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Abstract 
The project focus has been development of guidelines and methods for upper 

extremity injury reduction in car crashes. The safety of the central body parts 

improves which indicates the need to develop methods for avoiding non-life 

threatening injuries such as fracture of the arms. The purpose of the project was to 

study the injury mechanisms for the upper extremity in car crashes, and the aim has 

been to propose methods to reduce the injuries. The project focuses on adult 

occupants inside the vehicles front seat, and frontal and side impacts. The procedure 

began with understanding and identifying the injury mechanisms. Studies show that 

most fractures occur on the forearm (radius and ulna) and on the wrists and hands.  

To determine which injury mechanisms that were most frequent, data were collected 

from 29 computer simulations with 29 different crash scenarios. The most common 

kind of impact was the medial part of the wrist in the central part of the instrument 

panel, combined with the impact of the elbow in the center consol. The results of the 

simulations created a basis for the method of the component test, with focus on the 

injury mechanism i.e. the forward movement of the arms into the instrument panel.   

The component test consisted of a test rig, on which was mounted with a measuring 

arm of a 50th percentile male dummy. The arm dropped into a block of expanded 

polypropylene (EPP-block) for observation and study, and with following variable 

parameters: the impact angle of the surface, velocity and position of the wrist. Then 

also an instrumented measuring arm from a 5th percentile female dummy was 

released into an instrument panel.  

The project contributes to knowledge about the injury mechanism of the upper 

extremity in car crashes. The most frequent injury mechanism is a forward movement 

of the arms resulting in an impact with the interior structure of the car. The most 

frequent injured region is the distal part of the upper extremity. The project has 

developed and suggested the first step to a test method for the specific injury 

mechanism. There is a need of more research on how impact angles and velocity 

affect the violence on the arm.  

  



    

  

Sammanfattning 
Arbetsgruppen för projektet har i samarbete med Volvo Cars Safety Centre arbetat 

med utveckling av riktlinjer och metoder för att minska skador på övre extremiteter i 

bilkrockar. Skador på övre extremiteter är problematiska och i takt med att 

utvecklingen går framåt och säkerheten kring centrala kroppsdelar blir bättre, ökar 

även behovet av att utveckla metoder för att undvika icke-livshotande skador så som 

exempelvis armfrakturer. Syftet med studien har varit att studera skademekanismerna 

för övre extremiteter i bilkrockar, och målet har varit att ta fram förslag på metoder 

för att kunna reducera skadorna. Projektet fokuserar på vuxna åkande i fordonets 

framsäte för frontal och sidokrockar. Projektets utgångspunkt var att förstå och 

identifiera de aktuella skademekanismerna. Studier visar att flest frakturer sker på 

underarm (radius och ulna) samt handled och händer. 

Efter genomförd litteraturstudie analyserades simuleringar av 29 olika krockfall. De 

mest förekommande islagen skedde på de centrala delarna på instruktionspanelen där 

handledens mediala sida var den kroppsdel som flest gånger blev utsatt. Detta skedde 

i kombination med islag av armbåge i den centrala konsolen. Utifrån analysen av 

resultatet i simuleringarna skapades underlag till komponentprover som 

genomförandes i laboratoriet. Detta med fokus på en specifik skademekanism, islag 

av handleden i en framåtrörelse mot instrumentpanel. 

Komponenttesterna bestod av ett falltest där en rigg droppades ner tillsammans med 

en dockarm från en 50:e percentil manlig krockdocka. Släden med rigg och arm 

släpptes först ner i ett EPP-block med observation och studerade av följande 

varierande parametrar: islagsvinkel (mot grundplan), hastighet och position av leden i 

handen. Därefter släpptes en instrumenterad mätarm från en 5e percentil kvinnlig 

krockdocka ner i en instrumentpanel.  

Projektet har i sin slutsats bidragit till kunskap om skademekanismerna för den övre 

extremiteten i bilkrockar. Resultatet visar att den mest förekommande 

skademekanismen är en framåtrörelse av armen med islag i bilens interiör. Mest 

förekommande islagsregionen på övre extremiteten är koncentrerat distala delen av 

armen. Projektet har föreslagit och beprövat en metod för vald specifik 

skademekanism. Behov av mer forskning på området finns gällande hur islagsvinklar 

och hastighet påverkar lasterna vid islag.  



    

  

Dictionary 
Abbreviated injury scale (AIS) – threat to life injury scale 

Expanded polypropylene (EPP) – material for impact test 

Oblique crash – diagonal impact at the corner of the car  
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Chapter 1 Introduction 

1.1 Background  

According to statistical analysis from the Swedish Transport Administration around 

265 people died in the Swedish traffic in year, 2014; 17 500 people got hurt in traffic 

accidents; and 2400 people were seriously injured in year 2014. The Swedish 

Transport Administration introduced the “Vision Zero” in 1995 and it aims to 

decrease death numbers and life-long injury due to traffic accidents 

(Transportstyrelsen, 2016).  

Car safety has increased over the years and Isaksson-Hellman and Norin (2005) show 

a decrease of almost two thirds in maximal abbreviated injury scale 2+ (MAIS) in 

Volvo cars from the cars designed in the 1970’s to the models of early 2000. Upper 

extremity injuries have received limited attention in the safety development, as these 

injuries are seldom life threatening but can cause long-term problems and 

rehabilitation for the individual. Figure 1.1 is a computer simulation from a frontal 

impact. 

 

Figure 1.1. Computer aided engineering (CAE) simulation of a full front impact crash (Animator 4, 2011). 

1.1.1 Company presentation 

“Cars are driven by people. The guiding principle behind everything we 

make at Volvo therefore, is - and must remain - safety”  

Assar Gabrielsson & Gustaf Larson the founders of Volvo. 



 MOA HARRYSON & OSCAR CYRÉN 

 INTRODUCTION 

 

 2 

  

Volvo has manufactured cars since 1927, when the first production car was released 

at Hisingen in Gothenburg. From a small local company, Volvo has become a large 

business and one of the leaders in their branch by manufacturing cars, with sales in 

around hundred countries. In 1999 Volvo AB was divided into Volvo Cars and Volvo 

Trucks. Volvo Cars three main values are quality, safety and to take care of the 

environment, which forms the culture of the company. Their values reflect in their 

work, their products and how the company is organized. It is important for them to 

create value for the customers, to maintain and develop the quality, to the safety and 

care of the environment for a sustainable society, and also to work with respect to 

their customers and the staff. (Volvocars.com, 2015).  

1.2 Problem definition 

The safety of the most central body parts improves, which enhance the need to 

develop crash test methods to avoid non-life threatening injuries such as fracture of 

the arms. Today there is limited information about how the upper extremity interacts 

with the structure inside the car during a crash. If methods can be developed and 

implemented in the process of developing a modern car, injury occurrence may be 

reduced. It is important in the development of modern cars to increase the occupant’s 

safety and risk of harm in the case of a car accident. 

1.3 General aim  

The overall aim of this project was to study the injury mechanisms of the upper 

extremity fractures in car accidents. The specific aim of this project was to study how 

the upper extremity (arms and hands) touch the interior of the car, and also propose a 

method to measure load on the upper extremity for a specific injury mechanism (the 

forward movement of the arms) in car crashes. Also, propose guidelines regarding 

injury loads. 

 To understand how load transfer to upper extremity changes with the impact 

angle, related to the forward movement of the arms with impact into the 

instrument panel. 

 To understand how load transfer to upper extremity changes with the impact 

velocity, related to the forward movement of the arms with impact into the 

instrument panel. 

 To understand how these two factors interacts and their effect on the response 

of the upper extremity.  
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1.4 Limitations 

 Scapula is excluded from this project 

 The project includes injuries on human adult, front seat occupants inside the 

vehicle 

 The project focuses on fractures on the upper extremity   

 The project focuses on frontal, oblique and side impacts 
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Chapter 2 Theoretical framework 

2.1 Types of bones  

The upper extremity includes the 

shoulder girdle, the upper limb and 

the hand, which consist of the 

following bones; the scapula, clavicle, 

humerus, radius, ulna, eight carpal 

bones, five metacarpals and the 

phalanges with the digits, see figure 

2.1 (Hamill, 2015).  

In the human body, there are different 

kinds of bones, with different 

functions. Almost all bones in the 

upper extremity are long bones, 

except scapula which is a flat bone 

and the carpal bones in the wrist 

which consist of short bones. Long 

bones are like the name tells us longer 

than they are widespread. The short 

bones are more like cubes in the shape 

and not that cylinder-shaped. In the 

upper extremity there is short bones in 

the wrist, the carpal bones create a 

network which allow the hand 

movements (Cael, 2010). 

2.1.1 Structure and function of 

bone types  

Bones attend to four main functions in 

the body which is support and protect, 

enable movements, hematopoiesis (production of blood cells) and storage of minerals 

and fats. The majority of the bones in the human body is protecting some organs or 

vital part of the body, but that is not the main task for the long bones in the upper 

extremity. Their main function is to enable movement together with the skeletal 

 Figur 2.1. The bones of the upper extremity. 

(Marieb, 2010) 
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muscles (Cael, 2010). The long shape of the bones gives some characteristic 

mechanical properties; long bones can tolerate great loads along their longitudinal 

axis but are weaker when they are subjected to bending (Hamill, 2015). The storage 

of minerals in the bones is the controlling factor how rigid and hard the bones are. 

Calcium and phosphate form the foundation acting like cement to the bones (Cael, 

2010).  

The structure of long bones is divided into three parts, diaphysis, epiphysis and 

metaphysis. Diaphysis is the shaft that shapes the whole bone, epiphysis is the ends of 

the bone which oftentimes is more extended than the middle part. The metaphysis is 

the area where the diaphysis and epiphysis meet (Cael, 2010). A bone is a type of 

composite organ which consists of different kinds of tissue, even if osseous 

connective tissue is the most common one. Bones are not homogeneous, but mainly 

they take place in two forms, low-density and high-density form. More usual they are 

named cancellous or spongy bone and compact or cortical bone. There is both 

cancellous and compact osseous tissue in long bones, but there is also variation of 

tissue form changed by the regions. Among the epiphyses there is a lot of cancellous 

bone protected by a considerably thinner cover of compact bone. In the diaphysis 

there is a larger mass of compact bone, and cancellous bone filling up inside together 

with marrow (Porta, 2010). The short bones consist of mainly cancellous bone with a 

thin layer of compact bone (Cael, 2010). 

2.1.2 The upper arm, elbow 

and forearm  

The largest bone in the upper 

extremity is the humerus. Humerus 

together with radius and ulna create 

the elbow, which consist of three 

ligaments, one capsule and two 

joints. The elbow is a hinge joint 

which allows flexion and extension 

of the joint (Cael, 2010).  

Ulna and radius is placed parallel 

to each other in the forearm and 

articulate with each other in both 

ends. The joint connecting Radius and Ulna in the proximal or superior end is called 

radioulnaris proximalis and radioulnaris distalis at the distal or inferior end. The 

 Figure 2.2. The bones and landmarks of the forearm. 

(Memorize.com, 2016) 
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radioulnar joints are uniaxial pivot joints and will only permit pronation and 

supination of the forearm, see figure 2.2 (Cael, 2010).  

2.1.3 The Shoulder 

Humerus together with scapula and clavicle create the shoulder, which allows 

movements in all planes around the three axes due to that it is a ball and socket joint. 

The shoulder joint named glenohumeral joint runs between the scapula and humerus. 

There are nine muscles that pass here and enable the movement in the shoulder. 

Cooperating with five muscles cross the shoulder girdle (Scapula and Clavicle). The 

shoulder joint is one of the least stable joints in the body but also the most moveable 

one (Cael, 2010). 

2.1.4 The wrist, hand and fingers  

The carpal bones consist of two rows with four bones in each row. They are named as 

follow, starting from the thumb side of the distal row are the trapezium, trapezoid, 

capitate and hamate. In the proximal row are scaphoid, lunate, triquetrum and 

pisiform, see figure 2.3. The wrist joint is made up of two different joints, the 

radiocarpal joint and the mid carpal joint. The radiocarpal joint, between the distal 

end of the radius and the first row of the carpal bones, permits flexion, extension, 

radial and ulnar deviation. Between the 

two rows of the eight carpal bones the 

mid carpal joint or even called 

intercarpal joint is located.  

The intercarpal joints function is to 

open and close the hand by gliding, the 

joint work together with the 

carpometacarpal joints between the 

five metacarpal bones and the distal 

row of carpal bones. The thumb unlike 

the fingers has only two phalanges 

whereas the fingers have three each. 

This makes the thumb shorter than the 

fingers and allows more functionality 

to the motion in the hand (Cael, 2010). 

 Figure 2.3. The Carpals, metacarpals and phalanges of the hand. 

(Marieb 2010). 
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2.2 Injury classification  

2.2.1 Classification of fracture 

A fracture is the break of a bone and can be the result of direct violence, penetration, 

indirect loading or repetitive loading. All fractures are either comminuted or 

noncomminuted. A comminuted fracture is defined when there are three or more 

pieces, otherwise it is noncomminuted. Comminution correlates well with energy 

input. The higher the energy input the higher the degree of comminution and the 

greater potential of soft tissue injury. If there is soft tissue damage and the bone is 

exposed to the outside environment the fracture is called an open fracture otherwise 

called a closed fracture. When classifying fractures of the upper extremity injury 

severity scoring is often used to describe and measure the impact of the injury, both 

in a physical way and to get response from how the body reacts according to the 

damage. Fractures at the upper extremity usually corresponds to a level 2 in the 

abbreviated injury scale (Levine, 2002).  

