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Releasable alpine ski bindings were developed and standardized in the 1970s to mitigate
the risk of twisting and binding fractures of the tibia-fibula, but they have not been effective at
mitigating knee injuries. They have two primary functions: 1) Retention — keep the ski attached
to the skiers boot if the loads on the tibia are not dangerous and 2) Release — release the ski from
the skiers boot before the loads on the tibia become injurious.

Alpine touring is a subset of alpine skiing in which skiers use specialized alpine touring
(AT) bindings to ascend non-maintained trails and ski down them. The proliferation of AT
bindings has exploded in the last 10 years and the changes and innovations to this sector of the
binding market have far outpaced the international standards organization ability to define
standardized boot-binding interface geometry or AT boot-binding performance. The relative risk
of injury when using AT equipment has not been explored.

To address these issues, the objective of this research is quantify the performance of
alpine and AT boot-binding systems using standardized laboratory test methods and field
measurements to evaluate the risk skiers of lower leg and ACL injuries.

Laboratory measurements were performed to compare the retention and release
characteristics of alpine boot-binding systems to AT boot-binding systems. When AT boots were
mixed with alpine bindings, the release characteristics were altered to the degree that using such
a combination would increase the risk of a lower leg injury to skiers. When testing AT bindings

with AT boots from different ski boot manufacturers, significant variation in the release



characteristics was measured. Anecdotally, many skiers dis-trust the retention function of AT
bindings because of this variability in performance, and some manually lock out the release
mechanism of the binding, exposing themselves to a high risk of a lower leg injury.

In order to improve the performance of AT boot-binding systems, it is necessary to
quantify the performance requirements of these systems, defined as the loads they must transmit
from the ski to the skier. To this end, field measurements of the loads transmitted through the
binding to the skier were performed. The loads at the boot-top and the knee were estimated for
male and female skiers using alpine and AT bindings.

As a whole, AT and Alpine bindings transfer the same net loads to skiers. However, The
toe piece of AT bindings transfers most of the load to the skiers but has a very limited ability to
absorb energy, exposing a potential weakness for retention performance.

Male and female skiers generate loads that reach the release envelope of the binding.
However, females generate significantly greater adduction loads at the knee, a known risk factor
for ACL injuries. The lateral force at the binding toe piece was well correlated with knee loads in
females but not males, indicating that a binding design could incorporate more sophisticated
mechanisms at the toe to reduce peak knee loads in females. Interventions designed for female

skiers may not prove beneficial for male skiers.
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Figure 1.9: (Left) AT Bindings in ski mode, with the boot heel connected to the ski. (Right) AT
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Figure 2.5: Exemplar Torque-Angular displacement curves from a Front Preload Twist release.
The average and standard deviation (shaded curve) of three trails for an alpine boot (left)
and an AT boot (right) are shown. The minimum and maximum allowable release torque
values were determined by the indicator setting used in this study and boot sole length.

Oreference 18 the angular displacement at which the reference alpine boot released from each

alpine binding. The maximum desired angular displacement for the AT boot was defined as

300% of the Oyeference Value. The shaded region is the acceptable release envelope for the AT
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Figure 3.7: AFD pressure was significantly different between alpine and AT boots, and between
boundary conditions except for BC;-BC, in AT boots (left). AFD pressure was poorly
correlated to Release Torque for all load cases including Front Preload Twist (right).75

Figure 3.8: Measured release torque (Ywm) for Alpine Boots (Left Column) and Alpine and AT
boots combined (Right Column) for Pure Twist (Top row), Front Preload Twist (Center
row), and Rear Preload Twist (Bottom row) plotted against the MLR model predictions,
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Figure 4.5: Schematic of test apparatus that conforms to ASTM F504-05. The system applied
forces (red arrows) to the ski using a motor-driven system of cables and pulleys. A load cell
measures the torque on the simulated leg along the axial and transverse axes......... 95

Figure 4.6: Histogram of the distribution of Dim A, Dim B, and Dim C. Dim A vs. Dim B from
nine boot models (right). No trend or scaling of Dim A vs. Dim B is apparent, meaning Dim
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Figure 5.2: Boxplots of the release torque of three bindings for configurations 1-4 overlaid with
the minimum-maximum release envelope defined by ISO 13992:2006 for a twisting release
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Figure 6.3: Each radial arm is instrumented with two strain gage bridges. The Vertical Bridge is
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is place to response to loads that cause a horizontal deflection of the arm............. 122
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design variable a;;. Letters designating each gage match the location of the gages shown in
FIGUIE 6.4 ..ottt ettt et et ebeeenbeenbeeenseeaneas 132

Figure 6.11: Optimization Routine (1) Sensor Geometry is defined in CAD and imported into
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lower value for ¢4 but a larger value for {¢1, ¢2, ¢P3}. Therefore Point P; was chosen as the
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DAQ from the 11.1V battery power supply (H) controlled by a power switch (E) and is
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Chapter 1. Introduction

1.1 The Etiology of Skiing and Ski Equipment

In their earliest form, skis were tools invented by humans for transportation and survival.
Hunter-gatherer groups in Mesolithic Scandinavia strapped long wooden boards to their feet for
flotation, speed, and efficient travel over snow-covered terrain as far back as 8,000 B.C.".
Humans have since improved the performance of skis used for transportation by reducing the
metabolic cost of traveling on skis by two-fold”. In the early 1800s, skiing began to transition
from a purely utilitarian mode of transportation to recreation.

From a historical perspective, the development of recreational ski equipment can be easily
divided into two periods: 1) before the advent of releasable bindings in the1970s and 2) the
1970s through present day.

1.1.1 Ski equipment and injuries before releasable bindings (pre-1970s)

Humans have been improving the design of ski equipment for millennia for utility or
recreation. In the 1800s, leather lace-up boots were affixed to wooden skis using leather straps
allowing skiers to walk up hill and slide down in a semi-controlled manner. As early as 1894, ski
litters were placed on ski hills to allow for the evacuation of skiers who predominantly suffered
femoral fractures while skiing®. Downhill skiing gained significant popularity in the first half of
the 20™ century with the introduction of mechanical lifts used to carry skiers up the ski hill.
However, the long wooden skis provided a very efficient lever for twisting ankles and legs
beyond their elastic limits. Metal releasable ski bindings were developed in the 1940-1950s with
the intention of preventing these injuries, however they did not reduce the high incidence of
ankle sprains and fractures that were rampant in the first half of the twentieth century’.

In the 1960s, plastic ski boots with buckles and two-piece ski bindings were introduced that
allowed for better control of skis on snow. Sprains and fractures of the foot and ankle decreased
significantly with the additional protection of stiff plastic boot shells*. It now became possible
for skiers to carve on hard snow and to reach inherently higher speeds; Dr. Moritz summarized
the increased risk by saying "Whenever man attempts to move at a rapid rate of speed, over

irregular terrain, among rocks and trees, he is apt to get hurt.” Although, ankle injuries
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decreased, the combination of increased skier speed and stiff plastic boot cuffs resulted in a sharp
increase in twisting and bending fractures of the lower leg. By the start of the 1970s, diaphyseal
fractures from bending or twisting of the lower leg (Figure 1.1) accounted for 10% of all injuries
with an overall injury rate for skiing of 5-8 injuries per thousand skier days’. Injury data from
the 1940s through 1974 by Eriksson and Johnson® confirms this trend showing a clear increase in

the prevalence of lower leg fractures in the 1960s (Figure 1.2 - A).

&ga/‘// ¢%Q/%/

Bending Twist

\

Figure 1.1. (Left) Fractures at the boot-top are commonly associated with a forward-backward
lean fall resulting in bending of the tibia-fibula at the boot top cuff. (Right) Spiral fractures of
the tibia-fibula are commonly associated with the ski twisting about the diaphysis of the tibia.

1.1.2 Ski equipment and injuries after the advent of releasable bindings (post-1970s)

The increase in lower leg injuries prompted the development of release-able ski bindings
and standards for the boot-binding interface to improve the reliability and performance of these
systems in the 1970s. Releasable bindings were designed with two primary functions for skier

safety:
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1. Retention — Hold the ski boot to the ski to allow skiers to maneuver downhill while
loads transmitted from the ski to the lower leg of the skier are low enough to avoid
injury.

