical region. 

Internal Observations Blood infiltration in lower abdominal wall. 
Blood in anterior peritoneum cavity. 
Mesentery contusion. 
Liver haemorrhage. 
Small intestine displacement with blood 
infiltration. 
Blood infiltration in bladder. 

 

In figure 4.8 is included an illustration of the abdominal parts where lesions were found in the 

medico-legal autopsy. 

 

Figure 4.8 - Representation of abdominal injuries. Red cross – location of internal lesions. Blue cross – 
location of external lesions. 

By making a correspondence with the AIS tables for the abdomen (table 3.13), AIS of 4 is 

attributed mainly due to liver injuries. This is as well consistent with the injury criteria used. 
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Pelvic Injuries 

 

The criteria for pelvic injuries accounts for horizontal forces and accelerations. These values are 

presented in table 4.8 using x and y directions and the combination of these. The values of maximum 

loads are the same as in the abdomen, since the lower values between the torso and hip were used 

as according with stated in chapter 3.  

 

Table 4.8 - maximum load and acceleration values on x-axis, y-axis and horizontal obtained in pelvic 
region. 

max Fx 5565 N 

max Fy 6416 N 

max Fxy 7693 N 

max ax 114 g 

max ay 74 g 

max az 132 g 

max axy 122 g 

 

With the z-axis acceleration, multiple fractures of pubic rami are expected, and a probability 

above 80 % for pelvic fractures (AIS 2 or higher) exists, and a 50% probability of AIS 4 or greater is 

also to consider when comparing the total horizontal force with the limits in pubic symphysis. 

The observations from the medical autopsy are summarized in table 4.9. 

 

Table 4.9 - Summary of pelvic injuries found in motorcycle driver autopsy. 

External Observations NA 

Internal Observations 
Right ilium and ischium fractures. 
Bilateral fracture and luxation sacroiliac. 
All the fractures with blood infiltration. 

 

In figure 4.9 it is included an illustration of the pelvic parts where lesions were found in the 

medico-legal autopsy.  

 

Figure 4.9 - Representation of pelvic internal injuries. 

By making a correspondence with the AIS tables for pelvis (table 3.16), AIS of 3 is in 

accordance with the medico-legal autopsy report data and consistent with the injury criteria used. The 

probability of 50% AIS 4 was considered due to load limit in pubic symphysis. Although the cut-off 
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value was reached, the application of the load corresponds to an estimation, and as such, there is no 

way to make sure that the load was applied in this particular bone structure. 

 

Lower Extremities Injuries 

 

The criteria for lower extremities injuries are based on maximum mechanical strength and thus 

are achieved by comparing maximum load compression and bending, with the established cut-off 

values. The results for each comparison for long bones are summarized in table 4.10. 

 

Table 4.10 - Loads obtained in lower extremities and expectable injuries in motorcycle driver. 

Part Bending Compression Expected Injuries 

Left upper leg  11.0 kN 6.3 kN Femur fracture due to bending 

Right upper leg  19.9 kN 4.1 kN Femur fracture due to bending 

Left lower leg  3.9 kN 5.9kN Fracture of fibula (comp. only) and tibia 

Right lower leg  2.3 KN 2.4 kN Fracture of fibula 

 

The observations from the medico-legal autopsy are summarized in table 4.11. 

 

Table 4.11 - Summary of lower extremities injuries found in motorcycle driver autopsy. 

External Observations 

Right Inferior Limb Left Inferior Limb 

Thigh hematoma. 
Lower leg excoriation. 
Foot excoriations. 
 

Thigh ecchymosis. 
Knee excoriations. 
Lower leg excoriation. 
Foot excoriations. 

Internal Observations 

Right Inferior Limb Left Inferior Limb 

Leg bones fractures with blood infiltration. Femur fracture with blood infiltration. 

 

In figure 4.10 is included an illustration and location of the legs fractures and lesions found in 

the autopsy.  

 

Figure 4.10 - Representation of lower extremities injuries. Red cross – location of internal lesions in this 
case fractures. Blue cross – location of external lesions. 
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In both cases bone fractures were found, leading to AIS 3 on the injuries table (3.16). The cut-

off load values used with the obtained loads for bending and compression, and subsequent bone 

fractures prediction are consistent with the data from autopsy. 

 

Upper Extremities Injuries 

 

The criteria for upper extremities injuries are similar to the ones used for lower extremities but in 

this case using bending load only. The results for each comparison for arm and forearm are 

summarized in table 4.12. 

 

Table 4.12 - Loads obtained in upper extremities and expectable injuries in motorcycle driver. 

Part Bending Expected Injuries 

Left arm  10.0 kN Fracture 

Right arm  9.1 kN Fracture 

Left forearm  8.6 kN Fracture 

Right forearm  7.7 KN Fracture 

 

The observations from the medico-legal autopsy are summarized in table 4.13. 

 

Table 4.13 - Summary of upper extremities injuries found in motorcycle driver autopsy. 

External Observations 

Right Upper Limb Left Upper Limb 

Hand ecchymosis. 
 

Exterior fracture of forearm. 
Excoriations of wrist. 

Internal Observations 

Right Upper Limb Left Upper Limb 

Lower arm fractures with blood infiltration. Humerus and forearm fractures with blood infiltration. 

 

In figure 4.11 it is included an illustration and location of the upper extremities fractures and 

lesions found in the autopsy.  

 

Figure 4.11 - Representation of arms injuries. Red cross – location of internal lesions, in this case bone 
fractures. Blue cross – location of external lesions. 
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There is a strong correspondence between the model injuries prediction and the lesions 

reported in the autopsy. In fact, a higher load was obtained in the left forearm and arm, and 

correspondently more lesions were found in this member. 

4.1.4 Remarks 

According with the model, the most severe injuries are located in head, thorax and abdomen. 

These data corroborates the autopsy report when justifying the cause of death which was attributed to 

traumatic lesions in the encephalon, meninges, cervical spine, thoracic and abdominal regions.  When 

obtaining the ISS for this case (equation 1), from the model application the value is ISSModel = 75 and 

from the autopsy data ISSAutopsy = 66. Both data sources correspond to 100% of mortality probability, in 

accordance with the graphic from figure 2.21. 

An evolution of the resultant contact forces calculated in the multibody dynamics with time is 

represented in figure 4.12. 

 

Figure 4.12 - Resultant accelerations in body segments during the crash. 

The values are represented for each segment of the body used for injuries estimations. By 

observing figure 4.12, two major intervals are framing the higher magnitude impacts of the occupant 

multibody. These correspond to the first impact and the subsequent fall. As it can be observed in the 

time diagram, the higher intensity accelerations are in the first impact of the motorcycle driver with the 

car windshield and not in the subsequent fall. This can be compared with the time correspondent to 

the frames from figure 4.1 to figure 4.4. 

4.2 Example 2 – Case Study # 8 – Collison with Barrier 

Example 2 data is presented similarly to the data of the cases compiled in appendix 1. For each 

of the case studies two tables are included. One refers to the accident general conditions, including 
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the vehicles involved (columns) and respective category if applicable, the occupants (gender and 

age), estimated crash speed for each of the vehicles, the collision scenario, i.e, the main point of 

impact (frontal, side, rear), the estimated relative impact speed for the TW, the weather conditions, 

time of the day and the main occurrence hi-lights. This part is similar to the corresponding table 4.2. 

The second table resumes the injuries obtained by each of the methods previously presented 

for each of the body segments and compared with the data from medical and/or forensic reports. 

4.2.1 Accident General Conditions 

This case refers to an accident occurred in summer time late in the afternoon with good weather 

and visibility involving a single vehicle. The vehicle involved was a sport motorcycle being the driver 

the only occupant. The driver went through a road that was still in construction and closed to the 

traffic. This part of road was limited with concrete barriers in both extreme parts.  

According with the authorities report, the driver got in this road segment using an off road shortcut. 

After got in the closed road the motorcycle crash against one of the limiting barriers, causing fatal 

injuries to the driver and considerable material damages to the motorcycle. The victim didn’t have 

motorcycle driving license or insurance, and the autopsy detected a BAC of 2.04 g/l. Since this was a 

road closed to the traffic, no other vehicles or witnesses were involved in the accident. This 

information is summarized in table 4.14. 

 

Table 4.14 - Case study #8 general conditions - frontal collision motorcycle and a concrete limiting 
barrier. 

Accident Data 
Vehicles Involved 

Motorcycle 

Vehicles category Sport 

Occupants (Age/Gender) Driver Only (23 yo/Male)  

Crash speed 50 km/h 

Collision scenario Frontal against a concrete barrier 

Maneuver Driving in a road closed to traffic (road incomplete) 

Injuries Driver fatal injuries 

Motorcycle estimated relative 
speed 

50 Km/h 

Weather conditions / Time Good weather and night visibility/Evening civil twilight 

High Lights 
Driver used a road closed to traffic (which was in construction) and hit 
the limiting barrier. Driver didn’t have motorcycle driver license, nor 
insurance and reveled 2,04 g/l BAC. 

4.2.2 Accident Victims Injuries 

For each of the body segments the criteria previously discussed were applied and later 

compared with the information from the autopsy. Body segments correspond to the rows of the lesions 

summary table 4.15. As stated, for several body parts such as head, neck, thorax and pelvis, different 

criteria for injuries estimation exist for each of them, and the predominance of each one depend on the 

type of body invasion, i.e, direction, inertia (accelerations) and dynamics (contact forces). Thus the 

available different ways of calculating the injuries are included, and the segment injury level is 

attributed by the higher value reached by the criteria. This higher value is the one compared with the 



 

 

67 

 

data from medical reports. Situations where the risk factor may be applicable (vide section 3.3), e.g 

neck, pelvis and lower and upper extremities, these values are also calculated, thus leading to an idea 

of lesions occurrence probability.  

AIS score is a discrete scale and some criteria don’t allow a clear classification leading to an 

estimative of a lesion to be between two of the injuries scores, for example 2 and 3, i.e, 2<AIS<3. In 

this is the case, the AIS is presented as AIS 2+. Finally, the comparison between the medical/forensic 

injury results with the lesions criteria match or mismatch is included in the last column of the table, 

taking the result “yes” in case of results correspondence and “no” otherwise. There are situations 

(pelvis row of table 4.15) where the exact AIS level is not possible to obtain, but, since in one of the 

cases the result is AIS<3 and the other AIS<1, it is considered that the criteria provide coherent 

(match) results. 

For upper and lower extremities a global AIS is obtained, or, if fractures are reported within the 

medical information, cases where the risk factor is ≥1, are considered corresponding situations. In this 

example the risk factor is above one for all the upper extremities and thus fractures occurrence is 

predictable. The autopsy report describes excoriations for the upper limbs. In this case a 

correspondence is considered since lesions actually occurred in the upper extremities and although 

there isn’t complete information if these were fractures, it could be due to the application of the 

forensic procedures, where fatal injuries were already determined in several body segments, 

becoming unnecessary to accomplish further exhaustive search in the extremities. The compilation of 

the described information is included in table 4.15. 
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Table 4.15 -  Case study #8 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination 
Match 

Injury Criterion 
Risk 

Factor 
Criterion 

AIS Estimation 
Region 

AIS 
AIS/Fracture 

Head 

HIC 
 

AIS 4 

AIS 4+ AIS 4+ Yes Angular Acceleration 
 

4<AIS<5 

Skull Fracture Probability 70% 
 

Neck 
Nij 0,4 AIS<1 

AIS<1 AIS<1 Yes 
NIC 16 NA 

Thorax 

Compression 

NA 

AIS 6 

AIS 6 AIS 6 Yes Lateral Force AIS 3 

Lateral Acceleration AIS<2 

Abdomen Horizontal Load NA AIS 4 AIS 4 AIS 4 Yes 

Pelvis 
Horizontal Load 0,5 AIS<3 

AIS<3 AIS<1 Yes 
Lateral Acceleration 0,2 AIS<3 

LE 

Right Upper  Leg 

Fracture Occurrence 

1,3 

AIS 3 
Fractures 

AIS 3 
AIS 2 

Fractures 
Yes 

Left Upper  Leg 3,0 

Right Lower  Leg 2,1 

Left Lower  Leg 2,3 

UE 

Right Upper  Arm 2,7 

Fractures NA Excoriations Yes 
Left Upper  Arm 1,2 

Right Lower  Arm 5,3 

Left Lower  Arm 1,8 

4.2.3 Remarks 

Similarly to example 1, figure 4.13 represents the diagram illustrating the body segments 

resultant contact forces in the victim. 

