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ABSTRACT
Dynamic postural stability (DPS) is the ability to regain postural control after landing,1 and is
important for success at the elite level of ski and snowboard competitions. Numerous studies
have identified different landing protocols for the assessment of DPS. The purpose of this series
of investigations was to determine the effectiveness of using a vertical landing protocol versus a
horizontal landing protocol to measure ground reaction forces (GRFs) and time to stabilisation
(TTS) as a measure of DPS within the elite athlete environment.

In the first investigation, ten healthy recreational athletes and seven elite ski and snowboard
athletes volunteered to participate. Athletes completed single leg right (SLR), single leg left
(SLL) and double leg (DL) landings from a 0.40 m vertical drop. Both athlete groups observed
similar within-subject variation with a coefficient of variation (CV%) ranging from 9.1% to
28.2% for all landings. Test re-test reliability scores indicated good reliability for all outcome
measures between day 1 and day 2 of testing for all measured outcomes: vertical TTS (TTSV),
force peak (Fpeak), time to force peak (TFpeak), rate of force development (RFD) and impulse.
A significant difference was observed between elite skiers and recreational athletes in single leg
(SL: combined SLR and SLL) and DL landing tasks with effect sizes of, SL: d = 2.63, DL: d =
0.07 and SL: d = 0.02, DL: d = 0.07, for TFpeak and RFD, respectively. It was found that TTS
measures did not have the sensitivity to discriminate between healthy non-injured recreational
athletes and elite ski and snowboard athletes, with no significant differences being observed.
Furthermore, it was observed that minimal discrepancies were seen between left and right leg
landings and it is proposed that if no pre-injury DPS measures are taken, that the non-injured
limb be used as a benchmark measure of DPS.
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The second study investigated whether a strength and power focused training program could
improve TTS measures in elite ski athletes. Using the same vertical drop-landing protocol as the
first study, seven elite mogul and ski-cross athletes participated in a six-week strength and power
focused training program. Pre- and post-training TTS measures in the vertical, medial/lateral and
anterior/posterior directions were determined to assess DPS. It was found that a six-week
strength and power training intervention had no effect (d≤0.42) on TTS scores in the three
measured planes for elite mogul and ski-cross athletes. Changes in post-training intervention
GRF measures for the SLL and SLR landings ranged from –2.0% to 9.0% and DL landings from
0.2% to 2.0%. However, this does not preclude the relevance of the testing measures and it is
suggested that these measures be used as a post-injury rehabilitation progress assessment tool for
return to training and competition.

In the third study, a multidirectional landing protocol was used to investigate the relationship
between vertical and horizontal landing protocols. Ten elite ski and snowboard athletes
participated in the study. It was hypothesised that a multidirectional landing protocol would be
better at identifying DPS demands in the anterior/posterior and medial/lateral directions
compared to only using a vertical drop-landing protocol. The multidirectional landing protocol
involved a 0.40 m vertical drop, a 100% leg length forward step, a 50% leg length lateral hop
and a 50% leg length medial hop landing task. The GRF measure of vertical peak force and TTS
measures in all three planes were recorded. A Spearman’s Rank Order correlation was used to
assess the athletes’ performance in a vertical drop landing compared to horizontal landing task.
Results indicated no systematic relationship between landing directions, suggesting consideration
be given to the landing protocol used and the specific GRF and DPS outcome measures being
tested. Using the longest stabilisation times as a discriminator for placing the highest demand on
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DPS, it is recommended that a lateral hop protocol be used for assessment of TTS in the
medial/lateral direction, a forward step protocol for TTS in the anterior/posterior direction and
using a vertical drop or forward step protocol for TTS measures in the vertical direction and
force peak (Fpeak).
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CHAPTER 1: INTRODUCTION
1.1

Background

Sports commonly involve an athlete landing from a jump, where an athletes’ ability to manage
the ground reaction forces (GRFs) is important for landing in a stable body position and
preventing injury. Postural control and joint stability during landing can be influenced by the
interpretation of somatosensory, proprioceptive and visual information.2 Improving the
interpretation of this information and limiting the postural sway of the body as it transitions from
a dynamic to static state, has been suggested to be an important factor in dynamic postural
stability (DPS).3 Accurate assessment of DPS can help in the identification of DPS deficiencies
and has the potential to aid in post lower limb injury rehabilitation decisions.

Previously static balance tests and postural sway assessments have been used to assess postural
stability, however it was suggested that a dynamic test would be more functionally specific to the
postural stability demands seen within the sporting environment.2,4,5 The star excursion balance
test (SEBT) has also been used to assess postural stability as it tests postural stability in three
separate planes of movement. However, time to stabilisation (TTS) was found to be less
subjective which suggested that landing from jump was more representative of movement
patterns used in the ‘real world’.6 It was therefore proposed that measuring the GRFs and
calculating TTS be the preferred method of DPS assessment. DPS is the ability for the body to
regain balance within its base of support and can be measured using a force platform.3 Recording
the time taken to stabilise after a jump, a participant is considered stable when the force-time
trace stabilises within an accepted deflection zone of ±5% of body weight (BW).7
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Measuring the GRFs such as peak force (Fpeak), time to force peak (TFpeak), rate of force
development (RFD) and impulse can provide a quantifiable measure of the complex mechanisms
involved in landing.3 These measures combined with TTS assess an athlete’s DPS and as such
can identify deficiencies in DPS that can aid in the application of injury prevention techniques
such as strength and conditioning programs.

1.2

Statement of problem

The characteristics of the three-dimensional GRF and time traces have previously been measured
in athletes from various sporting backgrounds and used to assess differences between healthy
and impaired anterior cruciate ligament (ACL) populations.7-9 It was proposed that due to the
reported injury profile of elite ski and snowboard athletes10-12 (which includes a high proportion
of knee and lower limb injuries), that the assessment and monitoring of DPS by measuring the
associated GRFs during landing, could identify deficiencies which may aid in the prevention of
such lower limb injuries. However, no research has focused on the GRF measures and DPS of
elite ski and snowboard athletes or given recommendations for the use of a landing protocol that
should be used when assessing these measures for elite athletes.

This thesis addresses the problem of the absence of such research by:

•

Measuring the GRF components of force attenuation in elite ski and snowboard athletes
during vertical and horizontal landing tasks, will aid in the development and
implementation of testing protocols that identify deficiencies in DPS.

•

Recommendation of appropriate GRF measures and a landing protocol to be applied when
assessing DPS of elite ski and snowboard athletes. This could be used to identify those
athletes who are at risk of injury due to poor DPS.
2

1.3

Hypotheses

In view of the stated research problem, the following four hypotheses were tested in this thesis:
•

Elite athletes will have less within-subject variability with GRF measures of DPS
compared to recreational athletes.

•

The DPS measures will have the sensitivity to discriminate between elite and recreational
athletes.

•

Improvements in DPS measures would be observed following a strength and power
training program.

•

A multidirectional landing protocol will be better at identifying DPS demands in the
anterior/posterior and medial lateral directions compared to only using a vertical landing
protocol.

1.4

Limitations

Four limitations of the reported work in this thesis have been identified:
•

Different brands of shoes were worn during the landing task.

•

Elite athletes did not undertake the same training program, as each program was
individualised, specific to the athletes and their sporting discipline.

•

The elite athlete population are involved in different snow sports disciplines.

•

Sample size was restricted to the available elite athletes in the NSWIS program.
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CHAPTER 2: LITERATURE REVIEW
2.1

Background of snow sports

The non-traditional sports of freestyle skiing and snowboarding have rapidly grown from
recreational past times to elite sports as evidenced by their inclusion in the International
Federation de Ski (FIS) World Cup events and the Winter Olympics. This inclusion has
influenced the technical performance requirements of athletes and the difficulty of the
competition courses. As the standard of performance and competition at the elite level increases,
a greater understanding of the physiological requirements that affect performance would be
beneficial. Evaluation of the physiological requirements and fitness testing of an athlete is
essential for assessing an athlete’s overall fitness and can be used to monitor and aid in the
prescription of training.13 The tests used when assessing an athlete should be reliable and specific
to the physiological demands of the sport.14 To understand the physical demands of each of the
different ski and snowboard disciplines, a brief description of each will be given.

4

2.1.1 Moguls
Moguls competition consists of athletes skiing down a steep (inclination of 28° ± 4°) heavily
moguled course (Figure 1), stressing technical turns, aerial manoeuvres (over two jumps) and
speed. Skiers land from both jumps into moguls, where quick absorption of forces and a stable
body position are necessary to maintain speed and set up for their next turn. Seven judges score
turns (50%), aerial manoeuvres (25%) and time (25%) for a maximum score of 30 points.15 A
typical run lasts around 20 to 30 seconds with a focus on absorption of terrain, correct technique
and good body position.

Figure 1. Moguls course.
Moguls course at Perisher Ski Resort, NSW Australia.
(Image courtesy of the New South Wales Institute of Sport.)
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2.1.2 Ski-cross (SX) and snowboard-cross (SBX)
Ski-cross and snowboard-cross are relatively new disciplines that have been described as motocross on snow. Skiers and boarders compete separately but on a similar course, which is 800 m
to 1500 m in length. Each course has specially constructed features including banked turns,
jumps, flat sections, and rollers (Figure 2). During competition each athlete completes a single
timed run (time trial) for seeding purposes, after which four to six athletes start at the same time
down the course and race against each other, with each run taking 60 seconds or more. The first
half of the competitors across the line (two or three), progress to the next race with this format
continuing until the final four to six athletes race for medal positions.16-18 During both time trials
and medal runs, competitors have to land from numerous jumps and drops where the focus is on
maintaining a stable body position that allows absorption of vertical GRFs and preserving high
horizontal velocity.

Figure 2. Ski-cross and boarder-cross course.
Design of the Sochi 2014 Winter Olympics ski-cross and boarder-cross course.19
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2.1.3 Ski and snowboard slopestyle
The discipline of slopestyle involves riders executing freestyle manoeuvres down a course
comprised of terrain park features including rails, hips, table-tops and jumps (Figure 3). The
athletes’ aim is to combine ‘big air’ and technical tricks into one run. A quick absorption of
forces and a stable body position are important for slopestyle competitors due to the short time
between features, where setting up early is necessary to ensure that the appropriate speed and
line is taken into the next feature. Five judges subjectively score each athlete’s run looking at
trick difficulty, trick execution, amplitude of trick and use of the course.18,20 Each run can last up
to 60 seconds with competitors performing two runs for qualifications and the highest scoring
run taken with the top 16 riders progressing to the finals. During the final, athletes are given the
opportunity to perform two runs on the course with the highest single run score used to
determine the athlete’s final rank.

Figure 3. Slopestyle course.
Typical slopestyle course at Breckenridge, Colorado USA.21
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2.1.4 Halfpipe
A halfpipe is a straight course made of snow. It has two walls on either side and the dimensions
can vary depending on seasonal conditions and the intended demographic. An elite competition
halfpipe is commonly 160 to 200 m long, 18 m wide, possesses an inclination of approximately
18º (along the length of the halfpipe) and wall transitions of 6.7 m high that finish vertically22
(see Figure 4). The aim of riding halfpipe is to link together six to eight acrobatic and aerial
manoeuvres that are both smooth and stylish, with a typical run lasting between 15 and 20
seconds. Five judges subjectively score each run, looking at overall impression, trick difficulty,
trick execution and amplitude.16 Manoeuvres vary from airs (where the aim is to get as high
above the halfpipe as possible) to different types of grabs and spins in either direction (frontside
or backside). Landing from a trick needs to occur as close to the vertical section of the wall to
minimise the GRFs of landing from a height of 4 to 6 m above the lip of the pipe. A stable
landing will allow the rider to transfer the vertical GRFs into horizontal velocity as they travel
down the landing wall and across the flat bottom of the pipe setting up for the next manoeuvre on
the opposite wall.

Figure 4. Halfpipe.
Competition standard halfpipe at Copper Mountain Resort, Colorado USA.
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DPS in snow sports is important for maintaining a stable body position during landing and
allows for efficient absorption of GRFs. Ski and snowboard athletes, whilst positioned
differently on their equipment and in relation to their horizontal direction of travel, are both
required to stabilise quickly and manage the vertical and horizontal GRFs involved in landing on
snow. A quick absorption of forces and a stable landing allows the athlete to transfer the vertical
GRFs into horizontal velocity,23 when maintaining speed is needed and also allows an athlete to
manage their speed and line as they transition into the next feature. An unstable landing can
affect performance in several ways: the distance travelled whilst unbalanced may contribute to
slower times; they may have less time to prepare for the next manoeuvre or feature; and in the
worst case, an unstable landing may result in a fall.