2. Release — Release the ski from the boot when loads transmitted to the tibia of the
skier approach a threshold at which they would exceed the elastic limit of the skiers’
tibia, in twisting or in bending. This release removes the ski that acts as a large lever

applying large torques to the tibia by bending and twisting (Figure 1.1).

The overall injury rate declined by 3-fold from 5-8 injuries per 1000 skier days (1970s) to
1.9 injuries per 1000 skier days’ (2005). The number of skiers injured in falls where a ski does
not release occurs as much as those injured when an inadvertent release of the binding occurs®,
though their injury patterns differ significantly. Injuries resulting from falls where a binding does
not release typically produce lower leg injuries’ > while falls stemming from an inadvertent

release of the binding tend to involve the head, neck, and upper extremities®™".

1.1.3 Lower Leg Injuries: 1970s — Present Day

A 34 year long prospective study by Ettlinger and Johnson’ revealed that tibia fractures
decreased when releasable bindings were introduced in the 1970s. This trend continued through
1989 when the lower leg injury rate stagnated after having initially decreased by 83% (Figure 1.2
— B, Figure 1.3). Since the early 1990s, lower leg injury rates have remained relatively stable and

71013 (Figure 1.3). Other retrospective studies

now account for less than 1% of overall injuries
have also found the prevalence and incidence of lower leg injuries”'*"” have remained stable

over the last two decades.
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Figure 1.2: A compilation of historical prevalence of lower extremity injuries compiled from
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plastic ski boot shells entered the market™*, (B) releasable bindings were introduced, and (C) the
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Figure 1.3: Mean Days Between Injuries (MDBI) for lower leg injuries. Reproduced from

Johnson et al.” with permission.
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1.1.4 ACL Injuries: 1970s — Present Day

By the 1980s, the injury rate for ACL tears had increased by 283%, accounting for 4% of
overall injuries in 1972 and growing to over 20% of overall injuries by the 1990s*. The ACL

injury rate plateaued in the 1990s and has slowly improved to 3101 Mean Days Between Injuries

4,6,7,13

147198 " with an estimated 16,000 ACL injuries a year

(MDBI) according to Johnson et a
(Figure 1.4). Other retrospective studies have found the prevalence of ACL injuries to account
for 15-21% of all injuries'*'®", and 50% of all knee injuries'”. Interestingly, these studies also
report a disproportionate number of ACL injuries to females, 51% of all injuries, than males,

13 This trend as a function of gender is present in many other sports'*.
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Figure 1.4: Mean Days Between Injuries (MDBI) for ACL injuries. ACL injury rates increased
as lower leg fractures decreased through the 1970s and 1980s. Since 1990, ACL injury rates
have slowly improved as ski lengths have decreased. Reproduced from Johnson et al.” with
permission.

Ski shapes began to significantly change in the mid 1990s. Skis were manufactured in
varying width and shapes including radii in along the length of the ski to allow for aggressive
carving (Figure 1.5). However, skis with side cuts, decreasing the turning radius of the ski, were

not attributed to a higher risk of injury according to Burtcher et al."”. Burtcher et al. reported that
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between 1998-2003, when shaped skis were emerging on the market, there was actually a
proportional 9% decrease in both the overall injury rate and in knee injury rates. A slight
decrease in ACL injury rates was also reported by Johnson et al.” during this period. This may be
attributed to of the length of shaped skis, which are inherently shorter than traditional straight

skis.

Figure 1.5: (Left) Lyle Campbell skiing in the 1940s on early alpine ski equipment. (Right)
Skiers can now carve more aggressively on modern ski equipment, and commonly ski with their
feet further apart.

Lower binding release settings do not necessarily decrease the risk of an ACL injury. In a
prospective epidemiological study, Deilbert et al. performed functional equipment testing on the
ski equipment of injured skiers who presented with lower leg injuries, ACL injuries, and a
control group of non-skiers'®. Of the skiers presenting with lower spiral fractures of the tibia,
83% had equipment that released at a mean twisting torque 42% higher than the release torque of
the control group. No association with higher release values was found with the skiers presenting
with ACL injuries. Hence, Deilbert et al. concluded that lower release settings would not reduce
the risk of knee injuries.

Deilbert’s findings contradict a recent (2016) proposal by Ruedl et al. who cites the large
disparity in ACL injury rates between males and females, and various physiologic differences
between genders, as evidence for the need for lower release values for females than males'”.
Shealy et al.* and other researchers'® ** have noted that protecting the knee from torque applied
from the ski was never the design consideration of alpine bindings.

The use of mechatronic bindings was explored as a solution to reduce ACL injuries in the

1980s and 1990s; and, to date no such binding has been released to the market' >, A
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mechatronic binding developed by Hull et al.*® incorporated dynamometers in the toe and
heelpiece of a binding and a solenoid to activate the release mechanism. It performed
comparably to mechanical bindings but there was no evidence that this mechatronic binding, or
others that have been developed *°, offered any improved protection to the knee.

The primary injury mechanism for an ACL injury hypothesized to produce ACL injuries
is commonly called the ‘Phantom Foot’. The ‘Phantom Foot’ (derived its name from the
combination of the tail of the ski and the stiff boot top and is caused by a backward twisting fall
in which a combined axial twisting torque and a valgus torque are applied to the knee®. Alpine

bindings were never designed to protect the knee from the loads generated by these types of falls.
1.2 Development and Function of Releasable Ski Bindings
1.2.1 Release Values

To achieve the retention-release function, alpine ski bindings use a spring-loaded cam
mechanism such that the heelpiece breaks away in response to vertical forces at the heel that
produce a bending moment at the top of the boot cuff. A forward leaning fall will produce,

F% | a force along the X-axis against the top of the boot-cuff as shown in Figure 1.6. In turn, a

vertical resisting -Fuzgr force is applied the heelpiece of the binding to keep the boot attached to

the ski. The force that the heelpiece of the binding is capable of overcoming

FjlectBndng (gheet 8 Cam)is a function of the cam profile, the spring constant, k", and the

amount of preload, 6", applied to the spring.

The sum the forces about the y-axis produces a bending moment equal to:

oqn 11y Sy =M e

M)Z"ibia - F;(S'kierL and M)l/?inding - FZHeel,BindingLHeel

Boot

In a twisting fall (such as the “Phantom Foot”), a spring loaded cam mechanism in the toe
piece responds to a lateral force at the toe of the boot that produces a twisting moment about the
diaphyseal axis of the tibia (Figure 1.6). The force produced by the spring-cam mechanism,

EJoePrans (e 8 Cam) , is also a function of the spring constant, the cam profile, the spring
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constant, k'*, and the amount of preload, 6", applied to the spring. The sum the forces about

the z-axis produces a twisting moment equal to:

M =MBinding +MTibia here,
(eqn 1.2) 2M,=M; z W

MZBinding — FyToe,BindingLToe and M;ibia — FyToeLToe
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Figure 1.6: (Left) Free body diagram of the forces transmitted through the heelpiece of a binding
to the tibia to produce a bending or forward lean release. (Right) Free body diagram of the

forces transmitted through the toe-piece of a binding to the tibia for a twist release.

The release function of bindings during the 1970s was rudimentary, and varied
significantly on the particular boot-binding combination used*. The simple retention-release

logic of funding function was relatively simple (Eqn. 1.3); if My and Mz are less than a
predetermined threshold, {175”"““’,17?’"”’} , the binding should not release. If either My or My are

Critical Critical

greater than {rY T, } then the binding should release. At that time, no rationale had been

developed for the magnitude of { T,

Critical Critical
7¢ }
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In the early 1970s, several research groups in concert with the American Standards for
Testing and Materials (ASTM), Industry Applications Standards (IAS), and International

Standards Organization (ISO) began to propose various criteria for the determination of the

thresholds at which bindings should release, {rf’i’ical,rgri’ical} :

One school of thought was to select release values based on the elastic limit of the tibia.
Using destructive twist and bending tests on cadaveric tibia, Asang'*° found the elastic limit of
the tibia correlated well with the medial-lateral width of the tibial plateau. Using this correlation
as a release threshold criterion, the ‘IAS Tibia Head’ method®' was introduced. It was necessary
for the medial-lateral width of a skier’s tibial plateau to be measure to properly determine the
appropriate release value for a particular skier. Correction factors had to be employed to correct
for variations in soft tissue from measurements taken on females®.

