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Abstract 
The aim of this study was to understand injury mechanisms behind fractures of the upper 
extremities in car accidents. Volvo Car Corporation initiated this project based on the fact 
that no safety system today focuses on preventing injuries to the upper extremity. A 
literature study was undertaken focusing on the basic anatomy of the upper extremity, 
different fracture types and fracture mechanisms. Three subsets, from 1998 – January 
2009, were selected from Volvo’s statistical accident database: 1) all occupants involved 
in an accident 2) all occupants with a MAIS2+ injury 3) all occupants with an upper 
extremity fracture. These subsets were used in a comparison, using frequency analyses. 
The comparison analysis showed that frontal impact is the dominating accident type for 
all three subsets. The comparison analysis also indicated that the risk for upper extremity 
fractures follows the pattern of MAIS2+ injury risk. An in-depth study using 92 selected 
cases, including 80 occupants, was also performed. All available information, such as 
medical records, questionnaires completed by the occupants and photographs from the 
accident scene was collected and analysed. The analysis of the in-depth study, together 
with knowledge retrieved from the literature study, resulted in six different mechanism 
groups that were used to categorise fractures. The groups were then analysed individually 
in regard to accident type and fractured segment of the upper extremity. Analysis of the 
mechanism groups showed that frontal impact is the dominating accident type in these 
subsets as well. It could also be seen that the fractures occurring in the in-depth study are 
quite evenly distributed along the upper extremities. Upper extremity injuries are 
relatively infrequent in car accidents but may result in long-term disability, including 
chronic deformity, pain, weakness and loss of motion. More attention is therefore 
necessary in order to develop a safer environment for car occupants. 
 
KEYWORDS: upper extremity, fracture mechanisms, car accidents, biomechanics 



 

Sammanfattning 
Målet med denna studie var att förstå skademekanismerna för hur frakturer på övre 
extremiteterna uppkommer i bilolyckor. Detta projekt initierades av Volvo Personvagnar 
AB baserat på det faktum att inga säkerhetssystem idag tar hänsyn till skador på de övre 
extremiteterna. En litteraturstudie utfördes beträffande grundläggande anatomi, olika 
frakturer och frakturernas mekanismer. Tre delmängder i tidsspannet 1998 - januari 2009 
plockades ut ur Volvos statistiska olycksdatabas: 1) alla förare och framsätespassagerare 
2) alla förare och passagerare i framsätet med MAIS2+ skador och 3) alla förare och 
passagerare med en fraktur på övre extremiteten. Delmängderna jämfördes genom att 
använda frekvensanalyser. Den jämförande analysen visade att frontalkollisioner är den 
dominerande olyckstypen för alla tre delmängderna samt att risken för fraktur på övre 
extremiteterna följer mönstret för MAIS2+ skada. En djupstudie av 92 utvalda fall, 
fördelat på 80 personer, genomfördes också. All tillgänglig information, såsom 
sjukjournaler, frågeformulär från de inblandade och fotografier från olycksplatsen, 
samlades in och analyserades. Tillsammans med kunskaperna från litteraturstudien 
resulterade analysen i sex olika mekanismgrupper som frakturerna sedan delades in i. 
Grupperna analyserades sedan var för sig med avseende på olyckstyp och segment av 
övre extremiteten där fraktur förelåg. Analyser visade att frontalkollisioner är den 
dominerande olyckstypen även för mekanismgrupperna och att frakturerna fördelar sig 
ganska jämnt på de övre extremiteterna.Skador på de övre extremiteterna till följd av 
bilolyckor är inte så vanligt förekommande men kan leda till långvariga problem såsom 
kronisk felställning, smärta, svaghet och rörelseinskränkning. Det är därför ett viktigt 
område att titta mer på för att kunna skapa en säkrare miljö för både förare och 
passagerare i personbilar. 
 
NYCKELORD: övre extremiteten, frakturmekanismer, bilolyckor, biomekanik 
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SANDRA THIEME & MAGDALENA WINGREN 
INTRODUCTION 

 

1 Introduction  
Motorised travel provides many benefits but it can also do serious harm unless safety is made 
a priority. Every year around 500 people are killed in traffic accidents in Sweden and several 
thousands are injured. These numbers are small compared to statistics worldwide – 1.2 million 
people die in traffic accidents every year and many more are injured. This makes traffic 
accidents one of the greatest threats to health, and is therefore an important problem to solve. 
If current trends continue, the number of people killed and injured on the world’s roads will 
rise by more than 60% between 2000 and 2020. This means that there is still a lot to be done 
in the area of safety systems in cars and to increase safety in traffic (Vägverket 2009, World 
Health Organization 2009).  
 
The origins of traffic accident related injuries have changed over the years. To keep the 
occupants inside the car during the accidents was an early challenge, because the occupants 
most often seemed to die resulting from injuries they had suffered after they had been thrown 
out of the car. The seat belt was developed and introduced in the 1950's. Before the airbag was 
standard equipment in cars most of the deaths and severe injuries related to traffic accidents 
were caused by head and chest trauma. After decreasing head and chest injuries by introducing 
the airbags in the late 1980's and side air bags in the early 1990's, a new problem ended up in 
focus, the whiplash injuries. The attention on whiplash injuries resulted from the large number 
of injuries and therefore great costs for society, rather than the severity of the injuries. To deal 
with the problem of whiplash injuries the WHIPS system was introduced at Volvo during the 
late 1990's (Jakobsson et al. 2000). Injuries of the upper extremity are often disregarded in 
situations with more severe injuries although upper extremity injuries are a frequent cause of 
permanent impairment. Common impairments include chronic deformity, pain, weakness and 
loss of motion, neurovascular compromise and degenerative arthritis. No safety system 
focused on the upper extremity has yet been developed.  
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2 General aim 
The purpose of this project is to enhance the understanding of how injuries to the upper 
extremities occur in car accidents. The aim was to study and understand injury mechanisms 
behind fractures of the upper extremities in car accidents.  
 

2.1 Delimitations 
• In this project, the upper extremity is defined as to include the clavicle, arm, elbow, 

forearm, wrist, hand and fingers. The scapula is not included. 
• The project includes only fractures on occupants inside the vehicle. 

 
 

2 



SANDRA THIEME & MAGDALENA WINGREN 
THEORETICAL FRAMEWORK 

 

3 Theoretical framework 
Although not life threatening, upper extremity injuries may result in long-term disability, 
including chronic deformity, pain, weakness and loss of motion, neurovascular compromise 
and degenerative arthritis. Because of this, Volvo Car Corporation initiated this project to 
identify the mechanisms of upper extremity injuries. 

3.1 Skeletal anatomy 
The bones of the upper extremity include the clavicle, 
scapula, humerus, radius and ulna, eight carpal bones, five 
metacarpals and the phalanges within the digits (Nahum 
1993). 
 
All bones in the upper extremity, as defined in this project, 
are long bones with the exception of the carpal bones in the 
wrist which consist of short bones (see Figure 1). With a 
few exceptions, all long bones have the same general 
structure: 

• Diaphysis, the shaft that forms the long axis of the 
bone. 

• Epiphysis, the often more expanded ends of the 
bone. 

• Metaphysis, the region where the diaphysis and 
epiphysis meet. 

 Short bones are not cylindrical but roughly cube-shaped and 
therefore have no shaft or epiphyses (Marieb 2007). Figure 1. Long and short bones of the 

upper extremity (Marieb 2007). 
 
