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Abstract

Because snowboarders are known to injure their ankles more often than alpine skiers, it
has been postulated that stiffer snowboard boots would provide better protection to the

ankle ligaments than current soft boots do.

To test this hypothesis, we have measured the kinematics of the feet and lower legs of
five snowboarders riding down a course of 10 gates on a ski hill using an
electromagnetic motion tracking system. Results were obtained with each snowboarder
wearing soft boots and stiffer step-in boots. The measurements were expressed in

anatomically relevant rotations of the ankle joint complex.

Two models were developed to predict ligament strains from rotations of the ankle joint
complex: 1) a statistical model using published ligament strain measured on cadaver
specimens at various combinations of ankle rotations as an interpolation and
extrapolation table to predict strains in two ankle ligaments at the rotations measured
during the snowboarding trials; 2) a personalized 2-degrees-of-freedom kinematic model
of the ankle joint complex, based on the Denavit-Hartenberg formulation of serial-link
manipulators, to predict strains in five ankle ligaments from the relative position of the

shank and foot.

The experimental results showed that the left and right ankles are asymmetrically
rotated, mostly in dorsiflexion, eversion and external rotation. Compared to step-in
boots and bindings, soft boots and strap bindings allowed more rotation of the ankle joint
complex and more strain in the anterior talofibular ligament, according to the statistical
model. The kinematid model was not sensitive enough to detect differences in Iigament

strains between the 2 types of equipment. A functional determination of the axes of



rotation of the talocrural and subtalar joints could further improve the predictions of this

model.

This is the first known study to document experimentally the kinematics of
snowboarding. It generally confirms the expectation that softer boots allow significantly

wider ranges of ankle rotation and ligament strain.
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Glossary
Abduction: rotation of the foot in the transverse plane consisting of pointing the foot
laterally (Section 2.2.3, Figure 2-9).

Adduction: rotation of the foot in the transverse plane consisting of pointing the foot

medially (Section 2.2.3, Figure 2-9).
Aetiology: the study of the causes of diseases or health problems (Section 2.4).

Alpine: in snowboarding, riding style that consists of turning while leaning into the curve

close to the ground, in a slalom course or in powder show (Section 2.1.2).

Anterior talofibular ligament (ATFL): lateral ankle ligament going from the talus to the

fibula, almost horizontally (Section 2.2.2, Figure 2-8).

Calcaneofibular ligament (CFL): lateral ankle ligament going from the calcaneus to the

fibula (Section 2.2.2, Figure 2-8).
Calcaneus: heel bone (Section 2.2.1, Figure 2-8).
Carving: see Alpine.

Deltoid ligament (DL): medial ankle ligament joining the tibia to the calcaneus, talus

and navicular bones (Section 2.2.2, Figure 2-8).

Distal: the part of an appendix or organ that is furthest from its attachment point.

Opposite: proximal (Section A.2).

Dorsiflexion: rotation of the foot in the sagittal plane consisting of pointing the foot

towards the knee (Section 2.2.3, Figure 2-9).

" xiii



Epidemiology: the part of medicine that studies the different factors conditioning the
apparition, the frequency, the diffusion mode and the evolution of diseases or health

problems affecting a group of individuals (Section 2.4).

Eversion: rotation of the foot consisting of a combination of abduction, pronation and

dorsiflexion (Section 2.2.3, Figure 2-9).
External rotation: see abduction.

Fastrak: company product name of an instrument that can track the position and

orientation of up to four sensors using electromagnetic fields (Section D.1, Figure D-1).
Fibula: small outer shinbone, lateral to the tibia (Section 2.2.1, Figure 2-8).

Forward leg: in snowboarding, the leg whose foot is attached closest to the nose of the

snowboard.

Freeride: in snowboarding, riding style that is 2 mix between freestyle and alpine.
Freeride snowboards are all-around boards that can be used for tricks, powder snow or

carving (Section 2.1.2).

Freestyle: in snowboarding, riding style that involves performing tricks, jumps and other

aerial manoeuvres in a mogul hill, a snow "half pipe" or a snow park (Section 2.1.2).

Frontal plane: the vertical plane perpendicular to the sagittal plane (Section A.1, Figure
A-1).

Heel turn: in snowboarding, manoeuvre consisting of leaning backwards and turning on

the snowboard edge on the heel side.
Hindfoot: the portion of the foot from the midSection to the heel.
Hyper: more than physiologically normal (opposite: hypo).

Hypo: less than physiologically normal (opposite: hyper).
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In vitro: outside the living body and in an artificial environment (opposite: in vivo).
Experiments performed on a body part removed from the rest of the body are done in

vitro.

In vivo: in a living body (opposite: in vitro). Experiments performed on living subjects,

either conscious or under anaesthesia, are done in vivo.
Insertion (of a ligament): distal point of attachment of a ligament to a bone.
internal rotation: see adduction.

Inversion: rotation of the foot consisting of a combination of adduction, supination and

plantar flexion (Section 2.2.3, Figure 2-9).
Lateral: away from the sagittal plane of the body. Opposite: medial (Section A.2).

Malleolus: outer bony prominence on the medial side of the distal tibia and on the

lateral side of the distal fibula (Section 2.2.1, Figure 2-8).
Medial: towards the sagittal plane of the body. Opposite: lateral (Section A.2).
Origin (of a ligament): proximal point of attachment of a ligament to a bone.

Plantar flexion: rotation of the foot in the sagittal plane consisting of pointing the foot

away from the knee (Section 2.2.3, Figure 2-9).

Posterior talofibular ligament (PTFL): lateral ankle ligament going from the talus to the

fibula, aimost vertically (Section 2.2.2, Figure 2-8).

Process: bony prominence.

Pronation: rotation of the foot in the frontal plane consisting of turning the foot outward

(Section 2.2.3, Figure 2-9).

Proximal: the part of an appendix or organ that is closest to its attachment point.

Opposite: distal (Section A.2).



Sagittal plane: the vertical plane that divides the human body into "symmetric" (apart

from internal organ locations) right and left halves (Section A.1, Figure A-1).

Sensor: the receiving antenna of the electromagnetic position sensors system (Fastrak).
The sensor reports its position and orientation with respect to the coordinate system

defined on the source (Section D.1, Figure D-1).

Source: the emitting antenna of the electromagnetic position sensors system (Fastrak).
All sensor measurements are done in a coordinate system defined on the source

(Section D.1, Figure D-1).

Static metallic noise: a static perturbation of the electromagnetic fields generated by
the Fastrak source, often caused by the presence of ferromagnetic or highly conductive
materials in the vicinity of the source. This perturbation translates into measurement

errors by the sensors (Section D.1, Figure G-2).

Stylus: a plastic rod with a sharp stainless steel tip that can be rigidly attached to a

Fastrak sensor and used to measure points located at its tip (Section F.1, Figure F-1).
Subtalar joint: joint formed by the talus and the calcaneus (Section 2.2.1, Figure 2-8).

Supination: rotation of the foot in the frontal plane consisting of turning the foot inward

(Section 2.2.3, Figure 2-9).

Talocrural joint: the joint formed by the tibia, the fibula and the talus; true ankle joint

(Section 2.2.1, Figure 2-8).

Talus: foot bone between the tibia, fibula and calcaneus, which is involved in both the

talocrural and the subtalar joints (Section 2.2.1, Figure 2-8).

Tibia: main shinbone (Section 2.2.1, Figure 2-8).
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Toe turn: in snowboarding, manoeuvre consisting of leaning forward and turning on the

snowboard edge on the toe side.

Transverse plane: any plane perpendicular to both the sagittal and frontal planes

(Section A.1, Figure A-1).
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1 Introduction

1.1 Motivation for the present study

The human ankle joint is the one that most often sustains ligament sprains, mainly
during sport activities. Ankle sprains are responsible for the second greatest number of
days lost from work due to injury®®. The incidence of injuries to the collateral ligaments

of the ankle is as high as one in 10000 people per day*'.

Between 1989 and 2001, the number of snowboarders in the United States more than
tripled, while the number of alpine skiers decreased by almost one third'. In 2001,
snowboarders made up 41% of those using the slopes in the United States, making
snowboarding the world’s fastest growing winter sport. The incidence of trauma from
snowboarding is 2 to 6 for every 1000 medical examinations, which is slightly higher

than that in alpine skiing'®%8177.178.17¢

In addition to the physical and psychological
damage to the injured, snow-sport related injuries result in significant financial costs for

the health care system and the individuals.

Since the early years of snowboarding, significant advances have been made in
snowboard equipment design. Current boards have metal edges, like those of skis, and
specifically designed bindings and boots. However, there is currently no established
standard for the mounting of the boot to the binding, with each binding manufacturer
producing a system that fits essentially only its own boots. Unlike ski bindings, none of
the bindings used in snowboarding automatically release when a force exceeding a
certain magnitude is exerted on them. Despite the existence of hard boots, like the ones

used in alpine skiing, soft boots are still broadly used in snowboarding. These boots



provide little protection to the ankle but allow a wide range of movement, which is

necessary to perform aerial manoeuvres.

With consideration to injury patterns, snowboarders are more prone to ankle injuries
than alpine skiers are'®'®'°,  Also, snowboarders with soft boots have a higher
incidence of ankle injuries than snowboarders with hard boots have'?897:151.15217%  Thig
led some scientists to suggest two possible ways to reduce the risk of ankle injuries in
snowboarding: 1) using releasable bindings just like those used in alpine skiing®45%178,
and 2) increasing the rigidity or reducing the range of movement of soft

boots45,68, 151,162,178,179

The evolution of snowboard equipment is currently very dynamic but still intuitive. On

the one hand, research and development in snowboarding is motivated by:
o the dramatically increasing popularity of snowboarding and

e the high cost of snowboard related injuries.

On the other hand, it is limited by:

o the particular patterns of injuries to the lower limbs associated with the practice of

snowboarding and
o the lack of information about the mechanisms causing these injuries.

In view of the above discussion, it is evident that there is a need to document the internal
stresses generated in the ankle and to understand their relationship with the type of

showboard equipment used and, ultimately, with ankle injuries.

1.2 Current state of research

Mechanical properties of the ankle have been studied from different perspectives. Some

9,149,133,165,169,181,182,196 7,74,143

investigators have measured the passive and active ranges of

2



motion of the ankle joint complex and reported physiological limits in the three
orthogonal directions. Others have measured the mechanical properties of the

ligaments surrounding the ankie joint complex at different strain rates and have

10,67,144,180,185

observed a viscoelastic behaviour , although failure strain remains unaffected

by strain rate in other animal and human ligaments and tendons*''*?", Three studies

have established statistical models to predict ligament strain from ankle rotation®':'441%4,

In alpine skiing, on-field kinematic measurements have been done in 2-D with

101,115,120,131,136,137,138,157,160 101

electrogoniometers and gyroscopes™', and in 3-D with

138170 and electromagnetic motion tracking systems™, the latter

videographic techniques
offering the advantage of an unlimited field of measurement. Dynamic measurements of
forces acting on ski boots done with strain gauges'™'® and 6-DOF

dynamometers65.83.101,115,121,122,129,136,142,157,158,159,160.193,198.205.206

were adapted to
snowboarding™. Commercial off-the-shelf force plates specifically designed for alpine
skiing and snowboarding measurements are now available®®. On-field kinematic

measurements in snowboarding have not been reported in the literature.

Kinematic models of the ankle joint were developed based on the assumption of fixed-

810919 or instantaneous axes of rotation®'®>'%  Mechanical models

axis revolute joints
have used 3D reconstructions of cadaver or living specimens from biomedical images,
and represented the articular surfaces as contact surfaces and ligaments as either

elastic®®?® or viscoelastic elements'""

. The only available mechanical model used for
the analysis of snowboarding® modeled the ankle in 2-D using torsion springs based on

passive stiffness data.



1.3 Objectives and scope of the thesis

The general objective of this work is to better understand the biomechanics of
snowboarding and the mechanisms responsible for the associated injuries to the ankle.
This would help develop rational strategies for design modifications to snowboard
equipment in order to reduce the incidence of ankle injuries and their severity. More
specifically, this work will focus on documenting and explaining the effect of snowboard

equipment on the strain in ankle ligaments.

In order to realise this objective, three specific objectives are pursued:

1) To document experimentally the kinematics of the lower extremities in snowboarding.
2) To analyze the rotations of the ankle and the strain in its main ligaments.

3) To compare the effects of different designs of snowboard boots and bindings on

ankle rotation and ligaments strain.

The study is limited to measuring the lower leg kinematics of 10 human subjects
snowboarding down a course of 10 gates on a ski hill. Two types of snowboard
equipment were used with each snowboarder, reflecting different boot stiffness and
binding ankle support. Kinematics and anatomical landmark measurements are used to
calculate ankle three-dimensional rotation, and to predict ligament strains using both a
statistical model and a mechanical model. Ankle rotations and ligament strains are

compared to physiological limits.

1.4 Organization of the thesis

Chapter 2 presents background information on snowboarding and anatomy, as well as a
literature survey on ankle injuries, ankie physiology, experimental measurements in

snowboarding, and biomechanical modelling of the ankle. Chapter 3 describes the



experimental procedures and instrumentation to measure the kinematics of the ankle.
Chapter 4 presents the experimental results. Chapter 5 focuses on biomechanical
models developed to predict ligament strains from ankle kinematics. Chapter 6
discusses methodological issues, interprets the experimental results and analyses the
predictions of the biomechanical models. Chapter 7 draws conclusions and suggests

paths for further research in the area of snowboard injuries.



2 Background and Literature Survey

This chapter first presents background information on snowboarding and ankle anatomy.
The extents of the problem of ankle injuries in snowboarding and the proposed
improvements to snowboarding equipment are then reviewed from the scientific
literature and patents. Finally, previous work on the mechanical properties of the ankle
and its ligaments, kinematics and kinetic measurement techniques in skiing and

snowboarding, and biomechanical modelling of the ankle joint are summarized.

2.1 Snowboarding

2.1.1 History of the snowboard

Snow-surfing ("snurfing") was invented in the mid-1960's by the American surfer

Sherman Poppen. The "Snurfer" .(Figure 2-1) was a very simple piece of wood,

resembling a single water-ski without bindings. A handle attached to a rope fastened at

R

Figure 2-1: Left, “snurfer” ad (from www.toyadz.com, reprinted with permission).

Right, early snowboard prototypes (from www.bulgariaski.com).



the front and a traction pad were the sole aids to balance.

Through the 1970's, snurfers refined their tools, modifying Sherman's original plywood
plank by making it wider and longer and by adding skegs for stability. A "snurf freak"
from Vermont, named Jake Burton Carpenter, attached rubber straps to his board for
better control. This was a breakthrough that led him to start the Burton Snowboard
Company, a forerunner in the snowboard industry. Meanwhile, on the west coast of the
United States, skateboard world champion Tom Sims had also begun snowboard
production. In the mean time, in New York, Dimitrije Milovich, an engineer, had formed a

company called "Winterstick”" to make epoxy/fibreglass boards.

This intuitive tinkering, continuing over the next ten years, led to one innovation that
revolutionized the sport: highback bindings. With highbacks, riders could control a

snowboard on hard-packed snow and safely ride on resort terrain.

Snowboarding is now the world's fastest growing winter sport®'*° (Figure 2-2). In 2001,

it was estimated that snowboarders made up 41% of those using the slopes’.
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Figure 2-2: Snow sport participation in the U.S from 1989 to 2001".



2.1.2 Snowboarding equipment

The basic snowboard equipment includes a board, two bindings and a pair of boots.
The snowboarder stands sideways on the board, with his/her boots attached to the
board via the bindings. The snowboarder stance is similar to the surfer or skateboarder

stances (Figure 2-3).

Snowboard equipment has evolved and become specialized, according to the type of
snowboarding activity. Board length, width, sidecut and stiffness, binding design and

boot stiffness vary.

"Alpine" snowboarding involves racing or "carving”, i.e. turning while leaning into the
curve close to the ground (Figure 2-4a), in a slalom course or in powder snow.
"Freestyle" involves performing tricks, jumps and other aerial manoeuvres (Figure 2-4b)
in a mogul hill, a snow "half pipe" or a snow park, where the snowboarder will find all
kinds of obstacles (e.g. a school bus, a picnic table, etc.) to perform stunts over.

"Freeride" snowboarding is a mix of freestyle and alpine snowboarding.

Snowboarders who practice freestyle snowboarding generally prefer a wider, shorter and
less stiff board, with a nose at each end, "strap" or "step-in" bindings and soft boots.

Snowboarders who practice alpine snowboarding would rather select a longer, stiffer

f regular stance

back foot

Figure 2-3: Snowboard stance.

front foot
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Figure 2-4: Snowboarding styles a) alpine (from www.gorp.com) and b) freestyle

(from www.actionreporter.com).

board with "plate” bindings and hard boots.
2.1.21 Types of boards

2.1.211 Freeride

The "freeride" board design (Figure 2-5a) has emerged as the most commonly sold type
(60% of the market). It is an all-around board, which can be used for tricks, powder

snow, and carving. Like any all-around product, while usable for any of these purposes,

Figure 2-5: Types of snowboards a) freeride, b) freestyle, c) alpine. From

www.nidecker.ch, reprinted with permission of Nidecker.



freeride boards typically will not excel at any specific activity.

While freeride boards resemble, in some aspects, freestyle boards, as they both have
identical noses and tails, they also have significant differences. In a typical freeride
board, the binding inserts are set back toward the tail about 2 cm, to improve their
performance and their carving ability in powder; by contrast, on a freestyle board the
inserts are perfectly centred. The freeride board's flex pattern also varies along its
length. To boost their carving capabilities, freeride boards are stiffer in the tail than in

the nose.

21212 Freestyle

Once the most popular design, "freestyle” boards (Figure 2-5b) now represent 35% of
the market. They have an even (symmetrical) flex pattern and a smaller amount of side-
cut than the freeride boards. In general, they are easy to identify from their symmetrical
"twin tip" designs. This design means that the board can be ridden equally well
backwards ("switchstance") as forwards. This type of board excels at all types of tricks.
These boards have a centred binding ingert pattern. Some models have relatively low

"tip/tail heights”, which can create problems in deep powder snow.

2.1.2.1.3 Alpine

The "“alpine” (carving) boards (Figure 2-5c), which account for less than 5% of the
market, are designed for speed. Most of them have a flat tail, like a ski, and a lower
shovel than freestyle models. These design characteristics can make them more difficult
to ride "switch" (backwards), as the blunt tail can have a tendency to dig into moguls.
These boards tend to be stiff with very pronounced side-cuts and a much more narrow

overall shape. When placed on edge they can "carve" spectacular tracks.
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2.1.2.2 Types of bindings

2.1.2.21 Strap bindings

The most common binding style, strap bindings work with all types of soft boots (Figure
2-6). These bindings have two or three adjustable ratchet straps. They are available
with a small, medium or large highback, depending on the need for mobility versus
support and the size of the boot. Highback bindings are good for freeriders as well as
freestylers. Freestylers usually prefer strap bindings with a lower back for more flexibility
and mobility. Others use a soft binding that has no base. This puts the boot in contact

with the board for more sensitivity.

21222 Step-in bindings

These increasingly popular bindings do not automatically release in the same way ski
bindings do, but they easily fasten the boot to the board without straps. Most step-in
bindings are boot-specific, so boots and bindings must be bought together as a system.
Currently, eight boot manufacturers have adopted the binding system developed by

Switch (San Francisco, CA, USA) as their standard, while others, like K2 and Burton, still

Figure 2-6: From left to right: strap bindings, step-in bindings, step-in bindings
with high back, plate bindings. First 3 images from www.k2snowboards.com.

Last image from www.nidecker.ch, reprinted with permission of Nidecker.
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produce step-in bindings only compatible with their own boots. Some step-in bindings
do not have a highback. Instead, compatible boots either have a built-in highback or an
external highback for support. Others do have a highback, creating a similar feeling to
the strap bindings and allowing the boarder to use a softer boot without the hassle of the
straps. Freestylers and freeriders who want the convenience of a step-in system

choose these bindings.

21223 Plate bindings

Most often found on alpine boards, plate bindings are paired with rigid boots that
resemble alpine ski boots. A simple clip, or bail, holds the boot on the board and can be
released quickly. Some have pivoting turntables. On technical descents, plate bindings
with hard boots give excellent edge control, but they do not allow as much lateral flex or

mobility. These bindings are usually chosen for racing or carving.

2.1.2.3 Types of boots

Just as there are soft, step-in and plate bindings, there are also soft, step-in and hard
boots to match them (Figure 2-7). In addition, boots are associated with riding style.
Freestyle usually requires soft, short boots. Freeride requires a boot that is tall and stiff

for good support. Alpine riding demands a hard boot for maximum support and control.

2.1.2.3.1 Soft boots

Soft boots are best for half-pipe, freestyle, freeride and jumping. They have a non-rigid
outer boot, a padded liner and a deep-treaded sole. They close with straps and/or laces
and are flexible. Soft boot bases are rounded at the ends, which makes walking easier
when off the board. Freeriders may prefer a stiffer, more supportive soft boot, while

freestylers usually like a lighter boot with more mobility.

12



Figure 2-7: Soft boot (left), step-in boot (middie) and hard boot (right). First 2

pictures from www.k2snowboards.com, last picture from www.startingate.net.

21232 Step-in boots

Step-in boots look much like soft boots, but they are designed to be compatible with a
particular step-in binding. Because a step-in binding has no straps, a step-in boot is
stiffer and heavier than the standard soft boot, and it has a specific mechanism for

locking into the binding. Most step-in boots have a more rigid sole than soft boots.

2.1.23.3 Hard boots

Hard boots are best for high-speed carving on powder and hard snow. They have a
plastic outer shell, a rigid sole, thick padded inners, and an overlapping centre tongue.
They support the foot, ankle, and lower leg firmly. Hard boots look similar to alpine ski
boots, but they have chamfered tips to avoid overhang and permit more bending while
doing turns. Théy are usually adjusted with buckles and clips. Some models aliow the

shell to be adjusted for flexibility.