2.2

Injury within snow sports

The energy dissipation during a landing task is predominantly achieved by eccentric action of the
lower limb muscles, in conjunction with appropriate flexion of the ankles, knees, hips, and
trunk.24,25 A poor landing technique could result in an uncontrolled/unstable posture, which in
turn could contribute to a fall or injury. Unstable landings and those with high vertical GRFs
have been reported to increase the risk of injury among World Cup snow sports athletes.11,12,26
Torjussen and Bahr10 reported the incidence of injury during a World Cup snowboard
competition season to be 1.3 per 1000 runs. Flørenes et al12 identified the major mechanism of
injury to be landing from a jump with 67.9% of all sustained injuries occurring to the knee. Due
to the high injury rate among elite skiers and snowboarders, particularly involving the lower
extremities, it is important to identify contributing factors to the incidence of injury. The
identification of inappropriate force attenuation and unstable landings will aid in the
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establishment of training methods and testing procedures that may assist in reducing the number
and severity of time loss injuries.

2.3

Ground reaction forces in snow sports

GRF measurements have previously been conducted on snow using recreational athletes by
McAlpine et al27 finding that high (4.79 BW) vertical GRFs were recorded during on-snow
landings from ski jumps. It was proposed that the high ankle joint load may contribute to the
incidence of lower limb injury. However, it is inherently difficult to measure the GRFs ‘in situ’,
therefore laboratory-based testing involving drop landings onto a force platform have been
widely used to assess landing performance in athlete and non-athlete populations.7,28-31
Measuring the GRFs resulting from a jump landing in a controlled setting has been shown to
provide a reliable measure of force attenuation and DPS.32-34 Outcome measures have the
potential to be used for training prescription to improve an athlete’s ability to manage GRFs and
land in a stable body position in order to prevent a fall or even injury.13

Each of the previously described Winter Olympic ski and snowboard disciplines require
absorption of GRFs during landing, where athletes are required to land in a balanced and
controlled position to score well with judges, post a fast time or finish first. During landing,
athletes absorb the GRFs in order to vertically decelerate the centre of mass (COM) and land in a
stable and balanced position. From this stable body position, athletes are able to transition into
the next trick, manoeuvre or course feature. The forces encountered during landing are affected
by five key elements: the slope of the landing surface, the softness of the snow, vertical and
horizontal velocities, and the athlete’s technique of managing the GRF.23
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2.4

Dynamic postural stability

DPS has been defined as the complex process of maintaining or restoring stability of the entire
body after a landing permutation.35 The mechanisms involved in DPS require a complementary
relationship of feed-forward and feedback loops between the somatosensory information
received from muscles, tendons, skin, subcutaneous tissue, ligaments and the joint capsule.35
Devita and Skelly25 identified pre-activation of the hamstrings and quadriceps, along with joint
positions of the ankle, knee and hip angles, during the descent phase of landing prior to initial
contact (IC), influenced the GRF impact load exerted on the body. These anticipatory actions are
an example of a feed-forward process that prepares the lower extremities to appropriately
attenuate landing forces rather than relying upon reflex muscular activation in response to
stimuli.2 The information received by the central nervous system (CNS) includes proprioception
information from afferent signals sent from peripheral joints of the body.2 This form of feedback
loop is used for modification and regulation of postural stability and segmental control. 35

The goal of a successful and stable landing is to resist the uncontrolled collapse of joints while
dissipating the kinetic energy through the skeletal and musculature systems.25 As part of ski and
snowboard athletes’ daily training and competition demands, they are required to land in an
unstable environment where highly developed DPS mechanisms are needed for stable landings.
Examples of a well-developed DPS can be seen in gymnasts, where the athletes are required to
dissipate the landing forces quickly whilst ‘sticking the landing’.31 In contrast, the DPS skills in
skiers and snowboarders requires controlled vertical deceleration of the COM whilst maintaining
a stable body position, which allows for a quick transfer into the next movement down the
course.
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2.5

Snowsport athlete testing

Current testing of physiological parameters within these disciplines commonly includes, but is
not limited to, lower body strength and power, anaerobic power, upper body strength, core
strength and aerobic capacity. Butcher-Mokha et al8 proposed that the inclusion of a dynamic
stability test should be functionally similar to movements seen in the sporting environment. This
proposal was subsequently explored by Platzer et al,13 adding the insight that the inclusion of
landing stability testing should be considered due to the repeated exposure to high impact
landings with these sports. Importantly, Platzer et al13 reported a correlation between the scores
reported in a static balance test and World Cup FIS points for snowboard-cross athletes,
suggesting that inclusion of a balance test within the physiological testing of elite ski and
snowboard athletes would be beneficial in identifying balance deficiencies. These studies support
the need for research and testing of DPS and GRF measures using jump landings that involve
elite ski and snowboard athletes.

2.6

Dynamic postural stability testing

TTS has previously been investigated using numerous different jump and landing protocols such
as drop down, forward jump, backwards jump, medial hop and lateral hop.4,5,7,36 Recording the
GRFs of these jump tasks and measuring TTS in all three planes (vertical, medial/lateral,
anterior/posterior), has been used to identify weaknesses and DPS deficiencies of injured and
healthy participants in both athlete and non-athlete populations.7,31,37-39 These studies involved
athletes from numerous sporting backgrounds such as gymnastics, volleyball and basketball,
finding that there were differences in landing kinetics within collegiate gymnasts and between
recreational and elite athletes.31,40-42 The results from these previous studies suggest that ski and
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snowboard athletes would benefit from DPS testing, as they are required to maintain a stable
body position whilst also absorbing GRFs during landing on snow.

A common clinical measure of DPS used within athlete and non-athlete populations is the Star
Excursion Balance Test (SEBT).43,44 The SEBT is a single leg dynamic balance test where
participants extend their free leg in three planes: anterior, posterior/lateral, posterior/medial,
whilst trying not to touch the ground. The distance away from the centre is recorded and a score
is given for the test. However, a meta analysis conducted by Arnold et al6 investigating DPS
testing using the SEBT and force platform measures of TTS, reported that TTS measures
observed better reliability scores and that the movements involved in measuring GRFs and TTS
during landing more accurately reflect the ‘real world’ demands placed on the body to maintain
DPS. These findings suggest that measuring TTS would be the preferred method of DPS testing.

2.7

Time to stabilisation

TTS is a variable of DPS and is defined by the time taken to stabilise the GRF after landing to a
specified range of normal body weight force fluctuation.7 To accurately assess the TTS, a force
platform is used with numerous studies assessing the GRFs in each plane of movement (x:
anterior/posterior; y: medial/lateral; z: vertical).4,33,37,45-48 As stated earlier, TTS as a measure of
postural stability is dependent on feed-forward mechanisms such as pre-activation of the lower
limb musculature and modifications of these responses by proprioceptive and kinaesthetic
feedback mechanisms. McKinley and Pedotti49 reported that shortest TTS measures were
observed in participants where pre-activation of the gastrocnemius, soleus and anterior tibialis
occurred. Following on from this, Colby et al7 developed a method for calculating TTS using a
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drop-landing protocol that reported intra-class correlation coefficient (ICC) reliability scores of
0.91 to 0.89.

The calculation of TTS in the vertical and horizontal (anterior/posterior and medial/lateral)
planes requires the use of two separate methods, due to horizontal landing forces measured as
sheer forces that fluctuate (stabilises) around zero whereas the vertical force component is a
measure of the application of vertical force that fluctuates (stabilises) around body weight. Colby
et al7 have described methods for determining the TTS variables calculated from their respective
vertical (TTSV), medial/lateral (TTSM/L) and anterior/posterior (TTSA/P) force curves. In this
methodology, a person is deemed to be stable first in the vertical direction when the vertical
force component stabilised to within ± 5% of body weight (BW) after initial contact (Figure 5).
Secondly, a sequential estimation method is applied to determine TTSA/P and TTSM/L, where
each are defined as the time point where the accumulated average (of the force curve) comes
within one-quarter standard deviation (SD) of the mean of all data points (Figure 6).
Ross and Guskiewicz5 described a contrasting methodology to acquire TTSV where a third order
polynomial calculation was applied to the vertical force–time trace. This method requires
recording a stable stance of ten seconds after initial contact. However, this method does not
reflect the technique that elite ski and snowboard athletes use when landing on snow, as these
athletes would not hold a landing position for ten seconds.
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Figure 5. Vertical TTS.
A representative vertical force trace over time, the vertical dotted line indicates vertical time to
stabilisation, observed when the vertical force trace enters the ± 5% of body weight zone.

Figure 6. Anterior/posterior TTS.
A representative anterior/posterior force curve over time, the vertical dotted line indicates
anterior/posterior time to stabilisation, observed when the accumulated average (dotted curve) comes
within ± 0.25SD of overall mean.

Expanding on the work reported by Colby et al7, Ross and Guskiewicz5 reported TTS measures
to be effective in discriminating between participants with functional ankle instability (FAI) and
non-functional ankle instability populations. In refining the methods and protocols used to
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measure the GRFs and calculating TTS, Wikstrom et al50 found that the previous recording times
which could be in excess of 10 seconds, were not necessary for the calculation of TTS and
recommended a shorter recording time of 3 seconds. More recently, Butcher-Mokha et al8
investigated the use of TTS within athlete populations, finding TTS to be a good indicator of
DPS among athletes, however, no comparisons were made between elite and recreational athlete
groups. These studies identified the effectiveness of DPS testing among sub-elite athlete groups
and have developed reliable methods of assessment in both vertical and horizontal landing
protocols.

2.8

Ground reaction force measurements

It has been proposed that repetitive exposure to high GRFs associated with landing, could be a
contributing factor to lower limb injury.31 Numerous studies have measured the impact of
landing from a jump, with the aim of identifying landing techniques that can appropriately
absorb the GRFs and stabilise quickly.7,31,37-39 Figure 7 is a representative trace of a typical
vertical GRF versus time graph of a 0.40 m drop-landing task. The vertical GRF is often
expressed relative to body weight (BW) to account for differences in body weight among
participants during analysis.7
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Figure 7. Ground reaction force curve.
A representative ground reaction vertical force (BW) trace over time, resulting from a 0.40 m droplanding task.

It has been reported that the predominant mechanism of injury within World Cup ski and
snowboard athletes occurs during landing.12 Similarly, Seegmiller and McCaw31 reported a high
incidence of lower limb injury within collegiate gymnasts. It was observed that the gymnasts
recorded higher GRFs when compared to recreational athletes during a vertical drop-landing
task. It was proposed that the years of training and development of landing techniques where
athletes are encouraged to ‘stick’ a landing could account for the higher vertical GRF seen
amongst the gymnasts.31 It is assumed that decreasing the vertical GRF would decrease the risk
of injury, however, the landing technique required within both gymnasts and snow sports athletes
require a quick absorption of forces and fast stabilisation times. This is in contrast to the practice
of reducing vertical GRFs by increased flexion of the lower limb joints. The process of absorbing
GRFs also involves an emphasis on appropriate management of landing forces through preactivation of the musculature and leg stiffness.2 However, a clear link between the relatively
higher GRFs seen in collegiate gymnasts in comparison to recreational athletes and the increased
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risk of injury has not yet been established. Therefore, identifying GRF differences among
recreational and elite ski and snowboard athletes and comparing them against previously
reported findings may provide insight into landing patterns and aid in the development and
implementation of training programs that reduce the risk of lower limb injury. To date, no such
study has been conducted on ski and snowboard athletes.
Caulfield and Garrett51 investigated ankle and knee movement patterns in a single leg 0.40 m
drop landing in participants with and without functional ankle instability. Analysis of GRF
measures and motion analysis indicated differences in lower limb joint angular displacement and
GRF measures, pre- and post-landing impact between healthy and functional ankle instability
participants. It was proposed that the altered movement patterns and GRF recorded in
participants with functional ankle instability could be attributed to a reduction in the ability for
proprioceptive function to fine tune lower limb control. As proprioception is used for regulation
of postural control during landing, any identification of deficiencies of the postural control
process would be beneficial for the elite ski and snowboard athletes.