2.2.2 Abbreviated injury scale (AIS)  

Abbreviated injury scale is one of the most common used anatomic scoring systems 

and was developed in 1971. The scale is a threat to life scale and ranking the severity 

of injuries. There are six levels, from AIS 1 to 6, which mean the higher level the 

more severe injury. The AIS classifies by severity as follows: 

 AIS 1 – Minor 

 AIS 2 – Moderate 

 AIS 3 – Serious 

 AIS 4 – Severe 

 AIS 5 – Critical 

 AIS 6 – Maximal 

 AIS 9 – Unknown  

(AAAM.org, 2016).  

2.3 Fracture to bones 

2.3.1 Local injury mechanism to upper extremity bones 

The local injury mechanism is defined as the mechanism inside the upper limb that 

actually causes the damage to the bone structure. Several authors have classified long 

bone fractures and their local fracture mechanism. Long bone fractures can generally 
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be classified into three groups; simple, wedge and comminuted. Within these three 

groups a more specific pattern and their presumed mechanism can be listed, e.g. 

transverse simple fracture from a pure bending load or a massive comminuted 

fracture from crushing (Porta, 2010). Another way to classify fractures is to classify 

by the way the fracture crosses the bone; transverse, spiral, oblique, butterfly (or 

wedge), segmental and avulsion fracture, see figure 2.4. 

 

 Figure 2.4. Transverse, spiral, oblique, butterfly, segmental and avulsion fractures as mentioned from the left.  

(Levine, 2002)  

These types of fracture have different mechanisms. An oblique fracture is caused by 

an axial load in combination with a torsional load. A butterfly fracture is caused by 

bending where the “butterfly” fragment occurs on the side of compression (Levine, 

2002). A bending load can also cause a transverse or oblique fracture where an 

oblique fracture also is believed to be caused by an axial loading in combination with 

torsional and an angulated load. Segmental fractures occur when there is direct force 

at several locations on the bone (Porta, 2010). For a list of fracture and the 

corresponding mechanism, see table 2.1. 
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 Table 2.1. Long bone local fracture mechanism. 

Fracture type Local mechanism Author (year) 

Longitudinal "crack" Compression logitudinal axis Porta (2010) 

Avulsion fracture Tension Porta (2010) 
Transverse Traction/tension in logitudinal direction 

Force/load perpendicular to longitudinal axis 
Bending 
Shear force 

Begeman (1999); Duma (1999); 
Porta (2010) 

Oblique Axial compression 
Combination of bending and torsion (if 
bending is dominant).  
Bending 

Hardy (1998); Duma (1999); Porta 
(2010) 

Spiral Torsion 
Combination of bending and torsion (if 
torsion is dominant). 

Porta (2010) 

Butterfly aka Wedge Bending Hardy (1998); Pintar (1998); Duma 
(1999); Porta (2010 

Segmental Direct violence at several locations at the 
bone 

Porta (2010) 

Comminuted High violence/energy/force Pintar (1998); Porta (2010) 

 Upper extremity loading 

Due to the long bone shape, their mechanical properties differ dependent on load 

direction and type of load. The long bones are approximately 50% stronger in 

compressive load versus a bending load (Porta, 2010). Early work by Weber in 1859 

determined the moment required to fracture the humerus, reported by Schmitt, 

Niederer walz (2004), see table 2.2. A few years later, in 1880 Messerer measured the 

fracture forces for the upper extremity on male and females, reported by Levine 2002, 

see table 2.2. Many authors have since mechanically loaded the bones of the upper 

extremity (in vitro) and, in table 2.2, are summarized table for some of the work done 

regarding humerus. There are summarized tables for radius, ulna and clavicle, in 

appendix 9.1. The failure forces differ in these studies due to the variation in 

methodology and type of load applied. A bone loaded quasi-static (which is a load 

applied slowly onto the bone) will break at a lower load compared to a bone loaded 

with a dynamic load. Begeman, Pratima and Prasad (1999) found that the average 

static fracture loads were approximately 20% lower than the average dynamic load in 

the bones of the forearm (radius and ulna). 
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 Table 2.2, Fracture loads humerus. 

Author (year) 
Specimen 
condition 

Load conditions 
Displacement 

rate 

Failure 
force  
[N] 

Failure 
moment 

[Nm] 

Fracture 
location 

Type of 
load 

Schmitt (2004) N.S. N.S. N.S. 115 (m) 
73 (f) 

N.S. N.S. 

Levine (2002) N.S. N.S. 2710 (m) 
1710 (f) 

151 (m) 
85 (f) 

N.S. 3-point 
bend 

Levine (2002) N.S. N.S. 4980 (m) 
3610 (f) 

N.S. N.S. Axial 
comp. 

Yamada 1970 N.S. N.S. 1300 N.S. N.S. Quasi-
static 

Kirkish (1996) Unembalmed 
humerus 
cleaned at the 
ends 

v = 218 [mm/s] 
v = 0.635 [mm/s] 

1700 130 At loading 
site 

3-point 
bend 

Duma (1999) Unembalmed 
humerus 
cleaned at the 
ends 

Droptest, m=9.48 
kg 
v = 3.63 [m/s] 

N.S. 128 (±19) At loading 
site 

3-point 
bend 

N.S. = No information Stated by author 
    

2.3.2 Local injury mechanism to the elbow and wrist  

The fracture mechanisms of humerus, radius and ulna are predictable depending on 

load conditions. The joints of the upper extremity are less predictable and below is a 

section dedicated to the fracture mechanism of the elbow and wrist. 

 Elbow 

In a laboratory study with post mortem human subjects (PMHS) (Duma et al., 2000) 

found that an axial load along the longitudinal axis of the forearm could result in a 

fracture of the elbow in two different ways. This axial load was applied posterior on 

humerus (the PMHS was positioned in a drivers position) to replicate that from a 

deploying side-impact airbag. The first mechanism occurs when the airbag forces the 

upper limb forward resulting in compression in the elbow joint between humerus and 

the radial head and coronoid process of ulna. The second mechanism occurs later in 

the sequence and is explained as the elbow snap when the elbow is forced into full 

extension (compression between Humerus and Olecranon).  

Duma et al (2003b) also found that this axial load along the longitudinal axis of the 

forearm, induced by a deploying side-impact airbag or a load applied directly onto the 

hand also could result in fractures on the wrist. The mechanism is believed to be 

compression in the wrist between radius/ulna and the carpal bones of the hand. This 
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compression and a forced hyperextension could also result in a fracture on the 

wrist/carpal bones (Duma et al., 2003a). 

In a study from Wake et al., (2004) a correlation between elbow flexion and fracture 

type was found. The elbows were retrieved from PMHS and put in a test rig where 

humerus was loaded axially. The local mechanism was the compression in the elbow 

joint between humerus and radius/ulna. At 90-degree flexion humerus caught on the 

olecranon to fracture it and at 60-degree flexion the fracture occurred at the trochlear 

notch on ulna (articulating surface). When the arm was in a neutral position (0 degree 

flexion) the fracture site was the coronoid process on ulna.  

 Wrist, hand and fingers (phalanx) 

The eight carpal bones of the hand are short bones and therefor have slightly different 

fracture mechanisms compared to the long bones. The most common carpal fracture 

is the scaphoid (80%) and the mechanism is believed to be an axial load trough the 

wrist or forearm. Hamate and lunate has the same mechanism as the scaphoid but are 

much more uncommon. The trapezium and trapezoid have the same fracture 

mechanism, which is an axial load, applied on the thumb. A hyperextension 

(dorsiflexion) in combination with an axial load through the wrist could result in a 

fracture on the capitate and the triquetrum. In the opposite case with a hyper flexion 

(palmar flexion) and an axial load through the wrist an avulsion fracture could occur 

in the triquetrum (Mahon and Craigen, 2006; Oh et al., 2014). 

2.3.3 Injury distribution 

Atkinson et al., 2002 performed an analysis of 298 fractures from National Accident 

Sampling System (NASS). The 

criteria for the analysis were frontal 

airbag deployment, car newer than 

year model 97, upper extremity 

fracture sustained and accident 

occurred between 1997 and 2000. 

Forearm fracture was the most 

common accounting for 46 % of 

fractures and this analysis suggests a 

higher risk for radius fracture (25%) 

than ulna fracture (21%), see figure 

2.5.  

20%

21%

24%

12%

16%

7%

Hand and Wrist
Forearm Ulna
Forearm Radius
Upper arm Humerus
Shoulder
Unknown region

 Figure 2.5. Upper extremity injury distribution from 

Atkinson et al., 2002. 
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Atkinson et al., 2002 also performed an analysis of trauma registry records from two 

hospitals with patients involved in car accidents between 1997 and 2002 with a 

deployed frontal airbag and an upper extremity fracture. In the 23 cases with 35 

fractures 75% of the fractures occurred distal to the forearm (66%) and the hand 

(9%). There was a greater risk of radius fracture (37%) compared to ulna (29%) and a 

higher number of women sustained a fracture than men (2:1).  

Thieme and Wingren 2009 studied accident 

data from Volvo Cars statistical accident 

database. A number of 161 occupants fulfilled 

the criteria of front seat occupant over the age 

of four sustained an upper extremity fracture in 

a car accident between 1998-2008. They found 

that the dominating accident type causing upper 

extremity fractures in was frontal impact (43%) 

followed by side impact (19%).  

In a retrospective study by Chong et al., 2011 

analysing crash data between 1997 and 2004 

retrieved from the CIREN-database (Crash 

Injury Research and Engineering Network). 

The study included front seat occupants older 

than 16 years involved in frontal crashes. The 

total number of fractures was 144 in 154 cases 

and 74.5% of fractures were distal to the elbow. 

Radius fractures were the most frequent 

fracture type (30.6%) followed by phalanx 

fractures (22.3%) and clavicle fractures 

(14.6%). Clavicle fractures occurred more often 

on the driver side than the passenger side 

(17.3% vs. 5.9%, p < 0.05). They also noted 

that fractures occurred more frequent in regions 

with less soft tissue coverage like radius or the 

clavicle.  

In a study from Rubin et al., 2015 they 

studied road traffic accident data retrieved 

between 1997 and 2012 from the Israel 

 Figure 2.6. Data of upper extremity injury 

distribution from Rubin et al., 2015. 

 Figure (Marieb 2010). 



 MOA HARRYSON & OSCAR CYRÉN 

 THEORETICAL FRAMEWORK 

 

 13 

  

National Trauma Registry. The study included all occupants over 18 years in all 

collision types. They found that radius was the most frequent fractured bone in the 

upper extremity (21%). Humerus (19%) and clavicle (18%) was the second and third 

most frequent occurring fractures. Fracture distributions in the rest of the limb were 

as follows; ulna (16%), carpal bones (2.5%), metacarpal bones (6.6%) and the 

phalanx (5.4%), see figure 2.6. 

2.3.4 Global Injury mechanism 

The global injury mechanism is defined as the event that causes the local injury 

mechanism inside the car, e.g. the impact between the limb and the inside structure in 

a car crash. The knowledge of fractures and what causes them can help in the 

identification of the global fracture mechanism. When the type of fracture and the 

mechanism that causes that fracture is known, a backtracking process can help 

determining the possible global fracture mechanism in the car accidents.  

Otte 1998 identified two different mechanisms after studying field data from 179 

people with upper extremity fractures from car accidents between 1985 and 1995. 

The first is a direct impact resulting in an axial and rotational load to the hand, wrist 

and forearm. This creates a forward movement of the arm and rotational effects with 

risk of injury on joints and the lower arm. The second mechanism is due to a lateral 

collision resulting in a lateral load onto the arm with risk of injury to the whole upper 

limb. 

Conroy et al., 2007 analysed data retrieved from the CIREN database of motor 

vehicles manufactured between 1997-2004 involved in frontal or side impacts. A 

number of 584 front seat occupants with injuries of the upper extremity 

corresponding to AIS 2 or more were included. When studying the injury pattern they 

found that the injury mechanism of the driver and passenger are slightly different. In 

frontal impacts the passengers were almost three times more likely to sustain an 

upper extremity fracture due to direct hit of the front interior compared to drivers. 

Driver most likely sustain an injury from direct hit of the steering wheel or loading 

the forearm due to holding the steering wheel during the impact, but also from 

interaction with the front interior. The airbags were the largest source of forearm 

injury, twice as big as anyone else was. In side impact the side interior was the largest 

source to forearm fracture followed by the steering wheel and front interior for the 

driver, while the front interior stood for most of the injuries in the passenger side. The 

side interior was most often the source of the humerus fractures in side impacts for 

drivers. Injuries of the clavicle mostly occur due to two different mechanisms. In 
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frontal crashes the clavicle is subjected to a three-point load by the seatbelt. In the 

side impact there is a lateral load transferred along the clavicle when the shoulder is 

hit by the side interior. 

In a retrospective study from Hynd et al., 2007 specific global mechanisms were 

identified. 74 cases were identified from two databases, CCIS (Co-operative Crash 

Injury Study) and STATS19 (A source of data concerning UK road accidents). 

Criteria for inclusion were front seat occupant 16 years of age or older involved in a 

frontal (no rollover) or side impact. Occupants involved in a frontal impact should 

have been restrained with a seatbelt and occupant in side impact should have been 

seated on the struck side. In frontal impacts, fractures to radius and ulna occurred due 

to direct impact loading by contact with the interior (instrument panel, steering wheel, 

A-pillar). Fractures also occurred due to a combination of hyperextension of the wrist 

and direct contact or indirect loading by trapping the arm between the steering wheel 

and an inflating airbag. Fractures at the clavicle are the result of the three-point 

loading by the seatbelt on the clavicle in frontal impact. In side impacts, lateral 

loading from the door is the mechanism for fracture in humerus and the clavicle. 