  

Figure 4.13 - Resultant contact forces in body segments during the crash. 

As stated before, the hi-intensity loads (in example 1 the diagram refers to resulting 

accelerations) occurred in the first impact of the victim, in this case, less than 0.2 seconds after the 

crash. 
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5 Discussion 

In chapter 4 an explanation was given about the procedure of data process and information 

results from the analysis of the case studies. In this chapter the obtained results are discussed. First a 

general summary of the cases is presented. The approach is considering global injury results 

comparison. One important analysis is to consider cases of fatal injuries and, using the cause of death 

determination from the medico-legal autopsy reports, compare them with the more affected body 

segments predicted by the model. Further a more fine discussion about each of the body segments 

injuries is included. In this section for all the case studies used, a comparison is made between the 

injuries predicted by the criteria in each of the body segments and the information provided by the 

clinical and/or medico-legal autopsy reports. Two examples are included where the injuries from the 

autopsy reports were used to optimize the accident simulation reconstruction. The chapter closes with 

some general remarks on the results and method validation and the contents of medico-legal autopsy 

reports including some suggestions for improvement in order to get more useful and user friendly for 

users with no specific medical knowledge. 

5.1 Global Results 

For quick reference purpose, table 5.1 contains a summary of the injury severity score (ISS) 

results from the model and clinical or medico-legal autopsy reports for the cases analyzed. For each 

case the correspondent percentage of mortality is included based on the ISS values. ISS for medical 

results was obtained using the estimated AIS from the injuries tables. 
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Table 5.1 - Global injuries severity for each case study predicted by application of the models and data 
from clinical/medico-legal autopsy reports. 

Case 
Study 

Victim 
Injuries 

ISS Percent Mortality 

Model Medical Model Medical 

1 Fatal 75 66 100 100 

2 Fatal 48 50 60 60 

3 Fatal 27 57 50 50 

4 Fatal 75 75 100 100 

5 Minor 4 0 0 0 

6 Minor 0 1 0 0 

7 Fatal 75 75 100 100 

8 Fatal 75 75 100 100 

9 Fatal 57 38 80 40 

10 Fatal 75 75 100 100 

11 Fatal 27 22 20 15 

12 Fatal 75 75 100 100 

13 Minor 17 9 5 0 

14 Fatal 75 75 100 100 

15 Fatal 75 75 100 100 

16 Fatal 75 34 100 30 

17 Fatal 41 41 40 40 

18 Fatal 66 34 100 30 

19 Fatal 75 75 100 100 

20 Fatal 75 75 100 100 

 

Considering the three accidents where just minor injuries occurred, the model and medical 

reports agree in the ISS and consequently in the percent mortality. In these three cases, the obtained 

values lead to 0% mortality which is consistent with the minor injuries on the victims. For the fatal 

cases, the apparent discrepancies are in cases 9, 11, 16, 17 (both with 40% mortality probability) and 

18. In cases 9, 16 and 18 it is actually the model that predicts the higher death probability. This may 

occur due to some miss information or miss interpretation of the contents of medico-legal autopsy 

reports and thus leading to under evaluation on the reported lesions AIS. To obtain the ISS only the 

three higher AIS values are considered (equation 1). Since ISS uses square values, even minor 

differences in the injury scales may affect the result. One way to correct this situation may be to use 

the cause(s) of death certification results and attribute to those regions an AIS 5 or 6 in the medical 

report injuries scale. Also, especially in case 18, the medico-legal autopsy report is very incomplete as 

summarized in appendix 1, where several data from this case is reported as not available (NAV). In 

case 17, both the ISS are in agreement with 40% of mortality probability. In this situation the victim 

was an old age male. Since the ISS does not account for age variability, depending on the factors 

already mentioned in chapter 3, the consequences of the same trauma may be very different from 

person to person, so in this case, in spite of already a non-negligible probability, the situation might be 

further compromised by the age of the victim. In case 11, once again both the results are in 

accordance and lead to about 20 % death probability. In fact, this victim was hospitalized during 47 

days and died due to sepsis. This delayed death after the accident may be attributed to severe but not 

fatal injuries, resulting from the crash itself, being the direct cause of death (sepsis) complications from 

these severe blunts, which is in accordance with the obtained values for crash injuries ISS, for both 

medical and model predictions.  

After a correct interpretation, the global injury results from the model fit the analyzed case 

studies results, which make it a good indicator for the application in these methods in order to a global 
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prediction injuries, i.e, using the simulation to attribute a life threatening probability to the TW 

occupant. 

5.2 Body Segments Results 

Similarly to the previous chapter’s structure, this section includes the comparison of the results 

obtained by the model and the clinical and/or medico-legal autopsy reports information in each of the 

body segments. 

5.2.1 Head Injuries Validation 

Table 5.2 resumes the head injury level in each case study. For the model, AIS for the injuries 

criteria are included and the result corresponds to the upper value obtained, when more than one 

criteria exists for the same segment. The “Medical AIS” column is the injury score obtained from the 

clinical/medico-legal data. The “Medical/Model AIS Difference” columns contain the absolute 

difference between each of the criteria AIS and the corresponding AIS value from the clinical and/or 

medico-legal autopsy reports data. This column enables to check the correspondence level between 

the model predictions and the real head injuries from the victims. This brief explanation is applicable to 

the other body segments tables presented in the other sub-sections of this chapter.  

 

Table 5.2- Case studies head injuries summary and comparison with the clinical/medico-legal autopsy 
reports. 

Case 
Study 

Global 
Injuries 

Model AIS Medical 
AIS 

Medical/Model AIS 
Difference 

HIC αHead Result HIC αHead Result 

1 Fatal 6 5 6 5 1 0 1 

2 Fatal 1 4 4 5 4 1 1 

3 Fatal 5 5 5 5 0 0 0 

4 Fatal 6 5 6 6 0 1 0 

5 Minor 0 0 0 0 0 0 0 

6 Minor 0 0 0 0 0 0 0 

7 Fatal 6 5 6 4 2 1 2 

8 Fatal 4 5 5 5 1 0 0 

9 Fatal 5 5 5 5 0 0 0 

10 Fatal 3 5 5 4 1 1 1 

11 Fatal 1 3 3 3 2 0 0 

12 Fatal 6 5 6 5 1 0 1 

13 Minor 0 2 2 2 2 0 0 

14 Fatal 2 4 4 5 3 1 1 

15 Fatal 3 5 5 5 2 0 0 

16 Fatal 0 5 5 5 5 0 0 

17 Fatal 0 5 5 5 5 0 0 

18 Fatal 5 5 5 5 0 0 0 

19 Fatal 6 5 6 6 0 1 0 

20 Fatal 4 5 5 5 1 0 0 

 

To better visualize these results, the bars from the graph in figure 5.1 makes the comparison 

between the head injury results of medical and model scores for each case study.  
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Figure 5.1- Comparison of head AIS determined by the model result and the values obtained from 
clinical/medico-legal autopsy reports. 

From the bar in figure 5.1, besides the accurate agreement in 14 of the cases (cases 5 and 6 

corresponds to medical and model AIS 0) the others are only 1 (absolute) score point away except 

one (case study 7) where the difference is 2 units from medico-legal autopsy report AIS 4 (severe) and 

model prediction AIS 6 (maximum). In all the cases where this mismatch occurs, the lower level is at 

least AIS 4. So, the differences found in the correspondence are qualitatively from severe to critical, or 

critical to maximum.  

For head injury criteria, the angular acceleration (αHead) criterion corresponds more often with 

the victim real AISHead results than the HIC. αHead application lead to 14 cases where AIS matches, with 

additional 6 cases where the difference is one score unit. HIC leaded to seven exact matches, five 

with difference of 1 level and the remaining eight cases where the difference is 2 or above.  

Within these results for head injuries, it can be assumed that these are suitable to obtain 

expectable TW crash victims head lesions, based on the data from PC-Crash
TM

 simulation. 

Considering both HIC and αHead, the angular acceleration seems to be more appropriate. However, 

since computationally the HIC is not an expensive calculation criterion, an optimization is achieved if 

both criteria are used and the upper level considered as the model injury prediction. This is supported 

by the case studies 4 and 19 where αHead mismatched (by 1 unit) and HIC fits the correct injury level. If 

a case occurs where simple calculations are mandatory and a rapid estimation on the head lesions 

required, then αHead is enough for a good approach, associated with the calculation simplicity since it 

relies on just a maximization of the PC-Crash
TM

 results of angular acceleration and/or angular velocity 

of the head. One other validation possibility is for cases where αHead and HIC AIS prediction values 

disagrees for more than 1 score unit, to use αHead criterion. 

5.2.2 Neck Injuries Validation 

As for the head, table 5.3 summarizes the case studies neck injuries obtained by application of 

the criteria. Case studies omitted correspond to conditions where no information about this body 

segment was available. This remains valid for other body segments with omitted cases. The only neck 

injury criterion that is suitable to attribute AIS level is the Nij making the AIS comparison with medical 

injury score relying on this criterion only.  



 

 

73 

 

  

Table 5.3 - Case studies neck injuries summary and comparison with the clinical/medico-legal autopsy 
reports. 

Case 
Study 

Injuries Nij AIS 
NIC 

Risk Factor 
AIS 

Result 
Medical 

AIS 
Medical/Model 
AIS Difference 

1 Fatal 0 21 0 3 3 

2 Fatal 0 8 0 0 0 

3 Fatal 0 5 0 0 0 

4 Fatal 6 1000 6 6 0 

5 Minor 0 1 0 0 0 

6 Minor 0 0,6 0 0 0 

7 Fatal 0 44 0 0 0 

8 Fatal 0 16 0 0 0 

9 Fatal 0 21 0 0 0 

10 Fatal 0 13 0 0 0 

11 Fatal 0 8 0 0 0 

12 Fatal 0 13 0 0 0 

13 Minor 0 3 0 0 0 

14 Fatal 0 10 0 0 0 

15 Fatal 0 12 0 0 0 

16 Fatal 0 11 0 0 0 

17 Fatal 0 3 0 0 0 

19 Fatal 1 8 1 6 5 

20 Fatal 0 35 0 0 0 

 

By table 5.3 observation, only in three cases (1, 4 and 19) neck injuries were found in the 

victims. By the application of the model, in only one of those situations there is an exact match 

between the Nij criterion AIS prediction and the medico-legal autopsy report. This corresponds to case 

study 4, where the victim was decapitated as consequence of the accident impact. In the other two 

cases, the AIS difference is an upper value from forensic report of 3 or more score units. The other 16 

cases, the values are actually in accordance, being the AIS less than 1, predicted by the model and 

corroborated by the clinical or medico-legal autopsy report. The graph from figure 5.2 illustrates the 

comparison between these two sources. 

 

Figure 5.2 - Comparison of neck AIS determined by the model result and the values obtained from 
clinical/medico-legal autopsy reports. 

Since in the majority of the cases both model and medical injury score levels match, this could 

be used to validate the Nij criterion. On the other hand, for the AIS values obtained by the medico-legal 

autopsy reports describing lesions for this segment, only one is in accordance with the model 

prediction. This corresponds to a value of Nij >>1 due to the decapitation of the victim. Since in this 
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case this value largely overtook the threshold caused by the extreme intensity of trauma and in the 

other situations, Nij didn’t achieve an AIS lower limit above 1 in severities with AIS equal or above 3, it 

may lead to question the criterion, especially the lower threshold limit for injuries to occur. The only 

situation where this value represented a severe injury, according with the model application, was in 

case study 18 that Nij value predicted AISNeck=3, but unfortunately, the medico-legal autopsy report 

was very incomplete regarding neck injuries, and provided only description about the head and one of 

the legs injuries (exposed fracture). Although there is a very interesting correlation and 

correspondence between the neck injuries predicted by the application of the models and the ones 

observed in clinical and/or medico-legal autopsy reports, this is mainly due to the absence of those 

lesions. This can only be validated by increasing the size of the sample and of course, include as 

much as possible cases where neck injuries occurred. 