Recently, studies have identified temporal measures such as time to peak vertical force (TFpeak)
as a relevant measure of landing performance.31,52,53 Seegmiller and McCaw31 investigated the
differences in TFpeak of gymnasts and recreational athletes, finding there was a tendency for
gymnasts to have a shorter TFpeak. In this investigation, TFpeak values decreased as drop height
increased during 0.30 m, 0.60 m and 0.90 m drop landings with gymnasts measuring 0.057 s,
0.045 s, and 0.038 s respectively.31 This was also associated with an increase in peak vertical
force. These results suggest that the RFD of the lower limb muscle system would need to
increase to allow the body to control the deceleration of the COM, and then dissipate and quickly
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absorb the higher GRFs in preparation for the next task. It has been suggested that the ability to
produce a greater muscle force earlier in the muscle contraction (high RFD) is an important
factor for effective landing.54 As such, by taking into account the time taken to reach Fpeak and
by considering the amount of force produced over time, one might gain greater insight into the
mechanisms involved in landing during the initial phase from initial contact to peak vertical
force (Fpeak).

Impulse has predominantly been used to describe the concentric ground contact phase of a
sprinting action and jump take-offs, giving a measure of force application over time — Force (N)
x Time (s).55 The impulse magnitudes measured during the landing phase of a jump includes
both the eccentric and concentric aspects of the force curve. This is calculated as the integral of
the vertical GRF versus time curve from initial contact (IC) to Fpeak.
Seegmiller and McCaw31 investigated the impulse measures of drop landings, reporting that
impulse magnitudes increased as height increased and that gymnasts generate a higher impulse
from 0.60 m and 0.90 m landings compared to recreational gymnasts. It was proposed that
TFpeak times seen within the gymnasts may have affected the impulse measures due to the
calculation of impulse only including the force up to Fpeak. It is suggested that an integral of the
force versus time curve from IC to TTSV be calculated to assess differences amongst athlete
populations. This has the potential to give a greater understanding of force attenuation during the
deceleration of the COM through to the acceptance of BW and would allow identification of the
differences between elite ski and snowboard athletes and recreational athletes.
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2.9

Conclusion

Due to repeated exposure to high impact landings, elite skiers and snowboarders may have a high
risk of lower limb injury during on-snow training and competition.12 It is therefore necessary to
train these athletes to adopt landing techniques that quickly absorb the GRFs associated with
landing, whilst maintaining a stable and balanced body position that is effective and relevant to
their respective competition environments. The complex task of retaining DPS after a jump is
controlled by multiple feed-forward and feedback systems including pre-activation of the
musculature and the modification of motor drive by somatosensory, vestibular and visual
feedback systems.2 TTS and analysis of other force–time curve characteristics can be used to
identify deficiencies in these processes as a measure of DPS.33

Numerous studies have used GRF measures in different vertical and horizontal landing
protocols.8,42,47,51 However, there is limited research investigating the relationship between the
landing protocols to determine the most appropriate testing procedures for specific outcome
measures. Therefore, the purpose of this investigation was to determine the effectiveness of
using a vertical and/or a horizontal landing protocol to measure GRF variables including TTS as
a measure of DPS, within the elite snowsport athlete environment.
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CHAPTER 3: DYNAMIC POSTURAL STABILITY AMONG ELITE
SKIERS AND RECREATIONAL ATHLETES DURING DROP LANDINGS
3.1

Introduction

Within the sporting context, maintaining balance and control while landing is important for
success in most sports and it has been reported that recording the GRFs during landing can be
used to provide an understanding of force attenuation and landing control.32-34 This DPS of
landing can be measured by identifying the time it takes for the vertical force trace to stabilise
after landing from a jump.7 TTS in a clinical setting has been shown to be a reliable and valid
assessment of dynamic postural stability among athlete and non-athlete populations following
lower limb injuries.6,7 Analysis of TTS and other variables such as landing impulse (Impulse),
peak vertical force (Fpeak), time to peak force (TFpeak) and rate of force development (RFD)
can be used to give insight into the landing kinetics. These GRF measures have been used to
identify deficiencies in DPS and landing patterns that may increase the risk of injury.3,31,32,56
There is a paucity of available data involving athletes from non-field-based sports, where as part
of their normal daily training and competition demands athletes are required to develop stable
landing patterns that allow for appropriate attenuation of GRFs.

Athletes from the freestyle skiing disciplines of moguls and ski-cross are required to land in a
balanced and controlled position to score well with judges, post a fast time or finish first. The
repeated high-impact landings require athletes to absorb the GRFs through flexion of the ankles,
knees, hips and trunk enabling them to maintain their centre of mass (COM) between their feet
and over their skis. A poor landing technique could result in an uncontrolled or unstable posture,
an inability to perform subsequent manoeuvres and could contribute to a fall or injury. Unstable
landings with inefficient absorption of GRFs and where balance is not maintained, can increase
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the risk of injury in elite gymnasts and World Cup ski and snowboard athletes.11,26,31 Injuries
among World Cup alpine skiers within a competition season was reported to be high, with 67.9%
of all injuries being knee injuries predominantly occurring during landing.11
A high risk of lower limb injuries has also been reported in gymnasts. Seegmiller and McCaw31
measured the GRFs in recreational athletes and gymnasts finding that the gymnasts measured
higher Fpeak scores. However, a direct relationship between a relatively higher Fpeak and the
incidence of injury is unclear. It was proposed that the higher Fpeak scores were due to the years
of training, where gymnasts adopt landing patterns where there is a focus on ‘sticking’ the
landing. In contrast, skiers are required to control their vertical COM whilst maintaining a stable
body position in order to quickly transition into the next trick or turn. By measuring the GRFs of
elite mogul and ski-cross athletes and comparing these results to previous studies and
recreational athletes, it can give insight into the landing kinetics of the elite athletes and identify
any DPS deficiencies.

Most of the energy dissipation during landing is provided by the pre-activation of lower limb
muscles that is modulated by eccentric and concentric muscle actions, the same muscle activity
is present in both landing on snow and during a drop landing.28,57 It is inherently difficult to
measure the GRFs ‘in situ’, therefore laboratory-based testing involving drop landings has been
widely used to assess landing performance in different athlete and non-athlete populations.7,28-31
The purpose of the current study was to investigate the use of a drop-landing task among elite
skiers and recreational athletes. Firstly, to investigate the test re-test reliability of GRF outcome
measures, secondly to investigate the within-subject variability of testing and finally to compare
the results of elite versus recreational athletes. It was hypothesised that the elite mogul and ski-
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cross athletes would exhibit lower Fpeak scores, higher RFD, quicker stabilisation times, have
less within-subject variability scores and show less variability between left and right leg
landings.

3.2

Methods

3.2.1 Study design
Participants attended a single testing session conducted during the preparatory phase of the
athletes’ periodised training program prior to the Northern Hemisphere winter. In addition, the
recreational athlete group participated in two separate testing sessions 24 hours following the
first session for the determination of the protocol’s test re-test reliability of force platform
measures. During the testing session, athletes performed five drop-landing repetitions for each
landing condition of single leg right (SLR), single leg left (SLL) and double leg (DL). A Latin
square design was used to randomise the order of testing. For the repeat testing of the
recreational athlete group the time of day of testing was standardised.

3.2.2 Participants
Participants recruited for this investigation included seven (three male – age: 20.7 ± 2.5 yrs,
height: 1.74 ± 0.06 m, body mass: 70.9 ± 1.5 kg; and four female – age: 19.0 ± 1.1 yrs, height:
1.66 ± 0.07 m, body mass: 65.2 ± 8.9 kg) elite Australian moguls and ski-cross athletes. Ten
recreational athletes (seven male – age: 22.4 ± 1.7 yrs, height: 1.76 ± 0.04 m, body mass: 79.5 ±
7.2 kg; and three female – age: 22.7 ± 1.5 yrs, height: 1.65 ± 0.02 m, body mass: 59.7 ± 3.0 kg)
volunteered for this study. The recreational athletes participated in field-based sports including
soccer, Australian rules football, volleyball and basketball. All athletes (elite and recreational)
had a minimum of one year strength and conditioning and plyometric training experience. All
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participants were free from injury at the time of data collection and signed an informed consent
approved by the University of Canberra’s Human Ethics Research Committee.

3.2.3 Testing protocol
In each landing task condition the GRFs were measured using an in-ground force platform
(Kistler Instruments AG: Switzerland) sampling at 1000Hz. The participants prepared for the
testing with a standardised warm-up consisting of ten minutes on a stationary bike and dynamic
stretches of the lower body musculature. This was followed by three practice trials of the three
landing tasks with five minutes rest prior to commencement of testing to avoid fatigue. During
testing, five landings of each task were performed with a take-off box positioned 0.15 m
horizontally from the edge of the force platform, at a height of 0.40 m. Whilst standing on top of
the take-off box, with the landing leg raised over the centre of the force platform, participants
were given the verbal command ‘step’. Upon this command, participants were instructed to step
off the take-off box, land softly in the centre of the force platform (either SLR, SLL or DL),
stabilise as quickly as possible and hold the flexed landing position for three seconds. During the
entire movement, the participants placed their hands on their hips.

3.2.4 Data processing
The GRF data was collected using Bioware software (Kistler Instruments AG: Switzerland) and
filtered using a second order low pass Butterworth filter with a cut-off frequency of 20Hz.58
Force data was analysed using Stata/IC (version 12: Texas, USA). Vertical force was converted
to a value relative to body weight (FN/BWN) to enable comparisons of results between
participants. Impulse (BW.s) was calculated as the integral of the vertical force versus time
curve, from initial contact (IC) to TTSV. IC was defined as the point where the vertical GRF
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increased above 10 N. Fpeak (BW) was found when the vertical force trace reached its maximum
point. TFpeak (ms) was calculated from initial contact to time where maximum vertical force
was reached. RFD (BW.s-1) was defined as the slope of the vertical force–time curve
(∆Force/∆Time) where ∆Force = (F@contact – Fpeak) and ∆Time = (T@contact – TFpeak).56
Using the method described by Colby et al,7 TTSV (ms) was determined when the vertical force
component had stabilised to within ± 5% of body weight (BW) after initial contact.7

3.2.5 Statistical analysis
To examine the magnitude of individual athlete variation in drop-landing ability, an individual
coefficient of variation (CV) was determined from all five trials and expressed as CV%. Twotailed independent t-tests were used to compare athlete group’s (elite versus recreational)
variability across all measures with significance accepted at p<0.10.59 For all other computations,
the minimum and maximum scores were removed and the average of the remaining three trials
was used in the analysis. A two-tailed paired t-test was used to determine test re-test reliability
with the recreational athlete group (n = 10) for each drop-landing task (SLR, SLL and DL).
Differences in the variables of interest between athlete groups were compared with two-tailed
independent t-tests.

The abovementioned statistical analysis was conducted using the software package SPSS
(version 12.0: SPSS Inc., Chicago, IL). Effect size (Cohen’s d) was used to describe the
magnitude of difference (small d = 0.2, medium d = 0.5, large d = 0.8).60 Smallest worthwhile
change (SWC) scores were calculated to quantify the difference in test performance.60
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3.3

Results

On reviewing the data and conducting a two-tailed paired t-test, limited non-significant
differences between SLR and SLL landing tasks for both athlete groups across the measures of
interest (Impulse, Fpeak, TFpeak, RFD and TTSV) were observed (Table 1). As a result of the
non-significant differences and trivial effect sizes, the data for SLR and SLL landings were
combined for further statistical analysis into a single group termed single leg (SL) landings.

Table 1. Group mean (SD) of SLR and SLL landings.
Group mean (SD) of GRF and DPS measures for single leg right (SLR) and single leg left (SLL) landing
tasks. With p value and effect size (d) to describe differences between landing tasks.

Group

Elite Athlete

Rec Athlete

Variable
Fpeak (BW)
TFpeak (ms)
RFD (BW.s-1)
Impulse (BW.s)
TTSV (ms)
Fpeak (BW)
TFpeak (ms)
RFD (BW.s-1)
Impulse (BW.s)
TTSV (ms)

SLR
Mean
SD
4.0
0.61
40.5
5.3
101.5 14.1
0.71
0.11
505
100.9
4.2
0.71
56.8
4.2
74.5
12.6
0.73
0.14
550
146.7

SLL
Mean
SD
3.9
0.67
36.4
9.6
114.5 13.1
0.76
0.14
570
140.7
3.6
0.7
60.4
9.5
63.6
19.7
0.73
0.16
559
117.4

p value
0.699
0.339
0.335
0.418
0.342
0.111
0.289
0.149
1.000
0.905

d
0.15
0.53
0.54
0.39
0.53
0.85
0.49
0.66
0.00
0.07

The results of within-subject variability expressed as the coefficient of variation (CV%) for elite
and recreational athlete groups for the SL landing are shown in Figure 8. Fpeak and TFpeak had
the least variability, ranging from 9.1% to 13.3% whereas TTSV had the most variability, ranging
from 16.6% to 22.8%. No significant differences were observed between athlete groups.