Hynd et al., 2007 also give some recommendations based on the data they presented, 

in frontal impacts focus should be on (1) radius/ulna mechanism and (2) hand, 

humerus and clavicle mechanisms. In side impacts focus should be on (1) humerus 

(2) radius/ulna and (3) clavicle. 

These mechanisms are similar to those found by Thieme and Wingren 2009 in their 

study of Volvo Cars statistical accident database. They found six groups of global 

injury mechanisms, trauma to an outstretched hand, trauma to an extended hand and 

trauma to a clenched fist, caused by a forward movement with the arms in front of the 

body. Direct blow to any area in the upper extremity, lateral impact on the shoulder 

causing clavicle fracture and other mechanism not explained by the first five. Frontal 

collisions were the accident type in 60% of the cases with a mechanism of trauma to 

an outstretched-, extended- or clenched hand. Frontal collisions were also the 

collisions type in 50% of the cases with a direct blow to the upper extremity. The 

collision type most common with the mechanism of a lateral impact on the shoulder 

causing clavicle fracture are side impacts, both left and right 47%.  

In the retrospective study by Chong et al., 2010 direct contact with the instrument 

panel and seatbelt loading were also seen as fracture mechanism. In this study direct 
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hit by the inflating airbag was also suggested as the mechanism in 21.5% of the 

radius fractures. 

In 2011 Wraighte et al., performed a field data analysis of 62 cases of car crashes 

with an upper extremity injury between 2004-2006. The data were retrieved from the 

CCIS database and the criteria for inclusion were; seat belted front seat occupant in a 

frontal or side impact (no rollover) and an upper extremity injury AIS2 or more. They 

identified that clavicle fractures most often occurred due to three-point seatbelt 

loading (80%). Shoulder injuries mainly occurred due to lateral or axial load. Most of 

the elbow fractures were identified as direct loading onto the elbow. Two thirds of the 

forearm fractures were suggested to arise due to three-point bending from flail arm 

into the A-pillar or the structure of the door. Wrist injuries were mainly due to a 

forced hyperextension from steering wheel or airbag contact. In all of these cases the 

most often injured limb was the one lying on the door side of the vehicle. 

2.4 Simulation methods  

2.4.1 Human body models  

THUMS (Total HUman Model for Safety) is a computational model crash test 

dummy. THUMS represents a human in detail including outer shape, bones and 

joints, ligaments and tendons, muscles and internal organs. It is developed by Toyota 

Motor Corporation and Toyota Central R&D to be used in automotive crash 

simulations, both occupant and pedestrian. The newest version is version 4 and was 

released in the end of 2010. It comes in three different sizes, 5th percentile female, 

50th- and 95th percentile male and two different postures, sitting and standing 

(Dynamore.de, 2016).  

2.4.2 Crash test dummies 

Crash test dummies are used for measuring damaging effect of the human body in a 

repeatable way. The dummies are developed to simulate human movement with data 

from tests with PMHS, real crash data and data from low speed crashes using 

volunteers (Humaneticsatd.com, 2016a). 

Dummies comes in different variations and for frontal impacts there is a dummy 

family called Hybrid III (H3) with 5th percentile female dummy, 50th percentile male 

dummy and 95th percentile male dummy, developed in the 1970’s. The 5th percentile 

female dummy have the possibilities for expanded measurements on the arm, there 

are contact points for load cells on the upper arm, the elbow, the forearm and the 
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wrist. The most used dummy is the 50th percentile male dummy. The 95th percentile 

male dummy is a larger scale of the 50th percentile male dummy and is often used for 

seatbelt integrity testing. The H3 family also has a number of child dummies. A more 

recently developed dummy that can be used in frontal impacts as well is called THOR 

(Test device for Human Occupant Restraint) which is a 50th percentile male dummy. 

This dummy has enhanced biofidelic and more measurement capabilities compared to 

the H3 dummy (Humaneticsatd.com, 2016a). 

There are different types of side impact dummies (SID) for example SID II, ES 

(EuroSID) 2 and WorldSID 5th and 50th percentile. SID II is a 5th percentile female 

dummy which also has an arm with the same load cells as the H3 5th percentile 

female dummy (Humaneticsatd.com, 2016a). 

2.4.3 Instrumentation of crash test dummies 

The crash test dummies are instrumented with different sensors including strain 

gauges, accelerometers, rotary potentiometer, tilt sensors and load cells. These 

sensors measure the movement, acceleration and forces applied on the crash test 

dummies in the impact. This data can be interpreted as “risk of injury” in the 

development of cars and safety systems (Humaneticsatd.com, 2016b). 

2.5 Crash testing 

2.5.1 Full scale crash testing 

Full scale crash testing includes the whole vehicle in many different scenarios. 

Frontal, side and rear impact testing includes test with different impact angles and 

different impact velocities, against rigid or deformable barriers and different overlaps 

of the barrier. Vehicle-vehicle test or vehicle against a moving deformable barrier are 

also conducted. Rollover test, where the vehicle flips over and run off road, where the 

vehicle travels into a ditch, departs the road into lower ground or rough terrain (Berge 

and Jergeus, 2015). 

2.5.2 Sled test 

Sled tests are performed to replicate full scale tests in a more controlled environment. 

This type of test is using a car rig which is placed on the sled and is controlled by an 

actuator piston that can be programmed to simulate real crash test data. This is a 

“reversed” crash as the sled is standing still and accelerated away and simulates the 

deceleration in a “real” car crash. The sled test can simulate horizontal acceleration, 

pitch and compartment deformation to test for example interior parts or restraint 
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systems. With this method, frontal, oblique, side and rear impacts can be simulated 

(Berge and Jergeus, 2015). 

2.5.3 Component test 

Component testing is used to simplify the test procedure and to cover more scenarios 

than what is possible with full scale tests and sled tests. Different methods are used in 

this type of testing. Drop rigs, where an instrumented object (torso, head or knee 

restraint) is released from a height onto an interior part (e.g. instrument panel, door 

panel or steering column) can be used to measure the load transferred from interior 

parts to the object. A pendulum impact rig can be used for side impact component 

tests. The rig can be programmed to velocity curves from real tests or computer 

simulations and simulate door intrusion in side impacts (Berge and Jergeus, 2015). 

Airbag deployment tests, where the force from the deploying airbag is measured on 

an overlaying object or on an object hit by the airbag. Free motion head form is a 

method where a crash test head is launched from a position inside the vehicle striking 

a chosen component. This is used to measure the acceleration the head is exposed to, 

in impact with interior parts (Berge and Jergeus, 2015).  
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Chapter 3 Methods 

3.1 Methods 

The section is a description of the used methods of the project.  

3.1.1 SWOT analysis 

In the beginning of the project a SWOT analysis can be used to evaluate if the project 

should be undertaken or not. The SWOT analysis is a good and simple tool for 

evaluating just that. SWOT stands for Strengths, Weaknesses, Opportunities and 

Threats. The method is built by listing the four SWOT items into a quad chart with 

one of the SWOT items in each quadrant. Then the strengths versus the weaknesses 

and the opportunities versus the threats are weighted (Ullman, 2010). 

3.1.2 Literature  

A literature research through different databases can be performed to collect relevant 

information about the field, data and an up-to-date knowledge in the area. It is 

important to build up knowledge and understanding for interpretations and further 

analysis of the result of the project (Osvalder, Rose, and Karlsson 2008; Ebeling and 

Gibbs, 2008).   

3.1.3 Brainstorming 

Brainstorming is a useful method to generate ideas. The typical characteristic for 

brainstorming is a structural workshop or seminar in groups around 6-8 persons, or 

individually first and then together. The aim is to collect as much ideas as possible to 

solve the specific problem, and thinking outside the box. The director is leading the 

group through the seminar, and it’s important that no negative responses about the 

ideas are spoken out loud. Otherwise there is a risk that the persons feel inhibited and 

the creativity disappears (Osvalder, Rose, and Karlsson 2008).  

3.1.4 Brain writing  

Brain writing also is called the 6-3-5 method is similar to Brainstorming but the 

participants working in silence. The group members are around three to eight persons 

who invent three ideas each and put them down on a paper. They have five minutes, 

then the papers will rotate around the table and the next person should continue to 

develop the idea until everyone have had each paper (Osvalder, Rose, and Karlsson 

2008).  
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3.1.5 Computer-aided Engineering (CAE) analysis 

Computer-aided Engineering (CAE) is based on the finite element method where a 

car crash is created in a virtual environment for data manipulation and data collection. 

The programme are used for instance to evaluate movement pattern, response to 

impact, impact angles and impact velocities to the upper extremity in a virtual 

environment in different crash situations (Software, 2016).  

3.2 Methodology 

Figure 3.1 is a flow chart over the work process, with start in an idea generation 

phase which consist of a SWOT analysis, literature study, brainstorming and brain 

writing. The idea generation process provides phase two, the CAE analysis, with 

necessary basis to continue, and the result from the CAE analysis and the literature 

study enable the development and the set-up of the component test.  

 

 Figure 3.1. A flow chart over the work process.  

3.2.2 Idea generation 

A SWOT analysis was performed by the two group members in the start-up phase of 

the project.  

A structured study of available literature was carried out in the beginning of this 

project. Keywords as biomechanics, upper extremity fractures/injuries, crash tests 

dummy, fracture/injury mechanism, car accidents/crash, AIS are used in combination 

with each other. The literature was searched via the university library at Halmstad 

and databases that Volvo provides such as SAE technical papers and International 

Research Council of Biomechanics of Injury (IRCOBI). The information gathered 

was compiled and analysed for criteria concerning computer simulation and crash 

analysis. 
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Brainstorming by the two group members was performed individually. Also a 

workshop with five other engineering students (4 males and 1 female) using the 

method brain writing was performed. The problem stated at the brainstorming was 

how to measure load on the upper extremity. 

3.2.3 CAE analysis of arm kinematics  

Data were collected from 29 computer simulations, 29 different crash scenarios, 9 

frontal-, 5 oblique- and 15 side impacts, done by Volvo Cars, see appendix 9.2, to 

quantify upper extremity and interior impact velocities. The simulations were 

evaluated in Animator 4 v1.4.4 and the simulations were run in LS-Dyna. The car 

used in the computer simulation was the Volvo XC90 with a 50th percentile male 

driver (Human-model THUMS dummy) seated in a standard driving position (hands 

placed 9-15 on steering wheel). The analysed car was driving in 29 km/h and the car 

crashed into was driving in 70 km/h. 

The same nodes for each part of the upper extremity (the wrist, forearm, elbow, 

humerus and shoulder) were analysed for each simulation. The interior structures of 

the car were divided into separate segments; instrument panel (IP1-IP6), centre 

console (CC1-CC4), steering wheel (12-hour clock position) and steering column 

(left and right), see figure 3.2. Upper extremity region was divided into following 

segments; wrist (the wrist joint and distal third of radius and ulna), forearm (proximal 

two thirds of radius and ulna), elbow (elbow joint plus epicondyles of humerus), 

humerus (shaft) and shoulder. The data collected from the simulations were 

quantified in; type of crash, upper extremity region, impact location (structure), 

impact velocity, x-,y- and z-velocity components, mechanism and impact angle. 



 MOA HARRYSON & OSCAR CYRÉN 

 METHODS 

 

 21 

  

 

 

 

 Figure 3.2 Interior structure divided into segments for analysis of impact location (Car pictures, 2016). 

The results from the CAE analysis enable the development of the test method and the 

set-up of the component test. Decision for future work was based on the CAE 

analysis, see result of CAE analysis in chapter 4. 

3.2.4 Set-up for the component test  

The drop rig was set to the height corresponding to the appropriate impact velocity 

according to the potential energy equals the kinetic energy (Epot = Ekinetic). An 

attachment figuration was manufactured to fasten the whole arm to the drop sled, 

using the existing mount of the arm (H3 shoulder mount), see appendix 9.3.1.  

The sled together with the mounted arm were dragged to the appropriate height and 

released. The sled ran freely on the rig (negligible friction) and the only acting force 

was gravity. The sled weight was 3.23 kg with the arm excluded and this adds energy 

to the system. Scaling of impact velocity was made to preserve the “original” energy 

of the system, see appendix 9.3.2. 

The independent arms of the dummies were a non-instrumented 50th percentile male 

arm with a weight of 4.27 kg, and a 5th percentile female arm with integrated 

instrumentation (6-axis load cells in lower and upper arm, and rotational 
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potentiometer in the elbow) with a weight of 2.36 kg. The sled was instrumented with 

two accelerometers, sampling rate 16 000 Hz. 

A simplification of the shoulder joint was made, this simplification does only allow 

flexion and extension of the arm. The shoulder mount was tightened with 100 Nm. 

The elbow angle was set at a specified degree flexion (10 degrees), see appendix 

9.3.3, and tightened with 2 Nm before every test.  

The camera configuration consists of two cameras, one from the front and one from 

the right side viewed from behind. Cameras were recording at 1000 frames per 

second. The first test in every group of three with same conditions was filmed. The 

subsample was repeated two times to get three samples with same conditions. 

The impact object of the test series from 1 to 3 was an EPP block (ρ = 35 g/dm3, 

compressive strength 247-263 kPa with 50 percent deformation) (Por-Pac.se, 2016) 

The impact location of the instrument panel 

(test series 4 and 5) was the edge of the top at 

the vertical side, and in the horizontal view 

there was the area above IP 3 and IP 4, see 

appendix 9.3.4.     

Mounted on the sled is a wing, see appendix 

9.3.5, when the sled is released this wing passes 

through an infra-red light beam which triggers 

the accelerometers and cameras. The impact 

velocity is calculated with v=d/t. The length of 

the wing is 50 mm and the time is measured 

during the time the wing breaks the light beam. 

