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Abstract 

 

Snowboarding is an extremely popular and steadily growing snow sport.  Jumping is an 

integral part of both recreational and competitive participation, predisposing individuals to an 

elevated risk of impact related injuries to the lower limbs.  Five studies are presented in this 

dissertation, each of which linked directly to the overall goal of furthering the limited data 

available on the biomechanical demands placed on snowboarders during jump landings.  A 

qualitative observational analysis of landing and falling events within terrain parks revealed 

that snowboarders fall once for every five attempts, with landing technique found to influence 

the risk of falling, and potentially dangerous body motions were identified during falls.  These 

outcomes provided motivation for the quantitative studies (N=4) which aimed to provide a 

normative database of landing dynamics and investigate the influence of snowboarding 

equipment modification on the measures taken.  Custom-built snowboard force plates were 

used to measure all components of landing ground reaction forces (GRF), and a snowboarding 

ankle anatomical model was developed to estimate joint kinematics, lateral ankle ligament 

strain, and joint reaction moments based on 3D marker data recorded with a video based 

system.  Tests of precision and validity for these unique tools were conducted and presented 

prior to inclusion in the individual studies.  As expected the external load applied at the boot 

sole is substantial during the landing event with the joints of the ankle complex rotating to 

positions close to published ROM limits.  Binding angle and boot stiffness appear to carry 

potential for injury risk modification during landings by eliciting changes in external force, 

joint kinematics and moments acting at the joint level.  Jump dimensions were found to 

influence the impact loads applied to the body with both magnitude and rate of measured 

GRFs found to increase with jumps of greater size.  Asymmetries were identified between the 

limbs for the kinematic and kinetic measures suggesting there is scope for tailoring 

snowboard equipment based on position on the snowboard.  The data presented throughout 

this document form a starting point for further in-depth analyses of snowboard specific 

movements from injury prevention and performance maximisation perspectives. 
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Chapter 1 – Snowboarding: An Overview 

 

1.1 Introduction 

Accounts of snowboard-like devices date back to the 1920’s; young men have been reported 

attempting to negotiate snow covered hills with their feet fixed with clothesline or horse reins 

to plywood boards (2004; Voje, 2005).  In 1965 Sherman Poppen, a chemical engineer from 

Michigan (USA) lashed two conventional skis together to create a play toy for his daughter; a 

moment often referred to as the true beginning of snowboarding.  Named the ‘Snurfer’ by 

Poppen’s wife because of the way her daughter could ‘surf’ down the snow hill, it became 

extremely popular, inspiring Poppen to find a manufacturer to mass produce his invention.  

Although the Snurfer was virtually uncontrollable, Poppen had some commercial success with 

over half a million units sold in the first year of production (Grewal, 2002; Schwartz, 2004; 

Voje, 2005).  Figure 1-1 shows an example of an original Snurfer advertisement.  This was 

the first commercially available form of snowboard. 

 

 

Figure 1-1 An early Snurfer advertisement. 
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It is hard to say who produced the first contemporary snowboard.  In the 1970s a number of 

young men were experimenting with snowboard designs, including Dimitre Milovich and 

Wayne Stovekin who patented a type of snowboard which was based on a surfboard with 

metal edges (Milovich & Stovenken, 1974).  Milovich went on to start the Winterstick brand 

which still exists today.  Another individual, Jake Burton, was a keen Snurfer who had 

reportedly been modifying Snurfers since his high school years.  In 1977 he founded Burton 

Snowboards and began selling out of his garage in Vermont.  Around the same time Tom 

Sims of California built his first snowboard with the vision of a skateboard for the snow 

(Schwartz, 2004).  He too began producing snowboards out of his garage, creating the Sims 

snowboard brand.  Unlike early Snurfers, these new snowboards incorporated foot bindings 

into the design which allowed much greater control over the board.  Jake Burton has been 

reported as being the first to include ski technology into snowboard design; a P-Tex plastic 

base (Voje, 2005).  Since this development Burton Snowboards has grown to become one of 

the largest and most well known snowboard manufacturers in the world. 

 

The first US national snowboard race was held in 1982 at Suicide Six Ski Area in Vermont.  

This event was well covered by the media, but this did not guarantee mainstream acceptance 

of this developing sport: snowboarding was met with resistance from commercial ski fields, 

and snowboarders were viewed as social misfits due to their youth and creative fashion sense.  

In 1985 only 39 of 600 US ski fields allowed snowboarders (Voje, 2005).  These young, 

mostly male participants had a reputation for rebellious and dangerous behaviour and were 

looked down upon by skiing enthusiasts.  As the next section highlights, the general attitude 

towards snowboarding as a sport has changed over recent years.  This chapter outlines 

snowboarding as it stands today.  Participation rates, terminology and snowboarding 

equipment are all discussed in detail. 

 

1.2 Snowboarding Today 

Since its somewhat humble beginnings snowboarding has steadily gained in popularity and 

acceptance to become the fastest growing winter sport (Shorter, Mooney, & Harmon, 1999), 

attaining Olympic sport status in 1998.  Today 70 million people worldwide participate in 

snowboarding (ACC, 2008).  In the USA alone, based on figures for 2006, 5.2 million people 

take part in snowboarding (National Ski Areas Association, 2006).  Involvement in 

snowboarding increased 331% from 1988 to 2002 whilst skiing participation decreased by 
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40% over this same period (Lynch, 2003).  In 2001, 2% of New Zealand’s population 

participated in snowboarding: 80,000 individuals (NZSC, 2001).  Unfortunately more recent 

national participation figures are not available.  Snowboarders have been reported to comprise 

between 10 – 50% of resort users depending on location (Bindner & Geiger, 1999; Hagel, 

Goulet, Platt, & Pless, 2004; Langran & Selvaraj, 2004; NZSC, 2001; Sacco, Sartorelli, & 

Vane, 1998; Young & Niedfeldt, 1999).  The average age of snowboarders is 20 yrs (Sacco, et 

al., 1998), and males dominate this sport accounting for 66 - 75% of snowboarders (Bladin, 

McCrory, & Pogorzelski, 2004; Made & Elmqvist, 2004; National Ski Areas Association, 

2006; Weir, 2001). 

 

1.3 Snowboard Terminology 

Snowboarders are distinct from alpine skiers in both equipment and dress (Sutherland, 

Holmes, & Myers, 1996).  They employ riding techniques similar to that of skateboarding and 

surfing (Moffat, 2002), standing perpendicular to the long axis of the board and changing 

direction and speed by altering their body position with respect to the board (Sutherland, et 

al., 1996).  Either the left or right foot may face the direction of travel (leading leg); this is 

determined by personal preference.  Around two thirds of snowboarders ride with the left leg 

forward, which is known as a natural or regular stance (Bindner & Geiger, 1999; Kirkpatrick, 

Hunter, Janes, Mastrangelo, & Nicholas, 1998; Moffat, 2002).  Snowboarding with the right 

leg forward is known as a goofy stance.  The feet are secured to the board by fixed non-

release bindings.  Again, the position and orientation of these bindings is determined by 

personal preference.  Binding adjustment is covered in detail in section 1.4.3.  Snowboarders 

do not use ski poles but instead use their arms for balance. 

 

The backside of the board is the side on which the snowboarder’s heels rest, otherwise known 

as the heel edge/side.  A backside rotation is counter-clockwise for a natural snowboarder and 

clockwise for goofy footers.  Conversely the frontside of a board is the side on which the toes 

rest, otherwise known as toe edge/side.  Frontside rotations are clockwise for natural footers 

and counter-clockwise for goofy footers.  Though these definitions are most commonly used 

in the naming of aerial manoeuvres, referred to as airs, there are inconsistencies in the use of 

these rotation definitions; the aforementioned definitions will be used as standard for the 

duration of this research thesis.  When a snowboarder is riding backwards they are said to be 

riding switch or fakie.  These terms are also important in the naming of freestyle manoeuvres. 
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1.4 Snowboarding Disciplines 

Snowboarders compete/participate in many disciplines; the names of some are taken directly 

from alpine skiing: 

• Half pipe – a trough shaped snow structure for jumping and trick riding.  

Snowboarders ride within the half pipe weaving between the ‘walls’ to gain speed and 

perform acrobatic aerial manoeuvres. 

• Slope style – performed within specially designed snow parks.  In competition riders 

aim to perform successful manoeuvres on as many obstacles as possible for each run.  

Slope style events are judged on difficulty, creativeness and style.  Otherwise known 

as ‘freestyle riding’. 

• Slalom – similar to skiing, riders must negotiate their way down a course designated 

by flags or ‘gates’.  Slalom competitions are judged on time and penalties are given if 

the participant does not complete the course properly i.e. when the competitor misses a 

gate. 

• Giant slalom – as per slalom but is raced over a longer course with greater spacing 

between gates. 

• Boarder cross – similar to bicycle moto-cross (BMX).  Snowboarders race in groups 

down a course of jumps, banked corners and bumps.  A small amount of contact 

between competitors is tolerated in this discipline making it a highly competitive and 

physical event. 

• Big air – a jumping competition over a single, large snow jump.  Big air competitions 

are judged on jump height, difficulty and style.  Each rider performs a number of 

jumps, and typically the best three scores count toward final results. 

• Free riding/all mountain riding – generally considered a non-competitive style of 

riding.  Free riding competitions have evolved into events in which snowboarders ride 

down an entire mountain, or section of, while being judged on manoeuvres performed 

and the choice of path down the slope.  There is an emphasis on tackling the most 

difficult terrain to maximise scores. 
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Figure 1-2 Three competitive snowboarding disciplines – (left to right) slope style, half pipe and boarder cross.  

 

Slalom, giant slalom, and boarder cross are almost exclusively competitive disciplines where 

as half pipe, slope style, free riding and big air are popular amongst recreational participants.  

Due to the popularity of slope style in snowboarding, snow parks have been installed in most 

ski resorts, otherwise known as terrain parks.  These snow parks present riders of all skill 

levels with an assortment of jumps, half pipes and specifically made obstacles, such as rails 

and slide boxes, to test their skill on.  Although open to all resort users snowboarders 

generally represent the majority of riders within snow parks (Hagel, et al., 2004). 

 

1.5 Equipment 

1.5.1 The snowboard 

Snowboards typically measure between 140 and 190 cm in total length and resemble a large 

skateboard (Chow, Corbett, & Farstad, 1996).  Snowboards are a laminate of wood or 

fibreglass with a plastic outer layer and metal edges, are typically symmetrical and allow the 

snowboarder to ride switch with ease.  Downhill race boards are generally longer, thinner and 

unidirectional to maximise speed.  Figure 1-3 shows a typical snowboard design.  The running 

length/effective length of a snowboard is the length that makes contact with the snow.  Longer 

effective lengths give greater edging ability with increased stability and speed.  Shorter board 

lengths aid turn initiation and aerial rotations whilst sacrificing balance.  Stiffer snowboards 

provide increased edge pressure while more flexible boards are thought to be more forgiving 

in rough terrain and during jumping.  The side cut of a snowboard refers to the radius of the 

effective edge, and typical side cut radii range from seven to ten metres (Grewal, 2002).  The 

side cut, running length and stiffness of the board are fine-tuned to a specific weight range.  

This differs from skiing where ski length is selected with respect to rider height (Grewal, 

2002) and application e.g. moguls, slalom or all mountain. 
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Figure 1-3 Geometric overview of a typical snowboard. 

 

1.5.2 Boots 

Originally snowboarders wore boots borrowed from other sporting disciplines such as skiing 

and tramping.  However, riders now wear boots which have been specifically designed for 

snowboarding.  There are currently three boot type options available to snowboarders – soft, 

hard and hybrid.  Most snowboarders (86%) use soft shell boots (Chow, et al., 1996; Moffat, 

2002).  These are constructed from a soft synthetic outer shell with a supportive inner liner 

and rubber outsole.  They allow maximum comfort, manoeuvrability and flexibility which are 

desirable traits for free riding and jumping.  Hard boots are similar to ski boots with plastic 

outer shells providing greater ankle stability and increased control, especially when on edge, 

and are worn primarily by racers (Weir, 2001).  Hybrid boots are a combination of soft and 

hard boots, and are designed to provide increased ankle support while allowing some degree 

of ankle motion needed for general snowboarding manoeuvres. 

 

 

Figure 1-4 Three designs of snowboard boot: (left to right) soft, hard and hybrid. 
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1.5.3 Bindings 

Snowboard bindings are categorised by the type of boot worn and the method of retention 

(Grewal, 2002).  The most common binding used today is the non-releasable strap binding 

(Kirkpatrick, et al., 1998; Moffat, 2002).  These bindings are primarily used in conjunction 

with soft type boots and thus often referred to as soft bindings.  They consist of a moulded 

plastic or alloy base plate, ankle and toe straps, and an achilles support.  The foot straps are 

fastened by ratchet mechanisms and are designed to hold the foot securely to the binding base 

plate.  The other major binding designs are step-in and plate bindings.  These bindings are 

used with hybrid and hard boots respectively.  Step-in bindings have a self-locking 

mechanism which clamps onto a metal bracket built into the sole of the boot.  Plate bindings 

are fitted by pulling a toe leaver over the toe cap of hard boots.  These bindings can be either 

release or non-release.  Release versions of bindings have not become widespread.  As 

discussed in the following chapter, at present it is thought to be safer for the rider to remain 

fixed to the snowboard (Bladin, et al., 2004). 

 

 

Figure 1-5 Soft (left) and two models of plate bindings (http://www.snowboarding.com). 

 

Most modern snowboards have a series of binding mounting locations along the board 

surface.  The position of the binding along the length of the board is tailored to riding style, 

experience and snow conditions.  A wide stance increases stability, but sacrifices ease of 

turning.  Wide central mounting positions are used by freestyle riders where balance is a 

major consideration.  For soft snow or high speed riding a ‘set back’ mounting position is 

considered optimal.  In this position the midpoint between the bindings is moved behind the 

centre point of the board. 

 

Bindings can also be rotated into different angular positions during mounting.  The angle of 

the binding in relation to the snowboard is often referred to as the stance angle.  Stance angles 
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typically range from 40° to  0° for the lead foot and 20° to -20° for the rear foot.  An angle of 

0° is defined as a position in which the binding is oriented perpendicular to the long axis of 

the snowboard.  Positive angles are defined as positions where the toe end of the binding is 

rotated towards the nose of the board.  Binding angles can be adjusted to suit riding style.  

Slopestyle snowboarders generally ride with what is known as a duck stance.  This foot 

position is characterised by externally rotated feet.  Such an arrangement ensures a balanced 

body position and allows the rider to snowboard forward and backward with ease.  Race 

snowboarders and those who focus on carving (edge turning) employ positive angles on both 

feet.  This results in a forward facing riding style which is desirable for high speed carving 

turns.  First-time snowboarders generally begin with a fairly neutral foot angle e.g. 10° lead 

foot, 0° rear foot.  As experience grows, each individual will experiment to find which foot 

position best suits their riding style. 

 

1.6 Conclusion 

Snowboarding has grown in popularity over the past 30 years and is now a global sport.  This 

increased popularity has broadened opportunities for professionalism and high level 

competition.  Vastly different from skiers, snowboarders surf their way down the slope by 

transferring their body weight to the edges of the board.  This technique and the equipment 

used expose snowboarders to a unique set of injuries.  The following chapter aims to 

introduce snowboard specific trauma.  Epidemiology as well as injury mechanisms and 

prevention strategies will be discussed from a biomechanical perspective. 
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Chapter 2 – Snowboarding Injuries: From Incidence to Prevention Strategy 

 

2.1 Introduction 

The unique style of riding and equipment distinguishes snowboarders from other snow sports 

participants.  This statement holds true for rates, severity and location of injury.  The 

snowboarder represents a new breed of sports person who encounters a unique set of sports 

injuries.  The following chapter aims to identify common snowboarding injuries.  Injury rates, 

mechanisms and moderating factors will be discussed.  Finally, the efficacy of current injury 

prevention strategies will be addressed. 

 

2.2 Epidemiology 

While ski injuries and their prevention have been studied extensively, attention to 

snowboarding is just beginning to come to the fore (O'Neill & McGlone, 1999).  Snow sports 

are known to be a relatively dangerous pastime; 48% of snowboarders have experienced an 

injury at some point in time (Langran, 2005).  Snowboarding has an injury incidence ranging 

from two to seven injuries per 1000 mountain visits, depending on the source (Bladin & 

McCrory, 1995; Boon, Smith, & Laskowski, 1999; Ganong, Heneveld, Beranek, & Fry, 1992; 

Shealy & Sundman, 1989; Torjussen & Bahr, 2006).  These figures may underestimate the 

true incidence because of logistical issues surrounding injury data collection (Thorson, 2004).  

The high injury incidence in this sport is most probably due to the skill demands required for 

speed control and balance on typically rugged alpine terrain.  Accident Compensation 

Corporation (ACC) statistics show that in New Zealand, snowboarding accounted for 472 

moderate to severe injuries in the 2006-2007 period (ACC, 2008).  Overall injury numbers in 

snowboarding appear to be increasing.  It is not known whether this increasing trend is a 

characteristic of the sport or  a consequence of the large number of beginners taking up this 

sport within recent years (Torjussen & Bahr, 2005).  A summary of available, published 

epidemiological studies is presented in Table 2-1 on the following pages. 

 

 



 

Table 2-1 Summary of available epidemiological studies on snowboarding. 

Author Year 
Number 

of 
Injuries 

Mean 
Age (yrs) 

Gender Distribution 
(%) 

Upper 
Extremity 

(%) 

Lower 
Extremity 

(%) 

Head 
(%) 

Spine 
(%) 

Chest and 
Abdomen 

(%) 

Shoulder 
(%) 

Wrist (%) Knee (%) 
Ankle 

(%) 

        Male Female                   

1985 - 1989                             

Pino & Colville 1989 110 21 90 10 29 53         7 12 26 

Shealy & Sundman 1989 51 20 91 9 36 59 9     9 17 15 37 

Mean   81 20 90 10 32 56 9     9 12 14 32 

Standard Deviation   42 1 0 0 5 5 0     0 7 2 7 

1990 - 1994               

Abu-Laban 1991 132 20 76 24 31 49 4 10 14 6 16 16 28 

Ganong et al 1992 415 20 74 26 44 43     24 18 17 

Bladin et al  1993 276 22   30 57 11  6 8 16 23 23 

Zollinger et al 1994 180 21 66 34          

Mean  251 21 72 28 35 50 8 10 10 7 19 19 23 

Standard Deviation   125 1 5 5 8 7 5 0 6 1 5 4 6 

1995 - 1999                             

Calle & Evans (national survey) 1995 565 18 83 17 47 32 5     11 20 12 13 

Calle & Evans (Vermont) 1995 487 19 77 23 38 34 10     8 20 15 13 

Warme et al 1995 47                     17   

Chow et al  1996 355 20 81 19 58 16 14 7 2     3 3 

Davidson & Laliotis 1996 929 21     37 38 1     1 19 17 16 

Lamont (1991 database) 1996 190 20 78 22 42 43 9   6         

Lamont (1992 database) 1996 189 20 75 25 37 43 10   11         

Oberthaler et al 1996 603 22     51 34         27 16   

Sutherland et al 1996 57 20 72 28 49 28 14     15 30 15 8 

Pigozzi et al 1997 106       45 39 2     15 13 17 14 

Shealy 1997 3696                         

Kirkpatrick et al 1998 3213 21 75 25                 15 

Sacco et al 1998 40 20 88 18 23 38               

Boldrino & Furian 1999 102 18 57 43                   

Ekeland & Rodven 1999 1331   60 40     16       29 6 4 

Ferrera et al 1999 71 20 82 18                   

O'Neill & McGlone 1999 273       53 24               

Zlidenny et al 1999 154 20 73 27     10       16 10 9 

Mean   689 20 75 25 44 33 9 7 6 10 22 13 11 

Standard Deviation   1066 1 9 8 10 8 5 0 5 6 6 5 5 

1
0
 



 

Author Year 
Number 

of 
Injuries 

Mean 
Age (yrs) 

Gender Distribution 
(%) 

Upper 
Extremity 

(%) 

Lower 
Extremity 

(%) 

Head 
(%) 

Spine 
(%) 

Chest and 
Abdomen 

(%) 

Shoulder 
(%) 

Wrist (%) Knee (%) 
Ankle 

(%) 

        Male Female                   

2000 - 2004               

Idzikowski et al 2000 7430 23 74 26 49     16 22   

Machold et al  2000 152 15 68 32 61 21 11  2 6 32 8 7 

Moore  2000 7430  74 26 49        12 

Bayan et al 2001 30 23 77 23 43 36  13      

Dohjima et al 2001 2552 23 70 30 55 17 8       

Drulec & Letts (children) 2001 113 14 86 14 80 7 8 2 5 7 53 3 0 

Federiuk et al 2002 31 24 87 13   29 29 26     

Moffat 2002 43 21 82 18        35 20 

Aslam & Thomas (snowdome) 2004 27 24 85 15 96 4        

Corra et al 2004 293 20   44 18 18 17 4 5 20 7 6 

Langran & Selvaraj (>1 day experience) 2004 567 22 58 42 48 22 14 9 8 14 21 8 6 

Langran & Selvaraj (first-day snowboarders) 2004 166 22 52 48 58 18 17 2 5 9 33 7 5 

Made & Elmqvist 2004 568 19 66 34 54      35   

Yamagami et al 2004 3102 22 67 33 37 19 25 7 11 12 12 6 6 

Mean  1607 21 73 27 56 18 16 11 9 10 29 10 8 

Standard Deviation   2648 3 11 11 17 9 8 9 8 4 13 11 6 

2005 - present                             

Torjussen & Bahr (prospective study) 2005 32   69 31 25 25 13 25 13 15 9 15 3 

Torjussen & Bahr (retrospective study) 2005 84           7 13 12 10 12 16 2 

Xiang et al 2005 62000   73 27     17   12 15 18 6   

Torjussen & Bahr (elite) 2006 135       38 35 7 13 5 13 8 18 11 

Mean   15563   71 29 32 30 11 17 10 13 12 14 5 

Standard Deviation   30958   3 3 9 7 5 7 4 2 4 5 5 

All Years               

Mean  2097 19 68 23 42 30 10 10 8 9 19 12 12 

Standard Deviation   8796 6 23 11 18 16 6 8 5 5 10 7 9 

1
1
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2.2.1 Injury types by location 

The most frequent injury diagnoses are those involving soft tissue which comprise 40.5% of 

snowboarding injuries.  This is followed by fractures (30% - 35.7%), then traumatic brain 

injuries (8.3%) (Xiang, Kelleher, Shields, Brown, & Smith, 2005; Yamagami, Ishihara, & 

Kimura, 2004).  Although the incidence of injury is similar between snowboarding and skiing, 

the nature of these injuries is very different (Bladin, et al., 2004).  Snowboarders experience 

proportionately more head, neck and upper limb injuries and less lower limb injuries than 

their skiing counterparts (Chow, et al., 1996; Hagel, et al., 2004).  These differences in injury 

incidence and location are mainly due to the disparate techniques and equipment used in these 

two sports. 

 

The rate of head injury is reported to be 6.33 per 100,000 snowboarder days (Fukuda, Takaba, 

Saito, & Endo, 2001).  Compared to alpine skiers the risk of head injury is elevated by 48% 

(Sulheim, Ekeland, & Bahr, 2005).  Snowboarding equipment and riding stance are associated 

with this increased risk of head injury.  Both feet are fixed to the board, if balance is lost 

snowboarders are unable to step out to recover, often resulting in a fall.  The Opposite Edge 

Phenomenon is a term which has been coined to describe an event where the downhill or non-

contact edge of the snowboard makes contact with the snow and catches.  This is illustrated in 

Figure 2-1.  If a snowboarder was to catch the heel edge during a toe side turn he/she would 

fall in the posterior direction rapidly.  This type of backward fall often causes the head to be 

slapped against the snow (O'Neill & McGlone, 1999).  It has been reported that 91% of head 

injuries which occur on normal slopes are due to backward falls and 90% of head injuries in 

these situations are due to occipital impact (Nakaguchi & Tsutsumi, 2002).  Another major 

cause of head injury in snow sports is avalanche.  Johnson and colleagues (2001) report that 

61% of avalanche casualties have associated head injuries. 

 

Figure 2-1 Illustration of the Opposite Edge Phenomenon (Ryan, 1998). 
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Head and neck injuries appear to be increasing in number (Fukuda, et al., 2001; Hagel, et al., 

2004; Xiang, et al., 2005); a statement which is supported in Table 2-1.  This increased 

incidence may be associated with the introduction of snow parks that encourage jumping and 

risk taking behaviour (Hagel, et al., 2004).  Jumps greater than one metre in height are linked 

to 55% of snowboarding spinal injuries requiring hospital treatment (Yamakawa et al., 2001).  

In New Zealand 85% of snow sports spinal trauma is attributed to snowboarders (NZSC, 

2001).  The risk of spinal injury is 0.04 injuries per 1000 snowboarder days, with the primary 

mechanism of injuries sited as jumping (Tarazi, Dvorak, & Wing, 1999).  The influence of 

jumping on injury risk will be discussed further in a subsequent section. 

 

Although deaths have occurred as a result of snowboarding, severe life threatening injuries 

are rare (Bladin, et al., 2004).  The snowboarding death rate is between 0.47 and 1.6 per 

million skier visits (Drkulec & Letts, 2001; Shealy, Ettlinger, & Johnson, 1999).  In 2002, no 

deaths were recorded in a survey of 62,000 snowboarding related injuries treated in US 

hospitals/emergency departments (Xiang, et al., 2005).  Collisions with another object (e.g. 

trees, other skiers) and snow drowning are the major causes of snowboarding deaths (Bladin, 

et al., 2004; Shealy, et al., 1999).  Males are over-represented, accounting for 85% of deaths 

(Shealy, et al., 1999).  Snow drowning generally occurs when one falls head first into soft 

snow.  Because snowboarders use non-release bindings it is difficult to free the feet and 

asphyxiation occurs.  This form of snow drowning is more common in snowboarding than 

skiing (Shealy, et al., 1999). 

 

Snowboarders have been reported to experience 2.4 - 4 times as many fractures as their skiing 

counterparts (Boon, et al., 1999; Shealy, Ettlinger, & Buonomo, 1997).  This increased 

incidence has been related to the fixed stance on the snowboard (Aslam & Thomas, 2004).  

The majority of snowboarding injuries affect the upper extremities: this area has been found 

to be injured in 44% to 80% of patients (Bayan, Danesh-Clough, Theis, & Veale, 2002; Corra, 

Conci, Conforti, Sacco, & De Giorgi, 2004; Drkulec & Letts, 2001; Idzikowski, Janes, & 

Abbott, 2000; Machold et al., 2000).  The left arm is most commonly involved (Yamagami, et 

al., 2004), as this is the leading or downhill limb for the majority of snowboarders.  Based on 

the data presented in Table 2-1, upper limb injury incidence appears to be increasing for 

recreational snowboarders.  Fracture of the distal radius (Colles Fracture) is most common 

fracture injury in this sport (Chow, et al., 1996; Drkulec & Letts, 2001; Oberthaler, Primavesi, 

Niederwieser, & Hertz, 1996), and this injury has been shown to account for up to 81% of 
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snowboarding wrist trauma (Ganong, et al., 1992).  Other authors have presented a more 

conservative figure of 46% (Drkulec & Letts, 2001).  The most common mechanism of this 

injury is a low velocity fall on hard or icy snow.  The participant falls with outstretched arms 

causing hyperextension trauma to the wrist (Machold, et al., 2000).  The inherent instability of 

a first day snowboarder and a tendency to fall on an outstretched hand places these individuals 

at particular risk of lower arm injury (Langran & Selvaraj, 2004). 

 

The lower body is involved in a substantial proportion of snowboarding injuries; 19 – 43 % 

(Bayan, et al., 2002; Bladin, et al., 2004; Calle & Evans, 1995; Ganong, et al., 1992; 

Yamagami, et al., 2004), yet the incidence of lower limb injuries is thought to be decreasing 

(Moffat, 2002; Young & Niedfeldt, 1999).  However, Assenmacher and Hunter (2002) state 

that the lower extremity represents a significant subset of injuries seen in the snowboarder.  In 

the similar sports of skateboarding and wakeboarding, over half of all injuries are to the lower 

extremities (Carson, 2004; Forsman & Eriksson, 2001).  In the snowboarding population, 

sprains are the most frequent lower limb injury type.  In comparison to skiers, snowboarders 

experience more ankle injuries and less knee injuries.  The lack of rotational knee injuries is 

influenced by the snowboard binding arrangement, where both bindings are mounted upon a 

single board, limiting the amount of torque which can be exerted upon an individual limb 

(Bladin & McCrory, 1995; Bladin, et al., 2004; Sacco, et al., 1998).  The soft shell design of 

snowboard boots has also been proposed to have a protective effect on the knee by limiting 

valgus stress (Ferrera, McKenna, & Gilman, 1999).  The risk of knee injury is thought to be 

elevated when using hard or hybrid boots (Thorson, 2004).  However, knee injuries do occur, 

representing 12% of snowboarding injuries on average.  In Moffat’s (2002) questionnaire-

based study, of the lower limb injuries recorded, 34.7% were to the knee.  A common cause of 

knee injury is a fall while riding or preparing to ride lift facilities.  When using ski lifts, 

snowboarders are required to unclip a foot for propulsion, placing the rider in an awkward 

position with an increased risk of torsion injury to the knee (Langran & Selvaraj, 2004; 

Young & Niedfeldt, 1999).  Heavy flat ground landings without a torsional component have 

been cited as a possible cause of anterior cruciate ligament (ACL) injury (Meighan & 

Tietjens, 2001).  High eccentric loading of the quadriceps in such situations is thought to be 

the mechanism of injury. 
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The review of published work presented in Table 2-1 reveals that ankle injuries account for, 

on average, 12% of all snowboarding injuries.  The majority (74%) of foot and ankle injuries 

are thought to be due to falls (Kirkpatrick, et al., 1998).  It has been noted that the lead foot 

absorbs the largest proportion of impact force encountered while snowboarding.  It is 

therefore understandable that the leading leg is also the site involved in the majority of lower 

limb injuries (Assenmacher & Hunter, 2002; Bladin, et al., 2004; Frymoyer, Pope, & 

Kristiansen, 1982; Kirkpatrick, et al., 1998; Moffat, 2002; Oberthaler, et al., 1996; Shealy & 

Sundman, 1989; Sutherland, et al., 1996; Young & Niedfeldt, 1999).  A recent study failed to 

show this relationship within their sample (Moffat, 2002).  Comparing snowboarders to 

skiers, the major cause of this increased rate of ankle injury is thought to be the use of soft 

boots, as they allow an increased range of ankle motion and therefore do little to prevent 

extreme ankle joint positions in high loading situations such as falls (Bladin & McCrory, 

1995).  Although the absolute incidence figures are low, soft boots have also been found to 

increase susceptibility to foot injuries.  In Kirpatrick and colleagues’ (1998) paper there was a 

foot injury incidence of 1.8%. 

 

In a comprehensive review of ankle injuries in sport, Fong et al. (2007) stated that ankle 

sprains make up 53.6% of ankle injury in snowboarding.  Another paper reported a similar 

figure of 52% (Kirkpatrick, et al., 1998).  The incidence of sprain was reported as 0.13 

injuries per 1000 person exposure (Fong, et al., 2007).  As with all sports it is the weaker and 

more injury prone lateral ankle ligaments that are most frequently injured.  It is likely that the 

non release binding system used by snowboarders provides a unique mechanism of sprain 

injury i.e. extreme rotational movement of the tibia in relation to a fixed foot rather than the 

classic plantarflexion-inversion mechanism typically observed in traditional sports. 

 

In addition to ankle sprain injury, fractures are reported as a major component in ankle injury 

numbers and must be considered (Calle & Evans, 1995; Kirkpatrick, et al., 1998; Torjussen & 

Bahr, 2006).  Kirkpatrick et al. (1998), state that 43% of ankle injuries are fractures, the 

majority (64%) of which are fractures of the malleoli.  Fracture of the lateral process of the 

talus (LPT) is an interesting and unique fracture, identified almost exclusively in 

snowboarders.  Due to its snowboarding specificity and severity, this fracture injury is 

discussed in detail in the following section. 
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2.2.2 The Snowboarders’ Fracture 

When focusing on the ankle joint, an injury of interest is a fracture of the LPT (Figure 2-2).  

Snowboarders are 17 times more likely to sustain this injury than the general population 

(Chan & Yoshida, 2003).  It is for this reason that LPT fracture is often referred to as The 

Snowboarders’ Fracture.  The lateral process is a wedge-shaped prominence on the lateral 

surface of the talus.  The unique equipment used in snowboarding is thought to be linked to 

the relatively high injury incidence.  LPT fractures have been presented within the literature 

as the foremost equipment related injury in snowboarding (Grewal, 2005) and thus should be 

further researched.  The high proportion of soft boot use in snowboarding has been linked 

with the emergence of this injury (Valderrabano, Perren, Ryf, Rillmann, & Hintermann, 

2005).  In a study of injury occurrence at Colorado ski fields (1988 – 1992) 70% of those who 

sustained LPT fractures were wearing soft boots (Paul & Janes, 1996). Interestingly, others 

have found a decreased risk of LPT fractures in those who wear soft boots (Kirkpatrick, et al., 

1998).  It is clear that further work is required before conclusions can be drawn on this matter. 

 

 

Figure 2-2 Lateral process of the talus fracture (Boon, Smith, Zobitz, & Amrami, 2001). 

 

The Snowboarders’ Fracture accounted for 2.3% of all injuries, 34% of all ankle fractures and 

15% of ankle injuries in Kirkpatrick et al’s (1998) study.  LPT fractures represented 3.2% of 

all injuries in another study (Paul & Janes, 1996).  As stated by Sacco and colleagues (1998), 

this uncommon injury is becoming more prevalent as the popularity of snowboarding grows 

and diagnosis techniques become more accurate.  LPT fractures are difficult to visualize on 

radiographs (Mills & Horne, 1987; Nicholas, Hadley, Paul, & James, 1994) and are often 

misdiagnosed by physicians as anterolateral ankle sprains.  Paul and Janes (1996) stress that 

LPT fractures occur more commonly than expected and are often overlooked by physicians; 
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up to 50% of LPT fractures are reportedly missed on first diagnosis (Bonvin, Montet, 

Copercini, Martinoli, & Bianchi, 2003; Mills & Horne, 1987).  LPT fractures often involve 

the articular surface of the subtalar joint, commonly resulting in degeneration of the ankle 

joint with subsequent morbidity and pain (Bonvin, et al., 2003; Chan & Yoshida, 2003; 

Heckman & McLean, 1985; McCrory & Bladin, 1996).  Up to two thirds of LPT fracture 

patients report chronic pain following rehabilitation and within 3.5 years 15% will develop 

post traumatic osteoarthritis (Chan & Yoshida, 2003; Valderrabano, et al., 2005).  Such 

secondary developments effect sports participation and activities of daily living. 

 

LPT fractures can be broadly grouped into three types of injury depending on severity as 

shown in Figure 2-3. 

• Type 1 is a chip fracture of the lateral process of the talus which does not extend to the 

talofibular joint. 

• Type 2 is a single large fragment extending from the talofibular to the sub-talar joint. 

• Type 3 is a comminuted fracture involving the entire lateral process. 

 

 

Figure 2-3 Lateral view of the talus showing the three fracture subtypes: (A) type 1, (B) type 2, (C) type 3. 

(Taken from McCrory & Bladin, 1996.) 

 

Whether this injury is caused by or could be mitigated by changes in boot and binding design 

is unclear (Torres, Crisco, & Greenwald, 2000).  As with all lower limb injuries, the leading 

leg is most commonly involved in LPT fractures.  In a recent study all 20 LPT fracture 

patients had sustained their injuries to the leading leg (Valderrabano, et al., 2005).  LPT 

fractures are high impact injuries with the major causes speculated to be landing of aerial 

manoeuvres and falls (Bladin & McCrory, 1995; Boon, et al., 1999; Grewal, 2005; McCrory 

& Bladin, 1996; Valderrabano, et al., 2005).  Snowboarders have reported in interviews to be 

frequently subjected to hyper-dorsiflexion and inversion of the ankle joint while riding (Paul 

& Janes, 1996).  A lab based landing study found an unusual sequence of ankle joint 
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movements amongst snowboarders compared to linear type activities (Woolman, Wilson, & 

Milburn, 2003).  In this study all joint movements peaked in very quick succession (within 

0.097s), however, peak ankle inversion always occurred prior to dorsiflexion and rotation 

movements.  This unusual sequence was then proposed to be a potential factor involved in 

ankle injury, particularly fractures of the LPT (Woolman, et al., 2003). 

 

The mechanism of LPT fractures is multi-factorial and is not yet fully defined (Valderrabano, 

et al., 2005).  The LPT can be injured when pinched between the lateral malleolus and 

calcaneus, or when subjected to tension forces by lateral ankle ligaments (Bonvin, et al., 

2003).  Classically, the mechanism of fracture was thought to be forced ankle dorsiflexion 

coupled with inversion of the heel (Fjeldborg, 1968; Heckman & McLean, 1985; McCrory & 

Bladin, 1996).  This mechanism is supported by the results of a survey; 10 of the 13 LPT 

fractures involved dorsiflexion and/or inversion of the ankle (Paul & Janes, 1996).  Inversion 

movements can place excessive tension on the LPT, leading to injury (Bonvin, et al., 2003). 

 

Recently, the mechanism of pure dorsiflexion and inversion has been challenged by the 

results of two cadaver studies, in which two different mechanism have been proposed.  Boon 

et al. (2001) suggest that a torsional component is necessary to produce an LPT fracture.  In 

this study the investigators placed cadaver ankle joint specimens in a dorsiflexed (20°) and 

inverted (10°) position, then applied axial load.  No fractures to the LPT occurred under these 

conditions.  However, LPT fractures occurred in six of the eight specimens with the addition 

of 15 - 20° external rotation of the foot.  An axial load of 2200 – 8900 N was required to 

produce an LPT fracture in this ankle position.  It was proposed that the subsequent ‘opening’ 

of the ankle joint seen with heel inversion and external rotation of the talus results in the 

lateral process shifting upwards on the posterior articular process of the calcaneus.  The joint 

surfaces of the posterior articulation are then no longer congruous and if the foot is subjected 

to dorsiflexion, impact forces are concentrated on the LPT (Boon, et al., 2001).  A limitation 

of this study is that the axial loading was applied to the limb under static kinematic 

conditions.  This may be a poor representation of the actual impact conditions in the sport. 

 

Funk and colleagues (2003) argue that the mechanism proposed by Boon et al. (1999) is 

unlikely to occur during snowboarding.  Based on the previous joint pressure distribution 

research of Wang and colleagues (1995), it was hypothesised that a more likely mechanism of 

LPT fracture could be ankle eversion (Funk, et al., 2003).  The cadaver study of Wang and 
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colleagues (1995) focused on pressure distribution within the subtalar joint.  It was found that 

eversion movements increased intra-articular pressure whilst inversion up to a range of 10° 

decreased intra-articular pressure.  For the ankle samples, eversion movements increased 

subtalar loading and reduced the contact area of the joint articulation.  Because snowboarders 

generally ride with bent knees and dorsiflexed ankles, when a snowboarder falls a component 

of movement is often parallel to the direction of the board.  If this was to occur the 

snowboarder’s leading leg would rotate toward the front of the board, causing the dorsiflexed 

ankle to forcefully evert.  In this position the board would act as a lever, applying a much 

larger torque at the ankle joint than would occur during most sporting activities, potentially 

causing an LPT fracture (Funk, et al., 2003).  Results of the Funk et al. (2003) cadaver study 

provide support for this hypothesis.  Eversion of an axially loaded and dorsiflexed ankle 

produced LPT fractures in 100% of the sample (N=10), while none of the specimens 

sustained fracture with forced dorsiflexion and inversion.  It has been stated elsewhere that the 

LPT may be pinched between the calcaneus and malleolus during such movements (Bonvin, 

et al., 2003).  For this study the ankle specimens were initially placed in a position of 30° 

dorsiflexion and subjected to a 2.5 kN axial load.  Once loaded an inversion/eversion 

movement was applied through a range of 48° or 62°; the application of dynamic movements 

at the subtalar joint is a strength of this paper.  Based on their results and that of Boon et al 

(2001), Funk and colleagues (2003) concluded that axial load and an out-of-plane orientation 

of the ankle joint are key factors involved in this injury.  It was also suggested that eversion 

and external rotation may be independent mechanisms of The Snowboarders’ Fracture. 

 

In a recent descriptive medical investigation on The Snowboarders’ Fracture, the most 

frequently self reported mechanism of injury within a group of 20 patients was a combined 

movement of axial limb loading, dorsiflexion, external rotation and eversion of the ankle joint 

(Valderrabano, et al., 2005).  The effect of simultaneous eversion and external rotation on 

cadaver ankle specimens remains to be tested in an experimental setting.  It is clear that 

further investigation into ankle joint loading patterns during the sport of snowboarding is 

necessary before the true mechanism(s) of this injury can be identified conclusively. 

 

2.2.3 Moderating factors of injury risk 

The use of soft-shelled boots has been attributed to the high number of ankle injuries in this 

sport (Bladin & McCrory, 1995).  Such boots permit a greater range of ankle motion than 

their stiff skiing counterparts and thus do little to prevent extreme joint positions (Bladin & 
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McCrory, 1995; Chow, et al., 1996; Kirkpatrick, et al., 1998; Zlidenny, Janchar, Coury, 

Milzman, & Paluska, 1999).  Increased ankle motion is necessary for the performance of 

aerial manoeuvres (Delorme, Tavoularis, & Lamontagne, 2005), and it is for this reason that 

soft boots are the most popular choice among snowboarders.  The type of boot worn also has 

an influence on lower leg fractures.  Individuals who wear hard shell boots are at an increased 

risk of ‘boot top’ tibia fractures (Bladin, Giddings, & Robinson, 1993). 

 

Studies show that 76–92 % of snowboarding injuries are caused by a fall (Ekeland & Rodven, 

2005a; Idzikowski, et al., 2000; Machold, et al., 2000; Xiang, et al., 2005; Yamagami, et al., 

2004).  For beginner snowboarders the most common cause of injury is an isolated fall while 

more experienced rider received most injuries from jumping (Langran & Selvaraj, 2004).  

Aerial manoeuvres are a major focus within the snowboarding population.  At least 25% of 

snowboarding falls are a direct result of jumping (Shorter, et al., 1999) and 25% to 40% of all 

snowboarding injuries are sustained while performing aerial manoeuvres (Chow, et al., 1996; 

Sakamoto & Sakuraba, 2008).  A retrospective survey conducted in Oregon USA, found that 

29% of snowboard injuries were caused by a fall from height (Federiuk, Schlueter, & Adams, 

2002). 

 

Jumping activities have been shown to increase the risk of injury.  This is due to a greater 

proportion of falls and high magnitude impact loads experienced during the landing event.  

Compared to other slopes, terrain parks have been shown to increase the risk of severe injury 

by 30% (Goulet, Hagel, Hamel, & Legare, 2005).  Runs in the half pipe and terrain park 

resulted in a fall 34% and 20% of the time respectively in Cooper and Greenwald’s (2005) 

observational study.  A recent study presenting data from annual reports of 29 French ski 

resorts concluded that 2.8% of winter sports accidents happen within terrain parks (Audema, 

Laporte, & Constans, 2007).  Although other obstacles are present in terrain parks (e.g. rails 

and boxes) this study provides support for the notion that jumping is a major risk factor, with 

an increase in gravity induced injuries of 3% within these facilities.  There were also 

increased numbers of ACL injuries and injuries to body regions referred to as ‘severe 

locations’: the head, chest and spine (Audema, et al., 2007).  The loads applied to the 

snowboarder during jump landings are of high magnitude.  Pilot testing for the current study 

found mean left leg vertical impact peaks of 4.79 N/BW (3521 N) and 3.74 N/BW (2497 N) 

for two volunteer snowboarders performing straight aerials over a small table top snow jump 

(McAlpine, 2006b).  This was greater than those previously reported for ski jump landings; 
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approximately 3 N/BW (Schwameder & Muller, 1995).  Based on previous cadaver injury 

mechanism experiments (Boon, et al., 2001; Funk, et al., 2003) these peak vertical external 

loads may be indicative of injury potential if accompanied by extreme joint positions.  An 

accelerometer study for a medium sized jump reported average acceleration peaks of 74.6 G, 

3.7 G and 2.5 G at the boot, chest and head respectively (Shealy, 2007).  As discussed in the 

next section there is potential for safer jump development through changes in geometry.  

Unfortunately little effort has been spent understanding the safe design and use of snowboard 

jumps (Hubbard & Kockleman, 2007). 

 

It has been shown that skill level influences the rate and distribution of snowboarding injuries.  

Intermediate to advanced level snowboarders are more likely to injure their hands, elbows or 

shoulders (Bladin, et al., 2004).  Other authors state that there is a reduced risk of wrist injury 

for elite riders due to increased risk awareness and correct falling technique (Torjussen & 

Bahr, 2005).  The focus on jumping by expert snowboarders has its downfalls, as increased 

jumping activity is thought to explain the high proportion of head injuries in this group 

compared to beginners (Janchar, Zlidenny, Coury, Milzman, & Paluska, 1999).  For elite 

competitive athletes, falls accounted for 97% and 100% of injuries sustained in the half pipe 

and big air competitions respectively (Torjussen & Bahr, 2006).  Snowboarders who 

specialise in jumping disciplines at a competitive level have an increased overall injury 

incidence; 14.2 + 5.3 injuries per 1,000 runs compared to 4.0 + 0.7 injuries per 1,000 runs for 

all disciplines combined (slalom, border cross, big jump and half pipe) (Torjussen & Bahr, 

2005).  The judging criteria reward height, rotations and risk taking in half pipe and big air 

competitions.  A recent study on wakeboarding concluded that as the difficulty of aerials 

increased, so did the chance of injury (Carson, 2004).  This is likely to hold true for 

snowboarders as well. 

 

Proportionately there are 3 – 4 times more beginner snowboarders than skiers (Laporte, Binet, 

& Constans, 1999).  Although some researchers have found falling frequency to be a predictor 

of skiing/snowboarding ability (Sulheim, Ekeland, & Bahr, 2007), first time or learner 

snowboarders exhibit a greater injury incidence when compared to the general snowboarding 

population (Bladin, et al., 2004; Boldrino & Furian, 1999; Calle & Evans, 1995; Janchar, et 

al., 1999; Machold, et al., 2000; O'Neill & McGlone, 1999; Shealy & Sundman, 1989; 

Sutherland, et al., 1996; Yamagami, et al., 2004).  In a prospective study, one fifth of injured 

beginners experienced their injury on the first day (Zollinger, Gorschewsky, & Cathrein, 
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1994).  Lack of balance, body awareness and poor board control are thought to be major 

factors in this relationship.  On average, beginners fall once per run (Cooper & Greenwald, 

2005).   In Machold et al.’s (2000) study on Austrian students, 67% of wrist injuries occurred 

within the first seven days of learning to snowboard.  Forty one to forty six percent of injuries 

in beginner snowboarders are to the wrist whereas injury to this area accounts for only 14 – 

20% of advanced snowboarders’ injuries (Janchar, et al., 1999; Made & Elmqvist, 2004).  

This is not surprising, as 72% of beginners’ falls are onto the hands (Cooper & Greenwald, 

2005).  It is likely that beginner snowboarders stay on gentle slopes while learning to ride, but 

this tendency towards ‘safe’ and gentle slopes may actually lead to an increased risk of falls.  

It has been reported that the Opposite Edge Phenomenon occurs at a greater rate on gentle 

slopes as the distance from the leading edge to the ground is reduced (Nakaguchi & Tsutsumi, 

2002).  These riding conditions permit a smaller degree of board tilting before the edge 

catches on the snow.  A decreased awareness of snowboard edging may also be a contributing 

factor in this relationship. 

 

Compared to the general snowboarding population, an increase in overall injury incidence has 

been observed for elite snowboarders (Torjussen & Bahr, 2005, 2006).  The injury incidence 

within the elite, of 7 injuries per 1000 skier days, is more than double the rate typically found 

in the general snowboarding population (Torjussen & Bahr, 2006).  The pattern of injury 

among elite competitive snowboarders also appears to be entirely different from that of 

beginners and recreational snowboarders (Torjussen & Bahr, 2005).  This disparity may be 

due to the increased risks taken in competitive events where jump height and difficulty are 

judging criteria.  Increased body awareness and a more proficient falling technique also 

influence injury patterns.  Compared to novices, experienced snowboarders are more likely to 

injure their lower limbs and less likely to injure their upper limbs (Zollinger, et al., 1994).  

Competitive snowboarders exhibit higher proportions of knee injuries up to a level similar to 

that of alpine skiing; around 16 – 21% of all injuries (Torjussen & Bahr, 2005).  It has been 

suggested that as jumping becomes more spectacular thus increasing the magnitude of impact 

and torsion forces acting on the participant, the protective effects of fixation of both feet may 

be reduced (Torjussen & Bahr, 2005).  It has also been presented that expert snowboarders 

sustain more severe lower limb injuries than beginners and this is thought to be related to 

higher levels of risk taking (Moffat, 2002).  This is supported by an earlier study which found 

expert riders experienced more ankle injuries (11%) than beginners (2%) (Ekeland, 1999).  

Back, chest and head injuries are also more frequent in this group (Made & Elmqvist, 2004; 
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Torjussen & Bahr, 2005).  Of the competitive disciplines big air appears to have the greatest 

incidence of injury, followed by half pipe and boarder cross. 

 

It has been shown that male snowboarders are more commonly injured than their female 

counterparts, with a male to female ratio of 3:2 (Ekeland & Rodven, 1999).  Males have been 

found to be more prone to head and face injuries while females are at an increased risk of 

knee injury (Macnab & Cadman, 1996; Sulheim, Ekeland, & Bahr, 2004).  A radar gun study 

found male snowboarders travelled at significantly greater velocities than females, and this 

may be indicative of risk taking behaviour in this population (Shealy, Ettlinger, & Johnson, 

2005). 

 

Age also has an influence on snowboarding injury risk.  The mean age of snowboarders is 20 

years (Sacco, et al., 1998).  In a questionnaire based survey, 89.1% of injured snowboarders 

were below 30 years of age (Idzikowski, et al., 2000).  Younger age groups have been found 

to be at the greatest risk of injury compared to other age groups (Boldrino & Furian, 1999; 

Burtscher, Puhringer, Werner, Sommersacher, & Nachbauer, 2008; Hagel, et al., 2004; 

Langran & Selvaraj, 2004; Xiang, et al., 2005).  Youth have also been reported to be exposed 

to a greater risk of severe injury (Drkulec & Letts, 2001), and fracture incidence appears to 

peak amongst teenage snowboarders (Ekeland & Rodven, 2005b).  This young participant 

demographic has also been reported to have an increased incidence of head, neck and back 

injuries (Hagel, Meeuwisse, Mohtadi, & Fick, 1999; Sulheim, et al., 2004).  Children may 

possess reduced levels of risk awareness compared to adults and this may place them at a 

higher risk of injury (Langran & Selvaraj, 2004).  Eighty percent of injuries in children are to 

the upper limbs with 57% of these injuries resulting from a fall onto the hands (Drkulec & 

Letts, 2001).  Within the young population, school groups are found to have increased injury 

incidence compared to all other groups (Macnab & Cadman, 1996).  It is possible that such 

group dynamics may lead to increased risk taking behaviour in the form of ‘showing off’ to 

other pupils.  Recent studies have concluded that, as well as the youth, aged individuals are at 

increased risk of injury (Cooper & Greenwald, 2005; Xiang, et al., 2005).  The incidence of 

dislocation injuries increases with age (Ekeland & Rodven, 2005b), and it is likely that 

reductions in fine motor control, muscular strength capacity and bone mineral density, often 

associated with aging, are major factors in this relationship. 
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Snow conditions appear to have an effect on injury risk, with the greatest incidence of injury 

found on icy or hard snow (Boldrino & Furian, 1999; Machold, et al., 2000).  Bergstrom & 

Ekeland (2004) identified ‘black spots’ on two Norwegian ski fields where high numbers of 

injuries occurred.  The snow conditions within these ‘black spots’ were poor or un-groomed 

in 50% of accidents.  Soft snow conditions reduce the impact of falls, lowering injury risk.  

Powder snow and slush conditions reduce overall injury risk by 66% and 80% respectively 

(Machold, et al., 2000).  A simulation study showed increased ankle joint deflections during 

forward falls on stiffer snow conditions (Grewal, 2002; Hull, Estes, & Wang, 1999).  

Additionally, the construction of snow jumps may have an influence on risk of injury.  Sloped 

landing surfaces were demonstrated to dramatically reduce impact force magnitude (O'Shea, 

2004).  Finally, familiarity with mountain conditions and trails is of importance.  Non-local 

snowboarders are at a greater risk of severe injury compared to those who live in close 

proximity to the ski field (Drkulec & Letts, 2001). 