13



2.2 Anatomy of the ankle

Before getting into the detailed anatomy of the ankle, it would be helpful to define some

basic anatomical terms (see also Appendix A).

2.2.1 Bones

The ankle is a complex mechanism. What we normally think of as the ankle is actually

made up of two joints: the subtalar joint, and the talocrural joint.

The talocrural joint is composed of three bones (Figure 2-8): the tibia (shin bone) which
forms the inside, or medial, portion of the ankle; the fibula which forms the lateral, or
outside portion of the ankle; and the talus, which is underneath the other two. Beneath
the talocrural joint is the second part of the ankle, the subtalar joint, which consists of the

talus on top and calcaneus (the heel bone) on the bottom.

The end of the tibia forms the inner bony prominence of the ankle, called the medial
malleolus. The outer bony prominence is called the lateral malleolus and is formed by
the small outer bone in the foreleg called the fibula. The ability of the joint to follow a
fixed path of motion without dislacating depends on the unique structural arrangement of

the bones forming the joint and the surrounding ligaments.

2.2.2 Ligaments

Surrounding the bones of the ankle are ligaments, which are fine collagen fibres woven
in parallel bundles that provide elasticity and resist tension in one direction of motion.
The anatomy of the ligaments may be divided into medial and lateral structures. The
three lateral ligaments (Figure 2-8) provide stability by attaching the lateral malleolus to

the bones below the ankle joint (talus and calcaneus). These are the following:
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¢ The anterior talofibular ligament (ATFL, from the talus to the fibula).
e The calcaneofibular ligament (CFL, from the calcaneus to the fibula).
o The posterior talofibular ligament (PTFL, from the talus to the fibula).
/"‘

B

Anterior tibiofibular ligament
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Posterior tibiofibular f
ligament
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Figure 2-8: Anatomy of the ankle: lateral view (top) and medial view (bottom).
Joint labels are framed with a double line, bones with a single line and ligaments

with a dotted line (adapted from Martini et al.'”’, reprinted by permission of

Pearson Education, Inc.).
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The ATFL keeps the ankle from sliding forward and the CFL keeps the ankle from rolling

over on its side.

On the medial side of the ankle (Figure 2-8) is the deltoid ligament complex (DL), which
connects the medial malleolus of the tibia to the talus and calcaneus and provides
medial stability. Pankovich and Shivaram'® have identified five distinct fibre bundles in

the deltoid ligament complex:

¢ The talonavicular ligament (TNL, from the talus to the navicular bone).

s The tibiocalcaneal ligament (TCL, from the talus to the calcaneus).

¢ The superficial tibiotalar ligament (STTL, from the tibia to the talus).

¢ The deep anterior tibiotalar ligament (DATTL, from the tibia to the talus).

s The deep posterior tibiotalar ligament (DPTTL, from the tibia to the talus).

2.2.3 Joint movements

Some joints can rotate around three mutually perpendicular axes of rotation. For the
ankle joint complex, flexion is the rotation in the sagittal plane around the medio-lateral
axis (Figure 2-9a). Plantar flexion consists of pointing the foot away from the knee, while
dorsiflexion consists of pointing the foot towards the knee. Inversion and eversion are
rotations that occur in the frontal plane around the postero-anterior axis (Figure 2-9b).
Eversion consists of turning the plantar side of the foot laterally (turning the foot
outwards), while inversion consists of turning the plantar side of the foot medially
(turning the foot inwards). Although some authors have used pronation and supination
to describe these rotations, the International Society of Biomechani¢cs has recently
recommended the use of inversion and eversion®®. Internal and external rotations, also

referred to as adduction and abduction, respectively, are rotations in the transverse
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Figure 2-9: Rotations of the ankle; a) dorsiflexion and plantar fiexion, b) inversion
and eversion, c) internal and external rotation, d) supination and pronation.

Images adapted from Castaing et al.*.

plane (Figure 2-9¢). Internal rotation (adduction) consists of pointing the foot medially,

while external rotation (abduction) consists of pointing the foot laterally.

Supination and pronation are combinations of rotations that naturally occur in the normal
foot (Figure 2-9d). Supination is a combination of internal rotation, inversion and plantar

flexion. Pronation is a combination of external rotation, eversion and dorsiflexion.

2.2.4 Articular surfaces and physiological axes of rotation

The orthogonal rotations described above were defined by engineers to study the ankle

joint complex using three-dimensional Cartesian analysis. Physiologically, the articular
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surfaces and the ligaments guide the motion about the talocrural and subtalar joints

(Figure 2-10).

In the talocrural joint, the concave surface of the distal end of the tibia, called the
mortise, fits into the convex surface of the talus, called the trochlea tali (Figure 2-11, a

and b). This particular method of articulation makes the talocrural joint somewhat of a

subtalar

talocrural
joint
talocrural
joint
subtalar
joint

Figure 2-10: Physiological axes of rotation of the ankle joint complex (adapted

from Konradsen and Voigt'®®, © Blackwell Publishing 2002, with permission).

fibula

malleolusg

Figure 2-11: Talocrural joint: a) articular surface in frontal view; b) articular
surface in sagittal view (adapted from www.rad.washington.edu); c¢) orientation of

the axis of rotation (from Stiehl'®).
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hinge joint, which was first thought to only permit motion about a single axis® (Figure
2-11c). Although widely accepted for the description of hindfoot (the portion of the foot

57.5060.106135,183 and adopted in many

from the midsection to the heel) motion
mathematical models of the ankie®®1%%174187.1% the hypothesis of an ideal hinge joint
was weakened by other studies??®!10%11712016L181 \hich have shown that the axis of
rotation moves continuously throughout the entire range of motion. The medial and
lateral malleoli, the easily palpable bony prominences on the sides of the ankle, prevent
the talus from medial and lateral motion. The strong collateral ligamentous support and

the hard malleoli permit mostly plantar flexion and dorsiflexion of the ankle joint complex,

while limiting inversion and eversion.

The subtalar joint is made of three mating articular surfaces on the calcaneus and talus
(Figure 2-12a). Functionally, these three articular surfaces act as a single unit and share

a common oblique axis of rotation'®® anteriorly oriented on average 42° upward and 16

Superior aspect Inferior aspect ~1 Midiine
of the calcaneus of the talus z

Figure 2-12: Subtalar joint: a) mating articular surfaces on the calcaneus and talus
(adapted from www.bartelby.com, © Bartleby.com, reprinted with permission);

axis of rotation in b) lateral and c¢) top view (from Stieh!'%?),
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to 23° medially®®'%'% (Figure 2-12, b and ¢). The subtalar joint is mainly responsible for
pronation and supination of the ankle joint complex. Some investigators’®'®” have
observed pure rotation at the subtalar joint, while others®®'26'% have reported a screw-

like motion, a combination of rotation about and translation along the axis of rotation.

2.3 Ankle injuries in sports

The ligaments allow for motion of the bone at the joint, but only within certain ranges of
motion. Ankle sprains occur when the ankle is turned in any direction further than the
ligaments are able to tolerate. This results in a partial tearing or complete tearing of the
ligament. This ligament damage results in the development of abnormal motion at the

joint due to the loss of stability.

The term sprain merely indicates that a ligament has been damaged. Sprains are
divided into several groups depending on the severity of damage to the involved
ligament. A grade I injury is designated for patients who exhibit localized tenderness but
no instability. The ligaments connecting the ankle bones are often over-stretched and
damaged microscopically, but not actually torn. The ankie still maintains the normal
range of motion with little or no impairment of function. A grade Il injury is more severe
and indicates that the ligament has been more significantly damaged, but without
significant instability. This is caused by partial tearing of ligament fibres. A grade Il
injury, which is the most severe case (Figure 2-13a), indicates that the ligament has
been significantly damaged, and that instability has resulted. A grade I injury means
that the ligament has been torn. More than 50% of all ankle injuries are grade | injuries

and do not require invasive surgery or massive rehabilitation procedures.

The ankle sprain, the lateral ankle sprain in particular, is the most common sports-

related injury*®*—occurring mostly in sports involving running or jumping. This ankle
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a) b)

Figure 2-13: Ankle sprains: a) grade Ill ligament sprain resulting from complete

disruption of ligament fibres (from www.medicaimuitimediagroup.com, © Medical
Muitimedia Group 1997, reprinted with permission); b) inversion sprain of the
ankle, anterior view (from www.acfas.com, © The American College of Foot and
Ankle Surgeons, reprinted with permission); c) basketball player injuring his ankle

(from www.usatoday.com).

sprain results from an inversion injury in 90% of all cases (Figure 2-13b). This can resuit
from an athlete landing on his or her inverted foot, landing on a team-mate's or
opponent's foot (Figure 2-13c), or landing on an obstacle. The major damage to the
ligaments occurs during the follow-through motion of the body due to its inertia,
increasing the degree of inversion and the moment exerted on the inverted joint. The
inversion tears the anterior talofibular and calcaneofibular ligaments. At the moment of
the ankle spraining, an athlete's ability to activate his or her shin muscles is critical to

providing resistance to counter this inversion.

Occasionally, when the ligaments heal, they are weaker or looser than prior to the injury.
This results in an ankle that is more likely to be unstable and twist more easily.

Sometimes, it is necessary to wear a brace to support the ankle (Figure 2-14a) when
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walking on uneven ground or during sports. On rare occasions, it is necessary fo

surgically reconstruct the ligaments (Figure 2-14b).

2.4 Ankle injuries in snowboarding

The number of sport-related injuries that require medical assistance is nearly equal to
twice the number of injuries caused by motor vehicle accidents®. A recent study’®, done
at the Hospital for Sick Children in Toronto (Ontario, Canada), shows that hospital costs
for snow-sport (including ski, snowboard and toboggan) injuries were over 27000$ per
patient, outpatient services (rehabilitation hospitals, home care nursing and
physiotherapy) over 15000$ per patient and financial impact to the family (including lost

parental wages) over 1500% per patient.

The following sections present a review of epidemiological studies on snowboard
injuries, propose aetiological explanations and suggest corrective measures.

Epidemiology refers to the prevalence of a heaith problem and the characterization of

a) b)
Figure 2-14: a) MalleoLoc ankle brace by Bauerfeind (from
www.orthobionics.com); b) ankle ligament reconstruction (from

www.orthobluejournal.com).
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the affected population. Aetiology is the study of the causes of health problems.

2.4.1 Epidemiology

Injury patterns in snowboarding resemble the kind of injury patterns that occurred in
alpine skiing 30 years ago. Before the 1970s, ankle injuries were common in alpine
skiing. The last 30 years, however, have seen a shift in the injury pattern in alpine
skiing, from ankle sprains and tibial fractures to knee injuries (anterior collateral ligament
strain or tear), mainly due to the change in design of the ski boots, which became higher

and more rigid.

The incidence of trauma from snowboarding is 2 to 6 for every 1000 medical
examinations, which is slightly higher than that in alpine skiing, as reported in
epidemiological studies comparing the two populations'’'988178177178178 |5 the largest

published epidemiological study'™

, involving 19019 reported injuries over an 8-year
period, the injury rate in snowboarders was 36% higher than in alpine skiers, which

represents a statistically significant difference.

Shealy et al."” have reported the injury rate distribution by comparing it to a control
group and taking into account the gender and skill level. They observed a higher injury
rate (per 1000 skier-days) for women (4.1) than for men (2.8), which, once distributed
according to skill level, become equal. This difference comes from the fact that beginner
snowboarders have a higher injury rate (men: 11.2; women: 11.7) than intermediate
(men: 2.2; women: 2.0) or advanced (men: 0.78; women: 0.62) snowboarders and that a
higher proportion of beginners is found in the women group than in the men group in this

sport.

Unlike alpine skiers, snowboarders have both feet attached to the same board with non-

release bindings and most of them wear very flexible boots. Therefore, it is not
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surprising that injuries are distributed differently on the body in snowboarding and in
alpine skiing (Table 2-1). Among the largest differences, snowboarders are 4.9 times
more prone to injure their wrist and 2.4 times more prone to injure their ankle, while
skiers have 15.9 times more chance to injure their thumb and 2.6 times more knee
injuries.

Apart from differences with alpine skiers, snowboarders are injured differently,
depending on their type of equipment or their stance on the snowboard. Snowboarders
with soft boots have a higher incidence of ankle injuries than snowboarders with hard
boots 087151152179 gome authors'®819458987.180152 haye also observed a higher
proportion of injuries to the lower extremity (leg, knee, ankle and foot) located forward on
the snowboard (62.5% to 91%). Others®'5""%1° report more injuries to the left leg

(54.4% to 75.4%) than the right leg, also mentioning that the majority of snowboarders

Table 2-1: Percentage of injuries to each body part in snowboarding and alpine

skiing (pooled results of 14 epidemiological studies).

snowboarding alpine skiing

pooled number of injuries 6178 37779
time period covered 1986-1997 1988-1997
references 3,19,28,40,45,68,97,107, 19,40,45,76,107,

151,152,168,178,190,192 168,178,190,192
head/face/neck 11.4 147
shoulder 8.2 10.1
upper arm 25 1.5
elbow 27 0.0
lower arm 6.4 1.8
wrist 18.2 3.7
hand 34 0.3
thumb 0.7 1.1
finger 1.0 0.0
trunk/back/pelvis/hip 8.4 38
knee 14.0 36.2
lower leg 4.0 8.6
ankle 15.8 6.6
foot 1.5 0.1
other 1.6 14
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(52% to 62.8%) use the position called "regular”, i.e. with the left leg forward, rather than

"goofy", i.e. with the right leg forward.

2.4.2 Aetiology

Few authors have looked at the cause of injuries®®4%4%%%78  Much of the time (23%° to
32%*), injuries in snowboarding involve no particular activity other than riding in a
straight line, standing still or stopping ("regular snowboarding”). Turns are involved in
21%* to 55%% of injuries. According to other investigators, 10%'°, 14%*°, 16%* and
even 41%* of injuries in snowboarding occur while jumping or performing an aerial

manoeuvre. Collisions are responsible for few injuries (4% to 9%*°).

The most frequent mechanism of snowboard injuries is falling (impact with snow),

accounting for an average of 62.7%, while torsion and flexion are involved in about

16,17,68,97,162,177,179 179

32.7% of injuries Shealy'”® reports that falls are more frequent in

snowboarding than in alpine skiing.

Epidemiological studies have shown that the forward leg is more often injured than the

152 explained this phenomenon by the unequal distribution of

other leg. Pino and Colville
the weight of the snowboarder, who, in order to make a turn, puts more weight on the
front leg, thus increasing the mechanical stresses in this leg. Davidson and Laliotis*
add that the front foot is often placed at an angle between 30 and 45 degrees relative to
the transverse axis of the board instead of being parallel to this axis like the rear foot.
During a fall, the extremity of the board rammed into the snow acts like a lever,

exercising different moments to the two legs, which may be more harmful to the front

leg.

Several investigators?989.97.150.192188 4egeribe the mechanism of ankle injury to be a

combination of hyper-dorsiflexion and inversion of the foot. This mechanism would also
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be responsible for the fracture of the lateral process of the talus, a fracture more
frequent in snowboarding than in any other sport and called the "snowboarder's
ankle"™®. Indeed, when the foot is inverted, the subtalar joint loses its congruence and
the pressure is concentrated on the lateral process of the talus. Other authors also
mention hyper plantar flexion, inversion and eversion when the snowboarder falls

152

backwards'>“, as well as eversion and the combination of eversion and dorsiflexion for

the fracture of the lateral process of the talus'®.

Some studies have tried to correlate injuries to the lower extremities with the type of
boots used (soft or hard). Some investigators inferred that the injury pattern observed
during the evolution of alpine ski boots could repeat itself in snowboarding. Pino and

Colville'®

reported an injury rate in snowboarders wearing soft boots that was twice that
in those wearing hard boots. Some have observed that a higher proportion of
snowboarders with ankle injuries wore soft boots, while a higher proportion of
snowboarders with knee injuries wore hard boots'®%%'"°  Others, although not having
specifically documented the types of boot in their injured population, have attributed the
higher proportion of ankle injuries in snowboarding than in skiing to the skiers' use of

40,465,107

hard boots . Pigozzi et al.™®' conclude that snowboarders wearing hard boots are

less prone to injuries to the lower limbs than those wearing soft boots.

Finally, based on their epidemiological data, Kirkpatrick et al.® have reached the

following conclusions:

o Soft boots expose the ankle to a higher risk of sprain but protect it against fractures

of the lateral process of the talus.

o Hard boots expose the ankle to a higher risk of fractures of the lateral process of the

talus.
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2.5 Snowboard equipment technological advances

2.5.1 Epidemiologists’ recommendations

Some authors noticed that non-release bindings found on most snowboards reduce the

3,190

frequency of certain types of injuries such as lacerations and knee

injuries'®146.1511881%0  ggpecially to the medial ligament®. Nevertheless, several others

suggested that release bindings could reduce the number of ankle injuries®'8184568.178

In that case, given the weight of the snowboard, when one foot is released, a
mechanism should automatically release the other foot to avoid creating large moments
on a leg still attached to the snowboard'®®'781%  Mareover, the snowboard should

include a braking system instead of a strap attached to one of the legs to avoid the

‘19.178

snowboarder from being hit by his or her own snowboard during a fal . However,

using release bindings would limit freestyle activities, in which extreme movements are
common and a sudden release of the bindings could be dangerous'. Shealy et al.'

suggested, as a compromise, a binding that can "relax" without releasing.

Some studies showed that snowboarders wearing hard boots or boots with an ankle
support have fewer ankle injuries®>'®.  Soft boots seem to protect less the
ankle**45%8.1% bt produce lower stresses on the legs, thus reducing the chance of

contusions or fractures®. Some authors thus recommended the use of more rigid

68,178

boots , although they mentioned that these rigid boots could interfere with turning

178

techniques'’™ or increase the frequency of knee injuries while decreasing the frequency

3,45,68,151

of ankle injuries . The use of boots containing a rigid insert*>®® or which could

17817, at least for the front leg™"'*2, would be

limit the motion of the ankle to a safe range
the best solution according to other investigators. These "hybrid" boots would be

especially recommended for beginners'®'®, because they are more comfortable than
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hard boots and an injury, if it should happen, would have more chances of being an
ankle sprain, which is less severe than an injury to a knee ligament®. Finally, others
suggested that different protection solutions should be used for men and women®'”,
the latter having about 2.5 times more knee injuries than men, while men have twice as

many ankle injuries as women'”’.

2.5.2 Unreleased patented products

Although since 1988 several releasable binding designs have been patented in
Canada®'"? and the USA'8245484717984182 there has been no consensus on their use
and, to our knowledge, none of them has been released in the market. A review of the
scientific literature reveals no documentation of the movements leading to ankle injuries
in snowboarding. Thus, it appears that these design modifications to bindings and boots
are intuitive and the determination of their efficiency is based on speculation. This is
especially disconcerting for releasable bindings, which should release when external
forces or moments that can cause injuries are applied. While the direction and
magnitude of those forces remain unknown, it seems that inventors' opinions are the

main justification for releasable binding mechanism designs.

There is a trend for more rigid, "hybrid", boots and rigid inserts for soft boots to become
increasingly popular. Without knowledge of the injury mechanisms, hybrid boots may
sacrifice range of movement in directions that are harmiess to the snowboarder and,

thus, unnecessarily compromise his or her performance in this sport.

2.6 Mechanical properties of the ankle

Ankle sprains result from mechanical "failure" of ligaments. Therefore, the mechanical
properties of the ankie joint and of its ligaments are related to ankle sprains. The range

of motion of the ankle joint provides values for maximum rotation of the ankle in every
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direction. If ankle injury were displacement dependent, as Dorius and Hull suggested®,
rotation past those values would cause injuries. Stability of the ankle is due to the action
of its ligaments. Some ligaments rotate without elongating throughout the range of
motion of the ankle. For instance, the CFL remains almost isometric throughout the
flexion of the ankle joint'®. Such ligaments guide the ankie motion in a preferred
passive path and prevent dislocation of the joint. Other ligaments, such as the PTFL,
are slack most of the time and start to stretch near the extremes of the range of motion

of the ankie'®®

. These ligaments limit the range of motion of the ankle. The range of
motion and stiffness of the ankle is thus a function of the mechanical properties of the

ligaments.

2.6.1 Range of motion

In vitro as well as in vivo studies on the ankle range of motion have been reported in the
literature (Table 2-2). Early experiments were mostly done using sagittal radiographs,
goniometers or potentiometers, while recent studies used more precise three-

dimensional stereoscopic techniques, either sonic, video or optoelectronic.

The ranges of motion were measured passively or actively. When measured passively,
the foot was rotated relative to the shank in different directions until a certain external
force was required to maintain the rotation (in vitro and in vivo) or a subject-assessed

pain threshold was reached (in vivo). Parenteau et al.'*®

reported the in vitro rotation at
failure, as determined by audible indication of tissue damage, joint popping or fracture.
In active measurements (in vivo only), the subject was asked to rotate his or her foot in

different directions until he/she reached the maximum rotation, for which muscle forces

cannot overcome the stiffness of the ankle.
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Table 2-2: Range of motion of the ankle (mean + standard deviation).