The trigger point is approximately 10-20 mm 

before impact. All data are filtered with CFC 

600, cutoff frequency at 600 Hz, which are 

suggested by SAE International (2014) for 

upper extremity testing. 

The data analysis were done in DIAdem v11.3 (2011) with focus on different 

parameters in the five test series, see table 3.1-3.6 for more details. A significant 

 Figure 3.3. Set-up for drop test against EPP, 0 

degree angle. 
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difference was defined if the average data were separated with > ± 1 standard 

deviation. 

 Table 3.1. Pre-test before the test series. The kinetic energy is calculated. 

Subsample Test arm 
Impact 
object 

Impact 
velocity 

[m/s] 
Impact 

angle [°] 
Wrist 

position 
Height 
[mm] 

Kinetic 
energy [J] 

1 

50th 
percentile 

male EPP block 4.73 0 
dorsal 
flexion 1140 84 

 Table 3.2. Test series 1 with focus on different kinds of impact angles. The kinetic energy is calculated. 

Subsample Test arm 
Impact 
object 

Impact 
velocity 

[m/s] 
Impact 

angle [°] 
Wrist 

position 
Height 
[mm] 

Kinetic 
energy [J] 

2-4 

50th 
percentile 

male EPP block 5.95 0 
dorsal 
flexion 1831 133 

5-7 

50th 
percentile 

male EPP block 5.95 6 
dorsal 
flexion 1831 133 

8-10 

50th 
percentile 

male EPP block 5.95 11 
dorsal 
flexion 1831 133 

 Table 3.3. Test series 2 with focus on different impact velocity of the object. The kinetic energy is calculated. 

Subsample Test arm 
Impact 
object 

Impact 
velocity 

[m/s] 
Impact 

angle [°] 
Wrist 

position 
Height 
[mm] 

Kinetic 
energy [J] 

11-13 

50th 
percentile 

male EPP block 2.95 0 
dorsal 
flexion 465 33 

14-16 

50th 
percentile 

male EPP block 4.94 0 
dorsal 
flexion 1293 92 

17-19 

50th 
percentile 

male EPP block 6.71 0 
dorsal 
flexion 2594 169 
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 Table 3.4. Test series 3 with a different position of the wrist compare to test series 1 and 2. The kinetic energy is 

calculated. 

Subsample Test arm 
Impact 
object 

Impact 
velocity 

[m/s] 
Impact 

angle [°] 
Wrist 

position 
Height 
[mm] 

Kinetic 
energy [J] 

20-22 

50th 
percentile 

male EPP block 2.93 0 
palmar 
flexion 465 32 

23-25 

50th 
percentile 

male EPP block 4.99 0 
palmar 
flexion 1293 93 

 Table 3.5. Test series 4 with an instrument panel as impact object. Kinetic energy is calculated. 

Subsample Test arm 
Impact 
object 

Impact 
velocity 

[m/s] 
Impact 

angle [°] 
Wrist 

position 
Height 
[mm] 

Kinetic 
energy [J] 

26-28 

50th 
percentile 

male 

Instrument 
panel, S90 

(IP3/4) 2.94 6 
neutral 
position 465 32 

 Table 3.6. Test series 5 with an instrumented test arm and an instrument panel as impact object. The kinetic 

energy is calculated. 

Subsample Test arm 
Impact 
object 

Impact 
velocity 

[m/s] 
Impact 

angle [°] 
Wrist 

position 
Height 
[mm] 

Kinetic 
energy [J] 

29-31 

5th 
percentile 

female 

Instrument 
panel, S90 

(IP3/4) 1.90 6 
neutral 
position 207 11 

32-34 

5th 
percentile 

female 

Instrument 
panel, S90 

(IP3/4) 1.90 0 
neutral 
position 207 11 

35-37 

5th 
percentile 

female 

Instrument 
panel, S90 

(IP3/4) 1.90 -6 
neutral 
position 207 11 
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Chapter 4 Results 

4.1 Idea generation 

The result of the analysis showed that the weaknesses and threats were out weighted 

by the strengths and opportunities of the project. In addition, good support from 

Volvo Cars Safety Centre made the decision to undertake the project easy. The 

strengths and opportunities for the project was very good support from the reference 

group at Volvo Cars, a genuine interest for the subject and the potential for 

development. See appendix 9.4 for the SWOT-analysis. The literature study forms the 

basis of the theoretical framework in chapter 2. The workshop generated many ideas 

for example; 3D system with force plates and reflective balls, load cells, EMG, 

accelerometers and pressure sensors. For detailed result from the workshop see 

appendix 9.5.  

4.2 CAE analysis of arm kinematics 

The results for the injury mechanisms, which were found in the CAE analysis, are 

presented in table 4.1. The most frequently was the forward movement of the arms 

resulting in contact with the frontal interior structure. 
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Table 4.1. Result over the different mechanism from the CAE analysis. 

Upper extremity 
region Mechanism 

Number of 
impacts 

Total Specific 

Wrist Forward movement of arms and contact with frontal interior structure 36   

  Direct hit ulnar wrist  23 

  Direct hit anterior wrist  5 

  Direct hit ulnar/lateral wrist  6 

  Direct hit axial load transfer to the wrist  1 

  
Direct hit axial load transfer to the wrist in combination with direct impact on 
ulnar wrist  1 

 Oblique movement of arm with direct contact to steering wheel 2  

  Wrist ulnar side slips along steering wheel  2 

 Frontal aribag fling 10  

    Direct hit wrist by the frontal airbag   10 

Forearm Forward movement of arms and contact with frontal interior structure 6  

  Direct impact into steering wheel anterior side mid forearm  1 

  Continued contact between forearm and IP until full flexion of elbow  5 

 Frontal aribag fling 1  

    Direct hit mid forearm by the frontal airbag   1 

Elbow Oblique movement of arm with direct contact to center console 22  

  Lateral load on to olecranon   21 

  Direct hit into olecranon   1 

 Forward movement of arms and contact with frontal interior structure 1  

    Axial load to 90 degree flexion elbow    1 

Humerus Oblique movements of arms and contact with steering wheel 19  

  Direct hit anterior humerus, mid shaft  3 

  Direct hit anterior humerus, one third from the distal end  3 

  Seatbelt loads the humerus  13 

 Rotational movement of arm due to contact with steering wheel 4  

  
A torsional load on humerus due to the impact on the forearm and lateral 
movement of the body  4 

 Frontal aribag fling 8  

    
A torsional load on humerus due to the airbag fling from deploying airbag 
into anterior side forearm   8 

Shoulder Oblique movements of arms and contact with center console 1  

    Lateral load on to shoulder   1 
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The wrist is the region with the highest impact frequency (44%) among the analysed 

regions, see table 4.2. The most frequent impact location is IP3 and IP4 (46%), see 

table 4.3. This forms the basis for the set-up and the component test with focus on the 

forward movement of the arms. The results in the studies from the theoretical 

framework also verify that the wrist is the most frequent injured region of the upper 

extremity in car crashes. See appendix 9.6 for all data from the CAE analysis.     

 Table 4.2. Most frequent impact region. Table 4.3. Most frequent impact location. 

Upper 
extremity 

region 

Number 
of 

impacts 
Frequency 

[%]  
Impact 

location 

Number 
of 

impacts 
Frequency 

[%] 
Average impact speed 

[m/s] 

Wrist 48 44  IP1 6 13 8.2 
Forearm 7 6  IP2 1 2 4.6 
Elbow 23 21  IP3 12 25 7.4 
Humerus 31 28  IP4 10 21 9.7 
Shoulder 1 1  IP5 0 0 0 
Total 110 100  IP6 0 0 0 

    SW6 2 4 6.8 

    SW8 1 2 2.8 

    SCL 6 13 9.2 

    SCR 0 0 0 

    AB fling 10 21 2.1 

    Total 48 100   

    CC = Centre Console IP = Instrument Panel 

    SCL = Steering column left side SW = Steering Wheel 

    SCR = Steering column right side 
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4.3 Component test 

4.3.1 Sequence of events  

The graphs below show a general overview of the sequence from tests series 1-4. 

 

 Figure 4.1. General overview of the sequence from tests series 1-4. Solid curve = z-deceleration, dashed curve = 

z-velocity and thin curve = z-displacement. Mark A shows the moment of impact, mark B shows the point of 

maximal deceleration (turning point) and mark C shows maximal recoil velocity. 

 

 Figure 4.2. Sequence of events in test series 5 mark A = Impact, mark B = Turning point and mark  C = Recoil. 

Vi = the impact velocity and Va = the recoil velocity.  
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Figure 4.1 and 4.2 mark A shows the moment of impact. The z-velocity decreases 

when the z-deceleration increases. In figure 4.1 and 4.2 mark B shows the turning 

point of the sequence. In the turning point there is maximal deformation and z-

deceleration, and the z-velocity is 0. Figure 4.1 and 4.1 mark C shows the recoil of 

the arm after impact. The energy transformed (Enet) in impact was calculated with;  

𝐸𝑛𝑒𝑡 =
𝑚𝑣𝑖

2

2
−

𝑚𝑣𝑎
2

2
− 𝐸𝑡𝑎𝑟𝑔𝑒𝑡                    (4-1) 

see table 4.4. Etarget is defined as the energy transformed in the deformation of the 

EPP material. 

4.3.2 Test series 1 

 

 Figure 4.3. Graph over the average z-deceleration from test series 1. The chronology of the graph is green, blue 

and red. Impact angle is 0 degrees for green, 6 degrees for blue and 11 degrees for red curves. 

The result from test series 1, figure 4.3, does not show any significant difference in 

maximal z-deceleration (67.00±2.5, 62.66±5.9 and 56.52±8.5 g) in the turning point 

(B), due to changing impact angle.  

B 
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 Figure 4.4. Graph over the average z-velocity from test series 1. The chronology of the graph is green, blue and 

red. Impact angle is 0 degrees for green, 6 degrees for blue and 11 degrees for red curves. 

There is a difference in the z-velocity of the recoil (C), see figure 4.4, between 

different impact angles. In subsample 2-4 with an impact angle of 0 degrees there was 

a higher recoil z-velocity (-3.2±0.18 m/s) than in subsample 5-7 with an impact angle 

of 6 degrees (-1.72±0.25 m/s) and subsample 8-10 with 11 degrees (-1.22±0.76 m/s).    

 

 

C 



 MOA HARRYSON & OSCAR CYRÉN 

 RESULTS 

 

 31 

  

 

 Figure 4.5. Graph over the average z-displacement from test series 1. The chronology of the graph is green, 

blue and red. Impact angle is 0 degrees for green, 6 degrees for blue and 11 degrees for red curves. 

There is a difference in maximal z-displacement of the turning point (B) between 

subsample 2-4 and 5-7 (183.0±5.0 and 171.0±1.3 mm), and also between 5-7 and 8-

10 (171.0±1.3 and 186.0±2.9 mm). There is no difference in z-displacement between 

subsample 2-4 and 8-10 (183.0±5.0 and 186.0±2.9 mm), see figure 4.5. 

There is no difference in the average force acting on the sled along the z-axis 

(4930±180, 4610±430 and 4159±630 N). The average transformed energy (Enet) of 

subsample 2-4 is 94.1±4.4 J, subsample 5-7 is 121.1±3.1 J and subsample 8-10 is 

124.4±6.0 J. Subsample 2-4 (impact angle 0 degrees) has a lower transformed energy 

(Enet) in comparison to subsample 5-7 (6 degrees) and 8-10. There is no difference 

between subsample 5-7 and 8-10, see table 4.4. 

B 
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 Table 4.4. Test series 1. Data from subsamples 2-10. Fz and Enet was calculated, Enet column does not include –

Etarget. 

Sub- 
sample 

Mass 
[kg] 

Impact 
angle 

[°] 

Impact 
time 
[s] 

Impact 
velocity 

[m/s] 

Turning 
point 

[s] 

Max 
decelera- 
tion [g] 

Impact 
end [s] 

Recoil 
velocity 

[m/s] 

Displace- 
ment 
[mm] 

Fz=ma 
[N] 

Enet 
[J] 

2 7.5 0 0.022 5.95 0.035 63.95 0.053 -3.42 176 4705 88.9 
3 7.5 0 0.022 5.95 0.037 67.08 0.053 -2.97 186 4935 99.7 
4 7.5 0 0.022 5.94 0.037 69.98 0.056 -3.21 187 5149 93.7 
5 7.5 6 0.021 5.94 0.034 54.61 0.056 -1.37 172 4018 125.3 
6 7.5 6 0.021 5.94 0.034 68.47 0.056 -1.95 171 5038 118.1 
7 7.5 6 0.019 5.95 0.034 64.91 0.056 -1.85 169 4776 119.9 
8 7.5 11 0.020 5.95 0.035 46.42 0.047 -0.16 186 3415 132.7 
9 7.5 11 0.022 5.95 0.039 55.85 0.051 -1.93 190 4109 118.8 

10 7.5 11 0.021 5.91 0.037 67.30 0.051 -1.56 183 4952 121.9 

4.3.3 Test series 2 

The result from test series 2 shows a difference in maximal z-deceleration (30.7±2.7, 

43.8±8.7 and 73.0±6.0 g), due to changing impact velocity (2.95, 4.94 and 6.71 m/s). 

Subsample 17-19 at 6.71 m/s cannot be used due to drop rig failure. There was a large 

distribution of the recoil z-velocity in subsample 14-16 (1.7±0.9 m/s). There was a 

difference in maximal z-displacement of the turning point between subsample 11-13 

(142.0±1.4 mm) and subsample 14-16 (166.0±5.7 mm). See appendix 9.7 for graphs 

over the result for z-deceleration, z-velocity and z-displacement.  