One other attempt is to use the NIC, but as stated previously, no correlation was found between 

NIC value (or NIC risk factor) and AIS. Except for case study 4 (victim decapitated) no correlation is 

obtainable between the NIC risk factor and the AIS, since even considering the situations with AIS 0 

(medical and from the model), ФNeck assumes values from 0.6 to 35. Actually NIC is a good criterion 

for long term lesions which of course only brings enhanced value when considering lesions in non-

fatal victims. Considering the case studies that represents this population, only in one case the risk 

factor is above 1 for NIC (case study 13). Since the obtained risk factor is 3, long term lesions (more 

than 1 month) were expected in this victim, but there is no way to confirm this information, since no 

medical information is available besides the one with respect to the accident. Further this was a case 

where the victim was a foreign visitor.  

5.2.3 Thoracic Injuries Validation 

Table 5.4 summarizes the thorax injury criteria results and the corresponding victim’s medical 

observed injuries. 

 



 

 

75 

 

Table 5.4 - Case studies thoracic injuries summary and comparison with the clinical/medico-legal autopsy 
reports. 

Case 
Study 

Injuries 
Model AIS Medical 

AIS 

Medical/Model AIS 
Difference 

Fx Fy ay Result Fx Fy ay Result 

1 Fatal 6 4 4 6 5 1 1 3 1 

2 Fatal 4 2 2 4 3 1 1 1 1 

3 Fatal 3 3 3 3 3 0 0 3 0 

4 Fatal 3 2 2 3 3 0 1 2 0 

5 Minor 0 0 0 0 0 0 0 0 0 

6 Minor 0 0 0 0 0 0 0 0 0 

7 Fatal 6 4 5 6 6 0 2 5 0 

8 Fatal 6 3 1 6 6 0 3 1 0 

9 Fatal 4 4 4 4 3 1 1 3 1 

10 Fatal 6 3 3 6 6 0 3 3 0 

11 Fatal 0 2 2 2 2 2 0 0 0 

12 Fatal 6 4 4 6 6 0 2 4 0 

13 Minor 1 0 0 1 0 1 0 1 1 

14 Fatal 6 0 2 6 6 0 6 2 0 

15 Fatal 6 5 5 6 6 0 1 5 0 

16 Fatal 6 3 0 6 0 6 3 6 6 

17 Fatal 3 0 0 3 3 0 3 0 0 

19 Fatal 5 0 2 5 3 2 3 0 2 

20 Fatal 6 4 4 6 6 0 2 4 0 

 

Except for case study 18, all the others got clinical and/or medico-legal information of lesions in 

this body segment. Considering the three injuries evaluations criteria described in chapter 3, the 

model injury result corresponds to the maximum AIS obtained by the different criteria. Figure 5.3 

illustrates the comparison between the model and clinical/medico-legal AISThorax. 

 

Figure 5.3 - Comparison of thorax AIS determined by the model result and the values obtained from 
clinical/medico-legal autopsy reports. 

From the 19 cases where sufficient information was available for comparison, 13 matches were 

obtained with exact injuries severity score. On the other 6 cases, 4 cases had a difference of one unit 

and only 2 cases the AIS differed from 2 or more units. 

In the situations were a difference exists, the model injury prediction is above the real level 

(according with the clinical and medico-legal autopsy reports). In thorax, considering that the injury 

criteria rely on forces and/or accelerations in transverse plane, it is not valid to make comparisons 

between the criteria, since these depends on the collision scenario, mainly if it is frontal or lateral. 

Thus it seems a quite reasonable approach to use these methods for thorax injuries estimations 

relying on the correspondence on the majority of the case studies and the correct tendency of the 
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cases where the difference was just one unit. There is just one mismatch (case study 16) where the 

model predicts AISThorax=6, while the report stands AISThorax=0. This may be due to a simulation 

parameter or, since this was a fatal victim and according with the forensic report the ISS gives a 

mortality percent of 30%, while the models predicts 100%, there is perhaps an omitted information on 

the report, or a misinterpretation, as stated previously in section 5.1 for some cases being this one 

included. 

5.2.4 Abdominal Injuries Validation 

The results for abdominal injuries are summarized in table 5.5. Case study 18 is omitted due to 

non-existing information in this body segment.  

Table 5.5 - Case studies abdominal injuries summary and comparison with the clinical/medico-legal 
autopsy reports. 

Case 
Study 

Injuries 
Model 

AIS 
Medical 

AIS 
Difference 

1 Fatal 4 4 0 

2 Fatal 4 4 0 

3 Fatal 3 3 0 

4 Fatal 4 3 1 

5 Minor 2 0 2 

6 Minor 0 0 0 

7 Fatal 4 4 0 

8 Fatal 4 4 0 

9 Fatal 4 2 2 

10 Fatal 4 4 0 

11 Fatal 3 2 1 

12 Fatal 4 3 1 

13 Minor 3 1 2 

14 Fatal 5 5 0 

15 Fatal 4 4 0 

16 Fatal 3 0 3 

17 Fatal 3 3 0 

19 Fatal 4 4 0 

20 Fatal 4 4 0 

 

Only one injury criterion was used and the correspondence with the victim’s clinical or medico-

legal autopsy reports matched accurately in 12 cases. In the other seven cases, three differ from 1 

unit and the other four from to 2 or 3 units. The bar from figure 5.4 illustrates this comparison. 

 

Figure 5.4 - Comparison of abdomen AIS determined by the model result and the values obtained from 

clinical/medico-legal autopsy reports. 
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From the graph of figure 5.4, the discrepancies between the model injury prediction and the 

clinical/medico-legal autopsy reports are in all cases an over estimation of the injury score level by the 

model. It must be kept in mind that the abdominal injury criterion uses an intermediate load between 

thorax and hip, since PC-Crash
TM

 doesn’t calculate variables in this region. Still, except for case study 

16, this enables a good approach for the observed injuries and provides a good estimation of the life 

threatening of the victims motivated by abdominal lesions. As it can be observed in the graph, the 

cases where major differences occurred between the model and the actual victim’s lesions are the 

ones corresponding to less severe abdominal lesions, i.e, AIS 1 and AIS 2. For all the situations where 

victims suffered abdominal injuries of AIS≥3 (13 cases), almost a complete match is observed with just 

2 cases differing from 1 unit (case studies 4 and 12) both of them with clinical or medico-legal autopsy 

of AIS 3 (severe) and model prediction of AIS 4 (serious). This suggests that the abdominal injury 

criterion is a good indicator, especially in cases of serious injuries. Once again, a full validation 

process requires more case studies to observe the corresponding values, and see if the mismatch 

situations are still over estimated by the model. 

5.2.5 Pelvic Injuries Validation 

Except for major disruption or amputation, pelvic injuries severities are AIS≤3 and this refers 

mainly to fractures occurrence as mentioned in chapter 3. The fractures occurrence criterion 

determination relies on a comparison of loads and accelerations obtained with average upper limiting 

values. The results obtained for 17 of available pelvic information case studies are included in table 

5.6. 

Table 5.6 - Case studies pelvic injuries summary and comparison with the medical/forensic reports. 

Case 
Study 

Injuries 
Model AIS Medical 

AIS 
Difference 

Fx ay Result 

1 Fatal 3 3 3 3 0 

2 Fatal 3 2 3 0 3 

3 Fatal 0 0 0 0 0 

4 Fatal 0 0 0 0 0 

5 Minor 0 0 0 0 0 

6 Minor 0 0 0 0 0 

7 Fatal 3 3 3 3 0 

8 Fatal 0 0 0 0 0 

10 Fatal 2 2 2 2 0 

11 Fatal 0 0 0 0 0 

12 Fatal 2 2 2 0 2 

13 Minor 0 0 0 0 0 

14 Fatal 0 0 0 0 0 

15 Fatal 2 3 3 3 0 

16 Fatal 2 0 2 0 2 

17 Fatal 0 0 0 3 3 

20 Fatal 3 3 3 0 3 

 

In 12 of the 17 cases with pelvic lesions information, a complete correspondence was achieved. 

On the other 5 cases differences of 2 and 3 units occurred as represented in graph of figure 5.5. 
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Figure 5.5 - Comparison of pelvis AIS determined by the model result and the values obtained from 
clinical/medico-legal autopsy reports. 

In the cases where the victims suffered only minor injuries, no pelvic lesions were mentioned in 

the clinical reports. This is in accordance with the model predictions. Situations where a mismatch 

occurred are case studies 2, 12, 16, 17 and 20. Except for case 17, all the others refer to very young 

victims, being the oldest 28 years old. As mentioned, the limiting values for fractures to occur are 

average values, which do not take into account the age of the victim. Since it is expectable that young 

people have higher mechanical strength in bones than older people [Diab et al (2006), George and 

Vashishth (2006)], it may be expectable that fractures occur with a load application above the model’s 

threshold. In fact, for those situations the model over predicted the fracture occurrence, while the 

medico-legal autopsy reports didn’t mentioned any lesions. Analyzing the risk factor for those cases, 

cases 2 and 16 are ϕPelvis=1, i.e, the fracture occurrence risk is in the boundary limit. For cases 12 and 

20 the risk factor are respectively 2 and 3, but, once again these are the younger victims, with 20 and 

21 years old respectively, and thus, the same explanation may be given. Corroborating this theory, but 

in the opposite direction is the case 17. In this accident no injuries are predictable by the model and 

the risk factor is 0.5<ϕPelvis<1, but in this case, the victim was a 70 years old male with a less dense 

skeleton and, in accordance, the medico-legal autopsy report mentioned pelvic fractures. 

Within the matching situations and the reasons for the discrepancies, pelvic fractures predictive 

model offers a good tool for pelvic injuries estimation using PC-Crash
TM

 data, but some improvements 

should be made, especially a procedure that allows the criterion application with some capability of 

change the fracture upper threshold limits in accordance with the victim’s age.  

5.2.6 Lower Extremities Injuries Validation 

Lower extremities injuries follow the same fundamentals as for pelvis. This estimation lies under 

the principles of comparison between the estimated loads acting within the thighs and legs, and some 

reference values for upper limits for bending and compression. In appendix 1, risk factors are 

summarized for the thigh (upper leg in the model) and leg (lower leg in the model) for left and right 

limbs. In the PC-Crash
TM

 multibody simulations it is very difficult to validate the upper and lower limbs 

impacts to reproduce exactly the accident dynamics. For the injuries severity evaluation in lower 

extremities, every time at least one of the four risk factors reached a critical value, the corresponding 

AIS for fracture in the segment was attributed, i.e, similarly of what was done for pelvis. The lower 
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extremities segment AIS obtained is compiled in table 5.7. For the 20 case studies, only 18 have 

medical records on this region. Since the analysis reports to upper and lower legs, the possible 

injuries are AIS 2 or AIS 3 corresponding respectively to fractures in lower leg (tibia and fibula) and 

upper leg (femur). 

   

Table 5.7 - Case studies lower extremities injuries summary and comparison with the medical/forensic 
reports. 

Case 
Study 

Injuries 
Model 

AIS 
Medical 

AIS 
Difference 

1 Fatal 3 3 0 

2 Fatal 3 3 0 

3 Fatal 3 3 0 

4 Fatal 3 3 0 

5 Minor 0 0 0 

6 Minor 0 1 1 

7 Fatal 3 3 0 

8 Fatal 3 2 1 

10 Fatal 3 3 0 

11 Fatal 3 3 0 

12 Fatal 3 3 0 

13 Minor 0 2 2 

14 Fatal 3 3 0 

16 Fatal 3 3 0 

17 Fatal 3 0 3 

18 Fatal 3 3 0 

19 Fatal 3 0 3 

20 Fatal 3 0 3 

 

Graph from figure 5.6 shows the AIS correspondence visual comparison. 

 

Figure 5.6 - Comparison of lower extremities AIS determined by the model result and the values obtained 
from clinical/medico-legal autopsy reports. 