First author 3 € c -
bt » » [ 8 E e [ ©
g § § ¢ 3 8 & 2 f§ 5 £ B
£ g £ 2 % 2 £ z n 2 5§ ¢
3 s 7] < s ]
;:
Year 1973 1982 1985 1986 1988 1992 1993 1993 1994 1995 1998 g
Ref. 169 165 133 196 181 143 74 182 9 148
Type of study Invivo  In vivo In vivo In vivo In vitro In vivo In vive  Invivo  In vivo In vivo In vitro
Measurement o Stereoscopic o
technique £ g g E 2 ,E
D- Q 5 L} B
g g E .CE? Q o § Q g 2
g s e £ 2 8 8 8 g s =
5 E & § & ¥ - B 86 § §
& 8 8 ;_6 @ S > > "é & 8 E
(A)ctive/(P)assive P P P P P A A P P
Axial loading (N) body 0 0 0 0 0 100 100 100 0 0
weight
Age (yr) 20-65 30-40 18-20 22-32 70+13 20-39 17-20 27+3 6418 19-40 20-50 52-89
No of subjects 16 5 96 272 6 15 30 31 7 10 18 121 8
Dorsifiexion (°) 2147 238 1546 9+4 2543 2647 2781 21 22 13+5 44+11 202
Plantar flexion (°) 2318 23110 4018 48+1 4114 4519 45+x1 35 28 314 7246 396
Inversion (°) 2817 3247 1614 2117 2711 19 15 20+5 2816 3448 286
Eversion (°) 2815 414 1615 1545 12+t 11 10 22+4 1044 3327 112
Internal rot. (°) 22+6 38+8 451 11 5 1543 293
3048 35+10 31+14 12 16 2414 28.0

External rot. (°)

Axial loading on the limb simulates body weight but neglects the additional compressive

forces on the joint due to muscle co-contraction. Full body weight can be used to study

a movement during which the subject stands on one limb at the time, like walking,

whereas half the body weight can be used for movements during which the subject has

his/her weight equally applied on both limbs, like diving. Unloaded conditions refer to

the situation for which the testing is done with no axial force on the limb. Most authors

have observed the largest range of motion in plantar flexion and the smallest ranges of

rotation of the ankie in dorsiflexion and eversion,
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2.6.2 Mechanical properties of the ligaments

Tendons and ligaments possess time- and history-dependent viscoelastic properties,
assumed to be related to complex interactions of their constituents, namely collagen,
water, proteins and ground substance®?. Stiffness and failure load increase with strain
rate whereas failure elongation and failure strain remains unchanged at traumatic strain

rates (up to 150000 mm/min) versus quasi-static loading, in human Achilles tendon'**,

207 4

human cervical spine ligaments®” and rabbit knee ligaments*-—an adequate animal

model to investigate the failure of human ligaments during trauma'!. Similarly to other
collagenous tissues, ankle ligaments exhibit strain-rate dependent'®, nonlinear'®®
stiffness. Although the failure properties of ankle ligaments were characterized at
different strain rates by different investigators (Table 2-3), the effect of strain rate on
failure load and elongation has not yet been reported. Despite a large discrepancy in

published results, the ATFL was unanimously shown to be the weakest of all ankle

ligaments, possibly explaining why it is also the one that is most often injured.

2.6.3 Relation between ankle rotations and ligament strains

The in vitro strain in selected ankle ligaments throughout the range of motion of the
ankle were reported in three studies (Table 2-4). Cadaver ankie specimens were placed
in combinations of flexion (dorsi-/plantar), version (in-/e-) and rotation (internal/external).
For each combination, the ligaments strain was measured. All studies reported that the
maximum strain in the ATFL occurred at the combination of maximum plantar flexion,
adduction and inversion, while maximum strain in the CFL occurred at maximum

dorsiflexion and inversion.
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These sets of data provide statistical models to interpolate and predict ligament strain
from ankle rotation. How these strains relate to ultimate values reported in Section 2.6.2

depends on the way they are reported. Nigg et al." and Colville et al.** chose to report

Table 2-3: Failure properties of the lateral ankle ligaments (mean + standard

deviation).
First author St. Pierre Attarian Siegler Nigg Funk pooled
Year 1983 1985 1988 1990 2000 average
Ref. 185 10 180 144 87
Donor  Age (yr) 64114 58 68115 47423 50+7 63
Height (cm) 165 17149 168
Weight (kg) 68 69115 69
Disptacement rate (mm/min) 125 800-1000 3.2 1000 280 260
No of specimens ATFL 36 12 20 3 2 73
CFL 16 20 3 2 41
PTFL 4 20 2 26
Width (mm) ATFL 8.312.2 7.610.4 8.1
CFL 6.8+0.4 6.8
PTFL 7.8£0.4 7.8
Length (mm) ATFL 13.6+4.8 10.50.6 17.813.1 12.8
CFL 17.540.7 27.7+3.3 17.5
PTFL 15.310.9 21.243.9 15.3
Cross-sectional area  ATFL 12,9477 12.9
(mm?)
CFL 9.746.5 9.7
PTFL 21.9+18.1 21.9
Ultimate load (N) ATFL 207+128 139424 231+129 130463 297+80 202
CFL 346155 307+142 296131 598153 336
PTFL 261132 4181191 554195 404
Ultimate elongation ATFL 51+0.5 2.5+0.8 3.5
(mm) CFL 6.310.5 3.7+0.7 4.9
PTFL 13.131.6 3.5+0.9 8.1
Ultimate Stress (MPa) ATFL 24.2+16.9 24.2
CFL 46.2436.6 48.2
PTFL 26.0+24.8 26.0
Ultimate Strain ATFL 0.5310.06 0.1510.06 0.29
(mmimm) CFL 0.38:0.03  0.13:0.03 0.24
PTFL 1.0040.15 0.17+£0.05 0.31
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Table 2-4: Comparison of three studies reporting the in vitro strains in ankle

ligaments throughout the range of motion of the ankle.

Author Renstrdm Nigg Colville
Year 1988 1990 1990
Ref. 164 144 41
Measurement technique Hall effect transducers  pins, dividers and ruler strain gauges
No of specimen 5 3 10
Age (yr) 42-67 34-73 28-79
Ligaments ATF, CF ATF, CF, DL ATF, PTF, CF, DL
Range of dorsiflexion/ plantar 10(D)-40(P) 15(D)-30(P) 20(D)-30(P)
flexion
Range of inversion/eversion 20()-15(E) 15()-15(E) imposed torque
+3Nm
Range of 10(Ab)-10{Ad) 13({Ab)-13(Ad) imposed torque
abduction/adduction +3Nm
Result format % strain relative to % strain relative to % strain relative to
{ength in neutral minimum length, © minimum length
position normalized with

maximurm length

the strain relative to the minimum length value measured throughout the range of motion
for each ligament. Renstrém et al.’ preferred reporting the strain relative to the length
of the ligament when the ankle is in neutral position (zero rotations). It is debatable
whether these “zero strain” definitions correspond to the zero strain conditions used in

tensile tests.

2.7 Kinematics and kinetic measurements in skiing and snowboarding

On-field kinematics measurements in alpine skiing have been done in 2-D using electro-

101,115,120,131,136,137,138,157,159 and gyroscopes101 .

goniometers or rotary potentiometers
Three-dimensional measurements using videographic techniques''’° were used to
measure the whole-body kinematics, with low precision on specific joints rotations and a
small measurement volume, because the position, orientation and zoom of the cameras

were fixed during the data acquisition.
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Electromagnetic motion tracking systems have also been used to measure 3-D
kinematics of the leg in alpine skiing”>. This technique has the advantage of allowing a
measurement field virtually unlimited because it travels with the skier, but the
disadvantage of referring all measurements to a coordinate system carried on the skier,
which is not at a constant orientation with respect to the direction of gravity. Moreover,
this technique does not account for foot motion inside the ski boot, because ankle
rotation was measured as the relative motion between a sensor located on the skin over
the tibia, and a sensor attached to the boot. Electromagnetic sensors are too big to fit
inside a shoe or boot. Woodburn et al.?® successfully by-passed this problem by cutting
out a rear window in a shoe and attaching the sensor on the skin over the posterior part
of the calcaneus (Figure 2-15). Electromagnetic systems are precise enough to track
several foot bones (calcaneus, navicular and first metatarsal) with skin-mounted sensors
in a laboratory barefoot walking experiment®. Static metal parts in the measurement
volume create distortions in the electromagnetic field and measurement errors*®'34145,
which can be compensated for by one of several metal-mapping techniques proposed in

the “terature23,47.84.95.96.99,1 14,132,208



On-field kinemtic measurements of normal forces acting on ski boots have been done

131,138

using strain gauges located under the boots and pressure transducers placed

1021103,104105171  The three components of the forces and moments

inside the boots
transmitted to the boots by the skis have been measured using six-degree-of-freedom
(DOF) strain gauge dynamometers, located under the toe and heel

65,83,101,115,136,142,157,158.159,1931%8  and using one 6-DOF strain gauge dynamometer

bindings
per ski as part of an experimental electronically releasable binding located under the

middle of the boot121,122,129,160,205,206

Similar measurement techniques have been adapted to snowboarding. Plate bindings of
alpine SB were adapted to fit on a 6-DOF strain-gauge-based dynamometer'®. In that
experiment, Bally and Taverney observed no significant correlation between measured
loads and snowboarder's weight. They concluded that setting tables for snowboard
release bindings, analogous to those used for alpine ski bindings, could not be

produced. Other researchers®® have simply equipped freestyle and alpine SB with two

Figure 2-15: Electromagnetic sensor attached to calcaneus posterior skin surface
in modified shoe (from Woodburn et al.?®, by permission of the British Society for

Rheumatology).
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custom-made 6-DOF force plates located between each binding and the board. Kniinz
et al.®® observed larger forces on the forward boot than on the other boot. They found
that no force was applied on the forward boot during heel turns. Larger forces were aiso
measured with carved turns (alpine snowboarding), especially toe turns, than with
skidded turns (freestyle snowboarding). On-field snowboarding kinematic

measurements have not been reported in the scientific literature.

2.8 Biomechanical modelling of the ankle joint

Estes et al® published the only computer model of the ankle joint applied to
snowboarding. They have modeled the ankle in 2-D as torsion springs, based on
passive stiffness data from Chen et al.* to study ankle deflection during computer

simulated forward falls in snowboarding.

Few 3-D geometrical or mathematical models of the ankie have been developed so far.
Some authors have attempted to model the 3-D kinematics of the ankle using the
instantaneous axes of rotation of the talocrural and subtalar joints throughout their

physiological range of motion®®1831%

, using 4-by-4 transformation matrices between the
tibia, the talus and the calcaneus®, using a four-bar linkage between the tibia and the
calcaneus'®, or using kinematic measurements on cadaver specimens as a statistical
model to predict talus orientation from tibia and calcaneus orientations®>. Other
kinematic models have represented the ankle joint complex as a 2-DOF system,
modelling the talocrural and subtalar joints as fixed-axis revolute joints, to predict

ligament strains® and orientations'®, and to calculate the position of the axes of

rotation'®,

Mechanical models have been used to study the effect of surgical changes in

musculoskeletal geometry and the ways by which musculotendon parameters affect
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muscle force®®. Finite element models of the foot and ankle were defined from 3-D

209 36,111

reconstructions of magnetic resonance™ or CT images of a foot, with articular

surfaces modelled as contact surfaces and ligaments modelled as tension-only truss

209 11

elements™, springs and dashpots'" or linear elastic homogenous 4-node tetrahedral

solids®.

Several issues are raised by this literature survey. Injuries on the ski hills are
anatomically distributed differently according to the type of sport, snowboarders getting
fewer knee injuries and more ankle injuries, especially to the anterior talofibular ligament
(ATF), than alpine skiers. Whether this is due to the differences in equipment or in
specific motions associated with each sport is so far purely speculative. Whereas over
40 studies report on the epidemiology of snowboard injuries, only three have

investigated the biomechanics of showboarding.

The use of a 2-D computerized model of a snowboarder to study the mechanism of
ankle injuries was reported in one article. Since the ankle joint complex is often
approximated as two revolute joints having their rotation axes oriented differently in 3-D,

conclusions of such a 2-D analysis of ankle biomechanics must be regarded cautiously.

Aiming at determining the threshold force for automatic release bindings, measurements
of forces acting on the boots during typical snowboard manoeuvres were reported in two
conference abstracts. As the failure load of ankle ligaments was observed to be strain-
rate dependent, one might wonder about the possible efficiency of a binding with a

release criterion based on force alone.

Despite the fact that failure strain does not seem to be affected by strain rate, no

investigator has reported on the measurements of the kinematics of a snowboarder’s
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lower limbs. This is probably due to the technical difficulties of performing precise 3-D
kinematic measurements on outdoor winter sports, as demonstrated by the small
number of studies on alpine skiing 3-D kinematics. Among those studies, the one using
electromagnetic motion tracking technology shows attractive advantages over

videographic techniques.

Finally, different types of mechanical models have been used to study the biomechanics
of the ankle joint complex. Mechanical models offer the advantage of being able to
predict positions, deformations or forces that are difficult to measure in vivo, using non-
invasive kinematic or kinetic measurements as input. The use of a deformable or non-
deformable bodies approach, with a finite element or a kinematic model respectively,

depends on the nature of the measured input values and expected output predictions.
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3 Instrumentation and Experimental Procedures

3.1 General comments

The objective of this research was to study the effect of the type of snowboard
equipment on ankle kinematics under snowboard loading. This requires measurements
to determine how close the ligaments are to injury limits during normal snowboarding

manoeuvres.

Ankle kinematics can be used to extract physiological variables, such as the rotation of
the ankie joint complex, or mechanical variables, such as ligament elongation or strain.
Ligament strain, rather than load or stress in the ligament, was selected as the
dependent mechanical variable to be examined in this study because ligament failure
strain does not seem to depend on strain rate (as discussed in Section 2.6.2). In order
to avoid invasive measurements of ligament strain on human participants, an indirect

kinematic approach was chosen.

The experiments consisted of measuring the 3-D relative motions of the shanks and feet
of nine participants executing regular snowboard manoeuvres, using two different types
of snowboard equipment. After unsuccessful trials with a stereovideographic technique
(see Appendix B), electromagnetic motion tracking was selected as the most suitable

technigue to measure showboard kinematics on the ski hill.

This approach, summarized in Figure 3-1, is indirect because only the position and
orientation of body segments are measured. Neglecting the motion between the bones
and the skin markers used to track the segments, the combination of 3-D kinematic
measurements of the shanks and feet with an anatomical calibration, to define the

position and orientation of the bone with respect to its attached sensor, allows tracking
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the position and orientation of the calcaneus and tibia in 3-D space. Then, considering
that ligaments connect two bones together from fixed insertion points, assumptions and

models can be used to predict ligament strains from bone positions and orientations:

1) A statistical model was built on average relationships between ankle rotation

SUBJECT ] CADAVER
KINEMATIC DATA GEOMETRIC DATA GEOMETRIC DATA

sussg

WPASERSVIRPELBAZIBYREA

geometrical model

anatomical
calibration

generi¢ kinematic
model

3D position and
orientation of each
bone

LITERATURE

average
rotation-
elongation

personalized
kinematic model

relation
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Figure 3-1: Overview of the measurements and caiculations required for the
project. Light grey boxes represent measurements (the tag on the side of the box
indicates the type of apparatus used), dark grey boxes contain published data
taken from the scientific literature, white bubbles are intermediate calculation
results and black bubbles are final results to be compared with limit values from
the literature. Black arrows indicate flow of data with the statistical model
approach and grey arrows indicate flow of data with the kinematic model

approach.



and ligament strain from published cadaver studies. Ankle rotations were
calculated from relative bone orientations. The statistical model predicts the

strains in ankle ligaments from ankle rotations.

2) A kinematic model, obtained from medical images of a cadaver leg specimen,
was personalized to each participant's morphology using the anatomical
calibration data. The model predicts the position and orientation of the talus,
which is the missing link in the kinematic chain between the tibia and the
calcaneus. The model assumes no relative motion between the tibia and the
fibula. Thus, from specified positions of ligament insertion points on each bone,
the model can predict the strain in ligaments joining any two bones among the

tibia-fibula, talus and calcaneus.

Ligament strains obtained with either approach can then be compared with published
ligament failure strains. Moreover, because the statistical model necessarily involves
calculating ankle rotation, these rotations can be compared with published physiological

ranges of motion for the ankle joint complex.

All assumptions and models will be detailed and discussed in chapter 5. The present
chapter will describe the apparatus and procedure used in the experimental part of this
project, and present the calculations required to express the experimental data in terms

of ankle rotations.

3.2 Participants

Nine male volunteer snowboarders aged 20 to 34 participated in the study. The
inclusion criteria were 1) willingness to participate; 2) availability at the specified dates
and times; 3)expertise on a freeride or freestyle snowboard (soft boots) at an

intermediate level or better as evaluated by the participant; 4) shoe size male 9;
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5) agreement to sign the informed consent form (see Appendix C). The only exclusion
criterion was the occurrence of any past or present musculoskeletal injury to the lower

limbs that could have an effect on normal movement in snowboarding.

3.3 Equipment used

3.3.1 Snowboards

Each participant was asked to perform a total of six trials, which consisted of two sets of

three repeat trials on the following types of snowboard equipment (Figure 3-2):

1) A freestyle snowboard (Limited, Ascent 159) with strap bindings (Salomon, S2) and

a) b)

Figure 3-2: Two types of snowboard equipment used: a) strap bindings (from
www.salomonsnowboards.com, © Salomon, reproduced with permission) and soft

boots; b) step-in bindings and step-in boots.
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soft boots (Vans, Millennium).

2) A freeride snowboard (Limited, Apex 163) with step-in bindings (Switch, Special N-

Type) and step-in boots (Vans, Mach).

These two typical types of equipment were chosen to be representative of popular

commercial products.

Snowboard bindings were adjusted according to each snowboarder’s preferred riding
stance. In the vocabulary adopted by snowboarders, riders with the left foot forward are
called “regular” and those with the right foot forward are called “goofy”. Out of the nine
volunteers, six were regular and three were goofy, a distribution that is representative of
the snowboarder population. Whatever the stance, both feet were set to point in the
forward direction, the binding of the forward foot being adjusted at 21 degrees and the
other binding at 6 degrees (Figure 3-3). These angles are measured with respect to the

transverse horizontal axis of the snowboard and are positive in the forward direction.

Figure 3-3: Binding settings according to riding stance.
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Each binding has an indexed mechanism with 3 degrees steps, which allows for a good

repetition of those settings.

3.3.2 Measuring instruments and set-up

Appendix D presents detailed specifications of each piece of equipment used in the
experiment. This section presents how they work together. During the trials, each
participant wore a backpack (Figure 3-4) containing the Fastrak system electronics unit
(see Section D.1), a battery pack (two 12V batteries with a DC-to-DC converter) and a

laptop computer (see Section D.2). The backpack and its content weighed

electronics <

control unit : Il : laptop
. R computer

4 paosition
sensors \\

battery
pack

E-M
source

anowhboar

Figure 3-4: Measuring equipment worn by each participant. The Fastrak system
(left, adapted from Fastrak User's Manual'®, © Polhemus Inc, reproduced with
permission) is a motion tracking system with an electromagnetic source, and four
6DOF position and orientation sensors. The Fastrak system, the battery pack and
the laptop computer are located in a backpack. The electromagnetic source and
sensors are connected to the Fastrak system. Picture of one participant at the

beginning of a trial (right).
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approximately 11 kg. The trials were also filmed with a JVC digital camera (see Section

D.3).

A custom-made electronics box containing a 555 signal generator and a switch were
used to trigger the Fastrak system and turn on a LED (light emitting diode) also located
on the box. The LED location was recorded by the digital camera, allowing
synchronizing the video signal and the data recorded by the Fastrak system. This

provided a qualitative visual interpretation for the Fastrak measurements.

The battery pack powered both the laptop computer and the Fastrak electronic unit,
which transmitted its data to the laptop computer via the serial port. Pre-testing of the
effect of voltage decrease on measurements with two types of battery pack (see Section

E.1) led to the selection of low charge 12-Volt batteries (Power Sonic 1229, 2.9 A-hr).

The Fastrak electromagnetic source was attached to the top surface of the snowboard,
at mid-distance between the two bindings. The source was first mounted with non-
ferromagnetic 316 stainless steel screws on a polycarbonate part glued with double-
sided tape to the top surface of the snowboard (Figure 3-5). Because of difficulties in

making the polycarbonate adhere to the snowboard surface, especially at outdoor winter

Figure 3-5: Photograph of the source mounted on the snowboard with a

polycarbonate part.
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temperatures, this mounting system was replaced by bolting the source directly on the
snowboard through four tapered holes. The wires of the source were connected to the
Fastrak electronic unit and hung loosely without touching the ground or restricting the

snowboarder's movements.

Four Fastrak sensors were attached to the participant's feet and shanks, one on each
foot and one on each shank. To minimise sensor motion caused by skin movement, the
sensors were located at sites associated with minimal underlying soft tissue, according
to the procedure used by Woodburn et al.?® (Figure 2-15). Moreover, each sensor was
fastened to a piece of 3 mm thick thermoformable plastic, using high-strength double-
sided tape. The piece of plastic was cut and shaped to fit each participant and glued to

his/her skin using liquid medical adhesive.

The sensor on the foot was located over the skin covering the posterior part of the

calcaneus, inferior to the attachment of the tendo calcaneus Achilli (Figure 3-6). A "heel

Figure 3-6: Location of the foot (a) and shank (b) sensors (adapted from

thriveonline.oxygen.com).
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cup" made of a 10 cm x 10 cm square piece of thermoformable plastic was moulded to
the participant’s heel and glued to his skin. A 4 cm diameter hole was drilled in the
boots to allow the sensor to stick out of the boot and follow the foot while the foot moves
relative to the boot. Because of its location behind the heel, this hole will only minimally
alter the stiffness of the boot, and will do so equally on each type of boots. The sensor
on the shank was located over the skin covering the tibia on the anterior part of the
shank between the boot top and the knee (Figure 3-6). A 3 cm x 8 cm piece of
thermoformable plastic was moulded and glued to the skin covering the tibia. The wires
of the sensors were loosely fitted in the participant’s pants along the leg and connected

to the electronic unit in the backpack.