There was an increase in the average force acting on the sled along the z-axis with a 

higher z-velocity (2256±200, 3223±640 and 5371±440 N), see table 4.5. The average 

transformed energy (Enet) of subsample 11-13 is 16.4±1.6 J and subsample 14-16 is 

77.9±12 J. Subsample 11-13 (impact z-velocity 2.95 m/s) has a lower transformed 

energy (Enet) in comparison to subsample 14-16 (4.99 m/s), see table 4.5. See 

appendix 9.7 for diagram over the force and the energy.  

 Table 4.5. Test series 2. Fz and Enet was calculated, Enet column does not include –Etarget. In subsample 17-19 

the data cannot be used due to drop rig failure (marked red). Data from subsample 18 was not obtained. 

Sub- 
sample 

Mass 
[kg] 

Impact 
angle 

[°] 

Impact 
time 
[s] 

Impact 
velocity 

[m/s] 

Turning 
point 

[s] 

Max 
decelera- 
tion [g] 

Impact 
end [s] 

Recoil 
velocity 

[m/s] 

Displace- 
ment 
[mm] 

Fz=ma 
[N] 

Enet 
[J] 

11 7.5 0 0.042 2.95 0.055 34.19 0.072 -1.95 143 2516 18.4 
12 7.5 0 0.043 2.95 0.054 30.27 0.072 -2.17 140 2227 15.0 
13 7.5 0 0.043 2.95 0.055 27.52 0.075 -2.12 143 2025 15.8 
14 7.5 0 0.026 4.99 0.038 53.16 0.056 -2.95 161 3911 60.7 
15 7.5 0 0.029 4.99 0.043 46.00 0.056 -1.09 174 3384 88.9 
16 7.5 0 0.030 4.84 0.035 32.24 0.057 1.02 163 2372 83.9 
17 7.5 0 0.022 6.99 0.031 67.89 0.044 0.67 194 4995 181.5 

18 7.5 0    81.38   186 5988  

19 7.5 0 0.020 7.00 0.028 69.74 0.051 -0.44 191 5131 183.0 
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4.3.4 Test series 3 

There was no significant difference in maximal z-deceleration between dorsal and 

palmar flexion at 2.95 m/s, but a difference is shown at 4.99 m/s. The average of the 

maximal z-deceleration is greater in palmar flexion (58.3±2.0 g) than in dorsal 

flexion (43.8±8.7 g) at 4.99 m/s. There was no significant difference in the z-velocity 

of the recoil between dorsal and palmar flexion. There was a difference in z-

displacement of the turning point between dorsal and palmar flexion. The dorsal 

flexed arm has a greater z-displacement than the palmar flexed arm. At 2.95 m/s there 

are a 142.0±1.4 mm z-displacement in dorsal flexion and 125.0±3.3 mm z-

displacement in palmar flexion. At 4.99 m/s there is 166.0±5.7 mm in dorsal flexion 

and 129.0±13 mm in palmar flexion. See appendix 9.8 for graphs over the result for 

z-deceleration, z-velocity and z-displacement.  

There was no significant difference in the average force at 2.95 m/s between dorsal 

and palmar flexion (2256±200 and 2019±140 N). There was a difference in the 

average force at 4.99 m/s between dorsal and palmar flexion (3223±640 and 

4288±150 N). There was no significant difference in transformed energy between 

dorsal and palmar flexion in the impact at 2.95 m/s (16.4±1.5 and 21.3±4.2 J). 

Neither at 4.99 m/s (77.9±12 and 83.1±5.6 J), see table 4.6. See appendix 9.8 for 

diagram over the force and the energy.  

 Table 4.6. Test series 2 and 3, subsample 11-19 is dorsal flexion and subsample 20-26 is palmar flexion. Fz and 

Enet was calculated, Enet column does not include –Etarget.  

Sub- 
sample 

Mass 
[kg] 

Impact 
angle 

[°] 
Impact 
time [s] 

Impact 
velocity 

[m/s] 

Turning 
point 

[s] 

Max 
decelera- 
tion [g] 

Impact 
end [s] 

Recoil 
velocity 

[m/s] 

Displace- 
ment 
[mm] 

Fz=ma 
[N] 

Enet 
[J] 

11 7.5 0 0.042 2.95 0.055 34.19 0.072 -1.95 143 2516 18.4 
12 7.5 0 0.043 2.95 0.054 30.27 0.072 -2.17 140 2227 15.0 
13 7.5 0 0.043 2.95 0.055 27.52 0.075 -2.12 143 2025 15.8 
14 7.5 0 0.026 4.99 0.038 53.16 0.056 -2.95 161 3911 60.7 
15 7.5 0 0.029 4.99 0.043 46.00 0.056 -1.09 174 3384 88.9 
16 7.5 0 0.030 4.84 0.035 32.24 0.057 1.02 163 2372 83.9 
17 7.5 0 0.022 6.99 0.031 67.89 0.044 0.67 194 4995 181.5 

18 7.5 0    81.38   186 5988  
19 7.5 0 0.020 7.00 0.028 69.74 0.051 -0.44 191 5131 183.0 
20 7.5 0 0.025 2.94 0.049 24.70 0.070 -1.19 129 1817 27.1 
21 7.5 0 0.035 2.93 0.047 29.18 0.070 -1.99 121 2147 17.3 
22 7.5 0 0.035 2.93 0.049 28.43 0.073 -1.85 125 2092 19.4 
23 7.5 0 0.022 4.99 0.036 56.39 0.058 -1.73 147 4149 82.2 
24 7.5 0 0.018 4.99 0.031 57.45 0.054 -0.91 121 4227 90.3 
25 7.5 0 0.018 4.99 0.029 61.01 0.052 -2.10 119 4489 76.8 
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4.3.5 Test series 4 

The maximal z-deceleration are 10.8±0.5 g, the recoil z-velocity are 1.7±1.1 m/s and 

the z-displacement is184.7±21 mm. The average force was 739±33 N and the average 

transformed energy (Enet) is 17.4±10 J. See appendix 9.9 for a graph over the result 

for z-deceleration, z-velocity and z-displacement. 

4.3.6 Sequence of events test series 5 

 

 Figure 4.6. General overview of the sequence from tests series 5. Solid curve = z-deceleration, dashed curve = 

z-velocity and thin curve = z-displacement. Mark A shows the moment of impact, mark B shows the point of 

maximal force along the z-axis and mark C are the moment of full radial deviation in the wrist causing full 

extension of the elbow. 
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 Figure 4.7. General graph over Fz, Fx and Fy of the forearm from test series 5. Solid curve = forearm Fz, 

dashed curve = forearm Fx and thin curve forearm Fy. Mark A shows the moment of impact, mark B shows 

the point of maximal force along the z-axis and mark C are the moment of full radial deviation in the wrist 

causing full extension of the elbow. 

 

 Figure 4.8. Sequence of events in test series 5. A=impact, B=Point of maximal force and C=Elbow snap. 

Figure 4.6, 4.7 and 4.8 mark A shows the moment of impact. The z-velocity 

decreases when the z-deceleration increases. Figure 4.6, 4.7 and 4.8 mark B shows 

the point of maximal force (along the z-axis), maximal z-deceleration and the z-

displacement. After impact there is a radial deviation in the wrist and the arm 

A 

B 

C 
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continues moving down. Figure xx C (z-velocity = 0) shows the wrist in the end 

position of the radial deviation, which forces the elbow into full extension, the 

“elbow snap”. This creates the force along the x-axis in figure 4.7 mark C. The force 

along the y-axis is not presented due to the simplification of the shoulder joint.  

4.3.7 Test series 5 

The result from test series 5 shows no significant difference in maximal z-

deceleration (8.5±0.8, 6.9±1.4 and 9.5±1.3g), with changing impact angle (6, 0 and -6 

degrees). See appendix 9.10 for graphs over the result for z-deceleration, z-velocity 

and z-displacement. 

There was a difference in the load transferred trough the forearm and the upper arm 

with a 6 and 0 degree impact angle (358±23 vs. 240±23 N at 6 degrees and 256±32 

vs. 185±25 N at 0 degrees) but no significant difference in the test with -6 degrees 

(353±45 vs. 285±32 N), see table 4.7.  

The distribution of the force transferred to the forearm and the upper arm differ with 

impact angle. With a 6 degree impact angle the force through the forearm are 

150±6% of the force trough the upper arm. With a 0 degree impact angle, the ratio 

between forearm and upper arm is 138±4% and -6 degree impact angle is 124±4%. 

There was no significant difference between the force acting on the sled (Fz=ma) and 

the combined forces along the z-axis of the arm at any impact angle, see appendix 

9.10. 

 Table 4.7. Test series 5. Data from subsample 29-37. Total fz is forearm fz + upper arm fz, Fz was calculated. 

Sub-
sample 

Mass 
[kg] 

Impact 
angle 

[°] 

Impact 
time 
[s] 

Impact 
velocity 

[m/s] 

Max 
decelera- 
tion [g] 

Forearm 
max 

force Z 
[N] 

Upper 
arm max 
force Z 

[N] 

Total 
fz 

[N] 
Fz=ma 

[N] 

29 6.14 6 0.035 1.89 9.50 359 232 591 572 

30 6.14 6 0.035 1.91 8.50 386 272 658 512 

31 6.14 6 0.035 1.90 7.50 330 217 547 452 

32 6.14 0 0.037 1.88 8.77 310 221 531 528 

33 6.14 0 0.037 1.90 5.53 227 171 398 333 

34 6.14 0 0.037 1.90 6.43 232 164 396 387 

35 6.14 -6 0.037 1.87 9.30 348 262 610 560 

36 6.14 -6 0.037 1.88 11.17 400 332 732 673 

37 6.14 -6 0.036 1.89 8.10 310 261 571 488 
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Chapter 5 Discussion 

5.1 Method discussion  

5.1.1 Why CAE? 

The benefit to start work with CAE is that it is a faster tool in comparison to real 

crash or component tests. The CAE analysis also resulted in a good overview to 

continue to develop our own component test. There is also a more economical way to 

develop and work with CAE as a complement parallel to real crash and component 

testing. With the knowledge of the fracture mechanisms and the distribution of 

fracture regions and impact location, CAE simulations can be used to evaluate crash 

scenarios. The impact direction is not usually normal to the impact surface and 

therefore, the impact angle is important to consider. 

 Arm placing differences in CAE and the real world 

An important aspect of the method is the repeatability of the tests, when developing a 

test method. A large difficulty of upper extremity fractures analysis caused in car 

crashes is that the limbs are not restrained (as e.g. the upper body by the seatbelt). 

The limbs can hit almost any structure in the car in the case of a crash. This makes it 

complicated to develop an accurate and precise method based solely on real world 

driving data. The use of CAE where a standard sitting position is used (hands placed 

9-15 on steering wheel) was a good tool to collect data to use in drop rig tests, and for 

measuring load transfer to the upper extremity, even though the data only represent a 

portion of all real world cases.  

5.1.2 Differences in the instrument panels 

There is a minor difference between the instrument panel of the CAE analysis (XC90 

instrument panel) and the instrument panel that was used in the component test, 

which was from an S90. The difference is marginal and will not affect the result, as 

we only drop the arm at the cap of the instrument panel, see appendix 9.11. The 

decision to use the cap of the instrument panel (above IP3 and IP4) instead of the area 

IP3 and IP4 was that there was no material found to apply in that part of the 

instrument panel.  

5.1.3 The test method  

The choice of test method is based on the specific injury mechanism, which the 

project focuses on. The specific injury mechanism is the forward movement of the 
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arm with impact into IP3 and IP4, which is based on the large amount of impacts in 

that area compared to the others. A drop rig with an arm from a dummy was a simple 

tool to simulate the situation in the car in this moment.  

To improve the repeatability of the test a simplification of the shoulder joint was 

made, which meant that the shoulder mount bolt was tightened from 0 to 100 Nm. 

This means that the shoulder joint is not represented as a ball and socket joint. The 

only movement allowed was flexion and extension. The decision to tighten up the 

mount with 100 Nm was to focus on what happened in the forearm. The sequence of 

this is the test is more repeatable but quite less valid.  

5.1.4 Reflections about decisions 

A constant z-velocity to the normal surface was chosen to the first test series based on 

CAE data and the impact angle was varied (0, 6, 11 degrees). The purpose with the 

different angles was to see how the impact z-deceleration was affected, and the 

selection of the angles was made from the material as was available in the component 

lab. The test series 1 to 3 is using EPP as impact object due to the ability to repeat the 

test and to standardize the procedure, because the material components of the 

instrument panel may change from year to year. Due to the drop rig failure in 

subsample 17-19, we decided to record these subsamples, which would have been 

good to do for every subsample.  

The impact velocity of 1.9 m/s for the instrumented arm was chosen in order not to 

damage the arm. As this type of test never been done before and we did not know 

how much violence it could withstand. 

5.2 Result discussion  

5.2.1 CAE implementation 

Due to the long bones are stronger in an axial compression than in bending forces. A 

bending force and moment on the forearm would be expected with an angled impact. 