Shoulder complex 
The shoulder complex (see Figure 2), consists of the scapula, clavicle, sternum, humerus, and 
rib cage and includes the sternoclavicular joint, acromioclavicular joint, glenohumeral joint, 
and scapulothoracic articulation. In other words, it includes the shoulder girdle (scapula and 
clavicle) and the shoulder joint (scapula and humerus). There are five muscles that attach to 
the scapula, the clavicle, or both, providing motion of the shoulder girdle. The shoulder joint, 
also called the glenohumeral joint, consists of the scapula and humerus and there are nine 
muscles that cross the shoulder joint that acts as the prime movers in shoulder joint motion. 
The shoulder joint is a ball-and-socket joint, which allows movement in all three planes and 
around all three axes. It is made up by the humeral head articulating with the glenoid fossa of 
the scapula. The shoulder joint is one of the most movable joints in the body and, 
consequently, one of the least stable (Lippert 2006). 
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Arm, elbow and forearm  
Humerus is the longest and largest bone of the upper extremity. Some important landmarks are 
the head, surgical neck, anatomical neck, shaft, 
greater tubercle, lesser tubercle, deltoid 
tuberosity, bicipital groove and the bicipital 
bridges. Humerus together with radius and ulna 
forms the elbow complex. The elbow complex 
is made of three ligaments, two joints, and one 
capsule. The elbow is a uniaxial hinge joint that 
allows only flexion and extension.  
The articulation between the radius and ulna is 
known as the radioulnar joint. They articulate 
with each other at both ends. At the proximal 
end the head of the radius pivots within the 
radial notch of the ulna, forming the superior or 
proximal radioulnar joint. At the distal end, the 
ulnar notch of the radius rotating around the 
head of the ulna forms the inferior or distal 
radioulnar joint. The radioulnar joint is a 
uniaxial pivot joint, allowing only pronation 
and supination of the forearm. The ulna is the 
medial bone of the forearm lying parallel to the 
radius. Some important landmarks are: 
• The olecranon process - located at the 

proximal end of the ulna, on posterior 
surface; forms the prominent point of the 
elbow and provides attachment for the 
triceps muscle.  

 
•  Radial notch - located at the proximal end 

on the lateral side; articulation point for the 
head of the radius. 

Figure 2. The upper extremity skeleton 
(Marieb 2007). 

• Styloid process - At the distal end on the 
posterior medial surface,  

• Head - at the distal end on the lateral surface; the ulnar notch of the radius pivots around it 
during pronation and supination.  

The radius, located lateral to the ulna, provides many important bony landmarks for elbow 
function. They are as follows: 

• Head - proximal end; has a cylinder shape with a depression in the superior surface 
where it articulates with the capitulum of the humerus. 

• Radial tuberosity - located on the medial side near the proximal end; provides 
attachment for the biceps muscle. 

• Styloid process - located on the posterior lateral side of the radius at the distal end; 
provides attachment for the brachioradialis muscle (Lippert 2006). 
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Wrist, hand and fingers 
The carpal bones consist of two rows of four 
bones each (see Figure 3). Starting on the 
thumb side of the proximal row are the 
scaphoid, lunate, triquetrum, and pisiform 
and in the distal row, lateral to medial, are 
the trapezium, trapezoid, capitate, and 
hamate. These are short bones arranged in 
an arch with the concavity on the anterior 
side, and the convexity on the posterior side. 
This arched arrangement contributes greatly 
to the ability of the thumb to oppose. The 
wrist joint is perhaps one of the most 
complex joints of the body. The wrist joint 
is actually made up of two joints: the 
radiocarpal joint and the midcarpal joint. 
The radiocarpal joint consists of the distal 
end of the radius and the radioulnar disk 
proximally and the scaphoid, lunate, and triquetrum distally. Because an articular disk is 
located between the ulna and the proximal row of carpals, the ulna is not considered part of 
this joint. The pisiform, located in the proximal row of carpal bones, does not articulate with 
the disk because it is more anterior to the triquetrum. Therefore, it is not considered part of 
this joint, either. The midcarpal, or intercarpal, joints occur between the two rows of carpal 
bones and contribute to wrist motion. Their shape is irregular and they are classified as plane 
joints. They are nonaxial joints that allow gliding motions, which collectively contribute to 
radiocarpal joint motion. Although the thumb and fingers have essentially the same bone 
structure, there is one major difference. The thumb has two phalanges, whereas the fingers 
each have three. This feature makes the thumb shorter, allowing opposition to be more 
functional. Therefore, the hand, made up of the thumb and four fingers, has five metacarpals, 
five proximal phalanges, five distal phalanges, but only four middle phalanges. There are no 
significant landmarks on these bones other than the bone ends. The proximal end of the 
metacarpals and phalanges is called the base, and the distal end is called the head (Lippert 
2006). 

Figure 3. Bones of the hand (Marieb 2007). 

3.2 Fractures 
A fracture is a break in the continuity of a bone. Fractures may occur as a result of direct 
violence, indirect violence, fatigue (stress), or pathological causes, and can be described by: 

1. Position of the bone ends after fracture. All fractures are either displaced or 
nondisplaced. In a nondisplaced fracture the bone fragments are still in their normal 
positions. A displaced fracture is one in which one or more of the bone fragments have 
moved from its normal anatomic position.  

2. Completeness of the break. In a complete fracture the bone is broken through but in the 
incomplete fracture only one side of the bone fractures and the other side bends.  

3. Impact and angulation. In an impacted fracture the bone is compressed only showing a 
slight shortening of the bone. In an angulated fracture the only deformity seen is 
angulation at the fracture site. 

5 



SANDRA THIEME & MAGDALENA WINGREN 
THEORETICAL FRAMEWORK 

 

4. Location of the fracture along the bone. An intra-articular fracture involves the 
articular surface; the intra-capsular fracture is within a joint capsule not necessarily 
involving the articular surface. Several descriptions are used to explain where the 
fracture is located, many of which will mean the same location. A metaphyseal fracture 
is the same as a supracondylar; a diaphyseal fracture would be in the diaphyseal region 
and is frequently described by its location in the diaphysis, e.g. proximal one-third. 

5. The amount of bone fragments to the fracture. Fractures are either comminuted or 
noncomminuted. The fracture is noncomminuted if it is only broken in two pieces and 
the fracture is comminuted if the bone is broken in more than two pieces.  

6. Orientation of the break (see Figure 4):  
• A linear fracture is parallel to the long axis of the bone. 
• A transverse fracture is perpendicular to the bone´s long axis. 
• In a spiral fracture the fracture line spirals up the bone. 
• An oblique fracture traverses the shaft of the bone at an angle. 
• A butterfly fracture has a triangular-shaped fragment of bone involving one 

cortex of the bone. 
• In the segmental fracture there are two fractures in the shaft of the bone 

creating a segment with fractures at each end. 
• An avulsion fracture is when a piece of bone is pulled (avulsed) out of position 

but remains attached to a ligament or tendon. 
 

 
 

7. Whether the bone ends penetrate the skin. A closed (simple) fracture has no contact 
with the exterior of the body whereas the open (compound) fracture has (Nahum1993). 

 
Upper extremity injuries are often the most frequent cause of permanent impairment. Since 
upper extremity injuries are often not life or limb threatening, they are frequently disregarded 
in situations where there are multiple life-threatening injuries (Moore 2003). 

                
 
Figure 4. Fractures from the left: transverse, spiral, oblique, butterfly, segmental, and avulsion fracture 
(Nahum 1993). 
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Clavicle, shoulder and arm fractures  
Clavicle fractures are common injuries, representing about 4-10% of all adult fractures and 
35-45% of all fractures that occur in the shoulder girdle area. The most frequent site of injury 
is at the middle third and account for approximately 72-80% of all fractures of the clavicle. 
Approximately 25-30% of clavicle fractures occur at the lateral clavicle. Fractures of the 
medial clavicle are quite rare, accounting for 2% of all clavicle fractures (Rubino 2006). 
 