3.4 Measurements

All measurements were done at the Bromont ski resort in Quebec between January and
April 2002. One participant was measured per experiment day. The participant was
fitted with the snowboarding and measuring equipment as described above in a heated
building at the mountain base. Before the first trial, at the top of the hill, an anatomical
calibration was performed on the participant. Then, the kinematics of the lower legs
were measured while the participant performed three trials. After the three trials were
completed, the anatomical calibration was repeated to check whether the sensors had
moved relative to the skin during the trials. Then, the participant was sent back to the
base, changed snowboard equipment and returned to the top of the hill. One anatomical
calibration, three trials with kinematic measurements, and a final anatomical calibration

were performed. All these events are detailed below.
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3.4.1 Anatomical landmarks

Anatomical calibration is the process that defines the position and orientation of the bone
with respect to the sensor attached to the corresponding bone. It consists of measuring
the position of surface landmarks on the skin that correspond to anatomical landmarks
on the bone. Those surface landmarks are found by palpation. The anatomical
landmarks are chosen based on their accessibility, precision of location and suitability for
a proper definition of a coordinate system. During those measurements, the sensor is

attached to the measured segment (shank or foot).

The anatomical landmarks and coordinate system definition proposed by Cappozzo et
al.®® were chosen for this study (Table 3-1,Figure 3-7). The Standardization and
Terminology Committee of the International Society of Biomechanics®™ recently issued a
new standard for defining the coordinate systems on the shank and foot, based on
anatomical landmarks different from those used here. Unfortunately, these guidelines

had not yet been published at the time of the experiment.

There is very little relative motion between the tibia and the fibula*®"'%%'®  Therefore,
the anatomical landmarks taken on those two bones will define a coordinate system that
will be assumed to be rigidly attached {o the tibia at any knee or ankle rotation.
However, this is not the case for the foot, because motion occurs at the calcaneocuboid,
intertarsal and tarsometatarsal joints, among others. Thus, the anatomical landmarks on
the foot would define different coordinate systems when the foot is in a neutral,
dorsiflexed or plantar flexed position. To ensure repeatability and anatomical
significance, the anatomical calibration must be performed with the foot in the neutral

position.
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Table 3-1: Names and symbols of the anatomical landmarks used for the

anatomical calibration.

Segment Landmark Symbol
Shank Prominence of the tibial tuberosity TT
Shank Apex of the head of the fibula HF
Shank Distal apex of the medial malleolus MM
Shank Distal apex of the lateral malleolus LM
Foot Upper ridge of the calcaneus posterior surface CA
Foot Medial aspect of first metatarsal head FM
Foot Dorsal aspect of second metatarsal head SM
Foot Lateral aspect of fifth metatarsal head VM

Talonavicutar  Navicular  intertarsal  Cuneiform
‘ bos Joints bones

of talus

Figure 3-7: Anatomical landmarks on the shank and foot (adapted from Martini et
al.'®, reprinted by permission of Pearson Education, Inc.). Anterior view of the
right shank bones (a) and skin surface (b). Dorsal view of the foot bones (¢) and

foot surface (d).
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10 mm diameter holes were drilled in the boots over the approximate location of the
landmarks covered by the boots (Figure 3-8). The landmarks were measured through
those holes with a custom-designed plastic stylus attached to one extra Fastrak sensor
(see Appendix F for details on stylus design and tip calibration algorithm). One
landmark (SM, see Table 3-1) was not measured because of the difficulty of drilling a
hole in the boot over it without affecting the structure of the boot. Instead, its poéition
was deduced from published average morphometric data on metatarsal distances™ and

the positions of FM and VM.

At the beginning of the experiment, before the participant put on the snowboard boots,
the anatomical landmarks located inside the boots were palpated and marked on the
skin with the leg in neutral position and outside the boots. At the top of the ski hill, the

anatomical landmarks were measured through the holes in the boot, while the

Figure 3-8: Location of the holes drilled in the snowboard boot, shown here on a
boots similar to those used in the present project (adapted from
www.rakuten.co.jp). One-centimetre diameter holes for anatomical landmark
measurements are shown in yellow. The four-centimetre diameter hole to let the

foot sensor stick out is shown in red.
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snowboarder was wearing the boots and standing in the bindings. With the strap
bindings, the highbacks were removed during this procedure to allow access to the CA

landmark through the hole for the foot sensor.

3.42 Trials

One trial consisted of snowboarding down a 100-metre course of 10 turns (5 toe tums, 5§
heel turns) on a beginner-level slope (6 to 10 degrees) of groomed snow. At the end of

the course, the participant performed a sideways stop.

3.4.3 Kinematic data

Kinematic measurements were done with the Fastrak system. The motions of the shank
and foot bones relative to the snowboard were measured by the four position sensors
attached to the participant's shanks and feet during the trials, at the maximum frequency
allowed by the system, i.e. 30 Hz. A DOS-based proprietary computer program from
Polhemus was used to interface the Fastrak system with the laptop computer via the
serial port. Data acquisition was started and stopped using the switch box attached on
the participant's shoulder. The entire trial, starting with turning on the LED on the switch
box, was filmed from the top of the course. The Fastrak data were saved on the laptop
computer at the bottom of the course in an ASCII file, each line containing the following
values: sensor number, error code (if any), x, y and z components of position data,
expressed in centimetres (two-digit precision), as well as azimuth, elevation and roll

components of Euler angles (Figure 3-9), expressed in degrees (two-digit precision).

Because of the symmetry in the magnetic fields generated by the Fastrak source, the
hemisphere in which the sensors are located must be specified. Preliminary testing
using the top hemisphere for all four sensors (Figure 3-10a) has shown that sometimes

the foot sensors went below the equator of that hemisphere, thus causing mirror values.
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X
Figure 3-9: Euler angles output by the Fastrak system. Azimuth is the rotation
around the Z axis. Elevation is the rotation around the Y’ axis. Roll is the rotation

around the X axis.

Therefore, the left hemisphere was used for the sensors on the left leg and the right

hemisphere was used for the sensors on the right leg (Figure 3-10b).

3.5 Post-processing

In order to have a biomechanical meaning, the raw data collected with the Fastrak
system were transformed in several steps using a custom-made program in Matlab.
Correction for static metallic noise and digital filtering were applied to minimise the noise
content of the recorded signals. Anatomical calibration data were then used to transform
sensor position and orientation into bone position and orientation. Finally, the three
orthogonal components of the rotation of the ankle joint were calculated from the bone

relative orientations.
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Figure 3-10: Hemisphere settings for measurements with the Fastrak.

3.5.1 Correction for static metallic noise

Electromagnetic motion tracking systems like Fastrak are sensitive to the presence of
magnetic fields or large metallic objects near the source or the sensors, which can
distort the magnetic field emitted by the source and produce false readings of the
sensors* ' The magnitude of the measurement errors is related to the magnetic
permeability, the conductivity, the mass of the object, and the distance between the
object and the source or the sensor. If the objects that distort the field do not move with
respect to the source, the metallic noise is static and can be compensated for by a

process often referred to as metal mapping.

Metal mapping consists of measuring a fixed 3-D grid of points inside the volume of
measurements, with and without the presence of metal. A mathematical relationship is’
then established to map the points measured on the grid with the metal to the points
measured on the same grid without the metal. The relationship can be used afterwards

to compensate for the distortion by applying it to any measurement taken inside the grid
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volume. Metal mapping with various mathematical formulations has been successfully

used with electromagnetic tracking systems?>27:47:84:5,96.96,114,132,134,145,208

Preliminary tests conducted with the two snowboards available for the present study
showed that the measurement errors due to the presence of metal in the snowboard,
bindings and boots are negligible for the freestyle snowboard with the strap bindings but
not for the freeride snowboard with step-in bindings (see Section E.2). This is mainly
because the strap bindings are mostly made of plastic, except for some metallic nuts
and bolts, while the step-in bindings contain a very large aluminium part and many steel
parts in their mechanism. Therefore, a metal mapping algorithm was used to
compensate for static metallic noise in the measurements collected with the step-in

bindings only.

A jig specially constructed to measure points with the Fastrak on a 3-D grid was used to
collect the metal mapping data. The mathematical formulation of the mapping algorithm
chosen for this study involves the use of geometrical kriging, a technique that has been
used in biomechanical studies by Delorme et al.*** to calculate a field of deformation
vectors. The details of the algorithm, the design of the jig and sample results are
presented in Appendix F. Contrary to all the other mathematical formulations cited
above, geometrical kriging does not require its control points to be located on a regular
3-D lattice. Therefore, kriging offers the advantage of allowing local refinement of the
measurements to better capture a small perturbation, or to skip some points if they were
not accessible for measurements with the sensors. In the present application, the
measurement volume extends across the step-in bindings. Therefore, measurements
could not be taken at points located inside the binding material or too close to the

binding to position the sensor centre at this point. This added flexibility of the
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geometrical kriging technique justified its selection over the mathematical techniques

proposed by other investigators.

3.5.2 Filtering

Digital filtering of the signals to eliminate noise was done using the technique described
by Winter'®® (pp. 36-43). As recommended by Winter for human kinematic data, a dual-
pass, second-order Butterworth filter was applied to the data. The second pass is done
backwards so as to cancel out the 90-degree phase lag introduced by the first pass.
This results in a 4"-order Butterworth filter with zero lag. The cut-off frequency was
calculated by a residual analysis using data from one randomly selected trial. The cut-
off frequency obtained on all signals (position and orientation) for all four sensors was

2.3 Hz (Figure 3-11).

e e
quency Hz)

Figure 3-11: Selection of the cut-off frequency for digital filtering with a dual-pass

second-order Butterworth filter.
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3.5.3 Anatomical calibration

During the anatomical calibration, points that define a bone-embedded coordinate
system (BECS) were measured, while the position of the corresponding bone was

tracked with its attached sensor, itself defining a technical coordinate system (TCS).

Any point defined in the bone-embedded coordinate system (BECS), fiBECS , can be

expressed in the global coordinate system (GCS) as:
P Gcs = aes [M ]TCS Xrcs [M ]BECS x P, BECS [3-1]

where . [M]® is a matrix that expresses in the GCS a point defined in the TCS. This

matrix varies through time as the sensors, and thus the TCS, move during the

measurements. It is easily constructed directly from the data output by the Fastrak

system. With x,y,z as the three position components, and &, (azimuth), &,

(elevation), and &, (roll) as the three Euler angles (Figure 3-9) of the sensor, one gets

x

R y
aesMT® = g [3-2]

0 0 0 1

where
cos(@,) —sin(d,) O cos(d,) 0 sin(d,) |1 0 0
R=|sin(d,) cos(@d,) O 0 1 0 0 cos(d,) -sin(8,) [3-3]
0 0 1] -sin(@,) 0 cos(8,)|0 sin(8,) cos(8,)

and o [M]*® is a matrix that expresses in the TCS a point defined in the BECS. The

latter matrix is constant through time because the sensor (TCS) is assumed to be rigidly
linked to the bone (BECS). It is constructed with the vectors that define the BECS:
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Technical
Coordinate

Figure 3-12: Coordinate systems associated with the snowboard (GCS), the
sensor (TCS) and the bone (BECS).
1 e | e I L I [3-4

where X.,Y, Z and O are column vectors that express in the GCS the three

orthonormal vectors and the origin position vector of the BECS.

The bone embedded coordinate systems (BECS) on each shank and each foot (thin
black arrows on Figure 3-13) were defined from the anatomical landmarks measured
during the anatomical calibration procedure using the method described by Cappozzo et

al®
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The shank BECS is defined in the following manner (refer to Table 3-1 for

abbreviations):
O, Midpoint of the line joining MM and LM.

Y. LM, MM and HF define a quasi-frontal plane. O, and TT define a quasi-sagittal
plane, orthogonal to the quasi-frontal plane. The y, axis is the intersection between

those two planes, with the positive direction proximal.
2z Lies in the quasi-frontal plane with its direction from left to right.

Xs: Orthogonal to the y-z plane with its positive direction from left to right.

Figure 3-13: Definition of the coordinate systems on the shank and foot.
Subscripts "I designates the foot BECS, "s" the shank BECS, and "J" the JCS.
(Adapted from Cappozzo et al.®, ® John Wiley & Sons Limited 1997, reproduced

with permission.)

58



The foot BECS is defined as:
Of: CA.

¥i. CA, FM and VM define a quasi-transverse plane. CA and SM define a quasi-
sagittal plane, orthogonal to the quasi-transverse plane. The y; axis is the intersection

between those two planes, with the positive direction proximal.
Zs Lies in the quasi-transverse plane with its direction from left to right

X Orthogonal to the y-z plane with its positive direction dorsal.

3.5.4 Ankle rotations

Ankle rotations are derived from the relative orientation of the shank and the foot. First,
a joint coordinate system (JCS) is defined for each ankle. One JCS is defined on the
shank and another is defined on the foot. These JCS are defined with their axes parallel
to those of the BECS in such a way that, when the ankle is in neutral position, the two
JCS are superimposed (thick grey arrows on Figure 3-13)". The JCS can be expressed

by the following matrix products:
GCs [M ]ICSSM =6cs [M ]m Sk X TCS ot [M ]BECSSM X BECS ok [M }ICSSM [3-5]
Ges [M ]JCS/M =ocs [M ]TCSM XICS o [M ]BECSM X BECS oy [M ]JCSW [3-6]

In those two expressions, only the first matrix of the product varies through time, while

the last two are constant. Then,

" For the left ankle, the x and y axes of the JCS are set in the opposite direction as for the right
ankle so that positive rotations have the same anatomical meaning (e.g. inversion, eversion,
internal rotation, external rotation) for both ankles.
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s [T = [ M5 [ s M5 [3-7]

Simitarly to [3-2], the matrix ,.;  [M]“* is a 4 x 4 matrix that contains a 3-by-3

rotation matrix in its upper left corner. Developing this 3-by-3 rotation matrix R from

[3-3] yields
c,c, C,8,8 =8, €5, +85,8, R, R, R,
R= §,€, 8,58 +c,c, 8,5, -CS, |= R, R, R, [3-8]
-3, c,8, €,C, R, R, R,

where ¢, =cos(d, ), ¢, =cos(d, ), s, =sin(6,), etc.

The rotation matrix R can then be interpreted so as to extract 6, ,6, and8, using

6, =-sin" Ry [3-9]

9 =sin-| R | [3-10]
* cosé
Y

6, =sin™ Ry [3-11]
cosd,

Since the matrix transforms the foot JCS into the shank JCS, a positive &, represents
dorsiflexion of the foot with respect to the shank, while a negative 8, represents plantar
flexion. Positive &, corresponds to internal rotation and negative 0, to external rotation.

Positive 8, refers to eversion and negative 8, to inversion.
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4 Experimental Results

The experimental results will be presented in a form that is anatomically relevant, i.e. as
rotations of the ankle joint complex, using the post-processing procedures described in
the previous chapter. First, the characteristic features of individual participants will be
presented and the validity of the measurements for each trial will be assessed and
discussed. Typical rotation signals obtained during one complete trial will be shown as
representative of the entire set. Finally, peak ankle rotation values for each subject will
be presented and the corresponding values using the two types of available snowboard

equipment will be compared.

4.1 Participant characteristics and evaluation of experimental validity

Several problems were encountered during the experiment, as the Fastrak sensors or
source failed intermittently. Occasionally, those failures could not be resolved on site
and parts had to be shipped to the manufacturer for replacement or repair. A total of
four sensors failed. Two failed early enough to be replaced during the course of the
measurements, but the last two failed at the end of the last day of the experiment. A

consequence of these failures was an incomplete set of data for some participants.

The equipment manufacturer (Polhemus) recommends operating the Fastrak system at
a temperature between 10 and 40°C and a relative humidity between 10% and 95%,
without vapour condensation. It was verified outside the laboratory (see Section F.3)
that operating the Fastrak in winter conditions down to -10°C did not adversely affect the
accuracy of the measurements. Initially, the equipment failures were attributed to the
contraction of metallic wires of the system due to low temperature or to condensation on

the connectors or the circuits inside the electronic control box due to high relative
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humidity. it was later discovered with the help of Polhemus technical support that most
of the failures were due to the lack of a strain-relief reinforcement on the wire protruding
out of the plastic casing enclosing some of the sensors. The sensors that most often
failed were the ones attached to the calcaneus and had wires that were often sharply

bent at their connection to the sensor.

Participant characteristics, availability of valid measurements and explanations of
failures are listed in Table 4-1. For the first two participants, measurements are usable
only with one type of equipment. For the third participant, no kinematic measurement
with any of the two types of equipment is available. For the fourth participant, the
anatomical calibration for the left leg is unusable. Complete anatomical calibration and
at least one ftrial with both types of equipment are available only for the last five

participants.

Table 4-1: Characteristics of participants and validity of measurements; L:
anatomical calibration of the left leg; R: anatomical calibration of the right leg; T1:

first trial; T2: second trial; T3: third trial.

participant date of measurement validity
characteristics experiment soft boots step-in boots

no. | age | level | stance LIR[TI|{T2|T3|L|R|T1{T2|T3
1 | 21 i g 2002-01-30 | v | V v | v
2 | 22 i r 2002-02-08 | v I VIV [ V IV VIV ]I4|4]| 4
3 | 28 i r 20020215 | v | v 4 | 4] 4|V IVi14
4 | 25 i r 2002-02-18| S |V | Vv | ¥V VivIivivYv|Y
5 | 34 i g 2002-03-08 | vV |V |V IV |V VI VIV V|V
6 | 34 e r 2002-0313 | v |V | ¥ VivVIiviv]Y
7 | 24 e r 20020319 | YV |V |V | YV | VIV VIV IV ]V
8 | 20 e g 2002-03-21 | v |V IV IV IV |V |V Y| v
9 | 26 e r 2002-03-25 | V |V IV IV IV |V VIV IV ]V

intermediate level v all data measured successfully

expert level 1 sensor #1 defective, data unusable

regular stance 4. sensor #4 defective, data unusable

goofy stance S: source defective, data unusable
empty: no measurements taken

@nro=
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4.2 Experimental results for one typical trial

Figure 4-1 shows an example of measurements for the forward leg of participant no. 7,
wearing the soft boots. This figure shows the variations of three ankle rotations, plotted
vs. time and following the convention that positive values correspond to dorsiflexion

(DF), internal rotation (IR) and eversion (EV).

The initial part of the plots, lasting for approximately 6 s, corresponds to a period during
which the measuring system was active but the snowboarder was getting ready to start
and was approaching the first turn. The subsequent part, lasting for approximately 22 s,
corresponds to a downhili run, during which 10 turns were made. The first turn occurred
at around 8 s from the start of the system, as can be seen by the strong changes in the
signals. This turn was toe-side, characterized by dorsiflexion of the ankle joint complex.
The final part of the plots, starting at about 28 s from the start, corresponds to a

sideways stop.

20 +———DF(+)/PF(-)
— EV(+)AV(-)
16 +—|—IR(+)/ER(-)

10 AVA | A

.| b,
) :NW '/ \ '

rotation (deg)
o

‘20 3 T T T T
0 5 10 15 20 25 30

time (8)

Figure 4-1: Example of forward ankle rotation signals during a complete trial.
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4.3 Segmentation and parameterization of signals

For each trial, the parts of the time series which corresponded to turns were segmented
into heel-side turns and toe-side turns. The DF/PF signal was selected as the
segmentation criterion, as best describing the start and end of each turn; this was
verified by comparing the three ankle rotation signals with the video of the
snowboarders. Five local minima and five local maxima were identified on the DF/PF
signal. A turn started and ended when the DF/PF signal crossed the middle DF/PF
value between a local minimum and the subsequent local maximum (Figure 4-2). The
signals collected from the back and front legs were segmented separately. The

information related to one turn on each leg will be referred to as a “turn-leg”.

Some turns were rejected from the data set because of a phenomenon called “gimbal
lock”. In an azimuth-elevation-roll Euler angle system (Figure 3-9), gimbal lock is an ill-

conditioned angle combination that occurs when the second angle (elevation) is close to

25

maximum

20 +

middle

£
é 10 value
E ™

riRImum
5 4 toe turn —» heel turn |« toe turn —fheel turn<—
14 15 16 17 18 19 20 21 22 23 24
time (s)

Figure 4-2: Turn segmentation method based on DF/PF signal analysis. The
horizontal lines indicate the minimum, maximum and middie values for the first

turn. The vertical lines indicate the start and end of each turn.
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-90 or 90°. In this situation, the x" and z axes are aligned, making the roll (rotation
about the x" axis) and the azimuth (rotation about the z axis) cancel each other out, thus
yielding an indeterminate azimuth-roll combination. This can be seen by the following

arguments. When

¢, =cos(d,) =cos(90°) =0

4-1
s, =sin(f,) =sin(90°) =1 11
the rotation matrix ([3-8]) simplifies to
0 c¢,s,—5,c, c,c,+85,8,
R=|0 s,5 +c,c, s,c,~cC.58, [4-2]
-1 0 0

0 -sin(@,-6,) cos(d,-6.)

R=| 0 cos(d,-6,) sin@,-6,)|. [4-3]

-1 0 0

This formulation shows that adding a constant to both 8, and 6, will produce the same
rotation matrix. Therefore, the solution for 6, and 6, is indeterminate because an
infinite number of combinations can be found for @, and 6, that will produce the same
matrix R. A gimbal lock behaviour was observed on the Euler angles output of the
Fastrak measurement system, corresponding to anatomically impassible ankie rotations

such as 360° of rotation around one of the anatomical axes. Among 466 turn-legs

measured, 47 were rejected because of a gimbal lock occurrence. These rejected cases
were randomly distributed over the entire experimental data and no evidence of biased

rejection was observed.

For each turn, the duration and the right-to-left lag time were calculated. The duration is

the time difference between the start and end of the turn-leg. The lag is the difference
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between the start of the turn on the right leg and the start of the corresponding turn on
the left leg. On each signal, the minimum, maximum, range and mean values were

calculated for each turn-leg.