26

Figure 8. Elite and recreational athlete coefficient of variation (CV%).
Elite and recreational athletes mean ± 95% confidence limits for the coefficient of variation (CV%)
expressed as a percentage for GRF variables of Fpeak, TFpeak, RFD, Impulse and TTSV, for single leg
(A) and double leg (B) landings.

The test re-test reliability of both the SL and DL landing tasks (Table 2) indicated good
reliability from day 1 to day 2 of testing for all measures of interest. The effect size was small
d<0.20 for nine out of the ten tested outcomes. Fpeak for the DL landing condition was the only
outcome to observe a larger than d = 0.20 and therefore was the only measured outcome larger
than the calculated smallest worthwhile change (SWC).
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Table 2. Test re-test reliability with SWC score
Test re-test reliability expressed as mean (± SD) and effect size (d) for GRF variables of Fpeak, TFpeak, RFD, Impulse and TTSV for both single
leg (SL) and double leg (DL) landings. Smallest worthwhile change (SWC) calculated using d = 0.20 times pooled standard deviation.

SL
Variable
Fpeak (BW)
TFpeak (ms)
RFD (BW.s-1)
Impulse (BW.s)
TTSV (ms)

Day 1
Mean
SD
3.83
0.66
52.1
15.7
71.62 19.98
0.73
0.24
547 236.0

Day 2
Mean
SD
3.86
0.71
51.4
11.6
74.86 18.11
0.72
0.28
542 274.4

DL
p value
0.774
0.440
0.246
0.959
0.884

d
0.02
0.14
0.17
0.01
0.02

SWC
0.14
2.74
3.81
0.05
51.04

Day 1
Mean
SD
4.42
0.75
52.3
11.9
83.86 18.81
0.77
0.16
533 156.1
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Day 2
Mean
SD
4.25
0.84
50.2
16.3
81.55 21.89
0.76
0.11
523 104.7

p value
0.292
0.401
0.578
0.671
0.701

d
0.25
0.14
0.11
0.07
0.07

SWC
0.16
2.83
4.07
0.03
26.08

Comparisons of GRF measures between elite and recreational athletes for SL and DL landings
indicated that significant differences were observed for TFpeak and RFD (Table 3). These results
observed percentage differences between athlete groups ranging from 29% to 56%, which were
larger than the smallest worthwhile change (SWC) scores of TFpeak: SL 2.74 ms, DL 2.83 ms
and RFD: SL 3.81 BW.s-1, DL 4.07 BW.s-1 (Table 2). TTSV for the DL landing condition saw the
recreational athlete group reach TTS 48 ms quicker than the elite athlete group, however this was
not significant. Non-significant differences were observed for Fpeak for both the SL and DL
landing conditions. Both athlete groups observed Fpeak scores ~10% greater for the DL landing
when compared to the SL landing condition, however this was deemed not to be significant.

Table 3. Group mean (SD) for elite and recreational athletes.
Differences between elite and recreational athletes for single leg (SL) and double leg (DL) landing.
Expressed as mean (± SD) with p value (significance set at p<0.10) and effect size (d).

Variable
Fpeak (BW)
TFpeak (ms)
RFD (BW.s-1)
Impulse (BW.s)
TTSV (ms)

Group
Elite
Rec
Elite
Rec
Elite
Rec
Elite
Rec
Elite
Rec

Mean
4.02
3.96
39
59
108.1
69.0
0.74
0.74
538
555

SL
± SD
0.63
0.75
7.8
7.4
24.3
17.1
0.13
0.15
122.3
158.5

p value
0.824

Effect size (d)
0.08

0.000*

–2.63

0.000*

1.88

0.920

0.07

0.414

–0.19

Mean
4.46
4.35
40
56
116.9
80.3
0.80
0.75
558
510

DL
± SD
0.73
0.86
6.9
7.7
32.4
23.9
0.09
0.12
89.0
118.5

p value
0.780

Effect size (d)
0.14

0.000*

–2.18

0.017*

1.42

0.341

0.47

0.372

0.45

* Denotes significant difference p<0.10

3.4

Discussion

This study aimed to investigate the use of a drop-landing task among elite skiers and recreational
athletes, analysing GRF variables as a measure of DPS. Results indicated limited non-significant
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differences and trivial effect sizes between SLR and SLL landing tasks for both athlete groups
across the measures of interest (Impulse, Fpeak, TFpeak, RFD and TTSV) (Table 1). Therefore
the data for SLR and SLL landings were combined for further statistical analysis. These findings
also suggest that testing of the dominant leg only, instead of both single legs, may provide
sufficient information on an athlete’s DPS.

The complex process of restoring stability depends on integration of feed-forward (primary
motor drive from higher centres) and feedback (including somatosensory, visual and vestibular
sensory systems) neuromuscular control systems, in accordance with task complexity and
balance abilities.1 Within this study, no distinguishable differences were observed between
athlete groups for within-subject variability (Figure 8). The test re-test reliability observed an
average CV of 16.2% for the SL landing and 13.8% for the DL landing. Impulse and TTSV were
the most reliable measures for both SL and DL landing tasks observing effect sizes less than d =
0.07 (Table 2). Comparisons between athlete groups indicated elite athletes had a faster RFD and
quicker TFpeak both of which were larger than the smallest worthwhile change scores (Table 3).
These results indicate that measuring the GRFs and analysing the associated DPS of SL and DL
drop-landing tasks, can only discriminate between elite skiers and recreational athletes for two
out of five GRF measures.

It was hypothesised that due to the years of training and competition experience requiring
dynamic postural stability skills, when compared to recreational athletes, elite ski athletes would
demonstrate less variability of scores, lower Fpeak, smaller Impulse, quicker TFpeak, higher
RFD and quicker stabilisation times, whilst restoring stability during a drop-landing task.
However, no significant differences were observed between the athlete groups for within-subject
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variability (Figure 8) with Fpeak, Impulse and TTSV also observing no significant difference
between athlete groups (Table 3). There is a paucity of research reporting the intra-variability of
DPS and GRF measures. The assumption that the training and competition experience of the elite
athletes would have observed a more consistent landing pattern, when compared to the
recreational athletes was not supported.

The current study recorded less variability in SL landing tasks than DL landings for the GRF
measures of Fpeak, TFpeak, RFD and Impulse, which were similar to values reported by
Seegmiller and McCaw31 for collegiate gymnasts from a 0.60 m drop landing. The TTSV was
observed to have the highest variability, with elite athletes’ mean SL landing score of 538 ± 122
ms, however, the range was from 250 ms to 1320 ms with a CV of 28.2%. The range of TTSV
values are larger than reported ‘pre-fatigue’ values of Wikstrom et al,33 highlighting the need to
protect against non-representative results in the method of data collection and analysis. This
study collected data from five trials per landing task, with the minimum and maximum scores
removed and an average of the remaining three used for analysis of group means. During TTS
calculation, an automated calculation method was rejected as a number of erroneous results that
required manual recalculation occurred. Therefore, it is recommended that future research use a
manual calculation of TTS, perform five or more trials and give careful consideration to the
inclusion and exclusion of representative trials.

A test re-test reliability study was also conducted on two consecutive days using the recreational
athlete group. There was no significant difference in the results between the days indicating good
reliability (Table 2). The results indicated that Impulse and TTSV were the most reliable
measures for both SL and DL landing tasks (p = 0.959 d = 0.00, p = 0.671 d = 0.02 and p = 0.884
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d = 0.07, p = 0.701 d = 0.07) respectively. Colby et al7 reported intra-class correlation coefficient
(ICC) values of 0.93 to 0.94 for TTSV with a 0.30 m drop-landing test. These results suggest that
the outcome measures used within this study are reliable for the quantification of postural
stability and describing landing kinetics involved in a drop-landing task.
Previously, McAlpine et al27 reported vertical GRFs of 4.79 BW as measured by a portable force
platform mounted under the binding of a snowboard, recording the vertical GRF during landing
from a ski jump. These landing forces are substantially larger than those recorded in strength
exercises such as a squat, where elite athletes are squatting with up to two and a half times body
weight over a two to three second time period. Understandably, the ability to produce a greater
muscle force earlier in the muscle contraction has previously been reported as an important
factor during landing.56 A significant difference between athlete groups was observed in TFpeak,
with the elite athletes reaching Fpeak quicker in both the SL (p<0.001, d = 2.63) and DL
(p<0.001, d = 2.18) landings. Also, the RFD recorded was significantly (p<0.001, d = 1.88 and p
= 0.017, d = 1.42) greater in both the SL and DL drop-landing tasks respectively for elite athletes
compared to recreational athletes. These results by themselves may be misinterpreted when
analysed independently of other variables, suggesting a landing that has a short TFpeak and a
large RFD may lead to a high Fpeak and therefore could lead to an increased risk in injury. The
Fpeak results between the two groups were very similar with effect sizes of d≤0.14. Therefore
the observed differences in TFpeak and RFD are suggested to be a positive attribute that has
come about through the elite athletes’ years of training experience.

Physiological factors such as the muscle fibre composition, maximum muscle strength, the viscoelastic properties of the muscle itself and the muscle–tendon complex, and pre-activation of the
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lower limb muscles can affect RFD.28,57 It is proposed that results found in this study could be
attributed to the elite nature of the athletes and the numerous years of strength and conditioning
training experience. In contrast to these findings, previous research reported no significant
differences in TFpeak between elite gymnasts and recreational athletes during a drop-landing
task, whilst also reporting a comparatively higher Fpeak in the elite gymnasts.31

The research in this thesis indicated no significant differences in Fpeak between the two athlete
groups: DL Fpeak for elite athletes was 4.5 ± 0.73 BW and 4.4 ± 0.86 BW for recreational
athletes (Table 3). The Fpeak measurements reported in this study were also similar to those
previously reported as ‘high’ in collegiate gymnasts during a lower height (0.32 m) DL droplanding task: collegiate athletes 3.9 BW and recreational athletes 4.1 BW.53 There is, however,
limited normative data on the accepted range for classification of low, normal and high Fpeak
measures to use as a benchmark. Within this study, Fpeak ranges for a 0.40 m drop landing were
classified as high >5.0 BW, normal 3.0–5.0 BW and low <3.0 BW. Therefore, in this study, both
athlete groups were within the classification of normal Fpeak range.

The elite athlete group have numerous years of experience in training strategies that involve
eccentric landing patterns. Calculating impulse allows the researchers to quantifiably measure
how these athletes manage the GRFs over time.55 Interestingly, the data in this study suggests
that measuring the Impulse from a 0.40 m drop-landing task cannot discriminate between elite
and recreational athletes (elite athletes SL d = 0.07, DL d = 0.47). In contrast to this, Seegmiller
and McCaw31 reported Impulse was able to discriminate between athletic populations with
smaller impulse measures among elite gymnasts compared to recreational gymnasts, during a
0.30 m DL drop-landing task. It is proposed that this difference in outcomes is due to the
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gymnasts adopting landing techniques that emphasise ‘sticking’ a one-off landing, whereas the
elite mogul and ski-cross athletes develop landing patterns that focus on a stable body position
ready for the next movement61 whilst also maintaining horizontal velocity.

In a sports performance context, DPS is the athlete’s need to absorb the GRFs and decelerate the
vertical displacement of the centre of mass (COM) whilst maintaining a balanced and controlled
body position. Although no significant differences were observed between the two groups, the
elite athlete group did record a shorter TTSV for the SL landing which was smaller than the SWC
score of 51.04 ms. Comparatively, both athlete groups’ TTS values were faster than those
reported by Butcher-Mokha et al8 using collegiate soccer, volleyball and basketball athletes.
However, the results in this current study indicated only small to medium effect sizes between
athlete groups, suggesting the TTS variables used may not have the sensitivity to discriminate
between elite moguls and ski-cross athletes and recreational athletes. A refinement of the
calculation method to use ± 2.5% BW may allow for greater discrimination between athlete
groups and thus improve assessment of TTSV among elite and recreational athletes, and
identification of differences in TTSV scores.