 

2.3 Current Injury Prevention Strategies 

Injury trends in snowboarding have remained somewhat consistent over time (Bladin, et al., 

2004).  Some authors attribute this continued high injury incidence to insignificant 

development of safety equipment and other injury prevention strategies (Machold, et al., 

2000).  In 1989 it was suggested that injuries in snowboarding could be partially overcome by 

changes in protective equipment (Pino & Colville, 1989).  Currently, there is a lack of 

protective equipment use within the snowboard fraternity.  A recent study found 94% of 

injured snowboarders did not wear protective equipment (Dohjima, Sumi, Ohno, Sumi, & 

Shimizu, 2001). In a 1996 study, only six percent of injured individuals used protective 

equipment of any kind (Chow, et al., 1996).  From a performance perspective, over recent 

years there have been many technical developments in snowboarding equipment.  This has 

lead to advancements in the way snowboarding is performed.  There is now a tendency 

towards higher speeds, more spectacular aerial acrobatics, more challenging mountain runs 

and terrain park riding.  The average speed travelled by snowboarders was found to be 38.9 

km/h in a large scale radar speed gun study (Shealy, et al., 2005).  In 1996, Kelsall and Finch 

stated that research into injury prevention strategies in snowboarding has not kept pace with 

the popularity of the sport.  This area of snowboarding still remains under-researched. 
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2.3.1 Helmets 

Helmet use is recommended by most for protection against head injuries. Helmets are 

generally constructed from expanded foam with a plastic shell and act to reduce head injury 

severity by extending impact forces over an increased time period and large surface area.  A 

recent paper states that snowboarders spend a considerable amount of time travelling at 

speeds low enough for helmets to provide sufficient protection of the head (Williams et al., 

2007). Over recent years helmets have become more socially acceptable (O'Neill & McGlone, 

1999): in 2000, only 7.6% of snowboarders were found to wear helmets (Machold, et al., 

2000), while data from more recent studies show an increase in helmet use: 28.2% to 55% of 

those surveyed (Hagel, Pless, Goulet, Platt, & Robitaille, 2005b; Johnson & Mohtadi, 2002).  

This increased acceptance is somewhat due to media exposure.  Many professional riders now 

wear helmets on a regular basis, and helmet use is compulsory in most snowboarding 

competitions.  As helmet designs become more fashionable and acceptance increases we 

should hopefully see a further increase in helmet use figures. 

 

 

Figure 2-4 A typical snow sports helmet (http://www.extremegear.com). 

 

Helmet use has been reported to reduce head injury risk by 29% - 61% (Hagel, et al., 2005b; 

Sulheim, et al., 2005).  In a retrospective study on Austrian students no snowboarding head 

injuries were observed in students wearing helmets, whereas 0.7% of snowboarders who did 

not wear a helmet suffered a head injury (Machold, et al., 2000).  In another survey 

investigation, of 634 snowboarding head injury patients none reported helmet use (Fukuda, et 

al., 2001).  As presented earlier, 61% of avalanche victims present with an associated closed 

head injury (Johnson, et al., 2001).  These authors suggest that helmet use could limit or 

prevent these injuries, thus increasing the chance of self rescue and survival. 
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It must be noted that scientific evidence of the effectiveness of snow sports helmets is not 

entirely conclusive.  Helmet use in skiing is reported to be controversial at this time (Koehle, 

Lloyd-Smith, & Taunton, 2002).  Although the relationship was not significant, Hagel et al 

(2005b) concluded that their data indicated an elevated risk of neck injury for those using 

helmets.  The increased mass of the head-helmet body segment can exert greater moments on 

neck structures, potentially increasing injury risk.  Another potential drawback is that helmets 

and other protective devices may actually promote risk taking behaviour (Parkkari, Kujala, & 

Kannus, 2001).  This behaviour comes from a false sense of security provided by the 

equipment.  Those who are drawn to risk taking may now consider attempting more extreme 

activities which may exceed their skill level.  Snowboarders who wear helmets have been 

shown to ride at significantly greater speeds than a non-helmet group  (Shealy, et al., 2005), 

providing some support for this line of thought.  However, Hagel et al (2005a) concluded that 

there was no evidence to support the notion that helmet use increased the risk of non-head 

injuries through increased risk taking behaviour.  Further work is required before this debate 

can be settled. 

 

2.3.2 Padding 

Over recent years other forms of impact protection have come into the market.  Padded 

impact trousers and vests, as well as back and sacrum protectors are now available.  These 

have been designed to provide protection from injury during falls and collisions.  Thus far 

there has been no research to support the use of back protectors or shin and hip pads.  

However their use has been recommended when participating in high risk disciplines such as 

half pipe, big air and boarder cross (Torjussen & Bahr, 2005). 

 

2.3.3 Wrist guards 

A number of studies have supported wrist guard use in snowboarding.  Wrist guards are 

designed to provide support and distribute impact force more evenly to reduce the risk of 

wrist trauma.  Six percent of snowboarders actively use wrist guards (Johnson & Mohtadi, 

2002).  The risk of wrist injury was found to be decreased when using wrist protective 

devices; 3.4% of beginner snowboarders who did not wear wrist guards were injured, whereas 

only 0.4% of those who did sustained a wrist injury (Machold, et al., 2000).  In another study 

no wrist injuries were observed in those who wore wrist guards, yet 2.2% of the non-wearing 

control group sustained wrist injury (O'Neill, 2003).  Ronning et al, (2001) found significantly 

less wrist sprains and fractures for those who wore wrist guards.  Such findings have 
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prompted authors to suggest that wrist guards become mandatory and/or incorporated into the 

design of snowboard gloves (Drkulec & Letts, 2001; Ronning, et al., 2001).  There is concern 

that the increased support provided by such braces may increase injury risk elsewhere by 

transferring loading to the fingers, elbow and shoulder (Kelsall & Finch, 1996; Machold, et 

al., 2000).  This notion has not been consistently observed within the literature.  Machold and 

colleagues (2000) suggest that wrist guards with dorsally located supports are 

counterproductive and promote finger fractures.  Chow et al, (1996) observed no wrist injuries 

for those who wore guards although there were six shoulder injuries in this group.  In a large 

prospective study no injuries were found to be related to the use of the brace itself (Ronning, 

et al., 2001).  This is also supported by another study which found no increase in upper 

extremity injuries in those wearing wrist guards (O'Neill, 2003). 

 

 

Figure 2-5 An example of a commercially available wrist guard (http://www.s-one.com).  

 

2.3.4 Boot design 

Boot design may play an important role in the prevention of lower limb injuries (Kelsall & 

Finch, 1996).  Simulation and experimental data show that stiffer boots reduce peak ankle 

deflection during landing (Delorme, et al., 2005; Grewal, 2002; Wang, Estes, & Hull, 1998; 

Woolman, et al., 2003).  Table 2-2, adapted from Woolman et al. (2003), highlights a small 

but significant difference in ankle ROM between soft and hard boot conditions during a lab 

based landing task.  In this study the soft boots allowed a significantly greater range of ankle 

dorsiflexion and inversion/eversion, and a maximum internal rotation angle.  Unexpectedly, 

the medium stiffness condition had the greatest external rotation angles (Woolman, et al., 

2003).  This phenomenon certainly requires further investigation. 

 

Despite reduced ankle motion, simulations show stiffer boots do not significantly increase the 

risk of knee injury (Grewal, 2002).  For this reason current boot designs incorporate a stiff 

foam inner boot with independent lacing to maximise ankle support.  The nature of 
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snowboarding requires a somewhat flexible boot for comfort and performance purposes, 

therefore optimum design should incorporate only the minimum necessary stiffness to 

mitigate ankle injuries (Hull, et al., 1999) while allowing optimal movement patterns for 

performance.  With regard to jump landings, some degree of boot flexibility may be necessary 

for impact absorption, especially about the plantar/dorsiflexion joint axis.  Ice skates designed 

to permit greater ankle joint motion decrease peak load and loading rates compared to 

standard stiff skates (Bruening & Richards, 2005).  It is likely that this relationship could hold 

true for snowboarding boots.  The use of ski boots for snowboarding has been linked with an 

increased risk of lower extremity injuries (Boldrino & Furian, 1999), showing that these are 

not well suited to this sport and should be avoided.  Proper selection and fitting of boots is 

important for both comfort and safety reasons: ill fitting boots have been associated with the 

onset of lateral compartment syndrome in snowboarders (Assenmacher & Hunter, 2002). 

 

Table 2-2 Front limb ankle range of motion in simulated landing conditions. Adapted from Woolman et al. 

(2003) (with permission). 

 
Mean ankle joint ranges of motion (N = 36) 

Boot Type Fall Angle Dorsiflexion Inversion Rotation 

  
mean s.d Mean s.d mean s.d 

Hard 0° 30.94° 4.97° 12.47° 4.02° 20.23° 3.46° 

 
30° 27.60° 5.57° 12.39° 3.34° 18.52° 3.84° 

Medium 0° 29.27° 6.18° 13.51° 4.98° 19.70° 3.53° 

 
30° 26.87° 5.70° 12.06° 2.91° 17.75° 6.08° 

Soft 0° 31.91° 6.18° 15.51° 5.40° 19.88° 5.12° 

 
30° 29.73° 7.56° 15.55° 4.41° 18.57° 4.59° 

 

2.3.5 Bindings 

Binding adjustment and maintenance has been cited as a possible preventative measure for 

skiing related injuries (Finch & Kelsall, 1998; Koehle, et al., 2002).  It is likely that this will 

hold true for snowboarding.  A wide range of stance/binding adjustment options are available 

to participants and thus it is possible that an optimal condition exists.  The angle at which 

bindings are mounted to the snowboard is freely adjustable.  Modern bindings provide the 

consumer with a range of at least 45° in both internal and external rotation during the fixation 

process.  The actual binding angle chosen by the snowboarder is determined solely on 

personal preference as there are currently no guidelines to base a decision upon. Thus far, 

there has been minimal research investigating the effects of binding adjustment on lower limb 

injuries in snowboarding, and there are calls for such work within the literature (Delorme, et 
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al., 2005).  A previous investigation by the current author concluded that ankle loading and 

range of motion is affected by binding alignment (McAlpine & Kersting, 2004).  In this lab 

based study an externally rotated foot position lead to minor reductions in tibial rotations and 

joint loading, however this was a small scale pilot study and without further data collection 

the results must be interpreted with caution.  A recent study focused on experienced 

snowboarders found no effect of binding type or adjustment on muscle loading as quantified 

by IEMG (Zinzen et al., 2006).  Further work investigating the influence of binding type and 

arrangement on lower limb loading is therefore warranted. 

 

Releasable bindings have been developed with the reduction of torsional forces in mind (Bally 

& Shneegans, 1999), however, their potential value remains unclear (O'Neill & McGlone, 

1999; Shealy, et al., 1997).  Although there is support for release binding use (Bjornstig & 

Bjornstig, 1996), there are technical issues surrounding the design of the release mechanism 

and development of release level standards.  One major flaw in current designs, as identified 

in a review paper, is that manufacturers assume the model of protection is identical to that of 

ski bindings (Shealy, Johnson, & Ettlinger, 2008), however tibial injury is of no real concern 

in the snowboarding population.  It has been stated that no studies have been conducted 

identifying which injuries (if any) are related to the lack of binding release (Shealy, et al., 

2008).  The non release nature of current bindings is thought to be protective to the knee, to 

reduce the risk of laceration type injuries and allow the board to be used as a snow anchor or 

break in sliding situations, making the necessity of a release binding a contentious issue. 

 

There is concern regarding an increased risk of rotational injuries with a release binding 

arrangement (Bladin & McCrory, 1995).  If one foot remains attached during a fall the heavy 

board could exert large torques upon the unprotected knee (Sutherland, et al., 1996).  Sudden 

unexpected binding release would be dangerous in freestyle riding, whereas fixed bindings 

allow for greater control and application of force to the board (Bladin & McCrory, 1995).  It 

has been proposed that the extreme body positions snowboarders place themselves in during 

manoeuvres may cause sudden unexpected binding release (Kelsall & Finch, 1996).  A release 

binding was presented by Bally and Shneegans (1999), which had release torque levels 

adjusted so that snowboarders could ride without inadvertent release.  These researchers 

collected snowboarding GRF data to identify appropriate release standards.  Binding release 

moments of 40 – 60 Nm about the vertical boot axis and 110 – 220 Nm about the medial-

lateral boot axis allowed controlled carving turns without inadvertent release in this study.  
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However, the pilot data collected for the current study did not support the release settings 

suggested by Bally and Shneegans’ (1999) study.  Vertical axis moments of up to 116 Nm 

(Mz) and -348 Nm for the medial-lateral axis (Mx) were recorded during controlled jump 

landings.  These measures greatly exceeded the release torques presented by Bally and 

Shneegans (1999).  Because unexpected binding release upon landing could result in a fall, 

potentially causing injury, at this time it is still perceived to be safer for both feet to remain 

attached to the board (Bladin, et al., 2004; Shealy, et al., 2008).  Further research quantifying 

the magnitude of loads at the boot-binding interface is required to aid the design of effective 

snowboard release bindings.  It has been suggested that a conditional support system may be 

of more benefit than a total release mechanism (Shealy, et al., 2008).  Another suggestion is 

that release bindings would reduce the risk of tree well drowning.  However, an investigation 

by Shealy et al. (2008) found that intentional binding release in simulated conditions made the 

participant fall deeper into the well instead of aiding escape. It is clear that further 

biomechanical investigation is required before this debate can be settled. 

 

2.3.6 Jump Design 

Careful jump design may be able to reduce the risk of jumping related snowboarding injuries, 

however as stated previously, little effort has been spent understanding the safe design and 

use of snowboard jumps.  Terrain parks are well utilised by ski field patrons and thus more 

emphasis is now being placed on the construction of snow jumps.  The overall dimensions of 

the jump appear to influence the impact severity at landing.  In an accelerometer based study, 

impact peaks were reduced for the smaller (reduced table length) of the two jumps for which 

data were collected (Shealy & Stone, 2008).  A steeper landing slope results in a reduction in 

impulsive loading (Bohm, Hosl, & Senner, 2008; Hubbard, 2007; Hubbard & Kockleman, 

2007; O'Shea, 2004).   However if the jump is too short or the landing slope too steep there is 

a risk of overshooting the landing ramp resulting in very high impacts (Bohm, et al., 2008).  

Anecdotally, terrain park designers attempt to make the landing ramp of jumps as long as 

possible to reduce the risk of overshoot.  Typical tabletop jumps are referred to as step down 

jumps, where the landing point is dramatically lower than the take-off point.  This style of 

jump increases the risk of overshoot and the relative falling height throughout the jumping 

sequence.  A new design of jump called a ‘true table’ has emerged.  This type of jump has a 

kicker of minimal height and allows for exhilarating jumping while remaining a safer distance 

off the ground.  This is illustrated in Figure 2-6. 
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Figure 2-6 Traditional step down table and true table designs (www.cardrona.com).  

 

2.3.7 Equipment fitting 

First day snowboarders using their own equipment are less likely to be injured than those who 

use borrowed or rented gear (Boldrino & Furian, 1999; Langran & Selvaraj, 2004).  

Purchased snowboarding equipment is generally well fitted and adjusted correctly for the 

individual owner.  Rented gear, on the other hand, is commonly old and worn with less 

attention given to customisation due to time constraints.  The injury risk when using borrowed 

gear increases eightfold and is therefore strongly discouraged (Langran & Selvaraj, 2004).  

This is mostly due to improper fitting of the equipment and lack of adjustment knowledge on 

the part of the lender, therefore professional fitting and adjustment of gear is recommended 

(Bladin & McCrory, 1995; Bridges & White, 2006). 

 

2.3.8 Instruction and coaching 

Proper instruction, especially for children, is recommended (Langran & Selvaraj, 2004). 

Those who have lessons are less likely to be injured, according to O’Neill and McGlone 

(1999).  In a questionnaire-based survey conducted in Scotland, 37% of snowboarders had no 

formal instruction on technique (Langran, 2005).  Of the injured snowboarders surveyed in 

Dohjima et al (2001), 82% had not received professional instruction.  Professional instruction 

aims to teach correct riding as well as falling technique.  Instructors often teach beginners to 

fall with their hands clenched in a fist to try avoid wrist injury (Bladin & McCrory, 1995).  

This hand position minimises the temptation of snowboarders to break the fall with an open 

hand (Young & Niedfeldt, 1999).  It has been suggested that instruction and training that 

specifically addresses jumping and risk taking could be effective for prevention injury 

(Tarazi, et al., 1999).  Interestingly, Langran and Selvaraj (2004) found that first day 

snowboarders who had taken professional instruction were actually three times more likely to 

be injured than those who had not.  It was suggested that the small amount of experience 
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gained from the instruction may provide a false sense of skill, tempting individuals to increase 

risk taking behaviour.  This is similar to alpine skiing where there is no conclusive evidence 

to show traditional instruction methods reduce frequency of injury (Koehle, et al., 2002).  

Coaching techniques such as video analysis may aid injury prevention in elite athletes by 

increasing awareness and ability to correct poor technique (Torjussen & Bahr, 2006).  Further 

quantification of snowboarding kinematics could help identify key technique points that 

distinguish between skilled and unskilled performers, to be used in future coaching 

programmes. 

 

2.3.9 Fitness and conditioning 

Stretching regimens have traditionally been included in sports training programmes as an 

injury prevention method.  However, no significant difference in snowboarding injury 

incidence has been observed between those who stretched and those who did not (Moffat, 

2002).  This statement is supported by a general sport injury prevention review (Parkkari, et 

al., 2001).  Other strength and conditioning methods may aid injury prevention by preparing 

the human body for the demands of snowboarding.  Pre-season training is endorsed by the 

Canadian Academy of Sports Medicine’s position statement as a beneficial injury prevention 

strategy (Bridges & White, 2006). 

 

2.4 Conclusion 

It can be seen from the presented evidence that snowboarding is a relatively dangerous sport.  

The rate of injury is comparable to alpine skiing however the nature of injuries sustained is 

not.  Lower limb injuries have been given little attention within the literature, and the 

emphasis on jumping in snowboarding has lead to a high incidence of falling and impact 

injuries.  Jumping coupled with soft shelled boots is thought to account for an increased rate 

of ankle injuries, both fractures and sprains.  Of special note is the fracture to the LPT, as this 

injury occurs almost exclusively in snowboarders.  Soft boots are considered optimal for 

freestyle riding because they allow an increased ankle range of ankle motion which is 

necessary for many manoeuvres.  However, this increased ankle mobility is thought to be one 

of the factors involved in ankle injury.  Jumping will always be popular in snowboarding; it is 

therefore important to understand the potential mechanisms of injury associated with this 

skill.  From there, potential injury prevention strategies can be developed to decrease risk 

while facilitating performance. 
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Chapter 3 – Review of Data Collection Methods Used in Snow Sports 

Biomechanics 

 

3.1 Introduction 

This chapter will outline methods that have been used in snow sports biomechanics research 

to collect data in the field.  Although research papers on biomechanical analyses of alpine 

sports are available, there is not a wealth of work to review.  One reason for this scarcity of is 

the technical difficulty experienced when undertaking investigations in the alpine 

environment (Muller et al., 1998).  Transport and setup of equipment can be a very tedious 

process and carries the potential for equipment damage.  Added to these difficulties are the 

extra specific demands of an alpine testing environment – e.g. wind, rain, snow, low 

temperature and restricted access to power.  The following text will review the available 

literature base on snow sports field testing research.  Kinematic and kinetic analysis 

techniques used for skiing and snowboarding will be presented separately.  Unfortunately the 

majority of available research has only been presented at scientific conferences, limiting the 

number of full papers that are available for review.  Thus studies published in peer-reviewed 

journals and conference proceedings are included. 

 

3.2 Kinematic Analysis 

Kinematic analysis is a popular method used in biomechanical studies of snow sports.  In past 

research two- and three-dimensional (2D, 3D) approaches have been used.  Little research has 

been done on the sport of snowboarding, therefore the majority of this section will focus on 

the collection of skiing kinematic data.  It can be assumed that most of the methods presented 

below will be applicable across all snow sports disciplines. 

 

3.2.1 Alpine skiing 

The majority of published snow sports work has focused on alpine skiing, with research 

articles dating back to the 1980s.  Due to reduced technical requirements 2D video analysis 

techniques have often been used.  With one exception, all published 2D analysis skiing works 

thus far have focused on the sagittal plane using manual digitisation methods.  It is in this 

plane that the majority of body movements occur in skiing.  The exception was a recently 

presented study which focused on body positioning during slalom skiing in the frontal plane 
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(Hraski & Hraski, 2009).  Read and Herzog (1992) and Schaff and Hauser (1993) have 

analysed landing movements during downhill skiing with a single video camera.  In both 

studies, data were collected to estimate the loading placed upon the knee joint during this 

potentially hazardous situation.  The effect of body position on ski gliding performance tests 

has been assessed using a 2D kinematic approach (Federolf, Rauscher, Scheiber, & 

Schwameder, 2006).  For this study a single camera was used to approximate joint angles and 

quantify the different body position conditions.  Analyses of ski jumping technique often 

involve 2D video techniques.  Previous research has included analysis of body positions 

during the in-run (Janura, Cabell, Elfmark, & Vaverka, 2006), take-off (Sasaki, Tsunoda, & 

Nishizono, 1989) and flight phases of the ski jumping event (Ohgi, Seo, Hirai, & Murakami, 

2007; Schmolzer & Muller, 2005).  In all of these studies, video cameras were orientated 

perpendicular to the ski jump and landing hill to capture sagittal plane motions.  The major 

disadvantage of 2D video analyses is that off-plane movements can be missed and/or distort 

the calculated data.  Single plane analyses (sagittal, coronal, or transverse) are only suitable if 

the movement of interest occurs primarily in this plane.  This may hold true for ski jumping, 

however, it is questionable whether this is the case in other situations such as carving or 

freestyle skiing situations.  Several alpine skiing research studies have taken a simplified 

approach to the assessment of ankle movement.  Some studies have assumed that the ankle 

joint is held in a fixed position by a rigid, tight fitting ski boot (Maxwell & Hull, 1989; Read 

& Herzog, 1992) while others have modelled the ankle as an ideal hinge joint (Gerritsen, 

Nachbauer, & van den Bogert, 1996).  These approaches have obvious limitations. 

 

Three dimensional kinematic analyses are often preferred in snow sports research when 

participants are likely to be moving in multiple planes.  Although this approach produces a 

more complete description of the sporting tasks, there is an increased technical and logistical 

demand placed on investigators.  These must be appropriately addressed to maximise the 

accuracy of the experimental results.  Alpine skiing and ski jumping participants cover a large 

distance in a short period of time.  Even with a single turn, a considerable distance is covered: 

>10m.  This means that if fixed camera positions are used the skier is quite small within the 

video image, limiting the accuracy of reconstructed marker points/body landmarks.  Also, 

calibration of large areas is difficult.  Past researchers have used multiple, widely separated 

calibration cubes in an attempt decrease calibration inaccuracies (Supej, Nemec, & Kugovnik, 

2005).  Another option, presented by Mossner et al. (1996), is to use pan and tilt camera 

systems as this allows the athletes’ image to be maximised within the frame of reference.  
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Multiple calibration points, mounted on poles of various heights, are positioned throughout 

the skiing course.  The position of each point in relation to the origin is determined using 

geodetic surveying methods.  These known points then act as the calibration system for each 

camera view.  Each camera is calibrated separately for each image based on at least six known 

points within the field of view.  Mean measurement errors associated with these calibration 

and data collection methods were reported to be less than 5 cm (Mossner, et al., 1996).  This 

approach has been used in subsequent studies (Gerritsen, et al., 1996; Greimel, Virmavirta, & 

Schwameder, 2009; Klous, 2007; Klous, Schwameder, & Muller, 2006b; Muller, et al., 1998; 

Raschner et al., 2001; Reid et al., 2009). 

 

Commonly, two cameras are used to reconstruct 3D coordinates in alpine and Nordic skiing 

research.  Two stationary cameras were used in the analysis of slalom skiing technique 

(Supej, et al., 2005) whereas the majority of other two camera studies have used camera 

panning and tilting methodologies.  This included analysis of landing (Gerritsen, et al., 1996) 

and turning motion in alpine skiing (Muller, et al., 1998), and various phases of the ski 

jumping movement (Greimel, et al., 2009; Hildebrand, Drenk, & Muller, 2009; Virmavirta et 

al., 2005; Virmavirta et al., 2007).  Virmavirta et al. (2005, 2007) captured their images at a 

high sampling rate of 200 Hz whereas Greimel et al. (2009) presented a relatively low frame 

rate (50 Hz) for their analysis of the ski jump landing motion.  It is possible that a 50 Hz 

sampling frequency is not sufficient to accurately describe the kinematics of the high speed 

landing movement. 

 

It has been stated that the accuracy of the direct linear transformation (DLT) method of 3D 

coordinate calculation increases as the number of video images used in the calculation 

increases.  This accuracy increase is particularly large when moving from two to three 

cameras (Nigg & Herzog, 1994).  Additionally, increased camera numbers result in system 

redundancy allowing for marker occlusion.  Although a drawback of multiple camera systems 

is the increased setup and digitisation time required, these increased man hour demands are 

largely outweighed by the increases in precision.  Skiing data collected using a five camera 

panning and tilting SIMI motion system has been presented in several publications (Klous, 

2007; Klous, Muller, & Schwameder, 2007; Klous, Schwameder, & Muller, 2006a; Klous, et 

al., 2006b).  For these experiments, the researchers collected synchronised 3D video data at 

50 Hz for the legs, pelvis and trunk.  Point positions were then exported and kinematic 

analysis was performed with a custom Matlab routine.  Raschner et al. (2001) arranged three 
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50 Hz VHS cameras in a triangular formation to record body movements during carving and 

traditional ski turns.  Again, pan and tilt cameras were used to allow for maximisation of the 

image size.  A recently published study calculated energy dissipation parameters from centre 

of mass (COM) kinematics during slalom turns (Reid, et al., 2009).  These authors used four 

panning and tilting cameras positioned on either side of the course to collect full body motion 

during the run.  All of these multiple camera studies utilised video recordings of relatively 

slow sampling rates.  This may be insufficient to capture the highly dynamic movements of 

this sport.  A counter argument to this point is that slalom or carving skiing is regular and 

cyclic in nature and thus wouldn’t include large jerky movements like that seen in impact type 

situations.  A recent study conducted at the University of Auckland investigated the influence 

of a mobile force plate on mogul skiing technique (Kurpiers, Kersting, & McAlpine, 2009).  

This study used a four camera high speed (100 Hz) SIMI Motion system for the analysis of 

joint and COM motion.  Although the cameras were held stationary, a geodetic surveying 

method was used for the system calibration as in previous research studies.  The mogul skiing 

test motion covered a much smaller volume compared to carving or race skiing studies, 

making the fixed camera system viable.  This simplification also reduced the processing time, 

as digitisation of the control points was only required once for each test day as opposed to 

every frame with pan and tilt camera systems. 

 

There is only one published study which used a high end motion capture system in the field.  

In this study a 20 camera Vicon (Oxford, UK) system was utilised to capture the movement of 

freestyle aerial skiers about all body axes (Luthi, Bottinger, Theile, Rhyner, & Ammann, 

2006).  Cameras were mounted onto a custom built scaffolding system around an aerial ski 

jump.  Data were collected at 120 Hz and the kinematic outputs were compared to a computer 

based model for validation purposes.  The root mean squared (RMS) measurement error of the 

Vicon system has been reported to be between 0.059 cm and 0.149 cm dependant on the 

performance measure (Richards, 1999).  These data suggest that Vicon systems are superior in 

accuracy over others commonly used in snow sports research, with a mean absolute error of 

0.7 cm and RMS error of 0.177 cm reported for SIMI Motion and Peak video systems 

respectively (Briggs, Tyler, & Mullineaux, 2003; Richards, 1999).  It must be noted that direct 

comparison of mean absolute error and RMS error measures is not possible.  The results of 

this aerial skiing study would have greatly benefited from this high degree of accuracy.  It is 

likely that the setup for this experiment was a very large undertaking and thus, not 

surprisingly, it is the only study of its type found within the literature. 
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A potential source of error to be considered when conducting video based kinematic analyses 

is incorrect camera positioning.  Cameras should be positioned so the angle between the 

optical axes nears 90° and is no less than 60° (Nigg & Herzog, 1994).  This point is 

highlighted by Mossner et al. (1996): in their study cable length and terrain limitations lead to 

inadequate camera separation.  This caused measurement errors of up to 20 cm.  Camera 

synchronisation is commonly provided by a ‘genlock’ or a form of signal-generating device 

hardwired to each camera.  In these situations, cable length dictates the maximum spacing 

between cameras and should be planned for.  It is clear that controlled setup of a video 

analysis system can be a tedious task. 

 

As shown in the previous paragraphs the alpine environment is not ideal for video data 

capture and large capture volumes require innovative collection and calibration methods.  

Because of this, some authors have used other methods of kinematic data collection which are 

independent of optical systems.  An additional advantage of these non-optical systems is that 

data can often be collected over extended time periods and distances.  Goniometry is a 

commonly used tool in non-optical based kinematic research.  The earliest kinematic analyses 

found in this review came out of the University of California, Berkeley (Kuo, Louie, & Mote, 

1983; Louie, Kuo, Gutierrez, & Mote, 1984).  These papers presented an on-snow 

measurement system which included goniometers, EMG measurement and rate gyroscopes to 

give a complete description of skiing lower leg kinematics and muscle activity.  A limitation 

of many goniometry based studies is that joint motion is often assessed about the primary 

movement axes only.  For example, ankle joint flexion/extension motion has been quantified 

in early studies using a system of potentiometers (Quinn & Mote, 1992; Yee & Mote, 1996).  

Other studies that have made use of single axis goniometry have focused on the disciplines of 

telemark skiing (Nilsson & Haugen, 2004), mogul skiing (Riku & Miettunen, 2007), cross 

country skiing (Stoggl & Lindinger, 2006) and alpine ski racing (Spitzenpfeil, Huber, & 

Waibel, 2006).  Petrone et al. (2009) used two axis goniometers to provide hip and knee 

flexion/extension and ab/adduction data to complement their recently presented EMG analysis 

of slalom skiing.  These Biometrics two-axis goniometers provide a more complete 

description of joint motion, especially when the experimental task involves movements in 

multiple planes. 
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A relatively simple method that has been used to describe skiing motion is the Global 

Positioning System (GPS).   Using small GPS devices to analyse skiers’ performances is 

possible during both competition and training because the influence on performance is 

considered minimal.  A GPS unit alone can be used to plot the trajectory of an athlete, 

expressed as a single point, throughout the ski run.  Recently GPS has been used to identify 

gross differences in race performance between athletes, for course descriptions, and to 

calculate radial acceleration for GRF estimates (Gomez-Lopez, Hernan, & Ramirez, 2009; 

Huber, Waibel, & Spitzenpfeil, 2009). 

 

Gyroscopic or inertial sensors are another measurement tool that has been used to quantify 

kinematic variables involved with downhill skiing and ski jumping.  Such devices use 

accelerometers and gyroscopic elements to quantify position change based on the law of 

conservation of momentum.  Such systems have the distinct advantage over video systems of 

a large capture volume that is only limited by the storage capacity of the data logging device 

or the range of the transmission device (typically Bluetooth).  The major disadvantage of 

these inertial systems is creep in the position data due to error amplification in the integration 

process.  The earliest skiing application of this technology utilised a triad of single axis rate 

gyroscopes to describe the rotation of the pelvis and the ski boot (Kuo, et al., 1983; Louie, et 

al., 1984).  More recently, inertial sensors have been used to quantify body tilt angle during 

ski jumping to investigate the influence of aerodynamic factors on performance (Ohgi, et al., 

2007).  To describe body tilting angle the sensing unit was fixed to the body at the level of the 

L5 vertebrae; assumed to be the location of the body COM.  This assumption has its 

limitations but may be sufficient for this application, as the movements of the limbs are 

minimal after take-off.  Several recent studies have presented the analysis of alpine skiing 

technique using inertial sensing technology.  Krueger et al. (2006) mounted their 

measurement system directly to the ski binding to assess edging angle during a carving ski 

run.  Data were collected at a sampling frequency of 50 Hz and the measurement accuracy 

was reported to be approximately 3°.  Another study presented a full body kinematic analysis 

method using inertial measurement units (IMU) (Brodie, Walmsley, & Page, 2007).  A GPS 

unit was used to provide on-hill positioning information during a slalom ski run.  This 

information was combined with the relative segment movements, as calculated with the 

IMUs, to describe the path of the COM and joint movements throughout a skiing run.  No 

information was presented in regard to the accuracy of this measurement system.  Due to the 

advantage of being able to record a whole run with such a measurement system, inertial 
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sensors coupled with GPS were utilised in two other studies on alpine skiing technique 

(Supej, 2009; Waegli, Meyer, Ducret, Skaloud, & Pesty, 2009).  In his 2009 study, Supej used 

Bluetooth technology to transfer data to a collection computer carried by an experimenter who 

skied behind the test participant.  This further highlights the difficulties encountered and the 

creative solutions needed in snow sports field testing. 

 

3.2.2 Snowboarding 

The unique snowboarding stance, perpendicular to the direction of travel, results in motion 

about multiple planes during most snowboarding movements.  Thus, it is not surprising that 

no on-snow 2D analyses of snowboarding technique are available within the literature.  To the 

authors’ knowledge there are three research groups that have published 3D snowboarding 

kinematic data collected with video based systems (Bohm, et al., 2008; Klous, 2007; Klous, et 

al., 2006a, 2006b; McAlpine, 2006a).  Klous et al. (2006a, 2006b, 2007) used the 5 camera 

SIMI motion system, discussed previously, to describe the movement of the legs, pelvis and 

trunk body segments during carving turns.  Measurement errors of 1 – 2 cm were reported for 

position measures over a distance of 15 m.  The methodological design presented by this 

author (McAlpine, 2006a) had mean systematic errors of less than 5 mm for 3D coordinate 

reconstruction using a fixed four camera SIMI Motion system.  This reduced error magnitude 

is most likely due to the smaller video capture volume allowing greater spatial resolution.  

More recently a three camera high speed system was used to calculate COM kinematics 

during the take-off phase of snowboard jumping (Bohm, et al., 2008).  In this study, full body 

motion was recorded at 250 Hz and the participants’ joint centres were manually digitised to 

allow for validity tests of a flight path prediction model. 

 

Other kinematic analysis methods have been employed to assess snowboarding technique in 

the field.  An electromagnetic tracking system has been used to quantify the effect of boot 

stiffness on ankle joint range of motion during snowboard turns (Delorme, et al., 2005).  A 

strength of this measurement method is that the motion sensors were skin mounted, as 

opposed to the more traditional method of fixing the markers/measurement units onto the 

boot.  Unfortunately this data collection equipment was extensive and weighed 11 kg.  The 

additional weight is likely to have had an influence on snowboarding technique.  Another 

drawback is the sensitivity of such systems to magnetic disturbances caused by metal 

components within the board and bindings.  Ankle joint kinematic data were calculated from 

the relative displacement of the tibia and heel position sensors.  Data were collected at 30 Hz 
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with a reported accuracy of 0.8 mm and 0.15° (Delorme, et al., 2005).  A inertial 

measurement suit, as described earlier, has recently been presented in a technical publication 

outlining the feasibility of this device for use in snowboarding biomechanics research 

(Krueger & Edelmann-Nusser, 2009).  Ankle and knee joint range of motion (ROM) data, 

collected at 120 Hz, were presented for both carving and jumping movements.  A comparison 

between knee angles calculated with this system and a three camera SIMI Motion system 

revealed maximum mean deviations of 4.8°.  Although limited in accuracy due to vibration 

and creep sensitivity, this type of motion capture system presents as a potential alternative to 

video based analysis in field research.  The reported time required for setup, calibration and 

data processing is much lower than that typically needed with multiple camera video systems 

(Krueger & Edelmann-Nusser, 2009).     

 

Recently a novel system designed specifically for the measurement of ankle joint motion in 

snowboarding has been presented (Nordquist & Hull, 2007).  In this paper an instrumented 

spatial linkage (ISL) was constructed to measure ankle joint complex motion about all three 

movement axes during a dynamic snowboarding turn.  RMS errors of 0.59° for angular 

orientation and 1.00 mm were reported, demonstrating the high accuracy of this measurement 

system.  The application of this device in an alpine environment was demonstrated with a 

single snowboarder.  Data were collected at 200 Hz onto a pocket PC housed within a 

backpack worn by the participant.  The ISL unit was mounted to a standard ‘step-in’ 

snowboard boot and thus measured boot rotations as opposed to pure ankle motion.  Finally, a 

Japanese group have presented a method of 3D snowboard kinematic data collection using a 

combination of optical markers and magnetic position sensors (Doki, Yamada, Nagai, & 

Hokari, 2006).  Unfortunately the published paper is in Japanese and only limited information 

can be presented as a result.  It appears that full body kinematic data was gathered from a 

combination of magnetic position sensors fixed to the lower limbs and digitisation points 

attached to a rigid frame worn on the participant’s back.  The model developed included the 

trunk, thigh, shank and foot segments and their articulations. 

 

3.2.3 Summary 

Field based kinematic analysis of snow sports activities is no simple task.  This review 

revealed much diversity and innovation in the approaches used to address this task.  Three 

dimensional analyses are generally superior to single plane analyses and this is especially true 

for the multi-planar motion of snowboarding.  Video based analyses are most common within 



 

41 

the literature, often involving multiple cameras to ensure redundancy and increase the 

precision of calculated point coordinates.  Alternative procedures have been presented 

including goniometry, inertial sensors, magnetic sensors and spatial linkage devices.  All of 

which have merits and drawbacks.  For this current body of research a video based kinematic 

analysis approach was decided upon due to availability and comparable accuracy with other 

available options. 

 

3.3 Kinetic Analysis 

Measurement of kinetic parameters in snow sports is not commonplace.  The following 

section will outline previous snow sports studies that included direct measurement of kinetic 

data and the methods used to collect such data.  Again, there is little information available on 

kinetic analysis in snowboarding, however most of the technology/ideas presented have 

applications across both disciplines. 

 

3.3.1 Alpine skiing 

In 1992, Read and Herzog published an article in which knee joint resultant forces were 

calculated during landing using estimates of external force from segment weights.  It was 

discussed that more accurate knee joint resultant forces could have been calculated if forces 

and moments acting on the skier were measured directly.  This direct measurement approach 

has been used by a handful of researchers.  Some have collected force data from beneath the 

skis (Virmavirta & Komi, 1993), while the majority of others have instrumented the skis to 

measure ground reaction force (GRF) between the boots and skis (Bodem, Menke, & Casel, 

1985; Hull & Mote, 1980; Kiefmann, Krinninger, Lindemann, Senner, & Spitzenpfeil, 2006; 

Klous, et al., 2007; Kryszohn, Lehner, & Senner, 2005; Louie, et al., 1984; MacGregor, Hull, 

& Dorius, 1985; Maxwell & Hull, 1989; Quinn & Mote, 1991, 1992; Vodickova, Lufinka, & 

Zubek, 2005; Vodickova & Zubek, 2006; Wunderly, Hull, & Maxwell, 1988; Yee & Mote, 

1996). 

 

Virmavirta and Komi (1993) analysed ski jumping take-off technique through the assessment 

of vertical GRF data collected via force bars built into the ski jump take-off table.  In this 

paper they state that the study could have been improved with the inclusion of horizontal 

force components and discussed plans to install transducers into the ski binding for future 

work.  Such an approach has the advantage of allowing force data collection over an entire ski 
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run.  Ski mounted force sensors are commonly used in research focused on knee joint 

ligament injuries.  Several published studies originating from the Department of Mechanical 

Engineering at Berkley University, California, have reported use of six-degree-of-freedom 

dynamometers in the analysis of lower limb loading in skiing (Hull & Mote, 1975b, 1980; 

Kuo, et al., 1983; Louie, et al., 1984; Quinn & Mote, 1990, 1992; Yee & Mote, 1996).  Two 

different skiing force transducers have been presented by this group, the earliest design 

appearing to be in collaboration with the University of California, Davis.  This system utilised 

custom built pedestal dynamometers, instrumented with 24 strain gauges, located beneath the 

heel and toe of the ski binding units (Hull & Mote, 1975a, 1975b, 1980; Kuo, et al., 1983; 

Louie, et al., 1984).  The resolution of this device was reported to be between 4.5 N and 20 N 

depending on the axis of measurement.  Data collection was via wireless transmission from a 

telemetry system carried within a backpack worn by the participant, which, including the 

power source, weighted a total of 4.5 kg.  The more recent design was presented in a paper by 

Quinn and Mote (1990).  This device used T-shaped shear panel elements (SPE) instrumented 

with four strain gauges.  Each SPE had rigidity and measurement capacity in a single plane.  

Six of these SPE’s were built into the dynamometer between the top and bottom plates, to 

measure each force component in pairs.  It was reported that this construction results in low 

cross talk values (< 1%) and high measurement accuracy.  The assembled dynamometer was 

relatively compact and lightweight with overall dimensions of 14 x 9.5 x 3.2 cm, weighing 1.7 

kg.  The maximum measurement capacity of this device was reported to be Fy - 1000 N; Fx - 

1300 N; Fz - 4000 N; Mx and My - 100 Nm; Mz - 60 Nm.  Two of these dynamometers were 

mounted onto a test ski to collect GRF data in two subsequent studies on leg loading in skiing 

(Quinn & Mote, 1992; Yee & Mote, 1996).  All data in these studies were transmitted via 

telemetry to a collection computer at the base of the mountain at a rate of 256 – 512 Hz. 

 

Another California based research group presented two ski mounted force measuring devices 

in the 1980s (MacGregor, et al., 1985; Wunderly, et al., 1988).  The first consisted of four 

octagonal strain rings instrumented with 24 strain gauges (MacGregor, et al., 1985).  

Unfortunately the measurement errors for the force components were so large that these could 

not be measured with any confidence.  Thus only moments were reported for the data 

collected with an error margin of 10 – 15 %.  These measurement errors, coupled with several 

other technical limitations encountered during the field evaluation of the system, provided 

motivation for further development.  Wunderly and Hull (1988), presented the design of the 

second generation measurement system.  Seven instrumented flexture elements were built into 
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the ski dynamometer device and efforts were made to reduce cross talk through mechanical 

decoupling of the sensing elements.  This new design provided data of greater accuracy and 

was subsequently used for data collection in two studies focused on skiing GRF; (MacGregor 

& Hull, 1989; Wunderly, et al., 1988).  For both analyses, GRF data were collected via the 4 

cm thick dynamometer unit at 200 Hz.  The participant carried a custom data acquisition 

system and control unit in a back pack. 

 

Recent technological advances such as powerful hand held data acquisition/signal processing 

devices coupled with commercially available portable force and pressure transducers have 

increased the ease in which GRF data can be collected in the field.  Thus it is not surprising 

that the volume of kinetic research in skiing has increased over recent years.  A group from 

the Technical University Munich have developed a skiing force plate to be fixed between the 

boot and binding without modification to the ski, boot or binding (Kiefmann, et al., 2006).  

This device employed strain gauges mounted to shear beams to give a measurement load 

range of 6 kN in the vertical, 2 kN in the transverse and 1 kN in the longitudinal ski axis 

directions.  Data is collected at a comparatively high rate of 500 Hz and transferred wirelessly 

via Bluetooth to an external PDA.  Unfortunately no information is given in the report with 

regard to the accuracy of this device.  Recently a research group at the University of Auckland 

conducted an experiment to assess the influence of a skiing force platform, of dimensions 

similar to that of the Munich device (40 mm height, 2 kg mass), on mogul skiing technique 

(Kurpiers, et al., 2009).  This experiment was conducted as a precursor to a planned 

investigation of lower limb joint loading in this skiing discipline.  A mock-up force platform 

was applied between the boot and binding on both legs, and kinematic and perception 

measures were taken before and after a practice period with the device.  Although initially the 

device was felt to reduce performance and safety, these measures returned to baseline 

following five practice runs.  Additionally, no significant differences were observed in 3D 

kinematic measures following the practice runs.  These results should be encouraging to all 

snow sports researchers as they provide confidence that, given a sufficient familiarisation 

period, the influence of skiing force plates on skiing technique and athlete confidence is 

minimal at worst. 

 

Another device based on strain gauges has been used to investigate parallel and carving turns 

(Vodickova, et al., 2005; Vodickova & Zubek, 2006).  This dynamometer was found to have 

measurement precision of better than 7% for all force and moment components (Vodickova, 
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et al., 2005).  This device was substituted for the carving plate on a standard ski, raising the 

participant by only 6 mm from the normal riding position.  Again the data acquisition system 

was carried in a backpack by the participant.  In a similar study, two KISTLER multi axis 

force transducers (200Hz) were mounted beneath each ski binding to allow a full kinetic 

description of carved and skidded turns (Klous, 2007; Klous, et al., 2007; Klous, et al., 2006a, 

2006b).  These data were coupled with 3D kinematics for inverse dynamic calculation of joint 

loads. 

 

Another tool used in the assessment of kinetic aspects of alpine sports is underfoot pressure 

measurement.  There are a number of commercially available systems on the market today 

that have been used in snow sports research.  Such systems typically include full data 

collection and analysis equipment in a user-friendly package.  Pressure sensing insoles can be 

easily fitted within ski boots and have minimal effects on normal riding conditions.  

Unfortunately pressure is a unidirectional measure and thus only provides information on 

normal loading between the foot and boot surface.  The volume of data to be processed is 

generally quite high, resulting in reduced sampling frequencies compared to mobile 

dynamometers/force plates.  Kruger and colleagues (2006), utilised Parotec insoles operating 

at 150 Hz for their assessment of edging angle and GRF in alpine skiing.  Vertical GRF was 

calculated based on the pressure signal; however errors of up to 20% were reported due to the 

feet overlapping the edges of the insoles.  This is always a problem when calculating force 

from pressure-insole data.  Parotec insoles have also been used in a study on ski racing 

(Spitzenpfeil, et al., 2006).  The load measured by the insole system was used to estimate 

force production and muscular energy expenditure during racing turns.  Another popular 

system used for this type of analysis is the Novel Pedar insole system.  Pedar insoles have 

been used to collect kinetic data from participants of alpine skiing (Kroll, Birklbauer, Stricker, 

& Muller, 2006; Raschner, et al., 2001) and cross country skiing (Stoggl & Lindinger, 2006).  

Brodie and colleagues (2007) used an RS-scan insole system to provide force data in their 

development of a fusion motion capture system mentioned in the previous section. 

 

3.3.2 Snowboarding 

Bally and Taverney (1996) conducted a study investigating the loads experienced while 

snowboarding to establish release binding setting recommendations.  Force data was collected 

by two identical measurement devices fixed between the bindings and board.  The device 

measured forces and moments about three orthogonal axes by means of strain gauges fixed 
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between rigid metal structures.  The data collection device was carried by the rider with data 

collected at 25 Hz from the plates.  This is a relatively low sampling rate compared to 

previous work in the sport of skiing and measurement errors of up to 15% were calculated 

from calibration tests.  These two major limitations of this study bring into question the 

validity of the data presented.  Under normal riding conditions, ankle joint forces of to 1740 N 

in the vertical direction, 1070 N in the anterior-posterior direction and 520 N in the medial-

lateral direction were reported.  Moments of up to 181 Nm, 260 Nm and 91 Nm were found 

about the anterior-posterior, medial-lateral, and vertical axes respectively.  Extreme torque 

values were accompanied by considerable forces in the same plane.  This study appears to be 

the first of its kind in the sport of snowboarding. 

 

More recently, the Japanese group mentioned in the previous section presented force sensors 

mounted under both feet in their analysis of heel and toe side turns (Doki, et al., 2006).  

Unfortunately details of the design are not clear as the paper is in Japanese.  Klous et al. 

(2006a; 2006b) have presented the application of their KISTLER portable force plates for the 

collection of snowboarding GRF data.  Two of these units were mounted beneath each foot 

and data collected at 200 Hz.  This Austrian group report errors of 3% for force components 

and 8% for moments with this measurement system (Klous, 2007). 

 

3.3.3 Summary 

Based on this review published work it is apparent that although possible, direct GRF 

measurement for alpine sports is difficult.  For the quantification of applied forces, custom 

designed force platforms are superior to pressure sensing insoles but require design 

innovation.  Multiple axis devices can capture all components of the applied load and are 

therefore necessary if the goal is to provide a full kinetic description of snow sports 

disciplines.  Many of the reviewed studies were limited by the device accuracy and/or data 

sampling rates.  This should be improved upon in future work. 

 

3.4 Conclusion 

The majority of research papers reviewed in this section have focused on alpine skiing.  

However, in many cases these ideas and methodologies can be adapted to snowboarding 

biomechanics research; this is especially so for kinematic analysis.  Although it is clear that 

field testing in alpine environments carries many technical and logistical challenges, it is far 
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from impossible.  Three dimensional kinematic data have been presented based on multiple 

camera video systems and gyroscopic position sensors.  GRF data have been collected via 

custom built dynamometers and pressure sensing insoles.  It can be assumed that over time 

further technological advances will increase the ease with which accurate biomechanical data 

can be collected, creating opportunities for further analysis of these ever-popular snow sports. 

 

The previous chapters provided a summary of snowboarding as a sport and the current state of 

snowboarding research.  It is clear that there are many gaps in the current knowledge base 

regarding injury mechanisms, effectiveness of prevention strategies, and enhancement of 

snowboarding performance.  The following chapters will work to add to and fill gaps in the 

current knowledge base through an in-depth analysis of snowboard jump landings and 

subsequent falls. 
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Chapter 4 – Aims and Outline of the Current Research 

 

4.1 Introduction 

The following text outlines the aims of the current research, which were formulated after a 

systematic literature review.  Five studies are introduced and a brief methodological 

description is presented for each.  The intent of this chapter is to provide an overview of the 

intentions of this body of work.  In the chapters relating to each individual study, hypotheses 

and detailed methodological descriptions will be presented.  A flow chart depicting the 

relationship between the motivation, methodology and outcomes of this PhD research is 

presented in Figure 4-2, at the end of this chapter. 

 

4.2 Motivation 

Snowboarding has been shown to be a relatively dangerous sport with a rate of injury 

comparable to that of alpine skiing, however the nature of the injuries sustained is not.  The 

emphasis on jumping in snowboarding has lead to a high incidence of falling and impact 

injuries.  The use of soft-shelled boots while jumping is thought to account for an increased 

rate of ankle injuries seen in snowboarders.  Of special note is the fracture to the LPT; this 

injury occurs almost exclusively in snowboarders.  It is likely that jumping will always be 

popular in snowboarding therefore it is important to understand the potential mechanisms of 

injury associated with this skill.  From there, injury prevention strategies can be developed to 

decrease risk without impeding performance. 

 

The previous chapters provided a summary of the state of current snowboarding research.  It 

is clear that there are many gaps in the current knowledge base on injury mechanisms, 

effectiveness of prevention strategies, and enhancement of snowboarding performance.  Pilot 

testing with two participants (McAlpine, 2006b) has confirmed that the vertical GRFs 

experienced by snowboarders during jumping are of high magnitude; greater than that 

previously reported for ski jump landings (Schwameder & Muller, 1995).  Based on previous 

cadaver studies (Boon, et al., 2001; Funk, et al., 2003), the vertical loads exerted upon a 

snowboarder during landing are of sufficient magnitude to cause ankle injury if accompanied 

by extreme joint positions.  Pilot kinematic data identified an inverted ankle joint position 

which persisted throughout the landing.  Boon and colleagues (2001) identified inversion as 
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one of the key ankle joint movements associated with the LPT fracture mechanism, further 

highlighting the heightened risk of ankle injury under jump landing scenarios.  Additionally 

pilot GRF measures greatly exceeded the release torques presented in a release binding 

development study (Bally & Shneegans, 1999).  Unexpected binding release upon landing 

could result in a fall, potentially causing injury, however further research will be required 

before recommendations for binding release settings can be formulated.  This research aims to 

fill a small number of the many knowledge gaps within the literature by quantifying lower 

body motion patterns and loads during snowboarding jump landing situations.  The effect of 

snowboard binding adjustment and boot wear on these measures and subsequent injury risks 

will be investigated. 

 

4.3 Aims 

The purpose of this research is to quantify lower limb motion and loads applied to internal 

structures during snowboard jump landings.  Data are to be collected from real jump landings 

using specialised measuring equipment.  The resulting lower body loads will be quantified 

using biomechanical modelling techniques.  The effect of binding alignment and boot wear on 

ankle injury risk is to be assessed based on the data collected.  Binding alignment adjustment 

provides an ideal starting point for injury prevention strategies since any intervention can be 

applied to existing equipment.  The effect of boot wear on the ankle joint has not been 

investigated.  Supplementary investigations are to be conducted to provide a complete 

description of jump landing biomechanics, and ensure correct interpretation of the results.  

There are no data of this kind within current literature.  The data collected will provide 

valuable information for equipment design by providing a normative database upon which 

design changes can be formulated and tested.  The contributions of each study to the overall 

topic are discussed in detail in the relevant chapters that follow. 
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There are four major aims of this research: 

 

I. To conduct a kinematic analysis of landing and falling on table top snow jumps 

using observational analysis techniques. 

 

II. To generate a normative database of biomechanical measures made during 

snowboard jump landings. 

 

III. To investigate the effect of snowboard binding adjustment and boot wear on lower 

limb kinematics and applied GRF. 

 

IV. To use biomechanical modelling techniques to quantify the mechanical loading of 

the bony structures and soft tissues of the ankle joint and subsequent risk of injury, 

during jump landings.  The influence of boot and binding conditions on these 

measures is to be quantified. 

 

In addition to these major aims, there are a number of goals that will be achieved as this body 

of work progresses.  The relationship of these goals to the overall aims and proposed studies 

is presented in Figure 4-1. 
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Figure 4-1 The contribution of working goals to each study and their relationship with the overall aims of this 

research project. 

 

4.4 Methodological Overview 

4.4.1 Study One – Landing and fall trends in tabletop snowboard jumping 

Standard digital video cameras will record snowboarders performing jumps within terrain 

parks.  All video data were reviewed and coded using a pre-prepared spreadsheet of interest 

parameters to provide a full description of jumping, landing and falling movements. 