A total of 419 turn-legs, distributed as shown in Table 4-2, were analyzed. The data
consist of replicate measurements on a small number of participants (5). The inter-
individual differences were larger than the intra-individual differences, so the data are
clustered rather than normally distributed. Therefore, a non-parametric statistical test,
the Mann-Whitney U-test'®, was used to check for significant differences between the
two types of equipment instead of a parametric test like the Student t-test, which
assumes a normal distribution, a condition expected to be met with a cohort of at least
30 individuals. The U-test is a rank sum test that returns the probability that two

samples were taken from different groups.

Table 4-2: Distribution of analyzed turn-legs with the two types of snowboard

equipment.
Equipment A Equipment B Total
Heel-side furn  Front leg 48 51 99
Back leg 47 61 108
Toe-side turn  Front leg 48 52 100
Back leg 50 62 112
TOTAL 193 226 419

4.4 Average heel-side and toe-side turns

The turn-legs were first split into four groups without taking into account the type of
equipment used (one group for each line of Table 4-2). All the parameters described
above were averaged over all the turn-legs in each group. Figure 4-3 shows the

average heei-side turn and Figure 4-4 shows the average toe-side turn.
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front | back leg

Figure 4-3: Top, back, left and right views of the average ankle rotation parameters
during heel-side turns. Number of turns averaged: 99 on front leg, 108 on back
leg. The minimum and maximum values are indicated in grey, the mean value in

black, and the binding angles in blue.

8° +7°

front leg back leg

Figure 4-4: Top, back, left and right views of the average ankle rotation parameters
during toe-side turns. Number of turns averaged: 100 on front leg, 112 on back
leg.
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During the heel-side turns, the front ankle was found to be everted, while the back ankle
was rotated externally and dorsiflexed. During the toe-side turns, both ankles were
dorsiflexed by 12° to 14° more than they were during the heel-side turns. The back
ankle was also less externally rotated during the toe-side turns than during the heel-side

turns.

Figure 4-5 shows the average timing of heel-side and toe-side turns. The front leg
initiated the heel-side turn and was followed by the back leg 0.17 s later. This lag
decreased to 0.06 s at the beginning of the toe-side turn. On average, the toe-side turns
lasted 23% more than the heel-side turns. An average complete cycle consisting of one

heel-side and one toe-side turn lasted 2.98 s.

B Heel-side tum
Toe-gide turn

0.00 1.00 200 3.00 4.00
time {s)

Figure 4-5: Timing of heel-side and toe-side turns.

68



4.5 Equipment comparison

The four turn-leg groups were further divided into eight groups by separating those
obtained with equipment A from those obtained with equipment B (Table 4-2). The
comparison of parameters measured on heel-side turns is presented in Table 4-3, and
on toe-side turns in Table 4-4. Considering that the number of Mann-Whitney U-tests

performed was relatively large (48), the level of significance was set to 0.01. All

Table 4-3: Comparison of means, minima, maxima and ranges of ankle rotation (in
degrees) on heel-side turns with snowboard equipment A and B (average absolute

deviation in parentheses).

turn | leg rot. index equipment A equipment B p-value
rotation Ntumns | rotation | Nturns
heel- [back |DF/PF mean 5.4 (1.5) 47 6.0 (8.1) 61 0.237
side min, 0.8(7.8) 47 25(1.7) 61 0.202
max. 13.8(6.3) 47 11.8 (7.8) 61 0.213
range 13.1 (2.6) 47 9.4 (1.5) 61 <0.01
EVIV mean -1.1(11.0) 47 -3.1(6.2) 61 0.227
min. -3.9(114) 47 -6.1 (6.5) 61 0.379
max. 1.6 (11.1) 47 0.1(6.3) 61 0.564
range 5.5 (2.8) 47 6.2 (2.5) 81 0.118
IRIER mean -10.9 (4.3) 47 4.9 (1.9 61 <0.01
min. 13.2 (4.8 47 7.1 (2.0 61 <0.01
max. -7.6 (3.8) 47 1.3 (2.5 61 <0.01
range 5.6 (1.9) 47 5901.7 61 0.252
front |DF/PF mean -3.8(5.0) 48 -4.9 (3.7) 51 0.329
min. -7.8(5.8) 48 -8.0 (4.1) 51 0.902
max. 3.6 (5.1) 48 1.0 (3.8) 51 0.041
range 11.4(2.2) 48 9.0 (1.7) 51 <0.01
EVIIV mean 7.2(5.3) 43 5.02.1) 51 0.329
min. 1.1(7.3) 48 0.1 (3.6) 51 0.997
max. 14.4 (4.8) 48 9.6 (2.8) 51 <0.01
range 13.3(6.4) 48 9.7 (5.0) 51 <0.01
IRFER mean -6.1(7.3) 48 -0.5(2.3 51 0.056
min. -10.8 (7.5) 48 4.7 (1.9 51 <0.01
max. -1.0(7.8) 48 253.1) 51 0.365
range 9.7 (3.1) 48 7.1 (3.0) 51 <0.01

" In a statistical test comparing two means, the p-value is the probability that the difference is due
to chance. The level of significance is the maximum p-value for which the difference is said to be
statistically significant. When less than 20 tests are performed, the commonly used level of
significance is 0.05, which means that one difference out of 20 may not follow the hypothesis.
Since 48 U-tests were performed, the level was set to 0.01.
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Table 4-4: Comparison of mean, minimum, maximum and range of ankle rotation
(in degrees) on toe-side turns with snowboard equipment A and B (average

absolute deviation in parentheses).

turn | leg rot. index equipment A equipment B p-value
rotation N turns rotation N turns
toe- |back |DF/PF mean 21.68(5.9) 50 18.2 (8.6) 62 0.028
side min. 114 (8.7) 50 11.3(7.7) 62 0.745
max. 254 (5.8) 50 21.2(8.6) 62 0.017
range 14.0 (2.4) 50 9.9 (1.3) 62 <0.01
EVIV mean -0.3(11.2) 50 -3.2 (6.7) 62 0.138
min. -23(11.2) 50 -5.6 (6.4) 62 0.080
max. 2.3 (11.6) 50 -0.5 (7.0) 62 0.209
range 4.6 (1.5) 50 5.1(2.0) 62 0.382
IREER mean -6.9 (3.3 50 -0.7 {2.0) 62 <0.01
min. -9.9 (4.1 50 -3.7 (2.2 62 <0.01
max. -4.8 (3.2 50 1.0 (2.2) 62 <0.01
range 5.1(1.9) 50 4.7 (1.5) 82 0.759
front |DF/PF mean 9.8 (5.0) 48 5.5 (4.1) 52 <0.01
min. 2.1 (4.6) 48 -0.5 (3.7) 52 0.030
max. 3.6 (5.3 48 8.6 (4.4 52 <0.01
range 11.5(2.3 48 9.0 (1.9 52 <0.01
EVIV mean 6.9 (5.6) 48 6.3 (2.0) 52 0.501
min. 0.9 (7.9) 48 1.3(3.5) 52 0.617
max. 151 4.7) 48 10.9 (2.7) 52 <0,01
range 14.2 (7.3) 48 9.6 (4.7) 52 <0.01
IR/IER mean -7.8 (8.0) 48 -2.2(3.3) 52 0.014
min. -12.2 (7.5) 48 -5.3 (2.6) 52 <0.01
max. -2.4 (8.4) 48 0.9 (3.8) 52 0.488
range 9.7 (3.1) 48 6.3 (2.5) 52 <0.01

statistically significant differences involve smaller absolute values with equipment B,
implying that smaller rotation of the ankle joint complex was measured with the stiffer

step-in boots.

During heel-side turns, these differences were significant on the back leg for the range of
DF/PF, as well as for the mean, minimum and maximum of IR/ER. On the front leg, the
ranges of all three rotations were statistically different, and so were the maximum of
EV/IV and the minimum of IR/ER. During toe-side turns, significant differences were
observed on the range of DF/PF on both legs, on the mean and maximum DF/PF on the

front leg, on the maximum and range of EV/IV on the front leg, on the mean, minimum
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and maximum of IR/ER on the back leg, and on the minimum and range of IR/ER on the

front leg.

These differences must be interpreted in view of the sign convention for the three
orthogonal rotations. For instance, because inversion is negative and eversion is
positive, a negative value for the parameter called “EV/IV min.” represents the maximum
inversion rather than the minimum eversion. Compared to equipment A, equipment B
was more restrictive on dorsiflexion and on external rotation for both legs; it was also

more restrictive on eversion for the front leg only.

71



5 Development of Ankle Loading Models

One of the objectives of this project is to predict the strain in the ankle ligaments
occurring during the trials with the 10 snowboarders. As was shown in Figure 3-1, two

types of models were used:

o A statistical model, interpolating in a set of published experimental relationships

established in vitro between ankle rotations and ligament strains.

¢ Kinematic models, including the bony and ligamentous elements of the ankle and of

the subtalar joints, personalized to each participant’'s morphology.

This chapter presents the statistical model, three types of kinematic models, and the

ligament strains calculated over all the trials with these models.

5.1 Statistical model

As mentioned in Section 2.6.3, three studies have related the strain in ankle ligaments
with ankle rotations from measurements done on cadaver specimens. Colville et al.*'
reported ligament strains at imposed torque values rather than rotation values in the
EV/IV and IR/ER directions. Nigg et al.'* reported normalized ligament lengths
(smallest length is 0, largest length is 1) in a manner that is difficult to compare to
ultimate strain values. Renstrém et al.'® reported ligament elongations in percentage of
their length measured with the ankle in neutral position (zero rotations). The latter
reference provides the only data set that can be used directly as a statistical model to

predict ligament strains at the ankle rotations calculated from the experimental data

acquired in this project.

For every set of DF/PF, EV/IV and IR/ER calculated from the kinematic measurements
on snowboarders, the ATF and CF ligament strains were interpolated or extrapolated
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from Renstrém’s data set using three-dimensional geometrical kriging (see Appendix H).

In equation [G-5], the x, ¥y and z dimensions would stand for the three rotations, and

the tilde sign would denote Renstrém’'s data. Geometrical kriging has proven efficient
when used in problems requiring both interpolation and extrapolation®®. Figure 5-1 plots
the ankle rotation combinations used in Renstrom'’s study (black dots) and the mean
ankle rotation combination measured during each side-turn in the present study (circles
and grey dots). It shows that approximately half of the experimental measurements

exceed the limits of Renstrém’s data, thus requiring the use of extrapolation (circles).

Eversion (+) /
Inversion (-)

0 Dorsiflexion(+) /
Plantar flexion (-)

Internal Rotation(+) /
External Rotation (-)

Figure 5-1: Combination of PF/DF, IR/ER and EV/IV measured in the study by
Renstrom et al.'* (black dots), and observed on the snowboarders in the present

study (interpolated: cyan dots; extrapolated: red circles).
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5.2 Kinematic models

Three kinematic models were constructed based on the principle that the ankle joint
complex is a 2-DOF geometry-driven joint made of 3 rigid bodies: the tibia-fibula (TiFi)’,
the talus (Ta), and the calcaneus (Ca). Those 3 bodies (Figure 5-2) form a kinematic
chain linked by two 1-DOF revolute joints, the talocrural joint between the TiFi and the
Ta, and the subtalar joint between the Ta and the Ca. The ligaments involved in the
ankle joint complex (ATFL, CFL, PTFL, STTL, TCL) have each of their extremities
attached to one of the four bones included in the model (ngure 2-8). For every time
step in the experimental data signals, the length of each ligament can be calculated from

the distance between its origin and insertion on each bone and the position and

OUTPUT

Figure 5-2: Schematic 2-D representation of the kinematic models.

" The relative motion between the tibia and the fibula is neglected.
74



orientation of each bone at every time frame. During the experiment, the sensors were
attached to the tibia and the calcaneus. Thus, the position and orientation of the two
ends of the kinematic chains, the TiFi and the Ca, are known. Using them as inputs, the
kinematic model solves the position and orientation of the middle link, the Ta. Since the
kinematic chain has only 2 DOF and the relative position and orientation of the TiFi with
respect to the Ca is known with 6 DOF, there are 4 redundant DOF. The three kinematic

models reflect three ways to deal with this redundancy.

The next sub-sections detail the construction of the kinematic models, including the
steps that are common to all three models, i.e. the geometrical reconstruction of a
cadaver leg specimen, the extraction of axes of rotation as well as ligaments origin and
insertion points, and the personalization of the model to the specific morphology of each
snowboarder. The three numerical techniques used to solve for the position and
orientation of the Ta are then presented. Finally, the prediction of ligament strains is

explained.

5.2.1 Generic geometrical model

Computed-Tomography (CT-scan) images of a cadaver right leg specimen were
obtained from and used with permission of the VAKHUM project (Virtual Animation of the
Kinematics of the Human for Industrial, Educational and Research Purposes), managed
by the Department of Anatomy of the University of Brussels. The donor was an 88-

years-old male, 166 cm tall, weighing 56 kg, who died of a heart attack. No

" CT-scan is a medical imaging technique that uses x-rays to produce cross-section images at
different locations along of a body part. The x-ray dose for scanning a complete leg is not
ethically acceptable for a living human and can only be administered to cadaver specimens.
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degenerative bone disease was recorded in the donor’s medical file, or apparent on the
specimen. The images were acquired at every millimetre along the leg, at a resolution of
512 by 512 pixels with 0.84 mm square pixels. The stacked slices created a volume
made of 1.0x0.84x0.84 mm voxels. Bone segmentation’ and identification was
performed manually on each image, using version 2.3 of the Amira software (TGS

Template Graphic Software Inc., San Diego, CA) (Figure 5-3).

=~ Insage Segmer

Figure 5-3: Segmentation window in the Amira software displaying a transverse
slice of the leg at the ankle level, showing the calcaneus (red), the talus (green)

and the navicular bone (blue).

" Segmentation is the process of separating the anatomical content of a biomedical image,
usually by tagging the pixeis that belong to an anatomical structure. In the case of the lower leg
and foot, all 24 hones were segmented and given a nhame.
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Once the contour of each bone was identified on each cross-section, a surface model of
each bone was created by the Amira software (Figure 5-4). For the lower leg and
complete foot, the model used 59755 triangles distributed as follows: 18454 for the tibia,
8496 for the fibula, 3450 for the talus, 5896 for the calcaneus and 23459 for all the other

bones in the forefoot.

calcaneus\

a) b)
Figure 5-4: Surface model generated and displayed by the Amira software: a)

bones of the right lower leg and foot; b) zoom on the ankle, forefoot displayed in

transparency.

5.2.2 Axes of rotation

The axes of rotation for the talocrural and the subtalar joints (refer to Figure 2-11 and
Figure 2-12 for anatomy) were extracted from the geometry of the articular surface of the
talus. A program was developed under Matliab to calculate the cylinder that best fits, in
the least square sense, a set of points. As shown on Figure 5-5, a cylinder is defined in

3D space by its axis vector,

77



Figure 5-5: Mathematical definition of a cylinder.

V=ai +b +ck [5-1]
a point on its axis,

Py = (x0, %07 [5-2]

and its radius, r. For any point P, = (x,., y,.,z,.) located on the surface of the cylinder, a

vector can be defined as
§ =00, =% i + (i =wp)f +(z, — 2, )k . [5-3]
Then, if ¥ has unit length, the distance from point P, to the axis of the cylinder is
r, =[px5)|. [5-4]

Developing [5-4] yields

=Bz ~20) -y, =) +[elx, —x)-alz, -2, ) +laly, - 3)-bx, -x,)F . 155)

A constrained non-linear optimization can then be used to find the values for P,, v and

r that minimize the least square error given by
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2 2
e= Z(’ =r ) (5-6]
with the constraint of a unit vector v

a+b*+c* =1, [5-7]

Using this algorithm, a cylinder was best-fitted to the convex surface of the talus that
articulates with the tibia, and another cylinder was best-fitted to the concave articular
surface of the talus that articulates with the calcaneus (Figure 5-6a). The axis of each
cylinder was used as the axis of rotation of the corresponding revolute joint. The axis of
the subtalar joint passes through the calcaneus (Figure 5-6b). The axis of rotation of
the talocrural joint passes through the talus but does not coincide with the line that joins
the medial and lateral malleoli (Figure 5-6c).

talocrural
surface medial
matleolus
lateral
malleoius
_talocrural

. talocrural
 axis

subtalar
‘surface

a) b) c)

Figure 5-6: Axes of rotation: a) articular surfaces in orange on an antero-lateral
view of the transparent talus (the subtalar surface is seen from inside the talus);
b) axes of rotation in orange displayed with the calcaneus, talus and tibia in lateral
view; c) malleoli and axis of the talocfural joint with the calcaneus, talus, tibia and

fibula in frontal view.
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5.2.3 Ligaments

The origin and insertion points of ligaments were identified interactively on the surface
model in the Amira software, based on anatomy drawings®'>'?"'4"'%  On the medial
side (Figure 5-7a), the deltoid ligament complex has its origin on the tibia, and two
insertions, on the calcaneus and talus, corresponding to two of its superficial fascicles,
namely the TCL, and the STTL (see Figure 2-8 for anatomy). On the lateral side (Figure
5-7b), each ligament has its origin on the fibula and its insertion on the calcaneus (CFL)

or the talus (ATFL, PTFL).

a) b

Figure 5-7: Origin and insertion points of ankle ligaments on the a) medial side

and b) lateral side of the ankle.
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5.2.4 Personalization

The geometrical model was personalized to each snowboarder’s specific morphology in

four steps.

1.

The same anatomical landmarks used for the anatomical calibration (Table 3-1,
Figure 3-7) were identified on the surface model in the Amira software (Figure
5-8). Those points provide enough data to define a BECS on the foot bones
(talus, calcaneus) and a BECS on the shank bones (tibia, fibula). The bones in
the surface model were expressed in their respective BECS. A left leg surface
model was also created from the right leg surface model by making a mirror copy

across the sagittal plane (inversion of the z coordinates of all the points).

From the anatomical calibration data measured on a showboarder, the rigid body
transformation to express the foot BECS in the shank BECS was calculated.
This transformation was applied to the bones in the surface model that were

expressed in the foot BECS (talus, calcaneus).

The effect of these first two steps is to rotate the ankle of the surface model so that it is

oriented like the ankle of the snowboarder that was measured.

3. A 3D deformation was calculated using 3D geometrical kriging to fit the

anatomical landmarks on the surface model (points 13] in equation {G-1]) onto
the anatomical landmarks measured on the snowboarder (points P, in equation
[G-2]), by solving equation [G-5].

The deformation was applied to every point on the surface model, ligament origin

and insertion point and axis of rotation.
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a) b)

Figure 5-8: Anatomical landmark identification on the surface model: a) foot

bones, b) shank bones.

The geometrical reconstruction of a cadaver leg specimen (Section 5.2.1), the extraction
of the axes of rotation (Section 5.2.2), the identification of ligament origins and insertion
points (Section 5.2.3), and the identification of anatomical landmarks (step 1 of the
personalization) are tasks that were done only once for the whole project. However,
steps 2 to 4 of the personalization were done for every anatomical calibration measured,

i.e. twice for each snowboarder (once for every type of snowboarding equipment).

5.2.5 Solution

For every time step in the experimental data signals, the position and orientation of the
talus was predicted from the kinematic measurements using three methods. The first

method uses optimization tools to minimize the misalignment between the axes of
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rotation. The last two methods consider the open kinematic chain made of the Ca, Ta
and TiFi as a 2-joint robotic arm, and use inverse kinematics to calculate the joint
rotations that will give the desired position and orientation of its tool relative to its base.
The last two methods differ slightly in the way the solution is constrained. These three

methods are described in the following sub-sections.

5.2.5.1 Kinematic model #1: Axes matching

An axis of rotation between two rigid bodies can be completely described in 3D by two

points expressed in the local coordinate system (LCS) of each body. For instance in

Figure 5-9, points P and P, are expressed in LCS, by vectors v,, and ¥,,, and in
LCSs by vector v, and v,;. These vectors can be transformed into the global

coordinate system (GCS) using the transformation matrices that describe the position

axis of rotation

axis of rotation

Figure 5-9: Axes matching with three rigid bodies.
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and orientation of bodies A and B, 4. [M]** and . [M]“*:
Vi=6cs [M ]LCSA Viy [5-8]

Vi=ges MYV [5-9]

Two expressions are written similarly for v,:
¥, =es M9, [5-10]
¥y =es [M ] 5. [5-11]
The axis of rotation constrains [5-8] and [5-9], as well as [5-10] and [5-11], to be equal.
Ges [M ]LCSA Vi4=gcs [M ]LCSB Vip [5-12]
ocs [M ]LCSA V24=0cs [M ]LCSB Vg [5-13]
Similarly for v, and v,, between body B and body C,
Ges [M ]LCSC Ve =acs [M ]LCSB Vsp [5-14]

sesIM I Ve =es M 5,5 [5-15]

For the ankle, body A is the tibia-fibula, body B is the talus, and body C is the calcaneus.

Vectors Vv, V,,, Viz, Vo5, Vi35, V4g, Vi and ¥,. are calculated from the axes of

rotations extracted from the articular surface of the talus as explained in Section 5.2.2.

Since the position and orientation of the tibia-fibula and the calcaneus are known in the
GCS at every time frame, then matrices . [M]** and . [M]* are known. The

only unknown is matrix . [M [ .
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Even if it is a 4-by-4 matrix with 16 components like Equation [3-2], 4cs[M ] really

represents 6 independent unknowns, 3 for the position (x, y, z) and 3 for the

orientation (6, 6,, 8,). Equations [5-12] to [5-15] provide 12 independent equations (x,

y, and z component for each equation) to solve for the position and orientation of body

B. Hence, the system is over-determined. Moreover, because of measurement and

model uncertainties, there may not exist a solution that perfectly satisfies [5-12] to [5-15]

anyway. Therefore, an optimization technique was chosen to iteratively solve for x, y,

z, 6,, 6, andd,, with the following steps:

1. The 6 variables are set to represent the talus in the position and orientation it had

with respect to the calcaneus on the surface model of the cadaver specimen.