The most common classification system for clavicle fractures is that of Allman, in which the 
clavicle is divided into thirds. Group I fractures are middle third injuries, group II fractures are 
lateral third injuries, group III fractures are medial third injuries. The Allman classification 
scheme with the Neer modification is the most commonly used. Neer made a significant 
revision to the Allman classification scheme, where lateral clavicle fractures were further 
divided into 3 types based on the location of the clavicle fracture in relation to the 
coracoclavicular ligaments. The reason for this is that lateral clavicle fractures behave 
differently depending on the exact location of the injury. Type I fractures occurred medial to 
the coracoclavicular ligaments, type II fractures occurred at the level of coracoclavicular 
ligaments and type III injuries occurred distal to the coracoclavicular ligament and entered the 
acromioclavicular (AC) joint. The Neer type II fracture was further divided into type IIA, in 
which both the conoid and trapezoid ligaments both remained attached to the distal fragment, 
and type IIB, in which the conoid ligament is torn (Rubino 2006). 
 
Proximal humeral fractures account for about 5% of all fractures and are more common in 
elderly persons while humeral diaphyseal fractures occur in a slightly younger population. 
Fracture patterns are similar across all ages, though older people are more prone to fracture 
because of osteoporosis. Fractures of the proximal humerus are possible in four segments; the 
articular segment, the lesser tuberosity, the greater tuberosity, and the surgical neck. These 
fractures can be devastating to quality of life and are also a major cause of morbidity in the 
elder population. Humeral shaft fractures account for approximately 3% of all fractures and 
have been described according to location, type of fracture line and open or closed status 
(Aronson 2008, Frankle 2008, Lawless 2008). 
 
Elbow and forearm fractures 
Fractures of the elbow can involve the distal humerus, the radial head or neck, and the 
proximal ulna; and include extra-articular and intra-articular fractures. Extra-articular fractures 
include intercondylar fractures, supracondylar fractures, epicondylar fractures, and condyle 
fractures. Intra-articular fractures include trochlea and capitellum fractures, radial head and 
proximal ulnar fractures (Moore 2003, Nishijima 2009). 
 
When the distal humerus is injured, elbow joint function can be impaired. Typically occurring 
following high-energy injury, these fractures can lead to significant functional impairment. 
The growing population of elderly people and a young population in which extreme sports and 
high-speed motor transportation are popular make it likely that the incidence of these fractures 
will increase. Most commonly distal humerus fractures involve both the medial and lateral 
columns and are more likely to be intercondylar than supracondylar. Single condylar fractures 
only account for a small part of these injuries. Distal humerus fractures in adults are relatively 
uncommon injuries, representing only approximately 3% of all fractures in adults. Fractures of 
the medial condyle are very rare, especially when compared to frequency of other elbow 
fractures. Medial epicondyle fractures and lateral condyle fractures are much more common 
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than medial condyle fractures. These fractures are also more common in children up to 14 
years due to the relative strength of surrounding ligaments and the bone not yet being 
completely ossified (Janos 2007, Nishijima 2009, Noffsinger 2007, Walsh 2008, Yian 2007). 
 
Fractures of the capitellum are rare and only account for 0.5-1% of all elbow fractures and 6% 
of all distal humeral fractures. Women present a higher incidence of capitellar fractures which 
is thought to be secondary to a greater carrying angle and an increased possibility of 
osteoporosis in females. Capitellar fractures occur in the coronal plane separating the 
capitellum from the lateral column and may be associated with radial head fractures and 
posterior dislocations of the elbow (Janos 2007). 
 
The incidence of fractures of the radial head is between 15% and 25% of elbow fractures and 
is most common among adults. These fractures are generally described based on their location, 
percentage of articular involvement, and amount of displacement. Isolated trochlea fractures 
are rare and are usually associated with other elbow injuries such as olecranon fractures. 
Olecranon fractures are generally transverse or oblique in orientation and enter the trochlear 
notch (Nishijima 2009, Skinner 2006). 
 
Forearm fractures are classified according to their location, i.e. proximal-, middle- or distal-
third shaft fractures along with fracture pattern, the degree of displacement and presence or 
absence of comminution. Fractures may involve the radius, the ulna or both. Fractures of the 
shafts of radius and ulna are usually the result of a direct blow to the forearm and motor 
vehicle accidents are frequent cause for these fractures. When both the radius and ulna are 
fractured it is usually the result of high-energy injuries. These fractures are usually displaced 
because of the force required to produce such an injury. The proximal and distal radioulnar 
joints can also be injured in forearm fractures. Direct blows to the ulna which result in non- or 
minimally displaced fractures of the ulnar shaft without joint injury are fairly common and are 
called nightstick fractures. The distal radius is the most commonly fractured long bone in 
adults and account for approximately 14% of all fractures (Moore 2003, Skinner 2006). 
 
Wrist, hand, and finger fractures 
Fractures of the wrist occur in the carpal bones and may be associated with other fractures 
including distal radius or metacarpal fractures. Fractures of the scaphoid are by far the most 
common of the carpal fractures, estimated at 70-79%. The scaphoid bone can be divided into 
the proximal, middle or distal thirds. The middle third is termed the waist and accounts for 
approximately 70% of the scaphoid fractures. Fractures of the other carpal bones are 
distributed as follows; triquetrum accounts for 14%, trapezium 2,3% and hamate fractures 
1,5% of all carpal fractures. Lunate, pisiform and capitate, combined together account for 3% 
of all carpal fractures. Trapezoid fractures are rare and only account for 0,2% of all carpal 
fractures (Moore 2003, Skinner 2006). 
 
Hand fractures are very common skeletal injuries that involve the metacarpals or the 
phalanges. They may be extra-articular or intra-articular. Metacarpal fractures account for 
approximately 30 to 40 % of all hand fractures. Fractures on the metacarpal bones can occur 
on the metacarpal head, although rare, the metacarpal neck, the metacarpal shaft or the base. 
Fractures of the metacarpal neck are among the most common and are most frequent in the 
metacarpal V, at the little finger. Dorsal angulation of the fracture fragments is secondary to 
the interosseus muscle forces. The closer the fracture is to the carpometacarpal joint, the less 
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angulation is tolerated since the lever arm increases. Metacarpal base fractures are most 
commonly associated with dislocations of the carpometacarpal joints and most frequently 
involve the small finger (Moore 2003, Morhart 2008, Skinner 2006). 
 
Finger fractures are quite common, they probably account for up to 10% of all fractures in the 
entire skeleton, and are classified by their location and fracture pattern. The most commonly 
fractured finger is the thumb and little finger. The most commonly fractured bone in the 
fingers is the distal phalanx, these fractures account for 45-50% of all hand fractures. If not 
treated properly finger fractures can result in significant loss of hand function (Divelbiss 2009, 
Moore 2003, Skinner 2006). 

3.3 Fracture mechanisms 
Fractures are predictable, specific loading causes specific injuries and the pattern of a long 
bone fracture can be explained by its response to the force that caused the failure. An 
understanding of the behaviour of bones to loading serves as a classification of fractures 
according to the mechanism of the injury.  
 

 
Figure 5. A summary of the types of fractures according to loading 
(Nahum 1993). 