 

4.4.2 Study Two – The effect of extreme binding angles on ground reaction forces during 

jump landings 

Data were collected at terrain parks on various ski fields.  The test movement was a straight 

aerial over a tabletop snow jump with no grab or tuck position.  Two binding alignment 

conditions were examined: neutral and external foot rotation.  Kinetic data were collected via 
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snowboard force plates (SFP).  Data collected in this test series was also compared 

statistically with the data of Study Three and Four to assess the validity of the artificial 

environment test series. 

 

4.4.3 Study Three – The effect of binding angle adjustment on lower limb kinematics and 

kinetics during jump landings 

Data were collected at Snow Planet indoor snow sports facility in Albany, Auckland.  The test 

movement was a straight aerial over a tabletop snow jump with no grab or tuck position.  

Three binding alignment conditions were examined: preferred stance, neutral and external 

foot rotation.  Kinetic data were collected with the SFP devices.  Lower body 3D kinematic 

data were collected with a four-camera SIMI Motion video system mounted to the internal 

structure of the snow sports hall.  A lower body model was developed to calculate joint 

motion, joint loading and lateral ankle ligament strain during the landing motion using SIMI 

motion kinematic and SFP kinetic data outputs. 

 

4.4.4 Study Four – The effect of boot wear on lower limb kinematics and kinetics during 

jump landings 

Data were collected at Snow Planet indoor snow sports facility using the same methodology 

as Study Three.  Two boot conditions were examined: new and worn boots.  Kinetic data were 

collected via snowboard mounted force platforms. 

 

4.4.5 Study Five – The effect of jump size on ground reaction forces during jump landings 

A regression analysis was used to quantify the influence of jump size on landing kinetics 

based on GRF data collected across Studies Two, Three and Four.  Data presented in this 

study were also used to assess if conclusions drawn from Studies Three and Four could be 

generalised to typical on-mountain snowboarding situations. 

 

4.5 Conclusion 

This chapter presented the motivation and aims of the current study.  A brief overview of the 

planned methodology was given.  The following chapters will present the research conducted 

to address these aims.  Each study will be presented in individual chapters followed by a 

synthesis of the findings and overall conclusions.  A chart illustrating the logical flow of this 

research project is presented in Figure 4-2. 
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Figure 4-2 Flow chart of the overall research plan. 
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Chapter 5 – Study One: Landing and Fall Trends in Tabletop Snowboard 

Jumping 

 

5.1 Introduction 

This study aims to expand upon data presented by Cooper and Greenwald (2005) by 

providing a detailed description of the body movements associated with falls in the sport of 

snowboarding.  Jumping movements within terrain park facilities are the sole focus because it 

is within these areas that falling rates are at their highest (Cooper & Greenwald, 2005).  Along 

with falls, successful jump landings were analysed with the aim of furthering the 

understanding of physiological and equipment based demands of this popular sport.  Potential 

moderating factors in the jump-fall relationship were identified and discussed.  The 

methodology, results and discussion of this piece of research will be presented in the 

paragraphs to follow. 

 

5.2 Purpose 

Freestyle snowboarding is a popular sub-discipline within this emerging sport, involving 

spectacular jumps and stunts on man-made and natural terrain features.  A literature review 

highlighted a high injury incidence in this sport, with an increased injury exposure for those 

performing jumping manoeuvres (Chow, et al., 1996; Goulet, et al., 2005; Shorter, et al., 

1999; Torjussen & Bahr, 2005, 2006).  It is likely that jumping will always be popular in 

snowboarding, therefore in the search for injury prevention measures it is important to 

understand the potential mechanisms of injury associated with this skill.  This research aims 

to contribute to the literature base by providing observational data on landing and falling body 

movements resulting from intentional snowboard jumping. 

 

Due to ethical considerations, controlled experimental data can only be collected from 

successful landings.  However it is not common for injuries to occur in these successful 

landing situations.  Data on falling mechanics are required before injury mechanism and 

prevention theories can be formulated.  Fall simulation experiments have been used in the 

investigation of injury mechanics in snowboarding (Grewal, 2005; Wang, et al., 1998).  

Unfortunately, models presented thus far have been developed using anecdotal evidence or 

very limited descriptive observation of falling biomechanics.  This current study aims to 
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utilise an observational coding method to yield representative input information which could 

easily be included in future simulation experiments.  Observational studies can provide insight 

into sporting techniques and can assist with the formulation of research questions and 

hypotheses.  To the author’s knowledge, there has been only one observational study 

published on the sport of snowboarding: Cooper and Greenwald (2005).  For this research, 

participants were observed in an Austrian and a US ski resort, snowboarding on standard 

slopes and within terrain parks.  It was found that children and adults fall twice as often as 

adolescents and young adults.  Riding within terrain parks or halfpipes lead to a fall 32% and 

24% of the time respectively.  Beginners fell six times more often than advanced riders, with 

72% percent of these falling onto the hands.  Advanced riders were reported to fall more often 

onto the back or bottom.  These findings highlight the diverse nature of snowboard falls.  It 

appears that age, experience and terrain have a moderating effect on the incidence of 

snowboarding falls. 

 

Mechanisms of injury are often recorded in a medical setting.  Injury databases such as that 

held by ACC can yield valuable information on various injury mechanisms.  However these 

are often brief descriptions formulated during post injury consultations, and is limited by the 

communicative skills of the physician and patient, quality of questionnaire, and recall bias.  

Direct onsite observation of sports can complement such databases by providing an 

opportunity to describe the kinematics of high loading, high risk sporting situations such as 

falling after a snowboard jump.  At present there are very little published biomechanical data 

on falls resulting from jumping in the sport of snowboarding.  This is an important knowledge 

gap to fill.  This study will focus solely on jumping movements within terrain park facilities.  

Along with falls, successful jump landings will be analysed with the aim of furthering the 

understanding of the biomechanical and equipment based demands of this sport.  Predictors of 

falling in snowboard jumping are to be identified as well as the critical differences between 

successful and non successful jumps.  The link between falling incidence and manoeuvre 

type, landing position and flight characteristics will be investigated.  The results of this work 

will form the base for the upcoming quantitative biomechanical studies of snowboard landing 

technique (Studies Three to Four).  The collected data will be integral to the interpretation of 

the results of these intervention studies and the subsequent modelling applications, as it would 

be unwise to speculate about falling biomechanics or run simulations based solely on 

controlled landing data.  Additionally, data gathered will assist in the development of test 
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protocols for the quantitative studies by providing an insight into the number of trials and time 

required to collect consistent data. 

 

5.3 Hypotheses 

Study One is descriptive in nature and thus is not hypothesis driven.  However, hypotheses 

have been formulated for a small selection of parameters. 

 

Hypothesis 1.1 As aerial manoeuvre difficulty increases, as characterised by movement 

complexity, so will falling rate. 

 

Hypothesis 1.2 Jumps for which ground contact is made on the top section or knuckle of 

the snow-jump will have a greater incidence of falling. 

 

Hypothesis 1.3 Initial ground contact will be made with the leading (down-hill) hand for 

the majority of falling events, explaining the elevated incidence of injury 

involving this limb. 

 

5.4 Method 

5.4.1 Participants 

Patrons of the terrain park facilities at North Island ski fields were approached for 

recruitment.  All individuals actively using jump obstacles were eligible for inclusion.  All 

procedures were given ethical consent and participants gave consent to filming prior to data 

collection (University of Auckland Human Participants Ethics Committee, ref  2007 / 123). 

 

5.4.2 Data collection 

Those willing to participate were provided coloured bands, worn around the wrist, so they 

could be easily identified for video recording.  Participants were then instructed to continue 

using the terrain park as they generally would, and video recordings were made of participants 

performing aerial manoeuvres.  All video data were collected with Panasonic digital video 

cameras (NV-DS38) at 50 Hz.  The cameras were orientated to capture the athletes’ body 

movements during the flight and landing phase of each jump they performed.  This was 

typically at an angle of approximately 45° to the direction of travel, depending on snow jump 
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layout and availability of safe vantage points.  No restrictions were placed upon the amount of 

time spent within the terrain park, the number of jumps or types of manoeuvres to be 

performed.  These test conditions were chosen to ensure that the experimental session 

mimicked a normal situation as closely as possible. 

 

The terrain parks at all involved ski resorts were surveyed to give the overall dimensions of 

each jump.  Height, length of flat zone, angle of take-off and landing ramp were measured 

(see Figure 5-2 for an overview of basic snow jump layout).  Each jump obstacle was 

assigned a number code for use in data analysis. 

 

5.4.3 Data analysis 

A total of 704 jumps were recorded and analysed.  Each landing video was reviewed off-line 

and coded by a single researcher using a pre-prepared spreadsheet of interest parameters.  

This data entry template was generated based on pilot data, in Microsoft Excel, to provide a 

full description of jumping and landing movements via ordinal check boxes and yes/no 

questions.  This simple spreadsheet was designed so that a single row was allocated for each 

jump analysed and category headers (listed below) presided over the category options, each of 

which had its own column allocation (e.g. the landing area category presided over three 

columns titled flat top, knuckle and slope).  This layout allowed for a automated analysis 

based on cell counts for each category option.  The reviewer was instructed to select one 

option that best described the observed situation for each category of interest.  No restriction 

was placed on the number of times each category option could be selected.  A list of the 

dependant variables is presented below: 

 

• Manoeuvre attempted 

- open category where observer was required to enter the manoeuvre name based on 

standard snowboarding naming conventions  

• Grab attempted? 

- yes 

- no 

• Grab type 

- open category where observer was required to enter the grab name based on 

standard manoeuvre naming conventions  
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• Signs of control loss 

- yes 

- no 

• Landing area 

- flat top 

- knuckle 

- slope 

• Board ground contact angle – sagittal plane 

- toe first 

- heel first 

- board flat 

• Board ground contact angle – coronal plane 

- tail-first 

- nose-first 

- board flat 

• Board ground contact angle – transverse plane (Figure 5-1) 

- +45° to +90°  

- 0° to +45° 

- 0° 

- 0° to -45° 

- -45° to -90° 

• Maximum knee flexion (Figure 5-1) 

- none 

- none to half 

- half 

- parallel 

- full 

• Success of jump 

- fall 

- no fall 

• Type of fall 

- complete 

- recovered 
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• Fall direction relative to snowboard (Figure 5-1) 

- 180° 

- -90° to -180° 

- 0° to -90° 

- 0° 

- 0° to +90° 

- +90° to +180° 

• First body part to make ground contact 

- open category where observer was required to enter the body region that made 

first contact with the ground 

 

 

 

Figure 5-1 Illustration of selected category definitions. A. Board contact angle in transverse plane, B. Fall angle 

relative to snowboard, C. Maximum knee flexion angle.  Note: direction conventions shown here are for natural 

stance snowboarders; these were reversed for goofy snowboarders. 
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The coded trials were pooled to give frequency (%) statistics of jump landings and falls.  The 

influence of potential moderating factors on falling incidence figures was investigated via 

logistical regression and odds ratio (OR) calculation.  Odds ratio results are presented with 

confidence intervals (CI), and the threshold for significance for the regression analysis set at p 

< 0.05.  

 

The reliability of the coding template was also assessed.  A total of 20 jumps were presented 

in a randomised order and coded by three trained observers.  The observers were trained by 

the primary investigator and given an initial task of coding a random sample of jumps (N=15) 

for familiarisation purposes.  This random sample included recordings from all test locations 

to ensure a range of camera positions and lighting situations were covered.  The training was 

restricted to a discussion of the workings of the template and the definitions of the categories 

to be coded.  Several recordings were presented and discussed for clarification of the 

definitions but care was taken to not bias the observers through over-programming.  

Additionally, a single observer (main observer) coded the randomised trials three times with a 

one week washout period given between coding days.  Statistical tests were performed for 

both between- and within-observer reliability.  An alternative formulation of Fleiss’ Kappa 

statistic (Fleiss, 1971) was calculated as the measure of reliability.  This coefficient is known 

as the Free-Margin Multirater Kappa (Randolph, 2005) and is preferred when the distribution 

of cases within each category is not restricted.  This Kappa statistic expands upon the 

approach presented by Brennan and Prediger (1981) for free marginals in bi-rater data.  Free-

margin Kappa coefficients were calculated for each dependent variable using a free online 

Kappa calculator tool (Randolph, 2008).  Unfortunately, due to the lack of quantitative 

kinematic data, the validity of the template/analysis method could not be assessed. 

 

5.5 Results 

5.5.1 Template reliability testing (results and discussion) 

Table 5-2 presents the results of the reliability analysis.  The intra-observer reliability was 

found to be high, with a mean free margin Kappa coefficient of 0.89 + 0.09.  The inter-

observer reliability was not as highly rated, with a mean Kappa value of 0.78 (SD 0.15).  

Benchmark Kappa coefficient values, presented by Landis and Koch (1977), are shown in 

Table 5-1.  Although arbitrary in nature, these agreement strength guidelines have been cited 

regularly within the literature.  Based on the Kappa statistics three items were identified as not 
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sufficiently reliable to be included in further analysis.  These are shown in grey italics in 

Table 5-2 and were not included in the calculated mean values.  Body contact point was found 

to be less reliable based on its inter-observer Kappa coefficient.  However, this item was 

retained for further analysis because of its relevance in understanding falling injury 

mechanisms. 

 

 

Table 5-1 Agreement strength based on Kappa coefficient value.  Table from Landis and Koch (1977, p. 165). 

Kappa Statistic Strength of Agreement 

< 0.00 poor 

0.00 - 0.20 slight 

0.21 - 0.40 fair 

0.41 - 0.60 moderate 

0.61 - 0.80 substantial 

0.81 - 1.00 almost perfect 

 

 

Table 5-2 Results of coding template reliability tests. (grey italicised text indicates items of insufficient 

reliability: removed from the analysis and not included in table mean calculations) 

Item 
Intra-observer Inter-observer 

Agreement (%) Kappa Agreement (%) Kappa 

manoeuvre type 100 1.00 100 1.00 

grab (y/n) 97 0.93 90 0.80 

grab type 100 1.00 71 0.62 

loss of control (y/n) 100 1.00 70 0.40 

landing area 93 0.90 83 0.75 

landing board angle (frontal) 87 0.80 93 0.90 

landing board angle (transverse) 90 0.88 73 0.67 

landing board angle (sagittal) 90 0.85 90 0.85 

knee flexion angle 80 0.75 75 0.69 

fall (y/n) 100 1.00 100 1.00 

complete or recovered fall 100 1.00 61 0.22 

fall at impact (y/n) 94 0.89 67 0.33 

fall angle 89 0.87 78 0.73 

body contact point 89 0.78 78 0.55 

     
mean 92 0.89 85 0.78 

standard deviation 6 0.09 11 0.15 
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With regard to intra-observer reliability all 11 items were found to be coded with ‘substantial’ 

(N = 3) to ‘almost perfect’ levels (N = 8) of agreement.  Although the mean Kappa statistic 

was lower for the inter-observer reliability tests all items included in the main statistical 

analysis were rated above the threshold of ‘moderate agreement’.  More specifically, of the 11 

retained spreadsheet items, one was rated as ‘moderate agreement’ (body contact point), six as 

‘substantial agreement’ and four as ‘almost perfect agreement’.  The results of this reliability 

study suggest that the data presented for all but one of the descriptor variables can be taken 

with confidence.  Reviewing Table 5-2 it can be seen that the variables that are likely to be 

effected by view obstructions (e.g. grab type, body contact point) or parallax error (knee 

angle, board angle in transverse plane) have the lowest Kappa values.  Visual obstructions or 

parallax errors in the reviewed videos require an increased emphasis on individual 

interpretation/intuition and perhaps guesswork.  It is encouraging that despite this the 

reliability of the coding template was found to be sufficient in most cases. 

 

5.5.2 Landing and fall observation 

Seven hundred and four jumps across 120 participants were recorded and coded.  Straight airs 

were the most common manoeuvre, representing 74% of the jumping sample.  One quarter of 

all jumps were spinning manoeuvres and 29% included a grab.  Landing area definitions are 

shown in Figure 5-2.  Participants made ground contact on the landing slope, knuckle and flat 

top 45%, 35% and 20% of the time respectively.  For the majority of landings the first point 

of contact was the tail of the snowboard: 57% of all jumps.  During the impact phase of 

landing the maximum knee flexion angle was recorded relative to common squat depth 

definitions.  A half squat position was most commonly observed (39%), followed by parallel 

squat and ‘none to half’ squat; representing 27% and 28% of jumps respectively.  No 

perceivable knee bending was observed in 1% of the jumps and a full squat position was 

reached in only 5% of cases. 

 

 

Figure 5-2 Areas of interest on a standard snowboard tabletop jump. 
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Of the 704 jumps recorded, 148 (21%) resulted in a fall.  Falling direction was recorded 

relative to the long axis of the snowboard.  These data are presented in Figure 5-3.  It can be 

seen that a high proportion of falls were directed toward the tail and heel edge of the 

snowboard.  There was an approximately even spread across the other fall directions.  For 

42% of all falls recorded, the up-hill hand made first ground contact.  This was followed by 

both hands simultaneously, the bottom and down-hill hand representing 21%, 20% and 8% of 

the falling sample respectively. 

 

 

Figure 5-3 Falling direction relative to snowboard (expressed as percentage of total falls observed). 

 

Falling rates were influenced by landing position on the snow jump, manoeuvre type and 

body orientation at touchdown.  Jumps for which ground contact was made on the flat or 

knuckle of the snow jump had an increased falling incidence compared to landings made on 

the landing slope; 36%, 21% and 16% respectively.  Logistical regression revealed a 

statistically significant predictive relationship between flat landings and falling (OR 1.98; CI 

1.22 – 3.24). 

 

The type of manoeuvre performed during the flight phase of the jump was predictive of 

falling.  There was an increased falling incidence observed with spinning type jumps (OR 

3.00; CI 1.91 – 4.69).  Although the degree of rotation for spinning manoeuvres did not have a 

clear effect on falling rates, the direction of spin did.  A greater falling incidence (52%) was 

recorded for backside rotation manoeuvres (clockwise for natural stance snowboarders) 

compared to frontside rotations (42%).  Grabbing the snowboard during flight had a 

protective effect, significantly reducing falling incidence (OR 0.45; CI 0.26 – 0.77). 

 

Landing with the snowboard turned out of plane with the direction of travel increased the risk 

of falling (OR: 5.22; CI 3.5 – 8.94).  As shown in Figure 5-4, as the degree of separation 

between the long axis of the snowboard and direction of travel at touchdown increased, so did 
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falling incidence.  These falling incidence figures increased to approximately 60% for the 45° 

- 90°  categories.  Focusing on rotations about the long axis of the snowboard (sagittal plane), 

landing on the heel edge resulted in the greatest falling incidence (37%) compared to toe edge 

first (25%) and board flat landings (12%).  There was also an effect of touchdown snowboard 

position in the frontal plane on falling incidence, with nose-first landings being predictive of 

falls (OR 4.01; CI 2.26 – 7.11). 

 

 

Figure 5-4 Graph of falling incidence against differing landing board angle categories in the transverse plane. 

 

Comparison was also attempted between the different obstacles included in the sample.  The 

jumps were divided into short and long categories to assess the effect of jump construction on 

falling incidence.  Short jumps were defined as having a flat top length of less than 6 m.  

Logistic regression analysis of this data failed to show jump length as a predictor of falling 

incidence.  This was despite a higher incidence of flat top and knuckle landings observed for 

the long jumps: 28% and 16% for long and short respectively.  The other geometric 

parameters measured (e.g. kicker angle) were similar between the obstacles included in this 

study and thus no other comparisons were possible. 

 

5.6 Discussion  

The objective of this study was to perform a qualitative kinematic analysis of landing and 

falling movements associated with snowboard jumping, using an observational analysis 

technique.  A large volume of jumping and falling data was collected to provide a 
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representative sample of the general snowboarding population.  Data were pooled without 

distinction of participant experience or equipment use. 

 

Straight aerials (considered the simplest of jumps by snowboarders) were the most common 

manoeuvre observed, representing three quarters of the total sample.  Straight aerials form the 

basis of other manoeuvres, and it is likely that a study of elite level snowboarders would 

reveal a reduction in the proportion of straight aerials with a subsequent increase in spinning 

and inverted type manoeuvres.  In the current study, straight aerials had the lowest associated 

falling incidence.  There was an approximate fourfold increase in falls recorded for spinning 

type manoeuvres compared to straight aerials, and all of the observed back flips resulted in a 

fall.  More complex manoeuvres, such as spins, inverts and grabs, are considered more 

difficult by snowboarders.  These data support this common belief and Hypothesis 1.1 of this 

study. 

 

For the majority of jump landings participants made first snow contact with the tail of the 

snowboard.  This landing strategy may be beneficial as the resulting deformation of the 

snowboard tail will spread the landing impact over an increased time window, reducing the 

magnitude of resulting GRFs.  This theory is supported by pilot data, collected by the author, 

that demonstrated a reduction in vertical force peak force and loading rates with tail-first 

landings (McAlpine, 2006b).  The current data further support a protective mechanism of tail-

first landings as these had the lowest falling incidence.  The efficacy of landing body position 

alterations in the prevention of falls should be further investigated in the future. 

 

The landing location on the snowboard jump has an effect on impact loads.  Landing on the 

slope of the jump dramatically reduces the theoretical peak impact force experienced by the 

athlete (O'Shea, 2004).  In the current sample, over half (53%) the aerials were landed in areas 

of high loading: flat top or knuckle of the jump.  Landing in these areas was predictive of 

falling, supporting Hypothesis 1.2.  It appears that the high impact loading, likely to occur in 

these situations, predisposes the boarder to falling.  It is possible that the strength and/or 

reactive capacities of the lower body musculature could be exceeded in heavy landings, 

resulting in a loss of balance.  These findings raise questions concerning current jump 

construction.  It appears that the jumps filmed in this sample may be too long (range 5 – 8 m) 

for the general snowboarding population.  However, there was no clear relationship between 

measured jump length and jump clearance or falling rates.  Other factors such as kicker 
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construction (height, angle and radius), athlete approach speed and athlete jumping technique 

are involved in clearance of the snow jump.  An interesting observation was the high 

incidence of falling on jumps at an indoor snow sports hall (34%).  The length of this jump 

was similar to other jumps however the kicker angle was 5° steeper and the landing zone 5° 

flatter than the other jumps tested.  This steeper jumping slope may create a trajectory for 

which body COM control is difficult.  Flatter landing zones increase the normal loading 

applied to the snowboarder.  Due to these observations, further research into jump 

construction is justified, especially with regard to the relationship between jump length, 

kicker and landing construction, and jumping success.  It appears that there are currently no 

formalised standards or guidelines on jump construction.  A small number of researchers are 

beginning to focus on this aspect of snowboarding (Bohm, et al., 2008; LaHart, 2009; Shealy, 

Scher, & Harley, 2009; Shealy & Stone, 2008; Stone & Shealy, 2007) and this will have 

direct safety benefits to the snowboarding community.  Further biomechanical investigations 

are required before specific recommendations can be made. 

 

As shown in Figure 5-4 the incidence of falling increased when the snowboard made ground 

contact while turned out of plane with the direction of travel down the ski hill.  Such a landing 

position predisposes individuals to sliding out or catching the down-hill edge of the 

snowboard (Opposite Edge Phenomenon).  This phenomenon is reported to often result in the 

snowboarder being thrown violently to the ground and is thought to be a head injury risk 

factor (O'Neill & McGlone, 1999).  It is also likely that the rapid deceleration of the 

snowboard that accompanies edge catching will generate high moments at the ankle, and 

possibly knee joints.  It is probable that spinning manoeuvres carry a greater risk of incorrect 

landing alignment as these manoeuvres are often under/over rotated.  The significant 

predictive relationship between spins and falls provides support for this notion.  Spinning 

direction also had an effect on falling incidence with backside rotations exhibiting the greatest 

falling rates.  The apparent ‘blinding’ of the landing area during the early stages of the jump 

may explain this relationship.  With such rotations the jump is initiated off the toe edge and 

the athlete faces uphill during the first 180° of rotation.  The current data suggest that the 

degree of rotation has no clear influence on falling rates.  This was surprising since 

manoeuvres involving higher rotation magnitudes are considered more difficult by 

snowboarders.  In a wakeboarding epidemiological study, more complicated manoeuvres 

increased the chance of injury (Carson, 2004).  It is possible that only skilled performers 
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attempt such manoeuvres, for example 360° or 540° spins, and thus confound results with 

their high skill levels.  Landing on the edges of the snowboard influenced falling.  Such 

landing positions reflect a loss of control during the flight phase of jumping which may then 

result in a body position which is difficult to maintain at impact. 

 

The up-hill hand was the most common body part to make first contact with the ground 

during falls, rejecting Hypothesis 1.3.  This phenomenon is explained by the high proportion 

of falls in the direction of the tail and heel edge of the snowboard (Figure 5-3).  This could be 

a direct result of falling, or may be a protective movement strategy; participants may 

purposefully lean back when landing uncontrolled jumps to prevent a heavy forward fall.  

This finding is interesting as the down-hill arm is the most commonly injured upper limb in 

this sport (Yamagami, et al., 2004) and thus expected to be the most common first body 

contact point. 

 

The non-release binding system has been sighted as a potential factor involved in the high 

incidence of ankle injuries in snowboarding.  When a snowboarder falls along the long axis of 

the snowboard the extended lever arm provided by the nose or tail can transfer moments of 

high magnitude to the lower limb.  This increased twisting force combined with relatively soft 

boots may predispose the individual to inversion/eversion ankle sprain and fracture injuries.  

The lateral ankle ligaments are most at risk of sprain injury in snowboarding and are known to 

be overextended with forced inversion movements.  The unique fixed binding arrangement 

creates a situation where the front ankle is everted and the back ankle inverted during a fall 

toward the nose of the snowboard (the opposite would occur in tail-directed falls).  Such fall 

directions will carry an increased risk of ligamentous injury to either limb.  Of significant note 

in the current study is the high proportion of falls directed toward the tail and heel edge of the 

snowboard.  Focusing on the front limb, this falling direction has the potential to force the 

ankle into an inverted and plantarflexed position, known to be a primary mechanism of 

anterior talofibular and calcaneofibular ligament sprains (Fong, et al., 2007).  Based on past 

cadaver studies, The Snowboarders’ Fracture mechanism is either dorsiflexion and inversion 

with external rotation (Boon, et al., 2001), or dorsiflexion and eversion of the ankle joint 

(Funk, et al., 2003), or both.  Both of these movement patterns are likely to occur when a 

snowboarder falls along the long axis of the board.  In the current study 10% of all falls were 

in the nose-toe edge direction and 18% in the tail-toe edge direction, both of which could 

result in these movement patterns in either the leading or trailing ankles. 
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A deep squatting position during the landing movement has been cited as a possible ACL 

injury mechanism which is not dependant on valgus or twisting forces at the knee (Meighan & 

Tietjens, 2001).  A full squat position was reached in 5% of the jumping sample with parallel 

squats representing 27% of the sample.  The level of knee bending or GRF loading required to 

produce ACL injuries with this proposed injury mechanism has not been quantified and thus it 

is not possible to deduce knee injury risk from this data. 

 

This study highlights the fact that falling is very common in the sport of snowboarding.  The 

falling rate of 1 in 5 jumps is of concern and provides motivation for future research focused 

specifically on freestyle snowboarding.  It appears that jump construction, manoeuvre type 

and landing technique have an influence on falling rates.  The results of this study provide 

input information for simulation type studies.  A typical fall resulting from jumping was 

found to be towards the tail and heel edge of the snowboard with the up-hill hand making first 

contact with the ground.  This is different to the typical fall model used in past simulation 

experiments.  In such research the snowboarder was modelled to fall along a single plane 

towards the nose with no flexion occurring at the knee joint (Grewal, 2002; Hull, et al., 1999).  

It is clear from the current data that although this movement pattern can occur, this is not 

representative of the common falling situation, and rather a more severe and rare situation.  

Single plane falls toward the nose represent only 3% of the current falling sample.  

Qualitative observation of such falling events reveal that even in these situations a large 

amount of off-plane joint movement occurs, with flexion and internal/external rotation about 

all lower limb joints.  This observation has lead the author to question the validity of such 

single plane analyses of snowboard landings and falls.  It is clear that quantitative 

measurement of landing and falling within this sport is the next logical step in the search for 

injury mechanisms and prevention methods. 

 

5.7 Conclusion 

As expected, falling incidence associated with jumping was found to be high.  A rate of one 

fall for every five attempts is a concern because falls are regularly sighted within the 

snowboarding literature as high injury risk situations.  Based on the current sample a typical 

fall after jumping is directed toward the tail and heel edge of the snowboard with the trailing 

hand making first contact with the snow.  This finding did not align with epidemiological data 
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which cites the leading upper limb as most commonly injured in falling situations.  Movement 

patterns that may carry potential for lower limb injury were identified under these ‘typical’ 

falling situations.  Several predictors of falls were identified that relate to landing technique, 

jump construction and manoeuvre selection.  Each of these present as potential areas for 

future research focus.  This observational data needs to be reinforced with more objective 

quantitative measures to provide a clear picture of the loading applied to the lower body 

during snowboard jump landings.  In the following chapters quantitative kinematic and kinetic 

analyses of snowboard landings using specifically designed measurement equipment and 

methodologies will be presented. 
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Chapter 6 – The Snowboard Force Plate: Design Modifications and 

Refinements 

 

6.1 Introduction 

A prototype Snowboard Force Plate (SFP) was used to collect preliminary on-snow data with 

moderate success, with the design and construction of the device presented previously 

(McAlpine, 2006b).  The prototype SFP was tested for validity, with encouraging 

measurement accuracy results, however a number of potential design enhancements were 

identified.  Of importance were an increase in measurement accuracy and a reduction in the 

overall volume and mass of the device.  This chapter aims to present the design refinements 

and subsequent performance tests of the updated SFP design.  For the purpose of clarity the 

original prototype will be referred to as SFP version one and the updated prototype SFP 

version two for the remainder of this chapter. 

 

6.2 Snowboard Force Plate Design Concept 

A detailed description the SFP design is provided elsewhere (McAlpine, 2006b), thus a brief 

overview will be presented in the following text.  Version two of the SFP is based exclusively 

on version one with minor design adjustments. 

 

The original design work was conducted in collaboration with The University of Auckland 

School of Engineering.  The goal of this design project was to develop a force platform that 

could be installed onto a standard snowboard to measure all forces and moments acting on an 

individual while snowboarding.  The design and construction of the SFP was based on the 

Stewart platform configuration, also known as six-axis force transducers.  The forces and 

torques applied to a Stewart platform are supported and measured by six rigid or actuating 

legs.  As demonstrated by Dwarakanath et al. (1999) the signals obtained from the 

instrumented legs can be transformed into three orthogonal force components and moments 

about each of these axes based on the relative geometry of each leg.  These devices can be 

designed to be compact, providing potential for many portable force plate applications. 

 

The SFP mechanism consists of top and bottom plates, six single-axis force transducers, 12 

Delrin balls, and 24 rubber buffer mounts.  The force transducers are the supporting legs of 
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the Stewart platform with the Delrin balls providing the articulation between the transducers 

and the plates.  The arrangement is held together with a preloading mechanism.  The SFP is 

designed to mount onto any standard snowboard via standard mounting screws and bindings 

can be secured to the top plate of the device.  While snowboarding all forces acting on the 

lower limb are supported and measured by the SFP devices.  During the design process major 

considerations included an operating temperature down to –20°C, compressive load range of 

10 kN, measurement of forces and moments about three orthogonal axes, and minimization of 

overall dimensions and weight.  The requirement of a low operating temperature was chosen 

to allow the device to be used in most alpine winter settings. 

 

 

 

Figure 6-1 Distribution of the force transducers within the SFP device.  Four M6 holes are located in the plate 

centre for snowboard mounting purposes. 

 

 

The force transducers are individually calibrated and form the supporting legs of the Stewart 

platform, thus all loads exerted on the plate are distributed between the transducers.  Delrin 

balls form the articulation between the transducers and plates to minimise off-axis loading.  

Seats are machined into the force transducer ends and aluminium plates to hold the Delrin 

balls.  The six force transducers are orientated perpendicular to each other (Figure 6-1).  The 

fixed orientation of the transducer units allows for the use of simple trigonometric 

calculations to resolve the applied load along three reference axes with their respective 
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moments.  The definition of the SFP measurement axes is shown in Figure 6-2.  The x-axis 

runs parallel with the long axis of the snowboard towards the nose, the z-axis vertically and 

the y-axis perpendicular to this following the right hand rule. 

 

 

 

Figure 6-2 SFP coordinate system shown on two plates for clarity. 

 

 

A portable data logger can be used to sample data (Compaq Ipaq Pocket PC, Model 3850) at a 

frequency of 1000 Hz.  The data logger, signal amplifiers and power pack fit easily within a 

small back pack which is worn by the snowboarder.  The fully loaded pack is compact and 

weighs approximately two kilograms.  Cables from the SFP are strapped to the subject’s leg 

to prevent catching. 
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Figure 6-3 All data collection equipment is housed within a compact backpack.  

 

6.3 SFP Version One 

6.3.1 Design overview 

The first version of the SFP mechanism consisted of machined aluminium alloy top and 

bottom plates, six single-axis ENTRAN ELHM force transducers, 12 Delrin balls, and a 

spring-based preloading mechanism.  The full assembly of the SFP version one is shown in 

Figure 6-4. 

 

Figure 6-4 Prototype version one of the snowboard force plate. 
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6.3.2 Assessment of the measurement accuracy of SFP version one  

To quantify the measurement errors associated with this device a simple laboratory-based 

validation study was conducted.  The accuracy of the SFP was tested under static and 

dynamic loading situations against reference measures (McAlpine, 2006b).  A BERTEC force 

plate and Instron materials testing machine were used as the reference measures in these tests.  

For the static trials, known loads of various magnitudes were applied to the plate and 

compared to the output force reading.  For the dynamic trials, the SFP was loaded by the 

experimenter with maximum effort along each of the measurement axes in-turn and a 

simulated landing task was carried out. 

 

The SFP performed well under static loading conditions.  The vertical output signal of the 

version one prototype SFP was found to have a mean error margin of + 10 N or 0.6% of 

applied load.  Correlation measures revealed a highly linear response to loading.  The 

magnitude of system noise was assessed from an unloaded trial and was of low magnitude.  

The measurement accuracy of the SFP declined under dynamic conditions.  Mean dynamic 

measurement errors of 5.4%, 5.8% and 2.2% of applied load for the x, y and z force 

components respectively were observed.  These error values compared well with previous 

snowboard force transducer designs as did moment measures about the horizontal axes.  

Measurement errors below 5% were reported for vertical force and horizontal axis torques in 

the first of two snowboarding kinetics studies published to-date (Bally & Taverney, 1996).  

The calculated z moment did not compare as favourably to previous studies with a RMS error 

of 22.6% of applied load.  It is thought that the preloading mechanism may have caused this 

effect via transmission of load though the stiff stainless bolts.  The resonant frequency of the 

SFP was of higher magnitude than previous portable force transducer designs.  It was 

assumed that this frequency response will be sufficiently high to reconstruct dynamic loads 

that occur during snowboarding. 

 

This test series confirmed the plausibility of a Stewart platform type force plate for use in 

snowboarding kinetic studies.  However it was hoped that the accuracy of the device would 

have been more precise.  Future design refinement work was proposed to address 

improvements in measurement accuracy with further weight and overall size reductions. 
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6.3.3 Pilot on-snow testing using SFP version one 

Following the equipment development, a small scale on-snow pilot test was performed.  

Ground reaction force data were collected during a series of 10 jumps using SFP version one.  

The SFP was fixed between the board and binding, beneath the participants’ lead foot (N).  A 

wooden spacer block was constructed and fixed beneath the right binding to compensate for 

the height discrepancy created by the SFP.  Force data were collected on a portable data 

logger at a sampling frequency of 960 Hz.  Data collection was triggered remotely by the 

experimenter immediately prior to take-off.  The results of this study are presented elsewhere 

(McAlpine, 2006b). 

 

During testing all participants were verbally surveyed on the perceived effect of the 

measuring equipment on riding ability, technique and comfort.  Initially all participants 

commented that the increased riding height felt awkward and would limit their snowboarding 

ability.  However, after riding the lift to the top of the slope, all felt comfortable to perform a 

jump on their first run.  The additional weight of the pack and SFP was considered to be 

insignificant by the participants.  Overall the SFP system was considered noticeable but had 

no substantial influence on snowboarding ability. 

 

6.4 SFP Version Two - Design Refinements and Improvements 

6.4.1 Structural integrity 

After the first series of pilot tests, small cracks appeared on the surface of the top plate of SFP 

version one.  These cracks corresponded with the articulation of the force transducers and top 

plate.  This structural failure was attributed to deficiencies in both the plate design and choice 

of material; both have been remedied in version two.  The 5000 series aluminium alloy has 

now been substituted with stronger 7000 series aluminium alloy.  Additionally, to ensure even 

load distribution, the conical seats machined into the force transducers have been substituted 

with spherical seats in version two.  This design change is intended to eliminate point loading 

at the contact of the balls and top plate.  Finite element analyses conducted with COMOS 

Works (Solidworks module) revealed a safety factor of 3.4 under a constant vertical load of 

10 kN for the current design.  The interpretation of this safety factor is that the SFP is 

expected to fail under a load of 34 kN.  Thus the structural integrity of the refined plates was 

deemed sufficient to accommodate the loads expected during snow jumping trials. 
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Figure 6-5 SFP version two design showing individual components (top view). 

 

6.4.2 Preloading mechanism 

Pilot field tests revealed a flaw in the preloading mechanism of SFP version one.  A test 

participant displaced a sensor within the SFP during a landing trial, and it appeared that the 

top and bottom plates of the SFP were momentarily forced apart at impact, presumably due to 

high magnitude torque about the long axis of the snowboard.  Within this time period the 

sensors moved free from their resting position, disrupting the arrangement and causing a 

major offset in all six sensing elements.  This event went unnoticed and resulted in unusable 

kinetic data for all trials for this subject.  An oversight in the design of the SFP version one 

was identified as the underlying cause of this malfunction.  The snowboard binding dominates 

the top surface of the SFP, restricting the available sites for preloading spring placement to 

positions on the medial and lateral edges of the binding.  With this preloading arrangement 

there was compromised rotational stability about the SFP x-axis (long axis of snowboard). 

 

To counter this, a new preloading mechanism was formulated.  For SFP version two, a series 

of rubber mounts are stretched between the top and bottom plates of the device thereby 

providing preload via tension force.  This arrangement is illustrated in Figure 6-5 and Figure 

6-6.  In the updated design, twenty four 16 x 15 mm natural rubber buffer mounts with M4 
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female/female threads (Fibet, Torino, Italy) were used.  Twenty four of these mounts are 

distributed evenly about the outer diameter of the SFP to afford greater stability through an 

even distribution of load.  An additional advantage of this new preloading method is that it 

provides a flat surface on the top plate for unobstructed binding mounting and angle changes. 

 

 

Figure 6-6 Exploded illustration showing preloading mechanism. 

 

To determine the elastic properties of the rubber preloading units, a sample of four randomly 

selected rubber mounts were tested in an Instron machine.  Each sample was subjected to 

three cycles of 5 mm of extension, at a rate of 1 mm/s.  An additional 10 cycle trial was 

collected to test for stability over repeated elongations.  Force and displacement data were 

acquired at 1000 Hz.  According to the manufacturer’s specifications, the maximum working 

displacement of these mounts is 3 mm.  Thus the mean force was calculated for each unit at 

this displacement.  These data are presented Figure 6-7.  The mean tension force generated by 

these units, under 3 mm elongation, was 144 N (SD 8.4).  Thus the current arrangement of 24 

rubber mounts distributed evenly about the perimeter of the top and bottom plates provides a 

compression preload of approximately 3400 N to firmly hold the plate-sensor arrangement 

together.  There is some variation in stiffness between the units however this is not of concern 

as a precise preload level is not required in this application.  Each force transducer offset is 

adjusted individually, accounting for potential differences in zero level.  The repeated 

extension trials did not reveal any plastic deformation under these test conditions.  In 

conclusion, the rubber mounts were deemed satisfactory for inclusion in the assembly of SFP 

version two. 
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Table 6-1 Force at 3 mm extension for each rubber mount unit tested (mean over three trials). 

Extension 
(mm) 

Force (N) 

Unit 1 Unit 2 Unit 3 Unit 4 Mean SD 

3.0 144 136 155 140 144 8.4 

 

 

 

Figure 6-7 Mean force displacement curve for the four rubber mounts tested (solid line = mean, dashed line 

mean + 1 standard deviation). 

 

 

6.4.3 Sensor type change 

In the version two design ENTRAN ELHM sensors have been substituted with Futek 

LCM200 tension-compression force transducers, selected to reduce the thickness and weight 

of the assembled plate.  These units are of smaller overall dimensions than the ENTRAN 

sensors.  For comparison, schematics of the LCM200 and ELHM force transducers are 

presented in Figure 6-8.  Of note is the 20 mm reduction in overall length compared to the 

ELHM sensor.  The LCM200 force transducers have a measurement capacity of 4448 N with 

a 150% overload limit, an operating temperature range of -50 to 140°C and high measurement 

precision (0.5% of rated overload), making them well suited for this SFP application.  The 

specification sheet for the version two sensors is included in Appendix A. 
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Figure 6-8 Dimensions of two force transducer units; (left) Futek LCM200 and (right) ENTRAN ELHM. 

 

 

 

Figure 6-9 FUTEK LCM200 and ENTRAN ELHM load cells as used in version two and one of the prototype 

SFP respectively (not shown to scale). Note – the threaded ends have been machined to reduce overall length 

and to allow for stable seats for the Delrin balls. 

 

6.4.4 Sensor orientation correction 

An oversight in the original aluminium plate design lead to a relative sensor orientation of 

75°.  This incorrect sensor orientation had an influence on measurement accuracy.  This has 

been corrected in the design of prototype SFP version two which the sensors are orientated 

perpendicular to each other. 

 

6.4.5 Height and weight reduction 

Version one of the SFP had a mass of over 2 kg and a thickness of 39 mm.  Both of these 

design aspects have been improved in SFP version two.  The change to stiffer 7000 series 

material allowed a reduction in the thickness of the individual aluminum alloy plates, 

reducing the overall volume of these units.  This design change, coupled with the lower mass 

sensors, affords a 0.5 kg reduction in total mass of the assembled force plate (1.55 kg total 

mass).  The shorter length sensors incorporated in version two resulted in a reduction in 

overall SFP height from 40 mm to 31 mm. 

  



 

79 

6.4.6 Signal amplification 

A custom bridge amplifier unit was built for this SFP version two device.  This twelve 

channel amplifier is powered by a re-chargeable NiCad battery pack and has the benefits of 

gain and baseline adjustment.  A fully charged battery pack is expected to power the system 

for approximately four hours per charge in conditions down to -20 °C.  The full working SFP 

system is presented in Figure 6-10. 

 

 

Figure 6-10 Entire SFP data acquisition system: a) backpack, b) Compaq data logger, c) bridge amplifier unit, d) 

Biovision connector box, e) NiCad battery pack, f) snowboard force plates, g) snowboard.  

 

Table 6-2 Mass properties of each component of the snowboard force plate system and snowboarding equipment 

used in the on snow data collection sessions. 

Item Label in Figure 6-10 mass (kg) 

Back pack, PDA case and protective padding a 0.69 

Compaq PDA b 0.66 

Amplifier c 0.93 

Connector Box d 0.25 

Battery Pack e 0.58 

SFP (per unit) f 1.55 

Total weight SFP system  6.21 

 

 

 Snowboard g 2.90 

Bindings (per unit)  1.02 

Boots (per unit, US 9 - 12 )  0.88 - 0.97 

Total weight snowboard equipment  6.70 - 6.88 

a

b

c d

e

ff g
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6.4.7 Equation correction 

An error was identified in the original force and moment component equations, which 

resulted from a miscalculation of the individual sensor moment arms.  Although this error 

resulted in the moment arm being only slightly underestimated it may have contributed to the 

high measurement errors found for the moment components during the reference tests for 

version one of the prototype SFP.  This has been corrected.  The reaction force, reaction 

moment and centre of pressure (COP) equations are presented in Appendix B. 

 

6.4.8 Transducer calibration 

Prior to the assembly of the SFP the force transducers were individually calibrated under 

compression using an Instron Universal Electromechanical Materials Testing Machine (Model 

5866, 10 kN load cell, Instron, Massachusetts, USA).  Instron manufacturer’s specifications 

report a load measurement accuracy of + 0.4%.  Prior to calibration, each transducer was 

cooled in ice for one hour to match the intended operating conditions as closely as possible.  

Each transducer was loaded, from 0 N up to maximum, in 500 N increments and a calibration 

factor calculated. 

 

 

Figure 6-11 Transducer calibration: Instron 5866 used as reference measure. 
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6.5 Performance Testing 

6.5.1 Purpose 

In light of the design refinements it was considered appropriate to conduct reference testing 

on the version two SFP.  Although the design changes were relatively small there were a 

number of adjustments which aimed to increase the performance of this device under dynamic 

loading conditions. 

 

6.5.2 Method 

To assess measurement accuracy, the SFP was loaded and raw output data were compared 

with a reference measure.  To match the intended operating conditions as closely as possible, 

the SFP was placed in an ice bucket for one hour prior to testing.  For the trials involving 

vertical load application an Instron materials testing machine (Model 5866) was used to apply 

and measure force (Figure 6-12).  The Instron was therefore utilised to test vertical force and 

moments about the shear axes.  For the vertical force trials the SFP was loaded centrally.  For 

the moment trials, a point load was applied at a known position along each of the shear (x and 

y) axes and the reference moment was calculated as the product of the compressive force 

applied by the Instron and the known moment arm. 

 

 

Figure 6-12 Instron compressive loading. 
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For trials involving horizontal force application the SFP was mounted onto a Bertec force 

plate and the load was applied manually with a pulley system (Figure 6-13).  The SFP was 

fixed via four M6 screws onto a snowboard section which was subsequently fixed to the top 

plate of the Bertec force platform.  For this, mounting holes were tapped into the Bertec top 

plate and care was taken to ensure alignment of the measurement axes of both devices.  For 

the shear force trials the load application cable was attached to the centre of the SFP’s top 

plate using the available binding mounting holes.  For the moment about the vertical 

measurement axis an extension arm was fixed to the top plate of the SFP to allow sufficient 

moment generation. 

 

 

Figure 6-13 Bertec-snowboard force platform mounting system and method of force application: (a) shear force 

trials, (b) moment about vertical axis. 

 

Data were collected synchronously from both measurement devices at 100 Hz.  For each trial, 

the SFP was loaded in a manner that caused a force and moment about a single axis of the 

device.  The magnitude of the applied load was dependent on the measurement direction.  

Pilot on-snow jumping data collected with an earlier prototype SFP was used to determine the 

magnitude of the applied force and moment.  The plate was progressively loaded from zero up 

to the maximum and back, with three loading cycles collected in a single recording for each 

measurement axis.  Due to manual force application the peak magnitude of the applied load 

varied slightly between trials.  The approximate inputs for each axis were 1500 N for the 

shear forces, 6000 N for vertical force and 175 Nm for each of the moments. 

 

Additional to the reaction force component tests, the accuracy of COP estimation was 

investigated.  To do this a grid of 25 points was placed on the top plate of the SFP and a point 

load was then applied manually at each of these locations.  Three loading trials were collected 

Bertec force platform

extension arm

mounting plates

pulley

snowboard force platform

applied force

(a) (b)
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for each point location.  Standard calculations were employed to resolve the coordinates of the 

instantaneous COP location (COPx = (-0.0155 * Fx - My)/Fz and COPy = (-0.0155 * Fy + 

Mx)/Fz, where 0.0155 m is the vertical distance between the force application point and 

origin of the force plate). 

 

To assess the underlying system noise an unloaded trial was collected and the standard 

deviation of each force and moment channel was calculated.  To assess the natural frequency 

of the SFP, the device was suspended and hit centrally with a hammer.  This approach has 

been reported in the literature (Major, Sands, McNeal, Paine, & Kipp, 1998).  The resulting 

vibrations were sampled at 40,000 Hz using a PowerLab system (ADI Instruments Pty Ltd).  

A Fast Fourier Transform was performed on the individual sensor outputs for a spectral 

analysis of the collected signals.  Individual transducer outputs were analyzed because the 

vibration of the SFP will be measured as axial oscillations of the single axis force transducers.  

These oscillations will be reflected in all of the output GRF component data negating the need 

to assess each of the six computed output signals. 

 

For statistical analysis, the Bland-Altman technique for assessing agreement between 

measurement systems was utilised to assess the measurement accuracy of the SFP (Bland & 

Altman, 1986).  The authors state that a correlation analysis is an inappropriate means of 

determining agreement between two pieces of measuring equipment and should therefore be 

avoided.  Due to the inherent error in all measurement systems the mean of the two measures 

at each point in time is the best estimate of the true value (Bland & Altman, 1986).  Thus for 

the between-device comparisons the difference between the SFP and reference output at each 

time point was plotted against the mean output in a Bland-Altman plot.  Additionally RMS 

error and hysteresis were calculated for each of the loading trials to allow for comparison with 

past force platform designs.  Root mean squared error was calculated over the duration of the 

consecutive loading cycles providing a single result for each GRF component.  Hysteresis was 

quantified as the maximum of the absolute difference between the loading and unloading 

force/moment output at each loading level with the maximum value across the three loading 

cycles presented. 
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6.5.3 Results 

Standard deviation of the unloaded trial was less than 3 N for the force channels and 0.25 Nm 

for the moment channels.  This represents a reduction in signal noise when compared to SFP 

version one which had baseline standard deviations of up to 8 N and 1 Nm.  Plotting SFP 

outputs against the reference measure revealed a highly linear response to loading for all force 

and moment components.  Non linearity in the loading response was found to be less than 

1.5% of maximum applied load for all measures.  Bland-Altman plots in (Figure 6-14 and 

Figure 6-15) illustrate the between-device differences for calculated force and moment 

outputs.  For most components, the between-device differences are of greater magnitude in 

the mid range of loading.  RMS error values calculated for each measurement axis are 

presented in Table 6-3.  For all components the RMS error between the SFP and reference 

output was less than 2.2% of maximum applied load.  The measurement errors observed are 

of smaller magnitude than that recorded for SFP version one.  This comment holds true for all 

components of the GRF signal.  This increased agreement of SFP version two with the 

reference measure is illustrated in Table 6-3.  Hysteresis was observed in the loading response 

of the SFP and this is reflected in the Bland-Altman plots.  As presented in Table 6-4 this 

hysteresis was less than 2.2% of maximum applied load for all channels.  Crosstalk of up to 

2% was observed between the force measurement channels.  The crosstalk varied with the 

magnitude of applied force, force application point and direction. 

 
Table 6-3 Comparison of RMS values between both versions of the SFP: version 2 (V2) and version 1 (V1). 

 

 

Table 6-4 Hysteresis for all measurement outputs for SFP version 2. 

Root Mean Squared Error 

    Force Components Moment Components 
    x y z x y z 

V2 
absolute (N or Nm) 8.4 23.6 41.3 2.2 1.0 4.1 

% applied load 0.5 1.6 0.7 1.2 0.5 2.2 

V1 
absolute (N or Nm) 13.4 15.9 59.9 2.0 8.0 7.0 

% applied load 5.6 6.1 2.2 3.1 11.3 22.6 

Hysteresis 

  Force Components Moment Components 
  x y z x y z 

absolute (N or Nm) 5.0 24.0 22.0 3.0 1.0 4.0 

% applied load 0.4 1.6 0.4 1.7 0.6 2.2 
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Figure 6-14 Bland-Altman plots for force component outputs. 
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Figure 6-15 Bland-Altman plots for moment component outputs. 
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The Bland-Altman plots in Figure 6-16 illustrate the between-device differences (Reference 

vs. SFP) for calculated COP outputs.  The calculated RMS errors over all test positions and 

trials were 3.5 mm and 3.7 mm for the x and y COP coordinates respectively.  The range of 

absolute error was -5.5 to 11.6 mm and -8 to 9.9 mm for x and y COP coordinates 

respectively.  For both COP coordinates, the magnitude of measurement error increased as the 

force application point moved toward the periphery of the SFP device.  This is clearly 

apparent in Figure 6-17.  The accuracy of the COP was not assessed for SFP version one and 

thus a comparison will not be made here. 

 

 

Figure 6-16 Bland-Altman plots for centre of pressure output measures. 
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Figure 6-17 Schematic representation of deviations in calculated centre of pressure coordinates (diamonds) 

against known points of force application (circles). 

 

A representative Fast Fourier Transform is shown in Figure 6-18.  The median frequency of 

the oscillating plate signal was above 1500 Hz for all of the sensing elements.  A regular 

damped vibration signal was observed following the hammer strike with a typical sensor 

output presented in Figure 6-19. 

 

 

Figure 6-18 Representative Fast Fourier Transform of transducer output following hammer hit. 
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Figure 6-19 Vibration of the SFP after hammer hit (indicated by the arrow). 

 

6.5.4 Discussion 

The results of the SFP version two performance tests definitively show its superiority over 

version one with regards to measurement accuracy and baseline signal noise.  Considered 

along with the mass and volume reductions, increased strength and general usability, the 

design refinements presented in this chapter can be regarded as a success. 