12 matches were obtained for fractures in lower limbs (AIS 2 and AIS 3). For the cases with 

victim’s minor injuries there is a complete correspondence in one case and a difference in one unit for 

the other two (cases 8 and 13). For case 8, the victim suffered injuries on the left knee and a fracture 

on the right foot. Even given AIS 1 to lower extremities, this couldn’t be predicted by the model for two 

reasons. First, since the possible detection is for fractures in upper and lower leg, the minimum model 

threshold is AIS 2. Secondly, the contact forces for comparison obtained by PC-Crash
TM

 are applied in 

the center of gravity for upper and lower legs, i.e, near the center of gravity of femur and tibia and not 

on the knee or foot. So, these results are in accordance with the observed victim injuries, i.e, saying 
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that AISMedical is 1, is corroborated by AISModel ≤ 2. In case 13 the lower limbs, AISLE=2 is attributed to a 

fracture on left tibia according with AIS tables. In spite of the difference between the model and the 

medical report, the risk factor for fractures obtained is inferior to 1, but the highest is 0.9, which is a 

suitable value for fractures to occur. So, in this case, the best way to evaluate the lesions isn’t to 

attribute a AIS values for the model, but to say that the predictive values is confined to the upper limit 

of 3, i.e, AISModel ≤ 3 and thus it provides a fair approach. Differences of 3 score units were obtained in 

cases 17, 19 and 20. Victims from cases 19 and 20 were young male adults with respectively 20 and 

21 years old. These risk factors for lower extremities fractures obtained for case 19, are in the range 

from 1.5 to 2.6 and for case 20, this value varies from 0.3 to 6.7. A similar situation already explained 

for the pelvic injuries (where case 20 was included) may have happened here, which stands that, 

since the victims were very young, the mechanical strength of the bones was higher than the model’s 

threshold. Case 17 was already explored in the previously section: the fractures were predictable 

either by the model or the age risk factor of the victim. The only injuries reported in the medico-legal 

autopsy repost are excoriations on the legs. Since many lesions suitable to directly cause the death 

were already reported, it could happen that the exam on the extremities was somewhat abbreviated, 

or the computation simulation produced unrealistic results in this body segment.  

Apart from case 17, and the ones with no information available for this body segment analysis, 

the lower extremities criterion, based on upper and lower legs fractures occurrence, reveals a good 

approach for estimation, but, as stated, these lesions are secondary, when compared with other body 

segments, for life threat risk computation. Still, if a rough order of injuries is required in this region, in 

accidents where no amputation occurred, this method enables to create an upper boundary that limits 

the AIS to less than 3 if lower risk factors are obtained, and in these cases, values of AIS1 and AIS 2 

from clinical and/or medico-legal autopsy reports are included, and AIS 3 for higher values of risk 

factors. Using this approach, an initial complete match would be obtained for 15 cases. 

5.2.7 Upper Extremities Injuries Validation 

Upper limbs injuries evaluation is unfeasible using AIS scale. As mentioned in section 4.2.2, 

taking the advantage that PC-Crash
TM

 enables to obtain the contact forces results in these segments, 

the only upper limbs comparison for the case studies is the fractures occurrence probability with the 

clinical and medico-legal autopsy reports information. Although obtained for upper (arm) and lower 

(forearm) left and right limbs, the criterion is solely based on the risk factor. If at least one of the limbs 

presents a risk factor above one, the model assumes the occurrence of fracture in the upper limbs. 

For fatal cases only, since once again this is a segment with secondary importance for the forensic 

pathologist, when certifying the direct cause of death, the cases where the medico-legal report’s 

record of external observations reported upper limbs excoriations and no further internal information, 

were considered as actual occurrence of fractures (case of study 1 and 17).  From the total 20 cases, 

17 had information available for this body segment. Table 5.8 resumes the cases with the fractures 

occurrence predicted by the model and reported by the clinical and/or medico-legal autopsy report. 

Last column indicates the correspondence between the two sources. 
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Table 5.8 - Case studies upper extremities fractures occurrence summary and comparison with the 
clinical/medico-legal autopsy reports. 

Case 
Study 

Injuries 

Fractures /Excoriations Occurrence 

Model 
Prediction 

Medical/Forensic 
Report 

Match 

1 Fatal Fractures Excoriations Yes 

2 Fatal Fractures Fractures Yes 

3 Fatal Fractures Fractures Yes 

4 Fatal Fractures Fractures Yes 

5 Minor No Fractures No Fractures Yes 

6 Minor No Fractures No Fractures Yes 

7 Fatal Fractures No Fractures No 

8 Fatal Fractures Fractures Yes 

10 Fatal Fractures Fractures Yes 

11 Fatal Fractures Fractures Yes 

12 Fatal Fractures Fractures Yes 

13 Minor Fractures Fractures Yes 

15 Fatal Fractures Fractures Yes 

16 Fatal Fractures No Fractures No 

17 Fatal Fractures Excoriations Yes 

19 Fatal Fractures Fractures Yes 

20 Fatal Fractures Fractures Yes 

   

There is a good correspondence between the two sources. Only in two cases the model 

predicted occurrence of upper limbs fractures and was not corroborated by the clinical or medico-legal 

autopsy report. Independently of the possible sources of discrepancies, like age, and the need to run 

more simulations including cases of victims with less severe injuries, this can be considered a good 

method at least for rough estimation if upper limbs injuries are expected in an accident. 

5.3 Optimization of Accident Simulations 

Not only the previous procedures and criteria allow to predict and evaluate the injuries on the 

TW accidents victims using the PC-Crash
TM

 simulations, but a reversal method can be used. While 

performing the simulations of the accidents several inputs are used and also methods and procedures 

for the optimization of the results [ACEM (2003)]. One way to optimize these results is to perform a 

simulation and use the injuries criteria to obtain the injury score in a certain body region. When 

comparing the result with the clinical or medico-legal autopsy data, if a major mismatch is observed, in 

certain situations it is suitable to change the parameters in order to obtain a more correct injury score, 

i.e, in accordance with the medical data, by changing simulation parameters and thus obtain more 

coherency with the accident real situation. The next two subsections are examples of this application. 

These refer to case studies 3 and 7. 

5.3.1 Optimization Example #1 – Front Side Collision 

In the initial simulation of case study 3, all the body segments injury level agreed (between the 

model and medico-legal data) except for the head, where the lesions were the direct cause of death 

(vide appendix 1). 
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Most probably, the non-agreement of this segment was related with the actual crash’s collision 

itself. In this accident the motorcycle and the car collided tangentially in the lateral front left side. The 

simulation, although cinematically validated (based on the final positions given by the authorities 

report), dynamically, big changes may occur with just slight differences in the input parameters. For 

example, if no head contact exists with the car during the first impact, the head impact on the ground, 

resultant from the fall of the motorcycle driver, may not produce enough contact forces to cause lethal 

injuries. This is sustained by the graphs of forces and accelerations presented for examples 1 and 2 in 

chapter 4, representing the hi-intensity values in the first impact and not in the subsequent fall. In this 

case, the medico-legal autopsy report leads to head injuries of AIS 5, while the model predicts 

maximum AIS 2, due to the angular acceleration, and AIS 1 due to HIC, with a skull fracture probability 

less than 10%. So clearly, in this simulation, head impacts didn’t occur in the first motorcycle driver 

body contact. Changes in the multibody position of the motorcycle driver (typical bank angles – a 

common characteristic in evasive maneuvers) dictates if the head of the victim hits the front of the car 

in the first body impact or not. In the first simulation, the motorcycle occupant hits the front lateral 

section of the car with the torso and during a second impact the head hits the left lateral. This first 

simulation sequence is illustrated in figures 5.7 to 5.9. 

                    

 

Figures 5.7, 5.8 and 5.9 – Simulation sequence of the accident with no head contact in initial impact 
(squares indicate body segments contact). 

As it can be observed from the sequence, the motorcycle driver’s lower left leg was stuck 

between the car and the motorcycle, leading to torso impact and then head impact both on the left 

lateral side of the car (color change from continuous to squares indicates body contact). The lower left 

leg stuck is corroborated by the medico-legal autopsy report findings and the accident pictures, since it 

was crushed and amputated below the ankle. 

By changing the bank and inclination of the motorcycle driver, while leaving all the other 

parameters unchanged, a new simulation is obtained and the first impact is represented by figures 

5.10 and 5.11. 



 

 

83 

 

    

Figures 5.10 and 5.11 - New simulation sequence of the accident with head contact in initial impact. 

As observed in figures 5.10 and 5.11 no major changes exist in the simulation except the torso 

head and neck of the motorcycle driver first contacts. Due to the different bank from previous 

simulation, the first impact of the head occurred in the left front of the car windshield and A-pillar. This 

is also corroborated by a local picture taken in the accident scene, where it can be observed the 

broken windshield and the A-pillar, with impact evidences as represented in figure 5.12. 

 

Figure 5.12 - Broken windshield on the left and impact dents (red circles) on the left a pillar. 

In this optimization simulation, the injuries on the head predicted by the model correspond to 5+ 

i.e, 5<AISHead<6 and thus in accordance with the medico-legal autopsy report head injury level. Also, 

the new skull fracture probability is above 90% which also corresponds to the skull fractures reported 

by the forensic pathologist. Since cinematically the second simulation is still valid, given the 

correspondence between the predictable and the observed injuries, a stronger validation on the 

accident reconstruction is achieved, based on the body injuries prediction models. 

5.3.2 Optimization Example #2 – Skidding of the Road  

Case study 7 refers to a skidding of the road accident where the motorcycle driver separates 

from the motorcycle and hits a traffic luminous sign with fatal consequences. The first simulation, 

although predicting fatal injuries, these were located mainly in head, thorax and abdomen. However, 

according with the medico-legal autopsy report, the more affected segments were thorax, abdomen 

and pelvis. The direct cause of death was related with thoracic lesions. In the first simulation, since the 

impact of the driver was mainly in upper (cephalic) part of the body, no major injuries occurred in 

pelvic region. The first simulation’s driver impact corresponds to figures 5.13 and 5.14. 
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Figures 5.13 and 5.14 - Simulation of the accident with mainly contact body segments in the luminous 
traffic sign being head and thorax (squares indicate body segments contact). 

As shown in figures 5.13 and 5.14, the main impact body segments in this simulation are head 

and thorax, with critical and lethal injuries respectively. The pelvic region doesn’t contact with the 

luminous sign and consequently, the fracture probability is less than 10%. 

According to the medico-legal autopsy report, besides serious injuries in head and fatal injuries 

in the thorax, multiple fractures were observed in pelvis in the sacrum-ilium and the pubic symphysis. 

In the second simulation, where parameters were adjusted to produce impact mainly in thoracic and 

pelvic regions, fatal injuries were still observed in the thorax and a probability above 90 % for pelvic 

fractures occurrence was estimated. This new impact simulation corresponds to figure 5.15, where a 

lower torso impact (including thorax and pelvis) can be observed for the driver. 

 

Figure 5.15 - Simulation of the accident with mainly contact body segments in the luminous traffic sign 
being thorax and pelvis (squares indicate body segments contact). 

Once again, this is a situation where the simulation parameters were adjusted based on the 

injuries reported in the victim’s medico-legal autopsy report. 

5.4 Medical and Forensic Reports 

Some disagreements were found between the lesions location and scores, as described in the 

medico-legal autopsy reports, and the model predictions. This mainly occurred in more subtle regions 

and minor lesions, such as upper limbs fractures, i.e, outside the typical critical regions like head and 

thorax. This may be associated with the rough methodology for the determination of these lesions. As 

stated, the reference values used for mechanical resistance of the body segments are based on some 

tests performed with cadavers, which of course don’t reflect the data for all the cases (as mentioned, 

bones mechanical strength depends on several factors). Also, many of the non-correspondences are 
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in lower AIS values (when compared with other body parts), and thus, in the general body physiologic 

context, these are usually not life threatening injuries. Since in many of the cases analyzed, lethal 

injuries occurred, after finding two or three regions where the injuries score may be translated to 

death, the exhaustive search for other injuries loses importance from the forensic point of view. This is 

even more understandable, when considering the standards for medico-legal autopsy practices in 

Portuguese jurisdiction, which states, as a general rule and with the exception of certain academicals 

contexts, to avoid as much as possible, further damages to the cadaver. As such, additional invasive 

exploration of the body should be set apart, when not necessary to accomplish the established 

procedures [INML-NP (2009)]. For example, the postmortem search for fractures may be 

accomplished, in practice, mainly in three ways: by using X-ray imaging, by opening the body 

segments to directly inspect the bones, or by palpation, i.e, sensing an abnormal lack of continuity 

(crepitation), failure of alignment, abnormal mobility of certain segments or instability, suggestive of 

bone fracture. The standard bone fracture research goals in the medico-legal autopsy of a road 

accident victim, are mainly directed to the critical vital parts of the body, such as the skull and the 

spine, or areas with potential for significant consequent fatal damage (namely, vascular), such and the 

long bones or the pelvis. During the busy daily routine of a forensic pathology service, many times the 

bone fractures may be estimated by simple observation and digital exploration, especially if there is a 

suitable necessary or adequate cause of death already safely established. There is, as a 

consequence, a significant possibility that sometimes, certain “minor” bone fractures are not reported 

in the forensic pathologist and remain “hidden”. Considering specifically the case studies in this work, 

one of the main objectives of the medico-legal autopsy is to show that death occurred as a 

consequence of the road accident, and not for any other reason (such a natural cause like a driver’s 

stroke, that consequently caused the crash). It is reasonable and understandable that as soon as two 

or three different causes of death are found, that allow the death to be certified as a consequence of 

fatal injuries resulting from the accident’s blunt trauma, from the legal and good practice standard 

points, no further investigation should be done. Some of the case studies had no apparent signs of 

fractures, or just fractures which were already exposed, and thus could be detected by palpation or 

observing the external surface of the cadaver (external habit). Others situations may exist, where in 

fact further fractures occurred in the body, but, since there are already many fatal injuries described, 

no deeper internal research is done for more detailed or complete information, which would only have 

academic value and consequently, these fractures aren’t described in the medico-legal autopsy report. 