2, Matrix .5[M]“*" is calculated from the 6 variables using [3-2] and [3-3].

3. An objective function f(x,y,z,6,.,0,,0,) is calculated as the sum of the vector

differences between the right-hand-side and the left-hand-side of [5-12] to [5-15].

& =es M) 9~

- LCS, =+
€,=5cs [M] Vou—

GCS [M ]LCSB -‘-;IB

GCS [M]LCSB {;ZB y

€ =gcs [M e Vac —ccs [M ]LCSB Vip

€4=6cs [M]LCSC ‘-’.40 -

GCS [M]LCSB i;4B ‘

4
f(x>y92',9x,9y,92) = Zlé’l

=l
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4. An unconstrained optimization algorithm (optimization toolbox in Matlab) is used

to iteratively calculate the x, y, z, 6., 6, andd, values that minimizes the
objective function in {5-20].

5. The optimized values are used as an initial guess for the next time step of the
experimental data signal, and the process goes back to step 2 until the end of the

experimental data signal is reached.

5.2.5.2 Kinematic model #2: Inverse kinematics

Mechanically, the ankle can be compared to a type of robot called a serial-link
manipulator (Figure 5-10), consisting of a set of bodies called links, connected by joints
and forming an open kinematic chain. In a serial-link manipulator, each joint has one
translational or rotational DOF. In a manipulator with n joints numbered from 1 to n,
there are n+1 links numbered from 0 to n. Link 0 is the base of the manipulator, which is

generally fixed, and link n is the end-effector.

end-effector

a) b)

Figure 5-10: Example of a serial-link manipulator in a) solid view and b) schematic
view (adapted from http://www.meganic.dk/old/paralleirobots.html. © Copyright

2002, Meganic ApS. Reprinted with permission).
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The Denavit-Hartenberg® formulation is a systematic way to mathematically describe

links and joints (Figure 5-11). It first defines axis z,_; along axis of joint i and axis z,
along the axis of joint i+1. Axis x, is then defined perpendicularly to axes z,_, and z,.
Finally, axis y, is the cross product of z; and x,.

Only two parameters are necessary to describe the link:

Link length (a,): the distance between axes z,, and z,, along the x, axis.

i-1
Link twist (o, ): the angle from axis z,_, to axis z,, about the x, axis.

Two parameters describe the joint:

Link offset (d,): the distance between the x,_, and x; axes, along the z, , axis.

joint i+1

a4,

Figure 5-11: Denavit-Hartenberg parameter definition {(adapted from Jochheim et

al., 1999%, reproduced with permission).
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Joint angle (8,). the angle from axis x,_; to axis x;, about the z,_, axis.

The ankle can be modeled as a serial-link manipulator of 4 links connected by 3 joints,
as described in Table 5-1. The base (link 0) is the tibia-fibula and is considered fixed.
The end-effector (link 3) is the sensor on the calcaneus, which is considered to be rigidly

attached to the calcaneus (link 2) through a 0 DOF joint called skin (joint 3).

Table 5-1: List of joints and links in the ankle model.

Joint Link
name type name type
0 tibia-fibula base
1 | talocrural rotational talus
2 | subtalar rotational calcaneus
3 | skin rigid sensor end-effector

For each link, the four Denavit-Hartenberg parameters (a,, a,, d,, 6,) were calculated

from the anatomical calibration data and from the axes of rotation extracted from the
surface model. The system was solved using a Matlab inverse kinematics toolbox
developed by Corke** and available freely over the internet.” The “ikine” function (for
inverse kinematics) requires as input the geometry of the serial-link manipulator (link
parameters), the type of joint (translational, rotational), and the rigid transformation
matrix between the end-effector (calcaneus sensor) and the base (tibia-fibula). It

computes the solution iteratively with the pseudo-inverse of the manipulator Jacobian

matrix, and outputs the rotation (8,) or translation (d,) value at each joint.

If the manipulator has less than 6 joints, it may not be possible for the end-effector to
satisfy all possible positions and orientations. To bypass this problem, the ikine function

allows requesting the end-effector to satisfy only some selected DOF amongst the 3
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positions and 3 orientations. In the present case, the ankle has only two joints.
Therefore, only two DOF were used, namely the x and z positions. These two specific
DOF were chosen because the rotation of the ankle with the widest range of motion, the
DF/PF (see Figure 4-3 and Figure 4-4), occurs in the sagittal plane, which correspond

approximately to the x-z plane of the base link.

After the joint rotations were calculated, the forward kinematics was calculated on a one-
joint serial-link manipulator ending at the talus with the “fkine” function (for forward
kinematics). This function generated the transformation matrix between the talus (end-
effector) and the tibia-fibula (base), from which the position and orientation of the talus in

the GCS was calculated.

5.2.5.3 Kinematic model #3: Inverse kinematics with constrained joint rotations

Kinematic model #2 does not limit the rotation around the two joints. This sometimes
creates situations where the talus would penetrate into the calcaneus, whereas in reality
the rotation around the subtalar joint is physically limited by bone surfaces. In order to
solve this bone collision problem, a constraint was imposed on the rotation at the
subtalar joint. This third kinematic model is thus essentially the same as model #2,
except that a constraint was imposed on the minimum and maximum rotation at the

subtalar joint.

Because the ikine function does not allow imposing a limit to a joint, an iterative
approach was chosen, using Matlab’s constrained optimization with the fkine function.
The range of motion at the subtalar joint was limited to 10°, based on reported

experimental values ranging from 4 to 14°.'%°

" hitp://www.cat.csiro.au/cmst/staff/pic/robot
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5.2.6 Ligament elongations and strains

Once the positions and orientations of all the bones in the ankle are found for every time
step in the experimental data signals (TiFi and Ca directly from experimental
measurements, Ta from the predictions of the kinematic models), the elongations of the
ligaments can be calculated from the distance between the origin and insertion points of
each ligament. In order to compare these results to the ones obtained with the statistical

model, ligament strains were calculated using

[5-21]

where L is the length of the ligament

L, is the initial length of the ligament.

Because it is not possible to know the length of the ligament in its un-stretched state, the

value for L, was taken when the ankle is in neutral position, i.e. 0° for all three

anatomical rotations. Therefore, ¢ is a relative strain.
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6 Analysis of the Results and Discussion

Section 6.1 discusses the limitations of the present study related to the experiment
design and method. More particularly, the measurement uncertainties from various
sources are identified and estimated, and their effect on the rotations of the ankle joint
complex is evaluated. In Section 6.2, the experimental results are examined and
interpreted. The data are analysed first as a single group and then as two groups

separated according to the type of snowboard equipment.

In Section 6.3, the assumptions behind the statistical and kinematic models used to
predict ligament strains are discussed and, when possible, expressed in terms of
uncertainties on model parameters. The effect of these model parameter uncertainties
on ligament strain predictions is evaluated. Finally, Section O presents the ligament

strains predicted by the models and discusses their biomechanical significance.
6.1 Limitations of the experiment

6.1.1 Study design and control of experimental conditions

One of the main limitations of this study is the small number of snowboarders enrolled.
Although one may plausibly assess that the intra-individual variability is adequately
represented by having the snowboarders perform 3 trials of 10 turns each, it is still
debatable whether the small snowboarder sample is representative of the inter-individual
variability found in the snowboarder population. Remember, however, that the objective
of the present study was not to gather statistics on snowboarder performance but to
identify possible differences on each snowboarder’s characteristics due to differences in

types of equipment. Thus, conclusions drawn from comparisons of equipment effects on

91



individuals would likely be more representative of a larger sample than those drawn from

averages on the values measured.

Another issue of concern is whether the results might have been biased by differences in
experimental conditions, such as the outside temperature or the type of snow. For
example, one might argue that temperature differences might have affected the stiffness
of the boot materials. To reduce or eliminate such effects, we scheduled each
snowboarder's trials with the two types of boots on the same day, such that the
temperature could be assumed to be approximately the same for the two types of boots.
Again, this approach validates conclusions drawn from equipment comparison more

than those based on average values.

6.1.2 Fastrak system accuracy

The accuracy of the Fastrak system is reported by the manufacturer to be 0.8 mm for
position values (verified experimentally in the present project, see Section F.3) and 0.15°
for orientation values. The combined uncertainty of experimental rotation values for the
ankie joint complex (see Appendix | for details on the method), as shown in Table 6-1, is
almost always less than 1 degree, even with a measurement uncertainty 4 times larger

than the Fastrak manufacturer’s specifications.

6.1.3 Skin movement artefact

In the present study, position and orientation sensors attached to the skin are used to
measure the kinematics of the underlying bones. These sensors are assumed to be
rigidly linked to the bones, while in fact there exists some movement between the sensor
and the bones. This phenomenon, referred to as “skin movement artefact”, has been

20,32,66,81,116,123,124,128,163

observed and measured in other studies The most obvious
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Table 6-1: Combined uncertainties of rotations of the ankle joint complex.
Estimated measurement uncertainties are in boldface font. Other values illustrate

the sensitivity of the rotations to uncertainties.

uncertainty DF/PF | EV/IV | IRIER
Fastrak system accuracy 0.8 mm, 0.15° 0.1° 0.2° 0.3°
1.6 mm, 0.30° 0.2° 0.4° | 0.6°
3.2 mm, 0.60° 0.5° 0.8° 1.2°
skin movement artefact 2 mm, 0.75° (shank)
1 mm, 1.5° (foot) 1.9° 2.6° 1.1°
4 mm, 1.5° (shank)
2 mm, 3° (foot) 3.6° §1° | 2.2°
8 mm, 3° (shank)
4 mm, 6° (foot) 7.5° | 10.9° | 4.5°
anatomical landmark identification | 2 mm 1.0° 0.5° 1.1°
5§ mm 21° | 1.2° | 2.3°
10 mm 58° | 3.2° | 6.6°

workarounds to this problem involve either using external markers attached to metal pins
percutaneously screwed into the bones, or using fluoroscopy, a system that produces
dynamic radiographic images. For ethical and practical reasons, these invasive
techniques could not be used in the present study. Having observed larger skin
movement in areas with thick underlying soft tissues or close to joints, some
researchers®'®* have had some success in alleviating this problem by attaching the
sensors to rigid plates glued to the skin in order to filter out local skin motion.
Others®>®3'1"® have developed techniques to numerically compensate for skin
movement by measuring the geometric distortion of a cluster of sensors attached to the
skin. However, such techniques require several sensors to be attached to the same
body segment and are more appropriate for 3-DOF optical measurements rather than 6-

DOF electromagnetic measurements.

In the present experiment, every precaution was taken to minimize skin movement

artefacts. The locations of sensor attachment were chosen based on the thickness of
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underlying tissue, proximity of a joint and constraints relative to the snowboard boots.
The tibial sensor was placed at a couple of centimetres above the top of the boot to
make sure that the boot did not push the sensor upwards when the snowboarder
dorsiflexed his ankle. It was also located over very thin skin covering a flat part of the
tibia, facing the antero-medial direction. Moreover, a thermoplastic plate was moulded
to the skin of each snowboarder and glued on the skin under the sensor. This part of the
tibia was also shaved to make the glue bond more resistant. The calcaneal sensor was
located over thin underlying tissue. A thermoplastic heel cup was moulded to the
snowboarder’s heel and glued to his skin.

Even with these precautions, skin movement artefact was not completely avoided in the

52128 it was estimated as 4 mm and 1.5° for the

present study. Based on reported values
shank and 2 mm and 3° for the foot (see Section 1.2 for details). These uncertainties
due to skin movement propagate to ankle joint complex rotations with uncertainties
between 2 and 5° (Table 6-1), which are nearly one order of magnitude greater than

uncertainties due to the Fastrak accuracy. This makes skin movement artefact the

biggest source of uncertainty on the rotations of the ankie joint complex.

6.1.4 Anatomical landmark identification

The anatomical landmarks measured with the Fastrak system are bony landmarks
located through the skin by palpation. Based on reported intra-observer repeatability of
the identification and measurement of those landmarks®®, the uncertainty of the
anatomical landmarks was estimated at 5 mm on the x, y and z coordinates. The
propagation of this uncertainty to rotations of the ankle joint complex is limited to 1 or 2°,
as shown in Table 6-1. The uncertainty associated with the Fastrak system accuracy is

very small compared to the anatomical landmark identification uncertainty. Even when
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considering the use of a stylus to measure those points, the Fastrak system uncertainty
does not increase substantially. The orientation uncertainty (0.15°), combined with the
length of the stylus (115 mm), would only add 0.3 mm at the tip of the stylus to the

0.8 mm positional uncertainty at the sensor.

Because only one anatomical calibration was done for each type of snowboarding
equipment, differences in ankle rotations between the two types of equipment must be
considered carefully, to ensure that they cannot be caused by measurement uncertainty
alone. This possibility was discarded, because the smallest statistically significant
differences in rotations detected by the Mann-Whitney U-tests (2.4° in DF/PF, 4.2° in
EV/IV and 2.6° in IR/ER, Table 4-3 and Table 4-4) were all found to be larger than these

uncertainties.

6.2 Interpretation of the measured rotations of the ankle joint complex

The experimental results are first analysed for the average heel-side and toe-side turns,

then in two groups according to equipment type.

6.2.1 Average heel-side and toe-side turns

Disregarding the type of snowboard equipment used, one would find that, during both
the average heel-side turn (Figure 4-3) and the average toe-side turn (Figure 4-4), the
front ankle joint complex (AJC) was everted, while the back AJC was slightly inverted
(Figure 2-9). These observations could be attributed to an effort of the snowboarders to
centre their weight over the front leg in order to achieve better control of the snowboard
with the back leg. This hypothesis is consistent with Bally and Taverney’s' observation

of a higher normal force under the front foot than under the back foot of snowboarders.
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Dorsiflexion on the back AJC was also observed to be 10 to 12° higher than on the front
AJC, during both heel-side and toe-side turns. This observation suggests that minimum
flexion of the bindings should be asymmetrically set through different adjustment of the

highbacks for the two feet.

Both feet were externally rotated, although the legs were rotated slightly more towards
the nose of the snowboard during heel side turns than during toe-side turns. This
observation, along with the asymmetric dorsifiexion, probably reflects a tendency of the
snowboarders to tumn their trunk toward the nose of the snowboard during heel-side
turns. During the toe-side turns, both AJC dorsiflexed by 12 to 14° more than they did
during the heel-side turns, as the snowboarders shifted their centre of gravity past the

toe-side edge of the snowboard.

Asymmetries in snowboarder’s body positions and joint rotations are clearly documented
by the present results, although the information available is not sufficient to decide
conclusively whether the asymmetry in binding settings contributes significantly to the
asymmetry in ankle joint rotations or not. Nonetheless, one could speculate that the shift
in binding settings toward the nose of the snowboard might have helped the

snowboarder shift his trunk forward, thus reducing the asymmetrical rotations of his AJC.

6.2.2 Equipment comparison

The effect of boot stiffness (Table 4-3, Table 4-4) is most clearly observed in DF/PF for
which a smaller range of motion is observed with stiff step-in boots (equipment B) than
with soft boots (equipment A). Moreover, in toe-side turns, mean and maximum DF on
the front leg were also found to be smaller with step-in boots. In other situations, mean,
maximum and minimum DF/PF values were too scattered for their differences to be

statistically significant.
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Equipment differences also manifest on the front leg in a lower range and maximum EV
allowed by the stiff step-in boots than by the soft boots. The front leg is the one with the
EV/IV values furthest from the neutral position (0° rotation). Close to the neutral
position, the difference in stiffness between the two boots would not create rotation

differences large enough to be detected with the present experimental method.

External rotation is represented by negative IR/ER values. Therefore, the minimum
IR/ER values correspond to the maximum ER and an increase in IR/ER values means a
decrease in ER. The ER on the back leg with the soft boots was shifted towards the
neutral position with the step-in boots, as seen by an increase of mean, minimum, and
maximum values, without any significant change in range. On the front leg, the range of
ER was reduced and the minimum IR/ER values were increased with step-in boots.
These differences could mean that the step-in boots provide more resistance to external

rotation of the foot than the soft boots.

Internal rotation, inversion and plantar flexion are AJC rotations that stretch the anterior
talofibular ligament (ATFL), which is the most often sprained ligament of the ankle. Very
little movement of these types was observed in the present work. On the contrary, most
of the time, both feet were externally rotated, everted and dorsiflexed. In these
situations, the statistical or kinematic models are not expected to predict any significant
differences in ATFL strains. Therefore, it is very difficult to assess whether one type of
snowboard equipment would better protect the ATFL against overstretching than the

other from the experimental data alone.
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6.3 Limitations of the models

The statistical and kinematic modeis used to predict ligament strains each have their
strengths and weaknesses. The hypotheses behind the construction of each model and

the sensitivity of their predictions to various sources of uncertainty are discussed below.

6.3.1 Statistical model

The statistical model is based on experimental data rather than theoretical relationships
between the ankle kinematics and ligament strains. Because it expresses average
relationships based on measurements done on only 5 specimens, it cannot be expected
to take into account the inter-individual variability of the snowboarder sample in the
present study. Moreover, compared to other experimental studies, the strain values
reported by Renstrém et al.'® and used in the statistical model are relatively small. For
instance, for the ATFL in DF/PF only, Ozeki et al."’ measured 12 cadaver specimens
and reported average strain values ranging from —3.5% at 10° DF to +3.5% at 40° PF,
whereas Renstrém et al. reported values of —0.6% to +2.1% for the same DF/PF range.
Colville et al.*' reported values even higher with 10 specimens, although it is unclear
how their zero strain value was defined. Whether this discrepancy in the results from
different studies is due to the measurement technique (Hall effect strain transducer for
Renstrém et al., liquid-filled strain gauges for Colville et al. and Ozeki et al.), the age of
the specimens, or solely to inter-individual variability and small number of specimens
cannot be determined. Based on all above considerations, we may assert that the
values used in the statistical mode! would more likely be approximately 60% lower than

actual ligament strains.

The values predicted by the statistical model depend on the rotations of the ankle joint

complex. Therefore, measurement uncertainties that propagate to rotations of the ankle
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joint complex also propagate to ligament strains predicted by the statistical model. Table
6-2 shows that skin movement artefact and anatomical calibration uncertainty play an

important role.

Finally, the statistical model only predicts the strain in the ATFL and CFL, pointing out

the need for more data on other ligaments of the ankle.

6.3.2 Kinematic models

The kinematic models are personalized to the geometry of each snowboarder and
should thus better represent the inter-individual variability than the statistical model.
Even so, present analysis cannot determine the extent by which the personalization of a
generic model through a 3D deformation based on 8 points accurately represents the

morphology of the leg of a particular individual.

The talocrural and subtalar joints are modelled as pure revolute joints, i.e. joints that only
allow rotation about a fixed axis. As mentioned in sections 2.2.4 and 2.8, even though
58,155,174,187,194, there is

this simplifying hypothesis has been used in several other models

experimental evidence showing that the axis of rotation of the

22,61,109,117
talocrural 2,61,109,117,120,161,181 86,87,126,195

and subtalar joints move continuously throughout
the entire range of motion. This simplification can be represented by an uncertainty on
the position and orientation of the axes of rotation and was estimated from reported data
on instantaneous helical axis dispersion®*''® (Section 1.3). The propagation of this

uncertainty to the prediction of ligament strain is presented in Table 6-2.
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In the kinematic models, each ligament is represented as one straight fibre with each
end attached to a bone at a unique point. This is a simplification of anatomy. Ankle
ligaments have been shown to consist of multiple fibres, attached to the bones over a
small but not negligible area, and progressively recruited over the entire range of motion

of the ankle joint complex®*'%,

The origin and insertion of each ligament was interactively identified virtually on a 3D
surface model of the four bones included in the model with the help of precise
anatomical descriptions and figures. The repeatability of this identification was
estimated to be approximately 2 mm in the x, y and z directions, a value smaller than
that of the anatomical calibration points which were found by palpation over the skin.
The propagation of this 2 mm uncertainty to ligament strain is presented in Table 6-2.
The sensitivity of ligament strain was also evaluated at neighboring uncertainty values

(0.5 mm, 5 mm, 10 mm).

Although the viscoelastic nature of the ligaments manifests by strain-rate dependant
ultimate loads, failure strains are believed to be strain-rate independent (see Section
2.6.2). Therefore, kinetic effects are completely disregarded in the kinematic models,

which only predict ligament strains rather than ligament loads.

The kinematic models can be compared to each other on the basis of their sensitivity to
measurement uncertainties (Fastrak system accuracy, skin movement artefact,
anatomical landmarks identification) and model parameter uncertainties (axes of
rotation, ligament origin and insertion points) presented in Table 6-2. The kinematic
models are used to complement the kinematic measurements and predict the position
and orientation of the talus. Therefore, the strains of ligaments connected to the talus
(ATFL, PTFL, STTL) are particularly useful in comparing the 3 kinematic models. The

prediction of ligament strains with model K1 seems to lead to widely scattered values,
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with uncertainties of one or two orders of magnitude greater than with the other two
models, and even produced cases for which the optimization algorithm did not converge.
One possible explanation for this behaviour is the fact that, contrary to models K2 and
K3, model K1 does not constrain any of the 6 DOF of the talus. In view of these results,
ligament strains predicted by model K1 are considered unreliable. Models K2 and K3
appear to avoid these problems by constraining the talus to move around 2 axes of
rotation and thus limiting its DOF to 2. Model K3 reduces the sensitivity to input data
uncertainties more than model K2 does, by limiting the motion around the subtalar joint.
One must keep in mind, however, that the accuracy of a model is not necessarily linked
to its sensitivity to input data uncertainties. One could, for instance, consider a model
that would consistently predict the same output value irrespectively of the input value.
Such model would have no sensitivity to input data uncertainty but would probably be
inaccurate. From a geometrical and anatomical point of view, model K3 was found to be
free of inconsistencies, such as bone penetration prediction, unlike model K2, which was
subject to such problems. For this reason, model K3 is considered to be the best
predictor of ligament strain amongst the three kinematic models developed and used in
the present study. An accurate prediction of subtalar joint rotation is not critical because
none of the ligaments considered connect the talus to the calcaneus. Nevertheless, it is
inferred that a more rigorous selection of subtalar joint rotation limits could improve

modei K3 even more.