 

Several groups have presented research studies that have included portable dynamometers in 

their experimental design.  Table 6-5 presents a comparison with a selection of other force 

plate devices.  Errors below 5% were found for vertical force and horizontal axis torques in 

the earliest of the snowboarding kinetic studies published to date (Bally & Taverney, 1996).  

In this 1996 study, measurement accuracy declined for moments about the vertical axis, with 

errors of up to 15% reported.  Klous et al. have presented the measurement precision of the 

KISTLER piezoelectric portable force plates used in their collection of snowboarding GRF 

data (Klous, 2007; Klous, et al., 2006a, 2006b).  For this device, measurement errors of 3% 

for force components and 8% for moments were reported (Klous, 2007).  The earliest 

publication on a ski mounted dynamometer presented a strain gauge device accurate within 

4% of full scale (Hull & Mote, 1974).  This device was utilised in several subsequent 

published studies (Hull & Mote, 1980; Kuo, et al., 1983; Louie, et al., 1984).  Another early 

design has been presented, with measurement errors of up to 25% reported under certain 

loading situations (MacGregor, et al., 1985).  Due to these measurement inaccuracies the 

design was revised, reducing measurement imprecision to below 10% (Wunderly & Hull, 

1987).  This technology was employed in two further publications (Maxwell & Hull, 1989; 

Wunderly, et al., 1988).  In the early 1990s a custom shear panel ski dynamometer was 

presented in several on-snow skiing research papers (Quinn & Mote, 1990, 1991, 1992).  The 

development of this device has been presented in an earlier unpublished report where the 

RMS error of this device was reported to be below 4 N and 0.5 Nm for force and moment 
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measures respectively (Levin & Mote, 1983).  The procedures used to collect these accuracy 

data have not been published.  More recently a strain gauge based skiing force plate system 

was presented (Vodickova, et al., 2005).  Performance testing on this device identified a 

measurement precision of better than 7% for all output channels.  Performance test results of a 

Stewart platform based force transducer revealed a measurement accuracy of 3.5% for force 

and 7.5% for the moment components under laboratory conditions (Kang, 2001).  Calculated 

input force errors of less than 7.8% were reported for another Stewart platform sensor device 

(Dwarakanath, et al., 1999). 

 

The results of the current measurement accuracy tests compare well with previously presented 

snow sports specific force plates and Stewart platforms.  RMS errors in both force and 

moment estimates were below 2.2% of maximum applied load for all measurement axes.  

This superior performance of the SFP compared to most other dynamometers used within the 

snow sports biomechanics research field provides support for the use of this device in on-

snow data collection sessions. 

 

Table 6-5 Comparison of the current SFP device with a selection of floor mounted and portable snow sports 

specific force platforms. Only first author presented to purposes of brevity. 

 

 

The magnitude of baseline noise in the current SFP design (< 3 N or 0.25 Nm) is small 

compared with the loads expected for on-snow jumping trials.  Some cross talk was observed 

between the output channels of the SFP device, ranging from 0.4% to 2% of applied load 

dependent on load application point and direction.  Observing other available devices, this 

level of cross talk can be considered acceptable.  Kistler, Bertec and AMTI force plates, 

considered the gold standard, are reported to have crosstalk levels of below 2% full scale 

Author/ 

Manufacturer

Current 

Study

Kistler, 

Switzerland

Bertec,    

USA

AMTI,      

USA

Levin    

(1983)

Wunderly 

(1987)

Bally     

(1996)

Klous     

(2006)

Description

Snowboard 

Force 

Platform

9253B11       

floor      

mounted

4060-10         

floor     

mounted

OR6-7           

floor    

mounted

Strain gauge   

ski plate

Strain gauge    

ski plate

Strain gauge 

snowboard    

plate

Kistler ski 

plates

Dimensions (mm) 200 (Ø) 600 x 400 600 x 400 508 x 464 140 x 95 175 x 60

Height (mm) 31 100 100 83 32 40 35

Mass (kg) 1.5 40 23 32 1.7 1.1 1.8

Non Linearity (%) < 1.5 < 0.5 (FSO) 0.2 (FSO) < 2

Error Measure (%) < 2.2 < 1 < 10 < 15 < 8

Hysteresis (%) < 2.2 < 0.5 (FSO) 0.2 (FSO) < 2 < 2

Cross Talk (%) < 2 < 2 0 < 2 < 1

Natural Freq (Hz) 1500 750 - 850 580 - 600 470 - 570
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output (FSO) (Kistler, Switzerland; AMTI Inc, USA; Bertec Corporation, USA).  Another 

comparison with floor mounted force platforms can be made with the manufacturers’ claims 

of non linearity and hysteresis levels.  Analysis of the SFP data revealed measurement non 

linearity and hysteresis of less than 2.2% of maximum applied load for all channels.  It is 

likely that the rubber preloading units explain the majority of the hysteretic response to 

loading due to a viscoelastic response to length change.  Each of the three force platform 

manufacturers mentioned above present values of 2% FSO or less in these measures, 

suggesting the influence of viscoelasticity on the quality of recorded data is within acceptable 

levels for such devices.  This comparison with commercially available products further 

strengthens the argument for use of the SFP in future snowboarding research studies. 

 

Accuracy of the point of force application is important for an inverse dynamic approach to be 

valid.  Inaccuracies in anterior-posterior COP coordinates of 5 to 10 mm can result in lower 

limb joint torque errors of 7% and 14% respectively (McCaw & DeVita, 1995).  For the 

current SFP COP RMS errors of 3.7 mm were observed with maximum absolute coordinate 

errors of up to 11.6 mm.  Although the maximum absolute error appears high, these results 

compare well with research data on commercially available, gold standard force plates.  COP 

errors of up to 11.6 mm and 20 mm were reported in two experiments on Kistler force 

platforms (Bobbert & Schamhardt, 1990; Middleton, Sinclair, & Patton, 1999).  As expected 

the COP measurement error increased as the point of application moved out towards the 

periphery of the top plate.  This phenomenon has been reported by other authors who tested 

floor mounted force platforms (Bobbert & Schamhardt, 1990; Middleton, et al., 1999). 

 

Force plate loading associated with all human movement situations is dynamic in nature.  It is 

therefore important to quantify the natural frequency of a force plate to assess the ability of 

the device to accurately measure dynamic loads (Hull, Brewer, & Hawkins, 1995).  If the 

dynamic response of the device is of a similar frequency to the input load the collected force 

trace could be distorted.  Hull et al. (1995) state that the frequency response of a measurement 

device must be flat within the target movement frequency bandwidth.  Spectral analyses of 

pilot landing GRF data, collected with the SFP version one, revealed a median frequency of 

11 Hz with an absence of frequency components above 150 Hz for the majority of on-snow 

jumping trials (McAlpine, 2006b).  It can be concluded from these data that the resonant 

frequency of the SFP (≈ 1500 Hz) is of sufficient magnitude and will not interfere with the 

GRF signals collected from a snowboarder.  Literature on previous portable force plate 
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designs have reported natural frequency values of lower magnitude than seen in this current 

study (Kram & Powell, 1989; Major, et al., 1998).  As presented in Table 6-5 the natural 

frequency of the unloaded SFP also compared favourably with commercially available floor 

mounted force platforms, the accepted method for GRF data collection in sporting impact 

analyses.  The low mass, as well as the high stiffness created by the preloading mechanism of 

the SFP are thought to provide a possible explanation for the high magnitude natural vibration 

frequency of this device. 

 

Design limitations 

In addition to the measurement precision limits of the individual force transducers there are 

several potential causes of measurement error in the SFP design.  The influence of these 

potential error causing design factors are clearly small based on the performance test results, 

but should still be discussed.  The rubber preloading units span between the top and bottom 

plates and thus can transfer load, bypassing the sensor elements.  Due to the relative stiffness 

of the rubber mounts compared to the sensors and Delrin balls it is likely that minimal 

deformations occur in these units and thus will not elicit a dramatic change to the preloading 

force vector.  Small deformations of the sensor arrangement are likely during SFP loading and 

these small changes in sensor orientation introduce error and crosstalk in the calculated output 

signals.  Due to this deformation response, the magnitude of crosstalk was found to be 

variable and dependant on the point of force application and thus cannot be eliminated or 

compensated for in the current SFP design.  The Delrin balls do not produce ideal pin joints, 

and because of this the single-axis force transducers will experience some level of off-axis 

loading, causing error in the calculated force output.  Additionally, the machining of the force 

transducer units was performed manually.  There were small discrepancies in the length of the 

machined transducers and this had an influence on the exact orientation of the supporting and 

sensing legs of the SFP device.  Finally, bending of the top plate during load application may 

cause the sensors to be loaded off centre.  As stated earlier the overall effect of these possible 

causes of measurement error was clearly low, thus the performance of the SFP considered 

satisfactory. 

 

6.6 Summary 

Version two of a Stewart Platform-inspired SFP was presented and its performance tested 

under various loading conditions.  The measurement accuracy of this device compared well to 
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typical floor-mounted laboratory equipment as well as other custom snow sports measurement 

devices.  It was concluded that, additional to dimension reductions and strength increases, 

refinements of the original SFP design (version one) resulted in greater measurement 

accuracy.  The SFP appears to be well suited to further biomechanical investigations into 

snowboard jumping kinetics. 
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Chapter 7 – Study Two: The Effect of Extreme Binding Angles on Ground 

Reaction Forces During Jump Landings 

 

7.1 Introduction 

This chapter presents the first of the quantitative studies included in this thesis.  Firstly the 

general motivation behind the quantitative analyses is presented followed by motivations 

specific to this study.  An intervention study investigating the influence of snowboard binding 

angle on jump landing GRF is presented.  Ground reaction moments were found to be 

sensitive to binding angle, with a position of pronounced external foot rotation increasing 

moments about the long axis of the snowboard boot sole.  This current study provided the 

motivation for continued research into jump landings with the additional of further 

biomechanical measures and analysis tools. 

 

7.2 General Purpose of On-Snow Data Collection Studies - Studies Two Through Four 

As discussed in the introductory chapters, there is currently limited quantitative data available 

within the literature on the magnitude of impact loads applied to snowboarders during the 

landing phase of jumping.  This lack of data restricts the scope for development of both injury 

prevention and performance enhancement strategies.  A common occurrence within the 

conclusion sections of published research papers on snowboarding is a request for additional 

quantitative research on this sport, for example: 

 

“In the current study it was impossible to simulate the exact force vectors seen in-vivo 

as a snowboarder lands from an aerial manoeuvre because these forces are unknown” 

(Boon, et al., 2001, p. 337). 

 

Researchers thus far have relied on accelerometer technology or simulation in the discussion 

of jump landings (Bohm, et al., 2008; McNeil, 2009; O'Shea, 2004; Shealy & Stone, 2008).  

There are currently no published studies that have directly measured GRF and thus the 

understanding of this presumably complex loading situation is poor.  Quantification of the 

impulsive loads applied to a snowboarder will assist in elucidating potential snowboard 

specific injury mechanisms and aid in the development of snowboard equipment.  Therefore 

the aim of this study and the two studies to follow is to directly measure GRF during typical 



 

95 

on-snow jump landings to provide a description of the biomechanical load experienced during 

this high risk activity. 

 

The data collected in this thesis is typically well understood in popular, well researched 

sports, for example running.  In footwear design, normative biomechanical data are utilised in 

the design and performance testing processes.  These data increase knowledge of physical 

demands, both human and material, of the task at hand.  In product testing, deviations away 

from normal in the desired or undesired direction can then be easily quantified.  Such interest 

variables may be energy storage and dissipation, impact maxima, impulse and extreme joint 

positions or movement rates.  If available, the same data could be applied in the sport of 

snowboarding.  This body of research will provide the first quantitative biomechanical data of 

jump landings in snowboarding and will therefore work to set the foundation for future 

equipment design studies. 

 

7.3 Purpose of This Study 

In addition to the general aims to be addressed by Studies Two through Four, this current 

study aimed to investigate the effect of binding alignment on the GRF applied to the 

snowboarder, at the feet, during controlled jump landings.  The major motivation of a binding 

adjustment intervention is to reduce shear forces, torsion loads and ligament stress at the 

lower limb joints.  Binding adjustment presents as a suitable starting point in the search for 

injury prevention strategies since preventative measures can easily be implemented without 

the need to purchase new equipment. 

 

As discussed previously, the angle at which the binding is fixed to the snowboard is freely 

adjustable.  It is likely that an optimal binding angle exists with regard to performance and 

safety but currently there is minimal data of this nature available.  It is popular amongst 

freestyle snowboarders to adopt a ‘duck stance’ characterised by symmetrically externally 

rotated feet.  Anecdotally the duck stance is reported to improve performance by allowing one 

to ride forwards and backwards with ease, promoting a low centre of gravity, allowing a more 

natural motion of squatting at landing, and aiding balance during sliding on terrain park 

features.  In an early lab based pilot study an attempt was made to investigate the influence of 

a duck stance on lower limb biomechanics (McAlpine & Kersting, 2004).  In this study a duck 

stance of 24° symmetrical external rotation lead to a reduction in external tibial rotation 
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(significant) and lateral shear forces at the ankle (non significant) when compared to a 

‘standard’ stance of 15° and 0° for the front and back feet respectively.  It is plausible that this 

externally rotated foot position reduced tibial rotations during landing by aligning shank 

motion with the long axis of the foot.  With closed chain movements there is a coupling 

between tibial rotation and foot inversion/eversion (Lundberg, 1989).  It is likely that this 

observed reduction in external rotation of the tibia during snowboard landings would also 

reduce the magnitude of ankle complex inversion-eversion motion with a resultant reduction 

in the external moments and COP displacement beneath the feet.  A more recent study found 

no effect of binding type or adjustment on muscle loading as quantified by IEMG suggesting 

a minor influence of binding adjustment on lower body biomechanics (Zinzen, et al., 2006).  

Because of this discrepancy, further work investigating the influence of binding 

type/arrangement on lower limb loading is therefore justified. 

 

Data for Studies Three and Four were collected at an indoor snow sports hall.  The differences 

in impact force between jump landings at indoor facilities and the larger features found on the 

mountain have not been quantified.  A comparison was conducted between GRF data 

collected in the different environments to assess the validity of assuming the conclusions 

drawn in Studies Three and Four can be applied to the typical snowboarding situation.  The 

methodology and results of this sub-study are presented in Chapter 11. 

 

 

7.4 Hypotheses 

Hypothesis 2.1 Compared to a more neutral condition, a binding orientation 

characterised by pronounced external rotation of the foot will result in 

decreased moments about the long axis of the snowboard boot sole. 

 

Hypothesis 2.2 Compared to a more neutral condition, a binding orientation 

characterised by pronounced external rotation of the foot will result in 

less medial/lateral displacement of the COP beneath the foot. 
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7.5 Methods 

7.5.1 Participants 

Thirteen advanced to expert level snowboarders participated in this data collection series 

(mean age 22 yrs, weight 75 kg, height 1.77 m).  All participants were comfortable jumping 

the table top jump used and had a minimum snowboarding experience of four seasons.  All 

participants were free of current injury and signed informed consent. 

 

7.5.2 Experimental protocol 

All experimental procedures were given ethical approval by the University of Auckland 

Human Participants Ethics Committee (Ref 2005 / 031).  The test session comprised 12 

successful straight aerials over a table top snow jump.  The 13 participants were spread over 

three jump sizes.  This between-participant variation in jump size was determined by external 

factors such as availability of the terrain parks, snow conditions and physical location of 

testing.  Two participants completed the test session on a small table top jump, five on a 

medium sized jump and six on a large jump feature.  The small and medium jumps were 

located at Turoa ski field, National Park, New Zealand and the large was located the Big Bear 

Ski Field, California, USA.  Geometric details of the jumps are presented in Table 7-1.  Due 

to overnight grooming and snowfall there were some variations day to day in the exact 

dimensions of each jump feature and thus mean values are presented. 

 

Table 7-1 Mean dimensions of the table top jumps used in this study. 

Jump Category 

Small Medium Large 

Kicker Angle (deg) 15 20 20 

Kicker Height (m) 0.4 1 2.7 

Table Length (m) 6 10 15 

Landing Angle (deg) 15 20 30 

 

 

To remove the influence of equipment design factors, all participants used a single test board 

(Nitro T1, 156 cm) and binding set (Burton Custom).  All participants wore the same model 

boots (ThirtyTwo Lashed) of their size choice.  To reduce inter-trial variability participants 

were instructed to jump as controlled and consistently as possible. 
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Two binding conditions were selected, both of which were symmetrical stances with differing 

degrees of external foot rotation: 24°, -24° and 6°, -6°.  For the purpose of brevity, these 

conditions will be referred to as the 24° and 6° conditions respectively for the remainder of 

this dissertation.  These binding conditions were designed to represent the extremes of the 

freestyle ‘duck stance’.  The conditions were selected following consultation with freestyle 

snowboard coaches and interviews with athletes.  Participants were allowed to use a self 

selected stance width as this is determined by the individual’s height.  All volunteers 

performed jumps under each binding condition.  The presentation order of the conditions was 

randomised.  Six jumps were collected per condition. 

 

7.5.3 Data collection 

Ground reaction force data were collected via the custom built six degree of freedom SFP 

devices (Figure 7-1).  The amplification and data acquisition units were housed in a small 

backpack carried by the participants.  Data were sampled at 1000 Hz with collection triggered 

by the participant immediately prior to the run in to the snow jump.  Seven participants 

completed the test session with a single SFP mounted beneath the front foot (small and 

medium sized jumps).  This allowed for an assessment of the structural integrity of the SFP 

device under landing impact situations prior to construction of the second force plate.  

Following early pilot testing with an initial prototype SFP, cracks were observed in the top 

plate of the device  (McAlpine, 2006b).  The current design was altered to increase plate 

strength but since the success of these design changes was unknown in-situ, a cautious 

approach was deemed appropriate.  The final six participants completed the session with an 

SFP beneath each foot (large jumps). 

 

Digital video recordings were made of each trial (50 Hz) to aid data analysis and 

interpretation.  A stationary camera position was chosen on the downhill side of the snow 

jump at approximately 45° to the direction of travel. 
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Figure 7-1 SFP arrangement for on-snow GRF data collection.  Cables run up front leg to the backpack 

containing the data acquisition system.  

 

7.5.4 Data processing 

Prior to analysis, data were low pass filtered using a 4
th

 order Butterworth digital filter with a 

cut-off of 100 Hz.  The cut-off frequency was selected based on residual analysis (Winter, 

2004).  Spectral analysis showed that this cut-off allowed over 97% of the frequency power to 

pass and thus data distortion was likely to be minimal. 
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The GRF output data were transformed so that the y-axis was aligned with the long axis of the 

boot sole and the x-axis ran from medial to lateral and lateral to medial for the front and back 

feet respectively.  The z-axis remained normal to the snowboard (Figure 7-2).  This 

transformation was performed to create more anatomically relevant data and to allow for 

direct comparison between the conditions. 

 

 

Figure 7-2 GRF reference axes for this study, left boot shown. 

 

Maxima and rates were calculated for each component of the landing GRF.  Loading rates 

were calculated using the central difference method.  It has been shown that this calculation 

method provides low between- and within-subject differences and is recommended to detect 

differences while still providing an accurate representation of biomechanical loading 

(Woodard, James, & Messier, 1999).  Impulse was also calculated for the normal force 

component.  Centre of pressure movement was calculated and quantified.  The position of the 

COP at the instant of peak normal load was chosen as the outcome measure for this dependent 

variable. 

  

x

y

z
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7.5.5 Statistical analysis 

Review of the video recordings was used to identify uncontrolled landings which were 

removed from the analysis.  Means of each dependent variable were calculated within 

participants for each condition and these data were entered into a pair-wise statistical 

comparison between conditions.  Tests of normality revealed the assumptions for parametric 

statistics could not be met.  Therefore Wilcoxon Signed Rank tests were used to test for 

between-condition differences with the significance threshold set a p < 0.05. 

 

7.6 Results 

Representative mean GRF traces for one large jump participant are presented in Figures 7-1 

and 7-2, and dependent variables for each condition are summarised in Tables 7-2, 7-3 and 7-

4.  The participant group was a mix of natural and goofy stance snowboarders.  Due to this, 

the data presented here are grouped with respect to position of the SFP on the snowboard: 

front foot (closest to nose) and back foot (closest to tail).  Both the x- and y-axis force 

components typically exhibited both positive and negative deflections at landing, whereas the 

vertical force was primarily positive, indicating compressive loading.  For landings made with 

the tail of the snowboard first, an initial negative normal reaction force was observed prior to 

a rapid increase in force towards peak compression.  Both positive and negative moment 

deflections were observed for all measurement axes.  At the instant of peak vertical force the 

COP was located posterior and medially relative to the centre of the boot sole for both feet. 

 

Wilcoxon signed rank tests identified significant condition effects for several GRF measures 

taken during landing.  For both feet, significant differences were identified for the moment 

components of GRF only.  The front foot was subjected to significantly greater peak positive 

y-axis moments and moment rates for the 24° condition.  Correspondingly the back foot 

experienced negative y-axis moments of greater magnitude for the 24° condition.  No 

difference in y-axis moment rates were identified.  When put into an anatomical context these 

torques (positive front foot and negative back foot) represent analogous measures.  These 

moment data indicate a greater inversion-directed reaction moment was applied to both feet at 

landing for the 24° binding condition.  The increased inversion reaction moments 

accompanied a more medial COP position at the instant of peak vertical force, as shown in 

Table 7-4. 
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Table 7-2 Mean front foot GRF measures across all participants for each binding condition (measures for which 

significant condition differences were identified (p < 0.05) are indicated by blue shading). 

front foot 
Boot Sole Reaction Forces (N/BW) Boot Sole Reaction Moments (Nm/kg) 

Fx Fy Fz Mx My Mz 

condition 24° 6° 24° 6° 24° 6° 24° 6° 24° 6° 24° 6° 

Max  
M 0.34 0.30 0.58 0.63 3.75 3.85 1.50 1.76 1.24 0.81 0.81 0.73 

SD 0.17 0.15 0.23 0.32 1.05 1.01 0.57 0.90 0.45 0.24 0.44 0.58 

Min 
M -0.87 -0.86 -0.78 -0.78 -0.17 -0.19 -1.06 -1.14 -0.18 -0.19 -0.56 -0.60 

SD 0.33 0.26 0.51 0.36 0.26 0.30 0.54 0.69 0.31 0.27 0.24 0.26 

Integral 

 (.s) 

M 
    

0.11 0.11 
  

    
 

  

SD 
    

0.04 0.03 
  

    
 

  

Max +ve 

rate (/s) 

M 97 84 125 134 430 431 290 324 148 87 171 169 

SD 36 37 32 45 158 154 78 114 84 29 70 79 

Max -ve 

rate (/s) 

M -142 -131 -160 -168 -292 -307 -226 -256 -131 -101 -128 -127 

SD 61 55 58 64 128 140 55 84 68 44 54 55 

 

 

Table 7-3 Mean back foot GRF measures across all participants for each binding condition (measures for which 

significant condition differences were identified (p < 0.05) are indicated by blue shading). 

back foot 
Boot Sole Reaction Forces (N/BW) Boot Sole Reaction Moments (Nm/kg) 

Fx Fy Fz Mx My Mz 

condition 24° 6° 24° 6° 24° 6° 24° 6° 24° 6° 24° 6° 

Max 
M 0.71 0.61 1.01 0.96 5.18 5.41 1.39 2.12 0.81 0.63 0.50 0.84 

SD 0.14 0.11 0.32 0.33 1.07 1.01 1.29 1.07 0.69 0.30 0.19 0.41 

Min  
M -0.76 -0.75 -0.99 -1.01 0.04 0.06 -2.00 -1.96 -0.99 -0.82 -0.42 -0.45 

SD 0.33 0.31 0.33 0.24 0.02 0.03 0.14 0.21 0.19 0.12 0.09 0.09 

Integral 

 (.s) 

M 
  

    0.29 0.29 
  

        

SD 
  

    0.02 0.03 
  

        

Max +ve 

rate (/s) 

M 128 125 184 182 416 511 340 391 140 106 122 159 

SD 40 26 55 33 151 90 170 121 95 36 42 54 

Max -ve 

rate (/s) 

M -146 -162 -208 -232 -324 -366 -311 -370 -197 -172 -94 -119 

SD 48 23 71 64 152 79 83 59 106 54 16 32 
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Figure 7-3 Representative mean ground reaction force (N) component traces for one participant over both 

binding conditions (large jump). Dotted lines represent + 1 standard deviation. 
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Figure 7-4 Representative mean ground reaction moment (Nm) component traces for one participant over both 

binding conditions (large jump). Dashed lines represent + 1 standard deviation. 

  

24 degrees 6 degrees

-60

-40

-20

0

20

40

60

80

100

120

0 0.05 0.1 0.15 0.2 0.25

m
o

m
e

n
t 

(N
m

)

time (s)

Front Foot Y Axis Moment

-100

-80

-60

-40

-20

0

20

40

60

80

100

0 0.05 0.1 0.15 0.2 0.25

m
o

m
e

n
t 

(N
m

)

time (s)

Front Foot Z Axis Moment

-120

-100

-80

-60

-40

-20

0

20

40

60

0 0.05 0.1 0.15 0.2 0.25

m
o

m
e

n
t 

(N
m

)

time (s)

Back Foot Y Axis Moment

-100

-80

-60

-40

-20

0

20

40

60

80

100

0 0.05 0.1 0.15 0.2 0.25

m
o

m
e

n
t 

(N
m

)

time (s)

Back Foot Z Axis Moment

-200

-150

-100

-50

0

50

100

150

200

0 0.05 0.1 0.15 0.2 0.25

m
o

m
e

n
t 

(N
m

)

time (s)

Front Foot X Axis Moment

-200

-150

-100

-50

0

50

100

150

200

0 0.05 0.1 0.15 0.2 0.25

m
o

m
e

n
t 

(N
m

)

time (s)

Back Foot X Axis Moment



 

105 

The maximum rate of negative x-axis moment generation was significantly greater in the 6° 

condition for both feet.  This indicates a greater rate of increase of dorsiflexion reaction 

moments in the initial phase of the landing motion.  For the back foot, at the instant of peak 

vertical compression, the COP was located significantly more posterior for the 6° condition.  

This more posterior COP was not accompanied by a significant change in positive x-axis 

moment magnitude or rate. 

 

Table 7-4 Mean centre of pressure location at the instant of peak vertical force across all participants for each 

binding condition (measures for which significant condition differences were identified (p < 0.05) are indicated 

by blue shading). 

 
COP Position at Peak Vertical Force (mm) 

foot front foot back foot 

condition 24° 6° 24° 6° 

x position 
mean -25 -14 13 7 

SD 14 8 6 6 

y position 
mean 29 32 7 24 

SD 21 25 28 24 

 

7.7 Discussion 

The aim of this study was to quantify the influence of binding alignment on the GRF applied 

to the snowboarder at the feet during controlled jump landings.  Two extremes of the freestyle 

snowboarding duck stance were compared.  These extremes were chosen to serve as a starting 

point for investigations on binding angle and lower limb biomechanics.  A general description 

of the biomechanics of snowboard jump landings based on a synthesis of the entire data set 

collected for Studies Two, Three and Four is presented in Chapter 12, therefore general 

descriptions of the data are not presented here. 

 

Binding angle had no effect on the linear components of GRF whereas significant differences 

were observed for moment and COP measures.  For the 24° condition a more medial COP 

position was measured at the instant of peak vertical load and this was accompanied by 

greater inversion-directed reaction moments acting on both limbs.  This finding rejects 

Hypotheses 2.1 and 2.2 which were based on previous pilot data (McAlpine & Kersting, 

2004).  It is most likely that a change in foot position on the snowboard will result in altered 

lower limb kinematics.  For a given landing the movement strategies available to absorb 
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kinetic energy are determined by the individual’s active and passive joint mechanics, coupled 

with the foot position constraint provided by the snowboard binding.  The wide stance and 

fixed externally rotated foot position adopted by snowboarders may result in the shank 

moving inside the line of the feet during the ankle joint dorsiflexion motion of landing, 

pushing the COP medially and generating ankle joint inversion.  This notion is supported by 

the GRF data collected for both conditions.  This effect was found to be significantly 

exaggerated in the binding position of pronounced external rotation (24° condition).  It 

appears that 24° of foot external rotation is too extreme, misaligning the lower limb joints and 

increasing the amount of motion occurring outside the sagittal plane. 

 

For both feet the 6° condition generated greater negative x-axis reaction moment rates than 

the 24° condition.  This measurement axis ran medial to lateral with negative reaction 

moments indicating a tendency towards dorsiflexion of the boot sole.  Although not 

accompanied by a negative moment of greater magnitude, this increased loading rate can be 

related to the hypothesised effect of binding angle on lower limb kinematics discussed in the 

previous paragraph.  If the shank segment moves over the foot the contribution of dorsiflexion 

to the shock absorption kinematic strategy would increase and inversion/eversion 

contributions would decrease.  The recorded GRF data support this theory, indicating that a 

greater rate of ankle dorsiflexion is permitted by the 6° binding angle during the early phase 

of landing when this rapid negative reaction moment occurs. 

 

At the instant of peak vertical load, for both feet the COP was located posterior in relation to 

the centre of the SFP device.  This indicates that the snowboarders distributed their weight 

more toward the heels during this time.  This is likely to be a consequence of knee flexion, 

moving the whole body COM toward the posterior.  For the back foot the 6° condition created 

a greater posterior shift of the COP than the 24° condition.  It is not clear as to why this 

difference existed, but this may indicate reduced anterior-posterior balance control for the 6° 

condition. 

 

Greater moments about the boot sole axes will increase the internal moments at the joint level 

and potentially the forces within soft tissue structures.  Ankle complex inversion injuries, 

including sprains and The Snowboarders’ Fracture, were identified in the literature review as 

prolific in the sport of snowboarding.  However, ankle injuries due to dorsiflexion alone are 

rare.  It is for this reason that, based on the current data, the 24° binding condition is of more 
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concern with regard to ankle injury potential.  For this stance, the greater moments and 

moment rates about the long axis of the boot sole and a medially located COP position at the 

instant of peak vertical load may place additional stress on the anatomical structures of the 

ankle joint complex during jump landings.  A potential drawback of the 6° stance is a possible 

sacrifice of balance as the COP is shifted more posterior during impact absorption.  Based on 

this synthesis of data it was concluded that, of the two binding positions tested, the 

symmetrical stance of 6° external foot rotation was superior.  This is in opposition to the 

original hypotheses of this study. 

 

A potential limitation of this current study is that it was not possible to strictly control for 

variations in jumping trajectory.  Because of this participants were instructed to jump as 

controlled and consistently as possible and this instruction was provided in an attempt to 

decrease the inter-trial variability within participants.  The flight path a snowboarder takes is 

determined by the interaction between jump construction, take-off velocity and the 

snowboarder’s jumping movements.  This complex situation means that the control of flight 

height and length through a single control measure is unreliable and difficult to implement.  

Recent research has shown that marking a set starting point does not reliably control approach 

velocity (Scher, Shealy, & Stepan, 2009).  Further research focused on take-off velocity 

concluded that the velocity parallel to the take-off ramp accounted for only 45% of the 

variability in jumping distance (Shealy, et al., 2009).  These data show that controlling in-run 

speed is not a sufficient method to ensure jump consistency.  The popping (jumping upwards) 

action at take-off was recently shown in a simulation study to influence normal forces at 

landing by changing the flight trajectory rather than actual jump length (McNeil, 2009).  

Based on this information it was decided that allowing the participants to use their experience 

and intuition to control jumping height and distance would be as successful a control of 

consistency as all other available alternatives.  Additionally, the pair-wise statistical 

comparison would have limited the influence of inter-subject variability in jump trajectory on 

outcome measures. 

 

7.8 Conclusion 

It can be concluded that binding angle had an influence on the moments applied at the feet but 

not the forces.  Contrary to the hypothesis the more neutral 6° binding angle was found to be 

superior with regard to reducing potentially hazardous moments applied by the snowboard 
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onto the foot.  It must be noted that the binding angles chosen represent the extremes of the 

stance angle spectrum.  It is therefore recommended that future work focuses on more 

conservative angles that are more commonly observed within the snowboarding community.  

 

The major shortcoming of this research is that kinematic data were not collected.  It is 

therefore not possible to confidently elucidate the influence of these binding conditions on the 

underlying joint mechanics.  The results of this study provided motivation to further 

investigate the influence of snowboarding equipment on the biomechanics of the lower body 

and potential for injury.  A snowboarding-specific ankle model was developed to allow for 

kinematic description of jump landings as well as calculation of ligament strain and joint 

reaction moments.  A further study of binding angle effects, and a boot wear intervention 

study, were performed using this anatomical model and the SFP devices.  These studies and 

the model development are presented in the following chapters. 
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Chapter 8 – Snowboarding Ankle Joint and Ligament Model 

 

8.1 Introduction 

Studies Three and Four will focus on the influence of different snowboard equipment 

modifications on ankle motion, GRF, estimates of ligament strain and internal joint loads 

during the snowboard jump landing event.  A biomechanical model presents as an appropriate 

tool for this task.  Once developed and validated, a kinematic model of the ankle joint 

complex will allow for estimation of ligament strain and joint reaction loads, in-vivo, based 

on external marker kinematics and GRF data.  This chapter will present a literature review 

and the current snowboarding ankle model.  The literature review provides an overview of the 

anatomy of the human ankle and previous modelling efforts to describe its motion and 

physiological loading during dynamic movements.  This is followed by a description of the 

anatomical ankle model that was used in the two subsequent studies. 

 

8.2 Anatomy of the Ankle 

In order to develop a valid biomechanical model the underlying anatomy of the bones, joints 

and soft tissues must be fully understood.  This is especially so for the human ankle because 

of its complex arrangement of multiple bones and joints.  Motion of the foot relative to the 

shank is known to occur primarily about two major joints: the ankle and subtalar joints.  There 

is inconsistency within the literature regarding mechanics of these joints and as a result 

various approaches in ankle modelling have been chosen in biomechanics research.  The 

following text will overview the anatomy of the human ankle relevant to model development. 

 

8.2.1 Joints of the ankle complex 

The foot moves relative to the shank via the combined motion of the ankle and subtalar joints, 

often termed ‘the ankle joint complex’.  These combined joint motions accommodate 

movements in all major anatomical planes as required for ambulation over uneven surfaces.  

When referenced to the major cardinal planes the possible motions of the foot against the 

shank about the ankle joint complex are as follows (Figure 8-1): 
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• Dorsiflexion is lifting of the foot up towards the knee in the sagittal plane (Figure 8-

1a). 

• Plantarflexion is rotation of the foot away from the knee in the sagittal plane (Figure 

8-1b). 

• Eversion is rotation of the foot in the coronal plane to point the plantar surface 

laterally (Figure 8-1c). 

• Inversion is rotation of the foot in the coronal plane to point the plantar surface 

medially (Figure 8-1d). 

• Abduction is rotation of the foot laterally in the transverse plane (Figure 8-1e). 

• Adduction is rotation of the foot medially in the transverse plane (Figure 8-1f). 

• Pronation is the combination of dorsiflexion, eversion and abduction of the foot 

(Figure 8-1g). 

• Supination is the combination of plantarflexion, inversion and adduction of the foot 

(Figure 8-1h). 

 

 

The articulation of the tibia, fibula and talus comprise the ankle joint, otherwise known as the 

talocrural joint.  Although a number of investigations have identified a changing axis location 

and orientation throughout the range of motion (Arndt, Westblad, Winson, Hashimoto, & 

Lundberg, 2004; Hamel, Sharkey, Buczek, & Michelson, 2004; Leardini, O'Connor, Catani, 

& Giannini, 1999a, 1999b; Lundberg, Svensson, Nemeth, & Selvik, 1989) it is generally 

agreed, for the majority of biomechanics research applications, that the ankle joint can be 

thought of as a hinge joint with a fixed axis of rotation running through the tips of the malleoli 

of the tibia and fibula (Bahr, Pena, Shine, Lew, & Engebretsen, 1998; Leardini, et al., 1999b; 

Leardini, Stagni, & O'Connor, 2001; Lundberg, et al., 1989; Tuijthof et al., 2009; Wu et al., 

2002). 
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Figure 8-1 Definition of foot motion about the ankle joint complex – right limb shown; a. dorsiflexion, b. 

plantarflexion, c. eversion, d. inversion, e. abduction, f. adduction, g. pronation, h. supination. 
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The ankle joint is primarily responsible for the planar motion of plantarflexion and 

dorsiflexion (Hamel, et al., 2004) but the oblique nature of the axis also causes motion in the 

frontal and transverse planes.  For the remainder of this thesis the combined planar motions 

that occur with rotation about the ankle joint will be referred to as ankle joint plantarflexion 

and ankle joint dorsiflexion.  The general consensus is that ankle joint plantarflexion involves 

planar plantarflexion, inversion and adduction of the foot.  Ankle joint dorsiflexion involves 

planar dorsiflexion, eversion and adduction of the foot (Michelson, Ahn, & Helgemo, 1996; 

Michelson, Schmidt, & Mizel, 2000; Sheehan, Seisler, & Siegel, 2007; Ying, Kim, Wong, & 

Kam, 2004).    The normal range of motion to be expected at this joint is variable depending 

on the source of information.  Some of the variation is due to differing methodologies, for 

example planar vs. anatomical axes.  A summary of ankle joint complex range of motion 

studies is presented in Table 8-1.  What is consistent throughout the literature is that there is a 

greater range of motion permitted in the plantarflexion direction.  The mean values of the 

studies surveyed were 27° and 40° for dorsiflexion and plantarflexion respectively. 

 

Table 8-1 Summary of ankle joint complex range of motion data presented within the literature. 

 
Maximum Range of Motion (degrees) 

 
dorsiflexion plantarflexion inversion eversion 

Boone & Azen (1979) 13 56 37 21 

Roaas & Anderson (1982) 15 40 28 28 

Milgrom et al. (1985) 
  

32 4 

Weiss et al. (1986) 39 17 
  

Nigg et al. (1992) 26 45 21 15 

Grimston et al. (1993) 27 45 45 12 

Allinger & Engsberg (1993) 22 35 18 12 

Siegler et al. (1994) 13 31 20 22 

Astrom & Arvidson (1995) 
  

28 10 

Begeman et al. (1996) 
  

60 60 

Begeman & Prasad (1996) 45 
   

Kitaoka et al. (1997) 17 31 23 3 

Parenteau et al. (1998) 47 69 34 32 

Michelson et al. (2000) 25 35 
  

Giacomozzi et al. (2003) 34 40 31 15 

     mean 27 40 31 19 

standard deviation 12 14 12 15 
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The articulation of the talus and calcaneus comprise the subtalar joint.  The axis of the 

subtalar joint is reported to be inclined against the horizontal plane 32° – 52° and deviated 

medially from the midline of the foot by 12° – 39° depending on the source (Alt, Gollhofer, 

Jacob, Lohrer, & Rappe, 1998; Anderson, 1999; Arndt, et al., 2004; Beimers et al., 2008; 

Isman & Inman, 1969; Leardini, et al., 2001; Lewis et al., 2009; Lewis, Kirby, & Piazza, 

2007; Lundberg & Svensson, 1993; Manter, 1941; Root, Weed, Sgarlato, & Bluth, 1966; van 

den Bogert, Smith, & Nigg, 1994).  Subtalar joint motion, defined in this thesis as subtalar 

inversion and subtalar eversion, results in pronation and supination of the foot.  This multi-

planar motion is a direct result of the oblique nature of the subtalar joint axis.  It is difficult to 

definitively report the range of motion that occurs at the subtalar level due to differing 

methodologies and joint definitions reported in the literature to date.  Despite this, a summary 

of ankle joint complex inversion and eversion range of motion (ROM) values taken from 

various anatomical studies are presented in Table 8-1.  This measure of motion is considered 

the most appropriate gauge of the range of subtalar inversion and eversion as it is for this 

planar motion that subtalar ROM is the greatest (Beimers, et al., 2008). 

 

The kinematic nature of the subtalar axis is a contentious issue.  Classically, the subtalar joint 

was described to behave as an oblique hinge joint with a fixed axis (Isman & Inman, 1969; 

Kirby, 1987; Manter, 1941; Root, et al., 1966).  This fixed axis assumption has been utilised 

in a high proportion of biomechanics modelling studies that have treated the ankle and 

subtalar joints separately (see section 8.3).  It is commonly accepted that a fixed axis 

assumption of most joints of the body is an oversimplification of the true anatomy.  In all 

studies reviewed, inter participant variability in both the inclination and deviation of the 

subtalar axis was reported.  Variation also exists in axis position and orientation across 

different joint positions and movement directions.  This finding shows that, as opposed to 

pure rotation, translation of the calcaneus and talus bones relative to each other occurs during 

normal subtalar motion.  However, it has been stated that although the axis does move, a basic 

hinge function can be used to generally describe motion of the subtalar joint (Lundberg & 

Svensson, 1993).  Some authors have reported small axis deviations and bone-on-bone 

translations throughout the range of motion (Arndt, et al., 2004; Bahr, et al., 1998; Lundberg 

& Svensson, 1993; Scott & Winter, 1991; Tuijthof, et al., 2009; van Langelaan, 1983).  Based 

on these data a fixed hinge assumption may be valid as it is likely that these small translations 

and orientation changes would be missed due to accuracy limits associated with traditional 

motion analysis techniques employed in the study of dynamic human movement, for example 
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marker based 3D motion capture.  This train of thought is supported by Nester et al. (1998), 

who although sceptical of the fixed axis assumption, stated that the translatory component of 

subtalar motion is small and likely to be masked by errors inherent in data collection 

methodology.  For ankle modelling applications, creation of a fixed axis hinge two degree-of-

freedom (DOF) system has been reported to provide a better representation of the actual 

anatomy of this complex compared to a traditional ball and socket model, but is still simple 

enough to allow for biomechanical analysis (van den Bogert, et al., 1994). 

 

Other authors have noted more substantial changes in the orientation of the subtalar axis 

throughout the range of motion or differing joint motion patterns than expected.  These data 

clearly oppose a fixed axis assumption.  In a Magnetic Resonance Imaging (MRI) study the 

majority of inversion and eversion motion (foot vs. shank) occurred at the level of the ankle 

joint, in opposition to the traditional view (Sheehan, et al., 2007).  Siegler et al. (2005) found 

both the ankle and subtalar joints contribute to inversion of the foot.  Finally, two distinct 

bundles of instantaneous helical axes were identified for foot inversion and eversion 

movements in a cadaver based experiment, again refuting a fixed axis model of this joint 

(Leardini, et al., 2001).  Despite this information, many researchers have assumed a fixed 

position in biomechanical modelling applications as a method of simplification (see section 

8.3).  It is a complex task to model any joint of the body with complete accuracy, and 

compromises between model practicality and realistic anatomical representation are always 

made. 

 

8.2.2 Lateral ligaments of the ankle 

The lateral ligaments of the ankle are of primary interest in this body of work as it is these 

ligaments that are most frequently injured in sporting activities (Fong, et al., 2007; Simons & 

Kennedy, 2004).  Lateral ankle sprains occur when the foot is forced into inversion, often 

combined with plantarflexion.  On the other hand eversion sprain injuries, affecting the 

medial ankle ligaments, are rare.  This is due to the strong deltoid ligament (medial ankle 

ligament bundle) and fibula providing a mechanical stop (Simons & Kennedy, 2004). 

 

The anterior talofibular ligament (ATFL) spans the anterior aspect of the lateral malleolus and 

the lateral side of the talus (Sindel, Demir, Yildrim, & Ucar, 1998; Taser, Shafiq, & 

Ebraheim, 2006; Wiersma & Griffioen, 1992).  The insertions of the ATFL on both the fibula 

and talus are reported to be consistent across individuals (Taser, et al., 2006).  Despite this, on 
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occasion this ligament is observed to exist as two distinct bundles of ligamentous fibres 

(Burks & Morgan, 1994; Wiersma & Griffioen, 1992).  Wiersma and Griffioen (1992) found 

a split ATFL in 32% of their ankle samples.  In the neutral position the ATFL orientated 10° – 

25° below the horizontal and approximately 45° medially against the vertical reference plane 

(Burks & Morgan, 1994; Taser, et al., 2006; Wiersma & Griffioen, 1992).  Due to its 

orientation and location the ATFL’s major role is to limit plantarflexion of the ankle joint and 

anterior displacement of the talus against the tibia (van den Bekerom, Jan Oostra, Golano 

Alvarez, & Van Dijk, 2008).  The majority of publications on the function of this ligament 

have reported maximum ATFL strain to occur with the foot plantarflexed adducted and 

inverted (supination) (Bahr, et al., 1998; Colville, Marder, Boyle, & Zarins, 1990; de Asla, 

Kozanek, Wan, Rubash, & Li, 2009; Nigg, Skarvan, Frank, & Yeadon, 1990; Renstrom et al., 

1988).  When the ankle is plantarflexed the ATFL is aligned more vertically and thus has an 

increased collateral function, providing resistance to inversion of the hind foot. 

 

 

Figure 8-2 Lateral ligaments of the ankle joint in the sagittal plane.  Adapted from O’Rahily (2008) (with 

permission). 

 

The calcaneofibular ligament (CFL) spans the anterior distal aspect of the lateral malleolus 

and the lateral surface of the calcaneus and thus crosses both the ankle and subtalar joints 

(Burks & Morgan, 1994; Sindel, et al., 1998; Taser, et al., 2006).  The CFL has been reported 

to show the most individual variation in its anatomy (Wiersma & Griffioen, 1992).  Generally 

this ligament is orientated at 40° to the horizontal with a separation angle between the CFL 

and ATFL of 102° - 132° (Burks & Morgan, 1994; Jerosch, Peuker, & Filler, 2005; Taser, et 
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al., 2006).  Of the lateral ankle ligaments there is the most inconsistency in the reported 

function of the CFL.  Some papers have reported a near isometric length throughout ankle 

joint plantarflexion and dorsiflexion suggesting a guiding function for this movement 

direction (Leardini, et al., 1999b; Renstrom, et al., 1988).  Others have reported this ligament 

to resist dorsiflexion (Bahr, et al., 1998; Colville, et al., 1990; Martin et al., 2002; Nigg, et al., 

1990; Ozeki, Yasuda, Kaneda, Yamakoshi, & Yamanoi, 2002), plantarflexion (Nigg, et al., 

1990; Ozeki, et al., 2002), inversion (Colville, et al., 1990; Martin, et al., 2002; Nigg, et al., 

1990; Renstrom, et al., 1988) and eversion of the ankle joint complex (de Asla, et al., 2009; 

Nigg, et al., 1990).  Thus it appears the CFL may have a role in restricting and guiding motion 

in all of the cardinal reference planes. 

 

The CFL is believed to work in a synergistic fashion with the ATFL (Bahr, et al., 1998; 

Colville, et al., 1990; de Asla, et al., 2009; Renstrom, et al., 1988).  With ankle dorsiflexion 

the CFL is elongated and orientated close to vertical allowing it to support inversion 

moments.  In a plantarflexed joint position the CFL is orientated more horizontally and as 

discussed earlier, the ATFL is orientated to better resist inversion.  The CFL has been found 

to be stretched with coupled dorsiflexion and eversion of the foot (Bahr, et al., 1998; de Asla, 

et al., 2009) but is relaxed in positions of plantarflexion with inversion (Bahr, et al., 1998; 

Martin, et al., 2002; Renstrom, et al., 1988).  These data provide further evidence for this 

synergistic action theory of one ligament relaxing as the other is stretched. 

 

The posterior talofibular ligament (PTFL) is orientated close to the horizontal plane and spans 

the medial posterior surface of the malleolus and the posterior lateral surface of the talus 

(Burks & Morgan, 1994; Sindel, et al., 1998; Taser, et al., 2006).  Less data is available on the 

function of the PTFL.  Within the published studies the PTFL is reported to be elongated 

throughout the range of ankle dorsiflexion and also acts to restrict extreme ankle joint 

plantarflexion (Bahr, et al., 1998; Colville, et al., 1990; Ozeki, et al., 2002). 

 

The lateral ankle ligaments are commonly injured with forced inversion of the ankle joint 

complex.  The ATFL is the most commonly sprained of the lateral ankle ligaments and is 

reported to be the first and often the only ligament injured with forced inversion of a 

plantarflexed ankle (Simons & Kennedy, 2004).  When assessing the ultimate failure load the 

ATFL is the weakest of the lateral ankle ligaments (Attarian, McCrackin, & DeVito, 1985; 

Funk, Hall, Crandall, & Pilkey, 2000; Nigg, et al., 1990; Parenteau, Viano, & Petit, 1998; 
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Siegler, Block, & Schneck, 1988; St Pierre et al., 1983).  The mean failure load across these 

aforementioned studies was 215 N (range 130 – 297), 367 N (range 290 – 589) and 385 N 

(range 261 – 554) for the ATFL, CFL and PTFL respectively.  The failure elongation of the 

ATFL is also the lowest of the lateral ankle ligaments.  In two publications addressing this 

measure the failure elongation for the ATFL, CFL and PTFL was 5.1 mm, 6.3 mm and 13.5 

mm respectively (Attarian, et al., 1985) and 2.5 mm, 3.7 mm and 3.5 mm (Siegler, et al., 

1988).  A plantarflexed ankle position places the ATFL at increased risk of injury.  In this 

position the talus is loosely held in the ankle mortise placing more demand on the ligaments 

for stability (Fujii, Kiatoka, Luo, Kura, & An, 2005).  As discussed earlier, in plantarflexion 

the ATFL is orientated more vertically with the CFL more horizontally, focusing most of 

inversion force onto the ATFL (Jerosch, et al., 2005). 

 

The CFL is the second most commonly injured lateral ankle ligament and can also be ruptured 

with severe inversion of the foot (Meyer, Garcia, Hoffmeyer, & Fritschy, 1988; Parenteau, et 

al., 1998; Simons & Kennedy, 2004).  It is the second strongest of the lateral ankle ligaments.  

In a cadaver based injury study CFL injury was the most common diagnosis with forced ankle 

complex inversion (Parenteau, et al., 1998).  Isolated CFL injury may occur when the foot is 

inverted while the ankle joint is dorsiflexed (Meyer, et al., 1988).  At maximum dorsiflexion 

the CFL is aligned with the fibula and thus has to support the majority of inversion moments 

(Jerosch, et al., 2005).  This is supported by research on ligament strain that has reported 

maximum CFL elongations to occur with the foot dorsiflexed and inverted (Colville, et al., 

1990; Martin, et al., 2002; Nigg, et al., 1990; Renstrom, et al., 1988).  CFL sprain can also be 

a secondary injury occurring after ATFL rupture during forced supination movements 

(Meyer, et al., 1988; Simons & Kennedy, 2004).  In such situations the failure of the ATFL 

moves the role of joint stabilisation to the CFL which is then overloaded.  With supination-

type trauma the CFL is never injured alone (Simons & Kennedy, 2004). 

 

Posterior talofibular ligament injuries are uncommon and rarely occur in the absence of 

dislocation of the ankle joint (Simons & Kennedy, 2004).  As mentioned previously the PTFL 

is the strongest of the lateral ankle ligaments.  Inversion provides little change in PTFL strain 

(Bahr, et al., 1998), therefore it is not surprising that this ligament does not feature often in 

ankle inversion injuries.  Extreme dorsiflexion accompanied by external rotation of the foot 

greatly increases PTFL strain and thus presents as a potential mechanism of injury of this 

ligament (Bahr, et al., 1998). 
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8.3 Previous Ankle Models 

When properly designed, biomechanical models can allow the user to predict joint positions 

and/or forces exerted upon internal body structures, in-vivo, based on data collected non-

invasively, e.g. using marker kinematics, imaging techniques, or GRF.  Such models may be 

mathematical, kinematic or mechanical in nature.  Within the published literature various 

methodologies have been used for the modelling of ankle function.  This diversity in approach 

can be attributed to the intricate nature of the ankle joint complex, requiring a number of 

assumptions or simplifications for the realisation of a workable biomechanical model.  This 

section will briefly review modelling approaches presented within the literature that have 

been considered in the current snowboard ankle model formulation. 

 

Previously, two dimensional full body models have been utilised in the simulation of forward 

falls in snowboarding (Grewal, 2002; Hull, et al., 1999).  Both of these models were used to 

estimate ankle complex deflections towards the nose of the snowboard under varying boot and 

snow stiffness conditions with all joints modelled as torsion springs.  Although providing a 

good starting point for the investigation of ankle loading during snowboarding, based on the 

findings of Study One it is clear that snowboard landings involve movements about all 

anatomical planes and thus a 2D model represents an oversimplification of the true dynamics.  

Only one 3D snowboarding ankle model has been presented within the literature (Delorme, 

2004).  Because of this, a broader review of published 3D ankle models will be presented and 

discussed. 

 

Traditionally in 3D analyses the ankle and subtalar joints have been treated as a single 3DOF 

ball and socket joint, generally referred to as the ankle joint complex, with the joint origin at 

the centre of a line between the medial and lateral malleoli.  This simplified approach is 

generally favoured because defining a separate subtalar joint based on anatomical landmarks 

is difficult.  This ankle complex definition is supported by the International Society of 

Biomechanics (ISB) (Wu, et al., 2002) and is an appropriate means of describing the general 

motion of the foot relative to the shank.  The ankle is treated in this manner in a number of 

popular gait analysis models within the biomechanics community; examples include the 

Milwaukee Foot Model (Kidder, Abuzzahab, Harris, & Johnson, 1996), the Oxford Foot 

Model (Carson, Harrington, Thompson, O'Connor, & Theologis, 2001) and the Helen Hayes 

Model (Kadaba, Ramakrish, & Wootten, 1990). 
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For more detailed analyses of ankle mechanics, a single joint assumption does not sufficiently 

describe the function of the individual ankle joints.  Scott and Winter (1991) stated: 

 

“Six degree-of-freedom models of the ankle joint complex may account for all 

measurable movement between the leg and calcaneus, but the results are difficult to 

interpret and do not provide information on each individual joint” (p. 751) 

 

Because of this, many researchers have endeavoured to treat the ankle and subtalar joints 

separately. 