However, it is important to emphasize that, should more exhaustive studies in this field be 

executed, a great interest would exist in revised medico-legal autopsy reports, including a more 

rigorous search concerning skeletal trauma, providing more complete and reliable data, with better 

sensibility, for further validation on the accuracy of the models for injury evaluation. The procedures 

defined by INML-NP (2009), although very complete and non-ambiguous, are not always obvious in 

the medical reports, that are sometimes very incomplete in this matter, and far from following the 

recommended practices, e.g, case of study 18, where information was available only for the head and 

the upper legs. This is, of course, a purely academic and much focused point of view, constructed 

without a medical background, and possibly irrelevant for the overall purpose of the medico-legal 
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autopsy. Furthermore, such considerations would be well beyond the author’s medical abilities and the 

scope of this thesis, which remains in some general remarks and comments regarding the available 

data. 

Overall, medico-legal autopsy reports contain a vast and valuable amount of information, with 

crucial importance for the type of research done in this work and to others inside the accidents project 

analysis. Although the main researcher doesn’t have enough medical background, which 

compromises the full understanding of the medico-legal autopsy reports contents details, the same is 

true for the vast majority of the potential users of such data. Two limitations in using these reports 

were felt in this work. First, the reports are elaborated almost as a current text. This makes hard to 

compile and separate the information to the reader. There are a few reports where the information is 

presented as text only, but separated in cells for each body segment. These are the better 

compilations found and used throughout this work. The other layout (corresponding to the majority of 

the data used), are simply a text report, with no separations between the body segments. A 

suggestion is to use the separation, to allow an easier location of the relevant information – an effort 

currently being done at the forensic pathology service. 

One other situation observed, is the description of the location of the lesions and the affected 

organs. In the annex (or in the main body) of the report, some standard human images could be 

added in order to assist the user in locate the lesions and the affected body parts. For example, for 

each segment, figures similar to the ones used for the first example of results in this work. If it is 

considered that this takes up too much space, making the report too loaded, two general figures in the 

anterior-posterior view and the posterior-anterior for all the body regions, may be an alternative. 

One last comment on the medico-legal autopsy reports is about the specific reporting of the 

lesions. Sometimes, the language used by the pathologist is too technical for a user with no specific 

medical training. Even though the correct technical terms may be (or must be) part of the report 

information, one situation that would help a lot the information consumers with limited medical 

knowledge, would be a relative and qualitative evaluation on the severity of the lesions. If for example 

a subarachnoid hemorrhage was found within the region of the head, and if this was the more severe 

injury observed, then one possibility would be to categorize the head injuries as “serious to critical”, in 

this hypothetic case. This type of regional injuries qualification would save a lot of work of the 

researcher in understanding by himself the severity of the injuries reported, and avoid the possibility of 

human error by misunderstanding of the specific medical language. It happens, in some the reports 

used in this work that the injuries severity corresponds in tables as “moderate”, but in the forensic 

conclusions, the same lesion correspond to the direct cause of death. Either this can be a spurious 

error, or once again, a bad interpretation from a non-medical user, which emphasizes this importance 

of the lesions severity scale as being part of the medico-legal autopsy report contents. It sometimes 

seemed quite “standard” to input the direct cause of death to some keywords, e.g, TBI (Traumatic 

Brain Injury), while the rational for such decision is not obvious to a non-medical reader. 
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6 Conclusions and Future Work 

The selection of case studies used in this work was carefully made in order to get as much as 

possible differences between the accidents conditions. These differences refer to TW (motorcycle and 

respective classification, moped and bicycle), occupant, impact and victims injuries (slight and fatal). 

This variability of inputs enable a more relevant real world validation, eliminating at least possible 

coincidences of application or hypothetic good results tendency in very specific particular conditions. 

In this section the more relevant high-lights are summarized, including the possible new paths for 

further progresses in this field.  

6.1 Conclusions 

The major goal of this work was successfully achieved by validation of injuries criteria on TW 

occupants, obtained by models applied to road accidents reconstruction. The procedure used was 

based on assess the severity of those injuries as a whole, i.e, considering the victim’s risk of mortality, 

the different body segments injuries score, and a comparison of those results with the clinical and/or 

medico-legal autopsy reports information available for the victims. The criteria using data from PC-

Crash
TM

 simulations provide an excellent tool for life threatening and global injuries score in TW 

accidents victims.  

Moreover, the application of the injuries criteria for the body segments may dictate which parts 

were more severely affected by the accident injuries and for each one, it can predict the respective 

injuries level in an AIS scale. The segments where more reliable results were achieve are, head, neck, 

thorax, abdomen and pelvis. These are actually the more critical regions within the body, considering 

the overall life threat point of view.  

For head injuries prediction two criteria dictate the best results. For the simplicity of applications 

and also leading to the best results is the maximum head angular accelerations criterion. This is of 

very simple application, since it is just the calculation of the maximum angular acceleration value for 

the three axis. The HIC provided less correspondent results, but acts as a comparison and sometimes 

(rarely observed) unique criterion for head injuries. The best practice is to use both and attribute to the 

victim the highest AIS obtained.  

Thorax compressive frontal and lateral forces criterion should be used for this segment lesions 

prediction, since together, total horizontal force is taken into account in this part.  

For the abdominal segment, the total horizontal force should be used as well, but with less 

reliable results because it is an estimation load value, since PC-Crash
TM

 results only provides contact 

forces in torso and hip and not specifically in abdomen. Still, the obtained results were very 

satisfactory and this can be considered a good criterion for this body part [Rouhana (1993)].  

Pelvis, upper and lower extremities criteria are based on fractures occurrence risk factor. In the 

lower and upper extremities, although a fair prediction is possible using the models, it should be kept 

in mind that PC-Crash
TM

 calculates the contact forces in the center of gravity for each subpart of the 
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limbs. If a blunt trauma is applied in a very localized fashion on one of the victim’s limbs (resulting from 

a narrower object contact, for example), it is unlikely that, using this thesis tools and procedures, this 

located blunt lesion is detected by the model. Also, the ultimate values for risk factor calculation are 

the ones available in the references and this means average values, obtained in tests performed by 

several researchers. Since these limits differ from person to person, with no other input factor, such as 

the age of the victim, this becomes highly inaccurate. Still, it is a good method to predict the fractures 

occurrence, especially if a high value (»1) is obtained. In those cases, the correspondent fracture 

occurrence was almost always corroborated by the clinical and/or medico-legal autopsy reports. 

However, these type of injuries, although interesting for accidents analysis purpose 

applications, usually are “peripheral” injuries with a secondary importance from the overall survival of 

the victim when compared with head, neck, thorax or abdomen. Notwithstanding, it reveals a good 

potential of the injury criteria and the ability to provide detailed body regions lesions approach, since a 

very good correspondence between the models predictions and the victims reported injuries was also 

obtained for these body segments. 

Beyond the injuries prediction, the methodology presented in this work enables to apply the 

opposite procedure, i.e, to optimize the accidents simulations based on the victims medical and/or 

forensic reports, by changing the simulation parameters in order to make a better adjustment between 

the observed injuries severity score and the score predicted by the simulations results using the 

models. 

For the neck segment, even with a good correspondence achieved between the models and 

victims injuries, certain doubts can be raised about the method. These are mainly motivated by the 

cases where lesions were found.  There were many cases of success, i.e, where a match between the 

model and the victim’s injuries existed. However, in most of the cases used, no neck injuries were 

reported (16 in a total of 19 with usable information). Only in 3 cases injuries were reported in this 

segment and, in only one a match was complete and it took place in an extreme situation where 

decapitation occurred. On the other 2 cases, the model seems to produce an underestimation of the 

neck injuries severity. Thus, it is not possible, with the sample size used in this work of cases which 

report injuries in this segment, to validate the neck injury criterion.  

Another limitation on the injury criteria in this work is for the spine lesions. Since PC-Crash
TM

 

only calculates contact forces in the torso as a rigid body, except for those correlations from Kuppa 

(2004), no spine injury criterion was directly used. A spine injury criterion may be very important, 

especially if dealing with surviving victims, which in this study corresponds only to 3 of the 20 cases 

used. 

6.2 Future Work 

Based on the previous conclusion and limitations, several proposals for future work in this field 

are suitable for a more complete and detailed approach: 
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Using the same methods and models, but increasing the number of case studies (using fatal 

and non-fatal situations) will allow to obtain a statistical significative population. Beyond the more 

meaningful validation of methods for rough or detailed lesions severity score in the victims, this will 

enable to perform some correlations between the accident conditions and the injuries observed and 

predicted by the model. This objective can be accomplish similarly to Bernardo (2012), but instead of 

using the accident occurrence, and the victims injuries severity, extend to the location of those injuries 

and the collision scenario, the occupant (driver and/or passenger), the age, the TW type and 

classification, helmet use and type or other factors involved.   

 

Use accidents with non-fatal injuries victims for more accurate lower extremities injuries results. 

Ideally this type of accidents will allow the retrieval of medical data from a trauma and orthopedics 

service within the hospital, where patients who suffered injuries on extremities can provide more 

detailed information, since in these situations there are clinical medical diagnosis and accurate 

description of the lesions, and not just a rough observation as it potentially happens in a typical 

medico-legal autopsy, when other more severe lesions are already determined (which justify the 

cause of death certification). Then, using accident simulation, try to make a correspondence of the 

extremities fractures and validate and/or optimize the model.  

 

Also, with the capability to provide more accurate results, simulations may be accomplish by 

using a software like MADYMO (MAthematical DYnamic MOdels), enabling the use of detailed and 

validated biomechanical models that include a several measurable injuries parameters and the ability 

to use a multibody with finite elements, enhancing the structure system detail. Within this detailed 

approach, also more accuracy may be used in the injuries criteria. Providing more detail on the loads 

and accelerations applied in the multibody system, using e.g. Schmitt et al (2007) information on the 

injuries mechanisms, a more reliable and accurate prediction on the victim’s body segments injuries 

may be achieved. A very interesting goal would be to point which were the organs with major 

probability to be injured in a certain type of accident/collision scenario. 

 

Other type of analysis suitable for development is to use the upper limiting values of the 

connecting strength of soft tissues and joints. Considering accidents where amputations occur (like 

cases 3 and 4), even using a multibody system that doesn’t allow simulation with parts separation, if a 

threshold values for ultimate strength connection is defined and this limit value is achieved, this can be 

used to verify if the situation actually is likely to occur, or the opposite, i.e, optimize the simulation, by 

making correspondence between impact parameters and the consequences of victims amputation 

injuries. 
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8 Appendices 

8.1 Appendix 1 - Case Studies Summary 

Case Study #2 

Table 8.1 - Case Study #2 general conditions. 