Focussing on the K3 columns in Table 6-2, one can observe that ligaments attached to
the calcaneus (CFL, TCL) are not sensitive to variations in the axes of rotation, because
the strains in these ligaments are predicted from kinematic measurements only (sensors
attached to the tibia-fibula and the calcaneus). However, they are more sensitive to

measurement uncertainties (Fastrak accuracy, skin movement, anatomical landmarks)
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than ligaments attached to the talus (ATFL, PTFL, STTL), which indicates that the
constrained K3 model filters out some of the measurement uncertainties by using as an
input only 2 of the 6 DOF of the foot sensor. Sources of uncertainty other than the
Fastrak system accuracy have moderate effects (approximately between 2 and 4%) on
the prediction of ligament strains, except for the ATFL, which is very sensitive to
ligament origin and insertion point uncertainty (9%). The distance between the axis of
rotation of the talocrural joint and the origin or insertion points of a ligament might be
considered to act as a lever arm, with zero strain for ligaments inserted exactly on the
axis and increasing strains on ligaments further away from the axis. However, this
distance alone does not explain the differences in sensitivities observed between the
ligaments. Besides the relative position of the axis of rotation, ligament origin and

ligament insertion point also have an impact on ligament strain predictions.

6.4 Model prediction of ligament strains and interpretation

Similarly to the ankle rotations, the ligament strains of the ATFL, CFL, PTFL, TCL and
STTL were calculated over the 419 turn-legs included in the study (Table 4-2). The
results are first presented for the average heel-side and toe-side turns. Then, the data
are separated in two groups according two equipment type and the ligament strains with

each type of equipment are compared.

6.4.1 Average heel-side and toe-side turns

The strains predicted by the statistical model (ATFL and CFL only) and by the three
kinematic models, are presented in Figure 6-1 to Figure 6-5. In these graphs, the
vertical bars stretch from the minimum to the maximum strain for the average turn-leg.
The empty square over the bars indicates the mean strain value during the average turn-

leg. Each graph shows the values for the back and front leg, during heel-side and toe-
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side turns. Some strain values are negative because the strain value was set to zero at
the elongation of the ligaments for which the ankle was in neutral position. For the
ATFL, CFL and PTFL, the horizontal dotted line indicates the ultimate strain of the

ligament (pooled average from the literature'®'®, see Table 2-2).

As discussed, the statistical model is believed to underestimate ligament strains, which
explains why the values predicted with this model are always smaller (in absolute value)
than those predicted with the kinematic models. Moreover, the fact that model K1
predicts the widest ranges of ligament strains was attributed to its high sensitivity to
uncertainties in input data. Strain values predicted for the CFL and TCL are similar with
the 3 kinematic models because these values do not depend on the prediction of talus

position and orientation by the model.
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Figure 6-1: Strains in the anterior talofibular ligament (ATFL).
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Figure 6-2: Strains in the calcaneofibular ligament (CFL).
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Figure 6-3: Strains in the posterior talofibular ligament (PTFL).
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Figure 6-4: Strains in the tibiocalcaneal ligament (TCL).
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Figure 6-5: Strains in the superficial tibiotalar ligament (STTL).
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More specifically, it was observed from the predictions with model K3 that the ATFL
(Figure 6-1) is more stretched during heel-side turns than during toe-side turns, while the
opposite behaviour was noted for the PTFL (Figure 6-3). This is probably due to the fact
that dorsiflexion, which is higher during toe-side turns, stretches the ligaments
connected to the posterior side of the talus like the PTFL, while plantar flexion, which
only occurs during heel-side turns, would rather pull on the ligaments connected to the
anterior part of the talus, like the ATFL. It was also observed that some ligaments, like
the CFL and PTFL (Figure 6-2, Figure 6-3), are more stretched on the back leg, while
others, like the STTL (Figure 6-5), are more stretched on the front leg. This is because,
during both heel-side and toe-side turns, the AJC of the front leg is everted, stretching
the ligaments on the medial side of the ankle, like the STTL. On the back leg, the AJC is
slightly inverted, which would load the ligaments on the lateral side of the ankle, like the

CFL and PTFL.

6.4.2 Equipment comparison

Similarly to ankle rotation values, mean and maximum ligament strain values were
calculated for each turn-leg (minimum and range are meaningless for ligament strains
because ligaments only fail in tension and not in compression). The values were
averaged on the front leg and back leg to represent the typical heel-side turn and toe-
side turn. Values obtained with each type of equipment were compared using Mann-
Whitney’s U-test. Table 6-3 presents a comparison of the results for the two types of

equipment for values obtained with the statistical model and kinematic model #3 only.
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Table 6-3: Comparison of means and maxima of ligament strains (expressed in %)

with snowboard equipment A and B (average absolute deviation in parentheses).

turn | leg | ligament | index statistical model kinematic model #3

side A B p-value A B p-value
heel | back | ATFL mean | 0.3(1.5) | -0.3(1.0) | <0.01 | 10.0(127) | 5.7 (5.9 0.531
max | 1.1(15) | 06(1.1) | 0043 | 11.8(13.5) | 6.7(6.2) 0.531
CFL mean | -0.3(1.9) | 0.3(1.2) | <0.01 | 144(17.8) { 16.2(1268) | 0.985
max | 1.020) | 14(1.4) | 0.171 | 25.9(20.7) | 26.1(14.3) | 0.531

PTFL | mean -26(7.7) | -05(64) | 0823
max 1.1 (7.8) 1.4(6.7) 0.115
TCL mean 1.7 (4.4) 7.1(8.4) <0.01
max 4.0(4.8) | 248(9.4) | <0.01
STTL | mean 1.7(11.0) | -1.4(79 | 0.523
max 38(109) | 34(6.9 0.906

front ATFL mean | 0.9(1.1) | 0.3(0.5) | 0.107 | 9.3(12.0) | 4.5(4.8) 0.597
max | 2.5(0.9) | 1.4(04) | <0.01 | 105(12.8) | 53(5.1) 0.837
CFL mean | -0.3¢(2.3) | 0.5(1.2) | 0.167 | -3.3(14.9) | -6.2(10.3) | 0.540
max | 1.0(23) | 16(14) | 0230 | 96(166) | 13.3(10.8) | 0.536

PTFL mean -87(8.0) | -6.0(2.8) 0.214
max -44(9.1) | -3.6(2.9 0.238
TCL mean -1.3(12.8) | 0.3 (10.0) 0.647
max 7.7(16.8) | 13.9(14.0) | 0.113
STTL mean 123(224) | 5.7(14.8) | 0.750
max 19.7(26.1) | 14.3(16.5) | 0.667

toe | back | ATFL | mean | 1.5 (1.6) | 0.2(1.2) | <0.01 | 5.3(10.6) | 4.5(4.8) | 0.706
max | 2.0(1.5) | 0.7(1.4) | <0.01 | 7.6(11.7) | 56(5.2) | 0.835
CFL | mean | -3.3 (2.1) | -1.2(1.3) | <0.01 | -0.1(19.0) | 11.7 (9.4) | 0.023
max_| 1.6 (2.2) | 0.1 (1.4) | <0.01 | 12.3 (20.7) | 19.4(10.2) | 0.503

PTFL mean 36(9.2 3.93.1) 0.152
max 5.6 (9.2) 5.1 (8.1) 0.146
TCL mean -9.2(4.9) | 17.1(9.3) | <0.01
max 0.9 (4.8) | 28.3{(11.9) | <0.01
STTL mean 3.4 (10.8) 1.6 (6.6) 0.545
max 55(10.8) | 3.8(6.8) 0.537

front | ATFL mean | 20(1.2) | 1.56(0.5) | 0.086 6.6 (9.8) 24 (3.3) 0.353
max_| 3.1(0.8) | 2.2(0.3) | <0.01 | 85(11.3) | 3.7(4.1) 0.410
CFL mean | -34(2.1) | -21(08) | 0028 | -3.6(149) | 29(10.5) | 0.117
max | -0.7(28)|-03(1.3) 1 0697 | 12.2(15.9) | 152(8.9) | 0.764

PTFL | mean 3.2(91) | 2.7(3.3) | 0.372
max 1.1(8.8) | -1.4(3.3) | 0.528
TCL | mean 0.2 (13.8) | 5.4(14.9) | 0.152
max 11.0(18.8) | 17.6 (16.0) | 0.167
STTL | mean 17.0 (23.4) | 12.4(15.9) | 0.666
max 20.5 (25.1) | 16.4(16.5) | 0.656

The statistical model predicted smaller maximum values for the ATFL strain with
equipment B than with equipment A. These differences were always larger than the
0.8% sensitivity of the ATFL strain prediction (Table 6-2), except for the back leg during

heel turns. The statistical model also predicted higher values for the CFL with
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equipment B than with equipment A. However, no biomechanical significance can be
given to these differences, because they were smaller than the sensitivity of CFL strain
(1.4%, Table 6-2) for the back leg during heel turns, and strain values were negative for
all other statistically significant differences. These observations point out that the ATFL
would be more protected by step-in boots and bindings than by soft boots with strap
bindings.

Model K3 did not predict ATFL and CFL strains that were significantly different between
the two types of equipment. The only significant difference is in the prediction of TCL

strain, which is larger on the back leg with equipment B than with equipment A.

These differences in ligament strain are difficult to explain by the differences observed
on the rotations of the AJC, because ligaments are often stretched by a combination of
rotations. For instance, the CFL strain would have been expected to be different
between the two types of snowboard equipment on the front leg, where differences were
observed in EV/IV, rather than on the back leg, where no difference was observed in the
level of EV/IV. A possible explanation is that small differences on other rotations added
up to cause a significant difference in CFL strain. The same applies to other ligaments

as well.

One peculiar observation about these data is that the only difference that could be
detected by the kinematic model was on a ligament that is not connected to the talus.
This might indicate that the model is not sensitive enough and filters out too much of the
experimental information. The idea behind the kinematic model is ta complement the
experimental data with a priori knowledge on the mechanical behaviour of the talucrural
and subtalar joints, in order to predict the position and orientation of the talus, which is
very difficult to measure experimentally with external markers. However, because the

kinematic model only has 2 DOF (one per joint), it can only keep 2 out of the 6 DOF
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measured. It is possible that the a priori information is too constraining or not sufficiently
personalized. This might make model K3 discard experimental data that are not
consistent with the movements allowed by the model. One possible way to improve the
model would be to use some of the experimental data to personalize the model. For
instance, a functional determination of the axes of rotation, as described by van den
Bogert'®, could be used to adjust the position and orientation of the axes of rotation.
The limit of the subtalar joint rotation could also be adjusted to each individual, based on

the experimental data.
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7 Conclusions and Recommendations for Further Research

The present research addressed the problem of ankle injuries in snowboarding by

investigating ankle kinematics during normal snowboarding manoeuvres.

The first objective consisted of documenting experimentally the kinematics of the lower
extremities in snowboarding. Accurately measuring the movement of the ankle joint
complex, which is completely covered by structural equipment like a snowboard boot,
was a challenging task. Moreover, the experiment was done outside the laboratory in
weather conditions less than ideal when working with battery-operated electronic
equipment. Despite the difficulties, the original experimental method developed for this
study allowed to successfully record the kinematics of the ankle joint complex of five
snowboarders. The experimental results, expressed in anatomically relevant joint
rotations, demonstrate the highly asymmetric nature of snowboarding movements.
Notably, during both heel-side and toe-side turns, the front foot was slightly everted and
more dorsiflexed than the back foot by 10° to 12°. This may suggest that bindings
should be asymmetrically adjusted not only in axial rotation of the feet but also in

highback minimum flexion.

The second objective was to use the experimentally measured kinematics of the ankle to
predict the strains in some of its most often injured ligaments. Two predictive models
were developed. A statistical model was created based on published experimental in
vitro ligament strains (ATFL and CFL) measured at various rotations of the ankle joint
complex of five cadaver leg specimens. For each combination of 3 orthogonal rotations

of the snowboarder's ankle joint complex, the ligament strains were predicted using
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interpolation and extrapolation of the published data points. The statistical model
predicted small strain values for the ATFL and the CFL (less than 5%), which are

believed to be a 60% underestimation of actual strains.

Alternatively, a 2-DOF kinematic model was constructed based on the CT-scan
reconstruction of a cadaver leg specimen, The geometry was personalized to each
snowboarder using percutaneously measured anatomical landmarks. The model can
predict the strain in 5 ligaments of the ankle based on the position and orientation of the
three links of this kinematic chain (calcaneus, talus and tibia-fibula). The position and
orientation of the first and last links were obtained from the experimental measurements
on snowboarders. The position and orientation of the middle link (talus) were solved
using three methods based on numerical optimization. The third approach, which uses
constrained optimization of forward kinematics to solve the inverse kinematics problem,
was proven to be the least sensitive to uncertainties in the input values. It predicted
more strain in the ATFL during heel-side than toe-side turns, and the opposite behaviour
for the PTFL, presumably because of the level of dorsiflexion during those movements.
It also predicted higher strains in the medial ligaments like the STTL of the front leg, and
higher strains in the lateral ligaments like the CFL and PTFL of the back leg, apparently

because of the higher level of eversion of the front leg than of the back leg.

The third objective consisted of comparing the effects of different designs of snowboard
boots and bindings on ankle kinematics and ligament strains. Several parameters
(range of DF), particularly on the front leg (mean and maximum DF, range and maximum
EV, range of ER), indicate that step-in boots and bindings allow significantly less rotation
of the ankle joint complex than soft boots and strap bindings. Considering that the

ATFL, the most often sprained ligament of the ankle, is loaded by IR, IV and PF
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movements, it cannot be concluded from the experimental data alone that step-in boots
better protect the ATFL against overstretching. However, the statistical model predicted
significantly smaller ATFL strains with the step-in boots and bindings than with the soft
boots and strap bindings, pointing out that the ATFL would be better protected with step-
in boots and bindings. The kinematic model was not sensitive enough to detect those
differences between the two types of equipment on the ligaments that are connected to
the talus, probably because it filters out 4 of the 6 DOF in the experimental data when
solving the inverse kinematic problem. However, it detected significantly higher strains
on the TCL with the step-in boots and bindings than with the soft boots and strap
bindings, a difference that is difficult to explain from differences in rotations of the ankle

joint complex.

Based on the experience of this study, several recommendations are formulated to
suggest paths for future work.  Future experimental recordings of snowboarder’s
movement should be done on steeper hills so that higher ranges of joint rotations are
recorded. This could amplify the difference between two types of snowboarding

equipment.

The statistical and kinematic models are both promising and neither approach should be
discarded before pursuing their development further. The statistical model uses
published experimental measurements of ligament strains that were done over a range
of motion that goes from 40° of plantar flexion to 10° of dorsiflexion, which is not
representative of the rotations of the ankle joint complex observed in snowboarding (15°
of plantar flexion to 35° of dorsiflexion). Therefore, extrapolation was used for predicting

the snowboarder’s ligament strains almost half of the time. The statistical model would
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thus greatly benefit from using new experimental measurements of ligament strains

done over the full range of motion of the ankle joint complex.

The kinematic model approach is promising because it can be personalized to the
morphology of each snowboarder. However, the results have shown that when
formulated to account for all redundant DOF (model K1), the model is too sensitive to
measurement uncertainties. Also, when formulated to filter out the redundant DOF
(models K2 and K3), the model is not sensitive enough to detect differences in the two
types of equipment, even though those differences were statistically significant in the
input kinematic data. This is probably because the axes of rotation of the model are too
different from the axes of rotation of the snowboarder. Therefore, it is believed that a
functional determination of the axes of rotations from kinematic measurements of each
snowboarder in the laboratory, as described by van den Bogert'®™ would be an
interesting non-invasive approach to explore in order to improve the performance of the
kinematic model. How the origin and insertion points of the ligaments are related to the
position and orientation of the axes of rotations still needs to be taken into account to get
a consistent kinematic model. The kinematic approach is also based on the hypothesis
that the ultimate strain of ligaments is not sensitive to strain rate. This hypothesis still
needs to be tested on human ankle ligaments. If the hypothesis is proven wrong, then a
more refined viscoelastic constitutive model could be used to represent the behaviour of

ligaments.

Although the overall scope of the project was the understanding of ankle injuries in
snowboarding, the present work focused on normal snowboarding manoeuvres because
it is not ethically acceptable to have humans participate in experiments involving injuries.
Another experimental approach could be to have an anthropometric dummy mounted on

a snowboard make a fall or hit an obstacle to simulate an ankle injury. The design of an
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appropriate impact test is complicated by the fact that little information is currently
available on the type of movement that initiates ankle injuries in snowboarding, because

of the difficulty to observe ankle injuries as they occur.

Therefore, in order to fully understand the mechanisms responsible for ankle injuries in
snowboarding, parallel work is needed with several approaches: 1) ebidemiological
studies on snowboarding injuries; 2) simulations with mechanical models of the ankle; 3)
impact tests with anthropometric dummies; and 4) ankle loading measurement in normal
snowboarding. The present study has established an innovative experimental
methodology coupled with predictive models for the indirect measurement of ligament

strain in normal snowboarding.
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Appendix A Anatomical terminology

A.1 Planes

Three planes of reference can be defined on the human body: the sagittal, the frontal
and the transverse planes (Figure A-1). The sagittal plane is defined as the vertical
plane parallel to a postero-anterior axis of the head and passing through a mid-point
between the two eyes. It is a symmetry plane of the head. By extension to the rest of
the body, it is the vertical plane that divides the human body into "symmetric" right and
left halves (apart from internal organ locations). The frontal plane is a vertical plane
perpendicular to the sagittal plane. It divides the human body into an anterior part and a
posterior part. The transverse plane is any plane perpendicular to both the sagittal and

frontal planes.
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Figure A-1: The anatomical planes of the human body. Adapted from

www.physiotherapy.net.au.
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The medial side refers to the side that is towards the sagittal plane of the body while
lateral refers to the side that is away from the sagittal plane of the body. The part of an
appendix or organ that is closest to its attachment point is called the proximal end while

the opposite (furthest from its attachment point) is called the distal end.
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Appendix B Stereovideography

A stereovideographic protocol was tested during the winter of 2000 at Mont Habitant
(Quebec, Canada). As shown in Figure B-1, two Panasonic video cameras were
mounted on tripods and located along a course of 4 turns. The cameras were allowed to
turn around only one axis, approximately normal to the ground. Two calibration objects
of known coordinates were installed at the beginning and at the end of the course.
Reflective markers were attached on the snowboarder’s shanks and boots. The two
cameras filmed the snowboarder as he went down the course. The experiment failed for

the following reasons:

e Of more than 20 trials filmed, it was not possible to find one trial which showed
the snowboarder during the whole course with the two cameras. The

snhowboarder was going too fast for the camera operators to follow him.
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Figure B-1: Stereovideographic set-up.
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o Because of the sideway stance of the snowboarder, it was not possible to place
the markers on the lower limbs at a position where they could be seen by the

cameras throughout one complete turn cycle (one toe turn and one heel turn).

¢ Even placed over dark pants, the reflective markers were difficult to identify on

the videotapes because the experiment was done outside under daylight.

These difficulties are only related to the data acquisition itself and the data processing
system (3D stereovideographic reconstruction with camera panning) could not even be

tested because no complete usable set of data was acquired.

The stereovideographic technique was abandoned for this project as it was concluded
that stereovideography is more suited to a highly controllable environment, like a motion

analysis laboratory.
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Appendix C Ethics approval and informed consent form
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Appendix D Measuring equipment description

The following sections describe the apparatus, computers and software were used in

this project.

D.1 Electromagnetic position sensors (Fastrak)

The Fastrak system (Polhemus, Colchester, VT, USA) is a real-time 6-DOF (position and

orientation) electromagnetic motion tracker (Figure D-1a). It consists of:

e A source (transmitter). This is a fixed magnetic-dipole transmitting antenna,
enclosed in a plastic shell, which emits the magnetic fields and acts as the system's

reference frame for receiver measurements.

o One to four sensors (receivers). These are freely movable magnetic-dipole receiving

antennas, enclosed in a plastic shell (Figure D-1b), which detect the magnetic fields

I ,/i\/
A ® ! _ELECTRICAL CENTER

a) b)
Figure D-1: a) Fastrak system with 1) source, 2) sensor and 3) system electronics
unit; b) Fastrak sensor dimensions in inches. (Adapted from Fastrak User's

Manual'®, © Polhemus Inc., reproduced with permission).
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emitted by the source. Each receiver is a lightweight cube whose position and
orientation is precisely measured as it is moved. The receivers are completely

passive, having no active voltage applied to them.

e The system electronics unit. This unit contains the hardware and software
necessary to generate and sense the magnetic fields, compute the position and
orientation, and interface with the host computer via an RS-232 cable and serial

port.

Both the source and sensor antennas consist of three mutually orthogonal loops (coils).
The loop diameters are kept very small compared to the distance separating the source
and sensor so that each loop may be regarded as a point or infinitesimal dipole. Exciting
a loop antenna produces an electromagnetic field consisting of a far-field component
and a near or induction-field component. Each loop of the source antenna is, in tumn,
excited with a driving signal; all signals are identical in frequency and phase. Each
excitation produces a single axis source dipole. The source excitation is a pattern of
three states. Exciting the source results in an output at the sensor of nine values
forming a set of three linearly independent vectors. Those three output vectors contain
sufficient information to determine the position and orientation of the sensor relative to

the source. The nine values are enough to solve for the six unknowns, x, y, z for

position and ' (azimuth), ¢ (elevation), and @ (roll) for orientation (Figure 3-9).