 

Often the ankle complex is treated as two discrete fixed hinge joints.  It has been stated that 

ball and socket joints cannot transmit moments whereas hinge joints can, making this type of 

joint model superior for kinetic analysis of the ankle (van den Bogert, et al., 1994).  Such an 

approach has been used in the analysis of ankle kinematics during snowboard turns (Delorme, 

2004), walking (Anderson & Pandy, 1999; Delp, 1990; Jenkyn & Nicol, 2007; Kakihana et 

al., 2005; Kakihana, Akai, Yamasaki, Takashima, & Nakazawa, 2004; Reinbolt, Haftka, 

Chmielewski, & Fregly, 2007; Scott & Winter, 1991), cutting (Jenkyn, Shultz, Giffin, & 

Birmingham, 2010), jumping (Anderson & Pandy, 1999) and ankle sprain mechanics (Wright, 

1998; Wright, Neptune, van den Bogert, & Nigg, 2000a, 2000b).  Some authors have used 

data from the classic publication of Isman & Inman (1969) to define joint axis positions and 

orientations (Anderson, 1999; Delp, 1990; Gauffin, Areblad, & Tropp, 1993; McLean, Su, & 

van den Bogert, 2003).  Others have used skin-fixed markers to estimate joint axis locations.  

Generally the ankle joint axis has been defined in the typical manner of a line joining malleoli 

markers, and the subtalar joint as a line between markers fixed to the posteriolateral aspect of 

the calcaneus and the talar head/navicular (Dul & Johnson, 1985; Jenkyn & Nicol, 2007; 

Kakihana, et al., 2004; Scott & Winter, 1991; Wright, 1998; Wright, et al., 2000b).  

Optimisation is another method that has been proposed for ankle and subtalar joint axis 

definition in biomechanical modelling (van den Bogert, et al., 1994).  This least-squares 

approach identifies fixed axes that best account for motion of the foot against the shank.  This 

approach was developed in response to the lack of reliable landmarks to describe talus motion 

with markers.  To perform this method the 3D translational and rotational kinematics of the 

foot against the shank needs to be inputted.  Unfortunately with small angular displacements 

of the foot against the shank reliable location of the rotation axes is difficult.  In Delorme’s 
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(2004) snowboarding thesis computed tomography scan images were used to generate a 

generic bone model and fixed ankle and subtalar joint axes estimated from the bony geometry.  

The relative contribution of each joint to the gross movement of the foot against the shank 

was estimated by treating the ankle as a ‘serial-link manipulator’, a simple type of robot 

which is comprised of a set of bodies connected by joints forming an open kinetic chain. 

 

Defining joint motion based on the physical geometry of structures within the ankle and 

subtalar joints does not require a fixed axis assumption.  A finite element model of the foot 

and ankle complex has been developed based on MRI scan data from a male participant 

(Cheung & Zhang, 2005; Cheung, Zhang, & An, 2004; Cheung, Zhang, Leung, & Fan, 2005).  

In this model the shape of the articular surfaces and soft tissues within the model dictate the 

motion patterns of the ankle and subtalar joints.  Another geometrically driven model was 

presented by Corrazza et al. (2003).  This 4 bar linkage model was an expansion upon a 

previously presented two dimensional ankle joint model (Leardini, et al., 1999a).  Again in 

this model joint motion is guided by both the articular surfaces and soft tissues, as opposed to 

fixed axes of rotation. 

 

Several models presented within the literature have expanded beyond joint kinematic and 

kinetic analysis to include ankle ligaments allowing for estimation of strain and/or stress with 

these structures.  Ligament strain has been estimated from distance changes between the 

origin and insertion of the ankle ligamentous structures (de Asla, et al., 2009; Delorme, 2004).  

An advantage of a strain measurement approach is that a kinematically driven model requires 

only the insertion points of the ligaments to be known to estimate strain.  Others have 

estimated ligament force or stress using various approaches.  Most commonly the ankle 

ligaments are modelled as linear springs with mechanical properties taken from previously 

published data, and tension is calculated based on the mechanical stiffness and strain of these 

ligaments (Cheung & Zhang, 2005; Haraguchi, Armiger, Myerson, Campbell, & Chao, 2009; 

Ledoux, Camacho, Ching, & Sangeorzan, 2000; Liacouras & Wayne, 2007).  However, 

ligaments are known to be nonlinear and viscoelastic in nature and thus a linear model is an 

oversimplification of mechanical properties.  A linear elastic assumption was found to be only 

valid at lengths close to the reference length (Funk, et al., 2000) and therefore inappropriate 

for most dynamic movements.  Corazza et al. (2003) generated a nonlinear elastic model of 

the three major lateral ankle ligaments based on previously published data of Attarian et al. 

(1985) and Siegler et al. (1988).  Nonlinear viscoelastic equations have been generated to 
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estimate ankle ligament force based on curve fitting of force-displacement data collected 

during elongation of dissected cadaver ligament specimens (Funk, et al., 2000).  In this paper 

estimates of ligament force, calculated from strain time series data, were reported to be valid 

for up to 20% strain for both the ATFL and PTFL and 10% strain for the CFL.  This nonlinear 

viscoelastic model has been employed in recent publications (Corazza, Leardini, O'Connor, & 

Castelli, 2005; Reggiani, Leardini, Corazza, & Taylor, 2006). 

 

Summary 

This review highlights the diversity in the approaches taken to modelling the ankle joint 

complex.  It is clear that even the most sophisticated models include many assumptions about 

the mechanical nature of the bones involved, their articulations, and surrounding soft tissues.  

In order to assess the influence of snowboard equipment on measures related to ankle injury 

risk during real on-snow jumping movements, a modelling approach is the only viable option.  

Therefore, an anatomically based kinematic model was developed as a tool for use in the 

biomechanical analysis of snowboard jump landings.  This model is outlined in detail in the 

following sections of this chapter. 

 

The standard model of the ankle joint complex, based on ISB recommendations, is a single 

fixed 3DOF ball and socket joint between the shank and foot (Wu, et al., 2002).  However, 

because a major goal of this current model formulation is to allow for the estimation of strain 

in the commonly injured lateral ankle ligaments during the snowboard landing motion, a 

single joint assumption is not appropriate.  As previously discussed, the CFL crosses both the 

ankle and subtalar joints whereas the ATFL and PTFL are responsible for supporting the 

ankle joint only.  Estimation of ligament strain based on ball and socket type motions about a 

point within the talus would therefore produce unrealistic strain results.  Based on this 

argument a multi joint representation of the ankle complex is considered more appropriate.  

Commonly the ankle and subtalar joints have been treated as separate fixed axis hinge joints.  

Although there are arguments for and against this approach within the literature, this 

simplified joint model appears to adequately describe the general mechanics of the ankle 

complex and is a viable option in situations where data collection methods are limited with 

regards to precision.  This is because the small translations that occur within the ankle and 

subtalar joints during normal joint motion are likely to be missed or masked.  This is likely to 

hold true for 3D kinematic measures taken in the field, as in Studies Three and Four.  

Alternative approaches include geometrically and/or mechanically driven models, however 
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development of such methods requires geometric or finite element modelling of bone and soft 

tissues based on sophisticated computation, imaging techniques, and measurement/estimation 

of material properties, and thus exceeds the scope of this primary investigation into ankle 

biomechanics during jump landings. 

 

8.4 The OpenSim Program 

In an effort to increase knowledge transfer and sharing between institutions an open source 

platform for modelling, simulating and analysing the neuromusculoskeletal system has been 

developed (Delp et al., 2007a).  Once a working model has been developed the OpenSim 

graphical user interface can be used to run various analyses including inverse kinematics, 

inverse dynamics, computed muscle control and forward dynamics.  Due to its availability 

and relative ease of use this software has been selected to implement the snowboarding ankle 

anatomical model in Studies Three and Four of this thesis. 

 

8.5 Snowboarding Ankle Anatomical Model 

8.5.1 Introduction 

A rigid, multi-segment model was developed to describe the motion, reaction loads and 

ligament strains of the two joints of the ankle joint complex during snowboarding movements.  

This model was based on an existing lower body model (Delp et al., 2007b) and designed to 

be run by the OpenSim software package.  The original model was developed based on four 

published papers (Anderson & Pandy, 1999, 2001; Delp et al., 1990; Yamaguchi & Zajac, 

1989).  In this model the lower body joint definitions were taken from Delp et al. (1990).  The 

ankle and subtalar joints were defined as frictionless revolutes with the rotation axes 

orientated as presented in the ankle anthropometry paper of Isman and Inman (1969).  

Anthropometric measures taken from five male participants were used to calculate the 

segment inertial parameters included in this model (Wright, 1998). 

 

For the purposes of the current study all muscles and body segments proximal to the knee 

were removed.  The anthropometry of the generic model was retained.  Following this, the 

model was customised to create a tool applicable for a snowboarding analysis.  The ankle and 

subtalar joints of both limbs remained as 1DOF revolute joints, however the axis orientation 

and location were adjusted.  A snowboard segment was added (Figure 8-3) and lateral ankle 

ligaments (ATFL, CFL and PTFL) were included as passive structures.  The ankle ligaments 
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were attached to bony prominences as outlined within the literature.  A custom lower body 

marker set was attached to the model.  Three dimensional marker data can be imported into 

the OpenSim program and joint motion calculated with the inverse kinematics tool.  Ligament 

strain is calculated using the inverse kinematics output file and inverse dynamic calculations 

made to estimate joint moments during the snowboard landing motion.  Ligament strain 

output data were compared to published work and simulated snowboard jump landing trials 

were collected to assess the feasibility of this ankle modelling methodology. 

 

 

Figure 8-3 Overview of the snowboarding ankle model. 

 

8.5.2 Segment Definitions 

Apart from the snowboard segment, the geometry (Delp, et al., 1990) and inertial parameters 

(Wright, 1998) of each bony segment included in the model were taken directly from the 

existing model.  Each segment was assumed to be a rigid body with a fixed COM.  The 

properties of each segment are outlined below with full detail of inertial properties presented 

in Appendix C. 

 

Tibia/fibula 

The tibia and fibula were fixed together to act as a single rigid segment.  The tibia/fibula 

segment origin was located at the midpoint of the line between the medial and lateral femoral 

condyles (Figure 8-4).  The mass of the tibia/fibula in the generic model was 3.7 kg. 
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Talus 

The talus origin is located at the midpoint of the line between the apices of the medial and 

lateral malleoli of the tibia and fibula respectively (Figure 8-4).  The mass of the talus in the 

generic model was 0.1 kg. 

 

Foot 

The foot was modelled as a single rigid segment including calcaneus, tarsal, and metatarsal 

bones.  This single rigid body assumption of the foot was necessary as foot motion in 

snowboarding can only be represented by the movement of markers fixed to the exterior of 

the boot and thus a more complex model of the foot would not provide additional information.  

The foot origin was located at the most distal, inferior point on the posterior surface of the 

calcaneus (Figure 8-4).  The mass of the foot in the generic model was 1.25 kg. 

 

 

Figure 8-4 Location of body segment reference frames: x – anterior, y – vertical and z – lateral (right limb 

shown).  All segment reference frames were aligned with the global coordinate system in the neutral pose. 
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Toes 

The toes segment was included to create a full anatomically realistic foot.  The toes were 

modelled as a single rigid segment including all phalangeal bones of the foot.  The toes 

segment origin is located at the distal end of the 2
nd

 metatarsal bone (Figure 8-4).  The mass 

of the toes in the generic model was 0.22 kg. 

 

Snowboard 

A snowboard geometry file was generated for the current model.  The snowboard was 

modelled as a mass-less rigid body and served as the source of translation of the model 

through space.  The origin of this body was located at the geometrical centre of the 

snowboard.  No mass was given to the snowboard as it was considered independent of the 

system: during on-snow trials it was fixed to the bottom side of the SFP devices.  The other 

purpose of adding the snowboard segment to the model was to allow for the addition of 

known kinematic variables into the inverse kinematic calculations: stance width and foot 

angle on the board.  These values can be assumed to be fixed throughout a snowboarding trial 

since the feet are tightly secured to the board with non-release bindings.  It is clear however 

that some degree of snowboard bending does occur during landing and thus a rigid board 

assumption is not entirely valid.  Review of landing videos revealed the majority of this 

bending occurs at the tail and/or nose of the snowboard rather than the stiffer midsection 

between the rider’s feet.  It was thus decided that the additional constraints exerted on the 

model by the fixation of the feet onto a single rigid board would provide more enhancements 

than errors due to unmeasured bending of the segment. 

 

Figure 8-5 Location of snowboard reference frame. 
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8.5.3 Joint definitions 

In contrast to the Delp et al. (2007b) model the current model was built from the ground up 

with the most distal segment defined as the parent body during the creation of joints.  This 

approach was necessary to allow for both feet to be fixed to a freely moving snowboard.  

Contrary to the International Society of Biomechanics (ISB) recommendation to treat the 

ankle joint complex as a single joint with three rotational degrees of freedom (Wu, et al., 

2002), the current snowboarding ankle model was developed with separate ankle and subtalar 

joints.  A discussed previously, this discrimination of the individual joints was necessary to 

allow for a more realistic analysis of lateral ankle ligament strain. 

 

A joint within the OpenSim program is a defined relationship between two bodies (segments) 

and thus can be used to define more than just skeletal joint rotations.  A detailed explanation 

of each joint within the model is provided in the following text.  The definition of the location 

and orientations each joint is presented in Appendix C. 

 

Snowboard to ground 

The snowboard was allowed to move with 6DOF against the ground.  This included three 

translations in relation to the global coordinate system (GCS) and three rotations about each 

of the snowboard reference axes. 

 

Foot to snowboard 

Each foot was given freedom to translate along the snowboard long axis and rotate about an 

axis normal to the top surface of the snowboard.  This joint allowed for adjustment of stance 

width and binding angle.  It was designed to be set and then locked during inverse kinematic 

reconstruction of model movements. 

 

Toes to foot 

A fixed hinge axis was defined between the foot and toe segment to coincide with the 

articulation of the metatarsal and phalangeal bones.  This joint was locked and thus no 

movement was permitted at this joint in accordance with the rigid foot assumption of this 

model. 
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Subtalar joint 

The subtalar joint movement was defined as rotation of the talus bone with respect to the 

calcaneus about a single fixed axis.  The subtalar joint axis was positioned at the articulation 

of the talus and calcaneus bones, below the talus origin, and orientated based on data from a 

recent anatomical study (Lewis, et al., 2007).  In this paper finite helical axes were determined 

from the relative motion of bone-pin fixed marker clusters embedded in cadaver calcaneus 

and talus bones as subtalar rotations were applied with a custom rig.  The mode of the finite 

helical axes was calculated as the representative joint axis.  Over their six specimens the mean 

inclination and deviation of the subtalar joint axis was 38.2° + 6.2° and 21.3° + 3.6° 

respectively.  Because a more sophisticated methodology was used in the work of Lewis et al, 

(2007) and the between-specimen deviations were of lower magnitude compared to the classic 

work of Isman and Inman (1969), these subtalar axis parameters were deemed to be a better 

representation of the axis of this joint.  Thus, for the current model an inclination of 38° 

against the horizontal and 21° medial from the midline of the foot was chosen to define the 

axis of rotation of the subtalar joint.  This is illustrated in Figure 8-6.  Arguments both for and 

against a fixed subtalar axis assumption were previously discussed in detail in section 8.2.1.  

The motion about the subtalar joint axis is depicted in Figure 8-7 and will be referred to as 

subtalar inversion and subtalar eversion for the remainder of this thesis.  In keeping with ISB 

recommendations subtalar inversion was defined as positive and eversion negative (Wu, et al., 

2002). 

 

 

Figure 8-6 Deviation and inclination of the subtalar joint axis – fixed hinge joint. 
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Figure 8-7 Model movements about the subtalar joint axis – subtalar eversion, neutral and subtalar inversion 

(left to right).  Note: the foot segment is fixed to the snowboard and thus the talus moves relative to a fixed 

calcaneus. 

 

Ankle joint 

An identical ankle joint definition as presented by Delp and colleagues (1990) was used in 

this current model.  The tibia was permitted to rotate about a single fixed axis located at the 

midpoint between the medial and lateral malleoli at an angle of 80° and 84° against the 

sagittal plane and midline of the foot respectively.  This definition was based on a classic 

publication on ankle joint anthropometrics (Isman & Inman, 1969) and is illustrated in Figure 

8-8.  The motion about the ankle joint axis is depicted in Figure 8-9 and will be referred to as 

ankle dorsiflexion and ankle plantarflexion for the remainder of this thesis.  In keeping with 

ISB recommendations ankle dorsiflexion was defined as positive and ankle plantarflexion 

negative (Wu, et al., 2002). 

 

 

Figure 8-8 Deviation and inclination of the ankle joint axis - fixed hinge joint. 

84°

80°



 

129 

 

 

Figure 8-9 Model movements about the ankle joint axis – ankle plantarflexion, neutral and ankle dorsiflexion 

(left to right). 

 

8.5.4 Lateral ankle ligament modelling 

Three lateral ankle ligaments were added to each limb of the snowboarding model.  These 

were the ATFL, CFL and PTFL.  Because this is a kinematic model no material properties of 

the ligaments, such as stiffness, were required to be included in the model formulation.  The 

origin, insertion and length of each ligament was determined based on a synthesis of 

information gained from the scientific literature (Attarian, et al., 1985; Burks & Morgan, 

1994; Butler & Walsh, 2004; Buzzi et al., 1993; de Asla, et al., 2009; Funk, et al., 2000; 

Jerosch, et al., 2005; Milner & Soames, 1998; Mkandawire, Ledoux, Sangeorzan, & Ching, 

2005; Nigg, et al., 1990; Ozeki, et al., 2002; Parenteau, et al., 1998; Siegler, et al., 1988; 

Sindel, et al., 1998; St Pierre, et al., 1983; Taser, et al., 2006).  This included cadaver and 

imaging based research as summarised in Table 8-2 and Table 8-3. 

 

Each ligament was modelled as a single fibre spanning discrete origin and insertion points 

(Figure 8-10).  In the neutral joint position, the length of the ATFL, CFL and PTFL in this 

model was 18 mm, 29 mm and 20 mm respectively.  This compares well with the previous 

research presented in Table 8-2.  Additionally, the orientation of the ligaments compared well 

with previous work (Burks & Morgan, 1994; Jerosch, et al., 2005; Taser, et al., 2006).  

Against the horizontal plane the ATFL was angled at -5°, CFL at -45° and PTFL at -11° as 

measured from the fibula insertion point.  The angle between the ATFL and CFL ligaments 

was 130°.  Finally, when viewed from above and expressed relative to the sagittal plane, the 

ATFL and CFL were aligned at 58° and 65° respectively.  All of these values fall close to 

those presented in previous publications (Table 8-3). 

 

The length change in each ligament can be calculated for motions generated by inverse 

kinematic optimisation of marker position.  The neutral joint position was taken as the zero 
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reference for ligament length in strain calculations.  This approach has been used previously 

(Delorme, 2004; Martin, et al., 2002; Renstrom, et al., 1988; Self, Harris, & Greenwald, 

2000). 

 

Table 8-2 Summary of published data on lateral ankle ligament lengths. 

 

 

Table 8-3 Summary of published data on lateral ankle ligament orientations. 

 

 

Authors 
Length (mm) 

ATFL CFL PTFL 

St. Pierre et al. (1983) 13.6 
  

Attarian et al. (1985) 10.5 17.5 15.3 

Siegler et al. (1988) 17.8 27.7 21.2 

Buzzi et al. (1993) 24.3 24.3 
 

Burks & Morgan (1994) 24.8 35.8 24.1 

Milner et al. (1998) 13.0 19.5 23.0 

Sindel et al (1998) 19.1 26.8 20.7 

Funk et al. (2000) 11.0 24.7 15.3 

Ozeki et al. (2002) 19.8 29.9 23.7 

Mkandawire et al. (2005) 18.9 35.4 27.7 

Taser et al. (2006) 22.4 31.9 21.7 

de Asla et al. (2009) 16.3 28.0 
 

    
mean 17.6 27.4 21.4 

standard deviation 4.6 6.1 3.6 

Authors 
Orientation 

ATFL CFL PTFL 

Wiersma & Griffioen (1992) 10° to horizontal plane 
  

Burks & Morgan (1994) 44.8° to coronal plane 130° against fibular 
 

Jerosch et al. (2005) 
 

105° against ATFL 
 

Taser et al. (2006) 
25° to horizontal plane 

47° to sagittal plane 

40° to horizontal plane 

51° to sagittal plane 

132° against ATFL 

nearly horizontal 
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Figure 8-10 Lateral ankle ligaments as placed on the current snowboarding ankle model. 
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8.6 Implementation of the Model 

This next section will outline the practical use of the snowboarding ankle model.  The model 

workflow is illustrated in Figure 8-11. 

 

 

Figure 8-11 Schematic representation of the snowboard ankle model workflow from data collection through to 

model outputs. 

 

8.6.1 Marker set 

Kinematic data for Studies Three and Four were collected using cameras positioned along one 

side of the snow jump.  This was in keeping with our agreement with the indoor snow sports 

hall, used as the venue for these studies, to minimise obstruction to paying patrons.  This 

camera orientation meant that only the anterior, medial and lateral aspects of the snowboarder 

were visible to the cameras.  This is reflected in the choice of marker point locations.  A total 

of 24 (10 temporary, 14 permanent) markers, affixed to body landmarks, are used to describe 

the participants’ motion about each joint included in the snowboarding ankle anatomical 

model.  These are listed in Table 8-4 and illustrated in Figure 8-12.  As discussed previously 

the snowboarding ankle model includes the tibia/fibula, talus and foot segments of both limbs, 
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and a snowboard.  At least three markers were associated with each segment, except the talus 

and snowboard.  The talus motion is determined by the motion of the tibia/fibula and foot 

segments about the fixed subtalar axis.  The snowboard is fixed to the feet and thus is driven 

by the motion of the foot segments. 

 

Two static pose trials are collected prior to the dynamic motion trials.  Firstly a barefoot 

standing trial is recorded with temporary foot and ankle markers attached (Figure 8-12 left).  

Following this, the participant is fitted with the test boots and a second static trial collected 

with all permanent markers attached (Figure 8-12 right).  Foot position is controlled and care 

taken to recreate identical joint orientations for each static trial.  Shank segment orientation 

and inclination is quantified during static trial processing to confirm this. 

 

Marker data collection and digitisation can be performed with any system that supports the 

C3D file format (e.g. Simi Motion, Vicon).  Marker coordinate data, for both static and 

dynamic trials, are exported in C3D format and further processed with Vicon BodyBuilder 

(Version 3.6, Vicon Motion Systems, Oxford, UK) prior to inverse kinematic calculation in 

OpenSim. 

 

Table 8-4 The kinematic marker set. 

  Marker Name Description 

Permanent 

Markers 

lateral condyle lateral condyle of the knee 

medial condyle medial  condyle of the knee 

tibia anterior aspect of the tibia 

boot shaft lateral aspect of the boot shaft 

boot 1 
3 markers placed arbitrarily on the foot region of the 

snowboard boot where they do not interfere with the 

binding system  

boot 2 

boot 3 

Temporary 

Markers 

lateral malleolus lateral malleolus 

medial malleolus medial malleolus 

lateral calcaneus lateral aspect of calcaneus 

medial calcaneus medial aspect of calcaneus 

navicular head 
at the articulation proximal head of 2nd metatarsal 

bone 
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Figure 8-12 Attachment of the kinematic marker set – barefoot static markers (left) and permanent markers 

including boot fixed markers (right). 

 

 

8.6.2 Reconstruction of temporary markers 

A custom Vicon BodyBuilder script was written to virtually recreate the foot and ankle fixed 

markers during the shod static trial.  For the barefoot trial the position of the malleolus, 

calcaneus and navicular markers are referenced to a triad of shank fixed markers (medial and 

lateral condyles and tibia markers).  This information is then used to virtually recreate these 

markers within the boot for the shod trial.  This marker creation script is run only for the static 

trials because marker wobble and digitisation errors will greatly reduce the validity of the 

reconstructed virtual markers during on snow jumping trials.  Data filtering and gap filling is 

performed during this stage prior to further analysis. 

 

8.6.3 Model scaling 

The generic anatomical model is then scaled to fit the test participant.  This step is designed to 

create a more individualised model and increase accuracy of the following inverse kinematic 

and inverse dynamic calculations.  Scaling factors are derived from between-marker distances 

and manual measurements and then compared to the known dimensions of the generic model 
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(Table 8-5).  These factors are then used to uniformly scale each of the segments’ dimensions.  

The mass properties of each segment are scaled based on the participant’s body mass. 

 

Table 8-5 Scaling references used for each segment within the model. 

Segment Scaling Measure 

tibia/fibula 
mean distance between lateral malleolus  

and lateral condyle markers on each leg 

talus foot length 

foot foot length 

snowboard no scaling applied 

 

 

During this step the generic marker set is adjusted to match the actual marker positions on the 

participant.  An inverse kinematic optimisation step (see section 8.6.4) is performed on the 

shod static trial and the model positioned in a way that best matches the marker set 

configuration.  The skin-fixed markers and virtual markers are used as references to generate 

the static pose and the boot fixed markers are moved automatically to match their true 

position in the GCS. 

 

8.6.4 Calculation of joint motion – inverse kinematics 

A text file containing marker coordinate data of the permanent marker set, created by the 3D 

motion capture system, is imported into the OpenSim program.  A least-squares optimisation 

routine is performed in OpenSim to orientate the anatomical model, minimising the error 

between the model marker set and the known marker locations for each frame of data.  The 

modelled joint positions can only be reconfigured based on the allowed degrees of rotation 

and translation at each joint.  This approach is known as the ‘global optimisation method’ 

(GOM) and was designed to minimise the effects of skin movement artefacts on calculated 

segment motion (Lu & O'Connor, 1999).  The distinct benefit of the GOM is that unrealistic 

joint dislocations cannot occur because of joint constraints.  This is in contrast to the 

commonly used ‘direct method’ (DM) of inverse kinematic calculation which is based solely 

on marker kinematics alone.  Marker positions taken from the static pose trial are used as the 

reference ‘model’ markers in the formulation of model poses throughout the dynamic trial.  In 
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OpenSim, the generalised coordinates (translations and joint angles) of the skeleton model are 

generated by minimising the weighted squared error as calculated by: 

Equation 8-1 

�������		��
�	 = 	� ���̅�������� − �̅��������� !"�!�
�#$  

 

Where �̅�������� and �̅������ are the three dimensional positions of the i
th

 marker for the 

subject and model, and ω is a term which allows the markers to be weighted differently during 

the optimisation routine.  OpenSim also allows for the inclusion of joint angles into the least-

squares formulation, however this functionality was not utilised in the current model and thus 

is not displayed here. 

 

It is assumed that the foot is fixed within the boot and thus the motion of the boot markers 

represents the motion of the foot within.  It was concluded in previous work that this fixed 

foot/boot assumption is superior to the other available option of virtual recreation of in-boot 

markers during dynamic trials (McAlpine, 2006b).  For lab based snowboarding movement 

simulations, virtually recreated markers were found to be unreliable and erratic during 

dynamic motion trials.  This was attributed to the amplification of skin movement artefacts 

when estimating virtual marker points a distance from a relatively small marker cluster.  It is 

also likely that the use of the GOM over the DM in the computation of joint kinematics will 

minimise errors inherent in this fixed boot-foot assumption. 

 

Prior to running the inverse kinematics routine, the known values of stance width and foot 

rotation on the snowboard are entered and remain fixed throughout the reconstructed 

movement.  Following inverse kinematic calculation a motion storage file is saved which 

contains the movement data for each specified joint within the anatomical model. 

 

8.6.5 Lateral ankle ligament strain calculation 

Once the inverse kinematic step is complete the ligament length changes throughout the 

movement can be exported as a text file.  Ligament strain is calculated for each frame using 

the neutral position ligament length (l0) as the reference: 

Equation 8-2 

%&'�(�)*	�*��&)	(%) = .(/�)'*ℎ − /1)/1 2 × 100 
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8.6.6 Calculation of joint loads - inverse dynamics 

An inverse dynamics approach is used to calculate the generalised forces acting at each joint 

in the model, using the OpenSim inverse dynamics engine.  Equations of motion are derived 

using the kinematic and mass properties of the musculoskeletal model as follows: 

 

Equation 8-3 

6(∅)∅8 + :(∅) + ;�∅, ∅= � = > 

 

where:  

∅,∅= 	�)�	∅8  are the vectors of generalized positions, velocities and accelerations of the 

model system respectively  

6(∅) is the system mass matrix 

:(∅)	is the vector of gravitational forces  

;�∅, ∅= � is the vector of coriolis and centrifugal forces 

τ is the vector of generalised forces acting across the joints 

 

If the inertial properties of a model are known then the dynamics are completely defined by 

the position, velocity and acceleration data.  Therefore the left side of equation 3 contains 

only known values and the right side the unknown to be solved for (generalised forces). 

 

In OpenSim, the joint kinematic data calculated during the inverse kinematics step is utilised 

in combination with the measured GRF data to solve the equation of motion using a least-

squares approach as described by Kuo (1998).  The GRF data serve as boundary conditions to 

be satisfied in a ground up inverse dynamics calculation.  The inclusion of external force data 

into the standard equation of motion creates an over determined system allowing for an 

optimisation approach to be used.  A major advantage of this method is that it is less sensitive 

to noise than the standard Newton-Euler formulation (Kuo, 1998).  This attribute is desirable 

for field testing studies where measurement precision is often compromised. 
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8.7 Model Assumptions 

Below are the major assumptions made in the formulation of this snowboarding ankle model: 

• Fixed hinge joint representation of ankle and subtalar joints 

• Rigid body assumption of all segments 

• Uniform scaling of segments based on external markers sufficiently accounts for 

between-participant variations in anthropometry 

• Zero ligament strain at neutral joint position 

 

8.8 Validity and Performance Testing of the Model 

As a measure of validity, ligament strain changes throughout the complete ankle and subtalar 

range of motion were compared to published data.  Additionally, lab based simulated 

snowboard jump landing trials were collected to assess the feasibility of this ankle modelling 

methodology.  Both tests are presented separately in the following text.   

 

8.8.1 Validity of ligament strain estimation 

Introduction 

As presented in section 8.5.4 the placement of the ligaments in the snowboarding ankle model 

resulted in ligament lengths and angular orientations which closely fit within ranges presented 

in previous research papers.  It is logical to further investigate the validity of the 

joint/ligament model as a whole by assessing the dynamic response of the ligaments to joint 

driven motion.  Currently there are a handful of publications presenting ligament strain 

changes with ankle and subtalar movement, each of which has chosen slightly different 

methodologies, for example fixation of certain joints, movements tested, movement 

definitions, direct vs. indirect strain measurement, and zero strain reference positions. Thus a 

direct comparison with published data is rather tenuous, however these data serve as the only 

source of comparison for the current snowboarding anatomical model. 

 

Method 

Output data of lateral ligament strain were generated throughout a range of 30° ankle joint 

dorsiflexion to 40° ankle joint plantarflexion, and 30° subtalar inversion to 30° subtalar 

eversion.  Direct comparison was made with available published data for joint positions which 

caused ligament elongations only because geometrical changes in a slack ligament cannot be 

accounted for in the current model.  Additional joint configurations were also created within 
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the model to match positions presented within the literature.  Most papers have presented data 

graphically and thus strain data were estimated from these figures (Colville, et al., 1990; 

Martin, et al., 2002; Ozeki, et al., 2002; Renstrom, et al., 1988).  For papers which presented 

strain calculated from a different reference, adjustments were made to allow comparison 

(Colville, et al., 1990; Ozeki, et al., 2002).  One paper tested only maximum joint positions 

and failed to quantify the joint angles and thus estimates were made based on published joint 

ROM data presented earlier in this chapter (de Asla, et al., 2009). 

 

Results and discussion 

In agreement with published work, strain in the ATFL was found to increase with ankle 

plantarflexion and was relaxed during dorsiflexion.  As illustrated in Figure 8-13 the current 

model is in good agreement with data presented by Colville et al. (1990) and de Asla et al. 

(2009).  However compared to Restrom et al. (1988) and Ozeki et al. (2002) much greater 

strains were recorded. 

 

Opposite to the ATFL, the CFL strain increased during ankle dorsiflexion movements and 

was relaxed during plantarflexion (Figure 8-13).  This corresponds with the synergistic action 

of these ligaments discussed within the literature (de Asla, et al., 2009; Renstrom, et al., 

1988).  The pattern and magnitude of strain during ankle dorsiflexion reflected previously 

published data (Colville, et al., 1990; de Asla, et al., 2009; Ozeki, et al., 2002), with the 

calculated strain data falling closest to that of de Asla et al. (2009). 

 

The PTFL progressively increased in strain with ankle dorsiflexion in accordance with 

published data (Colville, et al., 1990; Ozeki, et al., 2002).  The magnitude and pattern of strain 

change during ankle dorsiflexion compared best with the data of Colville et al. (1990), 

however as with the ATFL the current model calculated strain values greater than that 

presented by Ozeki et al. (2002). 

 

In the current model only the CFL crosses the subtalar joint and so is the only ligament 

sensitive to subtalar motion.  Figure 8-14 presents strain of the CFL against subtalar 

inversion.  It can be seen that both subtalar inversion and eversion motion increased strain 

with changes of greater magnitude for eversion joint movements.  Since published work has 

been based on constrained planar motion of the ankle complex direct comparison cannot be 

made with this data.  Because of this, a planar inversion position of 25° was created for the 
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current model based on a combination of ankle and subtalar motion.  The calculated strain for 

this position of 25° ankle complex inversion was 3.8% and compares well with previously 

published data: mean strain of 5% within a range 20° to 30° inversion (Martin, et al., 2002), 

and 5.5% strain with 20° inversion (Renstrom, et al., 1988). 

 

As illustrated in Figure 8-14 subtalar inversion coupled with ankle dorsiflexion was found to 

increase CFL strain in accordance with previously published data (Bahr, et al., 1998; Martin, 

et al., 2002; Nigg, et al., 1990; Renstrom, et al., 1988).  Martin et al.’s (2002) cadaver study 

reported CFL strains of 7.5% with an inverted (20° – 30°) and dorsiflexed (35°) ankle joint 

complex.  A position of 35° ankle dorsiflexion and 25° subtalar inversion in the current 

snowboarding model closely replicated this strain (7.4%).  At this angle the addition of 25° 

subtalar eversion increased CFL strain further to 11.7%.  Subtalar eversion coupled with ankle 

dorsiflexion is commonly referred to as ankle complex pronation.  In a recent paper, CFL 

strain was found to be greatest at maximum ankle complex pronation and relaxed at 

maximum supination (de Asla, et al., 2009).  This was also found in the current model.  

Unfortunately no joint positional data were provided in this study therefore it was impossible 

to replicate these positions with the current model.  Several ankle and subtalar combinations 

of pronation were tested and presented in Table 8-6.  The strain of the CFL in many of these 

arbitrarily determined pronated positions compares well with the data of de Asla et al. (2009).  

This statement also holds true for estimated ATFL strains. 
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Figure 8-13 Lateral ankle ligament strain during ankle joint motion for the current model and previously 

published data.  Only movement directions that elicit ligament elongation are shown. 
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Figure 8-14 CFL strain throughout the subtalar joint ROM.  Plots provided for a neutral ankle joint angle and + 

15º dorsiflexion. 

 

Table 8-6 Calculated ATFL and CFL strains during ankle complex pronation for different combinations of ankle 

and subtalar motion, with a comparison to published data (de Asla, et al., 2009).  

ankle complex pronation 
Joint position Strain (%) 

dorsiflexion inversion ATFL CFL 

de Asla et al. (2009) not stated (max) -9.2 10.7 

     
current model 15 -15 -6.4 6.0 

 
15 -20 -6.4 7.0 

 
15 -25 -6.4 8.2 

 
15 -30 -6.4 9.6 

 
20 -15 -7.9 7.2 

 
20 -20 -7.9 8.2 

 
20 -25 -7.9 9.4 

 
20 -30 -7.9 10.8 

 
25 -15 -9.1 8.3 

 
25 -20 -9.1 9.4 

 
25 -25 -9.1 10.6 

 
25 -30 -9.1 11.9 

 

 

Overall the ligament strain calculated across joint position for the snowboarding ankle model 

compared reasonably with previously published data.  It must be noted that although there is 

general consensus within the literature on the function of the lateral ankle ligaments the 

reported mechanical strains occurring in-vivo are variable across published work.  The current 
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model appears to compare best with the strain magnitudes presented by de Alsa et al. (2009) 

and Colville et al. (1990).  Although correctly predicting joint positions for which the lateral 

ankle ligaments are slack, the calculated negative strain values for these positions were found 

to overestimate the amount of shortening when compared to previous data (Colville, et al., 

1990; de Asla, et al., 2009; Ozeki, et al., 2002; Renstrom, et al., 1988).  These aforementioned 

studies made direct strain measurements on cadaver specimens and thus it is not surprising 

that ligament length calculated using this method are different to the output from an 

anatomical model.  It is highly unlikely that ligament fibres uniformly shorten when lax; 

rather a crumpling of the ligament would occur.  The snowboarding anatomical model 

calculates ligament length based solely on the distance between origin and insertion points 

and thus cannot account for this ligament crumpling.  It was for this reason a direct 

comparison of calculated negative strain values was not made here.  In the current body of 

research negative strain values will be taken to represent a lax ligament with less weight 

placed on the actual magnitude of negative strains in subsequent interpretations.  This will be 

taken into consideration when interpreting ligament strains calculated in Studies Three and 

Four. 

 

8.8.2 Jump landing simulations 

Method 

Simulated snowboard jump landings were performed by a single participant within a 

laboratory environment.  The experimental task was a drop of 1 m from a table onto a padded 

surface while on a snowboard.  A standard freestyle snowboard, bindings and soft boots were 

used.  Three dimensional marker data were recorded using a Vicon MX motion capture 

system at 250 Hz.  The marker set was applied and the dual static subject calibration trials 

recorded prior to the simulated landings.  Marker data were low pass filtered at 14 Hz using a 

4
th

 order dual pass Butterworth filter prior to inverse kinematic calculation.  Joint motion and 

ligament strain for both limbs were exported and graphed. 

 

Results and Discussion 

From a workflow and usability perspective, the model and data analysis approach was 

deemed satisfactory and the joint kinematic data output appear realistic.  As shown in Figure 

8-15, prior to ground contact both ankles were slightly dorsiflexed and subtalar joints 

inverted.  This was expected as snowboard boots and bindings force the wearer into a 

dorsiflexed position and the wider-than-hip width stance, coupled with foot fixation, creates 
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inversion of the subtalar joint.  After ground contact rapid ankle dorsiflexion and subtalar 

inversion occurred in both limbs.  This was followed by a second phase of slower motion in 

the same direction.  These data can be explained by a rapid load acceptance phase, with the 

continued movement due to a planned landing strategy.  The typical range of motion was 

approximately 30° and 15° for the ankle and subtalar joints respectively.  This dorsiflexion 

ROM is similar to the 27° - 31° reported across boots of varying stiffness in a previous lab 

based landing simulation study (Woolman, et al., 2003).  For a single jump landing, with 

kinematic data collected via an inertial measurement suit, ankle dorsiflexion angles of 4° and 

25° were observed for the front and back foot respectively (Krueger & Edelmann-Nusser, 

2009).  The measured dorsiflexion range in the current tests was greater than the 13° – 15° 

found in pilot on-snow tests (McAlpine, 2006b). 

 

 

 

Figure 8-15 Representative ankle and subtalar joint angle plots for a simulated snowboard landing. 

 

There is currently no data available on the movement patterns occurring at the subtalar level 

during snowboard landings, simulated or otherwise.  A cautious comparison can be made with 

ankle joint complex (tibia vs. calcaneus) inversion and eversion ROM data of previous work.  

The current ROM values compare well to the results of Woolman et al. (2003) and pilot on-

snow testing (McAlpine, 2006b): 12° – 15° and 11° – 16° respectively.  Krueger and 

Edelmann-Nusser (2009) reported a greater range of front ankle inversion and observed 

eversion motion at the back ankle.  It is unsurprising that a single landing recorded for a 

spinning manoeuvre resulted in a different pattern of loading than controlled lab based drops 

onto a flat surface.  Overall the kinematic data generated for these tests appear reasonable.  
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Figure 8-16 Representative lateral ankle ligament strain traces for a simulated snowboard jump landing. 

 

The estimated ligament strain also behaved in a predictable manner based on the literature 

presented in the previous section.  As shown in Figure 8-16 the AFTL shortened throughout 

the landing motion to approximately 10% of its resting length.  This ligament laxity was 

expected to accompany the ankle dorsiflexion motion of landing.  Both the CFL and PTFL 

elongated to approximately 10% and 12% of resting length respectively.  Again this was 
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expected for both ligaments.  The CFL is known to lengthen with ankle dorsiflexion and 

subtalar inversion.  The PTFL has also been found to stretch with ankle dorsiflexion. 

 

The major purpose of this investigation was to assess the practical feasibility of using the 

current anatomical model to estimate joint motion and ligament strain based on external 

markers during a snowboard-specific movement.  The data collected were within a realistic 

range and the analysis workflow was considered very user friendly. 

 

8.9 Summary 

A custom snowboarding ankle model was developed following an extensive review of the 

literature on ankle anatomy and previous attempts at modelling the human ankle during 

dynamic movements.  This model was written to be used in the OpenSim open-source 

software with joint kinematic data calculated based on externally fixed markers.  The 

kinematic response of the joints and ligaments was found to be realistic, leading to the 

conclusion that this model is appropriate for use in Studies Three and Four of this thesis. 
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Chapter 9 – Study Three: The Effect of Binding Angle Adjustment on Lower 

Limb Kinematics and Kinetics During Jump Landings 

 

9.1 Introduction 

The purpose of this study was to build on Study Two to quantify the influence of binding 

angle changes on lower limb kinematic and kinetic measures taken during jump landings.  

The movement range about the major axes of motion of the knee, ankle and subtalar joints 

was quantified.  A snowboarding ankle model was used to assess joint reaction moments and 

ligament tension during snowboard jump landings.  This chapter will outline the motivation 

behind this study, the methods used and provide a discussion of results.   

 

9.2 Purpose 

This study further investigated the influence of snowboard binding orientation on the 

movements of, and loads exerted upon the lower limbs during snowboard jump landings.  

Beyond Study Two there are no in-depth biomechanical analyses of jump landings within the 

literature and thus a lack of data upon which to base injury prevention recommendations.  

Study Two identified an influence of binding angle on COP movement and ground reaction 

moments at each foot.  A position of pronounced external foot rotation produced a more 

medial COP location at the instant of peak vertical loading, accompanied by increased 

reaction moments about the long axis of the snowboard boot sole.  In Study Two the extremes 

of the duck stance were tested and these stances were chosen as a starting point of 

comparison.  In practice however, it is rare for a snowboarder to use such an extreme stance.  

A survey of 44 snowboarders revealed the mean stance angle among freestyle snowboarders 

was 16.4 + 4.2° and -13.3 + 5.5° for the front and back foot respectively.  It was therefore 

justified to build upon Study Two by choosing stance conditions closer to those found in the 

general population.  It is expected that a similar relationship between external foot rotation 

and greater moments and COP deviations will also exist for more subtle binding angles, but 

this remains to be tested. 

 

Additionally, it is possible that the process of trial and error used by snowboarders to self-

select binding angles may result in an optimal stance.  Comfort and ‘natural feeling’ motion 

are the major considerations when self-selecting stance angles and thus it is possible that these 
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angles may result in reduced ankle loading.  This increased feeling of comfort may reflect a 

foot angle that allows an optimal shock absorbing ankle and knee flexion motion, reducing the 

magnitude of off-plane movements and joint torques.  Due to this, the preferred stance of each 

participant was included as a condition in this current study.  As well as testing more realistic 

binding angle conditions, this study expanded upon Study Two through the inclusion of 

kinematic data and biomechanical modelling techniques.  Outcomes of this study, coupled 

with the findings of Studies One and Two, allow for interpretation of injury risk across 

various snowboard binding conditions. 

 

9.3 Hypotheses 

Hypothesis 3.1 Compared to the other binding conditions, participants’ preferred 

binding orientations will result in a decreased range of subtalar joint 

motion away from the neutral position during the snowboard landing 

event. 

 

Hypothesis 3.2 Compared to the 21° condition, the 9° condition will result in a 

decreased range of subtalar joint inversion during the snowboard landing 

event. 

 

Hypothesis 3.3 Compared to the 21° condition, the 9° condition will result in decreased 

lateral ligament strain during the snowboard landing event. 

 

Hypothesis 3.4 Compared to the other binding conditions, participants’ preferred 

binding orientations will result in a more centralised medial-lateral COP 

position and decreased ground reaction moments about the long axis of 

the boot sole.  

 

Hypothesis 3.5 Compared to the 21° condition, the 9° condition will result in a more 

centralised medial-lateral COP position and decreased ground reaction 

moments about the long axis of the boot sole. 
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Hypothesis 3.6 Compared to the other binding conditions, participants’ preferred 

binding orientations will result in decreased reaction moments about the 

subtalar joint axis.  

 

Hypothesis 3.7 Compared to the 21° condition, the 9° condition will result in decreased 

reaction moments about the subtalar joint axis. 

 

9.4 Methods 

9.4.1 Participants 

Nine intermediate to expert level snowboarders participated in this study (Table 9-1).  All 

participants were comfortable jumping the terrain park feature used and had a minimum 

snowboarding experience of four seasons.  All participants were free of current injury and 

signed informed consent. 

 

Table 9-1 Participant demographics and detail on preferred stance angle. 

# Age (yrs) Height (m) Weight (kg) 
Preferred Stance (°) Experience 

(yrs) front foot back foot 

1 27 1.75 82 15 -15 8 

2 22 1.75 82 15 3 6 

3 24 1.83 73 15 -12 5 

4 27 1.89 85 15 -15 12 

5 18 1.70 72 15 -15 4 

6 28 1.80 95 15 -15 8 

7 23 1.77 68 15 -15 10 

8 25 1.80 70 21 -15 11 

9 24 1.79 80 15 -15 4 

mean 24.2 1.79 78.6 15.7 -12.7 7.6 

SD 3.1 0.05 8.6 2.0 6.0 3.0 

 

 

9.4.2 Experimental protocol 

All experimental procedures were given ethical approval by the University of Auckland 

Human Participants Ethics Committee (Ref 2005 / 031).  The test session comprised 12 

successful straight aerials over a table top snow jump within an indoor snow sports hall (Snow 

Planet Ltd).  This location was selected to control for potential confounding factors such as 
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temperature effects on measuring equipment and snow quality.  Two dimensional modelling 

studies have shown that increased snow stiffness causes increased ankle deflections (Grewal, 

2002; Hull, et al., 1999).  Conditions within the snow sports hall are kept constant at -5°C and 

all snow is produced via snow making machines.  Geometric details of the jump used are 

presented in Table 9-2.  As with Study Two, overnight grooming resulted in some day-to-day 

variation in the dimensions of the jump feature and thus approximate values are presented. 

 

 

Table 9-2 Approximate dimensions of the table top jump used in this study. 

Jump Dimensions 

Kicker Angle (deg) 15 

Kicker Height (m) 1.0 

Table Length (m) 7.5 

Landing Angle (deg) 20 

 

 

To remove the influence of equipment design factors, all participants used a single test board 

(Nitro T1, 156 cm) and binding (Burton Custom) set.  All participants wore the same model 

boots (ThirtyTwo Lashed) of their size choice.  Participants were instructed to jump as 

controlled and consistently as possible.  As justified in Chapter 7, this instruction was 

provided in an attempt to decrease the inter-trial variability in jump trajectory. 

 

Three binding conditions were tested: preferred stance, and two symmetrical stances with 

differing degrees of external foot rotation: 21°, -21° and 9°, -9°.  For the remainder of this 

chapter these conditions will be referred to as the preferred, 21° and 9° conditions 

respectively.  As discussed in the introductory sections of the chapter, these binding 

conditions were selected to represent a more realistic range of stance angles than the extremes 

presented in Study Two.  All volunteers performed jumps under each binding condition.  The 

presentation order of the conditions was randomised.  Four jumps were recorded per 

condition. 
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9.4.3 Data collection 

The kinematic marker set and processing methodology was presented in Chapter 8 and 

therefore will not be discussed in detail here.  To protect the participants from the low 

temperatures in the snow sports hall (-5°C) the marker set was fixed to a tight fitting, white 

ski racing suit (Figure 9-1).  Eight black 35 mm half sphere markers were fixed to the race 

suit with a further eight white half spheres fixed onto the black snowboard boots.  These 

colours were chosen to maximise marker point contrast.  Pilot tests revealed that 35 mm was 

the minimum size that could be used for on-snow tests.  The combination of the large capture 

volume and 656 x 490 resolution of the cameras used to record the snowboarding trials meant 

that markers below these dimensions did not have sufficient resolution for accurate 

digitisation.  An additional thigh marker was added to the marker set.  This marker was fixed 

to the anterior aspect of the thigh and was used to calculate knee joint motion.  The knee was 

assumed to be a fixed axis hinge joint rotating about an axis defined by the medial and 

femoral condyle markers. 

 

Prior to the on-snow test session, static calibration trials were collected in a preparation room.  

This included both barefoot and shod trials.  For the static trials, one standard Panasonic 

digital camera (NV-DS38) was used to record video data.  As shown in Figure 9-1, the 

participant was positioned within a calibration cube (750 x 500 x 500 mm) and the camera 

was panned around the participant.  During these trials the participant was instructed to look 

straight ahead and remain as still as possible.  Eight camera views were selected for each trial 

and digitised with SIMI Motion 3D (Version 7.5.299, SIMI Reality Motion Systems, 

Unterschleissheim, Germany) to reconstruct the 3D coordinates of the static trial marker 

positions.  Following the static calibration trials the participant was allowed to perform an un-

prescribed warm-up in the snow sports hall.  This warm-up generally included both jumping 

and regular snowboarding. 
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Figure 9-1 Kinematic marker set and calibration cube device used for static trials.  Static recordings of both 

barefoot (bottom left) and shod (bottom right) conditions were taken prior to on-snow dynamic trials. 
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The on-snow 3D kinematic data were collected using four Basler high speed cameras (A602F, 

Basler Vision Technologies, Ahrensburg, Germany) running through the SIMI Motion data 

collection system at 100 Hz.  The cameras were mounted to the internal structure of the 

building above the existing lift facility and orientated to capture the entire landing zone of the 

snow jump.  The camera arrangement is presented in Figure 9-2. 

 

 

Figure 9-2 Camera layout in the snow sports hall.  Camera locations and landing zone indicated by red crosses 

and blue area respectively. 

 

Due to the large frame of reference needed for snowboarding research, a calibration 

expansion method has been developed.  This methodology was presented and tested in a 

previous Master’s work and thus is only briefly outlined here (McAlpine, 2006b).  This 

procedure can be broken into two major phases.  In the first phase, a calibration cube (750 x 

500 x 500 mm) was positioned in the centre of the capture volume and the eight corner points 

digitised to act as the calibration system for the second phase.  In the second phase a series of 

static wand positions were captured and digitised using the eight cube reference points as the 

calibration system.  The wand has three reference points – one on each end (base, end) 

separated by 1 m, and a third (middle) at an offset position 0.2 m from the base point.  A 

series of 16 static wand positions were recorded with the wand projecting out from the 

calibrated cube space at various angles.  For each of these positions the wand was orientated 

so the base and middle points were within the area calibrated by the reference cube.  The 3D 

coordinates of the base and middle points were then reconstructed.  Using this coordinate 

data, the location of the end point was then calculated mathematically for each position, 

assuming the wand to be perfectly rigid and linear.  Still images of each wand and cube 

position were combined by a Matlab routine (Mathworks, MA, USA) into a single AVI file 

that served as the calibration video file.  The coordinates of the wand end points and cube 
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corners were entered into the SIMI Motion calibration system file to generate a calibration 

system of 24 reference points.  The end result was a calibration which covers a substantially 

greater volume than that covered by the cube calibration alone; approximately 3.0 x 2.0 x 2.0 

m.  This volume was sufficient to capture snowboard landing movements. 

 

The superiority of the new calibration procedure over traditional cube calibration was 

assessed experimentally using an 8 Vicon MX system (Oxford, UK) as a reference 

(McAlpine, 2006b).  Moving from the standard cube calibration to the wand-cube technique 

decreased the mean absolute error and maximum error for marker coordinates and calculated 

object lengths.  It was concluded that the wand-cube calibration technique is appropriate for 

field testing studies.  Using this calibration method, coordinate data within a capture area of 

3.0 x 2.0 x 2.0 m can be considered accurate to within 5 mm.  Past investigations into the 

accuracy of the Simi Motion system have reported mean absolute errors of 7 mm for fixed 

distance calculation (Briggs et al., 2003).  This experimental data suggested that mean 

absolute errors may be lower than this. 