There are four possible types of 
injury mechanisms; direct 
blows, penetration, indirect 
loading, or repetitive loading. A 
fracture may be caused by a 
direct blow to the soft tissue 
overlaying the bone. Low-
energy direct blows cause 
transverse fractures (see Figure 
5). A high-energy direct blow 
will cause a markedly 
comminuted fracture. 
Displacement can give a hint 
about the forces involved 
causing a long bone to fracture. 
Nondisplaced fractures are 
often the result of low energy 
input while displaced fractures 
needs higher forces. The degree 
of comminution indicates the 
strength of the bone and the 
energy input. The higher the 
energy, the greater the 
comminution but bone strength 
has to be taken into 
consideration since weaker 
bone tends to become 
comminuted with less energy. Many fractures are caused by indirect loading and are injuries 
that occur away from the actual site of loading. How the fracture crosses the bone may also be 
used to describe what kind of forces caused the bone to break. 
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• A longitudinal split along with an intra-articular compression fracture is caused by 
compression along the long axis of the bone (see Figure 6).  

• A transverse fracture is caused by a direct force perpendicular to the long axis of the 
bone. Traction on a bone will also cause a transverse fracture perpendicular to the 
force 

• A spiral fracture is caused by torsional stress applied to a long bone.  
• An oblique fracture traverses the shaft at an angle and is caused by a combination of 

either axial loading with angulation or angulation with torsion and axial loading. 
• A fracture with a butterfly fragment results from angulation or a bending movement 

being placed on a long bone, where the fragment will occur on the side in which the 
bone is compressed.  

• Avulsion fractures, in which a piece of bone is pulled off with a ligament or tendon, 
are also usually perpendicular to the line of load application (Nahum 1993). 
 

 
 Figure 6. Different types of forces applied to a long bone (Hamill and Knutzen 1995). 

 
The most common injury mechanisms of the upper extremity are a fall on an outstretched 
hand or a direct blow, but each segment also has specific mechanisms. 
 
Clavicle, shoulder and arm 
Clavicle fractures can result from a fall on an outstretched arm, a fall on the point of the 
shoulder, or a direct blow to the clavicle. Historically, clavicle fractures were thought most 
commonly to result from a fall onto an outstretched hand, but more recent work has revealed 
that, in actuality, the most common mechanism for clavicle fractures is a fall directly onto the 
shoulder. A fall onto an outstretched arm was, in fact, the cause of the fracture in only 6% of 
cases. About 70% of clavicle fractures were the result of trauma from traffic accidents. 
Increasing traffic density causing more motor vehicle accidents is the proposed explanation 
for this statistic (Moore 2003, Rubino 2006). 
 
Indirect forces cause most shoulder fractures. The predominant force can cause predictable 
fracture patterns. Such injury forces are tension, axial compression, torsion, bending, and axial 
compression with bending. The primary fracture patterns from these forces are transverse, 
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oblique, and spiral. The most common mechanism for proximal humerus fractures is a fall on 
an outstretched hand from a standing height. In younger patients, high-energy trauma is a 
more frequent cause, and the resultant injury is more severe. The exact location of the fracture 
line depends on the mechanism of, and energy from, the injury. Fractures can also occur as 
result of a direct blow or excessive rotation. Additional mechanisms include athletic injuries, 
violent muscle contractions from seizure activity or electrical shock. Fractures in the thinnest 
cortical bone are produced by low-energy forces, occur in porotic bone, and typically are 
comminuted. Conversely, the denser cortical bone near the biceps groove, and more distally 
on the shaft, provides an easier surface to approximate fracture lines. Fractures in this area are 
produced by high-energy forces; the fracture pattern depends on the applied force. Humeral 
shaft fractures can be caused by direct injuries like falls, direct blows and motor vehicle 
accidents. Other causes for shaft fractures are indirect mechanisms such as a fall on the tip of 
the elbow, a fall on an outstretched hand, or by a violent muscle contraction that can occur 
from a throwing motion or a seizure (Frankle 2008, Moore 2003, Skinner 2006). 
 
Elbow and forearm  
Fracture patterns for the elbow vary widely due to mechanisms of injury as well as age of the 
patient. Direct trauma or a fall onto an outstretched hand is responsible for most elbow 
fractures. Distal humerus fractures in elderly persons with more osteoporotic bone are often 
caused by a fall from standing height but in younger individuals usually result from high-
energy injuries. Fractures of the olecranon can occur as a result of a motor vehicle accident, 
fall, a direct blow or an avulsion injury with triceps contracture. Fractures of the radial head 
are generally caused by longitudinal loading, such as a fall on an outstretched hand either with 
the hand in pronation or supination, or dislocation of the elbow. Capitellar fractures result 
from shear forces from a fall onto the outstretched hand or of a fall directly onto the elbow 
(Janos 2007, Moore 2003, Nishijima 2009, Skinner 2006). 
 
Historically, the mechanisms for supracondylar fractures have been accepted to be an axial 
load on the elbow, with the olecranon acting as a wedge, splitting the medial and lateral 
columns of the distal humerus. However, recent mechanical studies performed on cadavers 
have shown that supracondylar (bicolumn) fractures are more likely produced with the elbow 
flexed beyond 90°. The fracture pattern produced is related to the degree of elbow flexion and 
the direction and magnitude of the force applied. Fractures of the shafts in both the radius and 
ulna are usually the result of a direct blow to the forearm and motor vehicle accidents are a 
frequent cause. In the forearm, fractures of the distal radius most commonly result from a fall 
on an outstretched hand but injuries in younger individuals tend to be the result of high-energy 
trauma (Noffsinger 2007). 
 
Wrist, hand and fingers 
A fall on an outstretched hand is the classical fracture mechanism of the carpal bones in the 
wrist. It is also the most common mechanism for fractures of the scaphoid, hamate, and lunate. 
Fractures of the trapezium and trapezoid are most often caused by a direct blow or an axial 
force applied to the thumb. The most common mechanism for capitate fractures is 
hyperextension of the wrist but can also be caused by a direct blow. Triquetral fractures are 
either avulsion fractures or fractures through the body perpendicular to the line of load applied 
(Moore 2003). 
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Fractures of the hand can result from a direct blow, twisting injuries, blows on a clenched fist 
and crush injuries. Metacarpal neck fractures result from a direct blow, either delivered to the 
hand or by the hand striking a solid object (animate or inanimate). A fracture of the metacarpal 
shaft is the result of a direct blow to the hand or a crushing injury (Moore 2003, Skinner 
2006). 
 
Fractures and dislocations of the finger phalanges occur from a variety of mechanisms. 
Fractures of the distal phalanx are most often caused by crush injury while the proximal 
interphalangeal joint is usually damaged by an axial blow to the finger (Divelbiss 2009, Moore 
2003). 

3.4 Biomechanics 
Early work by Weber and Messer determined the load and moment required to produce failure 
in the bones of the upper extremities (see Tables 1-4).  
 
Table 1. Clavicle strength (Nahum 1993). 