A more conservative method for selecting release torque values developed by Shealy and
Ettllinger’’. They performed field trials to determine empirically what minimum release
requirements (MRR) were sufficient for skiers to ski without an inadvertent release of the
binding, and then correlating those values with skier parameters. Skier weight was found to be

the single best predictor for determining an appropriate release torque value for the MRR and

resulted in predicted release values {rf’i’i"“l,rgri’i"”l } , 15-20% lower than the tibia head method™,

thus providing additional protection to the skier. Crawford and Mote®' later found that the MRR
for a given skier was well correlated to skier weight, leg length, and was not correlated to skier
ability.

The MRR method was eventually adopted in the international standards ASTM F939** and
later in ISO 8061:2015> as the recommended lower limit for release torque values. Other
international standards for standardizing the boot-binding interface (ISO 5355:2006"), frictional
requirements, and performance requirements (ISO 9462:2006°%) of the retention-release function
of the boot-binding system were also introduced. The sharp decrease in lower leg injuries
between the 1960s through 1989 was a direct result of the development and optimization of
releasable ski bindings, the standardization of their release values, and of the boot-binding

interface.
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1.2.2 Selection and Adjustment of Ski Binding Release Settings

International standards normalized release torque values for forward lean and twist releases.
Skiers of different height, weight, and boot sole lengths require different release torque values.
The Z-Scale, refereed to in this study as the Indicator Value (IV) (most commonly but
erroneously referred to as a DIN setting), was developed to allow easy adjustment of a skiers
binding to the appropriate release value. The Z-Scale is a numerical scale on the toe and heel
piece of the binding that mechanically corresponds to an increasing level of preload applied to
the spring-cam mechanism in the toe and heelpiece. The release torque vs. Indicator Value (IV)
relationship for Forward Lean and Twist releases is standardized in ISO 9462:2006(E)** and is
shown in Figure 1.8.

Manufacturers commonly provide a chart to ski shops that allows for the easy and reliable
selection of the appropriate IV for a particular skier. These charts use information from the skier
such as self-selected skier type, skier height, skier weight, age, and boot sole length as criteria for

determining the appropriate release value”.

Indicator Values: Toe Piece Indicator Values: Heelpiece

Figure 1.7: An alpine ski binding with the Z-Scales highlighted showing the indicator settings for
the toe piece (Left) and the heelpiece (Right).
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ISO 9462:2006(E): Indicator Settings vs. Release Torque
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Figure 1.8: Release torque values (solid line) and tolerances for release torque (shaded region)
standardized by ISO 9462:2006(E) corresponding to the binding indicator settings for a forward
lean release (Left) and a twist release (Right).

1.3 Alpine Touring

Alpine Touring (AT) is a sub-discipline of skiing in which skiers use specialized boots
and bindings to ascend, traverse, and descend snowy terrain away from the maintained trails
found in ski resorts. AT boots and bindings are specifically designed to allow for the boot heel to
separate from the ski to allow skiers to ascend snowy terrain (walk mode) and to also enable the
boot heel to be rigidly affixed to the ski to ski down hill (ski mode) (Figure 1.9). There are two
types of AT bindings, AT frame bindings and Tech/Pin bindings (Figure 1.9). AT frame bindings
closely resemble alpine bindings that are mounted on a hinged chassis that can be released for
walking. Tech/Pin bindings interface with the boot via metal inserts molded into the toe of the
boot. In the walk mode of Tech/Pin bindings, the heelpiece is disengaged from the boot, but the

toe piece remains engaged, and the boot pivots about the pins in the toe piece.
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The interface geometry of AT boots with AT frame bindings was recently standardized
by 1S09523:2008. These standards were an extrapolation of standards from alpine equipment
standards intended to ensure the fit of AT boots with AT bindings. AT frame bindings do not
utilize any novel technology unique to AT equipment; rather they simply have more adjustability
to accommodate the large variation in dimensions found in AT boots (Figure 1.10Figure 1.10).
The functional retention-release values for AT bindings were adopted from alpine binding
standards (Figure 1.8) and is replicated in ISO 13992:2006”, with additional provisions for
testing the walk mode function. The indicator settings for AT Frame bindings are adjusted in the
same manner as alpine bindings.

Tech/Pin bindings interface with AT boots via metal inserts molded into the boot shell;
unfortunately, the geometry of these inserts has not been standardized. AT boots with inserts are
often referred to as Randonee boots, a French work for ‘a walk’. However, few Tech/Pin
bindings currently on the market are able to satisfy the functional requirements of ISO
13992:2006. In contrast to alpine bindings and AT Frame bindings, Tech/Pin bindings currently
on the market, the release torque for both Forward Lean and Twist releases is controlled and
adjusted on the heelpiece (Figure 1.11). The preload on the toe piece is not adjustable. The
relationship of Tech/Pin binding indicator values to release torque will be discussed in Chapter
5.3.1.

Ski Mode (heel fixed) Walk Mode (heel free)

. . e k
AT Frame Bindings ‘M ’ . "’

Tech/Pin Bindings

Figure 1.9: (Left) AT Bindings in ski mode, with the boot heel connected to the ski. (Right) AT
bindings in walk mode, with the boot free to pivot in the binding about the toe for ascending

snowy slopes.
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Alpine Boot Alpine Touring Boot Alpine Touring/Randonee Boot
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Figure 1.10: Alpine boots (left) differ from AT boots (center). AT/Randonee boots (right) are

similar to AT boots and have metal inserts molded into the toe and heel to interface with
Tech/Pin bindings.

Forward Lean Indicator Value

Toe Piece

Figure 1.11: Tech/Pin Bindings do not have adjustable indicator settings in the toe piece (Left).
The Forward Lean and Twist release settings are both located on the heelpiece (Right).
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1.4 Significance

The current challenges facing the alpine and AT ski equipment fundamentally differ as a
function of the potential risk of injuries. For example, Alpine boots and bindings are unable to
protect skiers from ACL injuries. And, AT boots and bindings may not offer the protection

against lower-leg injuries that skiers are accustomed to from their alpine ski equipment.
1.4.1 The Future for Alpine Equipment

The decrease in overall skiing injury rates during in the 1970s and 1980s was a direct
result of the development and implementation of international standards for the boot-binding
interface, the retention-release function of the boot-binding system, and the implementation of
shop practices to verify proper function of the boot-binding system for consumers. These
standards ensured that consumers could purchase boots and bindings from different
manufacturers and while not increasing their risk of injury.

In the 25 years since lower leg injury rates plateaued, there have not been any significant
improvements in the retention-release function of ski equipment. Knee injuries are still the most
prevalent injury among skiers, with ACL injuries being the most common and severe. ACL
injury rates have not shown any significant improvement in nearly 25 years, and approximately
15,000-17,000 skiers per year still suffer an ACL injury in the United States”'".

Little information exists regarding forces acting on the knee while skiing. Several studies
in the 1980s-1990s*°*"** mounted six-axis dynamometers under the toe and heel piece of alpine
bindings and measured the ground reaction forces and knee flexion-extension of skiers. Both
Quinn®” and Scher”’ reported on reaction forces at the tibia while Maxwell* reported knee loads
in 1989. Scher”’ reported that the maximal measured forced generated by approximately two-
thirds of the skiers was significantly lower than the allowable minimum retention release (MMR)
values dictated. Rotation and varus-valgus angular displacement of the knee, the two components
hypothesized to cause ACL injuries, were not documented in these studies.

Recent studies have attempted to calculate knee loads using pressure insoles or, more
broadly, using Inertial Measurement Units (IMUs) and differential Global Positioning Satellite

Systems (dGPSS) to calculate knee loads using a pendulum model****. However these models
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cannot fully resolve the six-axis load components acting on the knee as they only directly
measure compression on the boot sole and do not measure the other five load components.