 

Ground reaction force data were collected with the SFP devices mounted beneath each 

binding.  The amplification and data acquisition units were housed in a small backpack 

carried by the participants.  Data were sampled at 1000 Hz with collection triggered by the 

participant immediately prior to the run towards the snow jump.  Synchronisation between the 

video and force plate systems was achieved using a custom built strobe unit.  This unit 

generated a voltage step (3 V) every 0.5 seconds.  This voltage step was held for 0.05 s prior 

to returning to a baseline of 0 V.  The unit was connected to four light emitting diode clusters, 

sewn onto the data acquisition backpack, and to a vacant channel on the SFP data collection 

system.  The correspondence between the observed light flashes on the video and voltage 

steps within the analog data was used to synchronise the two data streams.  This 

synchronisation was carried out offline.  

 

9.4.4 Data processing 

Video data were reviewed to identify uncontrolled landings which were removed from the 

analysis.  At least three trials were retained for each experimental condition.  Marker positions 

were digitised manually and reconstructed using the SIMI Motion program over a time period 

of 0.30 s (5 frames prior to ground contact to 25 frames after landing).  Prior to further 

analysis marker data were low pass filtered using a 4
th

 order dual pass Butterworth digital 
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filter with a cut-off of 14 Hz.  The GRF data were duplicated and then low pass filtered at 14 

Hz and 100 Hz for inverse dynamic calculation and GRF analysis respectively.  The cut-off 

frequencies were selected based on residual analysis (Winter, 2004).  Marker data were up-

sampled to match the GRF data frequency using a custom written routine that fit a cubic 

spline to the filtered coordinate data. 

 

Ankle and subtalar joint kinematics were calculated for each trial in OpenSim (version 1.9.1) 

using the inbuilt least-squares marker optimisation routine and the custom written 

snowboarding ankle model as outlined in Chapter 8.  Knee joint angles were calculated using 

a direct marker based method in Vicon BodyBuilder.  The knee was assumed to be a fixed 

hinge joint with its axis defined by the medial and lateral femoral condyle markers.  These 

markers were shared between the thigh and shank segments and thus knee motion was fully 

described by the rotation of the thigh and tibia markers about this fixed axis.  The knee joint 

angle was expressed relative to the static standing trial, assumed to represent the neutral joint 

position.  The knee joint and thigh markers were not included in the formulation of the 

snowboarding ankle model.  A single thigh marker fixed to the fleshy anterior aspect of the 

thigh, unknown hip joint centre location, and inability to link both femurs to a common pelvis 

in the current model formulation meant inclusion of the knee joint and thigh marker in the 

inverse kinematic optimisation adversely influenced the inverse kinematic optimisation 

results.  Because the knee joint is a secondary focus of this current research this simplified 

direct marker approach was considered appropriate.  The ankle and subtalar kinematic output 

files were used to calculate lateral ligament strain referenced against the neutral joint position.  

The range and rate of motion was quantified for each joint and maximal strain and strain rates 

quantified for each lateral ankle ligament included in the snowboarding ankle model.  

 

As in Study Two, the GRF output data were transformed so that the y-axis was aligned with 

the long axis of the boot sole and the x-axis ran from medial to lateral and lateral to medial for 

the front and back feet respectively (Figure 9-3).  The z-axis remained normal to the 

snowboard.  Maxima and rates were calculated for each component of the landing GRF.  

Loading rates were calculated using the central difference method.  Impulse was also 

calculated for the vertical force component of a 150 ms time window from the instant of 

landing.  This instant of landing was defined as the first frame where either vertical GRF trace 

exceeded a threshold of 50 N.  Centre of pressure movement was calculated and quantified for 
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each foot/SFP device independently.  The position of the COP at the instant of peak vertical 

load was chosen as the outcome measure for this dependent variable. 

 

Figure 9-3 GRF reference axes for this study, left boot shown. 

 

Inverse dynamic calculations were performed to estimate joint reaction moments using the 

joint kinematic and GRF data as input.  Both data sources were filtered at the same cut-off 

frequency (14 Hz) to minimise inconsistencies between the kinematic and kinetic data 

(Bisseling & Hof, 2006; van den Bogert & De Koning, 1996).  It has been discussed that 

accelerations calculated from kinematic data filtered at lower cut-off frequencies cannot 

sufficiently counteract impact peaks present within GRF data that has been filtered at higher 

cut-off frequencies, often resulting in large spurious transients within the calculated inter-

segmental moments (Bisseling & Hof, 2006).  COP data were transformed into the foot 

reference system assuming a fixed relationship between the SFP and the foot.  Joint reaction 

moments and moment rates were calculated for each axis of rotation of the modelled joints 

using the least-squares optimisation procedure described in Chapter 8.  

 

9.4.5 Statistical analysis 

Review of the video recordings was used to identify uncontrolled landings which were 

removed from the analysis.  Means of each dependent variable were calculated within 

participants for each condition and these data were entered into a pair-wise statistical 

comparison between conditions.  Tests of normality revealed the assumptions for parametric 

statistics could not be met.  Therefore, Friedman tests were used to test for between-condition 

x

y

z
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differences and follow up Wilcoxon Signed Rank contrasts made to identify where 

differences occurred.  The significance threshold was set at p < 0.05. 

 

9.5 Results 

9.5.1 Joint kinematics 

Significant differences were observed between conditions for kinematic measures at the 

subtalar, ankle and knee joint level.  Table 9-3 presents a summary of data for the subtalar 

joint.  Typically both subtalar joints were inverted at ground contact and went through further 

inversion throughout the landing motion.  For both limbs the 9° condition resulted in a greater 

minimum inversion angle than the preferred stance position.  Significant difference in 

minimum angle was also found against the 21° condition for the front foot only.  The 9° 

condition exhibited the greatest maximum front foot inversion angle for both feet.  For the 

back foot there was a significant difference in this measure between all conditions tested with 

the preferred stance falling between the other two conditions.  For the front foot a significant 

difference in maximum inversion was identified between the 9° and preferred stance only.  

Although reaching the greatest degree of inversion the 9° condition actually exhibited the 

lowest magnitude ROM at the subtalar joint, with a significant difference to the 21° condition 

observed for the back foot.  No difference in the rate of motion at the subtalar joint was found 

across conditions. 

 

Table 9-3 Mean subtalar joint kinematic measures across all participants for each binding condition (measures 

for which significant condition differences were identified (p < 0.05) are indicated by blue shading: Δ = 

significantly different to 9° condition, Φ = significantly different to 21° condition). 

    Subtalar Inversion 

limb right/back left/front 

condition pref 21° 9° pref 21° 9° 

Min 

(°) 

M 14
 Δ

 14 17 16
 Δ

 13
 Δ

 21 

SD 9 9 7 5 7 6 

Max 

(°) 

M 28
 Δ

 30 31 31
 Δ Φ

 27
 Δ

 34 

SD 8 8 9 4 6 5 

Range 

(°) 

M 15 16
 Δ

 14 15 14 12 

SD 7 5 4 6 7 3 

Max rate 

(°/s) 

M 309 389 339 388 393 351 

SD 101 115 95 144 198 130 
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Table 9-4 presents a summary of data for the ankle joint.  Again significant differences were 

observed between conditions with regard to joint kinematic measures.  For both limbs the 

ankle joints progressively dorsiflexed during the landing motion.  For the back foot the 9° 

condition resulted in significantly greater minimum and maximum ankle dorsiflexion 

positions with the 21° condition showing the lowest magnitude joint positions.  For the front 

foot, differences in minimum dorsiflexion angles were found between all conditions.  The 

preferred and 21° conditions resulted in significantly lower dorsiflexion maximums than the 

9° grouping.  No differences were observed between conditions with regard to total ROM.  

The rate of ankle joint dorsiflexion was found to be significantly greater for the 9° compared 

to the preferred stance. 

 

Table 9-4 Mean ankle joint kinematic measures across all participants for each binding condition (measures for 

which significant condition differences were identified (p < 0.05) are indicated by blue shading: Δ = significantly 

different to 9° condition, Φ = significantly different to 21° condition). 

    Ankle Dorsiflexion 

limb right/back left/front 

condition pref 21° 9° pref 21° 9° 

Min 

(°) 

M 12
 Δ

 9
 Δ

 16 2
 Δ Φ

 5
 Δ

 2 

SD 8 9 6 5 6 4 

Max 

(°) 

M 29
 Φ

 26
 Δ

 31 12
 Δ

 9
 Δ

 15 

SD 4 6 2 6 3 4 

Range 

(°) 

M 18 17 15 14 14 14 

SD 9 11 6 5 5 3 

Max rate 

(°/s) 

M 395 442 412 335
 Δ

 391 404 

SD 175 216 196 107 143 119 

 

 

Table 9-5 presents a summary of data for the knee joint.  Significant condition effects were 

found for the back leg only.  The preferred stance was found to result in a significantly greater 

range of knee flexion and a lower minimum flexion angle than the 9° binding condition.  As 

with the ankle joint the greatest ROM occurred at the back limb. 
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Table 9-5 Mean knee joint kinematic measures across all participants for each binding condition (measures for 

which significant condition differences were identified (p < 0.05) are indicated by blue shading: Δ = significantly 

different to 9° condition, Φ = significantly different to 21° condition). 

    Knee Flexion 

limb right/back left/front 

condition pref 21° 9° pref 21° 9° 

Min 

(°) 

M 23
 Δ

 27 27 9 13 11 

SD 8 7 6 7 8 9 

Max 

(°) 

M 54 58 56 37 39 34 

SD 21 6 8 6 11 9 

Range 

(°) 

M 35
 Δ

 31 29 27 27 24 

SD 10 9 10 5 8 6 

Max rate 

(°/s) 

M 632 620 601 604 565 527 

SD 172 152 188 124 174 137 

 

 

9.5.2 Ligament strain 

Significant differences in strain and rate of strain were found between conditions for all 

ligaments included in the model.  Table 9-6 presents a summary of the estimated ATFL strain 

occurring during the landing motion.  The ATFL was found to be lax throughout the landing 

motion with the 9° condition exhibiting the greatest amount of ligament relaxation.  This was 

true for both limbs.  A difference in the rate of unloading was identified between the 21° and 

9° conditions for the back foot, with the 21° condition showing the greatest rate. 

 

Table 9-6 Mean ATFL strain measures across all participants for each binding condition (measures for which 

significant condition differences were identified (p < 0.05) are indicated by blue shading: Δ = significantly 

different to 9° condition, Φ = significantly different to 21° condition). 

    ATFL Strain 

limb right/back left/front 

condition pref 21° 9° pref 21° 9° 

Max 

(%) 

M -9.7
 Φ

 -9.1
 Δ

 -9.9 -5
 Δ

 -4
 Δ

 -6.2 

SD 0.6 1.1 0.3 2 1.2 1.5 

Rate 

(%/s) 

M -124 -154
 Δ

 -113 -164 -182 -176 

SD 84 114 94 60 82 62 
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Table 9-7 presents a summary of the estimated CFL strain occurring during the landing 

motion.  For both limbs the CFL was found to be elongated during landing with differences in 

strain found between conditions for the front limb only.  The 21° and 9° conditions showed 

the least and greatest strain values respectively with the preferred stance condition falling 

between.  Accompanying greater strain values the 9° condition had a significantly greater rate 

of strain development compared to the 21° condition. 

 

Table 9-7 Mean CFL strain measures across all participants for each binding condition (measures for which 

significant condition differences were identified (p < 0.05) are indicated by blue shading: Δ = significantly 

different to 9° condition, Φ = significantly different to 21° condition). 

    CFL Strain 

limb right/back left/front 

condition pref 21° 9° pref 21° 9° 

Max 

(%) 

M 7.7 7.3 8.3 3.6
 Δ Φ

 2.6
 Δ

 5.1 

SD 1.2 1.2 1.5 1.9 1.3 1.3 

Rate 

(%/s) 

M 107 129 116 109 116
 Δ

 134 

SD 48 53 53 44 45 43 

 

Table 9-8 presents a summary of the estimated PTFL strain occurring during the landing 

motion.  For both limbs the PTFL was found to be elongated during this motion with the 9° 

condition creating significantly greater strain than the 21° degree condition.  Again the 

preferred stance angle resulted in strain values that fell between the other two conditions.  

Focusing on strain rates, the 9° conditions exhibited a significantly greater rate of PTFL strain 

development in the front limb than both other conditions. 

 

Table 9-8 Mean PTFL strain measures across all participants for each binding condition (measures for which 

significant condition differences were identified (p < 0.05) are indicated by blue shading: Δ = significantly 

different to 9° condition, Φ = significantly different to 21° condition). 

    PTFL Strain 

limb right/back left/front 

condition pref 21° 9° pref 21° 9° 

Max 

(%) 

M 14.1
 Φ

 12.4
 Δ

 14.9 5.4
 Δ

 4.0
 Δ

 6.9 

SD 1.9 2.8 1.3 2.6 1.4 1.9 

Rate 

(%/s) 

M 200 219 213 151
 Δ

 157
 Δ

 189 

SD 85 97 94 48 57 52 
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9.5.3 Ground reaction force 

Significant condition effects were found for both the force and moment components of GRF.  

Tables 9-9 and 9-10 summarise the external reaction force data expressed against the boot 

sole reference system (Figure 9-3).  For the force components a difference was found between 

conditions for the vertical component (Fz) only.  For both feet the magnitude of negative 

vertical force (tension force) was sensitive to binding angle changes.  For the back foot the 

preferred stance was found to result in significantly lower magnitude negative deflections 

than the other conditions.  For the front foot, the magnitude of negative vertical force 

deflections in the early stages of landing were found to be greater for the preferred stance 

condition compared to the 21° condition only.  Focusing on the impulse, calculated as the 

integral over 0.15 s, the 21° condition had a significantly lower value for the back foot 

compared to the preferred stance condition.  The opposite was observed for the front foot with 

the 21° condition significantly greater than both other conditions. 

 

Table 9-9 Mean force component measures for the right/back foot across all participants for each binding 

condition (measures for which significant condition differences were identified (p < 0.05) are indicated by blue 

shading: Δ = significantly different to 9° condition, Φ = significantly different to 21° condition). 

right  

/back foot 

Boot Sole Reaction Force 

Fx Fy Fz 

condition pref 21° 9° pref 21° 9° pref 21° 9° 

Max 

(N/BW) 

M 0.46 0.54 0.57 0.56 0.57 0.57 3.55 3.25 3.83 

SD 0.1 0.19 0.24 0.24 0.31 0.22 1.01 1.13 1.76 

Min 

(N/BW) 

M -0.31 -0.23 -0.25 -0.83 -0.69 -0.89 -0.01
 Δ Φ

 -0.12 -0.11 

SD 0.14 0.1 0.09 0.28 0.32 0.45 0.09 0.09 0.06 

Integral  

(N/BW.s) 

M 
  

  
  

  0.22
 Φ

 0.18 0.2 

SD             0.05 0.05 0.03 

Max +ve rate  

(N/BW/s) 

M 77 92 111 115 118 144 348 370 495 

SD 31 41 67 46 40 69 156 220 311 

Max -ve rate 

(N/BW/s) 

M -60 -64 -74 -135 -126 -174 -207 -232 -278 

SD 17 38 37 59 59 80 101 156 170 
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Table 9-10 Mean force component measures for the left/front foot across all participants for each binding 

condition (measures for which significant condition differences were identified (p < 0.05) are indicated by blue 

shading: Δ = significantly different to 9° condition, Φ = significantly different to 21° condition). 

left  

/front foot 

Boot Sole Reaction Force 

Fx Fy Fz 

condition pref 21° 9° pref 21° 9° pref 21° 9° 

Max 

(N/BW) 

M 0.25 0.21 0.23 0.36 0.45 0.39 3.71 4.1 3.83 

SD 0.11 0.13 0.09 0.2 0.17 0.14 1.34 1.99 1.46 

Min 

(N/BW) 

M -0.75 -0.73 -0.73 -0.78 -0.76 -0.73 -0.29
 Φ

 -0.12 -0.12 

SD 0.16 0.18 0.18 0.27 0.37 0.28 0.2 0.14 0.1 

Integral 

 (N/BW.s) 

M 
   

  
 

  0.13
 Φ

 0.18
 Δ

 0.15 

SD             0.06 0.06 0.06 

Max +ve rate  

(N/BW/s) 

M 64 64 75 123 122 130 411 417 410 

SD 24 22 33 51 52 48 139 253 167 

Max -ve rate  

(N/BW/s) 

M -108 -95 -107 -131 -149 -133 -270 -283 -282 

SD 34 44 38 44 79 57 138 186 132 

 

 

Tables 9-11 and 9-12 summarise the reaction moment data expressed in the boot sole 

reference system.  For the back foot, significantly greater rates of positive y-axis moment 

generation were observed for the 9° condition compared to the preferred stance.  For the front 

foot the maximum positive moment about this axis was greater in the preferred stance than the 

21° condition.  Focusing on the axis perpendicular to the snowboard top surface the 21° 

condition had positive moments of lower magnitude than both other conditions.  For the 

negative reaction moment deflection about this axis the opposite was observed, with the 21° 

condition having greater values than both other conditions.  For the front foot the preferred 

stance resulted in significantly greater rates of positive z-axis moment generation than the 21° 

condition.  No significant differences in magnitude were observed. 
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Table 9-11 Mean moment component measures for the right/back foot across all participants for each binding 

condition (measures for which significant condition differences were identified (p < 0.05) are indicated by blue 

shading: Δ = significantly different to 9° condition, Φ = significantly different to 21° condition). 

right  

/back foot 

 Boot Sole Reaction Moment 

Mx My Mz 

condition pref 21° 9° pref 21° 9° pref 21° 9° 

Max 

(Nm/kg) 

M 2.33 1.87 2.31 0.35 0.16 0.21 0.45
 Φ

 0.24
 Δ

 0.37 

SD 0.81 1.35 1.55 0.31 0.22 0.18 0.23 0.14 0.16 

Min 

(Nm/kg) 

M -1.37 -1.38 -1.33 -0.62 -0.85 -0.64 -0.27
 Φ

 -0.46
 Δ

 -0.33 

SD 0.69 0.74 0.47 0.35 0.22 0.27 0.18 0.24 0.24 

Max +ve rate  

(Nm/kg/s) 

M 342 295 379 69
 Δ

 79 92 56 64 69 

SD 173 156 217 19 37 48 12 29 35 

Max -ve rate  

(Nm/kg/s) 

M -280 -267 -329 -77 -94 -81 -60 -79 -84 

SD 120 89 167 21 36 37 23 44 62 

 

 

Table 9-12 Mean moment component measures for the left/front foot across all participants for each binding 

condition (measures for which significant condition differences were identified (p < 0.05) are indicated by blue 

shading: Δ = significantly different to 9° condition, Φ = significantly different to 21° condition). 

left /front foot 
Boot Sole Reaction Moment 

Mx My Mz 

condition pref 21° 9° pref 21° 9° pref 21° 9° 

Max 

(Nm/kg) 

M 2.5 2.49 2.49 0.91
 Φ

 0.71 0.82 0.83 0.56 0.68 

SD 1.22 1.59 1.06 0.3 0.23 0.2 0.48 0.27 0.34 

Min 

(Nm/kg) 

M -0.84 -1.14 -0.88 -0.27 -0.21 -0.2 -0.35 -0.34 -0.32 

SD 0.73 0.79 0.49 0.15 0.21 0.2 0.18 0.21 0.1 

Max +ve rate  

(Nm/kg/s) 

M 311 360 354 76 75 82 151
 Φ

 102 132 

SD 114 188 149 23 23 40 63 52 55 

Max -ve rate  

(Nm/kg/s) 

M -246 -310 -268 -99 -80
 Δ

 -99 -98 -89 -92 

SD 106 159 93 20 27 37 37 40 30 
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As presented in Table 9-13, significant condition effects were found for the x component of 

COP for the back foot.  For this limb the location of the COP at the instant of peak vertical 

load was more medial in the boot sole reference system for the 21° condition.  This difference 

was significant between the 21° and preferred conditions. 

 

Table 9-13 Mean COP position at the instant of peak vertical load across all participants for each binding 

condition (measures for which significant condition differences were identified (p < 0.05) are indicated by blue 

shading: Δ = significantly different to 9° condition, Φ = significantly different to 21° condition). 

  COP Position at Peak Vertical Force (mm) 

foot right/back left/front 

condition pref 21° 9° pref 21° 9° 

x position 
M -1

 Φ
 10 3 -13 -14 -12 

SD 11 6 7 13 12 10 

y position 
M 42 34 38 59 49 57 

SD 32 34 29 33 24 19 

 

 

9.5.4 Joint kinetics 

Joint reaction moment measures are presented in Tables 9-14 and 9-15.  These data represent 

the required muscle moment across the joint to create the observed joint motion while 

external loads are applied at the boot sole.  Generally, immediately after ground contact 

eversion and inversion moments were observed for the front and back subtalar joints 

respectively.  As the landing motion progressed, inversion moments were calculated for the 

front subtalar joint; the opposite was observed for the back limb.  Focusing on the ankle joint, 

plantarflexion moments were calculated for both limbs throughout the landing motion. 

 

Only one significant difference was observed between conditions for the subtalar joint.  A 

significant reduction in back foot inversion moment rate occured when moving from the 

preferred to 21° condition.  The 21° condition also had lower inversion moment rates than the 

9° condition, however this failed to reach significance (p = 0.06).  A close to significant 

difference (p = 0.06) was also identified between the preferred and 21° conditions for the 

inversion moment maxima measure at the front foot, with the 21° condition exhibiting a 

greater magnitude. 
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Table 9-14 Mean subtalar joint reaction moment measures across all participants for each binding condition 

(measures for which significant condition differences were identified (p < 0.05) are indicated by blue shading: Δ 

= significantly different to 9° condition, Φ = significantly different to 21° condition). Positive = inversion 

moment; negative = eversion moment. 

    Subtalar Joint Reaction Moment 

limb right/back left/front 

condition pref 21° 9° pref 21° 9° 

eversion 

max 

(Nm/kg) 

M -0.53 -0.64 -0.49 -0.88 -0.65 -0.82 

SD 0.49 0.43 0.48 0.35 0.25 0.37 

eversion 

max rate 

(Nm/kg/s) 

M -22 -21 -22 -50 -22 -27 

SD 11 9 20 64 16 27 

inversion 

max 

(Nm/kg) 

M 0.43 0.16 0.2 0.06 0.16 0.02 

SD 0.67 0.42 0.43 0.29 0.39 0.39 

inversion 

max rate 

(Nm/kg/s) 

M 25
 Φ

 13 21 25 22 23 

SD 14 7 14 10 9 9 

 

 

For the ankle joint a single significant condition difference was observed.  The maximal 

plantarflexion reaction moment was identified to be greater for the 21° condition compared to 

the 9° condition. 

 

 

Table 9-15 Mean ankle joint reaction moment measures across all participants for each binding condition 

(measures for which significant condition differences were identified (p < 0.05) are indicated by blue shading: Δ 

= significantly different to 9° condition, Φ = significantly different to 21° condition). Negative = plantarflexion 

moment. 

    Ankle Joint Reaction Moment 

limb right/back left/front 

condition pref 21° 9° pref 21° 9° 

plantarflexion 

max 

(Nm/kg) 

M -2.41 -2.06 -2.17 -1.19 -1.62
 Δ

 -1.25 

SD 1.48 1.53 1.11 1.38 1.74 1.35 

plantarflexion 

max rate  

(Nm/kg/s) 

M -81 -66 -78 -81 -77 -80 

SD 32 30 37 28 34 29 
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9.6 Discussion 

9.6.1 Ground reaction force 

As expected the current data indicate that changes in binding angle on the snowboard 

influence both kinematic and kinetic measures.  Ground reaction force data will be discussed 

first as these represent the load applied to the body during landing which must then be 

absorbed by a joint kinematic strategy.  Although linear components of GRF were found to be 

insensitive to binding angle in Study Two, significant changes in the compressive force 

component were identified for both feet in the current study.  The magnitude of the tension 

forces (negative Fz) exerted on the boot sole was found to be different between the 21° and 

preferred stance conditions.  For the back foot significantly greater tension forces were 

identified for the 21° condition whereas the opposite was observed for the front foot.  These 

data suggest the preferred stance condition allowed for a tail-first landing technique which is 

desirable with regard to balance and subsequent risk of falls.  Tension forces can be generated 

between the boot and board when the participant makes first ground contact with either the 

nose or tail of the snowboard.  This bends the snowboard about its centre, loading the foot 

closest to the contact point while unloading the more distal foot.  Therefore negative front 

foot compressive forces indicate tail-first landings, and negative back foot readings nose-first 

landings.  Study One identified nose-first landings to be a significant predictor of falling with 

an associated odds ratio of 4.01, whereas the tail-first landings were found to have the lowest 

associated falling incidence.  Although far from providing conclusive proof of increased 

falling risk, it should be noted that all of falls (N=4) that occurred in the current study were 

during 21° condition trials.  Compressive force integrals were calculated to act as a measure 

of the overall load applied to the feet during the impact event, with the preferred stance 

condition presenting greater values than the 21° stance at the back foot.  Although this was 

not accompanied by an increase in peak compression this may be a reflection of the tail-first 

landing technique which appears to be promoted by a preferred stance.  The corresponding 

decrease in front foot compressive force integral for the preferred stance is also likely be 

related to a tail-first landing technique with the negative force readings reducing the total 

compressive load applied within the landing time window. 

 

Based on the results of Study Two it was hypothesised that, compared to the 9° condition, the 

21° condition will exhibit greater moments about the long axis of the boot sole with a more 

medial COP position at the instant of peak compression (Hypothesis 3.5).  This was not 
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conclusively identified in the current data set.  For the back foot in the 21° condition the mean 

inversion-directed moment (negative My) magnitude and rate was greater, and the COP 

located more medially, although these were not significant results.  It is possible that the more 

subtle angle changes used in the current study may explain this lack of significance.  For the 

front foot the rate of eversion-directed moment generation (negative My) was significantly 

greater for the 9° condition compared to the 21° condition.  This was not accompanied by an 

increase in moment magnitude.  The nose and tail sections of the snowboard can create 

moments about the edge-to-edge axis of the snowboard in response to medial-lateral body 

motions at landing with the alignment of the feet likely to dictate how this reaction moment is 

applied to the body.  A more ‘square’ stance could theoretically create greater inversion- and 

eversion-directed moments because this boot sole axis is more closely aligned with the 

snowboard edge-edge axis, explaining the increased eversion-directed moment rates at the 

front foot for the 9° stance. 

 

It was hypothesised that the preferred stance condition would provide an optimal lower limb 

joint alignment and this would result in a more centralised COP position at the instant of peak 

vertical load and decreased moments about the long axis of the boot sole compared to the 

other stances (Hypothesis 3.4).  The data for the back foot provides support for this hypothesis 

indicating more control of the COP whereas the moment data for the front foot does not.  

From a perspective of decreasing joint moments it is beneficial to decrease the effective 

moment arm of the GRF by decreasing the distance between the COP and the axes of rotation.  

The mean data suggest the inversion-directed (negative y-axis) moment at the back foot was 

of lower magnitude for the preferred stance, however this was not a significant finding.  

Despite this, data in opposition to Hypothesis 3.4 was identified for the front foot.  The 

maximum inversion-directed moment (positive My) was found to be greater for the preferred 

stance condition compared to the 21° condition.  This may also be related to the relative 

alignment of the boot sole axis with the snowboard edge-edge axis discussed earlier.  The 

linear GRF data suggest a tail-first landing technique was promoted by the preferred stance 

condition.  Leaning toward the tail of the board at landing will exert a moment about the 

edge-edge axis of the snowboard that will generate a greater than normal inversion-directed 

moment at the boot sole.  This may increase the risk of inversion injury to the foot and ankle 

structures at the front foot for the preferred stance condition. 
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Study Two failed to identify an effect of binding angle on moments about the axis normal to 

the boot sole surface and therefore this lack of change was expected in the current study.  

Contrary to this, significant differences in z-axis moments were identified between all 

conditions tested.  During landing both positive and negative moment deflections were seen in 

this measure for both limbs.  Positive z-axis moments for the front foot are external-rotation-

directed moments whereas for the back foot negative z-axis moments signify the same 

anatomical direction.  The 21° stance was found to promote a significantly lower back foot 

internal-rotation-directed reaction moment while increasing the magnitude of external-

rotation-directed moment than the more neutral preferred stance and 9° conditions.  In the 

preferred condition for the front foot a non-significant increase in external-rotation-directed 

moment magnitude was accompanied by a significantly greater rate of moment generation.  

The tendency for tail-first landings in the preferred stance may account for the differences to 

the 21° condition.  Twisting of the body toward the tail of the snowboard in tail-first landings 

would cause an increase in external reaction moments at the front foot and internal reaction at 

the back. 

 

9.6.2 Joint kinematics 

The 21° condition was hypothesised to increase subtalar inversion compared to the 9° 

condition (Hypothesis 3.2) and the preferred stance to show less angular deviations about this 

joint than both other stance conditions (Hypothesis 3.1).  Although for the back limb a lower 

ROM was identified for the 9° condition compared to the 21° condition, this stance was 

actually found to create positions of greater subtalar inversion than both other conditions for 

the front limb, and the preferred stance condition for the back limb.  From a joint injury 

perspective the maximal joint angle reached is of greater concern than the joint angular 

displacement, therefore this finding disputes the notion that a more neutral binding angle will 

reduce subtalar joint motion when compared to a stance of more pronounced external foot 

rotation, rejecting Hypothesis 3.2.  Focusing on the preferred stance, the greater magnitude 

joint angles reached for the 9° condition provide partial support for Hypothesis 3.1 however 

the 21° condition had the lowest maximum inversion for the front foot.  A possible 

explanation for the increased subtalar inversion measured for the more neutral stances can be 

found in the tail-first landing style preferred by snowboarders.  A more neutral stance places 

the long axis of the foot more in line with the edge-edge axis of the board.  With this 

arrangement, motion of the body toward the tail will create greater inversion of the foot than a 

more angled stance which would create less inversion and more plantarflexion of the ankle to 
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accommodate this whole body movement.  Based on this notion a 0° stance would cause the 

greatest inversion with the magnitude of angular displacement decreasing with increasing 

stance angles, as seen in the current data. 

 

Reviewing the ankle joint minimum and maximum dorsiflexion position data it can be seen 

that the mean values for the preferred stance fall between the two other conditions.  This is 

understandable as the self-selected stance angles for most participants fell within the bounds 

of 9° to 21°.  In the discussion of the results of Study Two it was suggested that a more 

neutral stance angle allows the snowboarder to move more freely in the ankle dorsiflexion 

plane than a stance characterised by pronounced external rotation of the feet.  The current data 

provide support for this theory: both stances of reduced foot rotation resulted in more 

dorsiflexed ankle joints during the landing motion compared to the most rotated position.  

This can also be tied in with an earlier comment on the motion of the front limb during 

landings where it was suggested that a more rotated stance will cause some plantarflexion at 

the ankle to accommodate the tail-directed motion of the body over the snowboard.  This 

plantarflexion would decrease the total dorsiflexion occurring at the ankle as seen in the 

current data set. 

 

It appears that joints further up the kinematic chain are sensitive to binding angle.  

Differences were only identified between the preferred and 9° condition, and for the back 

limb only.  For the preferred stance a less flexed initial position was observed and this 

manifested in a significantly greater knee joint displacement. 

 

9.6.3 Ligament strain 

Ligament strain differences were identified between the stance conditions and these were a 

direct reflection of the joint kinematic changes identified.  As with the joint kinematics the 

strain measures in the preferred stance fall between the other two conditions.  The ATFL is 

known to be unloaded during ankle dorsiflexion; correspondingly calculated strains were 

found to be negative for all conditions, indicating lax ligaments.  As discussed in Chapter 8 

the magnitude of negative strain cannot be taken as a realistic value as it is not valid to 

assume uniform shortening of a lax ligament.  These current data therefore indicate that the 9° 

condition reaches a position that is further away from generating tension in this ligament than 

both others. 
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Strain measures for the CFL were found to be significantly different between conditions for 

the front limb only.  The magnitude of calculated ligament strain was the greatest for the 9° 

condition followed by the preferred stance and then 21° with the lowest values.  A 

significantly greater rate of strain was also identified for the 9° condition compared to the 21° 

condition.  These data reject Hypothesis 3.3 but were expected based on the kinematic results 

which identified the greatest maximal subtalar inversion and ankle dorsiflexion positions for 

this condition, identified in the literature review as joint motions that elicit CFL elongation. 

 

As with the CFL, the PTFL strain and rate of strain for the front limb was greatest for the 9° 

condition compared to both other conditions.  For the back limb both the 9° and preferred 

stance conditions resulted in greater elongations than the 21° condition.  No statistical 

difference could be identified between the 9° and preferred stance for this limb.  The literature 

review identified that the PTFL is stretched by ankle joint dorsiflexion, therefore based on the 

kinematic results this finding was also expected.  These data provide further rejection of 

Hypothesis 3.3. 

 

9.6.4 Joint Kinetics 

Based on the results of Study Two it was hypothesised that the 21° condition would have 

greater subtalar moments than the 9° condition (Hypothesis 3.7) and the preferred stance 

would elicit lower subtalar joint moments than both other conditions (Hypothesis 3.6).  Little 

support is provided by the current data for these hypotheses.  The only significant difference 

in subtalar joint kinetics was identified for the rate of moment generation between the 

preferred and 21° stance.  The rate of the inversion reaction moment acting on the back 

subtalar joint was significantly lower for the 21° stance, and this was accompanied by a non-

significant decrease in inversion moment magnitude.  Other non-significant changes in joint 

moments were identified, in line with the GRF and joint kinematic results.  For the front limb 

the eversion moment magnitude and rate was greatest for the preferred stance with the 21° 

stance producing the lowest magnitude moments.  These data can also be linked to the earlier 

proposed mechanism that creates greater moments about the long axis of the boot sole for 

stances that are more closely aligned with the edge-edge axis of the snowboard.  These data 

indicate that a greater muscular moment is required across the front ankle joint complex for 

more neutral stances, potentially increasing the risk of soft tissue overload.   
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For the ankle joint the plantarflexion reaction moment calculated for the front limb was 

significantly greater for the 21° condition compared to the 9° condition.  A significantly lower 

dorsiflexion range was noted for this condition and thus it is understandable that the muscle 

moment required to control this motion, under similar external loads, was greater for this 

joint. 

 

9.7 Conclusion 

The current data show that even more subtle changes in binding angle can influence lower 

limb kinetics and kinematics during snowboard jump landings.  The changes in dependent 

measures were not entirely in line with the conclusions of Study Two and it is not clear 

whether this was due to the less extreme stance angles affecting the dependent measures 

differently or technique differences within the sample population.  Therefore it can be 

concluded that binding angle has an important role in dictating the biomechanical response to 

landing impacts, but further research on this topic will assist in elucidating the intricacies of 

this relationship.  

 

Generally the dependent measures for the preferred stance placed it between the 9° and 21° 

stances and this is understandable based on the observation that the preferred angles for most 

participants fell toward the middle of this range.  The current data suggest that aligning the 

feet more closely with the edge-edge axis of the snowboard (as with the 9° and preferred 

stances), compared to a stance of more pronounced external rotation of the feet, caused 

greater external moments about the long axis of the boot sole and corresponding increases in 

subtalar inversion motion as well as eversion joint moments to accommodate the external 

loads.  This was especially apparent for the front limb where the effects might have been 

exaggerated by the tendency of the snowboarders to transfer their weight toward the tail of the 

snowboard during the landing motion.  The data also showed that more ankle dorsiflexion 

occurred at landing for the preferred and 9° stances than the 21° condition.  This finding was 

in accordance with Study Two and provides further support to the notion that a more neutral 

foot rotation position allows the ankle joint to move more freely to absorb the landing impact 

force.  There was no corresponding decrease in compression force magnitude indicating that 

this increased movement range was not sufficient to dampen the landing forces to detectable 

levels.  The more dorsiflexed and inverted ankle complex angles recorded for the more neutral 
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stances caused greater strain in the CFL and PTFL in the front limb compared to the 21° 

condition, indicating a increased potential for overstrain in these ligaments. 

 

The linear GRF data indicated a tail-first landing technique was promoted by the preferred 

stance condition potentially explaining why the magnitude of the inversion-directed reaction 

moment applied to the front boot sole was greatest for this condition.  This data point to a 

potential trade-off between a decreased risk of injury through falls and an increased risk of 

injury through forced inversion of the ankle complex with this stance.  However, the self-

selected preferred stance represents the usual binding condition for each participant and it is 

plausible that it was the familiarity of this stance that allowed the riders to adopt a typical tail 

landing technique whereas with the unfamiliar stance conditions the snowboarders may have 

restricted their technique to a more simple two-footed landing.  The time intensive 

experimental session restricted the time available for habituation in each binding condition 

and this potential confound should be considered when reviewing the data for the preferred 

stances. 

 

Overall the data for the current study show that compared to a 21° duck stance, a 9° duck 

stance or a self selected stance results in a smaller buffer margin before the snowboarder is 

exposed to potentially injurious joint positions, ligament elongations, or joint moments.  

Therefore from an injury prevention perspective a more externally rotated binding angle of 

21° is superior to the less rotated binding angles tested.  This data along with the results of the 

other studies collected in this research series will be compared to published injury threshold 

data in Chapter 12. 
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Chapter 10 – Study Four: The Effect of Boot Wear on Lower Limb Kinematics 

and Kinetics During Jump Landings 

 

10.1 Introduction 

This study was designed to assess the effect of a seasons’ wear on snowboard boot stiffness 

and the flow-on effect of this on lower body biomechanics during jump landings.  Detail of 

the motivation behind this study, the methodology used, and a discussion of the results is 

presented.  

 

10.2 Purpose 

The purpose of this study was to determine the influence of boot wear on the movements of 

and loads exerted upon the lower limb during actual snowboard jump landings.  As with all 

footwear, when snowboarding boots wear their structural integrity is reduced.  It is likely that 

these reductions in rigidity and support are related to an increased risk of injury.  As presented 

in the literature review, alterations of boot stiffness result in a change of ankle joint 

kinematics, with softer boots shown to allow greater ankle deflections during turning, landing 

and simulated falling situations (Delorme, et al., 2005; Grewal, 2002; Wang, et al., 1998; 

Woolman, et al., 2003).  However the effect on ankle kinematics and kinetics during on-snow 

jump landings is yet to be assessed; this study aims to provide this information.  The effect of 

one seasons’ boot wear on snowboard boot stiffness was quantified, and the influence of this 

wear on lower limb biomechanics was assessed during on-snow jump landings to provide 

insight into this potential risk factor in snowboarding injury. 

 

10.3 Boot stiffness testing 

10.3.1 Purpose 

The aim of this sub-study was to quantify, using a custom-built boot stiffness tester device, 

the two experimental conditions (new and worn boots) to be used in the current study.  The 

effect of one seasons’ use on boot stiffness was quantified to test if there were measurable 

mechanical differences between the conditions tested in Study Four. 
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10.3.2 Hypotheses 

 

Hypothesis 4.1 Snowboard boot stiffness will be significantly decreased in all 

movement directions after one seasons’ wear. 

 

10.3.3 Method 

The stiffness of a sample of soft snowboard boots was tested before and after a seasons’ use.  

Five experienced freestyle snowboarders were provided identical snowboard boots of various 

sizes (ThirtyTwo Lashed).  Each rider was instructed to use the boots as they normally would 

and to keep a record of the number of days’ use the boots received throughout the winter 

season.  All participants were natural stance snowboarders and were thus expected to wear the 

boots in a similar manner.  The use of each boot is shown in Table 10-1.  It can be seen that 

there was variation within the sample and overall the total use was quite low.  This low 

amount of wear was due to poor weather conditions throughout the season and injury in two 

of the five volunteers. 

 

Table 10-1 Summary of days worn for each wear test boot. 

boot ID US size days worn 

1 9 20 

2 10 105 

3 10.5 15 

4 11 17 

5 12 15 

 

mean 34.4 

 

SD 39.5 

 

A custom boot stiffness testing device was constructed for this application.  This construction 

was intended to represent a simplified version of a previously presented mechanical testing 

device (Torres, et al., 2000).  The test device consisted of a foot-leg form, standard strap 

binding, snowboard section, single axis force transducer, and a rope and pulley system.  The 

wooden foot-leg form, shown in Figure 10-1, was shaped to fit into a range of boot sizes, 

from US 9 to 12.  A universal joint was fitted to allow for unrestricted movement about the 

ankle region, and toe area of the surrogate foot removed to allow ease of entry into the boot.  

The foot-leg form was laced firmly into the boot and the number of ‘clicks’ used on the 

binding straps recorded for pre- and post-test consistency.  The rope and pulley system was 

attached to the top of the leg form, load was applied and the resulting leg movement recorded. 
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Figure 10-1 Wooden leg form showing universal ‘ankle’ joint, chain attachment and force transducer. 

 

To quantify the displacement of the boot/leg system a Vicon MX (Oxford, UK) motion 

analysis system was used (100 Hz).  A single marker was fixed to the top of the leg form and 

angular displacement of the system calculated based on the fixed radius of rotation about the 

universal ankle joint.  Applied force was quantified with a single axis strain gauge load cell 

(AST 100 tension/compression load cell, Precision Transducer Group, New Zealand) attached 

in series with the rope and pulley system.  Data were sampled from this device at 100 Hz with 

the Chart 5 program (ADI Instruments Inc).  Kinetic and kinematic data streams were 

synchronised off line using a 2.5 V square wave pulse generated in both measurement 

systems.  The applied moment was plotted against bending angle for all trials with stiffness of 

each boot/binding system calculated as the slope of the linear section of moment vs. angle 

graph, as recommended by Torres et al. (2000).  The test-retest reliability of this device was 

quantified.  Repeat testing following complete dismantling of the stiffness tester device was 

found to be reproducible within 0.15 Nm/°.  This value was set as the resolution threshold of 

this device and all data rounded to the nearest multiple of this value prior to data analysis. 

 

Following a pre-conditioning movement series, each boot was tested in three bending 

directions: anterior, medial and lateral; following standard anatomical conventions.  The 

stiffness was not tested for the posterior direction because movement restriction in this 

direction is provided primarily by the rigid high back of the binding rather than the boot.  In 

addition to this, pilot tests with this device identified substantial sliding of the surrogate leg 
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within the boot for the posterior pulling direction.  Three trials were collected for each pulling 

direction and the minimum stiffness value measured across the three trials taken as the 

stiffness for that reference direction.  It must be noted that the data recorded here represents 

the combined stiffness of the boot and binding system.  The same binding was used for all 

tests to remove bias effects. 

 

 

Figure 10-2 Anterior pulling trial with the custom boot stiffness tester. 

 

10.3.4 Results 

A summary of the boot stiffness data is presented in Table 10-2.  The highest level of stiffness 

was observed in the anterior pulling direction followed by the medial and lateral directions, 

which had similar stiffness magnitudes.  It can be seen that the stiffness response of the left 

boots to a seasons’ wear was variable whereas the changes for the right boot were more 

consistent.  Focussing on the right boot, worn on the trailing leg by these participants, a 

general reduction in stiffness was observed across all movement directions.  The most marked 

reduction in stiffness was for the medial pulling direction, followed by anterior and then 

lateral directions: mean reductions of 29 + 16%, 19 + 11% and 4 + 6% respectively.  Three of 

the five boots showed no measurable difference in lateral stiffness, and one (size 12) no 

reduction in resistance to medial movements of the shank within the boot. 
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The mean of the stiffness change data for the left boots indicates an overall increase in boot 

stiffness from pre- to post-wear testing.  Looking at the individual boot data, increases, 

decreases and zero change results were present for the left boots.  An increased stiffness was 

especially apparent for the size 9 boot for which increases of between 14% and 24% were 

measured depending on movement direction. 

 

Table 10-2 Pre- and post-wear test stiffness values for the right and left boots (top and bottom respectively).  

Positive stiffness reduction values indicate reduced stiffness post-wear, negative indicates increased stiffness. 

 

 

 

 

10.3.5 Discussion 

The results of these tests show that soft snowboard boots coupled with soft bindings provide 

greater resistance to ankle dorsiflexion movements than inversion or eversion.  This statement 

held true for all boots tested across both testing days and is in contrast with conclusions drawn 

by Nordquist and Hull (2007).  The binding strap arrangement may account for the increased 

stiffness in this direction.  The main ankle strap on soft bindings provides a wide support 

structure that spans the anterior aspect of the boot at the approximate level of the ankle 

(Figure 10-2).  Based on the geometry of this strap it is clear that it has greater mechanical 

advantage to resist forward displacement of the boot shaft compared to motions oblique to 

this.  This finding may have implications for safety of jump landings: ankle dorsiflexion is 

required for impact absorption while inversion and eversion have been implicated in ankle 

anterior medial lateral anterior medial lateral anterior medial lateral anterior medial lateral

9 2.70 1.35 1.20 2.55 0.90 1.20 0.15 0.45 0.00 6 33 0

10 3.00 1.50 1.20 2.10 0.90 1.20 0.90 0.60 0.00 30 40 0

10.5 3.75 1.65 1.50 3.00 1.05 1.35 0.75 0.60 0.15 20 36 10

11 3.60 1.35 1.35 2.55 0.90 1.20 1.05 0.45 0.15 29 33 11

12 3.15 1.05 1.35 2.85 1.05 1.35 0.30 0.00 0.00 10 0 0

mean 3.24 1.38 1.32 2.61 0.96 1.26 0.63 0.42 0.06 19 29 4

sd 0.43 0.22 0.13 0.35 0.08 0.08 0.39 0.25 0.08 11 16 6

Right Boots

size
pre wear stiffness (N/deg) post wear stiffness (N/deg) stiffness reduction (N/deg) stiffness reduction (%)

anterior medial lateral anterior medial lateral anterior medial lateral anterior medial lateral

9 2.55 0.90 1.05 3.15 1.05 1.20 -0.60 -0.15 -0.15 -24 -17 -14

10 2.55 0.90 1.05 2.55 1.05 1.05 0.00 -0.15 0.00 0 -17 0

10.5 2.85 1.05 0.90 2.70 1.05 1.05 0.15 0.00 -0.15 5 0 -17

11 2.10 1.05 1.05 2.55 0.90 1.20 -0.45 0.15 -0.15 -21 14 -14

12 3.15 1.20 1.20 2.70 1.20 1.35 0.45 0.00 -0.15 14 0 -13

mean 2.64 1.02 1.05 2.73 1.05 1.17 -0.09 -0.03 -0.12 -5 -4 -12

sd 0.39 0.13 0.11 0.25 0.11 0.13 0.43 0.13 0.07 17 13 7

Left Boots

pre wear stiffness (N/deg) post wear stiffness (N/deg) stiffness reduction (N/deg) stiffness reduction (%)
size
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sprain and fracture injuries.  The current data suggest that minimal support is provided by the 

binding to resist forced inversion and eversion movements.  This can be considered an 

indication for the inclusion of additional support into the medial and lateral areas of current 

soft boot designs. 

 

Generally the stiffness of the right boots decreased after a seasons’ wear, supporting 

Hypothesis 4.1.  All of the right boots showed no change or a decrease in stiffness for each of 

the three test movement directions.  The decreases in stiffness were most marked and 

consistent for the medial and anterior pulling directions.  Contrary to Hypothesis 4.1 a number 

of the left boots demonstrated an increased stiffness for some test directions after a seasons’ 

wear and this was an unexpected finding.  The back leg has been cited as the major 

contributor to steering during snowboarding (Klous, 2007).  It is likely that this steering 

function causes greater movement about the ankle joint complex.  This idea is supported by 

the ankle complex ROM and joint moment data presented within the literature (Delorme, 

2004; Klous, 2007; Krueger & Edelmann-Nusser, 2009; Nordquist & Hull, 2007).  Greater 

dorsiflexion was also noted for the back ankle in Study Three of the current thesis.  This 

presents as an explanation for the clear reductions in stiffness of the right boots as this was 

worn on the back foot for all participants.  Explanation of the lack of stiffness reduction for 

the left boots is not so clear and thus requires some speculation.  Rather than an increased 

stiffness, it is reasonable to expect that a lower magnitude reduction or no change would be 

observed for boots worn on the leading limb.  It is plausible that compression of the foam 

boot liner otherwise known as ‘packing out’, anecdotally reported to occur with wear, allows 

the snowboard boot to be tightened more securely around the shank during lacing.  The ability 

to achieve a tight fit around the shank could increase the congruence between the inner and 

outer layers of the boot, minimising slippage and thus providing greater resistance to bending 

movements.  However this would also be expected in the right boots and thus unless this 

effect was somehow masked for the right boots, no explanation for this anomaly can be 

provided with confidence. 

 

In a paper on the design of a boot stiffness tester, it was found that boot stiffness was a 

function of loading direction, binding design, strap tightness and ankle stiffness (Torres, et al., 

2000).  In the current experimental setup identical loading directions, bindings, strap tightness 

and leg/ankle form was used for the pre- and post-wear test procedures.  Lace tightness was 

the only variable not well controlled as no method of testing this was available.  A single 
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experimenter was responsible for the lace tying and was instructed to tie the laces as he 

typically would on himself in an effort to increase consistency across trials.  This lack of 

control on lace tightness may have influenced the results of this test series.  Another limitation 

of the testing method was that the angle of force application was not quantified during the 

pulling trials.  The influence of leg angle on moment arm was compensated for in the moment 

calculations however insufficient data was available to calculate the line of action of the force 

vector.  Because of this the line of action was assumed to be fixed at 0° to the horizontal at all 

times and a long rope (5 m) used to minimise the angular change of the force line of action 

throughout the trial.  Finally, the amount of wear each boot had was low due to injuries and a 

bad winter season.  This lack of wear is likely to have caused a more subtle degradation of the 

overall boot structure than what would typically be found.  That said, the data collected for 

the size 10 boot, worn for 105 days, indicated stiffness reductions of similar magnitude to the 

less worn boots.  There is definitely scope for a more thorough analysis of boot stiffness and 

the influence of boot age/wear on the support they provide to a snowboarder’s lower limb. 

 

10.3.6 Conclusion 

A seasons’ wear was found to result in general reduction in stiffness of snowboard boots worn 

on the back foot.  No clear stiffness reductions were seen for the front foot boots, with an 

unexpected increase in stiffness readings observed for some of the test boots.  As outlined in 

the following section, the worn boots were included as a condition to be compared to new 

boots in the intervention part of this study. 

 

 

10.4 Boot Wear Intervention Study 

10.5 Purpose 

The purpose of this data collection was to quantify the influence of boot wear on the 

movements of and loads exerted upon the lower limb during snowboard jump landings.  The 

one-season-old boots were compared to new boots of the same model during controlled on-

snow landings with hypotheses generated based on the review of literature presented in 

section 10.2. 
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10.6 Hypotheses 

Hypothesis 4.2 Compared to new boots, worn snowboard boots will result in increased 

range of ankle and subtalar motion during the landing event. 

 

Hypothesis 4.3 Due the greater expected joint ROM, compared to new boots, worn 

snowboard boots will result in increased lateral ankle ligament strain 

during the landing event. 

 

Hypothesis 4.4 Compared to new snowboard boots, worn boots will result in increased 

reaction moments at the ankle and subtalar joints during the landing 

event. 

 

10.7 Method 

10.7.1 Participants 

Nine intermediate to expert level snowboarders participated in this data collection series 

(Table 10-3).  All participants were comfortable jumping the terrain park feature used and had 

a minimum snowboarding experience of four seasons.  All participants were free of current 

injury and signed informed consent. 

 

Table 10-3 Participant demographics and detail on preferred stances angles. 

# Age (yrs) Height (m) 
Weight 

(kg) 

Preferred Stance (°) Experience 

(yrs) 

Boot Size 

(US) front foot back foot 

1 27 1.75 82 15 -15 8 10.5 

2 22 1.75 82 15 3 6 10 

3 32 1.80 70 18 -3 8 10.5 

4 24 1.83 73 15 -12 5 10.5 

5 27 1.89 85 15 -15 12 12 

6 18 1.70 72 15 -15 4 10 

7 28 1.80 95 15 -15 8 10.5 

8 23 1.77 68 15 -15 10 9 

9 25 1.80 70 21 -15 11 10 

mean 25.1 1.79 77.4 16.0 -11.3 8.0 10.3 

SD 4.0 0.05 9.1 2.1 6.7 2.7 0.8 
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10.7.2 Experimental protocol 

All experimental procedures were given ethical approval by the University of Auckland 

Human Participants Ethics Committee (Ref 2005 / 031).  The test session comprised eight 

successful straight aerials over a table top snow jump.  Geometric details of the jump used are 

presented in Table 10-4.  As with Studies Two and Three, overnight grooming resulted in 

some day to day variation in the exact dimensions of each jump feature and thus approximate 

values are presented. 

 

Table 10-4 Approximate dimensions of the table top jump used in this study. 

Jump Dimensions 

Kicker Angle (deg) 15 

Kicker Height (m) 1.0 

Table Length (m) 7.5 

Landing Angle (deg) 20 

 

 

To remove the influence of equipment design factors, all participants used a single test board 

(Nitro T1, 156 cm) and binding (Burton Custom) set.  Participants were instructed to jump as 

controlled and consistently as possible.  As justified in Chapter 7, this instruction was 

provided in an attempt to decrease the inter-trial variability in jump trajectory. 

 

Two boot conditions were tested: new and worn (one-season-old) boots of the same model 

(ThirtyTwo, Lashed).  The participants were allowed to ride with their preferred stance angle 

to reduce the potential confounding effect of an unfamiliar riding position (Table 10-3).  All 

volunteers performed jumps under each boot condition and the presentation order of the 

conditions was randomised.  Four jumps were collected per condition. 