There is probably a limit where a larger impact angle will create a bending failure 

force on the forearm and this needs to be researched. Guidelines for injury criteria for 

fractures caused by bending forces and moment may be based on failure values 

presented in table 5.1 (excerpts from appendix 9.1). 
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 Tabell 5.1. Fracture values for bending load and moment onto radius and ulna excerpts from appendix 9.1 

Author (year) Bone Specimen condition 

Load 
conditions 

Displacement 
rate 

Failure 
force  
[N] 

Failure 
moment [Nm] 

Fracture 
location 

Type of 
load 

Levine (2002) Radius N.S. N.S. 1200 (m) 
670 (f) 

48 (m) 
23 (f) 

N.S. 3-point 
bend 

Yamada 1970 Radius N.S. N.S. 500 N.S. N.S. Quasi-
static 

Pintar (1998) Radius Unembalmed 
forearm, Raduis & 
Ulna loaded together, 
support stands 190 
mm appart  

v = 3.3 [m/s] 
v = 7.6 [m/s] 

2368 
(±810) (m) 
1377 
(±530) (f) 

113 (±39) (m) 
66 (±25) (f) 

At or near 
loading site 

3-point 
bend 

Begeman 
(1999) 

Radius Unembalmed 
forearm, ends cleaned 
and potted into molds 

Droptest, m = 
4.46 kg 
v = 3 [m/s] 

1386 
(±200) (m) 

88.9 (±13) (m) At or near 
loading site 

3-point 
bend 

Begeman 
(1999) 

Radius Unembalmed 
forearm, ends cleaned 
and potted into molds 

v = 0.01 [m/s] 1079 
(±350) 

N.S. At or near 
loading site 

Quasi-
static 

Duma (1999) Radius Unembalmed arm 
disarticulated at the 
shoulder. Loaded 2/3 
distal of elbow 

Droptest, m = 
9.48 kg 
v = 4.42 [m/s] 

N.S. 58 (±12) (f) At or near 
loading site 

3-point 
bend 

Levine (2002) Ulna N.S. N.S. 1230 (m) 
810 (f) 

49 (m) 
28 (f) 

N.S. 3-point 
bend 

Yamada 1970 Ulna N.S. N.S. 600 N.S. N.S. Quasi-
static 

Pintar (1998) Ulna Unembalmed 
forearm, Raduis & 
Ulna loaded together, 
support stands 190 
mm appart  

v = 3.3 [m/s] 
v = 7.6 [m/s] 

2368 
(±810) (m) 
1377 
(±530) (f) 

113 (±39) (m) 
66 (±25) (f) 

At or near 
loading site 

3-point 
bend 

Begeman 
(1999) 

Ulna Unembalmed 
forearm, ends cleaned 
and potted into molds 

v = 0.01 [m/s] 1079 
(±350) 

N.S. At or near 
loading site 

Quasi-
static 

Duma (1999) Ulna Unembalmed arm 
disarticulated at the 
shoulder. Loaded 2/3 
distal of elbow 

Droptest, m = 
9.48 kg 
v = 4.42 [m/s] 

N.S. 58 (±12) (f) At or near 
loading site 

3-point 
bend 

N.S. = No information Stated by author      

To base guidelines on this data should be done with great care, due to that the impact 

angles used in these studies is expected to be different from those in the CAE 

scenarios that were analysed. 
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5.2.2 Test series 

The result from test series 1 does not show any significant difference in maximal z-

deceleration, but a difference in the recoil z-velocity can be seen between subsample 

2-4 and 5-10 (no significant difference between 5-7 and 8-10). A smaller recoil z-

velocity was expected with increased impact angle, as an increased impact angle 

should result in larger x- and y-components of the recoil velocity. This decrease of 

recoil z-velocity results in an increase in the Enet between 0 and 6 degrees, but no 

significant difference between 6 and 11 degrees. Etarget was not included in these 

calculations. The distribution of the z-velocity after impact (around 80ms) in 

subsample 2-4 could possibly depend on the back of the arm touching the sled rail in 

the recoil. This was controlled during the drop but the arm may have got a slight 

misalignment in the impact. This should not affect the relevant data used in the 

analysis. The impact material EPP was not changed between the three subsamples 

and a plastic deformation of the impact material may also have affected the response 

of the arm.  

The repeatability of subsample 2-7 are good. In subsample 8 the impact material 

(EPP-block) did slip away at the point of impact resulting in a lower recoil z-velocity 

and a lower maximal z-deceleration than in subsample 9 and 10. The z-displacement 

of the turning point (B) of subsample 8 is similar to 9 and 10, despite this. The fact 

that no significant difference was seen in the z-displacement between subsample 2-4 

and 8-10 can be caused by a difference in flexion of the shoulder and elbow joint, see 

appendix 9.12. 

The result from test series 2 shows a difference in maximal z-deceleration due to 

changing impact z-velocity, this was expected. The repeatability of subsample 14-16 

are not satisfying and subsample 17-19 cannot be used at all due to drop rig failure. 

The sled derailed in every test (17-19) affecting the data. The difference in z-

displacement of the turning point (B) between subsample 11-13 and subsample 14-16 

can most likely be explained by the larger impact energy (larger impact z-velocity). 

The unsatisfying repeatability of subsample 14-16 can most likely be explained by an 

arm bend in subsample 15 and 16. Also subsample 16 was released manually due to 

that the “release switch” did not release. The arm bend affected the data as the 

accelerometers were mounted on the sled and this arm bend let the hand move 

upwards while the sled kept on moving downwards. The larger impact velocities can 

explain the increase in the Enet between subsample 11-13 and 14-16, the data should 

be used with care due to the unsatisfying repeatability of the test series.  
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Subsamples 20-22 show good repeatability and subsamples 23-25 are sufficient for 

the purpose. There is no difference in deceleration between palmar and dorsal flexion 

at 2.95 m/s, but a difference is shown at 4.99 m/s (greater in palmar flexion). The 

dorsal flexed arm has a greater z-displacement than the palmar flexed arm at both 

2.95 and 4.99 m/s. The greater z-displacement can be explained by the fact that the 

time between trigger and impact of the subsamples with palmar flexion are longer. 

This is because the trigger point is placed higher in the subsamples with palmar 

flexion. There was no significant difference between dorsal and palmar flexion in Enet 

in the impact at either 2.95 m/s or 4.99 m/s. But a higher z-velocity results in a higher 

Enet as expected.  

In test series 5 (as in tests series 1), no difference in z-deceleration was seen with 

changing impact angle (measured with the sled-placed accelerometers). The load cells 

(z-axis) in the upper arm and forearm measured a difference in the force with 0 

degree impact angle compared to 6 and -6 degree, but no significant difference 

between 6 and -6 degrees.    

The force distribution between the upper arm and forearm changes with changing 

impact angle. As 6-degree impact angle, the ratio was 3:2 (forearm - upper arm). A 

decrease in impact angle decreases this ratio as well, and the upper arm takes up a 

larger part of the force. When comparing the force acting on the sled (Fz=ma) and the 

combined forces along the z-axis of the arm (upper arm Fz + forearm Fz) no 

significant difference could be seen at the three impact angles. The results suggest 

that calculating the force (Fz=ma) underestimates the force acting on the z-axis of the 

arm but more accurate data is needed. 

The fact that there was no significant change in z-deceleration with a change of 

impact angle, but a difference in recoil z-velocity, suggests that a larger impact angle 

may increase Enet at impact. This can also be due to that the recoil velocity was only 

measured in z and a larger impact angle should give larger x- and y-components. 

Also the movement around the shoulder x-axis was restricted and would be expected 

to increase Enet. A higher z-velocity increases the z-deceleration and impact energy 

and this will also increase the energy input in the arm, as was seen in both test series 

2 and 3.  

The fact that a greater z-deceleration was measured in palmar flexion in 4.99 m/s but 

no significant difference in 2.95 m/s may be due to that the kinetic energy was too 

high for the sled to handle at 4.99 m/s. The arm bend in subsample 15 and 16 was 
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unexpected and may have affected the measurements repeatability. The force 

distribution change with different impact angle. A reduced angle increases the force 

transferred through the upper arm. More research is needed to understand if this also 

affects larger changes of impact angles, for example between -15, 0 and 15. 

5.2.3 Injury criteria 

Guidelines for injury criteria for the specific injury mechanism studied in the 

component test may be based on the failure values presented in table 5.2 (excerpts 

from appendix 9.1).  

 Table 5.2. Fracture values for axial load onto radius and ulna excerpts from appendix 9.1. 

Author (year) Bone 
Specimen 
condition 

Load conditions 
Displacement 

rate 

Failure 
force  
[N] 

Failure 
moment 

[Nm] 

Fracture 
location 

Type of load 

Levine (2002) Radius N.S. N.S. 3280 (m) 
2160 (f) 

N.S. N.S. Axial 
compression 

Zapata (2015) Radius Embalmed 2/3 
distal radius 
cut and potted 
in 75° angle 

Impact test, 
v = 2.0 [m/s] 

2134 
(±1100) 

N.S. N.S. Angle (75°) 
impact test 

Levine (2002) Ulna N.S. N.S. 4980 (m) 
3610 (f) 

N.S. N.S. Axial 
compression 

N.S. = No information Stated by author     

This should be done with great care, due to the testing methods used in these studies 

are different from the test method in the project and the low numbers of studies to 

base these values upon. The z-forces (axial) measured with the instrumented forearm 

with an impact velocity of 1.9 m/s reached 358±23 N with a 6-degree impact angle. 

This does not exceed the values in table 5.1 but the velocity of 1.9 m/s only represent 

a velocity of 3 m/s unscaled (without the added weight of the sled). The wrists impact 

velocities found in the CAE analysis are in average 8.5 m/s so a higher force value 

would be expected with those velocities. The calculated force (Fz=ma) in the tests 

with the 50th percentile arm exceeds the values (in table 5.1) in the majority of the 

tests. These calculated values are not representative for the force acting on each arm 

segment due to the placement of the accelerometers. More work is needed to develop 

complete injury criteria for this type of injury mechanism. 
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5.2.5 Reliability and validity  

The reliability of the performed tests was reduced as the impact velocities were 

increased in combination with an angled impact surface. More work is needed to 

ensure better reliability in higher impact velocities as those velocities found in the 

CAE analysis. To manufacture a custom rig for the purpose may improve the 

reliability.     

The effects of mounting the arm onto a sled, add weight and scale down the velocity, 

may introduce parameters that was not controlled for. Even so, in a car accident there 

is likely some amount of weight added by the occupants own upper body and this will 

also increase the energy in the impact. This area is in need of attention to fill a gap of 

knowledge of the body kinematics.  
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Chapter 6 Conclusion  
The project contributes to the knowledge about the injury mechanism of the upper 

extremity in car crashes. The conclusion tells us how the upper extremity responds 

and moves into the structure inside the car, and where the arms and hands touch the 

interior of the car. The project has developed and suggested the first step to a test 

method for the specific injury mechanism, -the forward movement of the arms.  

The most frequent mechanism is the forward movement of the arms resulting in an 

impact with the frontal interior structure, where the direct hit to the ulnar wrist is the 

most common region for impact. This is based on information from the CAE analysis 

and the literature study. The most frequent impact location at the structure is IP3 and 

IP4, which are the result from the CAE analysis. 

The project has contributed to the development of safety work, and suggests areas 

where more research is needed for a safer occupant environment.    

6.1 Further work  

More research is needed to validate the dummy arms to represent an actual human 

arm. To instrument the 50th percentile arm with strain gauges on the skeletal of the 

arm may improve the validity of the arm and improve accuracy of the measurements. 

The size of the drop sled wheels was too small to handle the energy in the tests over 

4.99 m/s in combination with an angled impact surface. Larger wheels or sled may 

improve the reliability and repeatability of the test method and give more accurate 

data. This test was a simplification of what really happens in the vehicle and a more 

representative mounting of the shoulder will give a more realistic response but it may 

also influence the repeatability.  

More research needs to be done on how the impact angle affect the load transfer and 

energy transfer to the upper extremity. More research is needed on how impact angle 

and impact velocity interacts and affect the load transfer and energy transfer to the 

upper extremity. More research is also needed to develop guidelines that can be 

implemented in the work to enhance the safety for the upper extremity. 

Development of methods covering other fracture mechanisms, see example in table 

4.1, are necessary for a more comprehensive protection. The CAE analysis of arm 

kinematic includes frontal, far side oblique and far side crashes, but more analysis is 
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needed for other crash scenarios, e.g. near side oblique and near side collisions and 

other velocities.  

This project is a step towards a safer occupant environment but the fracture 

mechanisms of the upper extremity are many and more research is needed and greatly 

encouraged.  
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Chapter 7 Critical examining 

7.1 Ethical and social aspects 

Volvo cars vehicles are designed to protect the needs of the people who drive them, 

in the best way possible. This study is in line with that, to develop guidelines and 

methods to analyse crash test data and in return design and produce the safest car 

possible. To develop safe cars is also important to ensure the costumer a safe 

experience driving a Volvo car. Safety work is ethical and social accepted and it’s an 

important work to continue with. The project contributes to preventing humans from 

injuries in the long-term.  

Using human test subject in a study with direct crash testing would not be a good 

approach and is not legally either. Test subjects could be seriously injured or even 

killed and that is not acceptable on humanitarian grounds. The testing for this study 

was therefore carried out in a laboratory environment with a drop rig and crash test 

dummy components.   

7.2 Environmental aspects  

To be conscious about the environment in the development of a modern car is 

important. Volvo cars are designed cars with the leading word “around you”, which 

means that is important to see the situation together with the context in a bigger 

perspective. The project was conducted with the environmental aspect in mind as 

everything that is developed at Volvo cars. This is a project focused about increased 

safety in car crashes and we do not see any possibilities that this would harm or affect 

the environment, either now or in the long-term. To do CAE-analysis is a way to 

saving resources (i.e. not affecting the environment as much).   

7.3 Critical examining over the completed project 

The project member’s teamwork has been good and our different competences and 

way of thinking complete each other in a respectful way. To avoid some of the 

upcoming problem during the project it would be a good idea to do a pilot study 

before to try out the method, and then evaluate and improve it to get better results. 

Especially considering the simplification of the shoulder joint which we find as the 

greatest loss. With respect to the frames of this project, we have managed it well and 

there is not much that could have been done different. The largest benefit for us have 

been insight of how much there is to take count of. The component test could have 

been done a bit earlier but we managed to complete it anyway.  
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Chapter 9 Appendices 

9.1 Fracture loads for the upper extremity 

 Table 9.1. A summarized table over literature covering fracture loads radius. 