Skis have changed significantly since the 1970s and now come in a wide variety of
widths, lengths, flexural stiffness, and side cut radii. Similarly, the technique skiers use to carve
down slopes has also changed significantly with a wider stance and higher speeds (Figure 1.5).
However, little has changed in alpine binding technology in 25 years. Since alpine bindings were
never originally intended to protect the knee from injury; no real improvement in knee injury
rates is expected with current binding technology. Current lower-leg injury rates do not imply
that the MRR values determined in the 1970s-1980s are not applicable to skiers using modern
alpine equipment, as have been suggested by studies that claim ACL injuries are related to
release settings of alpine binding'*.

The forces and torques acting on the knee while skiing must be fully quantified, before
ski equipment can be specifically designed to protect the knee. The effect of risk factors for ACL
injuries such as gender, leg dominance, and snow condition to knee loads must also be
quantified.

The forces and torques acting on the knee while skiing must be fully quantified, before
ski equipment can be specifically designed to protect the knee. The effect of risk factors for ACL
injuries such as gender, leg dominance, and snow condition to knee loads must also be

quantified.

1.4.2 The Future for Alpine Touring Equipment

It is not possible to elucidate establish injury rates associated with the use of AT ski
equipment. Most skiers using AT equipment do so outside of ski resorts in the backcountry.
Skiers in the backcountry with minor injuries typically self extricate without the assistance of ski
patrol, and these injuries therefore go unreported. If a skier suffers an injury in the backcountry,
that would normally require ski patrol assistance, Search and Rescue teams are often dispatched
and the injured skiers typically bypass ski-area clinics to receive medical care elsewhere.
However, anecdotal evidence from manufacturers of AT equipment suggests that lower-leg
injuries are on the rise, particularly among younger children and teenagers using AT equipment.

AT/Randonee equipment was the fastest growing market in the snowsports industry in
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2013/14, growing 8% in both dollars and units sold'. AT boots accounted for 12% of units sold
and 16% of dollars spent on ski boots. Generally, ski area visits are used as a metric for
participation and have remained relatively flat at approximately 60 Million/year in the U.S. for
several decades (Figure 1.12)°. The percentage of visits by alpine skiers is slowly growing as
snowboarding has plateaued or declined. However, they do not capture the growing participation
of backcountry users. As a result, traditional alpine skiing equipment may actually be losing
market share to the growing AT sector than is indicated by ski area visits. The AT boot market
grew 27% and was worth nearly $43 Million' in the U.S.

The rate of development of AT equipment has far outpaced the ability of the international
standard organizations to address new changes to equipment and keep such standards relevant.
As such, the retention-release characteristics of AT equipment may not offer as much protection

from lower-leg injuries as skiers have become accustomed to with their alpine ski equipment.
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Figure 1.12: (Left) Sales of Ski boots with Alpine Touring Functionality are growing rapidly and
taking market share from Alpine skiing. (Right) Skier visits to United States Ski Areas have
remained relatively flat for more than a decade.

Although widely used by backcountry skiers, the retention-release performance of AT
equipment has not been studied at all. The risk of injury to skiers resulting from the use of AT

equipment will be a function of how closely AT equipment can mimic the retention-release

" SIA Reports 2012/13 & 2013/14
2 NSAA National Demographic Study 2013/14
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function of alpine bindings. If AT equipment cannot adequately match the retention-release
function of alpine bindings, the risk of a lower-leg injury will be higher. Even if AT bindings can
match the function of alpine bindings, there is still no guarantee that AT bindings pose less of a
threat to knee injuries than alpine bindings.

The effect of AT equipment on the loads transmitted to the lower leg and knee have not

been measured and must be quantified to identify potential risk factors or injury mechanisms.
1.5 Dissertation Objectives & Hypotheses

The purpose of this dissertation research is to quantify the retention-release performance
of modern alpine and AT boot-binding systems using both laboratory bench tests and on-snow
field measurements. The performance of alpine and AT equipment from laboratory testing will
be compared to performance metrics established by international standards ISO 9462:2008 and
ISO 13992:2006.

The on-snow performance of alpine and AT equipment will be quantified using
instrumentation developed and compiled to measure 1) ground reaction forces transmitted from
the ski to the skier and 2) whole body kinematics of skiers skiing on alpine and AT equipment.
Using this instrumentation, an inverse dynamics model will be used to calculate 1) leg loads at
the top of the ski boot cuff and 2) knee loads.

This dissertation research is designed to test these specific hypotheses:
1.5.1 Hypotheses from laboratory testing:

* H;: The retention-release performance of modern alpine boot-binding systems,
quantified through laboratory tests, will fall within the specified minimum and maximum
lower and upper release torque limits of ISO8061:2008.

e H,:  The retention-release performance of modern AT boots in modern alpine binding
systems, quantified through laboratory tests, will exceed release torque values specified
by ISO8061:2008.

e H;j: The retention-release performance of AT boots and Tech/Pin bindings in modern
alpine binding systems, quantified through laboratory tests, will fall within the specified
release torque limits of ISO8061:2008.
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1.5.2 Hypotheses from on-snow testing:

1.6

Hy: The MRR values, established by international standards, will not exceed the
maximal leg loads generated by skiers using alpine equipment while skiing on groomed
maintained slopes.

Hs: The MRR values, established by international standards, will not exceed the
maximal leg loads generated by skiers using AT equipment while skiing on groomed
maintained slopes, but may exceed forces generated by skiers using AT equipment off-

piste (on non-maintained slopes).

Hs:  The maximal leg loads generated by males will not be different from females.
He:  The maximal knee loads generated by males will be different from females.
H7;:  The maximal knee loads generated by skiers will be higher on their dominant leg

than their non-dominant leg.

Organization/Research Outline

The proposed hypotheses H;-Hs; will be tested through a series of two studies in a laboratory

setting:

Study 1 — Retention release performance of AT boots in Alpine bindings (Chapters 2-3)
Study 2 — Interactions of Tech/Pin Bindings with AT Boot Inserts (Chapters 4-5)
Hypotheses Hs-H7 will be tested in on snow:

Study 3 — Measurement of leg and knee loads for male and female skiers in alpine and

AT equipment. (Chapters 9-10)

Currently Studies 1-2 (Chapters 2-5) have been completed, and submitted in the form of four

manuscripts for peer review to the Journal of Experimental Medicine and Biology. They are

presented here in their manuscript form.

The methodology and development of low-profile six-axis dynamometers to be used in

Study 3 is described in Chapters 6-7. An introduction of the XSENS MVN Biomechanics Suit,

used to measure skier kinematics is presented in Chapter 8. Finally, Chapter 9 provides a

description of the proposed research for Study 3. [Update this...]
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Chapter 2. Release Characteristics of Alpine Touring Boots in Alpine
Bindings

2.1 Introduction

Before the 1980s, alpine (or downhill only) skiing had a reputation for being a dangerous
sport, with the most prevalent injuries being ankle and tibia/fibula fractures. Releasable ski
bindings were developed to reduce the likelihood of lower leg injury. In order to work
effectively, ski bindings have two functional requirements: (1) retention — to hold firmly the boot
to the ski during controlled skiing maneuvers when the likelihood of injury is low; and
(2) release — to release the boot from the ski when the likelihood of lower leg injury is high. The
result of releasable ski/boot/binding systems has been a significant reduction in the incidence of
skiing-related lower leg injuries decreasing from 8 injuries per 1000 skier days in the 1970s to 3
ski injuries per 1000 skier days in the 1990s®*. Overall the incidence of below the knee ski
injuries decreased 58% between 1972-2008”. This reduction may also be attributed to the
development and adoption of international standards for the ski binding release setting values
(visual indicator values), standardized geometry and materials (particularly hardness) of ski boot
soles, and establishing minimum performance characteristics of ski bindings (for example, SO
5355%* 1SO 9462°°, and ASTM FI 06344). Natri et. al.'? attributed the injury rate decrease to these
international standards. The international standards for ski boots and bindings have assured
consumers that any alpine ski boot could be used appropriately in any alpine ski binding.