Accident Data 
Vehicles Involved 

#1 - Car #2 - Motorcycle 

Vehicles category Passenger Sport 

Occupants (Age/Gender) Driver Only (47 yo/Female) Driver (25 yo/Male) + Passenger (28 yo/Female) 

Crash speed 10 km/h 90 km/h 

Collision scenario Right Rear-Lateral Frontal 

Maneuver Turning Overtaking 

Injuries NA Fatal for the passenger/Driver severe injuries 

Motorcycle estimated relative speed 90 Km/h 

Weather conditions / Time Good weather and visibility/Morning 

High Lights Motorcycle driver used excessive speed for the place and traffic conditions 

 
 

Table 8.2 - Case Study #2 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination 

Match 

Injury Criterion 
Risk 

Factor 

Criterion 
AIS 

Estimation 

Region 
AIS 

AIS/Fracture 

Head 

HIC NA AIS 1 

AIS 3+ AIS 5 No Angular Acceleration  NA  3<AIS<4 

Skull Fracture Probability < 0,10  NA 

Neck 
Nij 0,2  AIS<1 

AIS<1  AIS<1   Yes 
NIC 8 NA  

Thorax 

Compression NA AIS 4 

AIS 4 AIS3 No Lateral Force NA AIS <3 

Lateral Acceleration NA AIS <3 

Abdomen Horizontal Load NA 3<AIS<4 AIS 3+ AIS 4 Yes 

Pelvis 
Horizontal Load 1  3<AIS<4 

AIS 3+ AIS<1  No 
Lateral Acceleration 1  2<AIS<3 

LE 

Right Upper  Leg 

Fracture Occurrence 

8 

AIS 3  AIS 3 

  
AIS 3 

Fracture 
  

  
Yes 

   

Left Upper  Leg 8 

Right Lower  Leg 6 

Left Lower  Leg 6 

UE 

Right Upper  Arm 1 

Fractures NA Excoriations Yes 
Left Upper  Arm 1 

Right Lower  Arm 4 

Left Lower  Arm 2 
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Case Study #3  

 

Table 8.3 - Case Study #3 general conditions. 

Accident Data 
Vehicles Involved 

#1 - Car #2 - Motorcycle 

Vehicles category Passenger Standard 

Occupants (Age/Gender) Driver Only (44 yo/Male) Driver Only (24 yo/Male) 

Crash speed 60 km/h 58 km/h 

Collision scenario Frontal-Left Side Frontal-Left Side 

Maneuver NA Invasion of opposite traffic lane 

Injuries NA Fatal injuries 

Motorcycle estimated relative speed 80 Km/h 

Weather conditions / Time Raining and night visibility 

High Lights Motorcycle driver had a BAC of 1,66 g/l 
 

 

Table 8.4 - Case Study #3 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination Match 
  

Injury Criterion 
Risk 

Factor 
Criterion 

AIS Estimation 
Region 

AIS 
AIS/Fracture 

Head 

HIC NA AIS 5 

AIS 5 AIS 5 Yes Angular Acceleration NA AIS 5 

Skull Fracture Probability >90% NA  

Neck 
Nij 0,05  AIS<1 

AIS<1  AIS<1  Yes  
NIC 5  NA 

Thorax 

Compression 

NA 

AIS 3 

AIS 3 AIS 3 Yes Lateral Force AIS 3 

Lateral Acceleration AIS 3 

Abdomen Horizontal Load NA AIS 3 AIS 3 AIS 3 Yes 

Pelvis 
Horizontal Load < 0,10  AIS<3 

AIS<3  AIS<1  Yes 
Lateral Acceleration < 0,10  AIS<3 

LE 

Right Upper  Leg 

Fracture Occurrence 

0,4 

 AIS 3 AIS 3 
AIS 3 

Fractures 
Yes 

Left Upper  Leg 1,5 

Right Lower  Leg 0,3 

Left Lower  Leg 1,3 

UE 

Right Upper  Arm 1,8 

Fractures NA  Fractures  Yes 
Left Upper  Arm 3,6 

Right Lower  Arm 1,2 

Left Lower  Arm 4,0 
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Case Study #4  

 

Table 8.5 - Case Study #4 general conditions. 

Accident Data 
Vehicles Involved 

Motorcycle 

Vehicles category Sport 

Occupants (Age/Gender) Driver (25 yo/Male) + Passenger (25 yo/Male) 

Crash speed Above 180 km/h 

Collision scenario Skiding of the road 

Maneuver Describing a right curve 

Injuries Passenger fatal injuries 

Motorcycle estimated relative speed Above 155 Km/h 

Weather conditions / Time Good weather and visibility/Afternoon 

High Lights Driver used excessive speed and lost motorcycle control. 
 

 

Table 8.6 - Case Study #4 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination 
Match 

Injury Criterion 
Risk 

Factor 
Criterion 

AIS Estimation 
Region 

AIS 
AIS/Fracture 

Head 

HIC NA AIS 6 

AIS 6 AIS 6 Yes Angular Acceleration NA AIS 5 

Skull Fracture Probability >90%   

Neck 
Nij >>10 AIS>5 

AIS 6 AIS 6 Yes 
NIC >>10 NA 

Thorax 

Compression 

NA 

AIS 3 

AIS 3 AIS 3 Yes Lateral Force AIS<3 

Lateral Acceleration AIS<3 

Abdomen Horizontal Load NA AIS 4 AIS 4 AIS 3 No 

Pelvis 
Horizontal Load 0,2 AIS<2 

AIS<2 AIS<1 Yes 
Lateral Acceleration 0,3 AIS<3 

LE 

Right Upper  Leg 

Fracture Occurrence 

1,0 Fracture 

AIS 3 

AIS 3/Fracture 

Yes 
Left Upper  Leg 0,5     

Right Lower  Leg 0,4   AIS 2/Fracture 

Left Lower  Leg 0,7     

UE 

Right Upper  Arm 1,4 

Fractures NA Fractures Yes 
Left Upper  Arm 1,1 

Right Lower  Arm 3,5 

Left Lower  Arm 2,6 
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Case Study #5 

 

Table 8.7 - Case Study #5 general conditions. 

Accident Data 
Vehicles Involved 

#1 - Car #2 - Motorcycle #3 - Car 

Vehicles category Passenger Sport Passenger 

Occupants (Age/Gender) Driver Only (40 yo/Male) 
Driver (25 yo/Male) 
Passenger (25 yo/Female) 

Driver Only (47 yo/Male) 

Crash speed 45 km/h 70 km/h 40 km/h 

Collision scenario Rear left side Frontal Rear 

Maneuver 
Changing traffic lane 
(right to left) 

NA NA 

Injuries NA 
Slight injuries for both 
driver and passenger 

NA 

Motorcycle estimated relative 
speed 

25 Km/h 

Weather conditions / Time Good weather and visibility/evening civil twilight 

High Lights 
The causes of the accident are attributed due to the lack of attention from car #1 
driver when making the traffic lane transition 

 
 

Table 8.8 - Case Study #5 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report of the driver. 

Body Region 

Injury Model Application 
Medical 

Examination 
Match 

Injury Criterion 
Risk 

Factor 
Criterion 

AIS Estimation 
Region 

AIS 
AIS/Fracture 

Head 

HIC  NA AIS<1 

AIS<1 AIS<1 Yes Angular Acceleration  NA AIS<1 

Skull Fracture Probability <1%   

Neck 
Nij 0,07 AIS<1 

AIS<1 AIS<1 Yes 
NIC 0,9 NA 

Thorax 

Compression 

NA 

AIS<1 

AIS<1 AIS<1 Yes Lateral Force AIS<1 

Lateral Acceleration AIS<1 

Abdomen Horizontal Load NA AIS 2 AIS 2 AIS<1 No 

Pelvis 
Horizontal Load 0,1 AIS<1 

AIS<1 AIS<1 Yes 
Lateral Acceleration 0,2 AIS<1 

LE 

Right Upper  Leg 

Fracture Occurrence 

1,3 

AIS<1 AIS<1 AIS<1 Yes 
Left Upper  Leg 0,8 

Right Lower  Leg 0,5 

Left Lower  Leg 0,3 

UE 

Right Upper  Arm 0,5 

  NA   Yes 
Left Upper  Arm 0,5 

Right Lower  Arm 0,5 

Left Lower  Arm 0,5 
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Case Study #6  

 
Table 8.9 - Case Study #6 summary of the body regions injury criteria results and comparison with the 

corresponding injury scales obtained from the autopsy report of the passenger. 

Body Region 

Injury Model Application 
Medical 

Examination 

Match 

Injury Criterion 
Risk 

Factor 

Criterion 
AIS 

Estimation 

Region 
AIS 

AIS/Fracture 

Head 

HIC NA AIS<1 

AIS<1 AIS<1 Yes Angular Acceleration NA AIS<1 

Skull Fracture Probability 0   

Neck 

Nij 0,02 AIS<1 

AIS<1 AIS<1 Yes 
NIC 0,6 NA 

Thorax 

Compression 

NA 

AIS<1 

AIS<1 AIS<1 Yes Lateral Force AIS<1 

Lateral Acceleration AIS<1 

Abdomen Horizontal Load NA AIS<<3 AIS<<3 AIS<1 Yes 

Pelvis 
Horizontal Load 0,1 AIS<<3 

AIS<<3 AIS<1 Yes 
Lateral Acceleration 0,05 AIS<<3 

LE 

Right Upper  Leg 

Fracture Occurrence 

0,4 

AIS<<3 AIS<<3 AIS 1 Yes 
Left Upper  Leg 0,3 

Right Lower  Leg 0,4 

Left Lower  Leg 0,2 

UE 

Right Upper  Arm 0,4 

  NA   Yes 
Left Upper  Arm 0,2 

Right Lower  Arm 0,9 

Left Lower  Arm 0,5 
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Case Study #7 

 

Table 8.10 - Case Study #7 general conditions. 

Accident Data 
Vehicles Involved 

Motorcycle 

Vehicles category Sport 

Occupants (Age/Gender) Driver Only (25 yo/Male)  

Crash speed 100 km/h (legal limit 50 km/h) 

Collision scenario Skiding of the road 

Maneuver Overtaking a car a deviating to the left 

Injuries Driver fatal injuries 

Motorcycle estimated relative speed 100 Km/h 

Weather conditions / Time Good weather and night visibility/Evening 

High Lights Driver used excessive speed and lost motorcycle control. 

 
 
 

Table 8.11 - Case Study #7 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination 

Match 

Injury Criterion 
Risk 

Factor 

Criterion 
AIS 

Estimation 

Region 
AIS 

AIS/Fracture 

Head 

HIC NA AIS 6 

AIS 6 AIS 4 No Angular Acceleration NA AIS 5 

Skull Fracture Probability >90%   

Neck 
Nij 0,2 AIS<1 

AIS<1 AIS<1 Yes 
NIC 43,7 NA 

Thorax 

Compression 

NA 

AIS 6 

AIS 6 AIS 6 Yes Lateral Force AIS>3 

Lateral Acceleration AIS>4 

Abdomen Horizontal Load NA AIS>4 AIS>4 AIS 4 Yes 

Pelvis 
Horizontal Load 5 AIS>3 

AIS>3 AIS 3 Yes 
Lateral Acceleration 3 AIS>3 

LE 

Right Upper  Leg 

Fracture Occurrence 

4,2 

AIS 3 
Fractures 

AIS 3 
AIS 3 

Fractures 
Yes 

Left Upper  Leg 9,1 

Right Lower  Leg 0,6 

Left Lower  Leg 5,3 

UE 

Right Upper  Arm 0,2 

 Fractures NA   No 
Left Upper  Arm 0,1 

Right Lower  Arm 0,7 

Left Lower  Arm 5,3 

 
 
 
 

 

 

 

 

 



 

 

101 

 

Case Study #9  

 

Table 8.12 - Case Study #9 general conditions. 

Accident Data 
Vehicles Involved 

#1 - Car #2 - Motorcycle 

Vehicles category Passenger Sport 

Occupants (Age/Gender) Driver Only (34 yo/Female) 
Driver (22 yo/Male) +  
Passenger (24 yo/Female) 

Crash speed 20 km/h 40 km/h 

Collision scenario Frontal Frontal 

Maneuver Turning Overtaking 

Injuries NA Fatal for driver and passenger 

Motorcycle estimated relative 
speed 

60 Km/h 

Weather conditions / Time Good weather and night visibility/Evening 

High Lights 
Motorcycle driver used excessive speed and overtook in an interdited area. 
Motorcycle driver a BAC of 0,52 g/l 

 

 

Table 8.13 - Case Study #9 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination 
Match 

Injury Criterion 
Risk 

Factor 
Criterion AIS 
Estimation 

Region 
AIS 

AIS/Fracture 

Head 

HIC NA AIS 5 

AIS 5 AIS 5 Yes Angular Acceleration NA AIS 5 

Skull Fracture Probability > 80% NA  

Neck 
Nij 0,3 AIS<1  

 AIS<1  AIS<1 Yes  
NIC 21  NA 

Thorax 

Compression 

NA 

AIS 4 

AIS 4 AIS 3 No Lateral Force AIS 4 

Lateral Acceleration AIS 4 

Abdomen Horizontal Load NA 3<AIS<4 AIS 3+ AIS 2 No 

Pelvis 
Horizontal Load 1 2<AIS<3  

AIS 2+ NAV   
Lateral Acceleration 1 2<AIS<3 

LE 

Right Upper  Leg 

Fracture Occurrence 

1,0   

AIS 3 NAV 

  
  
  
  

Left Upper  Leg 1,5 AIS 3 

Right Lower  Leg 2,3   

Left Lower  Leg 1,0   

UE 

Right Upper  Arm 2,1 

  NA NAV 

  
  
  
  

Left Upper  Arm 1,1 

Right Lower  Arm 4,6 

Left Lower  Arm 1,7 
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Case Study #10 

 

 
Table 8.14 - Case Study #10 general conditions. 