The lack of differences observed between athlete groups for TTSV scores, does not preclude the
relevance of this measure. TTSV has previously been reported to have potential for use as an
assessment to identify DPS deficiencies in people with functionally unstable ankles and in
assessing the rehabilitation process post anterior cruciate ligament (ACL) surgery.4,7 It was also
observed that the drop-landing protocol used in this study, predominantly assesses sagittal plane
stability. It has recently been reported that a lateral jump protocol may be useful in
discriminating between stable and unstable landings.30,36 It is therefore recommended that future
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studies include a multidirectional jump protocol investigating the landing kinetics of elite mogul
and ski-cross athletes. Furthermore, used in conjunction with already established screening tools,
these measures may aid in the prescription of strength and conditioning programs and be used as
a benchmark to assess athlete progress. In supporting this, the current study observed minimal
discrepancy between left and right leg landings, thus suggesting that if no pre-injury measures
had been taken, the non-injured limb could be used to assess DPS as a control or post-injury
benchmark limb for comparison to the injured limb.

3.5

Conclusion

The results indicate that the GRF measures of Impulse and TTSV were the most reliable amongst
the five tested measures. The variables of TFpeak and RFD were also found to be able to
discriminate between elite skiers and recreational athletes. No significant differences were
observed for the within-subject variability scores between both athlete groups, when assessed
using a vertical drop-landing protocol. Due to the elite nature of the mogul and ski-cross athletes,
it would be difficult to increase the number of elite participants, however the drop-landing
protocol used in this investigation could be modified in an attempt to increase sensitivity of
testing measures. It is recommended that future studies include a multidirectional jump protocol
to investigate the landing kinetics of elite mogul and ski-cross athletes. However, this does not
preclude the usefulness of the current testing measures and it is suggested these variables may be
useful in a pre-/post-injury rehabilitation measure to assess readiness to return to snow.
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CHAPTER 4: INFLUENCE OF STRENGTH AND POWER FOCUSED
TRAINING PROGRAM ON TIME TO STABILISATION
4.1

Introduction

In recent times, single and double leg landing tasks have been used to assess dynamic postural
stability of participants with functional ankle instability,42 anterior cruciate ligament injuries7 and
to evaluate the effect of strength and conditioning interventions.37 Measuring the GRFs during
the landing phase of a jump allows for a quantifiable measure of DPS. TTS is a variable that has
proven to be a valid and reliable measure of DPS.7,32-34 Analysis of TTS has been investigated in
athletes from various sporting backgrounds including soccer, volleyball and basketball.42,62
Interestingly, there is limited research on snowsports athletes who are required to have highly
developed DPS systems to compete at the elite level.

The skiing disciplines of moguls and ski-cross involve athletes repeatedly landing at high
velocity in an unstable environment. Athletes are required to land in a balanced and controlled
position to score well with judges, post a fast time and/or finish ahead of the field. An optimal
landing involves maintaining postural stability by absorption of GRFs, in conjunction with
appropriate angular flexion of the ankles, knees, and hips, enabling athletes to maintain their
centre of mass (COM) between their feet and over their skis. A less than optimal landing where
balance is not maintained can result in poor scoring, loss of time, a fall, and in a severe case, may
cause injury.

Muscular strength is reported to play an intrinsic role in maintaining dynamic postural stability
during landing.37,45,63 The musculature is directly involved in decelerating and stabilising the
body’s centre of mass as it transitions from a dynamic to static state.33,46 Previous research has
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indicated there is a transferability of training adaptations from a lower body strength and power
training program to dynamic postural stability.46,62,63 Changes in TTS force platform measures,
during a drop-landing task, provides an understanding of the dynamic postural stability in each
plane of movement (x: anterior/posterior; y: vertical; z: medial/lateral).32-34

The purpose of the current study was to determine whether a six-week strength and power
training program could improve vertical (V), anterior/posterior (A/P), and medial/lateral (M/L)
time to stabilisation (TTS) measures in moguls and ski-cross athletes, as this has not previously
been investigated. It was hypothesised that improvements would be seen in all three planes
following the training program.

4.2

Methods

4.2.1 Study design
Participants were asked to attend testing on two separate occasions six weeks apart. Immediately
following the initial testing session, athletes participated in a six-week strength and power
focused training program. All testing and the six-week training program were conducted during
the preparatory phase of the athletes’ periodised training program prior to the Northern
Hemisphere winter.

4.2.2 Participants
Participants recruited for this investigation were three male and female elite Australian moguls
and ski-cross athletes (age: 19.6 ± 1.9 yrs, height: 1.7 ± 0.1 m, body mass: 65.4 ± 6.7 kg). All
participants were free from injury prior to testing, and each signed an informed consent approved
by the University of Canberra’s Human Ethics Research Committee.
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4.2.3 Testing protocol
A standardised warm-up was conducted consisting of ten minutes on a stationary bike and
dynamic stretches. This was followed by five practice trials of the three landing tasks from a
standardised height. The landing tasks comprised single leg right (SLR), single leg left (SLL)
and double leg (DL) landings. During testing, five landings of each task were performed using a
Latin square design to randomise the order of landings. GRFs were measured using a force
platform (Kistler Instruments AG: Switzerland) recorded at 1000Hz. The take-off box was a
horizontal distance of 0.15 m from the edge of the force platform, at a height of 0.40 m. Once
standing on the take-off box, the participant’s landing leg was raised over the centre of the force
platform. After being given the verbal ‘step’ command, participants were instructed to step off
the take-off box, land softly in the centre of the force platform, stabilise as quickly as possible
and hold the flexed landing position for three seconds. Participants were instructed to keep their
hands on their hips during the entire movement.

4.2.4 Training program
After the initial testing stage, a six-week strength and power focused training program was
implemented. While the training programs were individualised for each participant, similar
training principles and exercises were used throughout the training group. Three repetition max
(3RM) strength testing was used to define the %1RM loads. Common strength exercises utilised
during the training phase were: squats, deadlifts, unstable Swiss ball rotations and double leg calf
raises (performed at a ratio of 4 sets of 4–12 reps twice a week). While common power exercises
included: drop squats, power clean, sled drag and dumb bell snatch (performed at a ratio of 3–4
sets of 6 reps twice a week).
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4.2.5 Data processing
During each testing session, landing force data was collected using Bioware software (Kistler
Instruments AG: Switzerland) and filtered using a second order low pass Butterworth filter with
a cut-off frequency of 20Hz.58 Force data was analysed using Stata/IC (version 12: Texas, USA).
Two methods were used to obtain TTS variables as previously described by Colby et al7 Figure 9
shows a representative vertical GRF trace used to determine the TTSV variable. The dashed
vertical line represents where the vertical force component had stabilised to within 5% of body
weight (BW) after initial contact. Figure 10 demonstrates the sequential estimation method used
to determine TTSM/L and TTSA/P. The vertical line represents the time point where the
accumulated average comes within one-quarter standard deviation of the mean of all data points.
For each of the TTS variables, the minimum and maximum values calculated for the five trials
per landing task were discarded and the mean of the remaining three were used for further
statistical analysis.

Figure 9. Vertical TTS.
A representative vertical force–time curve where TTS is found. The vertical dotted line represents TTSV,
identified when the vertical force component stabilises within ± 5% BW after initial contact.
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Figure 10. Anterior/posterior TTS.
A representative anterior/posterior force–time curve showing how TTSA/P and TTSM/L are calculated using
the sequential estimation method. The vertical dotted line represents when the accumulated average
(dotted curve) comes within one-quarter SD of the overall mean.

4.2.6 Statistical analysis
Group means ± SD for stabilisation times were used to describe the pre- and post-training TTS
measures. SPSS (version 12.0: SPSS Inc., Chicago, IL) was used to conduct paired t-tests to
assess significance between variables (p<0.10).59 Within-subject variability testing was
calculated using coefficient of variation (CV%) and a two-tailed paired t-test was used to identify
differences between pre- and post-CV% scores (all five trials were used). Change in mean and
SWC scores were calculated to assess the change in pre- and post-training TTS measures.

4.3

Results

Table 4 indicates the group mean (SD) of the within-subject variation for TTS variables pre- and
post-training intervention expressed as the coefficient of variation (CV%). CV% scores indicate
that TTSA/P observed the least variability with scores ranging from 6.6%–12.2% with TTSV and
TTSM/L variability ranging from 14.4%–28.4% for all landing tasks.
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Table 4. Within- subject variability of pre- and post- training means.
Within-subject variability of TTS variables in the vertical, medial/lateral and anterior/posterior directions.
Expressed group mean ± SD of coefficient of variation (CV%).

Landing task
SLR

SLL

DL

Variable
TTSV
TTSM/L
TTSA/P
TTSV
TTSM/L
TTSA/P
TTSV
TTSM/L
TTSA/P

Pre

Post

Mean (±SD)
21.6 (5.1)
18.1 (7.4)
8.24 (4.8)
29.5 (7.4)
17.1 (6.4)
7.8 (3.7)
19.4 (10.5)
24.4 (20.1)
7.8 (3.1)

Mean (±SD)
27.4 (9.3)
14.4 (6.8)
11.6 (7.3)
25.1 (12.7)
28.4 (11.5)
12.2 (6.2)
24.7 (10.2)
21.1 (12.1)
6.6 (2.5)

p Value
0.174
0.363
0.324
0.448
0.043
0.131
0.357
0.727
0.449

Prior to undertaking training, the values for TTS in the vertical plane were 524 ± 76 ms, 537 ±
132 ms and 568 ± 109 ms for the SLR, SLL and DL landing tasks respectively. No significant
change was observed in TTS for any of the landing conditions from pre- to post-training (Table
5). Observed changes in mean for all landing types and measured outcomes were below that of
the calculated SWC (Table 5). For all landing conditions stabilisation occurred in the vertical
plane first followed by the M/L plane and then the A/P plane (Figure 11). Comparison of pre- to
post-testing indicated that TTS in the A/P plane, for the SLR landing task, showed a nonsignificant decrease of 40 ms in the time required to attain stabilisation to 1219 ± 108 ms. There
were also non-significant decreases seen in the A/P plane for SLL: 1244 ± 132 ms and DL: 1094
± 137 ms, in post-TTSA/P measurements. Results for pre-TTS in the M/L plane were SLR: 957 ±
150 ms, SLL: 881 ± 166 ms and DL: 973 ± 229 ms. Following training TTSM/L measurements
had slowed for the SLL: 903 ± 170 ms and minimal improvements were recorded for SLR: 953 ±
113 ms and DL: 971 ± 255 ms, however no changes were significant.
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There was no significant difference in DPS measures observed between the pre- and posttraining intervention measures. Even though TTS was observed to slightly improve in all planes
of movement for left and right leg landings, these results were within the normal variation of
measures as described by the CV%.

Figure 11. Pre- and post-training TTS scores
Group mean results for pre- and post-time to stabilisation measures in the vertical, anterior/posterior and
medial/lateral directions. Expressed as Mean (s) ± SD per landing task.
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Table 5. Group mean (SD) and change in mean of pre- and post- training TTS scores.
Mean (SD) for vertical, medial/lateral and anterior/posterior directions for both pre- and post-testing
sessions. Paired t-test was used to describe differences between pre- and post-testing sessions. Change in
mean and smallest worthwhile change (SWC) were calculated to assess change in measured outcomes.
Pre
Landing task
SLR

SLL

DL

4.4

Variable

Post

Mean (ms)

SD

Mean (ms)

SD

p Value

∆ Mean (ms)

SWC (ms)

TTSV

524

76.5

514

66.1

0.651

–10

104.8

TTSM/L

957

150.2

953

113.8

0.916

–4

191.4

TTSA/P

1260

81.7

1220

108.1

0.141

–40

252
107.4
176.4

TTSV

537

132.2

486

61.1

0.371

–51

TTSM/L

882

166.5

903

170.4

0.861

21

TTSA/P

1320

104.7

1244

132.6

0.131

–76

264

TTSV
TTSM/L

569

109.3

551

92.3

0.592

–18

973

229.2

972

255.8

0.991

–1

113.8
194.6

TTSA/P

1106

115.3

1095

137.5

0.858

–11

221.2

Discussion

Results of the current study observed non-significant changes in TTS measurements (pre- versus
post-testing) for all three planes of movement. The post-training intervention changes seen
within the TTS measures were observed to be within the normal variation of DPS testing
methods, suggesting that a six-week strength and power training program cannot elicit
improvements in dynamic postural stability (DPS) in elite moguls and ski-cross athletes.