Clavicle strength Male Female 
Torque (Nm) 15 10 
Range 12-18 8-11 
Bending (kN) 0.98 0.60 
Range 0.78-1.18 0.49-0.69 
Average maximum moment 
(Nm) 30 17 
Long axis compression (kN) 1.89 1.24 
Range 1.22-2.64 0.88-2-06  

 
Table 2. Humerus strength (Nahum 1993). 
Humerus strength Male Female 
Torque (Nm) 70 55 
Range 55-78 39-80 
Bending (kN) 2.71 1.71 
Range 2.35-2.94 1.18-2.35 
Average maximum moment 
(Nm) 151 85 
Long axis compression (kN) 4.98 3.61 
Range 2.71-7.83 2.45-5.09 
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Table 3. Radius strength (Nahum 1993). 
Radius strength Male Female 
Torque (Nm) 22 17 
Range 16-27 13-23 
Bending (kN) 1.2 0.67 
Range 0.98-1.77 0.54-0.88 
Average maximum moment 
(Nm) 48 23 
Long axis compression (kN) 3.28 2.16 
Range 2.35-4.21 1.03-3.18 
 
Table 4. Ulna strength (Nahum 1993). 
Ulna strength Male Female 
Torque (Nm) 14 11 
Range 8-21 9-13 
Bending (kN) 1.23 0.81 
Range 0.98-2.16 0.69-0.98 
Average maximum moment 
(Nm) 49 28 
Long axis compression (kN) 4.98 3.61 
Range 2.15-7.83 2.45-5.09 
 
These studies remained the major reference data until recent years when upper extremity 
injuries received more attention again. Several research groups addressed the biomechanical 
response of upper limbs gaining additional data by performing further impact testing (Duma et 
al. 1998, 1999, 2002 Begeman et al. 1999). Investigating the human forearm under a dynamic 
bending mode, Pintar et al. (1998) determined that the mean failure bending moment for all 
specimens (male and female) was 94 Nm. However, the bending tolerance of the forearm was 
found to be highly correlated to bone mineral density, bone area and forearm mass. 
Consequently, the study suggests that any occupant with lower bone mineral density and 
lower forearm mass is at higher risk to sustain a fracture. Cadaver tests by Duma et al. (1999) 
addressing the influence of the impact direction showed the forearm to be 21% stronger in 
supinated position (91 Nm) than in a pronated position (75 Nm). Given that the forearm is 
typically pronated in the driving position, the value obtained from this weaker pronation 
position meant to represent a conservative injury threshold. The difference between static and 
dynamic impact was analysed by Begeman et al. (1999). Bending tests of the forearm were 
performed by using a drop weight which resulted in a impact velocity of approximately 3 m/s. 
Fractures of the radius or the ulna occurred with an average dynamic peak force of 1370 N and 
an average moment of 89 Nm. Differences between the radius and the ulna were not 
significant. In contrast to the work done by Pintar et al. (1998) a correlation of the failure 
moment with age, cross-sectional properties, bone mineral content or moment of inertia was 
not found. As tests with one broken bone still showed a high failure moment, the authors 
suggest that other tissues may play a significant supportive role (Schmitt et al. 2004). 
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3.5 Abbreviated injury scale 
Injury scales are often used to describe the type and severity of an injury that an occupant 
sustained in a road traffic accident. Scales to identify the type of an injury are based on 
medical diagnosis. In trauma research, the most widely used scale is the Abbreviated Injury 
Scale (AIS, see Table 5), which was first developed in 1971, primarily defined to be used in 
motor vehicle accidents. This is a system to define the severity of injuries throughout the 
body, and is regularly revised and updated. AIS is an anatomically based, global severity 
scoring system that classifies each injury in every body region by assigning a code which 
ranges from AIS0 to AIS6. Higher AIS-level indicates an increased threat-to-life. AIS0 means 
“non-injured” and AIS6 “currently untreatable/maximum injury”. Unknown injury is coded as 
AIS9. To describe an overall injury severity for one person, the maximum AIS (MAIS) is 
used. The MAIS represent the highest AIS code sustained by the occupant to any part of the 
body. This is the case even if an occupant sustained several injuries of the same severity level 
at different body parts (Schmitt et al. 2004, AAAM, 1985). 
 
Table 5. Abbreviated Injury Scale (AIS) injury levels (Nahum 1993). 

AIS code Description 
1 Minor 
2 Moderate 
3 Serious 
4 Severe 
5 Critical 
6 Maximum 
9 Unknown 
 

3.6 Safety systems in cars 
Since the 1950’s, biomechanical research, data collection and analysis have been carried out 
focusing on crash safety in cars, and cars have gradually been improved based on the outcome 
of this research. Collecting and analysing accident data is and has been for several decades a 
very important source of information, both for setting priorities and to understanding injury 
mechanisms. Many safety systems in cars have their origin from accident research, such as: 
safety belts, strong safety cage, airbags, Volvo’s Side Impact Protection System (SIPS) and 
Whiplash Protection System (WHIPS). All of these systems were developed to decrease the 
number and consequences of injuries to occupants in car accidents (Isaksson-Hellman and 
Norin 2005). 
 
The function of the seat belt is to retain the occupant inside the compartment during an 
accident, connect the occupant to the car's ride down and to absorb energy. The two-point belt 
was introduced in 1957 and the three-point belt was introduced in 1959. The seat belts have 
been improved over the years, including pretensioners to reduce the initial slack and force 
limiters to control the belt force (Mueller 1998). 
 
Frontal airbags were introduced in the late 80’s as a supplementary restraint to seat belts in 
frontal impacts. The function of the airbag is to protect the head and upper torso of the 
occupant. Statistics for injuries with AIS2 or higher (AIS2+) of head and chest in frontal 
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impacts from 1985 to 1999 shows a decrease in these types of injuries related to the 
introduction of frontal airbags in Volvo cars (Isaksson-Hellman and Norin, 2005). 
 

3.7 Volvo’s statistical accident database 
Crashes involving Volvo cars in Sweden in which the repair costs exceed a specified level 
(currently SEK 46 000) are identified by the insurance company Volvia (If P&C Insurance). 
Photographs and technical details of the cars (e.g., damage) are sent to Volvo's traffic accident 
research team. The owner of the car completes a questionnaire (within a couple of months 
after the accident) to provide detailed information about the crash and the occupants. With the 
consent of the occupant, injury data is gathered from medical records and analysed by a 
physician within Volvo's traffic accident research team. Injuries are coded according to the 
AIS. This ongoing data collection process forms the basis of Volvo's statistical accident 
database. Volvo regularly performs in-depth accident investigations of accidents of special 
interest parallel to the statistical data collection and as a part of the database. For these in-
depth cases, on-site investigations are carried out and highly detailed information is collected 
and recorded, such as, the course of events, detailed photographs of the scene of accident and 
of the car, police reports, detailed documentation of all the damage to the car, as well as 
medical records, if applicable. 
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4 Methods 
Subsets of occupants in Volvo's statistical accident database were analysed. A two-fold study 
was carried out; an in-depth study in order to identify and categorise upper extremity fractures 
and a comparison analysis to relate influencing factors to the occurrence of these fractures. A 
literature study was performed to gain knowledge regarding anatomy and injury mechanisms 
of the upper extremities. 
 

4.1 Literature 
A thorough study of available literature has been carried out along with the in-depth studies. 
The literature was searched for through the university library databases, external databases and 
the internet. Words used in the search for literature are found in Appendix 2. 
 

4.2 In-depth study 
Front seat occupants, over the age of four, involved in car accidents occurring from 1998 to 
2008 were selected from Volvo's statistical accident database. Occupants with unknown 
gender or unknown whether there was an injury to the upper extremities or not were excluded. 
A total of 12 828 occupants fulfilled the selection criteria. The reason for disregarding 
occupants under the age of five was that the body constitution of small children differ from 
adults, several of these children were also seated in rearward facing child seats.  
 
For the in-depth studies, all fractures of the upper extremities were selected from the subset 
described above. Fractures of the upper extremities are often coded as AIS2+ with the 
exception of the phalanges, which are coded as AIS1. Only fractures are covered in this study, 
thus excluding soft tissue injuries and pain, usually coded as AIS1. The selection resulted in a 
total of 291 cases (some occupants had multiple fractures and are thus included in more than 
one case). Available information, such as medical records, questionnaires from the occupants 
and car damage were reviewed and in 99 of the 291 cases there was enough information found 
to understand the accident sequence and to estimate the fracture mechanisms. The 192 cases 
not suitable for in-depth studies had either missing or incomplete medical records or were 
extreme crashes where fracture mechanism of the upper extremities could not be determined.  
 