Alpine touring (AT) is a sub-discipline of skiing in which the skier uses the skis to
ascend, traverse, and descend snow-covered terrain, typically in the backcountry where trails are
not maintained. Alpine touring bindings and boots differ from conventional alpine skiing
equipment. Alpine touring bindings allow for the free movement of the AT boot’s heel for
climbing or traversing®’. For traditional downhill skiing, the bindings are set to hold firmly the
boot heel to the ski (similar to alpine ski equipment). Although AT boots look similar to alpine
ski boots, they are different. AT boots typically have a different geometry®®, softer boot soles,
and metal inserts at the toe and heel to accommodate special AT bindings (Figure 2.1). Because
AT boots are generally more comfortable and make walking/climbing easier, some skiers are

using AT boots as their primary boots for downhill skiing in alpine bindings. Despite
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international standards for AT boots, at the current time there are few boots that have been
manufactured that meet those standards. Furthermore, there is no universal reference sole for AT

binding tests representative of the AT boots that are on the market currently.

Figure 2.1: Features of Alpine Bindings, Alpine ski boots, and Alpine Touring ski boots. Alpine
bindings have two release modes: Twist (1a) and Forward Lean (1b). Alpine boot toes (Ic) and
AT boots toes (1d) differ both in the geometry and shape of the toe. AT boots (1d) commonly
employ metal inserts in the toe. Alpine boot soles have a hard smooth gliding surface (le) to
interface with the anti-friction device (AFD) on Alpine bindings. AT boot soles (1f) have soft

rubberized tread to maximize traction when walking.

Although most AT boots can often fit into alpine ski bindings, manufacturers do not
generally recommend this combination. Nevertheless, skiers are using AT boots in alpine
bindings. In a small ad-hoc survey of local ski patrollers in Western Washington, we found that
27% of ski patrollers reported using AT boots in alpine ski bindings for almost 50% of their time

spent skiing. There are no published studies available that show that the combination of AT
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boots and alpine ski bindings can provide the retention and release characteristics needed to meet
the international standards and that have been shown to reduce significantly the lower leg injury
rates’. Mixing alpine and AT equipment, could increase the likelihood of a ski/boot/binding
system not releasing as intended, and thus increase the risk of leg injury*>*.

International standards specify methods for boot and binding adjustment and testing by
trained professionals to ensure proper ski/boot/binding performance™. In a ski shop,
ski/boot/binding systems are tested using a pure twisting release for the toe piece and a pure
forward lean release for the heel piece. It is unknown whether the system testing conducted in a
ski shop would be sufficient to determine if an AT boot in an alpine binding would perform as
desired in fall, especially a fall in which the skier is loading the fore-body or tail of the ski. To
this end, we compared the retention-release characteristics of AT boots to alpine ski boots in
alpine ski bindings using laboratory testing in accordance with the ASTM F504-05 standard*’.
We hypothesize that using an AT boot, instead of an alpine ski boot, in an alpine

ski/boot/binding system will alter significantly the release/retention characteristics.
2.2 Methods

The release and retention characteristics of ski/boot/binding systems were tested in a
laboratory setting using a lower leg surrogate that conformed to standards ISO 9462:2012
Appendix B* and ASTM F504-05* (Figure 2.2). Eight (8) models of alpine ski bindings were
selected for testing as representative of the general release mechanisms and features currently on
the market. Each binding was mounted to its own test ski; all test skis were the same make,
model, and length 167cm (AMP Rx, K2 Sports, Seattle, USA). Five (5) models of alpine ski
boots and ten (10) models of AT boots with boot sole lengths between 306 and 310 mm were
acquired for testing. In order to measure the effect of boot design features, it was necessary to
create a rigid coupling between the portion of the boot that interacts with the ski binding and a
torque transducer. To this end, each test boot shell was cut below the pivot point of the upper
shell and an aluminum adapter plate was secured to the foot area by filling the empty space with
aluminum-filled epoxy (Rencast® 4037, Huntsman, The Woodlands, TX ) (Figure 2.3).

Ski/boot/binding systems were rigidly affixed to a transducer located in a lower leg
surrogate via the adapter plate mounted in the boot; torque was applied to the ski using a system

of motors, cables, pulley and pneumatics which is measured by the transducer about the axial
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and transverse axes, as defined in ISO 9462-2012 [5] (Figure 2.2). The range of the load cell was
+400 Nm (resolution: 0.29 Nm) and +£700 Nm (resolution: 0.17 Nm) along the axial and
transverse axes. The load cell was calibrated against a calibrated, NIST-traceable six-axis load
cell (Model 4526, Humanetics, Plymouth, MI) and had less than 0.5% error at full scale.

Six string potentiometers (L-Series, Unimeasure, Corvalis, OR) were attached to the test
skis at the toe and heelpiece of the binding to measure the angular displacement (resolution:
0.03°) of the ski binding relative to the boot in the mid-sagittal and transverse planes during
release. The data were collected at 1,000 Hz using a 16-bit data acquisition system (Model 6210-
USB, National Instruments, Austin, TX) with a 200 Hz low-pass, anti-aliasing filter. Labview
14.0 software (National Instruments, Austin, TX) was used to collect and filter digitally the data
using with a four pole, zero phase shift, low-pass Butterworth filter with a cut-off frequency of

10 Hz.

ol &

Load Cell

String Potentiometers

Figure 2.2: Schematic of test apparatus that conforms to ISO 9462-2012: Appendix B and ASTM
F504-05. The system applied forces (black arrows) and torques (grey arrows) to the ski using a
motor-driven system of cables and pulleys. A load cell measured the torque on the simulated leg
along the axial and transverse axes. String potentiometers measured angular deflection of the ski

relative to the fixed boot.
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Figure 2.3: Preparation of ski boots for testing. Preparation of test boot soles required a metal

adapter plate (left) to be fixed inside a cut boot shell using tooling compound (right). A custom
Jig was used to maintain proper alignment of the adapter plate-load cell interface relative to the

boot.
2.2.1 Testing Protocol

Based on test standard ASTM F504-05 [15], four independent load scenarios were
applied to each boot-binding system: (1) Pure Forward Lean — a bending moment was applied
along the transverse axis of the ski (Figure 2.4a); (2) Pure Twist — an axial twisting moment was
applied to the ski (Figure 2.4b); (3) Front Preload Twist — a vertical preload force was applied
to the fore-body of the ski prior to the application of a lateral force on the ski 45 cm in front of
the toe piece, to simulate a skier having their weight over the fore-body of the ski during a
forward, twisting fall (Figure 2.4¢); and, (4) Rear Preload Twist — a preload force was applied to
the rear of the ski prior to the application of a lateral force 45 cm behind the heelpiece on the ski,
to simulate a skier having their weight over the tail of the ski during a backward, twisting fall
(Figure 2.4d). As required by the international standards, the testing system applied forces and
pure torques quasi-statically to the ski and the system kinematics and simulated leg loads were
measured until the bindings released. Unless the ski binding was damaged in the testing, each
test was repeated three times in dry conditions and at ambient temperature. 120 unique
combinations of boots and bindings were tested (8 bindings x 15 boots) and a total of 1,440 tests

conducted (120 x 4 tests x 3 trials).
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Each ski binding was set to visual indicator setting of 7’2, the median value calculated
from the range of the eight bindings tested. A reference alpine ski boot that conformed to
standard ISO 5355 was used to verify that the bindings released at the appropriate torques. If the
release torque was not within 2% of the median torque (Table 2.1), the setting was adjusted
iteratively until it complied. The angular displacement at boot release was also measured during

the setting verification.

Table 2.1: Minimum, Median, and Maximum allowable release torque values for the four

loading scenarios tested.

Loading Scenario Min (Nm) Median (Nm) Max (Nm)
Pure Forward Lean 248 276.5 305
Pure Twist 60 67 74
Front Preload Twist 60 80.0 99.9
Rear Preload Twist 60 76.3 92.5

Pilot testing showed that the AT boots could damage the alpine ski bindings; therefore,
all of the alpine ski boots were tested before the AT boots in each binding. The order of testing
for AT boots was randomized. Before testing, the boots and bindings were cleaned to remove
silicon grease from contact points and the ski binding forward pressure was adjusted. If a binding
had an adjustable height anti-friction device (AFD), it was set per the manufacturers
specifications to the boot being tested. Some alpine ski bindings did not have the ability or range
to accommodate properly the AFD height of each AT boot, but the boots were tested if it was
possible to place the boot into the bindings.