Accident Data 
Vehicles Involved 

#1 - Car #2 - Motorcycle 

Vehicles category Passenger Sport 

Occupants (Age/Gender) Driver Only (19 yo/Female) Driver Only (34 yo/Male)  

Crash speed 45 km/h 70 km/h 

Collision scenario Frontal left side Frontal 

Maneuver Turning left NA 

Injuries NA Driver fatal injuries 

Motorcycle estimated relative speed 100 Km/h 

Weather conditions / Time Good weather and night visibility/Night 

High Lights 
While leaving the gas station the car driver didn't see the motorcycle in the 
main road and advanced without precaution 

 

 

Table 8.15 - Case Study #10 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination 
Match 

Injury Criterion 
Risk 

Factor 
Criterion 

AIS Estimation 
Region 

AIS 
AIS/Fracture 

Head 

HIC  NA AIS 3 

AIS 5 AIS 4 No Angular Acceleration  NA AIS 5 

Skull Fracture Probability <25% NA  

Neck 
Nij 0,56 AIS<1 

AIS<1 AIS<1 Yes 
NIC 13 NA 

Thorax 

Compression 

NA 

AIS 6 

AIS 6 AIS 6 Yes Lateral Force AIS 3 

Lateral Acceleration AIS 3 

Abdomen Horizontal Load NA AIS 4 AIS 4 AIS 4 Yes 

Pelvis 
Horizontal Load 1 AIS 2 

AIS 2 AIS 2 Yes 
Lateral Acceleration 0,7  AIS<3 

LE 

Right Upper  Leg 

Fracture Occurrence 

6,6 

AIS 3 
Fractures 

AIS 3 
AIS 3 

Fractures 
Yes 

Left Upper  Leg 15,8 

Right Lower  Leg 2,3 

Left Lower  Leg 1,0 

UE 

Right Upper  Arm 1,8 

Fractures  NA Fractures  

  
 

Yes 
  
  

Left Upper  Arm 1,0 

Right Lower  Arm 3,3 

Left Lower  Arm 6,3 
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Case Study #11 

 
Table 8.16 - Case Study #11 general conditions. 

Accident Data 
Vehicles Involved 

#1 - Motorcycle #2 - Car #3 - Car #4 - Car 

Vehicles category Sport Passenger Passenger Light cargo truck 

Occupants (Age/Gender) Driver Only (23 yo/Male) 
Driver Only (61 
yo/F) 

Driver Only (27 
yo/F) 

Driver Only (39 
yo/M) 

Crash speed 
90 km/h  
(Legal limit 50 km/h) 

0 km/h 5 km/h 0 km/h 

Collision scenario Frontal and lateral both sides Rear right side Rear right Rear right 

Maneuver 
Overtaking the cars between 
two traffic lanes 

Stopped in a traffic lane 

Injuries 
Severe injuries that became 
lethal due to sepsis 47 days 
after the accident 

NA 

Motorcycle estimated 
relative speed 

90 Km/h 

Weather conditions / Time Good weather and visibility/Afternoon 

High Lights 

The causes of the accident are attributed to excessive speed while entering the 
tunnel with a reasonable descent gradient, which reduced the visibility distance 
and didn't enable the motorcycle driver to see the traffic lanes inside the tunnel, 
where the cars were stopped. 

 
 

Table 8.17 - Case Study #11 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination 
Match 

Injury Criterion 
Risk 

Factor 
Criterion 

AIS Estimation 
Region 

AIS 
AIS/Fracture 

Head 

HIC  NA AIS 1 

AIS 3+ AIS 3 Yes 
Angular Acceleration  NA 3<AIS<4 

Skull Fracture 
Probability 

20%   

Neck 
Nij 0,08 AIS<1 

AIS<1 AIS<1 Yes 
NIC 7,9 NA 

Thorax 

Compression 

NA 

AIS<1 

AIS<3 AIS<3 Yes Lateral Force AIS<3 

Lateral Acceleration AIS<3 

Abdomen Horizontal Load NA AIS 3 AIS 3 AIS 2 No 

Pelvis 
Horizontal Load 0,5 AIS<2 

AIS<2 AIS<2 Yes 
Lateral Acceleration 0,5 AIS<2 

LE 

Right Upper  Leg 

Fracture Occurrence 

1,0 

Fractures AIS 3 
AIS 3 

Fractures 
Yes 

Left Upper  Leg 5,3 

Right Lower  Leg 0,8 

Left Lower  Leg 9,5 

UE 

Right Upper  Arm 3,4 

Fractures NA Fractures Yes 
Left Upper  Arm 0,6 

Right Lower  Arm 3,7 

Left Lower  Arm 4,1 
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Case Study #12  

 
Table 8.18 - Case Study #12 general conditions. 

Accident Data 
Vehicles Involved 

#1 - Car #2 - Motorcycle 

Vehicles category Passenger Standard 

Occupants (Age/Gender) Driver Only (59 yo/Male) 
Driver (20 yo/Male)+ 
Occupant (19 yo/Male) 

Crash speed 10 km/h 140 km/h 

Collision scenario Rear right side Frontal 

Maneuver Turning left NA 

Injuries NA 
Driver fatal injuries + passenger 
slight injuries 

Motorcycle estimated relative speed 140 Km/h 

Weather conditions / Time Good weather and visibility/Afternoon 

High Lights 
The causes of the accident are attributed to excessive speed of the 
motorcycle  

 

Table 8.19 - Case Study #12 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report of the motorcycle driver. 

Body Region 

Injury Model Application 
Medical 

Examination 
Match 

Injury Criterion 
Risk 

Factor 
Criterion 

AIS Estimation 
Region 

AIS 
AIS/Fracture 

Head 

HIC NA  AIS 6 

AIS 6 AIS 5 No Angular Acceleration NA  AIS 5 

Skull FractureProbability >90%   

Neck 
Nij 0,2 AIS<1 

AIS<1 AIS<1 Yes 
NIC 13 NA 

Thorax 

Compression 

NA 

AIS 6 

AIS 6 AIS 6 Yes Lateral Force AIS 4 

Lateral Acceleration AIS 4 

Abdomen Horizontal Load NA AIS 4 AIS 4 AIS 3 No 

Pelvis 
Horizontal Load 2 2<AIS<3 

AIS 2+ AIS<1 No 
Lateral Acceleration 2 2<AIS<3 

LE 

Right Upper  Leg 

Fracture Occurrence 

3,8 

AIS 3 AIS 3 AIS 3 Yes  
Left Upper  Leg 2,1 

Right Lower  Leg 3,5 

Left Lower  Leg 2,9 

UE 

Right Upper  Arm 4,3 

 Fractures NA Fractures Yes 
Left Upper  Arm 2,4 

Right Lower  Arm 5,1 

Left Lower  Arm 1,8 
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Case Study #13 

 

 
Table 8.20 - Case Study #13 summary of the body regions injury criteria results and comparison with the 

corresponding injury scales obtained from the autopsy report of the motorcycle passenger. 

Body Region 

Injury Model Application 
Medical 

Examination 
Match 

Injury Criterion 
Risk 

Factor 
Criterion AIS 
Estimation 

Region 
AIS 

AIS/Fracture 

Head 

HIC NA AIS <1 

AIS 2 AIS 2 Yes Angular Acceleration NA AIS 2 

Skull Fracture Probability 0   

Neck 
Nij 0,03 AIS<1 

AIS<1 AIS<1 Yes 
NIC 3 NA 

Thorax 

Compression 

NA 

AIS 1 

AIS 1 AIS<1 No Lateral Force AIS<1 

Lateral Acceleration AIS<1 

Abdomen Horizontal Load NA 2<AIS<3 AIS 2+ AIS<1 No 

Pelvis 
Horizontal Load 0,2 AIS<1 

AIS<1 AIS<1 Yes 
Lateral Acceleration 0,2 AIS<1 

LE 

Right Upper  Leg 

Fracture Occurrence 

0,9 

AIS<3 AIS<3  AIS2/Fracture Yes 
Left Upper  Leg 0,6 

Right Lower  Leg 0,8 

Left Lower  Leg 0,2 

UE 

Right Upper  Arm 0,8 

Fractures NA 
  

 Fractures 
  

Yes 
Left Upper  Arm 1,4 

Right Lower  Arm 1,0 

Left Lower  Arm 1,2 

 
  

 

 

 

 

 

 

 

 

 



 

 

106 

 

Case Study #14  

 

 
Table 8.21 - Case Study #14 general conditions. 

Accident Data 
Vehicles Involved 

#1 - Car #2 - Motorcycle 

Vehicles category Bus (public service transport) Standard 

Occupants (Age/Gender) Driver (40 yo/Male) and some passengers Driver only (24 yo/Male) 

Crash speed 55 km/h 115 km/h 

Collision scenario Frontal right  Lateral Right side 

Maneuver Crossing road intersection (green light) Crossing road intersection (red light) 

Injuries NA Driver fatal injuries 

Motorcycle estimated relative 
speed 

55 Km/h 

Weather conditions / Time Good weather and night visibility/Late night 

High Lights 
Motorcycle driver crossed the intersection with a red light according to the 
witnesses. He drove in excessive speed (legal limit 50 km/h) with BAC of 1,31 g/l. 

 

 

Table 8.22 - Case Study #14 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination 
Match 

Injury Criterion 
Risk 

Factor 
Criterion 

AIS Estimation 
Region 

AIS 
AIS/Fracture 

Head 

HIC  NA AIS 2 

AIS3+ AIS 5 No Angular Acceleration  NA 3<AIS<4 

Skull Fracture Probability 20%   

Neck 
Nij 0,08 AIS<1 

AIS<1 AIS<1 Yes 
NIC 10 NA 

Thorax 

Compression 

NA 

AIS 6 

AIS 6 AIS 6 Yes Lateral Force AIS<1 

Lateral Acceleration AIS<3 

Abdomen Horizontal Load NA AIS>4 AIS>4 AIS 5 Yes 

Pelvis 
Horizontal Load 0,5 AIS<3 

AIS<3 AIS<1 Yes 
Lateral Acceleration 0,5 AIS<3 

LE 

Right Upper  Leg 

Fracture Occurrence 

16,8 

Fractures 
AIS 3 

AIS 3 
AIS 3 

Fractures 
Yes 

Left Upper  Leg 1,6 

Right Lower  Leg 0,8 

Left Lower  Leg 2,2 

UE 

Right Upper  Arm 1,0 

  NA NAV   
Left Upper  Arm 0,9 

Right Lower  Arm 1,1 

Left Lower  Arm 2,6 
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Case Study #15  

 
Table 8.23 - Case Study #15 general conditions. 