The within-subject variability represented by the CV% (Table 4) indicates the vertical and
medial/lateral planes had larger variability values than the A/P plane, ranging from 19.4% to
29.5%. To protect against non-representative results, multiple trials were performed and an
average used for analysis.7 Comparatively, TTSA/P observed the least variability between trials
with a CV% < 10.0. These results are similar to previous research conducted by Kibele and
Behm46 which found TTSA/P more reliable than TTSV and TTSM/L. When interpreting the
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reliability results within the current study, consideration should be given to the small sample size
n=7 which may have influenced reliability measures, however to account for the possibility of a
type I error the significance value was adjusted to p<0.10.59

The change in mean between pre- and post-training stabilisation times for each landing task
(SLR, SLL and DL) ranged from –10 ms to –51 ms for TTSV, –11 ms to –76 ms for TTSA/P and
–4 ms to 21 ms for TTSM/L (Table 5). These results were less than the calculated SWC and it is
suggested that these results were within the natural variation of testing as indicated by the CV
values. Improvement in stabilisation times have previously been reported in postural stability
after a strength and conditioning intervention in collegiate soccer, volleyball and basketball
athletes.62 In contrast to the findings of this study, Kibele and Behm46 reported improvements to
be greater in the left leg within an untrained physically active university-aged population. It was
suggested that greater training adaptations were seen in the left leg because of an imbalance of
the musculature between the left and right leg. A possible explanation for the imbalance was due
to the left leg being responsible for balance (right-leg dominant) during unilateral leg actions and
therefore had greater propensity for change.46 This current study observed less than 1%
difference between vertical stabilisation times of the left and right landing tasks which the author
of this thesis attributed to the elite nature of the athlete population, and that with this level of
expertise the athletes have numerous years of weight training experience which would limit any
muscular differences between the left and right leg.

It is suggested that muscular strength plays an intrinsic role in maintaining dynamic postural
stability during landing37,45,63 as the musculature must decelerate and stabilise the body’s centre
of mass as it transitions from a dynamic to static state.33 The transferability of a strength and
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power based training program to improve DPS has been reported previously.62-64 Therefore, it
was hypothesised that pre-post intervention improvements would be seen in stabilisation times of
all three planes (vertical, A/P and M/L), rejecting the original hypothesis. The lack of significant
differences in all three planes within the current study may be attributed to the landing task.63
The drop-landing protocol used in this investigation would predominantly assess sagittal plane
stability and it has recently been reported that a lateral jump protocol may be a better assessment
of M/L stability.30,36 It is therefore recommended that future studies include a multidirectional
jump protocol.

Future research should also consider the inclusion of a non-athlete control group for comparisons
against the results reported in this study. Analysis of other variables such as peak GRFs, impulse,
displacement of centre of pressure and rate of force development36,56,65,66 may allow for a greater
understanding of pre-post intervention changes in dynamic postural stability. The inclusion of a
proprioceptive and balance-based training program should also be considered to investigate its
effect on stabilisation times within moguls and ski-cross athletes.
In conclusion, the present study along with previous research7,32 indicates that TTS can have a
moderate to high reliability when analysing dynamic postural stability during a drop-landing
task. Improvements were observed predominantly in the A/P direction, however, improvements
in dynamic postural stability were less than in previously reported findings.33 The author of this
thesis attributed this to the elite nature of the participants and that with this level of expertise and
weight training experience, the improvements in pre-post intervention measures would be
smaller when compared to recreation and sub-elite athletes.

45

4.5

Conclusion

Pre- and post-training measurements of TTS are unable to assess DPS changes within elite
mogul and ski-cross athletes. The lack of significant change in the TTS scores suggests minimal
impact from a six-week strength and power training program on these measures. However, this
does not preclude the relevance of the testing measure. It is suggested that the individual
athletes’ results from this study be used as a pre- and post-injury measure for lower limb injuries
and could be included in assessing the athlete’s readiness to return to competition and training.
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CHAPTER 5: DYNAMIC POSTURAL STABILITY MEASURES AMONG
ELITE SKIERS AND SNOWBOARDERS USING VERTICAL AND
HORIZONTAL LANDING PROTOCOLS
5.1

Introduction

Dynamic postural stability (DPS) in the context of skiers and snowboarders is the ability to
maintain balance and control as they transition from a dynamic to static state, whilst preserving
horizontal velocity.5,23,33 The amount of time it takes to stabilise after landing from a jump on
snow can affect the distance travelled in an unbalanced body position. This can have negative
implications on performance, where maintaining speed is required to post a fast time or an
unstable body position is carried into the following feature or turn. DPS can be measured to
identify any deficiencies and is commonly used in both sporting and clinical settings.7-9 Colby et
al7 described a method for obtaining vertical and horizontal TTS as a measure of DPS using a
vertical drop landing with participants who had anterior cruciate ligament (ACL) impairment.
Following on from this, Butcher-Mokha et al8 used TTS measures for the analysis of DPS within
an athlete population. Wikstrom et al47 further refined these methods by using a multidirectional
landing protocol for the assessment of DPS in medial/lateral and anterior/posterior directions. A
multidirectional landing protocol was developed to increase the diagnostic value of DPS
measurement and to replicate the landing patterns observed in the ‘real world’.36 However, no
research has investigated the relationship between vertical and horizontal landing protocols,
which may help in recommendations for DPS testing protocols for athletes that are required to
land in a dynamic environment.
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As part of elite ski and snowboard athletes’ normal training and competition, they are regularly
exposed to high impact landings in an unstable environment. Athletes are required to land in a
balanced and controlled position to score well with judges, post a fast time or finish first.29 A
poor landing technique could result in an uncontrolled, unstable body position that may lead to a
fall and in the worst case, an injury. Injuries among World Cup alpine skiers and snowboarders
within a competition season are reported to be high, with 67.9% of all injuries being knee
injuries predominantly occurring during landing.11,12 In particular, McAlpine et al27 reported that
during landing a snowboarder’s peak force in the vertical direction was 4.79 BW, in the
medial/lateral direction was 1.45 BW, and anterior/posterior direction was 1.77 BW. This
highlights the need for ski and snowboard athletes to develop stable landing techniques that
involve the absorption of GRFs in all three planes, through flexion of the ankles, knees, and hips.
This enables them to vertically decelerate their centre of mass (COM) and maintain a stable body
position over their feet in preparation for the next trick or course section.

Lower body musculature plays an intrinsic role in energy dissipation during a landing task on
snow; similar control strategies are present during a multidirectional landing protocol.28,57 The in
situ measurement of GRFs during on-snow landings are very difficult to achieve, therefore
laboratory-based testing of DPS measures are widely used.7,28-31 Measuring the GRF in each
plane of movement (x: anterior/posterior; y: medial/lateral; z: vertical) and determining the TTS
of the force–time curves, allows for a quantifiable indication of DPS during landing.32-34 The
previous studies have shown that a vertical drop-landing protocol does not have the sensitivity to
discriminate between changes in DPS after a six-week training program, using a single plane of
movement dynamic stability test.29 It was considered that a multidirectional landing task may
provide greater insight into the readiness for return to sport and the training adaptive response.
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Currently there are no standards or baseline criteria that exist for these measures or the
appropriate landing protocol for each DPS measure.

This study aimed to establish if a relationship exists between vertical and horizontal landing
protocols in the assessment of DPS and GRFs among elite ski and snowboard athletes. Outcomes
from this investigation may help in the selection of GRF testing protocols for elite ski and
snowboard athletes. It was hypothesised that the rank order performance of athletes, when
assessed using a vertical drop landing would be the same when assessed using a multidirectional
landing protocol.

5.2

Methods

5.2.1 Study design
This study used a single observational group design whereby athletes were required to attend a
single testing session conducted during the preparatory phase of the athletes’ periodised training
program, prior to the Southern Hemisphere winter. Each participant completed the
multidirectional landing protocol involving four separate directions (forward step, medial hop,
lateral hop, vertical drop). Five trials of each landing task, single leg right (SLR), single leg left
(SLL) and double leg (DL) were performed. A Latin square design was used to randomise the
order of landings (SLR, SLL and DL) within each landing direction.

5.2.2 Participants
Participants recruited for this investigation comprised of seven elite Australian ski athletes (four
male – age: 22.0 ± 2.4 yrs, height: 1.82 ± 0.19 m, body mass: 82.7 ± 8.16 kg and three female –
age: 20.6 ± 3.0 yrs, height: 1.68 ± 0.55 m, body mass: 64.5 ± 1.81 kg) and three elite Australian
female snowboarders (age: 23.0 ± 4.36 yrs, height: 1.69 ± 0.10 m, body mass: 64.9 ± 9.41 kg).
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All participants were right-leg dominant which was determined by asking with which leg they
prefer to kick a ball. All participants were free from injury at the time of data collection and
signed an informed consent approved by the University of Canberra’s Committee for Ethics in
Human Research.

5.2.3 Multidirectional landing protocols
During the five trials performed of SLR, SLL and DL landings in each of the four separate
directions (forward step, medial hop, lateral hop, vertical drop), GRFs were measured using a
force platform (Kistler Instruments AG: Switzerland) recorded at 1000Hz. A standardised warmup was conducted consisting of ten minutes on a stationary bike and dynamic stretches, which
was followed by three practice trials of the landing tasks. The order of landing tasks during
warm-up and testing were forward, medial, lateral then vertical. For each of the four landing
tasks, participants were instructed to land softly in the centre of the force platform by flexing at
the ankles, knees and hips, stabilise as quickly as possible and hold the flexed landing position
for three seconds. During the entire landing task participants were required to have their hands
placed on their hips at all times.

Forward step
Participants were requested to take off using the opposite leg that was being tested for SLR and
SLL landings and the right leg for DL landings, from a marked spot on the ground, 100% of leg
length (of each participant) from the centre of the force platform. Leg length was measured from
the anterior superior iliac spine to the medial malleolus using previously described procedures.67
The group average distance from the centre of the force platform for the forward direction was
0.99 ± 0.05 m. To initiate the forward step, participants were given the verbal command ‘step’
where they took two preparatory steps towards the marked spot, propelling themselves upwards
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and landing in the centre of the force platform, performing the appropriate landing task of SLR,
SLL or DL.

Medial and lateral hop
The landing task was described by the direction of travel with respect to the participant (medial
hop for the right leg moved to the left). The take off for the DL landing task was from the leg
closest to the force platform.36 The take-off mark was placed at a distance of 50% of leg length
away from either side of the force platform. The group average distance from the side of the
force platform was 0.49 ± 0.03 m for the medial and lateral directions. Participants were
instructed to stand on the take-off mark on their test leg. To initiate the medial and lateral hop
tasks, athletes were given the verbal command ‘hop’, where they propelled the body upwards
and in the required direction, landing in the centre of the force platform, performing the
appropriate landing task of SLR, SLL or DL.

Vertical Drop
The vertical drop testing protocols used previously in this thesis was used, with the take-off box
at a horizontal distance of 0.15 m from the edge of the force platform and at a height of 0.40 m.
Whilst standing on the take-off box, with the landing leg extended over the centre of the force
platform, participants were given the verbal command ‘step’. During the entire movement the
athletes’ hands were placed on their hips.
5.2.4 Data processing
Bioware software (Kistler Instruments AG: Switzerland) was used to collect all GRF data and
filtered using a second order Butterworth filter with a cut-off frequency of 20Hz.58 Stata/IC
(version 12: Texas, USA) was used to process all GRF data. The vertical force was initially
expressed as vertical force/body weight (BW) to account for differences in body weight among
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athletes. Data reduction involved removing the two least representative values and the remaining
three values were used for further analysis. Fpeak (BW) was determined from when the vertical
force trace reached a maximum. Applying the methods described by Colby et al,7 TTS variables
were calculated from the vertical, medial/lateral and anterior/posterior force curves. An athlete
was deemed to be stable in the vertical direction when the vertical force component had
stabilised to within ± 5% of body weight (BW) after initial contact. Using the sequential
estimation method established by Colby et al,7 TTSA/P and TTSM/L was determined using the A/P
and M/L force traces. Stabilisation occurred at the time point where the accumulated average
comes within one-quarter standard deviation of the mean of all data points.

5.2.5 Statistical analysis
Descriptive statistics mean ± 95% confidence intervals (CI) were used to present group mean
data of all landing conditions. A Spearman’s Rank Order correlation was used to compare the
ranking relationship for the athletes between the four landing directions. Significance was set at
an alpha level of p<0.10 to account for type I errors arising from a small sample size.59 SPSS
(version 12.0: SPSS Inc., Chicago, IL) was used for statistical analysis.