2.2.2 Data Processing

For each boot, the torque transducer was set to zero with only the boot on the transducer.
Angular displacement data were zeroed before the start of each test to obtain the relative angular
displacement from the start of each test to release of the binding. From the time-history data, the
maximum torque at release and the corresponding angular displacement were recorded for each
test. For each boot-binding combination in each loading scenario, the means and 95% confidence

intervals for the release torque and angular displacement were calculated.
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The means (and 95% confidence intervals) were compared to the ranges of desired
release torque for each load scenario based on the settings and international standards: Forward
Lean (248 - 305 Nm), Pure Twist (60 - 76 Nm), Front Preload Twist (60 - 94 Nm), and Rear
Preload Twist (60 - 102 Nm). A limit on the angular displacement at release was included
because some AT boots released at significantly higher angular displacements than the reference
alpine boot (Figure 2.5). The desired angular displacement at release for AT boots was defined
as 300% of the angular displacement at release of the reference alpine boot for each specific
binding and load case. Because the angular displacement at release for the reference alpine boot
varied by binding model and load scenario, the desired range for angular displacement at release
for AT boots also varied by binding model and load scenario; see Table A.1 in Appendix A. The
angular displacement means (and confidence intervals) were compared to the desired angular
displacement for each binding in each load case.

For each load scenario, the AT boot - alpine binding combination performed as desired if
the confidence intervals fell within the desired release ranges for both the torque and angular
displacement at release. The overall release function of a specific AT boot — alpine binding
combination was deemed acceptable when the combination performed as desired for all load
scenarios.

Unpaired, Bonferroni-corrected t-tests were performed to test for differences between
alpine and AT boots in release torque and angular displacement for each load case, but not across

load cases, with a significance level of 0.05.
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Figure 2.4: Boot-binding systems were tested in four loading scenarios. (1) Pure Forward Lean

— (4a); (2) Pure Twist (4b); (3) Front Preload Twist (4c),; (4) Rear Preload Twist (4d).
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Figure 2.5: Exemplar Torque-Angular displacement curves from a Front Preload Twist release.
The average and standard deviation (shaded curve) of three trails for an alpine boot (left) and
an AT boot (right) are shown. The minimum and maximum allowable release torque values were

determined by the indicator setting used in this study and boot sole length. O eference is the

angular displacement at which the reference alpine boot released from each alpine binding. The

maximum desired angular displacement for the AT boot was defined as 300% of the O eference

value. The shaded region is the acceptable release envelope for the AT boot.
2.3 Results

All alpine boots released within the torque and displacement ranges with all alpine
bindings in each load case. Of the 80 combinations of AT boot-alpine binding systems tested,
28.8% produced the desired release characteristics (that is, the release torque and angular
displacement were within the desired ranges for all load scenarios); see Table 2.2. When
considering the individual load scenarios, the Pure Twist and Front Preload Twist tests
performed the lowest rate of releases in the desired ranges, 27.5% and 46.3%. When examining
the data with respect to individual alpine binding performance with AT boots, one alpine binding
released within the desired torque and displacement ranges with all AT boots tested and two
bindings did not release within the desired torque and displacement ranges for any AT boot
tested. When using AT boots in alpine bindings, 43% of the alpine ski binding models were

damaged during a Pure Twist or Front Preload Twist test.
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Table 2.2: AT boot-alpine binding combinations that released in the desired range for the torque

and angular displacement.

F d P Forward Rear
orwar “fe Preload Preload Overall
Lean Twist . .
Twist Twist
Torque 96.3% 53.8% 57.5% 85.0% 41.3%
Angular 100.0% 73.8% 88.8% 98.8% 67.5%
Displacement
Combined 96.3% 27.5% 46.3% 85.0% 28.8%

Table 2.3: Maximum, average, and standard deviation values for the torque and angular
displacement to release for alpine and AT boots in for each of the four load cases tested. p-
values presented indicate significant or non-significant differences between Alpine and AT Boots
within each test.

Alpine Boots AT Boots
Max MN = SD Max MN = SD D

Forward Lean | 307  281.9+14.9 | 459 278.7+27.3 0.056

Pure Twist 67 60.6 = 4.1 136 773+17.7 | <.001
T N
orque (Nm) Front Preload | o) ;1. g6 | 154 9714199 | <.001

Twist
Rear Preload | g5 7461104 | 138 8484168 | <.00l
Twist
Forward Lean 5 3.1+£1.0 6 2.7+0.2 0.005
Pure Twist 52 22+09 8.7 25+1.4 0.007

Angular Displacement Front Preload

at Release (Deg) ront Freload | 4 1.4+07 | 106 35+3.0 | <.001
Twist
Rear Preload | 4, 26410 | 5.1 25+ 1.1 0.192
Twist

Significant differences were found between the release torque of Alpine and AT Boots in
Pure Twist (p<0.001), Front Preload Twist (p<0.001), and Rear Preload Twist (p<0.01) but not
Forward Lean; see Table 2.3. In addition, significant differences in the angular displacement at
release were found in Forward Lean (p = 0.005) Pure Twist (p = 0.007) and Front Preload Twist
tests (p<0.001) between AT and alpine boots.

When considering only the tests that would be performed in a by a ski shop technician

(Pure Twist and Pure Forward Lean), the release torque of 33.8% percent of the AT boot and
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alpine combinations were within the ranges required by the standards (Table 2.2). However
22.5% of these combinations released outside the angular displacement criterion in pure twist
and 11.3% did not release within the performance envelope for either torque or displacement

under combined loading (Front Preload Twist and Rear Preload Twist).
2.3.1 Discussion

In this study, we compared the retention and release characteristics of alpine touring (AT)
boot with (typical) alpine ski boots when used an alpine ski binding in a laboratory setting. In
this study, all alpine ski bindings released as expected (within the specifications found in
ISO 9462-2012%%) when used with the alpine boots. Only 29% of AT boot-alpine binding
combinations released as desired. Unlike alpine ski boots, 69% of the AT boot and alpine ski
binding combinations either required too much torque to release (59%) or released at much
higher angular displacements than the alpine ski boot counterparts (32%). Each of these
problems is cause for concern, as it increases the likelihood of a lower leg injury during a fall or
accident. In some cases, using an AT boot in a alpine binding created significantly larger release
torques than alpine boots; the highest twisting release torque with AT boots exceeded the desired
torque range by more than 110%; this would increase significantly the risk of a lower leg injury,
as the torque transmitted to the leg from the ski may reach or even exceed the injury threshold.
Though most AT boots functioned poorly in alpine bindings, one alpine binding released
appropriately with all of the AT boots tested.

Based on these results, we believe that binding designs are likely very sensitive to the
several significant geometric and frictional differences between AT boots and alpine ski boots.
The soles of alpine and AT boots are designed for conflicting purposes. AT boot soles are
designed for maximum traction during walking on unmaintained trails and rough terrain, while
alpine ski boot soles are designed to minimize friction between boot and alpine ski bindings at
the contact points™. When used in alpine ski bindings, several features of AT boots introduce
additional friction when compared the alpine ski boots and this additional friction can
significantly alter the boot-binding behavior*®. We hypothesize that the friction and geometric
differences between boots created the performance differences between AT boots and using

alpine ski boots.
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Injury rates have been shown to decrease when consumers have their ski equipment
adjusted professionally and tested by trained technicians in ski shops™. Other studies have shown
indirect effects of having bindings adjusted by ski shops versus having ski bindings adjusted
without professional advice or test equipment™. Ski shops assess the retention and release
function of a boot-binding-ski combination by measuring the release torque while performing
Pure Twist and Pure Forward Lean release tests; they do not measure angular displacement nor
do they simulate other release scenarios that are more likely to occur during normal skiing
(including Front Preload Twist and Rear Preload Twist).

It would be logical for consumers to also have their AT boots tested in their alpine
bindings by a ski shop to assess the release and retention characteristics of their equipment. In
our tests, approximately one-third of AT boot and alpine ski binding combinations functioned as
desired in the Pure Twist and Pure Forward Lean tests (that is, those tests that are similar to ski
shop tests), but released outside of the desired range in the Front Preload Twist and Rear Preload
Twist tests. If one of these combinations were tested in a shop, the ski shop technician would
likely conclude that the system performed adequately, even though the system could allow
forces, torques, and displacements beyond what is desired. It is unlikely that a shop technician
would reliably be able to determine which combinations of AT boots and alpine ski bindings
would provide the retention and release characteristics desired by a typical alpine ski system.
This type of “false positive” result could lull the consumer into believing that a particular
combination would preform as desired even though it could increase the likelihood of a lower leg
injury in a forward or backward twisting fall.