The 99 cases, involving a total of 86 occupants, were studied and analysed carefully, 
determining the accident sequence and putting this in relation to the fracture types identified. 
For each case the probable occupant kinematics was estimated based on facts about the 
accidents and estimated motion pattern of the cars during the events. The information about 
the accidents was taken from the questionnaires describing the sequence along with 
photographs of the cars. For this analysis, Volvo’s classification of accident type was used. 
This contains: run-off road, sideswipe, frontal impact, left side, right side, rear, rollover-
turnover, multiple impacts, multiple events, large animal, other and unknown. Multiple 
impacts are when the car collides more the one time and multiple events is when the car 
collides and then rolls over or turns over. 
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Ten of the cases were analysed by a group of experienced accident investigators, 
biomechanists, and crash analysts, because these cases could not easily be categorised only by 
looking at the presenting fracture. The ten cases are described in Appendix 1. 
 
The 99 cases were categorised into six different groups of probable injury mechanism based 
on knowledge retrieved from the literature study and the in-depth analysis. After analyzing the 
99 available cases, rear seat occupants were disregarded due to small numbers; leaving 92 
cases, involving a total of 80 occupants, seated in the front compartment. Frequency studies 
have been made with the data retrieved from the in-depth analysis 
 

4.3 Comparison Analysis 
For the comparison studies, all occupants from the subset described above (also disregarding 
rear seat occupants) involved in a car accident were selected from Volvo’s statistical accident 
data base. A total of 12 828 occupants fulfilled the selection criteria. Of the 12 828 occupants, 
225 occupants experienced AIS2+ injuries and of these, 161 sustained fractures to the upper 
extremities. 
 
Table 6 shows the distribution of gender between all occupants involved in a car accident and 
the 80 persons in the in-depth study that sustained a fracture of the upper extremities, 
respectively.  
 
Table 6. Distribution of gender comparing all occupants involved in a car accident and occupants in the in-depth 
study that sustained a fracture of the upper extremities.  
  All occupants (n=12 828) In-depth study (n=80) 
Male  66,4% 68,8% 
Female  33,6% 31,3% 
 
In the comparison analysis the subset of all occupants, all MAIS2+ injured, and occupants that 
sustained fractures to the upper extremities were compared according to risk of injury and 
accident type. A comparison of seat belt usage was also done, to see if there were any 
significant differences between the subsets. For the comparison, frequency analyses have been 
used in order to see if any specific trend was present.
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5 Results 

5.1 Comparison of accident data 
Data for the comparison between the distribution of occupants with upper extremity fractures 
(n=161), occupants with MAIS2+ (n=225) and all occupants (n=12 828) was retrieved from 
Volvo’s statistical accident database. The distribution of these subsets according to accident 
types are shown in Figure 7. For all of the three subsets, frontal impacts are the most frequent 
accident type, accounting for 43% of the occupants with upper extremity fractures, which is 
approximately 10% more than within the subset of occupants with MAIS2+ injuries. Side 
impacts are the second largest cause of occupants with MAIS2+ injuries (22%) but are 
responsible for a slightly lower incidence (19%) of upper extremity fractures which also is the 
case for multiple events and multiple impacts. In collisions with large animals or rear end 
impacts, fractures to the upper extremity are relatively not as common as in the two other 
subsets. 
 

 

 
Figure 7. Distribution of accident types comparing all occupants, all  
MAIS2+ injured occupants and those with fractures to the upper extremity. 

 
Figure 8 displays risks of injury of MAIS2+ and fracture of the upper extremity, respectively. 
The risks of upper extremity fractures follow the pattern of MAIS2+ injury risk with the 
exception of male frontseat passenger, which has a slightly higher risk. This shows that the 
risk of fractures of the upper extremity is between 1,2% and 1,4%, depending on gender and 
seating position.  

18 



SANDRA THIEME & MAGDALENA WINGREN 
RESULTS 

 

 
 

 
Figure 8. Risk for injury (incl. 95%-ile confidence intervals), MAIS2+ injury 
and upper extremity fractures, respectively, comparing gender and seating 
position. 

Seat belt usage varies somewhat between the three subsets, and as expected there is a higher 
rate of unbelted among the injured. As can be seen in Figure 9 the percentage of belted 
occupants is relatively lower for the occupants with fractured upper extremity than for all 
occupants and MAIS2+ injured occupants. There is also a higher percentage of unknown 
usage. This figure indicates that usage of seat belt could be even more important with respect 
to the risk of sustaning a fracture on the upper extremity, but observing that there also is a 
higher percentage of unknown usage for this group, the results must be interpreted carefully. 
 

 

 
Figure 9. Seat belt usages for all occupants, MAIS2+ injured occupants and 
occupants with upper extremity fractures, respectively.
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5.2 In-depth study analysis 
The subset of 92 cases, containing 80 occupants, is distributed as shown in Figure 10 
according to accident type. The dominating accident type, by far, is frontal impact. 
 

 

 
Figure 10. Distribution of accident types for occupants in the in-depth study. 

 
The 92 fractures of the 80 occupants are distributed along the upper extremity as shown in 
Figure 11. The fractures are quite evenly distributed with the possible exception of the elbow 
which only account for six injuries. Combination of fractures are rather common, 15 % of the 
occupants have more than one fracture to the upper extremity.  
 

 

 
Figure 11. Number of fractures to the upper extremity for the 92 in-depth 
cases per segment of the upper extremity. 
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Based on knowledge retrieved from the literature study and the in-depth analysis the 92 cases 
were categorised into six mechanism groups. The mechanism groups are defined as follows: 

• A – trauma to an outstretched hand 
• B – trauma to an extended hand 
• C – trauma to a clenched fist 
• D – a direct blow 
• E – lateral impact on the shoulder causing clavicle fractures 
• F – other 

Since fractures in groups A, B and C all occur in similar situations, i.e. when the occupant is 
moving forward with the arms held up in front of the body, the three groups are treated as one 
(called ABC) in most of the analysis. Mechanisms A – trauma to an outstretched hand, B – 
trauma to an extended hand, and C – trauma to a clenched fist, all correlate to the same kind of 
situation when the occupant is moving forward with the arms held up in front of the body. 
Mechanism group D contains all fractures caused by a direct blow. Mechanism group E is 
clavicle fractures caused by lateral impact on the shoulder. Mechanism group F consists of 
fractures caused by mechanisms not explained by the other groups. 
 
The distribution of the different segments of the upper extremity within each group is shown 
in Figure 12. All segments are represented in group D. By definition, group E only contains 
fracture to the clavicle, which explains why the group only is represented in one segment. 
 

 

 
Figure 12. Distribution of the different segments per mechanism group. 

21 



SANDRA THIEME & MAGDALENA WINGREN 
RESULTS 

 

 
The distribution of accident types in the different segments can be seen in Figure 13. Frontal 
impacts, together with multiple impacts and multiple events account for 79 % of the accidents 
where fractures to the upper extremity occur.  
 

 

 
Figure 13. Distribution of accident type per segment. 

5.2.1 Group ABC - trauma to an outstretched hand, to an extended hand or to a clenched 
fist 
Out of the fracture mechanism groups, ABC is the second largest accounting for 25 fractures. 
In this group the predominantly fractured segment is the wrist followed by the forearm, as 
illustrated in Figure 14.  
 
The dominating accident type is frontal impact as can be seen in Figure 15, accounting for 15 
of the 25 cases. Multiple impacts and multiple events, together account for 7 cases. These 
three accident types together make up 22 cases in this group. In 11 of these 22 cases, the 
frontal airbag deployed and in two of the cases the frontal airbag did not deploy. In eight of 
the cases, it is unknown whether the frontal airbag deployed or not and in one of the cases 
there was no frontal airbag present. 
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Figure 14. Fractured segments in group ABC. Figure 15. Distribution of fractures in group 

ABC per accident type. 