Accident Data 
Vehicles Involved 

#1 - Car #2 - Motorcycle 

Vehicles category Pick up truck Standard 

Occupants (Age/Gender) Driver Only (34 yo/Male) Driver Only (40 yo/Male)  

Crash speed 10 km/h 90 km/h 

Collision scenario Rear left side Frontal 

Maneuver Entering main road in reverse gear NA 

Injuries NA Driver fatal injuries 

Motorcycle estimated relative speed 90 Km/h 

Weather conditions / Time Good weather and visibility/Afternoon 

High Lights 
The pick up driver entered the main road in reverse gear and didn't paid 
attention to the mortorbike in circulation  

 

 

Table 8.24 - Case Study #15 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination 
Match 

Injury Criterion 
Risk 

Factor 
Criterion 

AIS Estimation 
Region 

AIS 
AIS/Fracture 

Head 

HIC NA  AIS 3 

AIS 5 AIS 5 Yes Angular Acceleration NA  AIS 5 

Skull Fracture Probability >40%   

Neck 
Nij 0,2 AIS<1 

AIS<1 AIS<1 Yes 
NIC 12 NA 

Thorax 

Compression 

NA 

AIS 6 

AIS 6 AIS 6 Yes Lateral Force AIS 4+ 

Lateral Acceleration AIS 4+ 

Abdomen Horizontal Load NA AIS 4 AIS 4 AIS 4 Yes 

Pelvis 
Horizontal Load 1 AIS 2 

AIS 3 AIS 3 Yes 
Lateral Acceleration 2 AIS 3 

LE 

Right Upper  Leg 

Fracture Occurrence 

3,4 

AIS 3  AIS 3 NAV   
Left Upper  Leg 16,7 

Right Lower  Leg 0,4 

Left Lower  Leg 6,6 

UE 

Right Upper  Arm 1,1 

Fractures NA Fractures  Yes 
Left Upper  Arm 1,4 

Right Lower  Arm 3,3 

Left Lower  Arm 2,6 
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Case Study #16  

 
Table 8.25 - Case Study #16 general conditions. 

Accident Data 
Vehicles Involved 

#1 - Car #2 - Motorcycle 

Vehicles category Passengers Standard 

Occupants (Age/Gender) Driver Only (86 yo/Female) Driver Only (22 yo/Male)  

Crash speed 12 km/h 85 km/h 

Collision scenario Frontal left side Rear Right side 

Maneuver Crossing main road Overtaking the vehicle #1 

Injuries NA Driver fatal injuries 

Motorcycle estimated relative 
speed 

75 Km/h 

Weather conditions / Time Good weather and visibility/Afternoon 

High Lights 
The car driver didn't pay attention to motorcycle coming from the left. The 
motorcycle driver overtook the car that continued to cross the road. 
Overtaken was interdited in the area. 

 

 

Table 8.26 - Case Study #16 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination 
Match 

Injury Criterion 
Risk 

Factor 
Criterion AIS 
Estimation 

Region 
AIS 

AIS/Fracture 

Head 

HIC NA AIS<1 

AIS 5 AIS 5 Yes Angular Acceleration NA AIS 5 

Skull Fracture Probability 0%   

Neck 
Nij 0,08 AIS<1 

AIS<1 AIS<1 Yes 
NIC 11 NA 

Thorax 

Compression 

NA 

AIS 6 

AIS 6 AIS<1 No Lateral Force AIS 3 

Lateral Acceleration AIS<1 

Abdomen Horizontal Load NA AIS 3 AIS 3 AIS<1 No 

Pelvis 
Horizontal Load 1 AIS 2 

AIS 2 AIS<1 No 
Lateral Acceleration 0,3 AIS<1 

LE 

Right Upper  Leg 

Fracture Occurrence 

3,0  
 

AIS 3 
Fractures 

  
  

AIS 3 

 
AIS 3 

Fractures 
 

Yes 

Left Upper  Leg 3,0 

Right Lower  Leg 2,0 

Left Lower  Leg 8,0 

UE 

Right Upper  Arm 2,0 
  

Fractures 
 

NA 
 

No 
Left Upper  Arm 1,0 

Right Lower  Arm 4,0 

Left Lower  Arm 2,0 
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Case Study #17 

 

Table 8.27 - Case Study #17 general conditions. 

Accident Data 
Vehicles Involved 

#1 - Car #2 - Motorcycle 

Vehicles category Passengers Station Scooter 

Occupants (Age/Gender) Driver Only (59 yo/Male) 
Driver (25 yo/Male) + Passenger (70 
yo/Male) 

Crash speed 55 km/h 10 km/h 

Collision scenario Frontal right side Rear Right side 

Maneuver Crossing main road Turning Left 

Injuries NA 
Driver light injuries and passenger fatal 
injuries 

Motorcycle estimated 
relative speed 

45 Km/h 

Weather conditions / 
Time 

Good weather and visibility/Afternoon 

High Lights 
Motorcycle was making a direction change or U-turn to the left. The car driver wasn't 
capable to stop or slow down before crash with the motorcycle rear. Motorcycle driver 
had 0,43 g/l BAC and car driver 1,44 g/l. Motorcycle passenger had 1,15 g/l BAC. 

 

Table 8.28 - Case Study #17 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination 
Match 

Injury Criterion 
Risk 

Factor 
Criterion 

AIS Estimation 
Region 

AIS 
AIS/Fracture 

Head 

HIC NA AIS<1 

AIS 5 AIS 5 Yes Angular Acceleration NA AIS 5 

Skull Fracture Probability <5 %   

Neck 
Nij 0,1 AIS<1 

AIS<1 AIS<1 Yes 
NIC 2,7 NA 

Thorax 

Compression 

NA 

AIS 3 

AIS 3 AIS 3 Yes Lateral Force AIS<1 

Lateral Acceleration AIS<1 

Abdomen Horizontal Load NA AIS 3 AIS 3 AIS 3 Yes 

Pelvis 
Horizontal Load 1 AIS<1 

AIS<1 AIS 3 No 
Lateral Acceleration 0,3 AIS<1 

LE 

Right Upper  Leg 

Fracture Occurrence 

1,2 

AIS 3 
Fractures 

AIS 3 AIS<1 No 
Left Upper  Leg 1,9 

Right Lower  Leg 1,0 

Left Lower  Leg 1,1 

UE 

Right Upper  Arm 1,1 

 Fractures NA Excoriations  Yes 
Left Upper  Arm 3,4 

Right Lower  Arm 1,9 

Left Lower  Arm 7,1 
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Case Study #18 

 
Table 8.29 - Case Study #18 general conditions. 

Accident Data 
Vehicles Involved 

#1 - Car #2 - Motorcycle 

Vehicles category Passenger Moped 

Occupants (Age/Gender) Driver Only (27 yo/Male) Driver Only (63 yo/Male) 

Crash speed 70 km/h 15 km/h 

Collision scenario Frontal-Left Side Right Side 

Maneuver NA Crossing an intersection 

Injuries NA 
Fatal injuries (died 3 month after the 
accident) 

Motorcycle estimated relative 
speed 

70 Km/h 

Weather conditions / Time Good weather and visibility/Morning 

High Lights Excessive speed from the car driver 
 

 

Table 8.30 - Case Study #18 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination Match 
  

Injury Criterion 
Risk 

Factor 
Criterion 

AIS Estimation 
Region 

AIS 
AIS/Fracture 

Head 

HIC  NA AIS 5 

AIS 5 AIS 5 Yes Angular Acceleration  NA AIS 5 

Skull Fracture Probability >80%  NA 

Neck 
Nij 1,25 AIS 3 

AIS 3  NAV   
NIC 16  NA 

Thorax 

Compression NA AIS 5 

AIS 5  NAV   Lateral Force NA AIS 3 

Lateral Acceleration NA AIS 3 

Abdomen Horizontal Load NA 3<AIS<4 AIS 3+  NAV   

Pelvis 
Horizontal Load 1 AIS 3 

AIS 3  NAV   
Lateral Acceleration 2 AIS 3 

LE 

Right Upper  Leg 

Fracture Occurrence 

3 

AIS 3 
Fractures 

AIS 3 AIS 3/Fracture Yes  
Left Upper  Leg 2 

Right Lower  Leg 3 

Left Lower  Leg 2 

UE 

Right Upper  Arm 8 

 Fractures NA NAV  

  
  
  
  

Left Upper  Arm 1 

Right Lower  Arm 2 

Left Lower  Arm 2 
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Case Study #19 

 
Table 8.31 - Case Study #19 general conditions. 

Accident Data 
Vehicles Involved 

#1 - Car #2 - Bicycle 

Vehicles category Passengers Mountain bike 

Occupants (Age/Gender) Driver Only (Male) Driver Only (20 yo/Male) 

Crash speed 75 km/h (Legal limit 50 km/h) 15 km/h 

Collision scenario Frontal  Rear  

Maneuver Approaching the bicycle NA 

Injuries NA Driver fatal injuries 

Motorcycle estimated 
relative speed 

60 Km/h 

Weather conditions / Time Good weather and visibility/Night 

High Lights 
Car driver had a BAC of 0,90 g/l and drove in excessive speed, thus wasn't able to 
stop before colliding with the bicycle. The bicycle wasn't equipped with lights for 
night circulation. Still, the place is well illuminated. 

 
 

Table 8.32 - Case Study #19 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination 
Match 

Injury Criterion 
Risk 

Factor 
Criterion 

AIS Estimation 
Region 

AIS 
AIS/Fracture 

Head 

HIC NA AIS 6 

AIS 6 AIS 6 Yes 
Angular Acceleration NA AIS 5 

Skull Fracture 
Probability 

>90%   

Neck 
Nij 0,6 AIS<2 

AIS<2 AIS 6 No 
NIC 8 NA 

Thorax 

Compression 

NA 

AIS 5 

AIS 5 AIS 3 No Lateral Force AIS 0 

Lateral Acceleration AIS<3 

Abdomen Horizontal Load NA AIS 4 AIS 4 AIS 4 Yes 

Pelvis 
Horizontal Load 0,5 AIS<2 

AIS 3 NAV   
Lateral Acceleration 2 AIS 3 

LE 

Right Upper  Leg 

Fracture Occurrence 

1,7 

Fractures AIS 3 AIS<1 No 
Left Upper  Leg 1,5 

Right Lower  Leg 2,6 

Left Lower  Leg 1,5 

UE 

Right Upper  Arm 4,0 

Fractures NA Fractures Yes 
Left Upper  Arm 2,1 

Right Lower  Arm 6,8 

Left Lower  Arm 4,0 
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Case Study #20  

 
Table 8.33 - Case Study #20 general conditions. 

Accident Data 
Vehicles Involved 

#1 - Car #2 - Bicycle 

Vehicles category Passengers station Mountain bike 

Occupants (Age/Gender) Driver Only (38 yo/Male) Driver Only (21 yo/Male) 

Crash speed 75 km/h (Legal limit 90 km/h) 5 km/h 

Collision scenario Frontal  Rear  

Maneuver Approaching the bicycle NA 

Injuries NA Driver fatal injuries 

Motorcycle estimated relative speed 70 Km/h 

Weather conditions / Time Good weather and poor visibility due to night conditions/Night 

High Lights 
The bicycle driver fall into the main road while the car was arriving. No light 
equipment was available in the bicycle and the local visibility was reduced 
with no public illumination and thus depending only on the car lights. 

 
 

 

Table 8.34 - Case Study #20 summary of the body regions injury criteria results and comparison with the 
corresponding injury scales obtained from the autopsy report. 

Body Region 

Injury Model Application 
Medical 

Examination 
Match 

Injury Criterion 
Risk 

Factor 
Criterion 

AIS Estimation 
Region 

AIS 
AIS/Fracture 

Head 

HIC  NA AIS 4 

AIS 5 AIS 5 Yes Angular Acceleration  NA AIS 5 

Skull Fracture Probability >70%   

Neck 
Nij 0,5 AIS<2 

AIS<2 AIS<1 Yes 
NIC 35 NA 

Thorax 

Compression 

NA 

AIS 6 

AIS 6 AIS 6 Yes Lateral Force AIS>3 

Lateral Acceleration AIS 4 

Abdomen Horizontal Load NA AIS 4 AIS 4 AIS 4 Yes 

Pelvis 
Horizontal Load 3,0 3<AIS<4 

AIS 3+ AIS<1 No 
Lateral Acceleration 1,5 3<AIS<4 

LE 

Right Upper  Leg 

Fracture Occurrence 

6,7 

Fractures AIS 3 AIS<1 No 
Left Upper  Leg 4,6 

Right Lower  Leg 1,7 

Left Lower  Leg 0,3 

UE 

Right Upper  Arm 3,0 

Fractures NA Fractures Yes 
Left Upper  Arm 2,2 

Right Lower  Arm 7,5 

Left Lower  Arm 3,9 
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8.2 Appendix 2 – Two Wheelers Categories 

Table 8.35 – Two wheelers classification categories. 

 
 

 
 
 
Bicycle 
 
 
 
 
 
Moped 
 
 
 
 
 
Scooter 
 
 
 
 
 
Off-Road 
 
 

 
 
 
Cruiser 
 
 
 
 
 
Standard 
 
 
 
 
 
Sport 
 
 
 
 
 
Touring 

 