Author (year) 
Specimen 
condition 

Load 
conditions 

Displacement 
rate 

Failure 
force  
[N] 

Failure 
moment 

[Nm] 

Fracture 
location 

Type 
of load 

Levine (2002) N.S. N.S. 1200 
(m) 
670 (f) 

48 (m) 
23 (f) 

N.S. 3-
point 
bend 

Levine (2002) N.S. N.S. 3280 
(m) 
2160 
(f) 

N.S. N.S. Axial 
comp. 

Yamada 1970 N.S. N.S. 500 N.S. N.S. Quasi-
static 

Pintar (1998) Unembalmed 
forearm, 
radius & ulna 
loaded 
together, 
support 
stands 190 
mm apart  

v = 3.3 [m/s] 
v = 7.6 [m/s] 

2368 
(±810) 
(m) 
1377 
(±534) 
(f) 

113 (±39) (m) 
66 (±25) (f) 

At or 
near 
loading 
site 

3-
point 
bend 

Begeman 
(1999) 

Unembalmed 
forearm, 
ends cleaned 
and potted 
into molds 

Droptest, m = 
4.46 kg 
v = 3 [m/s] 

1386 
(±200) 
(m) 

88.9 (±13) 
(m) 

At or 
near 
loading 
site 

3-
point 
bend 

Begeman 
(1999) 

Unembalmed 
forearm, 
ends cleaned 
and potted 
into molds 

v = 0.01 [m/s] 1079 
(±350) 

N.S. At or 
near 
loading 
site 

Quasi-
static 
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Duma (1999) Unembalmed 
arm 
disarticulated 
at the 
shoulder. 
Loaded 2/3 
distal of 
elbow 

Droptest, m = 
9.48 kg 
v = 4.42 [m/s] 

N.S. 58 (±12) (f) At or 
near 
loading 
site 

3-
point 
bend 

Zapata (2015) Embalmed 
2/3 distal 
radius cut 
and potted in 
75° angel 

Impact test, 
v = 2.0 [m/s] 

2134 
(±1100) 

N.S. N.S. Angel 
(75°) 
impact 
test 

N.S. = No information Stated by author     
 

 Table 9.2. A summarized table over literature covering fracture loads ulna. 

Author (year) 
Specimen 
condition 

Load 
conditions 

Displacement 
rate 

Failure 
force  
[N] 

Failure 
moment 

[Nm] 

Fracture 
location 

Type of 
load 

Levine (2002) N.S. N.S. 1230 
(m) 
810 (f) 

49 (m) 
28 (f) 

N.S. 3-point 
bend 

Levine (2002) N.S. N.S. 4980 
(m) 
3610 (f) 

N.S. N.S. Axial 
comp. 

Yamada 1970 N.S. N.S. 600 N.S. N.S. Quasi-
static 

Pintar (1998) Unembalmed 
forearm, 
radius & ulna 
loaded 
together, 
support 
stands 190 
mm apart  

v = 3.3 [m/s] 
v = 7.6 [m/s] 

2368 
(±810) 
(m) 
1377 
(±530) 
(f) 

113 (±39) 
(m) 
66 (±25) 
(f) 

At or near 
loading 
site 

3-point 
bend 

Begeman 
(1999) 

Unembalmed 
forearm, 
ends cleaned 
and potted 
into molds 

v = 0.01 [m/s] 1079 
(±350) 

N.S. At or near 
loading 
site 

Quasi-
static 
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Duma (1999) Unembalmed 
arm 
disarticulated 
at the 
shoulder. 
Loaded 2/3 
distal of 
elbow 

Droptest, m = 
9.48 kg 
v = 4.42 [m/s] 

N.S. 58 (±12) 
(f) 

At or near 
loading 
site 

3-point 
bend 

N.S. = No information Stated by author     
 

 Table 9.3. A summarized table over literature covering fracture loads clavicle. 

Author (year) 
Specimen 
condition 

Load 
conditions 

Displacement 
rate 

Failure 
force  
[N] 

Failure 
moment 

[Nm] 

Fracture 
location 

Type 
of 

load 

Levine (2002) N.S. N.S. 980 
(m) 
600 (f) 

30 (m) 
17 (f) 

N.S. 3-
point 
bend 

Levine (2002) N.S. N.S. 1890 
(m) 
1240 
(f) 

N.S. N.S. Axial 
comp. 

Hanroongroj 
(2000) 

Embalmed 
clavicle with 
ends 
supported 
with 
manufactured 
joints to 
replicate 
"natural" 
movement 
under load 

N.S. 1526 N.S. N.S. Axial 
comp. 

Kemper (2006) Embalmed 
clavicle 
loaded in 
anterior-
posterior 
direction 

N.S. 732 
(±180) 
(m) 

28.3 (±7.8) 
(m) 

N.S. 3-
point 
bend 
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Duprey (2008) Embalmed 
clavicle ends 
could rotate 
round all axes 

Droptest, m = 
6 kg 
v = 1 [m/s] 
v = 1.5 [m/s] 
v = 2 [m/s] 
v = 2.5 [m/s] 

1480 
(±460) 

N.S. N.S. Axial 
comp. 

Duprey (2009) Embalmed 
clavicle 
loaded 
anterior-
posterior 
direction, 
ends could 
rotate about 
superior 
inferior axis 

v = 100 [m/s] 994 
(±91) 

39 (±5) N.S. 3-
point 
bend 

Zhang (2014) Embalmed 
clavicle 
loaded 
anterior-
posterior 
direction, 
ends could 
rotate about 
superior 
inferior axis 

v = 100 
[mm/s] 

1053 
(±230) 
(m) 

N.S. N.S. 3-
point 
bend 

Zhang (2014) Embalmed 
clavicle 
loaded 
axially, medial 
end could 
rotate about 
superior 
inferior axis 

v = 100 
[mm/s] 

2966 
(±800) 

N.S. N.S. Axial 
comp. 

N.S. = No information Stated by author     
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9.2 Different crash scenarios from the CAE analysis 

 

 Figure 9.1. Nine frontal crash scenarios used in  the CAE analysis 

 

 Figure 9.2. Fifthteen side crash scenarios used in the CAE analysis  

 

 Figure 9.3. Five oblique crash scenarios used in the CAE analysis  
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9.3 Set-up for the component test 

9.3.1 The shoulder mount  

 

 Figure 9.4 The shoulder mount between the arm and the rig. 

9.3.2 Scaling of drop rig height 

Due to the attachment figuration of the dummy arm to the drop rig additional weight 

will be added to the system. This additional weight was compensating by scaling 

down the drop height to reduce the impact velocity and preserve the kinetic energy Ek 

of the system; 

𝐸𝑘 =
𝑚𝑣2

2
         (9-1)  

To preserve the energy, then Ek1 = Ek2; 

𝑚1𝑣1
2

2
=

𝑚2𝑣2
2

2
         (9-2) 

This gives the new impact velocity; 
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𝑣2 = √
𝑚1𝑣1

2

𝑚2
         (9-3) 

To calculate the new drop height, the kinetic energy equals the potential energy, Ek = 

Epot, and; 

𝐸𝑝𝑜𝑡 = 𝑚𝑔ℎ         (9-4) 

This gives; 

𝑚𝑣2

2
= 𝑚𝑔ℎ         (9-5) 

Insert the new impact velocity and solve for height (h); 

ℎ =
𝑉2
2

2𝑔
          (9-6) 
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9.3.3 Elbow angle 

 

 Figure 9.5. The tool which was used to measure the angle. 

9.3.4 Different impact angles at the instrument panel 

 

 Figure 9.6. The picture shows the different angles using the instrument panel. 
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9.3.5 Trigging of the accelerometers and cameras  

 

 Figure 9.7. The picture shows the trigging of the accelerometers and cameras.    

9.3.6 Different impact angles EPP 

 

 Figure 9.8. The picture shows the different impact angles.  
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9.4 Result from the SWOT analysis 

 Table 9.4. The results of the SWOT analysis. 

Strengths 

 Exceptionally good support from our 

reference group at Volvo Car 

Corporation 

 Genuine interest in the project 

 Good basic knowledge in 

biomechanics/anatomy/physiology 

 Our own workplaces at Volvo 

Headquarter 

 Expert knowledge within the company 

 Driven project group 

 

 

Weaknesses 

- No knowledge in CAE 

- Limited experience in physical 

testing 

- Test equipment are developed 

for other types of injuries 

- There is not much work done in 

the field 

Opportunities 

 Potential for development within the 

field 

 Employment after degree 

 Establish new contacts 

 Large company -> good resources and 

structure 

 

 

Threats 

 No available time for testing in 

the crash lab 

 Large company -> long decision 

process  

 Risk of not finish the project in 

time 
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9.5 Result from the brainstorming and brainwriting 

 

 Figure 9.9. Results from the brainstorming.  



 MOA HARRYSON & OSCAR CYRÉN 

 APPENDICES 

 

 63 

  

 

 Figure 9.10. Results from the brainstorming.  

 

 Figure 9.11. Results from the brainstorming. 
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 Figure 7.12. Results from the brainstorming. 

 

 Figure 9.13. Results from the brainwriting. 
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 Figure 9.14. Results from the brainwriting. 

 

 Figure 9.15. Results from the brainwriting. 
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 Figure 9.16. Results from the brainwriting. 
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 Figure 9.17. Results from the brainwriting. 
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9.6 Data from the CAE analysis 

 Table 9.5 Left extremity data from CAE analysis. 

Type of crash 
UE 

region 
Impact 

location 

Impact 
velocity 

[m/s] 
x 

[m/s] 
y 

[m/s] 
z 

[m/s] Mechanism 

f3a0 Front Wrist IP1 8.42 -8,10 -2,23 0,60 
Direct hit distal and ulnar 
wrist 

f3a0 Front Elbow IP1 4.98 -4,78 0,36 1,36 
Axial load to 90 degree 
flexion elbow  

f3a30 Front Wrist IP1 7.27 -7,12 1,45 0,10 
Direct hit distal and ulnar 
wrist 

f3a30 Front Humerus SW7 3.56 -2,85 1,75 -1,22 
Direct hit anterior 
humerus, mid shaft 

f3a60 Front Wrist SCL 6.88 -5,54 2,05 -1,49 
Direct hit distal and 
anterior wrist 

f2b0 Front Wrist IP1 9.76 -9,65 -1,19 0,77 
Direct hit distal and ulnar 
wrist 

f2b30 Front Wrist IP1 10.05 -9,93 1,31 -0,88 
Direct hit distal and ulnar 
wrist 

f2b30 Front Humerus SW7 5.22 -3,67 3,66 -0,60 
Direct hit anterior 
humerus, mid shaft 

f2b60 Front Wrist SCL 9.54 -7,77 5,30 -1,61 
Direct hit distal and 
anterior wrist 

f2b60 Front Humerus      

A torsional load on 
humerus due to the 
impact on the forearm 
and lateral movement of 
the body 

f1c0 Front Wrist IP1 7.53 -7,40 1,52 -0,42 
Direct hit distal and ulnar 
wrist 

f1c0 Front Humerus SW7 5.59 -5,22 1,90 0,60 

Direct hit anterior 
humerus, one third from 
the distal end 

f1c30 Front Wrist SCL 10.06 -8,69 4,89 -1,37 
Direct hit distal and 
anterior wrist 

f1c30 Front Humerus SW6 8.37 -6,03 5,70 -1,12 

Direct hit anterior 
humerus, one third from 
the distal end 

f1c60 Front Wrist SCL 7.76 -5,77 4,43 -2,68 
Direct hit distal and 
anterior wrist 

f1c60 Front Humerus      

A torsional load on 
humerus due to the 
impact on the forearm 
and lateral movement of 
the body 

c2a0 Oblique Wrist IP1 6.33 -5,50 -2,62 -1,71 
Direct hit distal axial load 
transfer to the wrist 
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c1b225 Oblique Wrist SCL/IP1 10.50 -9,53 4,18 -1,36 

Direct hit distal axial load 
transfer to the wrist in 
combination with direct 
impact on distal and ulnar 
wrist 

c1b225 Oblique Humerus SW7 8.13 -6,72 4,42 -1,21 
Direct hit anterior 
humerus, mid shaft 

c1b45 Oblique Wrist SCL 10.30 -9,13 4,46 -1,68 
Direct hit distal and 
anterior wrist 

c1b45 Oblique Humerus SW6 9.91 -6,05 7,77 -1,08 

Direct hit anterior 
humerus, one third from 
the distal end 

c1b45 Oblique Humerus      

A torsional load on 
humerus due to the 
impact on the forearm 
and lateral movement of 
the body 

c1b675 Oblique Forearm SW8 8.36 -5,52 6,21 -0,92 

Direct impact into steering 
wheel anterior side mid 
forearm 

c1b675 Oblique Humerus      

A torsional load on 
humerus due to the 
impact on the forearm 
and lateral movement of 
the body 

c1b90 Oblique Humerus      

A torsional load on 
humerus due to the airbag 
fling from deploying 
airbag into anterior side 
forearm 

s1c30 Side Forearm AB fling 2.86 -2,23 0,64 -1,67 
Direct hit mid forearm by 
the frontal airbag 

s1c30 Side Humerus      
The seatbelt loads the 
humerus 

s1c60 Side Wrist AB fling 4.79 1,94 -1,42 -4,14 
Direct hit distal wrist by 
the frontal airbag 

s1c60 Side Humerus      

A torsional load on 
humerus due to the airbag 
fling from deploying 
airbag into anterior side 
forearm 

s1c60 Side Humerus      
The seatbelt loads the 
humerus 

s1c90 Side Wrist AB fling 5.07 2,71 0,13 -4,29 
Direct hit distal wrist by 
the frontal airbag 

s1c90 Side Humerus      

A torsional load on 
humerus due to the airbag 
fling from deploying 
airbag into anterior side 
forearm 

s2c30 Side Wrist AB fling 1.38 0,48 -1,04 -0,78 
Direct hit distal wrist by 
the frontal airbag 
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s2c30 Side Humerus      