 

10.7.3 Data collection 

The same data collection methodology was used as in Study Three (see Chapter 9) 

 

10.7.4 Data processing 

The same data processing methodology was used as in Study Three (see Chapter 9) 
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10.7.5 Statistical analysis 

Review of the video recordings was used to identify uncontrolled landings which were 

removed from the analysis.  Means of each dependent variable were calculated within 

participants for each condition and these data were entered into a pair-wise statistical 

comparison between conditions.  Tests of normality revealed the assumptions for parametric 

statistics could not be met.  Therefore Wilcoxon Signed Rank tests were used to test for 

between-condition differences with the significance threshold set at p < 0.05. 

 

 

10.8 Results 

10.8.1 Joint kinematics 

As presented in Table 10-5, a statistically significant condition effect was observed for the 

back limb subtalar joint only.  The worn boot condition was found to allow a greater 

maximum inversion angle and absolute ROM than the new boots. 

 

Table 10-5 Mean joint kinematic measures across all participants for each boot condition (measures for which 

significant condition differences were identified (p < 0.05) are indicated by blue shading). 

  

subtalar inversion ankle dorsiflexion knee flexion 

back front back front back front 

new worn new worn new worn new worn new worn new worn 

Min M 14 15 16 17 11 14 2 1 24 24 9 10 

(°) SD 9 7 5 6 9 7 5 4 8 6 8 7 

Max M 27 33 31 32 29 29 12 14 54 54 36 37 

(°) SD 8 8 5 3 4 6 6 6 22 11 6 5 

Range M 14 18 16 14 18 15 14 13 34 33 27 28 

(°) SD 7 6 6 4 9 5 6 5 10 10 5 6 

Max rate M 282 331 376 387 373 354 315 324 602 575 597 583 

(°/s) SD 62 101 147 105 171 138 91 99 153 209 130 152 

 

  



 

183 

 

10.8.2 Ligament strain 

No statistical distinction could be made between the boot conditions with regard to ligament 

strain measures.  Although not significant, the mean ligament strain for the elongated 

ligaments for both limbs was of greater magnitude for the worn boot condition.  

 

Table 10-6 Mean ligament strain measures across all participants for each boot condition (no significant 

condition differences identified). 

  

ATFL CFL PTFL 

back front back front back front 

new worn new worn new worn new worn new worn new worn 

Max M -9.6 -9.5 -4.9 -5.8 7.7 8.2 3.5 4.3 14.1 14.2 5.3 6.4 

(%) SD 0.7 1.4 2.2 1.7 1.2 1.9 2.0 1.4 2.0 3.3 2.7 2.7 

Max rate M -100 -98 -152 -145 97 94 101 109 181 181 144 145 

(%/s) SD 42 53 51 52 38 48 38 43 66 70 44 41 

 

 

10.8.3 Ground reaction force 

The Wilcoxon tests detected only one significant between-condition difference in GRF 

measures.  The peak front foot negative x-axis reaction force rate was significantly greater for 

the new boot condition.  There was an accompanying increase in peak negative force for this 

axis, however this failed to reach significance.  The rate of both positive and negative reaction 

moment generation about the SFP z-axis was significantly greater for the new boot condition.  

For the back foot a close-to-significant increase in the rate of negative y-axis force production 

was identified for the new boot condition. 

 

Table 10-7 Mean COP position at the instant of peak vertical load across all participants for each boot condition 

(no significant condition differences identified). 

  COP Position at Peak Vertical Force (mm) 

foot back front 

condition new worn new worn 

x position 
M -1 -2 -10 -7 

SD 12 9 11 8 

y position 
M 51 56 68 65 

SD 20 46 17 34 
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Table 10-8 Mean GRF measures for the right/back foot across all participants for each boot condition (no 

significant condition differences identified). 

back foot 

Forces (N/BW) Moments (Nm/kg) 

Fx Fy Fz Mx My Mz 

new worn new worn new worn new worn new worn new worn 

Max 
M 0.45 0.49 0.52 0.42 3.47 3.34 2.48 2.33 0.30 0.40 0.42 0.43 

SD 0.11 0.16 0.22 0.25 1.05 1.40 0.78 1.42 0.31 0.29 0.23 0.23 

Min 
M -0.33 -0.28 -0.87 -0.77 0.00 -0.07 -1.22 -1.11 -0.66 -0.64 -0.30 -0.31 

SD 0.14 0.14 0.29 0.39 0.10 0.12 0.59 0.76 0.36 0.29 0.18 0.15 

Integral 

(.s) 

M 
 

  
  

0.21 0.20 
  

    
 

  

SD 
 

  
  

0.04 0.03 
  

    
 

  

Max +ve 

rate (/s) 

M 81 74 111 116 350 367 361 300 66 78 54 62 

SD 32 25 48 60 169 274 180 192 18 39 10 39 

Max -ve 

rate (/s) 

M -59 -71 -134 -114 -217 -231 -275 -252 -75 -76 -62 -61 

SD 18 40 64 57 106 172 128 116 22 35 25 23 

 

 

Table 10-9 Mean GRF measures for the left/front foot across all participants for each boot condition (measures 

for which significant condition differences were identified (p < 0.05) are indicated by blue shading). 

front foot 

Forces (N/BW) Moments (Nm/kg) 

Fx Fy Fz Mx My Mz 

new worn new worn new worn new worn new worn new worn 

Max 
M 0.24 0.17 0.33 0.36 3.85 3.94 2.81 2.72 0.88 0.69 0.90 0.82 

SD 0.11 0.11 0.19 0.16 1.38 1.57 0.91 1.49 0.30 0.17 0.47 0.58 

Min 
M -0.75 -0.66 -0.84 -0.79 -0.28 -0.22 -0.71 -0.77 -0.28 -0.34 -0.32 -0.28 

SD 0.17 0.12 0.22 0.38 0.21 0.16 0.65 0.54 0.16 0.21 0.15 0.14 

Integral 

(.s) 

M 
 

  
  

0.13 0.14 
  

    
 

  

SD 
 

  
  

0.06 0.06 
  

    
 

  

Max +ve 

rate (/s) 

M 64 57 131 113 429 391 331 300 73 82 159 114 

SD 26 26 48 47 140 198 108 117 22 40 64 56 

Max -ve 

rate (/s) 

M -107 -85 -137 -129 -295 -281 -258 -244 -100 -88 -101 -84 

SD 36 32 44 57 127 173 108 103 21 28 40 39 
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10.8.4 Joint kinetics 

No significant condition effects were identified in the study sample for moments at both the 

subtalar and ankle joints.  The maximal front subtalar eversion moment appears to be greater 

for the new boot condition, however this is not a significant finding (p = 0.069). 

 

Table 10-10 Mean subtalar joint reaction moment measures across all participants for each boot condition (no 

significant condition differences identified). Positive = inversion moment; negative =  eversion moment. 

    Subtalar Joint Reaction Moment 

limb back front 

condition new worn new worn 

eversion max 

(Nm/kg) 

M -0.59 -0.64 -0.90 -0.69 

SD 0.39 0.28 0.30 0.33 

eversion max  

rate (Nm/kg/s) 

M -20 -20 -52 -39 

SD 8 6 59 37 

inversion max 

(Nm/kg) 

M 0.29 0.18 0.06 0.16 

SD 0.49 0.33 0.26 0.20 

inversion max 

rate (Nm/kg/s) 

M 23 17 26 24 

SD 10 10 8 9 

 

Table 10-11 Mean ankle joint reaction moment measures across all participants for each boot condition (no 

significant condition differences identified). Negative = plantarflexion moment. 

    Ankle Joint Reaction Moment 

limb back front 

condition new worn new worn 

plantarflexion max 

(Nm/kg) 

M -2.09 -1.82 -1.06 -1.16 

SD 0.97 1.33 1.18 1.06 

plantarflexion max 

rate (Nm/kg/s) 

M -74 -72 -82 -83 

SD 15 33 21 23 

 

10.9 Discussion 

Previous experimental and simulation studies have concluded that softer snowboard boots 

increase the ROM occurring at the ankle during snowboarding movements (Delorme, et al., 

2005; Grewal, 2002; Wang, et al., 1998; Woolman, et al., 2003).  The boot wear sub-study 

showed that a seasons’ boot wear caused a general stiffness reduction for boots worn on the 

snowboarder’s rear foot.  It was hypothesised that this stiffness reduction would manifest in 
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changes in joint kinematic and kinetic measures compared to new boots of the same model.  

Based on the current data this notion is partially supported.  For the right subtalar joint a 

significantly greater maximal inversion angle and ROM was identified for the worn boots 

condition, supporting Hypothesis 4.2.  No significant changes were found for the other joint 

motion and ligament strain measures, rejecting Hypothesis 4.3.  It appears that the kinematic 

differences were too subtle to create detectable changes in ligament strain during the landing 

motion.  The current results suggest that boot stiffness plays a role in limiting subtalar motion 

but not ankle motion.  Because new boots reduced both the maximum subtalar joint inversion 

angle and absolute ROM they appear superior with regard to protection from ankle complex 

inversion injury.  Two explanations are available for the lack of change in ankle joint 

kinematics with worn boots.  First, the snowboard boots included in this study may be 

sufficiently flexible to allow the participants to reach their full dorsiflexion range during the 

impact absorption motion.  Reviewing the normative joint ROM data presented in Table 8-1 

provides partial support for this argument: the mean peak angle of rear ankle dorsiflexion for 

this current study was 29 + 4° for the new boots, and this is close to the normative 

dorsiflexion range of 27 + 12°.  If the participants were moving though their entire 

dorsiflexion range in the new boot condition there is no possibility that a boot of greater 

flexibility could elicit an increase in joint motion in this direction.  The second explanation is 

also based on the premise that snowboard boots may not define the limits of ankle joint ROM 

during landings, and can be illustrated focusing on the data for the front foot.  At peak 

dorsiflexion the front foot ankle joint is far from its physiological limit suggesting that active 

control of the landing motion is dominant over passive resistance provided by the boot.  If 

active muscular control of ankle joint motion predominates during snowboard jump landings 

then only dramatic changes in boot stiffness would elicit a detectable change in dorsiflexion 

motion. 

 

Significant differences were observed between conditions for GRF data.  Surprisingly most of 

these were for the front foot, for which stiffness difference between conditions could not be 

conclusively proven.  The rate of medial-directed shear force generation beneath the boot sole 

was significantly greater for the new boot condition.  Additionally the rates of both positive 

and negative moment generation about the front boot z-axis (normal to boot sole) were 

significantly greater for the new boot condition.  There was also an increasing trend for the 

magnitude of these shear force and moment measures, however these differences were not 

significant.  For the back foot a close-to-significant increase in the rate of anterior-directed 
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shear force production was identified for the new boot condition.  These data point toward an 

effect of boot wear on the GRF applied at the foot.  It is likely that the stiffer new boots 

provide less deformation during the landing event, reducing the time of load application and 

thereby increasing the rate and magnitude of the applied forces and moments.  

 

Little support was found in the data set for Hypothesis 4.4.  There appears to be a trend of 

increased magnitude eversion reaction moments at the subtalar level for worn boots.  This 

increased reaction moment represented a greater muscular effort requirement to resist the 

external inversion moment applied to the foot during the landing motion.  This increased 

moment may provide potential for overstrain of the lower limb musculature. 

 

10.10  Conclusion 

The current data suggest that newer boots are stiffer and will protect the ankle complex by 

limiting the degree of subtalar motion and potentially the joint moment requirements during 

impact situations such as jump landings.  However, there may be a trade-off with the stiffer 

boots resulting in a greater rate of GRF application to the snowboarder’s foot.  It must be 

stressed that a number of the results discussed were not statistically significant and therefore 

must be considered with caution.  It is plausible that with increased participant numbers the 

insignificant treads identified in the current study would achieve significance.  As with the 

previous studies this chapter actively avoided a discussion of landing biomechanics in 

general, as this is presented in Chapter 12 to follow. 
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Chapter 11 – Study Five: The Effect of Jump Size on Ground Reaction Forces 

During Jump Landings 

 

11.1 Introduction 

The purpose of this study was to assess the influence of jump size on the magnitude and rate 

of external forces applied to the feet during snowboard jump landings.  The results were used 

to identify how the data collected in Studies Three and Four compare to typical on-mountain 

snowboard jumps.  The results are presented followed by a discussion to contextualise the 

data. 

 

11.2 Purpose 

Despite being an artificial snowboarding environment, an indoor snow sports hall presented as 

an ideal location to collect snowboard jumping data using a comprehensive equipment setup 

that would usually be reserved for laboratory settings.  It was for this reason that data for 

Studies Three and Four were collected at Snow Planet.  Due to space restrictions jump 

obstacles encountered in alpine terrain parks are typically of greater size and difficultly 

compared to those within indoor snow sports halls.  Currently, the relationship between jump 

size and landing GRF is not well understood.  It is intuitive to assume a linear relationship 

between the size of the jump obstacle and magnitude of the subsequent landing impact 

loading.  This assumption is based on the observed increases in jumping height and length.  

This is supported by Shealy and Stone (2008) who reported greater tibial acceleration peaks 

on the larger of two tabletop jumps used in their study.  Surprisingly, there has been a 

continual increase in snowboard jump size over recent years without a corresponding increase 

in impact type injuries to match.  The geometry of a table top snow jump, approach speed, 

jumping height, snowboarder-jump interactions and snow conditions influence the theoretical 

impact values at touchdown (Bohm, et al., 2008; O'Shea, 2004; Shealy & Stone, 2008).  

Based on the lack of data on this subject it is therefore important to quantify whether the 

results of studies performed in indoor facilities are comparable to a true snowboarding 

situation. 
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This study had two aims: 1) to assess the influence of jump size on GRF measures, and 2) to 

comment on the validity of using GRF data collected at an indoor snow sports hall to 

represent typical on-mountain snowboarding situations. 

 

11.3 Hypotheses 

Hypothesis 5.1 Jump size will be a significant predictor of landing GRF magnitude and 

rate measures.  

 

11.4 Method 

Ground reaction force data collected in Studies Two, Three and Four were divided into four 

groups based on jump size: Snow Planet indoor jump (N = 99), small on-mountain jump (N = 

35), medium on-mountain jump (N = 66), and large on-mountain jump (N = 53).  Only front 

foot data were available for the small and medium jump classifications, therefore only these 

data were compared in this study.  The approximate dimensions of the jump obstacles are 

presented in Table 11-1.  Data were pooled irrespective of binding and boot condition and 

entered into a linear regression analysis to quantify the relationship between jump size and 

GRF measures.  Jump length was entered as the predictor variable for each GRF dependent 

measure with the threshold for significance set at p < 0.001.  To remove the influence of mass 

differences within the data pool, force and moment measures were scaled by body weight 

(N/BW) and body mass (Nm/kg) respectively.   

 

Table 11-1 Approximate dimensions of each jump included in the comparison. 

 
Jump Category 

 
small Snow Planet medium large 

kicker angle (°) 15 15 20 20 

kicker height (m) 0.4 1 1 2.7 

table length (m) 6 7.5 10 15 

landing angle (°) 15 20 20 30 

 

11.5 Results 

The regression analysis data are presented in Table 11-2.  All measures except maximum x-

axis moment magnitude, minimum x-axis moment magnitude and rate, and both COP position 

measures were found to be significantly related to jump size.  Visual inspection of plots of 
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GRF dependent measures against jump length (example trace presented in Figure 11-1) 

placed the Snow Planet jump between the small and medium on-mountain jumps.  There was 

some variation in the strength of the relationship, with the rate measures better predicted by 

jump size.  On average, excluding the non-significant data, jump size predicted 17 + 8% 

(range 5 – 33%) of the variation within the GRF dependent measures. 

 

 

Table 11-2 Linear regression analysis results – jump length input as the predictor of front foot GRF dependent 

variables. (* indicates statistically significant predictive relationship, p < 0.001) 

    F statistic p value R
2 

fx 

maximum value 67.50   0.001* 0.21 

minimum value 59.76   0.001* 0.19 

maximum +ve rate 84.33   0.001* 0.25 

maximum -ve rate 82.67   0.001* 0.25 

fy 

maximum value 38.30   0.001* 0.13 

minimum value 14.22   0.001* 0.05 

maximum +ve rate 12.22   0.001* 0.05 

maximum -ve rate 48.84   0.001* 0.16 

fz 

maximum value 21.60   0.001* 0.08 

minimum value 68.89   0.001* 0.22 

maximum +ve rate 26.23   0.001* 0.10 

maximum -ve rate 36.83   0.001* 0.13 

mx 

maximum value 0.01 0.936 0.00 

minimum value 8.88 0.003 0.03 

maximum +ve rate 13.61   0.001* 0.05 

maximum -ve rate 4.24 0.040 0.02 

my 

maximum value 54.87   0.001* 0.18 

minimum value 32.94   0.001* 0.12 

maximum +ve rate 61.64   0.001* 0.20 

maximum -ve rate 68.75   0.001* 0.22 

mz 

maximum value 26.85   0.001* 0.10 

minimum value 97.05   0.001* 0.28 

maximum +ve rate 90.31   0.001* 0.27 

maximum -ve rate 125.38   0.001* 0.33 

COP 

x position at max 

compression 
4.87 0.028 0.02 

y position at max 

compression 
1.80 0.181 0.01 
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Figure 11-1 Graph of maximal lateral shear force measures for the front foot during landings across different 

length jumps. 

 

11.6 Discussion 

The results of the regression analysis support the presented hypothesis: jump size defined by 

table length was found to be a significant predictor of most GRF dependent measures.  Based 

on these data it can be concluded that as jump length increases the mechanical load applied to 

the lower body also increases in a linear manner.  This finding was expected based on a 

review of the overall jump dimensions which showed that as jump length increased so did the 

angle and height of the kicker.  The trajectory taken off a steeper and higher kicker to clear a 

long table will result in greater falling height and kinetic energy which would have to be 

absorbed at landing.  This result is aligned with previously presented accelerometer data 

collected during snowboard jumping (Shealy & Stone, 2007, 2008).  Although significant, the 

relationship between jump size and GRF was not entirely strong predicting at best 33% of the 

variation within the data.  Other factors such as landing strategy, surface variation, snow 

stiffness, jump trajectory and body position at landing, to name a few, must also be involved.  
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Little attention has been paid within the biomechanics literature to these potential sources of 

variation, and therefore there is potential for further research on this topic. 

 

Of the GRF measures compared only the x-axis moments (dorsiflexion/plantarflexion-

directed moments) and COP measures could not be distinguished between the jumps.  The 

COP is a result of the body COM motion over the base of support and the x-axis moments are 

sensitive to the placement of the board on the snow at landing.  Therefore both measures can 

be heavily influenced by individual landing technique and may be more sensitive to inter-

individual and inter-trial differences than changes in jump length.  

 

The geometric measures presented in Table 11-1 place the Snow Planet jump between the 

small and medium on-mountain jumps with regard to overall size.  Visual inspection of GRF 

measures plotted against jump length positioned the Snow Planet jump between the small and 

medium on-mountain jumps.  Based on this finding coupled with the regression results, the 

data presented in Studies Three and Four can be taken as representative of an on-mountain 

jump of similar dimensions.  It is plausible that the same condition effects identified in 

Studies Three and Four would be found for repeat testing on table-top jumps of differing 

dimensions, however the magnitude of the condition effects may change.  Unfortunately, only 

front foot GRF data were available for this analysis and thus this study cannot serve as a 

complete discussion of the relationship between jump length and lower body biomechanics 

during landing. 

 

The major limitation of this statistical analysis was the lack of control of binding and boot 

conditions, and snow properties within the jump length groups.  Therefore further analyses 

with more stringent control of external confounds, for example a repeated measures design 

with multi-factorial regression, are necessary to test the validity of the current results and may 

also help to identify the key factors that contribute to the variance within typical snowboard 

jump landings. 

 

11.7 Conclusion 

A linear regression analysis identified a significant positive predictive relationship between 

jump size (characterised by length) and most GRF magnitude and rate measures, indicating 

that greater stress is placed on the lower body with larger jumps.  It was further concluded 



 

193 

that the results of Studies Three and Four can be generalised to an on-mountain jump of 

similar dimensions.  The following chapter will synthesise the results of each study included 

in this dissertation and discuss the significance of these outcomes for the snowboarding 

population. 
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Chapter 12 – General Discussion of Results 

 

12.1 Introduction 

The aim of this chapter is to present a synthesis of all data collected in this series of studies 

and to contextualise the results for the general snowboarding population.  A discussion of the 

quantitative data is provided along with a comparison against other snowboarding and 

sporting movements.  These data along with case studies of falling events are then compared 

to injury tolerance and mechanism data to provide insight into the risk of lower body injury 

during snowboard jump landings.  Finally the major limitations of the data collection and 

analysis methods used are presented and discussed. 

 

12.2 Jump Landing Biomechanics 

This section aims to present an overview of the biomechanical demands placed on a 

snowboarder during typical jump landings.  A comparison will be made between data 

collected in the current series of studies and data published on snowboarding and human 

landing biomechanics.  Appendix D presents the means and standard deviations of all data 

collected in Studies Two through Four.  The data presented in these tables and within this 

section are exclusive of the small and medium on-mountain jumps as no back foot kinetic data 

is available for these test sessions.  To assist in visualisation of the biomechanical measures 

discussed, averaged traces for a single participant from Study Three are presented throughout 

this chapter.  Within the sample, moderate variation in the dependent measures was noted 

between participants whereas much lower variation was found within participants.  This 

highlights individual differences in landing strategy and also explains why not all aspects of 

landing biomechanics discussed are clearly illustrated in the example traces.  As presented in 

Appendix D, two-tailed independent t-tests were used to test for front to back limb 

asymmetries within the pooled quantitative data. 

 

12.2.1 Ground reaction forces 

The GRF data represent the external loads applied to the body and therefore can be thought of 

as the source of the recorded joint motions and loads.  Example mean GRF traces are shown 

in Figure 12-1 and Figure 12-2.  As expected rapid high magnitude compression forces were 

measured during the landing event, with mean force magnitude values of 4.10 + 1.66 N/BW 
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and 4.14 + 1.63 N/BW acting on the back and front boot sole respectively.  A t-test 

comparison did not identify a statistical difference in the magnitude or rate of compressive 

loads applied to the feet but did show a difference in compressive force integral, with the back 

foot experiencing a greater total load.  The lack of difference in compression force magnitude 

was expected based on the results of a previous accelerometer-based analysis (Determan, 

Nevitt, Cox, & Frederick, 2009).  Study One showed that for 57% of all jumps snowboarders 

land with the tail of the snowboard first.  The quantitative data indicate that for these tail-first 

landing situations an initial tension force is generated between the front boot and the board.  

This tension force is caused by the bending of the snowboard and rapid rotation that occurs 

about the tail during these landing situations.  Because of this the front foot was found to 

experience significantly greater tension force magnitude and rates than the back foot at the 

boot sole.  The tendency toward tail-first landings may also explain the greater compression 

force integral calculated for the back foot.  In skateboarding, a similar board sport, high forces 

have been measured during jump landings and this was attributed to an intentional spiked 

landing whereby the rider forces the board toward the ground immediately prior to contact to 

create a more stable landing motion (Determan, Frederick, Cox, & Nevitt, 2006).  The high 

magnitude compressive loads in the current study indicate that this may also occur during 

snowboard jump landings. 

 

Average shear force peaks of between 0.29 N/BW and 0.86 N/BW were measured during 

controlled jump landings, dependent on measurement direction.  For both shear directions, 

positive and negative forces were measured during the landing event.  For the x-axis, which 

ran in the medial-lateral direction relative to the foot, there was a predominant medial-

directed force for both feet during the landing event.  This can be explained by the wider-

than-hip width fixation of the bindings onto the snowboard which results in the feet pushing 

outward on the board during the landing motion.  A t-test showed the magnitude and rate of 

the medial shear force was greatest for the front foot.  The y-axis force, which ran anterior to 

posterior, exhibited an initial peak dictated by whichever edge made first ground contact, 

followed immediately by an anterior-directed force as the snowboarder moved their weight 

toward the heels.  After the initial impact a positive or negative shear force was measured 

dependent on the edge the participant rode out on, for example toe-edge (Figure 12-1). 
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Focusing on rotational forces, the greatest magnitude moments and rates of moment 

generation were measured for the medial-lateral boot sole axis (Figure 12-2).  The COP data 

showed the snowboarders’ weight was distributed toward the heels as the peak compression 

force was applied to the boot sole (Figure 12-3).  This is in accordance with previous data 

(Determan, et al., 2009) and results in the initial positive moment peak measured 

(plantarflexion-directed moment).  Following this the COP moves forward from the SFPs 

centre creating a negative ground reaction moment for both feet which generally persisted for 

the remainder of the landing motion.  The magnitude of the negative moment phase was 

greatest for the back foot.   

 

The COP was located medially in relation to the midline of the foot throughout most of the 

landing motion and for this reason, although both positive and negative moments were 

measured during the landing motion, an inversion-directed reaction moment was found to 

predominate for both feet.  This COP data is in line with previously published pressure data 

measured during snowboard jump landings (Determan, et al., 2006).  A t-test on the entire 

data sample identified that the magnitude of the inversion-directed moment was greatest for 

the front foot.  Greater eversion-directed moments were measured for the back foot although 

the rate of moment generation was lower.  Landing technique appeared to influence the nature 

of moments applied about this anterior-posterior measurement axis.  Snowboarders who 

landed with both feet simultaneously (as shown in Figure 12-2) tended to exhibit only 

inversion-directed moments at the boot sole, whereas those who landed tail-first or leaned 

toward the tail at landing experienced initial inversion-directed moments at the front foot with 

eversion-directed moments at the back foot.  Both positive and negative reaction moments 

were measured about the axis normal to the snowboard boot sole.  The magnitude and rate of 

external-rotation-directed moments was greater for the front foot as well as the rate of 

internal-rotation-directed moments, indicating that more internal-external twisting motion 

occurred for this limb. 
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Figure 12-1 Mean reaction force traces for a single participant from Study Three.  Measurement axes have been 

transformed to represent the same anatomical direction for each limb to allow for direct comparison of values. 

(solid line = mean, dashed lines = + 1 standard deviation) 
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Figure 12-2 Mean reaction moment traces for a single participant from Study Three.  Measurement axes have 

been transformed to represent the same anatomical direction for each limb to allow for direct comparison of 

values. (solid line = mean, dashed lines = + 1 standard deviation) 
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Figure 12-3 Mean centre of pressure traces for a single participant from Study Three.  Measurement axes have 

been transformed to represent the same anatomical direction for each limb to allow for direct comparison of 

values. (solid line = mean, dashed lines = + 1 standard deviation) 
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current data it was concluded that although there are asymmetries between the lower limbs it 

is not clear which is subjected to the greatest load during jump landings. 

 

Table 12-1 presents a comparison with GRF magnitude data presented in previous research on 

snowboarding.  Data for the back foot compare well with the normal force calculated for a 

single jump using a pressure insole system, however the front foot force peak presented in this 

paper was much lower (Krueger & Edelmann-Nusser, 2009).  These authors reported a single 

heavy tail-first landing, citing that the snowboarder was leaning toward the tail throughout the 

landing motion.  This likely explains the discrepancy with the current study.  Additionally, 

normal force calculation from a pressure insole assumes that all contact pressures are 

measured by the device.  Foot overlap and force transmission through other parts of the boot 

(e.g. boot shaft) will result in an underestimation of the actual GRF.  The current compression 

force data are also of greater magnitude than the impact peaks of approximately 3 N/BW 

measured during ski jump landings with pressure insoles (Schwameder & Muller, 1995). 

 

 

Table 12-1 Comparison of current ground reaction force and moment measures with published snowboarding 

data.  For axes in which positive and negative values were recorded, the component of greatest magnitude is 

presented (where available standard deviations are given in brackets). 

Magnitude of GRF Components (Units: Forces N/BW, Moments Nm/kg) 

 
snowboard carving/turning snowboard jumping 

 
Bally (1996) Klous (2007) Kruger (2009) Current Study 

 
min and max 1 toe-side turn 1 landing mean data 

foot back front back front back front back front 

Fx (lateral) 
-0.46 

0.50 

-0.47 

0.77 
0.30 -0.28 

  

-0.56 

(0.22) 

-0.85 

(0.28) 

Fy (posterior) 
-0.71 

1.58 

-0.52 

1.15 
-0.46 -0.31 

  

-0.86 

(0.44) 

-0.80 

(0.45) 

Fz (compression) 
-0.86 

2.28 

-0.34 

2.57 
1.62 1.56 3.80 1.20 

4.10 

(1.66) 

4.14 

(1.63) 

Mx (plantarflexion) 
-1.88 

3.77 

-2.90 

2.90 
-2.44 -2.34 

  

2.01 

(1.57) 

2.33 

(1.36) 

My (inversion) 
-2.26 

1.55 

-2.62 

1.67 
1.08 1.16 

  

0.76 

(0.39) 

0.95 

(0.44) 

Mz (external rotation) 
-1.32 

1.03 

-1.28 

0.90 
-0.73 -1.01 

  

0.48 

(0.39) 

0.48 

(0.30) 
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It is not surprising that the linear components of the measured GRF signal in the current study 

exceed the mean magnitude values presented in the snowboard carving study of Klous (2007).  

The accelerations involved during landing from a jump are clearly higher than those 

experienced changing direction while gliding across the snow.  The largest difference between 

these data sets was identified for the forces acting normal to the boot sole.  Bally and 

Taverney (1996) presented extreme values of GRF measured across 10 snowboarders 

performing turns.  The current force component data are generally of similar magnitude to 

these extreme values.  Interestingly, the moments applied to the feet during jump landings are 

clearly lower than those experienced during snowboard carving (Bally & Taverney, 1996; 

Klous, 2007), and this is true for all moments measured.  The reviewed data suggest that 

dorsiflexion-directed boot sole moments are of greatest magnitude during snowboard turns 

whereas plantarflexion-directed moments are of greater magnitude for jump landings.  The 

fixation of the feet onto the snowboard creates the opportunity to exert large moments on a 

force measuring device, potentially producing COP locations well outside the area of each 

boot sole.  This is clearly demonstrated in the carving turn data of Klous (2007) which 

showed anterior and medial displacements of the COP of 0.3 to 0.4 m and 0.2 to 0.3 m 

respectively.  The extended base of support provided by the nose and tail of the board provide 

this ability in the medial-lateral direction whereas the centripetal forces generated when 

turning on the edge of the snowboard allow this to occur in the anterior-posterior direction.  

Despite this it can be seen in Figure 12-3 that the COP is typically contained within the area 

of the SFP top plates during a normal landing motion.  This may explain why lower ground 

reaction moments were observed during jump landings than turning even though the 

magnitude of the applied forces is much larger.   

 

Chest accelerations have been measured during landings after a snowboard jump over a 10 m 

tabletop jump (Shealy, 2007).  The mean acceleration (3.7G) presented in this paper is lower 

than whole body COM accelerations (6.1 + 2.6G) calculated for the current data set based on 

net vertical GRF data.  Shealy et al. (2007) presented a progressive attenuation of impact 

acceleration moving from the tibia to the head, and thus it is not surprising that the whole 

body COM acceleration is of lower magnitude than this presented data. 

 

The current data compare well with previous lab based analyses of controlled jump landings.  

Drop landings from a height of 1.28 m onto a single force plate resulted in vertical force 

peaks of 9.1 N/BW for a recreational athletic population (McNitt-Gray, 1993).  Assuming 
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even distribution of load between the feet a vertical force of 4.55 N/BW is not far from the 

force maxima of the current study.  A similar result was presented by Zhang et al. (2000) who 

measured a vertical force of 4.7 N/BW for each limb after a fall from 1.03 m.  Landing from 

lower drop heights also compared well.  Salci et al. (2004) reported vertical GRF peaks of 4.4 

N/BW for each foot during landings from a 0.6 m drop.  However, others have presented 

lower magnitude impacts for similar drop heights: 3.2 N/BW for 0.72 m drops (McNitt-Gray, 

1993) and 3.27 N/BW for 0.62 m drops (Zhang, et al., 2000).  Within the jump landing 

literature 0.3 m is a commonly included drop height.  The GRF peaks presented for each foot 

during these drop landings are of lower magnitude than the current data: ranging from 2.1 – 

2.56 N/BW dependent on source  (McNair & Prapavessis, 1999; McNitt-Gray, 1993; Zhang, 

et al., 2000).  Based on these comparisons it appears a drop height of over 0.6 m would be 

required to generate realistic GRFs in any future attempts at creating a lab based simulation of 

snowboard landings. 

 

12.2.2 Joint kinematics 

Having the feet held in a fixed position by non-release bindings distinguishes snowboard 

jump landings from other sporting movements.  Focusing on the joint at the end of the 

kinematic chain, the subtalar joint, an inverted position was recorded for both feet at the 

instant of landing and this can be explained by the wider-than-hip width stance adopted by 

snowboarders and the fixation of the feet onto the snowboard top surface.  Throughout the 

landing motion further inversion was measured up to a maximum of 30 + 9° and 31 + 6°  on 

average for back and front limbs respectively.  An independent t-test failed to identify 

significant differences between the limbs with regard to subtalar joint angle or rate of 

movement. 

 

Due to the anatomically based subtalar joint definition used in the current study a direct 

comparison with previously published ankle complex inversion-eversion data must be made 

with caution.  Compared to the previous snowboarding kinematic data the positions of 

maximal inversion in the current study are of greater magnitude (Table 12-2) with the best 

match found with the jumping studies (Krueger & Edelmann-Nusser, 2009; Woolman, et al., 

2003).  The front limb data presented by Krueger and Edelmann-Nusser (2009) compared 

particularly well, however in their paper for the single jump analysed eversion was measured 

for the back foot relative to the shank.  This may be a spurious result due to a single 

uncontrolled landing or may simply reflect the individual landing style of their volunteer 



 

203 

snowboarder in this methodological study.  Less similarity was found between the current 

data and that presented in studies on snowboard carving technique.  Two of the snowboard 

turning studies reviewed reported both ankle complex inversion and eversion motions 

(Delorme, 2004; Nordquist & Hull, 2007) and this is in contrast to the current data which 

suggest only inversion occurs for normal jump landings.  Delorme (2004) measured more 

eversion than inversion motion at the front limb during controlled turns, whereas Nordquist 

and Hull (2007) presented inversion as the dominant motion about the anterior-posterior axis 

of the ankle complex.  Snowboard carving involves shifting weight between the edges and 

twisting of the upper and lower body to initiate changes in direction, therefore it is not 

surprising that differing patterns of motion are found when compared to jump landing which 

essentially involves a squatting motion. 

 

Table 12-2 Comparison of mean joint kinematic data for the current and previously published studies.  For 

studies that presented both positive and negative joint motion the dominant movement direction is presented 

(where available standard deviations are given in brackets). * the current model utilised an anatomical subtalar 

joint definition with motion about this joint providing both inversion-eversion and internal-external rotation 

movements 

Magnitude of Ankle Complex Angles (°) 

study  

toe-side snowboard turns snowboard jump landings 

Delorme 

(2004) 

Klous  

(2007) 

Nordquist 

(2007) 

Kruger  

(2009) 

Woolman 

(2003) 

Current  

Study 

 
mean 1 turn 

estimates 

from figure 
1 landing mean mean 

foot back front back front back front back front front back front 

dorsiflexion  
25 

(6) 

14 

(5) 
50 25 22 15 25 4 

30 

(8) 

29 

(5) 

12 

(6) 

inversion  
2 

(11) 

-15 

(5) 
    12 15 -15 25 

15 

(4) 

30* 

(9) 

31* 

(6) 

external 

rotation 

10 

(4) 

12 

(8) 
    10 12 -8 11 

19 

(5)   

 

The ankle joint kinematic measures did show differences between the limbs.  The current data 

show that at initial contact the back ankle was dorsiflexed whereas the front ankle was not.  

An initial plantarflexion was observed at the front ankle for several trials and this generally 

occurred during tail-first landings in the time period between back foot and front foot load 

acceptance.  Both ankles dorsiflexed throughout the landing motion to absorb the landing 

impact, with the back ankle exhibiting a greater absolute ROM to reach a more extreme joint 

angle.  The current dorsiflexion magnitude data generally compare well with previous 

snowboarding studies which also unanimously reported greater motion for the back ankle 
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(Table 12-2).  The only clear discrepancy was identified for a comparison with the back ankle 

dorsiflexion data of Klous (2007) who presented a much greater maximum value.  The mean 

rate of dorsiflexion movement was 405 + 241°/s and 366 + 174°/s for the back and front limbs 

respectively.  No difference was identified between limbs for this measure. 

 

Agreement between the current data and previously published lab-based box-drop data can be 

found for both limbs.  The maximum front ankle dorsiflexion angle compares well with the 7° 

– 13° presented by McNitt-Grey (1993) and Madigan & Pidcoe (2003).  However there is 

variation within the published data, and current back ankle dorsiflexion results compared well 

with the greater magnitude angles measured following a 0.6 m drop by Zhang et al. (2000) 

and Salci et al (2004): 33° and 30° respectively. 

 

As shown in Figure 12-4 both knees were found to be flexed prior to ground contact and went 

through further flexion when absorbing the landing impact.  A t-test confirmed the back limb 

was more flexed at landing and moved through a greater range to reach a greater maximum 

flexion angle: 57 + 11° and 37 + 9° for the back and front knees respectively.  This front-back 

leg discrepancy is also apparent in previous carving data (Klous, 2007).  Based on 

approximations taken from angle-time graphs presented in Klous’s thesis (2007) during 

carving greater flexion occurs at both knees, with angles of up to 85° measured during a turn.  

Significant differences in knee flexor strength have been identified between the limbs for US 

national level snowboard racers (Kipp & Walker, 1999).  In this study the back leg was found 

to be stronger in flexion and this was attributed to the back limb being more involved in the 

snowboarding motion.  The current data provide support for this notion although the increased 

squat depth seen for the back leg would most likely promote knee extensor strength. 

 

Compared with previous box-drop kinematic data it appears that the contribution of the knee 

joint to the snowboard landing motion is lower than that which occurs in unconstrained 

landing situations (McNitt-Gray, 1993; Salci, et al., 2004; Zhang, et al., 2000).  The closest 

agreement identified in the comparison was found between the back knee data and the 57° 

knee flexion measured by Zhang et al. (2000) for 0.62 m drops onto two feet.  However as the 

drop height increased to 1.03 m the 64° knee flexion measured exceeds that presented in the 

current study (Zhang, et al., 2000).  The reduced knee flexion at landing may be an active 

strategy used by snowboarders to limit anterior-posterior excursions of the body COM over 

the base of support to maximise balance at landing. 
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Figure 12-4 Mean joint kinematic traces for a single participant from Study Three. (solid line = mean, dashed 

lines = + 1 standard deviation) 
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Anecdotally it is desirable to keep the board flat on the ground during the landing motion, 

however this requirement may cause the COM to move posterior to the base of support during 

the squatting movement.  As stated earlier, snowboarding landings are distinguished from 

normal landing situations by the fact that the feet are fixed to the board, meaning adjustments 

to maintain balance (such as stepping forward) are restricted and therefore other strategies are 

likely to be employed to prevent balance loss. 

 

12.2.3 Ligament strain 

In the current study lateral ankle ligament strain was calculated based on elongations 

referenced to the length at neutral joint position.  This is the same definition as used in a 

previous model based analysis of snowboarding (Delorme, 2004).  As illustrated in Figure 

12-5, during jump landings the CFL and PTFL were found to be placed under strain whereas 

the ATFL was lax throughout the movement sequence.  The negative strain values measured 

for the ATFL indicate that this ligament is not involved in joint support in normal controlled 

jump landings.  This is not surprising as the major function of the ATFL is to restrict ankle 

joint plantarflexion (van den Bekerom, et al., 2008) which only occurred (to a small degree) 

for the front ankle during some tail-first landings.  Compared to the carving data presented by 

Delorme (2004) the strain values in the current study are much lower.  For both toe- and heel-

side turns the ATFL was found to be elongated, and this was most pronounced with heel-side 

turns for which plantarflexed ankle positions were detected (Delorme, 2004). 

 

Table 12-3 Comparison of mean maximum lateral ligament strain calculated in the current and previously 

published work (standard deviations are given in brackets). 

Magnitude of Ankle Ligament Strain (%) 

  
Delorme (2004) Current Study 

toe-side turns heel-side turns snowboard landings 

foot back front back front back front 

ATFL 
7.6 

(11.7) 

8.5 

(11.3) 

11.6 

(13.5) 

10.5 

(12.8) 

-9.6 

(1.0) 

-5.2 

(2.1) 

CFL 
12.3 

(20.7) 

12.2 

(15.9) 

25.9 

(20.7) 

9.6 

(16.6) 

7.9 

(2.1) 

3.9 

(1.9) 

PTFL 
5.6 

(9.2) 

-1.1 

(8.8) 

1.1 

(7.8) 

-4.4 

(9.1) 

14 

(2.8) 

5.6 

(2.7) 
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Figure 12-5 Mean lateral ankle ligament strain traces for a single participant from Study Three. (solid line = 

mean, dashed lines = + 1 standard deviation) 
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In the current study the CFL and PTFL were both elongated by the jump landing motion, and 

based on the joint kinematics these were expected findings.  The elongation of both of these 

ligaments was found to be significantly greater at the back limb, mirroring the joint kinematic 

results.  The CFL was found to elongate: 7.9 + 1.7% and 3.9 + 1.9% for the back and front 

limbs respectively.  The CFL is known to lengthen during both ankle dorsiflexion and subtalar 

inversion (Bahr, et al., 1998; Colville, et al., 1990; Martin, et al., 2002; Nigg, et al., 1990; 

Ozeki, et al., 2002; Renstrom, et al., 1988) and the kinematic data (Figure 12-4) show that 

these are the two dominant movements of the ankle complex during controlled jump landings.  

Calcaneofibular ligament data presented by Delorme (2004) showed strains of greater 

magnitude during turns than jump landings. 

 

The calculated strains for the PTFL were of greater magnitude than the other ligaments in the 

model: 14 + 2.8% and 5.6 + 2.7% for back and front limbs respectively.  Previous research 

has shown the PTFL to be stretched during ankle dorsiflexion and thus the current results 

appear realistic (Bahr, et al., 1998; Colville, et al., 1990; Ozeki, et al., 2002).  The calculated 

strains for jump landings are greater than those presented by Delorme (2004) for snowboard 

carving.  Ligament strains in both the current study and those of Delorme (2004) were 

estimated using inter-insertion distances in kinematically driven anatomical models.  It is 

possible that differences in bone, joint and ligament geometry definitions between these 

models and the kinematic data collection methods used may confound the comparisons of 

ligament strain outputs between these two studies, and this should be kept in mind when 

reviewing this data. 

 

12.2.4 Joint kinetics 

Although only subtalar inversion motion was recorded during landing, both inversion and 

eversion reaction moments were calculated for this joint.  This is no doubt a result of the bi-

directional nature of the y-axis moments and medial-lateral shear forces identified in the GRF 

data.  In the majority of instances an eversion reaction moment predominates and this 

represents the muscular response to the inversion-directed external moments applied to the 

boot sole and medial COP position throughout the landing motion.  In line with the GRF data 

independent t-tests revealed that the magnitude of the eversion reaction moment was greatest 

for the front limb whereas greater inversion joint reaction moments were identified for the 

back.  Klous (2007) calculated eversion reaction moments about the anterior-posterior axis of 

the ankle joint complex.  Although this definition is different to the subtalar axis in the current 
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study a cautious comparison can be made (Table 12-4).  In this snowboard carving study joint 

moments of much greater magnitude were calculated, however the ratio of front to back ankle 

eversion moment magnitude was similar. 

 

Table 12-4 Comparison of mean joint reaction moment calculated in current and previously published work. 

(where available standard deviations presented in brackets) 

Magnitude of Joint Reaction Moments (Nm/kg) 

  
Klous (2007) Current Study 

1 toe-side turn snowboard landings 

foot back front back front 

inversion - - 
0.27 

(0.54) 

0.10 

(0.33) 

eversion -1.85 -2.48 
-0.56 

(0.46) 

-0.77 

(0.36) 

plantarflexion -6.04 -5.49 
-2.19 

(1.39) 

-1.33 

(1.45) 

 

 

An ankle joint plantarflexion moment was calculated throughout the entire landing motion 

(Figure 12-6).  This muscle moment acts to resist the forced ankle dorsiflexion that occurs 

when absorbing a large magnitude force located anterior to the ankle joint centre.  For a small 

handful of situations (e.g. heavy heel edge landing) initial dorsiflexion joint moments were 

detected, however these were transient.  In agreement with previous data (Klous, 2007) the 

back ankle produced a greater moment than the front, however as with the subtalar joint the 

magnitude of the moments in the current study were much lower than for snowboard carving.  

Reviewing the GRF data in Figure 12-3 it can be seen that the COP is located posterior to the 

SFP centre during the time of maximal vertical loading.  This posterior shift is advantageous 

as it reduces the moment arm of the GRF vector about the ankle joint, limiting the required 

plantarflexion reaction moment.  Additionally, as discussed earlier, compared to previous 

snowboard turning data the displacements of the COP relative to the centre of the force 

measuring devices were lower during snowboard jump landings.  These observations may 

explain why lower magnitude joint moments (both ankle and subtalar) were observed during 

jump landings even though the applied forces were much larger. 

 

The current data closely match ankle joint moments presented in previous box-drop studies.  

Ankle moments of -1.3 Nm/kg and -0.9 Nm/kg were reported in a study for drops of 0.4 m 
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and 0.6 m respectively (Salci, et al., 2004).  Zhang and colleagues (2000) reported ankle 

plantarflexion moment peaks of -1.54 Nm/kg, -2.06 Nm/kg and -2.52 Nm/kg for drops of 0.32 

m, 0.62 m and 1.03 m respectively.  These data further support the earlier statement that a 

drop height of over 0.6 m would be required to create a semi-realistic laboratory simulation of 

snowboard jump landings. 

 

 

 

Figure 12-6 Mean joint reaction moment traces for a single participant from Study Three. (solid line = mean, 

dashed lines = + 1 standard deviation) 
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12.2.5 Summary 

An important finding of this review of quantitative biomechanical data recorded during 

snowboard jump landings was the identification of asymmetries between the lower limbs.  

Kinematic and kinetic measures (both GRF and joint moments) differed between the limbs, 

highlighting the fact that simplified analyses based on a single limb cannot be generalised to 

both limbs.  These asymmetries also have implications for equipment design, providing 

potential for foot-specific boot and binding design strategies, for example boot stiffness levels 

tailored to individual limbs.  The magnitude of the linear GRF components measured during 

snowboard jump landings were found to be greater than snowboard carving measurements 

however the moments were not.  Correspondingly the calculated joint moments for jump 

landings were also lower than previously published carving data.  The clear technique 

differences between these two aspects of snowboarding accounts for these discrepancies.  The 

GRF and joint moment data in the current study compared well with box-drop landings of 

over 0.6 m suggesting this would be the minimum required drop height in the formulation of a 

lab-based snowboard landing simulation task.  During landing subtalar inversion, ankle joint 

flexion and knee flexion motions were recorded for both limbs.  These joint kinematics 

caused strain in the CFL and PTFL while generally the ATFL remained lax.  To control the 

body kinematics during the landing impact event predominant eversion and plantarflexion 

muscle moments were calculated at the subtalar and ankle joints respectively. 

 

The current data represent a normative database of controlled jump landings that can be 

utilised as a point of comparison in future research or equipment design efforts.  The next 

section will attempt to relate this data to injury events in this sport.  It is obvious that injuries 

do not usually occur during controlled landings and for this reason the results of Study One 

(qualitative analysis of falling events) and several cases of falling recorded in the quantitative 

studies will be considered to aid the connection between the current data pool and injury 

mechanics. 
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12.3 Risk of Injury Associated With Snowboard Jumping and the Influence of 

Equipment Changes On These Risks 

 

12.3.1 Case studies of falls and ‘high risk’ landings  

Several instances of falling or heavy landings were recorded during the data collection series 

for Studies Two through Four.  These trials were discarded from the analysis as outliers, 

however they do provide interesting points of comparison against controlled landings, 

potentially providing data relevant to injury mechanics.  Each case is presented separately 

with tables of dependent variables, and a bullet-point summary of outcomes following.  One-

sample t-tests were used to compare dependent measures for the landing of interest to the 

successful jumps for that participant.  The threshold for significance was set at p < 0.05. 

 

Case 1: Long jump resulting in a heavy landing and eventual posterior fall 

The participant approached the jump at high speed resulting in touchdown well down the 

landing hill.  Only GRF data for the front foot were available.  A t-test revealed that both the 

magnitude and rate of all GRF components, except inversion-directed moments, were 

significantly greater than the controlled landings collected for this participant.  Of particular 

note is the 85 – 90% increase in the magnitude of the compressive force vector, and 

plantarflexion and external-rotation-directed moments compared to the population mean.  

Following this heavy landing the participant fell backward toward the heel edge of the board, 

sliding on this edge prior to making initial snow contact with the buttocks.  The moment data 

suggest the participant landed with his weight on his heels and due to the high magnitude 

GRF could not recover from this balance-compromised position.  Study One identified heel-

directed falls to represent 59% of all falls and therefore this case can be thought of as 

representative of a typical falling situation.  

 

Table 12-5 Front foot GRF measures for a single uncontrolled jump landing.  Data expressed relative to 

anatomical reference planes  (plantarflex = plantarflexion, ext rotation = external rotation) 

 
reaction forces (N/BW) reaction moments (Nm/kg) 

direction lateral posterior compression plantarflex inversion ext rotation 

magnitude -1.59 -1.37 7.85 4.32 1.18 1.54 

rate (/s) -254 -316 1007 585 111 211 
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Because the landing and falling events were separated in time (approximately 0.5 s) GRF data 

for the fall event are presented independently in Table 12-6.  Again the applied compressive 

forces and plantarflexion-directed moments are greater than the controlled jump mean, as well 

as the eversion-directed moment.  The high moments are consistent with the participant 

turning heavily on the heel edge while twisting his body toward the direction of travel down 

the hill.  The high compressive loading is likely due to the participant using the board to 

rapidly slow his slide while falling. 

 

Table 12-6 Front foot GRF measures for a fall toward the heel edge of the snowboard. Data expressed relative to 

anatomical reference planes  (plantarflex = plantarflexion, ext rotation = external rotation) 

front foot reaction forces (N/BW) reaction moments (Nm/kg) 

direction lateral posterior compression plantarflex inversion ext rotation 

magnitude -0.68 -0.88 5.23 3.78 -1.70 0.66 

rate (/s) -65 -56 191 111 -35 38 

 

Case 2: Knuckle landing on 15 m tabletop jump, no fall 

The participant carried insufficient speed into the jump resulting in a heavy landing on the 

knuckle of the snow jump.  Despite Study One identifying flat and knuckle landings as 

predictive of falling no fall was observed, however the participant commented on the high 

intensity of this landing.  On-sample t-tests revealed the majority GRF components 

(magnitude and rate) to be significantly elevated for this landing compared to other trials 

collected for this participant.  Of important note is the extremely high back foot compression 

force and dorsiflexion-directed reaction moment which represented an increase from the 

population mean of 188% and 329% respectively. 

 

Table 12-7 GRF measures for both feet during a knuckle landing. Data expressed relative to anatomical 

reference planes  (plantarflex = plantarflexion, ext rotation = external rotation) 

back foot reaction forces (N/BW) reaction moments (Nm/kg) 

direction lateral posterior compression plantarflex inversion ext rotation 

magnitude 1.26 -2.49 11.79 -6.60 -0.78 -0.66 

rate (/s) 367 -555 1170 1457 -101 -258 

 

front foot reaction forces (N/BW) reaction moments (Nm/kg) 

direction lateral posterior compression plantarflex inversion ext rotation 

magnitude -1.95 0.52 6.84 -4.48 2.40 2.08 

rate (/s) -451 108 1057 524 400 564 
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Case 3: Toe edge landing with immediate anterior fall onto the hands 

The participant landed off balance on the toe edge of the snowboard and immediately fell in 

the anterior direction onto the hands.  Based on the data presented in Study One toe-edge-

directed falls are a rarer situation accounting for 28% of all falls.  One-sample t-tests revealed 

the anterior and lateral shear forces and dorsiflexion-directed moments were significantly 

elevated during this landing/fall event for both feet.  Greater eversion and inversion-directed 

moments were also identified for the back and front feet respectively.  These GRF data are 

consistent with a landing on the toe edge of the snowboard with the snowboarder falling 

obliquely in the toe-edge-to-tail direction.  The moments generated at the feet were clearly too 

high for the snowboarder to regain balance following impact. 

 

Table 12-8 GRF measures for both feet during a toe edge landing with immediate anterior fall onto the hands. 

Data expressed relative to anatomical reference planes  (plantarflex = plantarflexion, ext rotation = external 

rotation) 

back foot reaction forces (N/BW) reaction moments (Nm/kg) 

direction lateral posterior compression plantarflex inversion ext rotation 

magnitude -0.94 -1.73 6.06 -2.62 -1.81 -0.52 

rate (/s) -203 -212 291 -286 -228 -129 

 

front foot reaction forces (N/BW) reaction moments (Nm/kg) 

direction lateral posterior compression plantarflex inversion ext rotation 

magnitude -0.88 -2.11 5.80 -2.53 2.05 1.14 

rate (/s) -221 -275 426 -281 455 233 

 

Case 4: Off balance landing with immediate posterior fall 

The participant lost control during flight making initial snow contact with the tail and heel 

edge of the snowboard.  The board was turned out of plane to face the direction of travel at 

ground contact.  Not surprisingly the initial impact was followed by the boarder sliding out on 

the heel edge with the back hand making first contact with the snow.  Study One identified an 

approximate five-fold increase in falling risk with landings made with the board turned out of 

plane with the direction of travel.  The falling direction and body contact point indicate this 

landing case is representative of a ‘typical’ snowboard falling event, based on Study One.  