Anecdotally, skiers have reported altering the visual indicator settings when using AT
boots in alpine bindings in an effort to maintain the same retention and release characteristics as
alpine ski boots in alpine bindings. In an ad hoc analysis to determine the effect of altering the
visual indicator setting, each alpine ski binding was tested with one representative alpine boot
and one representative AT boot during a set of Front Preload Twist tests in which the visual
indicator settings were varied. When examining the potential relationship between visual
indicator settings and release torque, a significant linear regression for alpine boots was found
(F(1,16) = 45.2, p < .001). This correlation suggested that binding settings accounted for
approximately 74% of the variation in release torque (R° = .739, Adjusted R* = .722). The AT

boots in alpine bindings did not produce the same relationship; the linear correlation (F(1,16) =
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7.916, p = .012) suggested that the visual indicator setting accounted for only ~33% of the
variation in release torque (R’ = .331, Adjusted R° = .289). In 45% of the cases, the
representative AT boot released at the same torque and very large displacements regardless of
the visual indicator setting; see Figure 2.6. For the remaining 55% of bindings, the visual
indicator setting had a small affect on the release torque were still significantly higher than the

allowable release torque defined by international standards.
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Figure 2.6: Effect on release torque of changing the visual indicator settings in bindings. The
release torque was altered for an alpine boot in an alpine binding (left); however this had little
to no effect on the release torque of an AT boot used in an alpine binding (right) in a Front

Preload Twist test.

For skiers whose indicator settings fall on the lower end of the range, based on their

height and weight, the release torque of AT boots from alpine bindings would be higher than the
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allowable release torque based on international standards. A comparison of the allowable release
torque per international standards, and the release torque for a representative alpine and AT
boots from the same representative binding shown in Figure 2.6, is shown in Figure 2.7. The
release torque for the AT boot-alpine binding does not change proportionally with the indicator
setting as the alpine boot-alpine binding does.

The maximum allowable release torque per international standards for a BSL = 305mm
and an indicator setting = 3 is 45 Nm. Using data reported on the quasi-static strength of the tibia
the estimated the probability of tibia failure for a normal population with an applied twisting
torque of 45 Nm to the tibia, was estimated to be ~ 1 in 44 tibias would fracture, given a normal
distribution by Mote'”>. Even with the binding indicator setting = 3 the AT boot released at a
value of 70.8 £ 5.1 Nm. Using Mote’s estimates ~ 1 in 6 tibias would fracture with this applied
load. Indicator settings are predetermined by a skier’s height, weight, and aggressiveness; higher
indicator settings are reserved for taller, heavier, more aggressive skiers. Indicator settings on the
lower end of the scale would be reserved for small, lightweight skiers that have a much lower
injury threshold for the tibia than larger skiers. Therefore the risk of a tibia fracture to these
smaller skiers will be significantly higher.

Based on this ad hoc analysis, adjusting the visual indicator setting will not likely
produce the desired release and retention characteristics and is not a reliable method to overcome

the problems created by using an AT boot and in an alpine binding.
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Figure 2.7: Comparison of release torque from alpine and AT boots to the values specified by

international standards, denoted by the dashed lines.

Testing ski equipment at room temperature in a dry laboratory setting is a limitation of
the current study. In wet and cold conditions similar to those found when skiing, it is possible
that AT boot-alpine binding systems may perform better as the AT boot sole hardness would
increase. This study was intended to examine the worst-case scenario for use of these systems.
Shop technicians also perform binding adjustment and testing at room temperature and in dry
conditions. Therefore the results presented here have significant relevance to the conditions in

which boot-binding systems are evaluated for consumers.
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2.3.2 Conclusion

Alpine ski boots and bindings for downhill skiing comply with international standards
and provide reliable release and retention characteristics. Alpine touring (AT) boots do not
provide the same reliable retention and release characteristics when used with alpine ski
bindings. While some AT boots fit geometrically into alpine ski bindings, the release function of
the ski/boot/binding system can be compromised severely and increase the risk of a lower leg
injury. The results of our testing indicate that it is unlikely that ski shop test equipment could
reliably detect whether a given AT boot and alpine ski binding combination will perform
properly. This potential ‘false-positive’ could misinform consumers into believing their
equipment will function properly when the likelihood of an injury could be increased
significantly. Based on these results, it is not recommend that skiers use AT boots in alpine ski
bindings, as they currently exist on the market. The development of international standards for
AT boot test soles, representative of AT boots currently on the market, could help improve

alpine binding designs to function properly with AT boots.
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Chapter 3. Release Characteristics of Alpine Touring Ski Boots in Alpine
Ski Bindings: A Case Study of Binding Features

3.1 Introduction

Alpine touring (AT) is a sub-discipline of skiing in which the skier uses skis to ascend,
traverse, and descend snow covered backcountry terrain where trails are not maintained or do not
exist. AT boots have unique geometry and soft boot soles®® with rubberized tread for maximum
traction and metal inserts at the toe and heel interface with special AT bindings®. Many
consumers currently use AT boots in alpine bindings for comfort though alpine bindings are not
generally marketed as compatible with AT boots. However, the lines between AT and alpine ski
equipment for consumers are blurring quickly with the rapid pace of new AT products brought to
market each season, and it is increasingly common for consumers to use AT boots in their alpine
bindings while downbhill skiing at ski resorts (Chapter 2).

In a previous study, the retention-release characteristics of 80 AT boot — alpine ski
binding combinations were tested, of which, 71% did not release appropriately (Chapter 2). One
alpine binding released appropriately for all alpine and AT boots tested; the remaining alpine
bindings performed appropriately for only 40% of the boots or less. Two bindings did not release
appropriately for any of the AT boots tested. While most AT boots geometrically fit into alpine
bindings, we found that the functionality of the ski-boot-binding system was compromised
severely. It was hypothesized that frictional and geometric differences created the performance
differences between AT boots and alpine boots when used in alpine bindings.

A broad spectrum in the release performance between alpine bindings, when used with
AT boots, serves as the motivation for this study: to identify differences in features of AT boots
and alpine bindings, and/or combinations thereof, which are critical to optimizing the release
function of alpine bindings with AT boots for future product design and consumer safety. These
features and their effect on the release characteristics of boot-binding systems are identified

through the utilization of linear multivariate regression models
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3.2 Methods

The retention-release characteristics were tested in a previous study from five models of
alpine ski boots and ten models of AT boots in eight representative models of alpine ski
bindings; 120 unique combinations of boots and bindings were tested (Chapter 2).

To briefly summarize the four independent load scenarios used in the previous study, the
release characteristics of each boot-binding combination was tested per the requirements of test
standard ASTM F504-05 in: (1) Pure Forward Lean —a bending moment applied along the
transverse axis of the ski; (2) Pure Twist — an axial twisting moment applied to the ski; (3) Front
Preload Twist —a vertical preload force is applied to the fore-body of the ski prior to the
application of a lateral force on the ski 45 cm in front of the toe piece, to simulate a skier having
their weight over the fore-body of the ski during a forward, twisting fall; and, (4) Rear Preload
Twist —a preload force was applied to the rear of the ski prior to the application of a lateral force
45 cm behind the heelpiece on the ski, to simulate a skier having their weight over the tail of the
ski during a backward, twisting fall.

The release torque from these four loading conditions in the previous study were used in
the present case study to identify boot and binding features predictive of the boot-binding
performance results from our previous study. In each of the four loading conditions tested, the
absence or presence of static preload forces imposed one of three unique boundary conditions on
the boot-binding system before the start of each test:

* Boundary Condition 1 (BC;): Pure Forward Lean and Pure Twist tests only comprise of

internal forces of the boot-binding system acting on the boot-binding interface (Figure
3.1A).
* Boundary Condition 2 (BC,): Front Preload Twist applies a static preload force in the

vertical direction to the fore-body of the ski (Figure 3.1B).
* Boundary Condition 3 (BC;): Rear Preload Twist applies a static preload force in the

vertical direction to the aft-body of the ski (Figure 3.1, Figure 3.1C).
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Figure 3.1: (A) Boundary Condition 1 (BC,, left), (B) Boundary Condition 2 with P,
(BC,, center), and (C) Boundary Condition 3 with P, (BC3, right).