5.2.2 Group D - a direct blow 
Group D is the largest of the fracture mechanism groups, containing 48 fractures. This group 
contains the majority of hand fractures and the main part of arm and forearm fractures 
illustrated by Figure 16.  
 
The dominating accident type is frontal impacts as shown in Figure 17, accounting for 24 of 
the 48 cases. Multiple impacts and multiple events, together account for 16 cases. These three 
accident types together make up 40 cases in this group. In 25 of these 40 cases, the frontal 
airbag deployed and in eight of the cases the frontal airbag did not deploy. In two of the cases, 
it is unknown whether the frontal airbag deployed or not and in five of the cases there was no 
frontal airbag present. 
 

 
 

  
Figure 16. Fractured segments in group D. Figure 17. Distribution of fractures in group D 

per accident type.

5.2.3 Group E - lateral impact on the shoulder causing clavicle fracture 
Mechanism group E contains 17 cases. By definition, this group only contains clavicle 
fractures and that is why there is no distribution between the segments.  
 
The distribution between the accident types is quite even in this group as shown in Figure 18, 
but left and right side impacts together with multiple impacts and multiple events account for 
13 cases.  
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Figure 18. Distribution of fractures in group E  
per accident type. 

5.2.4 Group F – other 
This group contains two unusual mechanisms, within the 92 cases, that did not fit in any of the 
other groups. One of the fractures is due to hyperextension and the other is caused by both 
traction and torsional forces. The first fracture occurred in a frontal impact accident and the 
other in a multiple event accident and in both cases the airbag deployed. 
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6 Discussion  
The aim of this study was to understand injury mechanisms behind fractures of the upper 
extremities in car accidents, which resulted in six different fracture mechanism groups. These 
groups were then used to categorise fractures from the in-depth study that was performed. A 
comparison analysis, indicating that the risk for upper extremity fractures follows the pattern 
of MAIS2+ injury risk, was also performed using frequency analysis. 
 
Both the comparison analysis and the in-depth case studies posed certain limitations. The data 
base does not include any information about arm and hand posture, sitting position, or 
accident awareness. These factors are important in the occurrence of fractures of the upper 
extremity. 
 
Studying upper extremity injuries using accident data is an area with limited number of 
publications. Two similar studies have been published (Conroy et. al 2007, Otte 1998), one 
using the CIREN database and the other using the accident documentation of the Accident 
Research Unit at the Medical University Hannover. Conroy et al. studied all occupants 
associated with motor vehicle crashes during the years 1997-2004 and came to the conclusion 
that both driver status and principal direction of force were associated with injury site and 
source. The study performed by Otte focused on change of velocity, Delta-v, comparing cars 
of all sizes using data from the years 1985-1995 and came to the conclusion that impulse 
direction and position of force transmission were important for the resulting injury. Our study 
shows the same pattern with the majority of forearm, hand, and wrist fractures occurring in 
frontal impacts and clavicle fractures occurring in side impacts, multiple impacts, and multiple 
event accidents. 
 

6.1 In-depth study discussion 
92 cases were available for in-depth study. Many cases had to be disregarded when selecting 
cases for the in-depth study because of factors such as lack of information about the accident, 
missing medical records, or extreme violence of the accident. Rear seat occupants were also 
disregarded due to low numbers. The 92 cases are not enough to use for statistically 
significant conclusions, but compared to the total subset of occupants with fractures to the 
upper extremities, as shown Table 6 and Figure 10, the 80 occupants with the 92 fractures is a 
quite representative sample with respect to gender and accident types. 
 
Analysis of in-depth studies using medical records provided an opportunity to identify 
different fracture types. By studying the questionnaires completed by the occupants, and 
photos of the car, information about the accidents was obtained. This information together 
with the knowledge about fractures obtained by literature study resulted in six different 
mechanisms groups, named alphabetically from A-F. The 99 cases were then categorised into 
groups according to the appropriate mechanism. The categories in this study are developed 
based on body movement in combination with fracture mechanisms. To our knowledge this 
approach has not been published earlier for upper extremity injuries. 
 
Looking at group ABC, frontal impacts result in the largest amount of fractures which seems 
logical considering the fractured segments in the group. These segments are at higher risk for 
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fracture since they are closest to the dashboard and often take the first hit. Another possible 
cause for fracture might be how the driver is holding on to the steering wheel and if the driver 
is using one or two hands. Awareness about the impending impact often triggers a reflex to 
stretch out the arms in front of the body, similar to a fall on an outstretched hand. This reflex 
contributes to the risk for fractures in this group and is applicable for both drivers and 
passengers. 
 
Fractures in group D are by definition caused by a direct blow. These occur in all types of 
accidents but are most common in frontal impacts, multiple impacts and multiple events. In 
multiple accidents, the car is moving in many different directions in a short amount of time 
causing the arm to move unforeseeable. The interior of a car has many different structures that 
the arm can hit, causing a fracture anywhere along the upper extremity. Begeman (1999) 
tested the bending strength of the human forearm due to lateral load. His findings showed that 
when the forearm is hit by a lateral load, it is most likely that only one of the bones will 
fracture. This is consistent with our findings. Many of the fractures in group D are either on 
the ulna or the radius. 
 
In 25 of the 48 cases in mechanism group D, that were involved in either a frontal impact, a 
multiple impact or a multiple event, the frontal airbag deployed. The frontal airbag can cause 
the arm to “fling”, which means that the arm is thrown away from the steering wheel and 
when thrown off, the arm can hit almost anything in the front compartment. Other studies have 
shown that the frontal airbag itself can cause fractures to the forearm, wrist and hand, and the 
results also showed that the risk of injury increases with frontal airbag aggressivity (Bass et al. 
1997). Volvo uses depowered airbags, where the risk of injury is lower, which makes this a 
less likely cause for fracture among the 25 cases with a deployed frontal airbag. However, 
Bass also found that the position of the humerus, the forearm pronation angle, and forearm 
position relative to the frontal airbag module affect the risk of injury. Duma et al. (1999) 
found that the pronated forearm is 21% weaker than a supinated forearm. This could be the 
case if the driver was turning right or left, holding the forearm across the steering wheel, 
during impact. Results from a study performed by Pintar et al. (1998), indicates that there is a 
strong correlation between forearm mass and bending moment. They determined that the 
smaller-size occupant, regardless of gender, is more susceptible to forearm fractures. Women 
in general are smaller than men, which would lead us to believe that more women would 
sustain fractured forearms. Among the 92 cases in this study no such pattern can be found 
looking at men versus women. 
 
Out of all clavicle fractures in the in-depth study, approximately 80% can be found in 
mechanism group E - lateral impact on the shoulder causing clavicle fracture. This clearly 
correlates to Rubino (2006): “Historically, clavicle fractures were thought most commonly to 
result from a fall onto an outstretched hand, but more recent work has revealed that, in 
actuality, the most common mechanism for clavicle fractures is a fall directly onto the 
shoulder”.  
 
Among the 92 cases, two were found not to fit into any of the fracture mechanism groups. 
These were categorised into a separate group, even though the mechanisms for the two 
fractures are not the same. They seem to be more according to chance than a regular 
reoccurring incidence, at least within this in-depth study sample. 
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In the selection of 92 cases it is clear that the most fractured upper extremity segments are the 
clavicle, the hand, the wrist and the forearm. One explanation to the many clavicle fractures 
could be that they occur in all types of accidents. Since a clavicle fracture could result both 
from a direct hit and a lateral impact, due to its vulnerable position, it is more likely to fracture 
than any of the other segments of the upper extremity. Tables 1-4 show the biomechanical 
properties for bones in the upper extremity. 
 