Fortunately, a full complement of kinematic and kinetic data were available for this event. 

 

During this landing/fall all the external force and moment components acting on the front foot 

were of significantly greater magnitude than normal.  The rate measures, except lateral shear 
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and inversion-directed moment, mirrored these magnitude differences.  The only deviations 

from the normal controlled landings in GRF magnitude at the back limb were identified for 

the inversion and external-rotation-directed moments.  The high magnitude front foot 

plantarflexion-directed external moment was expected for this heel-heavy landing.  Inversion- 

and eversion-directed moments were measured for the back and front feet respectively with 

the magnitude and rate of both significantly elevated, indicating that a component of the fall 

was directed toward the nose of the snowboard.  A greatly elevated (226% increase) external-

rotation-directed moment and moment rate was measured for the front limb. 

 

Table 12-9 GRF measures for both feet during a tail and heel edge landing with immediate posterior-directed 

fall. Data expressed relative to anatomical reference planes  (plantarflex = plantarflexion, ext rotation = external 

rotation) 

back foot reaction forces (N/BW) reaction moments (Nm/kg) 

direction lateral posterior compression plantarflex inversion ext rotation 

magnitude 0.39 -0.57 3.42 3.09 1.54 0.79 

rate (/s) 63 -126 382 440 133 104 

 

front foot reaction forces (N/BW) reaction moments (Nm/kg) 

direction lateral posterior compression plantarflex inversion ext rotation 

magnitude -0.46 -1.53 8.71 6.19 -1.21 2.71 

rate (/s) -60 -222 833 544 -135 344 

 

 

As shown in Table 12-10 the kinematic data were consistent with that expected for a landing 

followed by a posterior/heel-edge directed fall.  Unfortunately marker occlusion throughout 

the fall resulted in unusable data for the back knee joint.  Both joint flexion angle and rate of 

motion for the front knee were greater than the controlled landing measures for this 

participant, caused by the snowboarder sitting back onto the snow.  Significant differences 

from normal were detected for the back subtalar joint with greater inversion magnitudes and 

rates measured.  These data can be accounted for by the nose-directed component of the fall 

motion identified in the GRF data.  The magnitude and rate of ankle joint flexion was 

significantly different to normal for both limbs.  The back ankle was found to progressively 

plantarflex throughout the trial in response to the posterior falling motion.  Interestingly, 

despite the posterior fall, the front ankle moved though a dorsiflexion motion throughout 

landing and this may account for the high degree of knee flexion measured for this limb. 
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Table 12-10 Joint kinematic measures for limbs during a tail and heel edge landing with immediate posterior-

directed fall. 

 
joint kinematics (°) 

joint knee flexion ankle dorsiflexion subtalar inversion 

limb back front back front back front 

magnitude ? 84 -8 31 42 29 

rate (/s) ? 1809 -525 440 455 309 

 

The ankle plantarflexion at the back limb resulted in elongation of the ATFL.  This is contrary 

to that typically seen for controlled jump landings.  Both the absolute strain and rate of strain 

were greater than normal for the front CFL and PTFL, whereas only strain rates were 

increased for this landing at the back limb. 

 

Table 12-11 Ligament strain measures for both limbs during a tail and heel edge landing with immediate 

posterior-directed fall. 

 
lateral ankle ligament strain (%)  

ligament ATFL CFL PTFL 

limb back front back front back front 

magnitude 4 -2 6 7 7 15 

rate (/s) 260 166 193 112 200 223 

 

The ankle joint moments were distinct from the typical jump landing situation, with 

dorsiflexion moments calculated throughout the landing/fall motion (Table 12-12).  These 

dorsiflexion muscle moments were in response to the plantarflexion-directed external moment 

applied to the boot sole.  Opposing subtalar reaction moments were calculated with eversion 

and inversion muscle moments measured for the back and front limbs respectively.  These 

data reflect the external load data, suggesting a component of this fall was toward the nose of 

the snowboard with the subtalar moments acting to counter this.  The magnitude of these 

moments for both limbs was significantly elevated when compared to controlled landings for 

this participant. 

 

Table 12-12 Joint reaction moment measures for both feet during a tail and heel edge landing with immediate 

posterior-directed fall.  Negative values represent moments acting in the opposite direction  

 
joint reaction moments (Nm/kg)  

joint ankle dorsiflexion subtalar inversion 

limb back front back front 

magnitude 3.40 2.58 -2.01 0.63 

rate (/s) 58 76 -48 31 
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Case 5: Nose-first landing with immediate posterior fall  

The participant made initial ground contact with the nose of the snowboard with his upper 

body twisted to face toward the tail of the board.  Immediately following ground contact the 

participant fell posterior onto his buttocks.  This fall was expected as Study One showed that 

nose-first landings increase the risk of falling by a factor of four.  One-sample t-tests revealed 

that the magnitude of all GRF components were elevated from normal for this participant 

except for the anterior shear force and inversion-directed moment acting on the rear foot.  The 

rate of loading was significantly increased for all back foot GRF components except for the 

plantarflexion-directed moment, whereas only the rate of three components at the front foot 

were found to be greater than normal: compression force, and plantarflexion- and external-

rotation-directed moments. 

 

Table 12-13 GRF measures for both feet during a tail and heel edge landing with immediate posterior-directed 

fall. Data expressed relative to anatomical reference planes  (plantarflex = plantarflexion, ext rotation = external 

rotation) 

back foot reaction forces (N/BW) reaction moments (Nm/kg) 

direction lateral posterior compression plantarflex inversion ext rotation 

magnitude -0.73 -1.20 7.85 5.51 -1.16 1.55 

rate (/s) -97 -133 665 432 -124 115 

 

 

front foot reaction forces (N/BW) reaction moments (Nm/kg) 

direction lateral posterior compression plantarflex inversion ext rotation 

magnitude -0.50 -0.69 7.85 5.31 -0.59 -0.33 

rate (/s) -132 -86 754 373 -147 -71 

 

 

Contrasted with Case 4 both knees were found to undergo significantly less flexion than 

normal controlled landings (Table 12-14).  As stated earlier no effort was made by the 

participant to recover from this fall, distinguishing this event from Case 4 where (based on 

video data) attempts were made to regain balance, and this may account for the discrepancy.  

In addition to the reduced knee motion, lower magnitude back ankle dorsiflexion angles and 

inversion angles at both subtalar joints were measured for this landing/fall motion. 
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Table 12-14 Joint kinematic measures for limbs during a tail and heel edge landing with immediate posterior-

directed fall. 

 
joint kinematics (°) 

joint knee flexion ankle dorsiflexion subtalar inversion 

limb back front back front back front 

magnitude 24 19 11 18 16 23 

rate (/s) 786 1204 195 379 270 168 

 

As shown in Table 12-15 both ATFLs were unloaded throughout landing as is generally 

found for successful landings.  Only one ligament (left PTFL) was elongated further than 

normal, with both CFLs and the right PTFL significantly less strained during this trial.  The 

rate of strain was also reduced for these ligaments.  These data reflect the low joint deflections 

measured during this trial. 

 

Table 12-15 Ligament strain measures for both limbs during a tail and heel edge landing with immediate 

posterior-directed fall. 

 
lateral ankle ligament strain (%)  

ligament ATFL CFL PTFL 

limb back front back front back front 

magnitude -5 -8 2 5 5 10 

rate (/s) -91 -166 49 96 84 174 

 

As with Case 4 high magnitude dorsiflexion joint reaction moments were calculated for both 

limbs throughout the trial.  Again this muscle moment was in response to the high magnitude 

plantarflexion-directed external moments applied at the boot sole.  An eversion reaction 

moment was calculated at the back limb whereas inversion reaction moments were found at 

the front limb.  The magnitude of both of these was elevated from this participant’s typical 

landings, and as discussed in Case 4 the subtalar joint moments suggest a component of this 

fall was toward the nose of the snowboard with the fixed bindings producing opposing 

moments at each limb. 

 

Table 12-16 Joint reaction moment measures for both feet during a tail and heel edge landing with immediate 

posterior-directed fall.  Negative values represent moments acting in the opposite direction  

 
joint reaction moments (Nm/kg)  

joint ankle dorsiflexion subtalar inversion 

limb back front back front 

magnitude 3.11 2.85 -1.28 0.64 

rate (/s) 95 55 -47 19 
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Summary of case study outcomes 

• as expected kinematic and kinetic measures taken during falls were different to 

controlled jump landings. 

• as opposed to controlled landings where the ATFL is lax, posterior-directed (heel 

edge) falls can generate tension in this ligament. 

• knuckle landings and ‘excessively long’ jumps greatly increased the magnitude of 

external loads applied at the feet. 

• edge-heavy landings increased the external moments applied about the medial-lateral 

axis of the boot sole. 

• many components of GRF were elevated in landings that resulted in a fall, however 

not all severe impact situations resulted in a fall. 

• joint motion was not necessarily increased during falls, whereas ankle complex 

moments were generally elevated. 

• the fixed binding arrangement on the snowboard creates opposing reaction moments 

during falls for joints that rotate in the frontal plane. 

 

12.3.2 Comparison with injury threshold and mechanism data 

Epidemiological data show that the lower body is involved in 19 – 43 % of all snowboarding 

injuries (Bayan, et al., 2002; Bladin, et al., 2004; Calle & Evans, 1995; Ganong, et al., 1992; 

Yamagami, et al., 2004).  Sprains are the most frequent lower limb injury type accounting for 

over 50% of ankle injuries (Fong, et al., 2007; Kirkpatrick, et al., 1998).  Bladin and McCrory 

(1995) state that soft boots used by snowboarders allow a greater range of ankle motion than 

ski boots and therefore do little to prevent extreme ankle joint positions in high loading 

situations such as falls.  Additionally, snowboarders have reported in interviews to be 

frequently subjected to hyper-dorsiflexion and inversion of the ankle joint while riding (Paul 

& Janes, 1996).  The maximum joint position data presented in Appendix D provide support 

for these statements.  In the current study mean subtalar inversion maxima of 30 + 9° and 31 

+ 6° were observed for the back and front limbs, and a mean maximum dorsiflexion angle of 

29 + 5° measured for the back limb.  The inversion maximum data are at the limit of the 

normal ROM data presented in papers on this topic (mean 28 + 8°, range 18° – 45°) whereas 

the dorsiflexion range in the current study exceeds most of the previously published norms 

(mean 23 + 9°, range 13° – 39°) confirming that current boots do little to restrict ankle 

complex motion within the normal range (Allinger & Engsberg, 1993; Astrom & Arvidson, 
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1995; Boone & Azen, 1979; Giacomozzi et al., 2003; Grimston, Nigg, Hanley, & Engsberg, 

1993; Kiatoka, Luo, & An, 1997; Milgrom, Giladi, & Simkin, 1985; Nigg, Fisher, Allinger, J, 

& Engsberg, 1992; Roaas & Anderson, 1982; Siegler, Wang, Plasha, & Berman, 1994; Weiss, 

Kearney, & Hunter, 1986).  It should be noted that the previously mentioned ROM studies 

have measured the degree of rotation in the plane of interest that occurs under non-injurious 

situations, limited by pain tolerance or active control of that joint, and thus do not represent 

the actual threshold for joint injury. 

 

Previous cadaver work has attempted to quantify the angular and moment threshold for joint 

injury within the ankle complex.  Typically, lower leg specimens have been rotated to failure 

using a custom rig, with post hoc inspection used to diagnose the subsequent injury.  

Parenteau et al. (1998) presented an injury threshold of 47 + 5.3° dorsiflexion and 34 + 7.5° 

inversion of the foot with lateral malleolus fracture and CFL sprains cited as the most 

common injury for these motions respectively.  In another cadaver injury study a similar 

dorsiflexion threshold of 45° was presented (Begeman & Prasad, 1996).  Begeman also 

investigated inversion injury mechanics, presenting a threshold of 60 + 6° for ligament and 

malleolar injury (Begeman, Balakrishnan, Levine, & King, 1996).  Based on these data it 

appears that hyper-dorsiflexion injury is of little concern in controlled snowboard jump 

landings, with the greatest dorsiflexion angle across all participants for the back limb (37°) 

falling well below the proposed threshold values.  However, controlled jump landings do 

appear to carry some risk of ankle complex inversion injury depending on the reference cited.  

Based on the findings of Parenteu et al. (1998) the maximum subtalar inversion angle 

measured across all participants (57° and 48° for the back and front limbs respectively) 

exceeded the joint injury threshold, with the population mean also falling close to this 

threshold, though comparing the current data to Begeman et al’s. (1996) threshold refutes this.  

The absence of ankle injury or pain in the current study, even for landings where joint 

motions exceeded published normal ranges or injury thresholds, indicates the risk of joint 

injury due to excessive joint motion in controlled snowboard landings is minimal.  Study 

Three showed that the less externally rotated binding angles created greater ankle joint flexion 

for both limbs and greater subtalar inversion for the front limb.  Study Four showed that one-

season-old boots allowed greater subtalar inversion movement to occur at the back limb 

during landing.  Greater angular deflection under controlled situations highlights a smaller 

buffer margin before one moves into positions that are potentially injurious joint positions.  

Based on this it appears that although the absolute injury risk appears to be low the joint 
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angles measured in worn boots and more ‘square’ stances are closer to undesirable extreme 

joint positions.  It is possible a fall situation may result in a further shift of joint mechanics 

toward an injury situation although data presented in the fall events with kinematic data do 

not conclusively show this.  

 

It is extremely difficult to realistically simulate in-vivo biomechanics with cadaver 

experiments, with the lack of muscular control presenting as a major methodological 

weakness, therefore these comparisons with injury thresholds based on joint angle must be 

taken cautiously.  The previously mentioned cadaver studies also presented the applied 

moment for injury events.  However, the lack of muscle activation in such experiments means 

the applied external forces are born solely by the articular surfaces and ligaments, whereas in 

an in-vivo snowboarding situation joint moments are controlled/absorbed/supported by active 

muscle contraction and to a smaller extent by resistance provided by the boot.  These data 

therefore have little relevance to injury risk in live participants and are not presented here. 

 

In all studies the ATFL was found to be lax throughout the landing motion indicating that this 

commonly injured ligament is at minimal risk of sprain injury during controlled landings.  

Study One identified heel-edge-directed falls to be the most common within a sample of 148 

falls, and quantitative data from a single fall (Case 4) suggest that strain in the ATFL can 

increase with falls in this direction as the foot can be forced into a plantarflexed position.  

This is a plausible mechanism of ATFL injury in this sport however more detailed 

investigation of such events is required.  The current data suggest that the CFL and PTFL are 

at a greater risk of overstrain during the snowboard landing motion, with the back limb 

presenting the greatest strain values.  The major joint motions that occur during landing, 

dorsiflexion and inversion, account for this elevated risk.  Two published works have 

presented ultimate strain data for the lateral ankle ligaments with vastly different values 

presented: 38 + 3% and 100 + 15% (Attarian, et al., 1985) and 13 + 3% and 17 + 5% (Siegler, 

et al., 1988) for the CFL and PTFL respectively.  The mean strain values calculated for the 

back limb CFL and PTFL in the current dataset (7.9 + 1.7% and 14 + 2.8%) fall below the 

more conservative ultimate strains presented by Siegler et al. (1988).  A review of the 111 

jumps for which ligament strain measures were available identified one instance of CFL strain 

and 12 instances of PTFL strain that exceed the thresholds presented by Siegler et al. (1988).  

As discussed previously the ankle joint dorsiflexion positions measured for controlled 

landings exceeded published norms and thus it is not surprising that the PTFL strains were 
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greater than strain thresholds for several landings.  Ligament strains in the current study 

represent relative strain from the neutral joint position as opposed to absolute strain of 

isolated ligament samples as presented within the literature (Attarian, et al., 1985; Siegler, et 

al., 1988).  In the current model it was impossible to know the actual ligament lengths that 

represented zero strain and thus it was assumed that this corresponded with the neutral joint 

position.  This, paired with the large discrepancy in failure strains presented within the 

literature means it is impossible to definitively state if these landings could be considered 

dangerous or not.  Neither of the two fall cases reviewed caused strain in any lateral ankle 

ligaments that indicated elevated injury risk.  In the current study one seasons’ boot wear did 

not influence normal ligament kinematics however binding angle did.  In Study Three the less 

rotated binding angles resulted in greater strain in the CFL and PTFL than a position of more 

pronounced external rotation, and these findings were a direct reflection of differences 

detected in joint kinematics, indicating an elevated potential for ligament over-strain in such 

joint positions. 

 

Cadavers have also been used to assess injury mechanics under high energy linear impact 

situations, generally focusing on fracture injuries.  The majority of these studies have been 

conducted to aid the understanding of ankle and lower limb trauma during car crash scenarios, 

however the results can be generalised to other impact situations including snowboard jump 

landings.  Commonly an unconstrained cadaver specimen has been subjected to an impact 

force acting on the foot sole.  For these studies impacts of over 11.4 to 15 kN resulted in 

fracture injuries of the lower limb depending on the source (Bandak, Tannous, & Toridis, 

2001; Schueler, Mattern, Zeidler, & Scheunert, 1996; Yoganandan, Pintar, Kumaresan, & 

Boynton, 1997).  Yongandan et al. (1997) reported no fractures for their specimens with 

impacts below 8.8 kN.  Crandall et al. (1998) performed a regression analysis on their cadaver 

impact data concluding the 50% probability of injury was 9.4 kN for impacts delivered to the 

foot sole.  Their analysis also identified that a dorsiflexed ankle was less likely to sustain a 

joint injury and this was attributed to the tightly packed nature of this joint in dorsiflexion 

which provides a more even pressure distribution between articular surfaces (Crandall, et al., 

1998).  Therefore the ankle dorsiflexion measured in the current study throughout normal 

controlled jump landings can be considered protective from ankle complex fracture injuries.  

Interestingly Crandall et al.  (1998) detected foot and ankle injuries with joint rotations lower 

than thresholds presented by Begeman et al. (1996; 1996) suggesting that impact forces of 

sufficient magnitude are enough to produce fracture injury without extreme joint positions.  
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Funk et al. (2002) presented results of impact injury tolerance tests using a rig that also 

provided archilles tension to create a more realistic loading scenario.  Again a blunt impact 

was applied to the entire surface of the foot, held in a neutral position.  A survival function 

was used to predict fracture risk indices for an average 45-year-old male, with a 50% risk of 

fracture associated with a compressive impact load of 8.3 kN.  In their specimens the most 

common fracture injury involved the calcaneus with a mean force required for fracture of 

8223 + 2434 N for trials involving archilles tension (Funk, et al., 2002).  The plantarflexion 

moments calculated throughout landing in the current study indicate that archilles tension is 

present, therefore the data provided by Funk et al. (2002) represent the most realistic point of 

comparison. 

 

The mean un-scaled compressive force maxima in the current study were well below all 

fracture risk thresholds presented within the cadaver impact literature: 3080 + 1228 N and 

2804 + 1146 N for the back and front foot respectively.  The greatest compression maxima 

measured across the 152 controlled landings recorded were 6049 N and 7056 N for the back 

and front feet respectively.  These data indicate that the risk of fracture for controlled landings 

through compression force alone is minimal.  However a single knuckle landing presented in 

Case 2 was found to produce a much higher impact force acting on the back foot with the 

measured force of 8446 N exceeding the 50% fracture risk threshold presented in the most 

realistic cadaver study (Funk, et al., 2002).  This finding coupled with the increased falling 

risk indentified in Study One provides support for considered selection of appropriate 

dimensions during table-top jump design to create an adequate flight path to clear the 

obstacle.  Additionally it is the responsibility of the snowboarder to assess each obstacle 

before a jump attempt so that an appropriate in-run speed can be selected to avoid knuckle 

landings.  It appears however that speed/flight-path misjudgements do occur even on familiar 

jumps resulting in excessively short or long jumps that cause heavy impacts at landing (Cases 

1 and 2).  This highlights one of the inherent risks facing snowboarders who participate in 

jumping.  Studies Two, Three and Four showed that applied compression magnitude and rate 

was not sensitive to boot or binding angle changes and thus based on compression alone an 

elevated injury risk cannot be associated with a particular equipment setup.  Study Five did 

show an increase in compression force magnitude and rate (as well as most other force and 

moment components) with increasing jump size suggesting that a jump size increases there is 

a corresponding increase in impact injury risk.  Finally, elevated compression forces were 
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detected in several of the fall cases presented earlier suggesting a shift toward an injury 

causing event. 

 

Several research papers have specifically focused on snowboarding lower limb injury 

mechanics.  Due to the unique nature of the injury most of the published work has focused on 

The Snowboarders’ Fracture.  The high proportion of soft boot use in snowboarding has been 

linked with the emergence of LPT fracture in two studies (Paul & Janes, 1996; Valderrabano, 

et al., 2005), however another identified a protective effect of soft boots on this injury 

(Kirkpatrick, et al., 1998).  In a lab-based landing study Woolman et al. (2003) noted an 

unusual ankle movement sequence where peak ankle inversion always occurred prior to 

dorsiflexion and rotational movements.  They proposed this to be a potential factor involved 

in LPT fracture in this sport.  Reviewing the data collected for the current study, a delay of 

ankle dorsiflexion in relation to peak inversion was not clear or consistent both between- and 

within-participants, suggesting this phenomenon does not occur during on-snow jumping 

situations and is restricted to tightly controlled simulated landings. 

 

The subtalar joints were found to be inverted at landing and both the ankle complexes went 

through a combined inversion-dorsiflexion motion throughout the landing motion.  As 

presented in the literature review (Chapter 2) dorsiflexion coupled with inversion and external 

rotation of the foot is a potential mechanism of LPT fractures in snowboarding (Boon, et al., 

2001).  In Boon et al.’s (2001) cadaver study a joint position of 20° dorsiflexion, 10° 

inversion and 15° - 20° external rotation of the foot caused LPT fracture in 6 of their 8 

specimens when subjected to 2200 to 8900 N of compressive load.  Snowboarders typically 

ride with an externally rotated foot position, dictated by binding angle, and based on this 

paper during typical jump landings this may predispose individuals to The Snowboarders’ 

Fracture if the foot and shank segments were to move along different planes.  Reviewing the 

GRF data collected for this current body of work, the compressive loads fall within this 

injury-causing window and the joint positions measured at the back limb exceed the angles 

presented.  The data collected for Studies Three and Four suggest that worn snowboard boots 

and more neutral binding angles create greater inversion at the subtalar joint, indicating an 

increased potential for LPT fractures.  Additionally the calculated inversion-directed moments 

acting about the long axis of the boot sole were significantly elevated for a symmetrical 9° 

stance and a self-selected angle compared to a symmetrical 21° stance, further supporting 

concerns of LPT fracture risk with more neutral stance angles.  However Study Two showed 
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that an extreme stance angle of 24° symmetrical external foot rotation produced greater 

inversion-directed moments than the most neutral angle tested in this series of experiments 

(6°).  This apparent discrepancy may indicate that there is an upper and lower bound of 

binding angles with regard to reducing the risk of inversion-related injuries during normal 

landing situations.  Alternatively, physical and technique differences between the sample 

groups may have confounded the results.  Further investigation into the effect of binding 

angle on ankle complex motion and loading is required before definitive conclusions and 

recommendations can be made. 

 

Funk and colleagues (2003) produced LPT fractures with the forced eversion (48° to 62°) of 

dorsiflexed (30°) and axially loaded (2.5 kN) cadaver ankle specimens.  Comparison of the 

current studies with this research paper on LPT fracture mechanics suggests the risk of injury 

though this proposed mechanism is low during typical jump landings.  Although dorsiflexion 

angles and compressive forces of comparable magnitude were found to occur during 

controlled landings, there was a complete absence of subtalar eversion during the recorded 

controlled landings and falls.  Eversion was cited by Funk et al. (2003) as the key factor in 

producing this injury and thus the risk of LPT via this mechanism appears to be low.  Based 

on the discrepancy between the two cadaver studies on LPT fracture mechanics it has been 

suggested that axial load and an out-of-plane orientation of the ankle complex are key factors 

involved in this injury (Funk, et al., 2003).  The current data set shows that substantial 

compressive forces and out of plane segment orientations, caused by rotations about the 

obliquely orientated subtalar axis, are present during normal jump landings with the potential 

for increased joint deflections and impact forces identified within the recorded fall sample.  It 

can be therefore concluded that there is a real risk of LPT fracture during snowboard jump 

landings, with a tendency toward the mechanism proposed by Boon et al. (2001) more likely 

to produce an injury during controlled landing events. 

 

Heavy flat ground landings without a torsional component have been presented as a possible 

cause of ACL injury that can occur in snowboarding without the absence of a fall (Meighan & 

Tietjens, 2001).  Such landings are thought to produce high eccentric loading of the 

quadriceps, producing anterior drawer of the tibia and over-strain of the ACL.  Case 2 

presented a knuckle landing event which produced impact forces of much greater magnitude 

than those observed for typical landings  Although no injury occurred for this jump landing 
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this case appears to fit the description of Meighan and Tietjens (2001) indicating a high risk 

landing.  The snowboarder who performed this landing stated that “it didn’t feel good”. 

 

12.3.3 Summary 

Based on this synthesis of information it can be concluded that the load applied to the lower 

limbs during snowboard jump landings are of high magnitude.  The GRF data were in-step 

with other human landing tasks and the applied loads created forced ankle complex rotations 

that approach the physical limits of the joints involved.  Asymmetries were identified between 

the limbs for the kinematic and kinetic dependent measures suggesting there is scope for 

tailoring snowboard equipment based on position on the snowboard.  The fixed non-release 

bindings resulted in inversion of both subtalar joints throughout the landing motion.  Overall 

this risk of injury to the ankle joint and surrounding tissues appears to be low during normal 

controlled jump landings.  Intervention studies identified that both boot stiffness and binding 

angle adjustments can elicit detectable changes in kinematic and kinetic measures at the boot 

sole and joints up to at least the knee.  Some conflict was identified in the outcomes of the 

two binding intervention studies included in this thesis providing motivation for further 

research on this topic.  The data presented throughout this document form a starting point for 

further in-depth analyses of snowboard specific movements from perspectives of injury 

prevention and performance maximisation. 

 

12.4 Limitations of the current study 

There are a number of methodological limitations present in this body of work, each of which 

should be considered when reviewing the presented data. 

 

12.4.1 Precision of data collection methods 

The results of the current studies are limited by the precision of the tools used to collect data.  

The measurement precision of the SFP devices was presented in Chapter 6 and accuracy of 

3D coordinate data generated by SIMI motion quantified previously (McAlpine, 2006b), both 

of which were judged to be appropriate for this field testing application.  However the field 

testing environment may have resulted in kinematic data precision below that quantified 

within a controlled laboratory environment.  Poor lighting at Snow Planet reduced the contrast 

of several markers meaning manual digitisation techniques had to be used over automatic 

tracking techniques.  Additionally the freezing temperatures at the test location meant that the 
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kinematic marker-set was fixed to tights rather than the skin which may have reduced the 

precision of landmark identification and increased the effects of skin movement artefact on 

the data collected.  There may have also been some relative displacement of markers 

throughout the test session due to shifting on the tights while riding the lift, snowboarding, 

and bending down to fasten the bindings, all of which could have potentially generated noise 

in the kinematic data.  

 

12.4.2 Incomplete data sets for participants in Studies Three and Four 

Ten snowboarders were recruited for Studies Three and Four to provide sufficient statistical 

power.  Unfortunately two participants withdrew during the test sessions resulting in a total of 

nine participants in each study.  A malfunction of the data-logger device in one test session in 

resulted in unusable GRF data for one participant in Study Three reducing the amount data 

available for a pair-wise comparison of condition effects on GRF and joint moments.  

 

12.4.3 Modelling assumptions 

A number of assumptions were necessary in the formulation and implementation of the 

snowboarding ankle model.  These assumptions represented a simplification of the underlying 

anatomy and dynamics of snowboard landings, and were a compromise between 

biomechanical validity and the methodological constraints dictated by a field based research 

project. 

 

The anthropometrical data of the generic model were measured from a sample of five male 

participants (Wright, 1998) and were uniformly scaled for each participant based on external 

marker positions and body weight.  Although the attempt at model personalisation would have 

improved the validity of calculated data it is unlikely that data collected on a small sample of 

individuals would be representative of the entire snowboarding population.  

 

Both the ankle and subtalar joints were modelled as fixed axis revolutes.  The literature 

review presented in Chapter 8 highlights that although the majority of foot motion against the 

shank can be adequately described by these joint definitions, most papers have detected 

translation and rotations in other planes for the ankle and subtalar articulations.  These 

supplementary joint motions are not accounted for by the current snowboarding ankle model.  
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Simplifications were necessary in the development of the ligament model.  First, each 

ligament was modelled as a single fibre spanning discrete insertion points.  This is clearly an 

oversimplification of the true anatomy, and cannot provide measures of strain within specific 

regions of the modelled ligaments.  Second, it is impossible to know the length of a ligament 

in its un-stretched state, therefore the ligament strain calculations used length at the neutral 

joint position (0° for all joints) as a reference.  Although useful for identifying the effects of 

interventions on the ankle ligaments, this measurement of relative strain is not a valid 

representation of the true physiological strain.  This must be taken into consideration when 

assessing the presented ligament strain data. 

 

During inverse dynamic calculations a fixed relationship between the foot COM and SFP 

centre was assumed and there are two potential sources of error associated with this 

assumption.  First, it is likely that slight translations of the foot within the boot as well as 

translations of the boot within the binding occurred during the landing motion, creating a 

discrepancy between the estimated and actual COM locations.  Second the use of boots during 

the testing session made it impossible to accurately measure the location of the foot COM 

relative to the SFP centre when snowboarding.  Adjustments were made for each participant 

to centre the boot within the binding and it was assumed that the centre of the boot sole 

coincided with the projection of the foot COM in the horizontal plane.  This assumption may 

have produced a discrepancy between the assumed and actual COM influencing the moment 

arms of the external forces and thus the magnitude of the calculated joint moments.  This 

should be taken into account when assessing comparisons with other research papers, 

however this assumption is unlikely to have influenced the outcome of between-condition 

comparisons. 
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Chapter 13 – Perspective 

 

13.1 Concluding Remarks 

This thesis investigated the biomechanical load placed on snowboarders who participate in 

jumping.  The increased exposure to injuries and apparent potential for risk modification 

though equipment design provided the motivation for the series of experiments conducted.  

Snowboarders were found to fall once for every five jumps performed and aspects of landing 

technique identified to be predictive of falls.  In keeping with previous observations of 

increased lower limb injury rates with jumping, falling events likely to force the ankle 

complex into extreme positions were identified by a qualitative analysis. 

 

A systematic quantitative biomechanical analysis of jump landings was conducted and injury 

risk projections made based on these successful landings; a small sample of falls was also 

recorded.  As expected the external load applied at the boot sole is substantial during the 

landing event with the joints of the ankle complex rotating to positions close to physical ROM 

limits.  Binding angle and boot stiffness appear carry potential for injury risk modification 

during landings by eliciting changes in external force, joint kinematics and moments acting at 

the joint level.  Jump dimensions were found to influence the impact loads applied to the body 

with both magnitude and rate of measured GRFs found to increase with jumps of greater size.  

Overall the risk of injury appears to be low within controlled landings, however falling events 

and undesirable landing positions (on the snow jump) cause a shift from typical landing 

biomechanics toward a more hazardous situation.  Snowboarding is a popular sport in most 

countries with alpine environments, therefore minimisation of injury risk factors though in-

depth biomechanics research will benefit all who participant at a competitive or recreational 

level.  There is broad scope for research advancements within this sport and the final section 

of this thesis will attempt to summarise potential areas of focus. 

 

13.2 Future Research Directions 

Snowboarding is a relatively under-researched sport in the field of biomechanics and thus 

there is a huge potential for future research developments.  This was the first large-scale study 

conducted in an attempt to assess comprehensive biomechanical measures taken during real 

on-snow snowboard jump landings.  It follows that this was also the first series of studies to 
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test the influence of equipment interventions on the GRFs applied to snowboarders at the feet 

during landing and the resulting joint kinematics and kinetics.  Because of the shortage of 

available data almost any investigation into aspects of snowboarding biomechanics would 

yield novel results that will add to the small pool of information available on this sport.  More 

specifically, based on the outcomes of this current research it can be concluded that there is a 

need for further quantitative research regarding the influence of snowboarding equipment on 

jump landing biomechanics.  Additional on-mountain jumping studies will provide a vital 

point of comparison to verify or refute the results of the current study.  Physical and 

computer-based simulation analyses provide scope for in-depth investigation of injury events, 

and the current data may provide a baseline that could be perturbed or input as constraints into 

such injury models.  The progressive work of other researchers who have focused on 

snowboard turning movements should also be continued to build upon the current data on this 

disparate aspect of snowboarding.  Finally, epidemiological data should be kept up to date to 

allow tracking of injury incidence changes over time. 
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Appendix A: Specification data for Futek LCM200 force transducers 
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Appendix B: SFP reaction force, reaction moment and COP equations 

 

The origin of the SFP is located in the absolute centre of the sensor arrangement 

All calculations follow the right hand rule convention 

 

 

Figure B-1 SFP measurement axis definition – x-axis towards nose, y-axis towards heel edge (natural stance), z-

axis normal to snowboard top surface. 

 

Calculation of GRF components 

F = individual sensor force output (as numbered illustration above) 

Fh = horizontal components of individual sensor outputs 

Fv = vertical components of individual sensor outputs  

Fhx = x component of horizontal force,  

Fhy = y component of horizontal force 
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Fx =Reaction force in horizontal x direction (snowboard long axis) 

Fy =Reaction force in horizontal y direction 
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Fz =Reaction force along z-axis (normal to snowboard top surface) 
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Calculation of ground reaction moment components 

R – radius of force sensor distribution 

dx – perpendicular distance from sensors 2, 3, 5 and 6 to the SFP x reference axis 

dy – perpendicular distance from centre of sensors 2, 3, 5 and 6 to the SFP y reference axis 
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Mx = Moment about horizontal x-axis 

My = Moment about horizontal y-axis 

Mz = Moment about horizontal z-axis 

 

)654321(36cos

)6532(36sin

))6532()41((36sin

FFFFFFRMz

FFFFdyMy
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+−+−+−°×=

−−+°×=
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Calculation of centre of pressure coordinates (COP) 

The height offset (0.025 m) between the force application point (inner binding surface) and 

SFP origin has been compensated for in the COP equations. 

 

COPx = x coordinate of COP position 

COPy = y coordinate of COP position 

 

FzMxFyCOPy

FzMyFxCOPx

/)025.0(

/)025.0(

+×−=

−×−=
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Appendix C: Joint definitions and segment inertial properties for the 

snowboard ankle model 

 

 

Table C1 Segment inertial properties (segment reference frames illustrated adjacent). 

segment 

location of COM in segment 

reference frame (m) 

mass 

(kg) 
inertia (kgm

2
) 

x y z   xx yy zz 

tibia/fibula 0 -0.1867 0 3.71 0.0504 0.0051 0.0511 

talus 0 0 0 0.10 0.0010 0.0010 0.0010 

foot 0.1000 0.0300 0 1.25 0.0014 0.0039 0.0041 

toes 0.0346 0.0060 -0.0175 0.22 0.0001 0.0002 0.0010 

snowboard 0 0 0 0.00 0 0 0 

 

 

 

 

Table C2 Joint location and orientation definitions. 

joint 
segment 

type 

segment 

name 

location of joint relative to 

segment reference frame (m) 

orientation of joint relative to 

segment reference frame 

(A.U.) 

x y z x y z 

foot-

snowboard 

parent snowboard 0 0.010 -0.125 0 0 0 

child foot 0 0 0 0 0 0 

subtalar 
parent foot 0.037 0.030 0 0.800 0.625 -0.307 

child talus 0 -0.015 0 0.800 0.625 -0.307 

ankle 
parent talus 0 0 0 -0.105 -0.174 0.979 

child tibia/fibula 0 -0.425 0.004 -0.105 -0.174 0.979 

toes 
parent foot 0.179 -0.002 0.001 -0.581 0 0.814 

child toes 0 0 0 -0.581 0 0.814 

 

  

Y

X

Z

Y

X

Z

Y

X

Z

Y
X

Z
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Appendix D: Summary of all quantitative data 

 

Independent t-tests were used to test for differences between limbs with the threshold for 

significance set at p < 0.05.  Data were pooled irrespective of binding or boot condition.  

Shaded areas indicate statistically significant difference between the front and back limbs for 

that measure. 

 

Force and moment data were transformed into the same anatomical direction so direct 

comparison can be made between feet. 

 

Joint kinematics (Snow Planet studies only) 

 

N = 111 jumps subtalar inversion ankle dorsiflexion knee flexion 

limb back front back front back front 

Min M 15 17 13 -1 26 11 

(°) SD 8 7 9 6 8 8 

Max M 30 31 29 12 57 37 

(°) SD 9 6 5 6 11 9 

Range M 16 14 16 13 32 27 

(°) SD 7 7 9 6 11 8 

Max rate M 340 381 405 366 608 572 

(°/s) SD 168 191 214 174 226 179 

 

 

Ligament strain (Snow Planet studies only) 

 

N = 111 jumps ATFL strain CFL strain PTFL strain 

limb back front back front back front 

Max M -9.6 -5.2 7.9 3.9 14.0 5.6 

(%) SD 1.0 2.1 1.7 1.9 2.8 2.7 

Max rate M -124 -168 113 117 205 161 

(%/s) SD 99 87 61 60 103 77 
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GRF data referenced to anatomical planes (Snow Planet and on mountain studies) 

 

Only jumps for which GRF data were collected for each foot are presented 

 

N = 152 jumps 
Boot Sole Reaction Force 

Fx (lateral) Fy (posterior) Fz (normal) 

foot back front back front back front 

Max 

(N/BW) 

M 0.43 0.29 0.70 0.52 4.10 4.14 

SD 0.35 0.19 0.41 0.30 1.66 1.63 

Min 

(N/BW) 

M -0.56 -0.85 -0.86 -0.80 -0.03 -0.28 

SD 0.22 0.28 0.44 0.45 0.13 0.27 

Max +ve rate 

(N/BW/s) 

M 96 84 144 132 414 455 

SD 67 45 78 57 270 230 

Max –ve rate 

(N/BW/s) 

M -100 -129 -167 -159 -270 -324 

SD 55 69 98 78 181 185 

 

 

N = 152 jumps 
Boot Sole Reaction Moment 

Mx (plantarflexion) My (inversion) Mz (external rotation) 

foot back front back front back front 

Max 

(Nm/kg) 

M 2.01 2.33 0.76 0.95 0.37 0.83 

SD 1.57 1.36 0.39 0.44 0.23 0.61 

Min 

(Nm/kg) 

M -1.54 -1.06 -0.42 -0.31 -0.48 -0.48 

SD 0.69 0.78 0.47 0.26 0.39 0.30 

Max +ve rate 

(Nm/kg/s) 

M 339 347 115 105 82 161 

SD 217 157 91 73 50 92 

Max –ve rate 

(Nm/kg/s) 

M -300 -274 -92 -113 -90 -120 

SD 146 122 67 60 63 64 

 

 

N = 152 jumps Fz Integral over 0.15 s (N/BW.s) 

foot back front 

integral 
M 174 111 

SD 43 51 
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N = 152 jumps COP Position at Peak Vertical Force (mm) 

foot back front 

medial 
M 5 14 

SD 13 14 

posterior 
M 31 49 

SD 45 35 

 

 

Joint moments (Snow Planet studies only)  

For the subtalar joint negative values denote eversion moments and positive values denote 

inversion moments.  For the ankle joint negative values denote plantarflexion moments. 

 

N = 99 jumps Subtalar Joint Reaction Moment 

foot back front 

eversion max 

(Nm/kg) 

M -0.56 -0.77 

SD 0.46 0.36 

eversion max rate 

(Nm/kg/s) 

M -21 -35 

SD 13 44 

inversion max 

(Nm/kg) 

M 0.27 0.10 

SD 0.54 0.33 

inversion max rate 

(Nm/kg/s) 

M 20 24 

SD 14 10 

 

 

N = 99 jumps Ankle Joint Reaction Moment 

foot back front 

plantarflexion max 

(Nm/kg) 

M -2.19 -1.33 

SD 1.39 1.45 

plantarflexion max rate 

(Nm/kg/s) 

M -75 -80 

SD 35 29 
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Appendix E: Consent forms and information sheets 

 

 

 

 

 

Consent Form 
 

 

Project title:  Jump Landings in Skiing and Snowboarding: An Observational Study 

 

 

Researchers: Paul McAlpine, PhD Student  

 Dr Uwe Kersting, Senior Lecturer 

 Nico Kurpiers, MSc Student 

 

I have been given and have understood the explanation of this research project and my 

role as a subject. In particular I have been informed that: 

 

1. I may obtain results regarding the outcome of the project upon completion of 

the study 

2. I may withdraw myself from this study at any time 

3. I may withdraw my data within three months of collection. 

4. My personal information and my identity will remain confidential 

5. A video tape will be made of my performance 

6. Data collected may be used for future studies. Data will be stored on password 

protected computers for 6 years. Written information will be stored in a locked 

filing cabinet in the Department of Sport and Exercise Science. Access will only be 

granted to the Principal Investigator and Student. 

 

 

I agree to take part in this research. 

 

Signed: _________________________________________________________________ 

 

Name (please print):  ______________________________________________________ 

 

Date: _______________________ 

 

 

 

 
APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS COMMITTEE on 13 June 

2007 for a period of 3 years, from 13 June 2007, Reference 2007/123 

Department of Sports and Exercise Science 

Paul McAlpine 

Room 178B, Building 750 

Telephone 373 7599 ext. 82561 
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Participant Information Sheet 
 

 

Project title:  Jump Landings in Skiing and Snowboarding: An Observational Study 

 

Principal Investigator: Paul McAlpine  

 Department of Sport and Exercise Science 

 Room 178B, Building 750, Tamaki Campus 

 University of Auckland 

 Telephone 373 7599 ext. 82561 

 

You are invited to participate in the above named research project, which is being 

conducted by Paul McAlpine (PhD student), Dr. Uwe Kersting and Nico Kurpiers (MSc 

student).  This study is partly funded by a University of Auckland Doctoral Scholarship.  

The general aim of the proposed project is to identify the typical body movements 

involved in ski and snowboard jump landings.  The results of this study will be used to 

supplement future research aimed at injury prevention within these sports.  

 

Participant Eligibility 

 

Snowboarders and skiers over the age of 16 who are actively using the terrain park 

facilities will be approached for participation in this study.  All persons who participate in 

snowboarding and skiing on a regular basis at an intermediate to advanced level are 

possible candidates.  Apart from that there are a few considerations to elect a 

homogenous group of participants.  Participants should not show any kind of acute or not 

fully healed injury. 

 

Procedures 

 

This project will be conducted at Whakapapa and Turoa ski fields, Mt Ruapehu.  Video 

recordings will be made of you performing jumps within the terrain park or halfpipe.  The 

aim of this study is to observe snowboarders and skiers under typical every day 

conditions.  Therefore you will be free to ski within the terrain park or halfpipe as you 

usually would.  There are no specific tasks for you to perform; you can just ski or 

snowboard as you wish.  We will endeavour to make video recordings of each jump that 

you perform during your time in the terrain park or halfpipe.  There is no restriction on the 

time you spend participating in this study or the number of jumps/tricks you perform.     

Department of Sports and Exercise Science 

Paul McAlpine 

Room 178B, Building 750 

Telephone 373 7599 ext. 82561 
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Your agreement to participate in this project will be obtained in writing on a Consent 

Form. Prior to video recording you will be required to complete a short questionnaire 

which investigates your athletic skill and experience level.  Alternatively this questionnaire 

can be sent to you via email to be returned at a later date.  If you chose this option you 

will be required to provide contact information on the consent form. Following the 

completion of the consent form you will be provided a coloured band to wear around 

your wrist.  This will serve to identify you within the terrain park.  This band is to be 

returned at the end of your skiing/boarding session (instructions will be given by the 

researchers). 

 

The risks associated with this study are variable depending on the skill demands of the 

manoeuvres performed.  Please ski/board within you own personal abilities.  However ski 

field staff and the researchers trained in first aid will be at close hand in case of an 

emergency.  

 

The relevant video sequences will be transferred to a computer system and analysed at a 

later date.  The video from all participants will be coded in a form which provides a 

description of typical landing strategies and success rates.  Your personal identity and 

details will remain confidential.   Data collected in this study will be used in studies 

planned in the near future. Data will be stored on password protected computers. Written 

information will be stored in a locked filing cabinet in the Department of Sport and 

Exercise Science. Access will only be granted to the Principal Investigator and assisting 

researchers. Data will be stored for 6 years and will be destroyed after this period. 

 

Further details will be provided by the principal researcher. 

 

Summary of procedure – what you will have to do 

 

1. Approached by researcher, asked if you would like to participate  

2. Agree to take part in the study – sign consent form 

3. Fill out questionnaire or arrange to complete later 

4. Put on identifying band 

5. Continue to ride in the terrain park as you were before 

6. Return identifying band when you are finished in the park (or halfpipe) and/or at a 

time when you wish to cease being filmed 

 

Your Rights 

 

• Your participation is entirely voluntary. If you choose not to take part you will still 

receive the usual treatment/care. 

• You may withdraw from the project at any time without providing a reason.  

• You may have your data withdrawn from the study within three months of data 

collection. 

• You may obtain results regarding the outcome of the project from the 

experimenters upon completion of the study.   

• Your identity will be kept strictly confidential, and no identification of you or your 

data will be made at any time during collection of the data or in subsequent 

publication of the research findings. 
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If you would like to participate in this research project or if you have any questions about 

the project, please contact Paul McAlpine, Dr. Uwe Kersting or Nico Kurpiers at the 

address/phone number provided:    

 

Paul McAlpine 

Department of Sport and Exercise Science 

Room 178B, Building 750, University of Auckland Tamaki Campus 

Telephone 09 373 7599 extn 82561 

 

Dr Uwe Kersting 

Department of Sport and Exercise Science 

Room 317, Building 734, University of Auckland Tamaki Campus 

Telephone 09 373 7599 extn 86859 

 

Nico Kurpiers 

Department of Sport and Exercise Science 

Room 178B, Building 750, University of Auckland Tamaki Campus 

Telephone 09 373 7599 extn 82561 

 

 

The Head of Department is: 

Dr Heather Smith 

Room 319, Building 734, University of Auckland Tamaki Campus 

Telephone 3737599 extn 84681 

 

 

For any queries regarding ethical concerns you may contact the Chair:  

The University of Auckland Human Participants Ethics Committee 

The University of Auckland 

Office of the Vice Chancellor  

Private Bag 92019  

Auckland 1142 

Telephone 09 373-7599 extn. 87830 

 

 
APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS COMMITTEE on 13 June 

2007 for a period of 3 years, from 13 June 2007, Reference 2007/123 
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Consent Form 
 

 

Project title:  Kinematic and Kinetic Analysis of Snowboard Jump Landings with 

a Focus on the ‘Snowboarders Fracture’ - Fractures to the Lateral 

Process of the Talus 
 

 

Researchers:  Paul McAlpine, PhD student 

  Dr. Uwe Kersting, Lecturer 

 

 

I have been given and have understood the explanation of this research project and 

my role as a subject. In particular I have been informed that: 

 

1. I may obtain results regarding the outcome of the project upon 

completion of the study 

2. I may withdraw myself from this study at any time 

3. I may withdraw my data within three months of collection. 

4. My personal information and my identity will remain confidential 

5. A video tape will be made of my performance  

6. Data collected may be used for future studies. Data will be stored on 

password protected computers. Written information will be stored in a 

locked filing cabinet in the Department of Sport and Exercise Science. 

Access will only be granted to the Principal Investigator and Student. 

7. If I am an enrolled student at the University of Auckland the participation 

or refusal of participation in this study will not affect my grades in any 

way. 

 

I agree to take part in this research. 

 

Signed: _____________________________________________________________ 

 

Name (please print):  ________________________________________________ 

 

Date : _______________________ 
 

 

 

APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS COMMITTEE on 14 

November 2007 for a period of 3 years, from 14 November 2007     Reference 2005/031 

Department of Sports and Exercise Science 

Paul McAlpine 

Room 178B, Building 750 

Telephone 09 373 7599 ext. 82561 
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Participant Information Sheet 
 

Project title:  Kinematic and Kinetic Analysis of Snowboard Jump Landings with a 

Focus on the ‘Snowboarders Fracture’ - Fractures to the Lateral Process 

of the Talus 

 

Principal Investigator: Paul McAlpine (MSc)  

 Biomechanics Lab 

 Department of Sport and Exercise Science 

 Building 750, Tamaki Campus 

 University of Auckland 

 Telephone 373 7599 ext. 82561 

 

 

You are invited to participate in the above named research project, which is being 

conducted by Dr. Uwe Kersting. and Paul McAlpine (Masters Student, Msc).  The general 

aim of the proposed project is to identify the body movements and impact forces involved 

in snowboard jump landings.  The results of this study will be used to develop a unique 

data base which will be used in future injury prevention and equipment design studies. 

 

Participant Eligibility 

 

All persons who participate in snowboarding on a regular basis and have done so for at 

least 3 seasons at an intermediate to advanced level are possible candidates for 

participation in this study.  Apart from that there are a few considerations to elect a 

homogenous group of participants.  Participants should not show 
 
1. any kind of acute or not fully healed injury 
2. pain during or following training 
3. a fracture of the lower extremity within the last two years 
4. a severe ankle or knee trauma within the last three years 
5. leg length difference of more than 1.5 cm 
6. Severe abnormalities of leg anatomy  

 

Some of these points can be answered easily. If you’re interested but don’t feel sure if you 

fulfil the criteria please check with us. 

 

Procedures 

 

Your agreement to participate in all procedures used in this project will be obtained in 

writing on a Consent Form. The project will be conducted at North Island Ski fields and the 

Biomechanics Lab at University of Auckland.   Prior to data collection, your body condition 

will be checked for any particular features which might exclude you from participation.   

Department of Sports and Exercise Science 

Paul McAlpine 

Room 178B, Building 750 

Telephone 373 7599 ext. 82561 
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The actual testing requires an intermediate amount of preparation, since a variety of 

parameters have to be obtained. 

 

3D Video recordings will be made to analyse movement dynamics. The system used in 

testing involves a set of reflective markers which are fixed to body landmarks using a mild 

adhesive tape.  Your full body motion will be recorded by the camera system.  The 

relevant sequences will be transferred to a digitising computer system and analysed off-

line. 

 

Two binding adjustment conditions will be tested.  The effect of these adjustments on 

your landing technique will be assessed.  To do this you will have to perform a number of 

snowboarding jumps/landings in a controlled riding situation.  A standard binding system 

will be used with two inbuilt force measuring devices which will enable impact forces and 

joint dynamics during movement to be assessed.  All equipment will be supplied; 

snowboard, boots, bindings. 

 

The risks involved with the experimental tasks are minimal.  However staff trained in first 

aid will be at close hand in case of an emergency.  

  
We would also need to collect some information about your training and sporting history, 
and your perception of binding alignment adjustment on your landing technique. This will 
be done in form of an anonymous questionnaire where we would ask you to provide a 
detailed training history. 
  
If you are an enrolled student at the University of Auckland the participation or refusal of 
participation in this study will not affect your grades in any way. 
 
Due to the rather extensive preparation procedure the whole experiment will take about 
two and a half hours (2.5 hr) in total. No invasive techniques will be applied. 

 

Data collected in this study will be used in studies planned in the near future. Data will be 

stored on password protected computers. Written information will be stored in a locked 

filing cabinet in the Department of Sport and Exercise Science. Access will only be granted 

to the Principal Investigator and Student. Data will be stored for 10 years and will be 

destroyed after this period. 

 

Further details will be provided by the principal researcher. 

 

Your Rights 

 

• Your participation is entirely voluntary. If you choose not to take part you will still 

receive the usual treatment/care. 

• You may withdraw from the project at any time without providing a reason.  

• You may have your data withdrawn from the study within three months of data 

collection. 

• You may obtain results regarding the outcome of the project from the 

experimenters upon completion of the study.   

• Your identity will be kept strictly confidential, and no identification of you or your 

data will be made at any time during collection of the data or in subsequent 

publication of the research findings. 
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Discomfort and incapacity has not been reported from any of the procedures that will be 

used in this project, however, if the procedures cause you concern, you may 

withdraw from the project. 

 

If you would like to participate in this research project or if you have any questions about 

the project, please contact Dr. Uwe Kersting or Paul McAlpine at the address/phone 

number provided:    

 

Dr Uwe Kersting 

Department of Sport and Exercise Science 

Room 317, Building 734, University of Auckland Tamaki Campus 

Telephone 373 7599 extn 86859 

 

 Paul McAlpine 

 Department of Sport and Exercise Science 

Room 178B, Building 750, University of Auckland Tamaki Campus 

Telephone 373 7599 extn 82561, 0276647024 

 

The Head of Department is: 

 

Dr Heather Smith 

Department of Sport and Exercise Science 

Building 734 

University of Auckland Tamaki Campus 

Telephone 3737599 extn 84681 

 

If you have any queries or concerns about your rights as a participant in this study you 

may wish to contact: 

 

The Chair 

 University of Auckland Human Participants’ Ethics Committee 

 Private Bag 92019 

Auckland 

Telephone 373 7599 extn 87830 
 

 

 

 

APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS COMMITTEE on 14 

November 2007 for a period of 3 years, from 14 November 2007     Reference 2005/031 