5.3

Results

Stabilisation times for the four landing tasks in the vertical direction ranged from 490 ± 139 ms
to 661 ± 153 ms (Figure 12A). TTSA/P was consistently longer in the forward and medial
directions when compared to the vertical and lateral landing tasks, with stabilisation times
ranging from 1441 ± 153 ms for the medial SLL to 301 ± 67 ms for the lateral DL landing
(Figure 12B). TTSM/L was observed to stabilise quickest in the medial DL hop task with a time of
595 ± 184 ms and the vertical drop landing had the longest stabilisation time of 1450 ± 188 ms
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(Figure 12C). The largest Fpeak score was observed in the forward DL landing (3.75 ± 0.44 BW)
and the smallest was observed in the lateral SLL landing (2.3 ± 0.33 BW) (Figure 12D). The
Spearman’s Rank Order correlation described the ranking relationship of each athlete across the
four landing conditions. A significant (p<0.10) relationship indicated a similar ranking was
attained by the athletes, in the vertical compared to horizontal landing tasks, occurred in 8 out of
the 36 conditions (Table 6).

53

Figure 12. Mean (SD) of GRF variables for multidirectional landing protocol.
Mean group scores (± SD) of GRF outcome measures for each landing condition: (A) Vertical TTS, (B) Anterior/Posterior TTS, (C)
Medial/Lateral TTS and (D) Peak Vertical GRF.
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Table 6. Spearman’s Rank Order correlation for multidirectional landing protocol.
Spearman’s Rank Order correlation describing the relationship between GRF variables (Fpeak, TTSV, TTSA/P and TTSM/L) and landing direction
for all landing tasks (SLR, SLL and DL).

Fpeak
Landing

SLR

SLL

DL

TTSV

TTSA/P

TTSM/L

Direction

Correlation

p value

Correlation

p value

Correlation

p value

Correlation

p value

Forward v Vertical

0.262

0.531

0.238

0.571

0.479

0.232

0.476

0.233

Medial v Vertical

0.571

0.139

0.738

0.037*

0.095

0.823

0.143

0.736

Lateral v Vertical

0.69

0.058*

0.429

0.289

0.333

0.421

0.143

0.736

Forward v Vertical

–0.714

0.047*

–0.833

0.010*

0.095

0.823

–0.429

0.289

Medial v Vertical

–0.143

0.736

–0.619

0.102

–0.405

0.324

–0.214

0.612

Lateral v Vertical

0.214

0.612

–0.619

0.102

–0.048

0.911

0.512

0.207

Forward v Vertical

0.476

0.233

0.476

0.233

0.548

0.162

0.857

0.007*

0.667
0.071*
Medial v Vertical
* Denotes significant relationship p<0.10

0.643

0.086*

0.143

0.736

0.000

1.000
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5.4

Discussion

This study aimed to establish whether there was a relationship between vertical and horizontal
landing protocols in measuring TTS for the assessment of DPS, among elite ski and snowboard
athletes. A Spearman’s Rank Order correlation was used to investigate this relationship and it
was assumed that if rank order was maintained, using a different landing direction test provided
no extra information regarding the athlete’s DPS ability. This would assist in the selection of
landing protocols to be used when measuring DPS for elite ski and snowboard athletes. The
results indicated that when measuring TTS in three planes of movement and peak vertical force,
landing direction influences the outcome. It is therefore recommended that consideration be
given to the appropriate choice of landing direction and its complementary plane of testing when
assessing DPS and GRF measures.

The complex mechanisms involved in landing stability are important for ski and snowboard
athletes to develop, with a focus on quick absorption of forces whilst maintaining postural
control. During landing on snow, athletes are required to decelerate their centre of mass (COM)
in the vertical direction whilst maintaining horizontal velocity. An athlete should try to minimise
the time it takes to stabilise during landing to ensure the horizontal distance travelled, in an
unstable body position, is as short as possible. This will enable the athlete to be in a stable body
position early, ready for the next feature or turn.

The process of restoring stability can be measured by recording the GRFs during landing from a
jump, with the use of a force platform and identifying the time taken for an individual to
‘stabilise’.5 A force platform records GRFs in three planes: vertical, medial/lateral and
anterior/posterior. It has previously been reported that each plane of movement takes a different
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amount of time to stabilise depending on the demands placed on the DPS systems.36,47 In
agreement with this, the results of this study indicated that the magnitude of TTS for each plane
was dependent on the direction of landing. The forward and medial landing tasks stabilised in the
same order, TTSV stabilised first then TTSM/L and finally TTSA/P. The lateral and vertical landing
tasks both saw TTSA/P stabilise first then TTSV then TTSM/L. These results suggest that the
forward and medial landings placed most DPS demand in the A/P direction whereas the lateral
and vertical landings placed most DPS demand in the M/L direction.

Results of this study indicated that stabilisation times, in the anterior/posterior direction for the
forward step and lateral hop landing tasks (Figure 12) were less than TTS measures reported for
soccer (2242 ± 623 ms), basketball (2566 ± 220 ms) and volleyball (2442 ± 529 ms) athletes.8
This would suggest elite ski and snowboard athletes adopt landing techniques that allow for
quicker absorption of forces and a more stable body position.
Research by Liu36 using a similar multidirectional landing protocol on recreationally-active
participants reported TTSM/L times for the forward step: 1480 ± 59 ms, medial hop: 4100 ± 21 ms
and lateral hop: 4240 ± 51 ms. When compared to the elite athletes used within this study, the
recreational athletes took longer to stabilise in all landing directions. It is suggested that the elite
athletes have numerous years of training in strategies that involve eccentric landing patterns
enabling them to produce shorter stabilisation times.

With a high risk of injury, it is important for the elite ski and snowboard athletes to adopt stable
landing techniques where GRFs are absorbed through appropriate flexion of the ankles, knees
and hips.12 Previous studies, which used a drop-landing protocol of 0.30 m, have reported Fpeak
measures of 4.51 ± 1.77 BW in recreationally-active teenagers. It was expected that due to the
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years of training in landing techniques that enable the athletes to quickly absorb the GRFs they
would exhibit lower Fpeak scores. Consistent with this, the study indicated that the elite athletes
measured lower Fpeak scores of 3.73 ± 0.39 BW (Figure 12) at a greater drop height of 0.40 m.

It was hypothesised that the rank order performance of a group of athletes assessed using a
vertical drop-landing would not change when assessed using a horizontal landing protocol. The
results of this study did not support this hypothesis suggesting that different landing direction
tests provide different information regarding DPS. Eight out of thirty-six conditions observed a
significant (p<0.10) relationship, (Table 6) with two of these results being in the negative
direction. The significant negative relationships indicated that an athlete’s performance and rank
in one testing condition would not determine their performance and rank in subsequent tests.
Therefore, using the longest stabilisation times as a discriminator for demand imposed on the
DPS systems, it is recommended that each plane of movement be assessed individually by using
the corresponding TTS direction. For example: using a lateral hop protocol for assessment of
TTSM/L, using a forward step protocol for TTSA/P and using a vertical drop or forward step
protocol for TTSV.

Interpretation of these results must be taken with care considering that the number of athletes
assessed (n = 10) was small, which has the potential to influence this type of analysis.
Importantly though, this number of athletes does represent a substantial proportion of the
available elite athletes in Australia competing at an international level. It is recommended that
future research replicate this study using sub-elite ski and snowboard athletes to increase the
number of participants.
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5.5

Conclusion

This study investigated the relationship between vertical and horizontal landing tasks with
respect to GRF measures. It was assumed that if a group of athletes’ performance ranking was
the same in a horizontal landing protocol compared to a vertical landing that no extra
information about the athletes’ DPS ability would be gained from performing both tests. This
would be beneficial for identifying the appropriate testing procedures for elite ski and snowboard
athletes. The lack of significant results from the Spearman’s Rank Order correlation suggests that
landing direction did influence testing measures. It is therefore recommended each plane of
movement be assessed using the associated TTS direction. Results from this study can also be
used as a pre-season DPS assessment in the event of a lower limb injury, to assess the progress
of rehabilitation and return to competition. These results could also be used as a benchmark score
of DPS for developmental ski and snowboard athletes to be assessed against.
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CHAPTER 6: SYNOPSIS
The purpose of these studies was to determine the effectiveness of using a vertical and/or a
horizontal landing protocol to measure GRFs and TTS as a measure of DPS within the elite
athlete environment. DPS is important for elite ski and snowboarders to decelerate the vertical
displacement of their centre of mass while maintaining or controlling their horizontal velocity. It
is important for an athlete to quickly absorb these forces and regain postural stability to enable
them to set-up quickly for the next trick or turn.

In the first investigation, minimal differences were observed between the left and right single leg
landing tasks for all GRF outcome measures; therefore these results were combined into a single
leg landing score for all further analysis. No significant differences were observed between
recreational and elite athlete groups for within-subject variability for all outcome measures, with
an average coefficient of variation for the SL landing of 16.3% and 13.7% for the DL landing.
Fpeak and TFpeak measured the smallest variability scores, ranging from 9.1% to 13.3% for
both athlete groups. Importantly though, TFpeak and RFD were two GRF measures that were
found to be able to discriminate between elite skiers and recreational athletes, with effect sizes of
d = 2.63 and d = 1.88 for SL; and d = 2.18 and d = 1.42 for DL, respectively. Impulse and TTSV
were observed to be the most reliable tested measures, with minimal changes between days 1 and
2 of testing (SL: d = 0.01, d = 0.02, and DL: d = 0.07, d = 0.07). The SWC scores were
determined to assess the difference in testing performance for the elite ski and snowboard
athletes, with a change of 0.20 used for calculations. The recreational athletes were observed to
have larger differences than the SWC in six out of ten GRF measures.
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Findings from this investigation suggest that the GRF outcome measures used are reliable and
indicate small within-subject variation for the assessment of force attenuation and DPS. It is
suggested these variables may be useful as a pre-/post-injury rehabilitation measure to an
assessment for readiness to return to snow. Interestingly, there was limited difference observed
between single leg right and single leg left landings for drop-landing tasks performed in the
frontal plane. This outcome provides for the possibility of using results from each limb as a
useful internal control in a pre- and post-injury rehabilitation scenario to assess readiness to
return to snow. It is therefore recommended that if no pre-injury DPS measures are available that
the non-injured limb be used as a benchmark measure for rehabilitation progress assessments of
DPS. Furthermore, it is also recommended that due to the lack of significant difference between
SLR and SLL landings, that the dominant leg could be used to assess DPS for pre-injury or
initial testing screens.

As a result of this study, the methodological approaches to TTS calculations and data reduction
techniques were able to be refined for use in the following studies. The method of calculation for
TTS in the vertical, anterior/posterior and medial/lateral directions should not be automated as
erroneous results were found to occur. It is recommended that graphing each force trace with an
overlay of the TTS line or curve be conducted to visually check TTS scores. Data reduction
should take the most representative results rather than automatically discarding the minimum and
maximum values of the five landing trials.

In the second study it was found when using a protocol of movement solely in the frontal plane,
that TTS as a measure of DPS does not have the sensitivity to measure changes in DPS post a
six-week strength and conditioning program in elite mogul and ski-cross athletes. This lack of a
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significant change in the TTS scores suggests that at this time in the athletes’ periodised training
plan where there was no on-snow training available, a six-week strength and power training
program does not substantially alter these measures. This finding was also supported by the
changes observed in post-intervention TTSV scores, which were less than the previously defined
SWC for all landing types. Due to the elite nature of the mogul and ski-cross athletes, it would be
difficult to increase the number of elite participants, however the drop-landing protocol used in
this investigation could be modified in an attempt to increase sensitivity of testing measures.
From these findings it was recommended that a multidirectional jump protocol be used to
investigate the landing kinetics of elite ski and snowboard athletes.

The third study aimed to establish whether there was a relationship between vertical and
horizontal landing protocols in measuring TTS for the assessment of DPS, among elite ski and
snowboard athletes. Using Spearman’s Rank Order correlation to compare a group of athletes’
rankings in vertical and horizontal landing conditions, the appropriate landing protocol for each
DPS measure was able to be identified. It was assumed that if rank order was maintained, then
using a different landing direction test provided no extra information regarding the athletes’ DPS
ability. Results indicated that, when measuring TTS in three planes of movement and peak
vertical force, landing direction influences the outcome. It is recommended that when assessing
DPS, consideration be given to the appropriate choice of landing direction and its
complementary plane of testing. For example: using a lateral hop protocol for assessment of
TTSM/L, using a forward step protocol for TTSA/P and using a vertical drop or forward step
protocol for TTSV. The results found in this study could be used as a baseline for pre-season DPS
assessment, could influence strength and conditioning decisions for these athletes and also used
as benchmark DPS scores for developmental athletes to be assessed against.
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As stated above, future research should manually calculate TTS in the vertical plane. It is
recommended that a similar approach also be taken for the calculation of TTS in the
anterior/posterior and medial/lateral directions. It is proposed that the magnitude of A/P and M/L
forces can affect TTS when using the sequential estimation method. To ensure erroneous
measures are not included in the calculation of individual and group means, it is recommended
that visual inspection of each force trace with an overlay of the sequential estimation curve be
performed. Future research should also consider the use of at least five trials of each landing task
and using a mean of the representative results for further analysis.