The system allows measurement of up to four sensors. It has a very small latency of
4 ms (the time between the measurement and the output of the values) and the
measurements are sampled at a rate of 120 Hz. If more than one sensor is used, the
sensors are updated successively rather than simultaneously. Therefore, with four
sensors, each sensor is updated at 30 Hz (120 Hz divided by the number of sensors).

Data is transmitted to the host at a rate of up to 100 Kbytes/sec. According to the
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manufacturer's specifications', positional and rotational accuracies are 0.8 mm and
0.15° RMS (root mean square), respectively. The corresponding resolutions are
0.005 mm/mm of distance between the source and the sensor and 0.025°. The standard

range of measurement is a hemisphere with a 3 m radius.

The system is sensitive to perturbations of the magnetic field due to the presence of
other magnetic fields or large metallic objects near the source, particularly ferromagnetic
materials or highly conductive materials. For instance, a cathode ray tube (with the
power on), and mild steel or aluminium objects would cause measurement errors while

plastic, wood, ceramic, biological tissue or 316 stainless steel would not.

D.2 Computer hardware and software

An Epson laptop computer (80486 running under DOS 6.2) was used for the data
acquisition. The data analysis was done with the MatLab software (Mathworks, Natick,

MA) running on a Pentium 3 computer.

D.3 Digital video camera (JVC)

The high-speed digital video camera (JVC, model DVL9800u, Figure D-2) records video
and audio on Mini DV Tape at a rate of up to 200Hz. Its zoom provides magnification in

the range from 10x to 200x. One camera was used in the project.

Figure D-2: High speed digital camera (JVC DVL9800u). Image adapted from

www.jvc.ca.
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Appendix E Pre-testing with the Fastrak system

E.1 Battery life

A test was performed to evaluate the behaviour of two types of batteries powering both
the laptop computer and the Fastrak system. Since the Fastrak is normally powered by
a source with constant voltage and batteries are known to have a decreasing voltage as
they empty their charge, it was suspected that the measurements made when the
Fastrak system is running on batteries would vary through time. The goal of these tests
was to evaluate this variation with two different battery packs. Each battery packs

consisted of two 12-Volit PowerSonic batteries connected in series:
o PS1229 (2.9 A-hr, 0.95 kg each).
e PS1270 (7.0 A-hr, 2.6 kg each).

Each battery pack was connected to the Fastrak and laptop computer. A series of 10
measurements were taken and averaged every 15 minutes for the 1229 and 30 minutes
for the 1270, until the laptop would automatically shutdown because the voltage was too

low. During the entire test, the source and one sensor were not moved.

Figure E-1 presents the variation of voltage, position and orientation readings with time.
At least 22.5 V were necessary to keep the laptop computer running. This limit was
reached after 3.5 hours of continuous operation for the PS-1270 and 1 hour with the PS-
1229. The PS-1270 had a higher voltage than the PS-1229 at full charge (25.3 V and
24.6 V respectively). This resulted in big variations in the measurements with PS-1270
until 24.5V was reached after one hour. Nevertheless, variations in positions and
orientations (1.5 mm and 0.34 deg) after one hour of operation were still greater than the

Fastrak precision of 0.8 mm and 0.15deg. The PS-1229 lasted only an hour but
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Figure E-1: Battery pack comparison: PS-1270 (left row) versus PS-1229 (right
row). Voltage, position values (top line) and orientation values (bottom line) are

plotted with time (hr:min). Az: azimuth; el: elevation; ro: roll.

measurements variation stayed in a range below the Fastrak precision (0.16 mm, 0.21

deg).

E.2 Metallic parts

A test was performed to evaluate the effect of metallic parts in the strap bindings and
step-in bindings on data measured with the Fastrak system. The source and one sensor
were attached to a piece of wood approximately 30 cm apart, so as to keep constant
their relative position and orientation. If static metallic noise is present, the Fastrak
system will record different position and orientation values while moving the piece of
wood through space. Measurements were first done without the snowboard and

binding. Then source was placed approximately on the centre of the showboard and the
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sensor at different heights above the binding (heel side), while keeping them both
attached to the piece of wood. With the step-in binding, the mating part on the boot is
metallic. It was unscrewed from the boot and locked in position in the binding during the

tests.

Figure E-2 shows how the position and orientation values vary with the vertical distance
between the sensor and the snowboard. The sensor that is placed on the foot of the
snowboarder is located approximately 10 cm above the snowboard with the strap
bindings and 6 cm with the step-in bindings. At these distances, the step-in bindings still
caused significant measurement errors as high as 5 mm for position and over 1 deg for
orientation. In comparison, the effect of metallic parts in strap bindings disappeared

above 2 cm over the board.

Strap bindings Step-in bindings
15.00 15.00
e 10.00 g —x | g 10.00 g —x
€ 500 el—y | € 500 e |-y
= 3 z = ® 4
;0.0 N : 0.00 i
E oo i~ g i —a
5 500 §| el 5 -5.00 5§ g
&
® -10.00 g —re} °-10.00 g —ro
-15.00 -15.00
0 5 10 15 0 5 10 15
distance above the board (cm) distance above the board (cm)

Figure E-2: Effect of metallic parts in strap bindings (left) and step-in bindings
(right) on position and orientation measurements with the Fastrak. Az: azimuth;

el: elevation; ro: roll.
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Appendix F Measurements with the Fastrak and a stylus

Each Fastrak sensor measures the position of its centre, as shown in Figure D-1b, which
makes it difficult to use a sensor to measure a precise point, such as an anatomical
landmark. One way around this problem is to rigidly attach a stylus to a sensor, so that
the tip of the sensor stays at the same position in the sensor coordinate system. If the
vector between the origin of the sensor coordinate system and the stylus tip is known,
then one set of measurements with the sensor (6 DOF) can be converted into the

position of the stylus tip (3 DOF).

The present section describes the stylus and the algorithm used to "calibrate” the stylus
tip and convert raw measurements into stylus tip positions. A validation of the technique

is also presented.

F.1 Stylus design

The stylus (Figure F-1) is made of a 316 stainless steel tip (1.6 mm diameter) glued into
a plastic rod (13 mm diameter). The rod is filleted and fastened with screws in a plastic

cubic box (25 mm). The cubic box has two holes for attaching the sensor with 316

Figure F-1: Stylus tip with sensor.
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stainless steel screws. The sensor is attached in such an orientation that its tip has only
positive coordinate components in the local coordinate system of the sensor. This will

be important in the calibration procedure, as will be seen in the next section.

F.2 Calibration algorithm

The procedure for calibrating the stylus in based on several measurements of the same
point by the stylus tip, but with the stylus at different orientations. In practice, the stylus
tip is placed on a non-slippery horizontal surface, with the stylus vertical. The stylus is
then slightly tilted (approximately 20° from the vertical) and one measurement is taken.
The stylus is then moved at several other orientations, describing an upside-down cone

with its summit at the stylus tip, and measurements are taken at each position. The

measurements arenoted (x, 3, z, v, ¢ 6,).

Euler angles (7, ¢, ) can be transformed into a 3-by-3 rotation matrix (R ) using

cosy —siny O cosg 0 singlfl 0 0
R=|siny cosy O 0 1 0 }0 cos@ ~siné|. [F-1]
0 0 1]|-sing 0 cosg|0 sinfd cosd

Let (x,,,,2,) be the position of the stylus tip in the global coordinate system (Fastrak

source) and (u,v,w) be the stylus vector in the local coordinate system (Fastrak

sensor), as shown in Figure F-2.
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The rotation matrix (R) calculated above converts vectors expressed in the local
coordinate system into vectors in the global coordinate system. For instance, for the

stylus vector,

U u
v| =[] v]. [F-2]
WG WL

Thus, the measurements must satisfy

1
}

1 0 0 X,

010 -[r] ”

0 0 1 z,

1 0 0 » x,

010 "[Rzl ’ V2

00 1 Yol | 4,
z

1 00 =] %, | [F-3]

u

010 "[Rs] . Y3

0 0 1 zy
W

1 0 Xy

10 "[RN] Y

[0 0 1 | Zy

When more than two sets of measurements are used, the system would be over-
determined. In such cases, the system is solved, in the least square sense, using

MatLab's NNLS function (Non-Negative Least Squares). This function requires all
unknowns (x,,¥,.z,,4,v,w) to be non-negative. This means that, unlike shown in
Figure F-2, the stylus tip must be located at a place at which all its position components

(%o ¥4»2,) would be non negative and the stylus must be attached to the sensor in such

a way that the vector (u,v, w) would have no negative component.
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Figure F-2: Vectors in the global (G) and local (L) coordinate systems for the

stylus calibration.

The calibration, expressed as the three components of the stylus vector (u,v,w), can

then be applied to any sensor measurement to calculate the position of the stylus tip

using equations [F-1] and [F-2].

F.3 Fastrak accuracy with a calibrated stylus

A validation was performed to verify the accuracy of the measurements taken with the
stylus. The positions of 13 small conic holes on three of the faces of a rectangular box
made of acrylic were measured with the MicroScribe (Immersion Corp., San Jose, CA),
an articulated electro-mechanical measuring arm with 0.3 mm accuracy. The same 13
points were then measured with the stylus attached to a Fastrak sensor outside the lab
at -10°C. The two sets of measurements were matched using a least square algorithm
and the RMS (root mean square) difference between their coordinates was calculated.
The RMS errors ranged from 0.6 to 0.9 mm. This result demonstrates that, if properly
calibrated, the stylus would not appreciably reduce the accuracy of the Fastrak sensors,

which is 0.8 mm according to the manufacturer.
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Appendix G Static metallic noise correction

This section presents the jig and mathematical algorithm that were used for the static

metallic noise correction, and tests performed with two types of snowboard equipment.

G.1 Design of jig

A jig (Figure G-1) was built to measure a 3D grid of positions and orientations, with and
without metallic noise. All parts are made of acrylic, except for nuts and bolts, which are

made of non-ferromagnetic 316 stainless steel. Four Fastrak sensors are bolted on an

tracks

binding —____

source

Figure G-1: Picture of the acrylic jig used for metallic noise correction, mounted

over the right foot step-in binding. Important parts are outlined in white.
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acrylic bar. The bar has equally spaced holes (0.4065 in or 10.3 mm centre to centre) to
bolt the sensors at different horizontal positions along the bar. The bar is itself bolted to
an acrylic plate. Just like the bar, the plate has two series of equally spaced holes
(0.5 in or 12.7 mm centre to centre) near its two vertical edges, allowing bolting the bar
horizontally at different vertical positions along the plate. The plate is inserted vertically
in two tracks located on two parallel faces of a box with no top or bottom face. Two
series of equally spaced tracks (0.5 in or 12.7 mm centre to centre) allow one to move
the plate to different repeatable positions along the long axis of the snowboard. The box
is roughly centred on the snowboard binding and is attached to the source through a
telescopic, adjustable linkage. The source is attached to the snowboard via a

polycarbonate part described in section 3.3.2.

When measurements are taken, a range of tracks on the box, a range of holes on the
plate and a range of holes on the bar are selected. Lower resolution can also be
selected by choosing to skip one or more positions on the holes or tracks. To minimise
the time needed for the measurements, the points are measured in such an order that
the manipulation that is most often done is to move the plate from one track to the next,
and the manipulation that is least often done is to move the sensors along the bar. The
jig does not allow measuring multiple orientations at every position. However, Day et
al."'® have demonstrated that measuring multiple orientations at every position does not

significantly improve orientation correction over measuring only one orientation.

G.2 Three-dimensional geometrical kriging

Kriging (see Appendix H) is used to solve the problem of metal mapping and

compensation in two steps*®:
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1. A 3D field of deformation is calculated from two sets of control points measured on
the same grid in two states, the initial state (with static metallic noise) and the final

state (without static metallic noise).
2. The 3D deformation is applied to any new point measured with static metallic noise.

The j control points in their initial state are denoted as

X
) = y, [G-1]
Z,
while the same control points in their final state are denoted as
X,
Pj = yj . [G-Z]
Z;
Then, the equation system that must be solved is
() =a,%.5.2)+ 2.5,K.(5,)
J=1
(,V)i =ay(’7i’?f53i)+zway(’zy) [G-3]
j=1
() =a,(5.5.2)+ 26,K. (5,
j=1
N
>b,=0
:
Zbii:i =0
=1
. [G-4]



where a4 (%,7,,Z,) is the drift for the x deformation,
a,(%,5,,Z,) is the drift for the y deformation,
a,(%.5,,Z,) is the drift for the z deformation,
b, are the fluctuation coefficients for the x deformation,
b, are the fluctuation coefficients for the y deformation,

b, are the fluctuation coefficients for the z deformation,

17,.1. = \/(SE, —32‘].)’ +(?, *?,)’ +(’z‘,. —?j)z is the Euclidean distance between points
Pand P,
K, (17 ) is the generalized covariance for the x deformation,

K, (17 ) is the generalized covariance for the y deformation,

K, (7{ ) is the generalized covariance for the z deformation.

In this case, a linear drift and linear covariance are used for each deformation. For each

dimension (x, y and z), a set of drift and covariance parameters (a and ») must be

calculated. For example, for the x dimension, the system to solve is
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[G-5]

The minimum number of control points to have a single solution to the system

corresponds to the number of parameters in the drift, 4 in the case of a linear drift. After

the drift and covariance parameters are computed, they can be inserted in Equation

[G-5] to compensate for distortion of the magnetic field on other points measured in the

presence of static metallic noise.

For orientations, the drift will be a function of the three position coordinates (x, y and

z ) and of the orientation measured at that position, while the covariance is the same as

for the positions. For instance, for the roll (8), Equation [G-5] becomes:

( ‘91 ) En ]zxz Em 1 5‘?1
02 hzl hzz th 1 JN""z
BN i;m ZNZ . ;;NN 1 J71\1

0 |= 1 0 O
0 % ¥, 0 0
0 ¥V Jvn 0 0
0 Z, 7z, Zy, 0 0

\ 0 ) N 51 §2 gzv 0 0
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G.3 Example of static metallic noise compensation

The metal mapping and compensation algorithm was implemented in MatLab.
Measurements were done with the Fastrak on the jig without the snowboard and with the
jig installed on the left step-in binding and the freeride snowboard (Figure G-2).

Validation of the technique has only been done for positions, but not for orientations.
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Figure G-2: Positions (in cm) measured on the jig for the static metallic noise
compensation with the freeride snowboard and step-in bindings (stars) and
without the snowboard (squares). The source is displayed as a circle at the origin
of the coordinate system (bottom right corner of the graph). The snowboard is

paraliel to the x axis and normal to the y axis.
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Appendix H Kriging

Kriging is an interpolation technique developed in the geosciences for estimating ore
deposit spatial distributions. It was developed for predicting a spatial random process

and has been mathematically proven to be the statistically optimal, linear, unbiased,

estimation technique for spatially distributed data'®*'®".

Values (X ,u) are interpolated or extrapolated between measurements u, of a
phenomenon at taken locations X, for 1<i< N, where the position vector is X =x or
X =(x,y) or X=(x,y,2) in the 1D, 2D and 3D formulations respectively. An

approximate function #(X) is then constructed such that
u(X,)=u,, 1Si<N. [H-1]

In its dual formulation™', the unknown function #(X) is decomposed to the sum of two
functions
u(X)=a(X)+b(X) [H-2]

where a(X) is the drift or average behaviour of the function, and 5(X) is the fluctuation

or error term of the function. The choice of the drift function is arbitrary. It can be a

constant
a(X)=a,, [H-3]
linear
a(X)=a, +a,x+a,y+a,z, [H-4]
quadratic
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a(X) =a, +a,x+a,y+a,z+ax’ +agxy+a,xz+ ay* +a,yz+a,2%, [H-5]

etc. The fluctuation term adjusts the evaluation function u(X ) so that it passes through

the interpolation points. It depends on N parameters b, weighted by correction

functions g; (X) for each observation point as follows:
b(X)=> b,g,(X). [H-6]
=

These correction functions g, (X) depend on the Euclidean distance 4 = IX -X fl and a

shape function K (%) called the generalized covariance. Thus,

b(xX)= Z b,k(x-x ). [H-7]

The generalized covariance can have many forms. For example, it can be linear

K(h)=h, [H-8]
logarithmic
K(#)=h*Inh, [H-9]
or cubic
K(h)=n. [H-10]

The generalized covariance must satisfy the non-bias conditions
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Appendix| Propagation of uncertainty

L1 Fastrak system precision

To evaluate the effect of the Fastrak system precision, one trial with one snowboarder
was randomly selected. From this trial, a sample of kinematic data representing 20% of
the recorded points was randomly selected. Normally distributed random values centred
on zero were added to the position and orientation values of the kinematic data points,
with a standard deviation of 0.8 mm for position values and 0.15° for orientation values,
which is the precision of the Fastrak system as reported by the manufacturer. Standard
deviation of twice and four times the values for position and orientation were also used
to evaluate the sensitivity to measurement uncertainties. For each combination of
standard deviations, 10 different kinematic data files were generated. The ankle rotation
values were calculated for each kinematic data file. The standard deviation of the
differences between the rotation values caiculated with the intact and modified kinematic

data is reported in Table 6-1.

1.2 Skin movement artefact

Using methodology similar to the one for the Fastrak system precision, the effect of the
measurement uncertainty due to skin movement artefact was also evaluated. The effect
of skin movement artefacts on measurements with optical markers has been
documented in the literature. Skin movement has been shown to vary widely with
marker location. For instance, markers located over big muscles or close to joints were
found to be the most affected by movement of the underlying soft tissue. However, the
published studies rarely used markers placed in similar locations as in the present study.

Among the closest, Cappozzo et al.* reported x, y, and z components of skin movement
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artefact between 6 and 10 mm for a marker located on the shank over the tibialis
anterior, the muscle responsible for dorsiflexion of the ankle. The marker in the present
study was located over the antero-medial part of the tibia where there is no underlying
muscle. Therefore, an uncertainty of 8 mm is considered an overestimate of the skin
movement artefact for the present study. Similarly, Masien and Ackland'®® observed 2 to
6 mm of vertical and horizontal displacements of a skin-marker located over the
calcaneus. However, this marker was located on the medial side of the calcaneus
(sustentaculum tali) while the one used in the present study was located on the posterior
part of the calcaneus, below tendo calcaneus Achilli insertion point, a location further
from joint centers and thus expected to undergo less movement of the underlying soft
tissues. An uncertainty of 4 mm is considered an overestimate of the skin movement

artefact for the foot sensor of the present study.

Electromagnetic sensors used in the present study have 3 transiational and 3 rotational
DOF, while optical markers only have 3 translational DOF. The literature only reports
skin movement artefact with optical markers. Therefore, some assumptions must be
done to estimate the rotational skin movement artefacts (Figure |-1). For the shank
sensor, the greatest rotation is expected to be in the plane of contact with the skin, since
the sensor is placed over a very flat part of the tibia and thin underlying soft tissues. The
thermoplastic plate that acts as an interface between the skin and sensor is about 80
mm long. If each of its extremities moves by 8 mm in opposite directions, the plate is
rotated by less than 3°. For the foot sensor, the thermoplastic heel cup is shaped like a
dome and is expected to move around its centre of curvature. With a radius of curvature
of the heel cup of approximately 40 mm, the expected rotation due to a 4 mm skin

translation is less than 6°.
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Figure I-1: Assumptions for rotational skin movement artefacts of the shank

sensor (left) and foot sensor (right).

Since those values are all conservative estimations of the skin movement artefact in
conditions worse than those of the present study, the effect of uncertainty values of 0.25,

0.5 and 1.0 times these estimations were calculated and are presented in Table 6-1.

1.3 Axes of rotation

The two axes of rotation of the ankle joint complex have been shown to have moving

instantaneous helical axes, a concept introduced by Woltring?'. Leardini et al.'"°

reported the intra-individual linear dispersion (de/f) and angular dispersion ( Xepr) of the

subtalar joint axis measured on 6 cadaver ankle specimens and calculated using the
method described by Woltring®® (see equations [I-19], [I-20], and [I-21] below).
Averaged over all specimens, the 10.475 mm linear dispersion and 7.05° angular
dispersion represent the standard deviation of the position and orientation of the subtalar

joint axis.
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Bottlang et al.? reported the orientation of the talocrural joint axis in the frontal and

transverse planes measured on 6 cadaver specimens at 8 different DF/PF values. In

order to obtain a direction vector 7 = xi + yf + zk from its projected orientations & and

B, the following equations were developed (see Figure |-2).

. x
sing =—
a
sinﬂ:l-.
b
For a unit vector #,
y:+a* =1
y

Figure 1-2: Projected orientations of direction vector.
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xr+b% =1

x2+y*+zF =1.

Isolating a in [I-24] and substituting in [I-26],

+ =1.
sin® &
Similarly for b,
2
x* + .yz =1.
sin® f#

Then, solving [I-28], [I-29] and [I-30] for x, y and z, yields

fAB—A
X =
AB -1

where 4=sin’a and B=sin’ f3,

[-27]

[1-28]

[1-29]

[1-30]

[I-33]

[1-34]

[1-35]

The angular dispersion was then calculated from the direction vectors corresponding to

Bottlang's data using Woltring's equations®®. If 7, is the direction vector of the i axis

measured, then
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Q= ;11-2 Q [1-20}>%

Then, finding the smallest eigenvalue A of matrix 0, the angular dispersion is obtained

by
Xep = arcsin(«/z ) [1-21)%°

For Bottlang’s data, the angular dispersion of the talocrural joint was 3.8°. The linear

dispersion could not be calculated from Bottlang’s data.

Ten sets of one new talocrural and one new subtalar axis were randomly generated with
normally distributed uncertainties and 0.5, 1 and 2 times these standard deviations.

These uncertainties propagated to the ligament strains as shown in Table 6-2.
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