A torsional load on 
humerus due to the airbag 
fling from deploying 
airbag into anterior side 
forearm 

s2c30 Side Humerus      
The seatbelt loads the 
humerus 

s2c60 Side Wrist AB fling 4.33 3,38 2,38 -1,29 
Direct hit distal wrist by 
the frontal airbag 

s2c60 Side Humerus      

A torsional load on 
humerus due to the airbag 
fling from deploying 
airbag into anterior side 
forearm 

s2c60 Side Humerus      
The seatbelt loads the 
humerus 

s2c90 Side Wrist SW8 2.82 -0,26 2,78 -0,40 
Direct hit anterior side 
wrist 

s2c90 Side Humerus      
The seatbelt loads the 
humerus 

s3c30 Side Wrist AB fling 1.60 0,08 -0,60 -1,48 
Direct hit distal wrist by 
the frontal airbag 

s3c30 Side Humerus      

A torsional load on 
humerus due to the airbag 
fling from deploying 
airbag into anterior side 
forearm 

s3c30 Side Humerus      
The seatbelt loads the 
humerus 

s3c60  Wrist AB fling 3.19 2,24 0,03 -2,26 
Direct hit distal wrist by 
the frontal airbag 

s3c60 Side Humerus      

A torsional load on 
humerus due to the airbag 
fling from deploying 
airbag into anterior side 
forearm 

s3c60 Side Humerus      
The seatbelt loads the 
humerus 

s3c90 Side Wrist SW6 7.08 -0,48 6,98 -1,16 
Wrist ulnar side slips along 
steering wheel 

s3c90 Side Humerus      
The seatbelt loads the 
humerus 

s4c30 Side Wrist AB fling 1.64 -1,34 0,00 -0,94 
Direct hit distal wrist by 
the frontal airbag 

s4c30 Side Humerus      
The seatbelt loads the 
humerus 

s4c60 Side Wrist AB fling 1.47 -0,50 0,54 -1,27 
Direct hit distal wrist by 
the frontal airbag 



 MOA HARRYSON & OSCAR CYRÉN 

 APPENDICES 

 

 71 

  

s4c60 Side Humerus      

A torsional load on 
humerus due to the airbag 
fling from deploying 
airbag into anterior side 
forearm 

s4c60 Side Humerus      
The seatbelt loads the 
humerus 

s4c90 Side Wrist SW6 6.44 -1,40 6,28 -0,22 
Wrist ulnar side slips along 
steering wheel 

s4c90 Side Humerus      
The seatbelt loads the 
humerus 

s5c30 Side Wrist AB fling 1.95 1,21 -1,52 -0,18 
Direct hit distal wrist by 
the frontal airbag 

s5c30 Side Humerus      
The seatbelt loads the 
humerus 

s5c60 Side Wrist AB fling 2.45 -0,35 0,93 -2,3 
Direct hit distal wrist by 
the frontal airbag 

s5c60 Side Humerus      
The seatbelt loads the 
humerus 

s5c90 Side 
No 

contact 
No 

contact No data       No data 

 Table 9.6. Right extremity data from CAE analysis. 

Type of crash 
UE 

region 
Impact 

location 

Impact 
velocity 

[m/s] 
x 

[m/s] 
y 

[m/s] 
z 

[m/s] Mechanism 

f3a0 Front Wrist IP3 7.27 -7,18 -1,04 0,47 Direct hit distal and ulnar wrist 

f3a30 Front Wrist IP3 6.40 -5,74 2,42 0,08 Direct hit distal and ulnar wrist 

f3a30 Front Forearm IP3 4.32 -2,63 3,40 0,35 

Continued contact between 
forearm and IP until full flexion 
of elbow 

f3a60 Front Wrist IP3 5.96 -4,86 3,33 -0,91 Direct hit distal and ulnar wrist 
f3a60 Front Elbow CC2 3.62 -1,28 3,26 -0,89 Direct hit into olecranon  
f2b0 Front Wrist IP3 8.64 -8,53 1,39 0,01 Direct hit distal and ulnar wrist 

f2b0 Front Forearm IP3 5.13 -4,77 -0,05 1,90 
Continued contact between 
forearm and IP 

f2b30 Front Wrist IP3 9.33 -8,50 3,85 -0,36 Direct hit distal and ulnar wrist 

f2b30 Front Forearm IP3 3.82 -0,75 2,19 3,04 

Continued contact between 
forearm and IP until full flexion 
of elbow 

f2b60 Front Wrist IP4 11.23 -6,08 9,44 -0,18 Direct hit distal and ulnar wrist 
f2b60 Front Elbow CC3 5.50 -4,54 3,09 -0,22 Lateral load on to olecranon  
f1c0 Front Wrist IP3 7.81 -7,46 2,30 0,36 Direct hit distal and ulnar wrist 

f1c0 Front Forearm IP3 3.86 -1,41 1,30 2,42 

Continued contact between 
forearm and IP until full flexion 
of elbow 

f1c30 Front Wrist IP3 10.85 -8,27 6,98 -0,75 Direct hit distal and ulnar wrist 

f1c30 Front Forearm IP3 7.86 -4,94 5,73 2,13 

Continued contact between 
forearm and IP until full flexion 
of elbow 

f1c30 Front Elbow CC2 9.33 -8,13 4,45 1,07 Lateral load on to olecranon  
f1c60 Front Wrist IP4 11.70 -5,30 10,43 -0,19 Direct hit distal and ulnar wrist 
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f1c60 Front Elbow CC3 4.87 -4,11 2,47 0,87 Lateral load on to olecranon  
c2a0 Oblique Wrist IP2 4.55 -4,03 -0,28 -2,11 Direct hit distal and ulnar wrist 

c1b225 Oblique Wrist IP4 10.65 -7,96 7,07 -0,24 Direct hit distal and ulnar wrist 
c1b225 Oblique Elbow CC2 10.12 -9,60 3,12 0,90 Lateral load on to olecranon  
c1b45 Oblique Wrist IP4 11.03 -7,15 8,37 0,73 Direct hit distal and ulnar wrist 

c1b45 Oblique Elbow CC3 8.19 -7,43 3,38 0,63 Lateral load on to olecranon  
c1b675 Oblique Wrist IP4 10.01 -4,58 8,86 0,79 Direct hit distal and ulnar wrist 
c1b675 Oblique Elbow CC3 4.61 -3,85 2,53 -0,15 Lateral load on to olecranon  
c1b90 Oblique Elbow CC3 3.23 -1,52 2,80 -0,55 Lateral load on to olecranon  

s1c30 Side Wrist IP4 9.34 -5,4 7,13 -2,64 
Direct hit distal and ulnar/lateral 
wrist 

s1c30 Side Elbow No data No data    No data 

s1c60 Side Wrist IP4/IP5 11.23 -2,56 10,63 -2,58 
Direct hit distal and ulnar/lateral 
wrist 

s1c60 Side Elbow CC3 2.72 -2,52 0,66 0,79 Lateral load on to olecranon  
s1c90 Side Elbow CC3 3.35 -0,99 3,15 -3,35 Lateral load on to olecranon  

s2c30 Side Wrist IP4 7.70 -5,57 5,23 -0,95 
Direct hit distal and ulnar/lateral 
wrist 

s2c30 Side Elbow CC3 3.40 -3,13 1,24 -0,50 Lateral load on to olecranon  

s2c60 Side Wrist IP4 10.79 -5,71 9,14 -0,64 
Direct hit distal and ulnar/lateral 
wrist 

s2c60 Side Elbow CC3 4.80 -3,23 3,46 0,8 Lateral load on to olecranon  
s2c90 Side Elbow CC3 3.56 -1,04 3,20 1,15 Lateral load on to olecranon  
s3c30 Side Wrist IP3/IP4 6.40 -4,37 4,59 -0,95 Direct hit distal and ulnar wrist 
s3c30 Side Elbow CC3 2.28 -2,00 1,05 -0,28 Lateral load on to olecranon  
s3c60 Side Wrist IP3 7.58 -5,74 4,95 -0,25 Direct hit distal and ulnar wrist 
s3c60 Side Elbow CC3 4.03 -2,73 2,97 -0,19 Lateral load on to olecranon  
s3c90 Side Elbow CC3 2.70 -0,44 2,60 -0,58 Lateral load on to olecranon  
s4c30 Side Wrist IP3 7.00 -6,59 2,21 -0,75 Direct hit distal and ulnar wrist 

s4c30 Side Elbow CC3 3.81 -3,31 1,79 -0,60 Lateral load on to olecranon  

s4c60 Side Wrist IP3/IP4 7.43 -4,82 5,51 -1,29 
Direct hit distal and ulnar/lateral 
wrist 

s4c60 Side Elbow CC3 3.17 -2,12 2,30 -0,47 Lateral load on to olecranon  
s4c90 Side Elbow CC3 2.92 -0,39 2,87 -0,35 Lateral load on to olecranon  
s5c30 Side Wrist IP3/IP4 3.89 -2,74 2,76 -0,04 Direct hit distal and ulnar wrist 
s5c30 Side Elbow CC3 2.70 -2,14 1,47 -0,75 Lateral load on to olecranon  

s5c60 Side Wrist IP4 3.98 -1,27 3,62 -1,05 
Direct hit distal/lateral and ulnar 
wrist 

s5c60 Side Elbow CC3 2.29 -0,64 2,13 -0,56 Lateral load on to olecranon  
s5c90 Side Elbow CC3 3.57 0,24 2,53 -0,37 Lateral load on to olecranon  
s5c90 Side Shoulder CC4 2.82 -1,43 -1,02 -2,20 Lateral load on to shoulder 
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9.7 Test series 2 

 

 Figure 9.18. Graph over the average z-deceleration from test series 2. The chronology of the graph is green, 

and blue. Impact velocity is 2.95 m/s for the green curve and 4.99 m/s for the blue curve.  
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 Figure 9.19. Graph over the average z-velocity from test series 2. The chronology of the graph is green and 

blue. Impact velocity is 2.95 m/s for the green curve and 4.99 m/s for the blue curve. 

  

 

 Figure 9.20. Graph over the average z-displacement from test series 2. The chronology of the graph is green 

and blue. Impact velocity is 2.95 m/s for the green curve and 4.99 m/s for the blue curve 

 

 Figure 9.21. Test series 1 - Enet vs. impact angle 
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 Figure 8.22. Test series 1 - F=ma vs. impact angle  
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9.8 Test series 3 

 

 Figure 9.23. Graph over the average z-deceleration from test series 3. The chronology of the graph is green, 

cyan, blue and red. The green and cyan curves are dropped with an dorsal flexed wrist and the blue and red are 

dropped with an palmar flexed wrist. The impact velocity of the green and blue curve is 2.95 m/s and 4.99 m/s 

in the cyan and red curve. 
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 Figure 9.24. Graph over the average z-velocity from test series 3. The chronology of the graph is green, cyan, 

blue and red. The green and cyan curves are dropped with an dorsal flexed wrist and the blue and red are 

dropped with an palmar flexed wrist. The impact velocity of the green and blue curve is 2.95 m/s and 4.99 m/s 

in the cyan and red curve. 
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 Figure 9.25. Graph over the average z-displacement from test series 3. The chronology of the graph is green, 

cyan, blue and red. The green and cyan curves are dropped with an dorsal flexed wrist and the blue and red are 

dropped with an palmar flexed wrist. The impact velocity of the green and blue curve is 2.95 m/s and 4.99 m/s 

in the cyan and red curve.  

  

 

 Figure 9.26. Fz=ma vs. impact velocity for dorsal vs. palmar flexion. 
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 Figure 9.27. Average energy vs. impact velocity for dorsal vs. palmar flexion. 

9.9 Test series 4 

 

 Figure 9.28. Graph over the average z-deceleration, z-velocity and z-displacement from test series 4. The 

chronology of the graph is black, red and green. Impact velocity is 2.95 m/s and impact angle are -6 degrees in 

all three subsamples. 
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9.10 Test series 5 

 

 Figure 9.29. Graph over the average z-deceleration from test series 5. The chronology of the graph is green, 

blue and red. The impact velocity of all nine subsamples is 1.90 m/s and the impact angle is -6 degrees for the 

green, 0 degrees for the blue and 6 degrees for the red curve.  
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 Figure 9.30. Graph over the average z-velocity from test series 5. The chronology of the graph is green, blue 

and red. The impact velocity of all nine subsamples is 1.90 m/s and the impact angle is -6 degrees for the green, 

0 degrees for the blue and 6 degrees for the red curve. 

  

 

 Figure 9.31. Graph over the average z-displacement from test series 5. The chronology of the graph is green, 

blue and red. The impact velocity of all nine subsamples is 1.90 m/s and the impact angle is -6 degrees for the 

green, 0 degrees for the blue and 6 degrees for the red curve. 
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 Figure 9.32. Force vs. impact angle.  

 

 Figure 9.33. Impact force vs. impact angle for the forearm and upper arm. 
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9.11 The cap of the instrument panel 

 

 Figure 9.34. The cap of the instrument pane, side view.  

9.12 Difference in elbow flexion between subsample 2, 5 and 8 

 

 Figure 9.35. Difference in elbow flexion between subsample 2,5 and 8. Difference in impact angle 0, 6 and 11 

degrees, impact velocity is 5.95 m/s in all of the tests. 
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