The use of ± 5% BW for calculation of vertical TTS may be too large a stabilisation zone for the
elite athlete environment, which may account for limited differences observed between
recreational and elite athlete groups. Future research should consider replicating these studies
with elite athletes using a modified calculation of ± 2.5 BW in an attempt to increase the
sensitivity of testing measures.

Based on the current findings of these studies, it is recommended that DPS be assessed using
TTS in the vertical, medial/lateral and anterior/posterior directions, along with other GRF
measures of Fpeak, TFpeak, RFD and Impulse. Used in combination, these variables can give a
clear indication of an athlete’s DPS. However, consideration should be given to the method of
testing and the landing protocol used when testing each GRF measure. It is therefore
recommended that a vertical drop landing be used to assess TTSV, Fpeak, TFpeak, RFD and
Impulse, a lateral hop be used to measure TTSM/L and a forward step used to measure TTSA/P.
Findings in regards to differences between landing tasks (SLR, SLL and DL) suggest that a

63

single leg (dominant leg) landing task could be used for the assessment of DPS in elite ski and
snowboard athletes.
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APPENDIX A
LETTER OF INTENTION FOR SNOWSPORTS RESEARCH
Discipline:
Position:
Program:
Sports:
Organisations:

Location/s:

Physiology/Strength and Conditioning
Masters Scholar
Winter Sports – Cat A
Snowboard (Halfpipe & Cross), Slopestyle (note: not yet a full
sport program – NSO program), Ski-Cross and Aerials
Australian Institute of Sport (AIS), Olympic Winter Institute of
Australia (OWIA), New South Wales Institute of Sport (NSWIS),
Ski and Snowboard Australia
Canberra, Jindabyne and/or other national training centres in
Victoria and Queensland as required plus the potential for
international locations depending on sport needs

Candidate:
Scholarship:

Cameron Ross
Initial enrolment is in the Masters of Sci. (Research) and then
upgrading to a PhD with application for an APA Scholarship and
support through the AIS

University:
Supervisors Academic:

University of Canberra
Keith Lyons (U of C)
Gordon Waddington (U of C)
Nick Ball (U of C)
Dale Chapman (U of C – Professional Adjunct)
Dale Chapman (AIS & OWIA)
John Marsden (NSWIS)
Anthony Kourhy (SSA – Slope Style Head Coach)

Industry Supervisors:

Topic Area
The broad area of investigation for this scholar is the role and influence of strength and
conditioning strategies on landing impacts in snow acrobatic sports. In particular this is to focus
on how the strength and conditioning adaptations align with the sporting development of this
athlete group. Reference should be made to the ability and adaptation that leads to strength in
landing. Further areas of interest include, but are not limited to, the longitudinal training load
monitoring, methods for how to best capture this information, what measures are the most
informative and how then is this information be best used to inform coaching decisions.
It is currently envisaged that this will primarily involve data collection procedures that are
laboratory based. However, if systems are developed outside of the scope of this scholar’s work
that can allow for accurate, valid and reliable understanding of impacts in situ then this could be
further incorporated, which would dramatically increase the ecological validity of the research.
Outcomes from this investigative topic have the potential to influence many of the sporting
disciplines associated to the Winter Sports – Cat A grouping.
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Athletes
This is part of the difficulty with this project for the candidate. Based in or using Jindabyne as an
Australian winter training base are the following scholarship athletes:
Slopestyle (n = 2 or 3)
Snowboard Halfpipe (n = 2)
Boarder-Cross (n = 7 or 8)
It is hoped that Cameron with his contacts in Jindabyne would then be able to recruit a group of
suitable recreational/non-scholarship holders to form a control group.
Depending on the experimental design there may also be scope to access the OWIA Aerials
scholarship athletes (n = 6 to 8) and the VIS Aerials development program (n = 10).
Measurement tools/variables
A challenge for this project is the identification of measurement tools that will allow for the
accurate quantification of the influence of strength adaptations on landing impacts. There have
been reports of measures such as ratios derived from the peak landing impact force, time to half
peak impact force and time to stabilisation as measured on peizo electric tri-axial in-ground force
platforms. These may provide insight into abilities of athletes to control impact forces. A novel
approach that requires further investigation is the application of clinical balance assessments
(such as COP sway path length, 95% area of ellipse (covering the sway path), rates of sway in
the lateral and posterior/anterior movement planes) and whether these measures can be derived
from the impact of such a dynamic movement (landing) as compared to quite bipedal or single
legged stance.
Other measurement tools would be to quantify the muscle morphological and strength
adaptations such as ultrasonography (muscle pennation and cross-sectional area), 3D body
scanning and DEXA scanning for muscle volume and body composition changes, general
strength assessments and derived ratios, tracking of resistance training loading patterns –
monitoring purposes.
Working Timeline
Prior to 1st July:
1st July 2012:
1st July – 31st Dec:

2013

Cameron to continue working on publications arising from his honours
work with Keith Lyons and Nick Ball. Preparing University of Canberra
submission requirements for admission into the program.
Potential start date for Cameron and the position allowing for integration
into the Australian domestic season.
Study 1: A data set collected on the AIS Aerials athletes looking at
disturbances during flight on landing in a ‘controlled’ laboratory
environment. Data set should be available for retrospective analysis to
investigate the use and development of the proposed measurement tools.
This could be completed as a further manuscript for the APA scholarship
application process but would also form an experimental chapter in the
thesis.
Study 2: Correlations between muscle morphological measures and
landing impact indices.
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2014

2015

Study 3: A short-term intervention training study with domestic athletes
looking at changes/improvements in strength and altered indices of
landing impacts.
Study 4: Begin the long-term monitoring of strength changes and
adaptations in snow acrobatic athletes.
Study 5: A short-term intervention training study with domestic athletes
looking at changes/improvements in strength and altered indices of
landing impacts.
Thesis submission
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APPENDIX B
STUDY 1 – INFORMED CONSENT

Project title - Stabilisation in landing: Influence of strength and conditioning strategies on landing impacts in
acrobatic snow sports
Researcher - Cameron Ross
I, _______________________________agree to participate in the project; Stabilisation in landing: Influence of
strength and conditioning strategies on landing impacts in acrobatic snow sports, conducted in the Department of
Sports Studies at the University of Canberra as part of a Masters’ research project. This project will be supervised by
Dr Nick Ball and John Marsden.
The investigation and my part in the investigation have been defined and fully explained to me and I understand the
explanation. A copy of the procedures of this investigation and a description of any risks and discomforts has been
provided to me, I have read them and they have been discussed in detail with me.
• I have been given the opportunity to ask whatever questions I may have and all such questions and enquiries have
been answered to my satisfaction.
• I understand that I am free to withdraw consent and to discontinue participation in the project or activity at any
time.
• I understand that any data or answers to questions will remain confidential in any publically available material.
• I certify to the best of my knowledge and belief, I have no physical or mental illness or weakness that would
increase the risk to me of participating in this investigation.
• I give permission for data collected during this research to be used in future research conducted by Cameron Ross.
• I am participating in this project of my own free will and I have not been coerced in any way to participate.
If I have any further questions about the study, now or during the course of the project I can call Cameron Ross,
Principal researcher.
I will sign two copies of this form. I understand that by my signature on this form that I am agreeing to take part
in this project and understand that I will receive a signed copy of this consent form for my records.
I have read and understood the information about the research. I am not aware of any conditions that would prevent
my participation and I agree to participation in this project. I have had the opportunity to ask questions about my
participation in the research. All questions I have asked have been answered to my satisfaction. I understand that
participation in the project is voluntary and that non-participation or withdrawing will not result in any negative
recourse.
Signature of participant: _______________________________ Date: ___/___/___
I, the undersigned, was present when the study was explained to the participant in detail and to the best of my
knowledge it was understood.
Signature of researcher: _____________________________ Date: ___/___/___
Signature of Supervisor: _____________________________ Date: ___/___/___
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APPENDIX C
STUDY 2 – INFORMED CONSENT

Project title - Vertical v's horizontal landing impacts: Identification of new landing impact testing procedures for
winter sport athletes
Researcher - Cameron Ross
I, _______________________________ agree to participate in the project; Stabilisation in landing: Influence of
strength and conditioning strategies on landing impacts in acrobatic snow sports, conducted in the Department of
Sports Studies at the University of Canberra as part of a Masters’ research project. This project will be supervised by
Dr Nick Ball and John Marsden.
The investigation and my part in the investigation have been defined and fully explained to me and I understand the
explanation. A copy of the procedures of this investigation and a description of any risks and discomforts has been
provided to me, I have read them and they have been discussed in detail with me.
• I have been given the opportunity to ask whatever questions I may have and all such questions and enquiries have
been answered to my satisfaction.
• I understand that I am free to withdraw consent and to discontinue participation in the project or activity at any
time.
• I understand that any data or answers to questions will remain confidential in any publically available material.
• I certify to the best of my knowledge and belief, I have no physical or mental illness or weakness that would
increase the risk to me of participating in this investigation.
• I give permission for data collected during this research to be used in future research conducted by Cameron Ross.
• I am participating in this project of my own free will and I have not been coerced in any way to participate.
If I have any further questions about the study, now or during the course of the project I can call Cameron Ross,
Principal researcher.
I will sign two copies of this form. I understand that by my signature on this form that I am agreeing to take part
in this project and understand that I will receive a signed copy of this consent form for my records.
I have read and understood the information about the research. I am not aware of any conditions that would prevent
my participation and I agree to participation in this project. I have had the opportunity to ask questions about my
participation in the research. All questions I have asked have been answered to my satisfaction. I understand that
participation in the project is voluntary and that non-participation or withdrawing will not result in any negative
recourse.
Signature of participant: _______________________________ Date: ___/___/___
I, the undersigned, was present when the study was explained to the participant in detail and to the best of my
knowledge it was understood.
Signature of researcher: _____________________________ Date: ___/___/___
Signature of Supervisor: _____________________________ Date: ___/___/___
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APPENDIX D
TABLE – COEFFICIENT OF VARIATION

Raw data from Figure 8.
Coefficient of variation expressed as a percentage (CV%) for GRF variables of Fpeak, TFpeak, RFD,
Impulse and TTSV for single leg (SL) and double leg (DL) landings.

Group

Elite Athlete

Rec Athlete

Variable
Fpeak
TFpeak
RFD
Impulse
TTSV
Fpeak
TFpeak
RFD
Impulse
TTSV

SL
CV%
10.1
9.1
16.6
19.9
28.2
11.0
9.2
18.5
17.1
22.8
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DL
CV%
11.8
11.0
12.9
13.3
19.4
13.3
10.1
17.9
11.5
16.6

APPENDIX E
TABLE – MULTIDIRECTIONAL LANDINGS

Raw data from Figure 12.
Mean ± confidence intervals (CI) for the multidirectional landing protocol of GRF variables of Fpeak,
TTSV, TTSA/P, TTSM/L.

Direction: Landing type
Forward: SLR
Medial: SLR
Lateral: SLR
Vertical: SLR
Forward: SLL
Medial: SLL
Lateral: SLL
Vertical: SLL
Forward: DL
Medial: DL
Lateral: DL
Vertical: DL

Fpeak (BW)
Mean ±95%CI
3.60
±0.53
3.48
±0.72
2.61
±0.22
3.55
±0.25
3.68
±0.46
3.47
±0.67
2.30
±0.33
3.44
±0.19
3.75
±0.44
3.64
±0.10
2.88
±0.30
3.73
±0.29

TTSV (ms)
Mean ±95%CI
516 ±102.8
591 ±148.4
636 ±205.4
548 ±166.2
505
±98.1
661 ±153.5
559 ±237.5
625 ±156.0
629 ±162.9
588 ±107.7
536 ±118.4
490 ±139.5
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TTSA/P (ms)
Mean ±95%CI
1240 ±89.0
1364 ±158.1
395 ±142.4
411 ±152.1
1275 ±83.5
1441 ±129.4
513 ±184.5
458 ±92.2
1145 ±121.5
1351 ±107.4
301 ±67.9
316 ±99.6

TTSM/L (ms)
Mean ±95%CI
971 ±167.5
606 ±214.7
1328 ±101.9
1450 ±188.0
961 ±94.3
648 ±283.2
1433 ±208.1
1425 ±96.5
1063 ±148.8
595 ±184.9
1345 ±131.8
1385 ±254.7