6.2 Comparison analysis discussion 
Frontal impact is the most frequent accident type; this is also found for the subgroup of injured 
occupants. 43% of the occupants with an upper extremity fracture were involved in a frontal 
impact compared to 33 % of the occupants with an MAIS2+ injury. The reason for this could 
be that the arms are thrown forward in a frontal impact accident, as described in Case 7 in 
Appendix 1, and there are many things the arm can hit whereas other body parts are more 
likely to be injured in left or right side accidents, multiple events or multiple impacts. 
Fractures of the upper extremity also occur in multiple accidents, as described in Case 6 
Appendix 1, probably because the arms are flying around in the car, hitting both the interior 
and other occupants. 
 
The risk of sustaining a fracture to the upper extremity follows the pattern of risking a 
MAIS2+ injury. The only subset that deviates somewhat is male front seat passengers. This is 
not statistically significant and could just be a coincidence because of the higher number of 
men involved in car accidents (see Table 6).  
 
In the comparison of seat belt Figure 9 shows that 5 % of the occupants with an MAIS2+ 
injury and 5 % of the occupants with an upper extremity fracture were unbelted compared to 
all the occupants where only 1 % were unbelted. Figure 9 also shows that of the occupants 
with upper extremity fracture, only 76 % were belted. This could be a factor in the occurrence 
of a fracture since the body will move further forward and thus exposing the arms for more 
potential impact surfaces. It is also more likely that the arms can come between the body and 
the surface that the body is impacting thus causing compression type of injuries. The seat belt, 
especially in older cars, might be a possible cause for clavicle fractures. This is due to the fact 
that seat belt pretensioners and force limiters that control the belt force were not available at 
the time these cars were manufactured. 

6.3 Conclusions 
Upper extremity injuries are relatively infrequent in car accidents but can be explained by 
factors such as advanced age, awareness of the impending accident, extreme violence and the 
numerous possible positions of the arms. Understanding the mechanisms behind fractures of 
the upper extremity is a complex and demanding task when it comes to car accidents. This 
study is a step on the way in improvement of safety systems in cars to prevent upper extremity 
injuries. More attention is needed in this area in the future, and the interior of the car might 
have to be investigated and remodelled to further develop a safer environment for car 
occupants.
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1. Case descriptions 
The ten cases presented below were studied together with a multidisciplinary group at Volvo 
in order to determine fracture mechanisms. These cases could not easily be categorised only 
by looking at the presenting fracture. These cases are described according to the accident that 
occurred and can include more than one fracture. 
 
Case 1: A 2000 Volvo V-40 slid across the centreline and got struck by a bus on the right side 
of the vehicle. The car then went off the road. The 31-year-old female driver (166 cm, 62 kg) 
was wearing her 3-point seat belt and the frontal air-bag deployed. She sustained a 
comminuted proximal fracture of the humerus due to lateral impact and was categorised into 
group D.  
 
Case 2: A 1998 Volvo S-40 was turning left and an oncoming vehicle ran into the right side of 
the vehicle rear of the compartment. The 78-year-old male driver was wearing his 3-point seat 
belt and the frontal air-bag deployed. He sustained a proximal fracture of the humerus. Most 
likely, the fracture occurred due to impact with the occupant in the passenger seat and the 
fracture was categorised into group D.  
 
Case 3: In this crash, a 2003 Volvo V-70 slid, rolled over and went off the road down into a 
ditch. The 43-year-old male driver (173 cm, 80 kg) was wearing his seat belt and the frontal 
airbag deployed. He sustained fractures on both phalanx II and phalanx IV, it is possible that 
the phalanges got stuck and was exposed to both traction and torsional forces. The fracture 
was categorised into group F.  
 
Case 4: A 1993 Volvo 854 slid across the centreline and got struck by an oncoming vehicle in 
the left part of the front. The 43-year-old male driver (187 cm, 89 kg) sustained an oblique 
fracture to the proximal phalange V. Most probably did this fracture occur when the driver hit 
the instrument panel with his hand during the crash. This fracture was categorised into group 
D.  
 
Case 5: A Volvo V-70 was involved in a full front crash with a stationary truck. The 50-year-
old male driver (174 cm, 99 kg) sustained a fracture on the left metacarpal V. This particular 
fracture is called a Boxer's fracture and the fracture mechanism is similar to hitting something 
with a clenched fist. He probably hit the dashboard with his fist clenched. The man was 
wearing his seat belt and the frontal airbag deployed. The fracture was categorised into group 
C.  
 
Case 6: A 2002 Volvo V-40 was involved in a multiple accident. The car rolled, for unknown 
reason, went off the road and landed on the roof. The 51-year-old male driver (180 cm, 76 kg) 
sustained fractures of the left radius and left clavicle. The radius fracture was a result of a 
direct blow to the bone by probable contact with the interior of the vehicle, and was 
categorised into group D. The clavicle fracture was a result of lateral impact on the shoulder 
and was categorised into group E. The 51-year-old female passenger (160 cm, 60 kg) 
sustained a comminuted distal fracture of the radius. This fracture probably occurred due to 
extension of the wrist (at unknown time during the event) and was categorised into group B. 
Both driver and passenger were wearing their seat belts and the frontal airbags deployed.   
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Case 7: A Volvo 740 was involved in a full front collision with a car that was driving on the 
wrong side of the road. The 67-year-old passenger (162 kg, 60 kg) sustained a fracture on the 
surgical neck of the humerus. As the car crashed, the passenger was thrown forward and 
towards the driver. Most probably there was a slack in the shoulder belt and during this 
motion, the shoulder belt slid down and loaded the arm causing the fracture. The fracture was 
categorised into group D. The car did not have airbags.  
 
Case 8: In this crash, a 1998 Volvo S-70 was hit head-on by a car that was driving on the 
wrong side of the road. A 48-year-old driver (176 cm, 76 kg) sustained a transverse fracture of 
the left clavicle with 7-8 mm separation. Probably the loads occurring when retained by the 
shoulder belt caused the fracture and it was categorised into group D.  
 
Case 9: A 2001 Volvo V-40, driven by a 78-year-old female (155 cm, 54 kg), went off the 
road and hit a tree. When trying to get the car back on the road, though unsuccessfully, she 
sustained a fracture on the third middle of the ulna probably as a result of holding on to the 
steering wheel. The passenger, an 80-year-old man (173cm, 64 kg) sustained a subcapitular 
fracture on the left metacarpal V due to a direct blow to the interior of the car. This fracture 
was categorised into group D.  
 
Case 10: A 2004 Volvo V-40, driven by a 37-year-old male (184 cm, 76 kg) slid and whit 
overlap hit an oncoming car. The V-40 then was impacted in the rear by another car and went 
off the road. The driver sustained a fracture on the radius due to a direct blow when hitting the 
interior of the car. He also sustained a fracture to the right clavicle due to lateral impact on the 
shoulder. The radius fracture was categorised into group D and the clavicle fracture was 
categorised into group E.  
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2. Search words 
The following words, listed in alphabetical order, have been used in the search for relevant 
literature both in singular and plural and in different combinations. 
 
Accident 
Airbag 
Anatomy 
Arm 
Biomechanics 
Bone 
Car 
Clavicle 
Crash 
Elbow 
Extremity 
Finger 
Forearm 
Fracture 
Hand 
Mechanism 
Motor 
Phalange 
Upper 
Vehicle 
Wrist 
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