For BC,, several constraining forces were hypothesized to affect the release torque of a
ski boot from an alpine binding including: the boot sole hardness (Figure 3.2), interference of the
tech inserts with the binding (Figure 3.3), the type of anti-friction device (AFD), forward
pressure of the binding (Figure 3.3), and the contact pressure at the AFD-boot interface (Figure
3.2 & Figure 3.6).

When external forces are applied to the system in BC, and BC3, other parameters such as
bending stiffness (EI) of the ski-boot-binding system (Figure 3.4) and additional degrees of
freedom of the binding can influence or compound the effect of frictional forces already present
from BC;. These constraints were quantified for each boot, binding, and boot-binding
combination tested in our previous study. Each constraint is thoroughly defined below and also

summarized in Table 3.1 for clarity.

3.2.1.1 Boot Constraints

Boot Dimensions: Dimensions were measured using digital calipers (Model No. CD-6" CSX,
Mituyo, resolution: 0.01mm) (Figure 3.2).

Boot sole hardness: Sole Hardness (Shore D) was measured per ASTM D2240-05 for alpine
and AT boots in the region that contacted the AFD (Figure 3.2).

Tech Inserts: Boots with tech inserts were coded Tech = I; boots with no tech inserts were

coded Tech = 0 (Figure 3.2).
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AT Boot

Tech Insert

Figure 3.2: Boot features recorded included: (A) Heel Height, H;, and Toe Height, H>, (B) Heel
Width, Wi and Toe Last Width W), and boot sole hardness, Shore D (B & D). The presence of
tech inserts and their interface location with the inserts, low (C) or high (D) was recorded.

Contact pressure between the boot and the binding was measured at the AFD-Boot Interface (B
& F).

3.2.1.2 Binding Constraints

Forward Pressure (FP): The toe and heelpieces of alpine bindings apply a forward
pressure (FP), or compressive force (with units of Newtons), to the boot along the longitudinal
axis of the ski. Elastic travel of the heelpiece helps to maintain a constant compressive force to
prevent the boot from releasing from the binding during ski flexion and extension. The
magnitude of the FP not standardized; therefore the FP was measured for each binding using
rigid aluminum alpine boot toe and heel blocks connected in series with a load cell (Model 31,

Honeywell, Columbus, OH, resolution 0.87 N) (Figure 3.4).

Bending Stiffness (EI): The bending stiffness in the transverse plane, or equivalent ‘EI’,
where EI is the combination of the composite modulus of elasticity, £, and the bending moment
of inertia for the ski, /. The EI was measured using a custom fixture that applied a 222N + 44N
three-point bending load to the ski through the center of an ISO 5355 boot-test boot sole placed
in each ski binding and the outside bending supports were located +£0.69m from the point of load
application. The radius of curvature was calculated by measuring the vertical defection of the ski

(uWMaxpm, Mahr, Goéttingen, Germany, resolution =10 um) in discrete 76mm increments
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between the two outside supports. The radius of curvature of was used to calculate equivalent EI
of the boot-binding-ski system using beam theory (Figure 3.4).

AFD: Anti-friction devices on the binding toe pieces provide a low-friction support for
the ski-boot sole. Mechanical AFDs consist of a sliding, spring loaded plate that slides with the
boot as it releases in pure twist. Static AFDs are a low-friction surface, often made from Teflon.
Bindings with mechanical AFDs, were coded AFD = 1, and AFD = 0 for static AFDs.

Degrees of Freedom (DoF): Alpine binding toe pieces react to a lateral force at the toe
and a vertical force at the heel and are considered to have two degrees of freedom (Figure 5).
Several bindings have a ‘mobile’ toe considered to have a third degree of freedom (Senner,
2013) that allows for an upward release of the toe and were coded DoF = 1, otherwise they were

coded DoF = 0.

Tension Compression
Force Transducer

Figure 3.3 : Forward Pressure measurement fixture placed in an alpine binding.
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Figure 3.4: Bending Stiffness (EI) measurement fixture with a load applied to a test sole in the
ski binding inducing the three-point bending load.

Twist Release Forward Lean Release

Figure 3.5: Motions of the ski boot and binding heel and toe pieces in a Twist Release Mode (top
left), Forward Lean Release Mode (top right), and Backward Lean Release showing the toe piece

allowing upward displacement of the toe (bottom center).
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3.2.1.3  Boot-Binding Interface Constraints

3.2.1.3.1 Tech Insert Interference

The Toe interface region of the binding with tech inserts was coded as Toe = I for the

high region and Tee = 0 for the low region (Figure 3.2).
3.2.1.3.2 Contact Pressure at the AFD-Boot Interface

Pressure sensitive film (Fujifilm Prescale, Bedford, MA) was inserted between the boot
sole and AFD for the three boundary conditions, BC;, BC,, and BCs to measure the contact
pressure for 80 combinations of AT boots and alpine bindings, and 40 combinations of alpine
boots and alpine bindings; a total of 360 pressure measurements were taken. Films covering
three ranges of pressure 0.17 — 0.59 MPa (resolution = 0.03 MPa), 0.48 — 2.41 MPa (resolution =
0.21 MPa), and 2.41- 9.65 MPa (resolution = 0.48 MPa) were calibrated using an MTS material
testing machine (Eden Prairie, ME) and a load cell (Model 4526, Humanetics, Plymouth, MI)*"~
53

The height of the toe piece on some binding models was adjustable; toe height for these
binding models was adjusted per manufacturers’ specifications to accommodate the toe height of
each boot. No extra height was added to accommodate for the films’ thickness, 0.3 = 0.05mm, in
order to not bias measurements from bindings with no toe height adjustment. Samples were
digitized after a 50-hour development period®” using a digital scanner (Laserjet 3020, Hewlett-
Packard, Palo Alto, CA) at a resolution of 300 dpi. Digitized images were converted to contact
pressure, AFD P, using calibration data in Matlab (Mathworks, Natick, MA) (Figure 3.6).
Contact area, AFD A, and applied normal force, AFD F, were calculated from the pressure

measurements.
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Figure 3.6: Representative scanned image of contact pressure, force, and area recorded on

Fujifilm Prescale (left) and transformed to contact pressure in a 2-D (center) and a 3-D view

(right).
322 Statistical Analysis

Unpaired, Bonferroni-corrected t-tests and two-way ANOVAs were employed to test for

statistical differences in constraints between alpine and AT boots, with &« =0.05.

3.2.2.1 Multiple Linear Regression (MLR) Analysis

Independent variables quantified from boot-binding constraints were used predict release
torque in multiple linear regression (MLR) models (R, Foundation for Statistical Computing,
Vienna, Austria, Fox, 2003). MLR models were developed for Pure Twist, Front Preload Twist,
and Rear Preload Twist. No significant difference in release torque between alpine and AT boots
was found in Forward Lean release torque, so it was excluded from the MLR analysis. To obtain
a baseline MLR model, the release torque for alpine boot tests were modeled first. New MLR
models were then developed using AT boot release torque data pooled with alpine boot data to
predict the release torque based on the differences in constraints and features between alpine and
AT boots. Boot and binding parameters and their coding used in the MLR analysis are tabulated
in Table 3.1.
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Table 3.1: Summary of boot-binding constraints, their abbreviations and nomenclature, and

units or binary designators.

Predictor Variable Abr. Units or Binary Designator
Linear Dimensions (see Fig 3.2)  (mm)
Boots Hardness H Shore D Scale

Tech Inserts Tech Boots with no Inserts [Tech = 0]
Boots with Inserts [Tech = 1]

Forward Pressure FP (N)

Bending Stiffness EI (MNm®)

AFD AFD Static [AFD = 0]

Bindings Mechanical [AFD = 1]

Degrees of Freedom DoF No upward release of the toe piece, DoF =0

Bindings with an upward release of the toe
piece, DoF =1

Low region, Toe = 0
Tech Insert Interference  Toe

Boot-Binding High region, Toe = 1

Interface AFD Pressure AFD P (Pa)
Constraints AFD Contact Force AFD F (N)
AFD Contact Area AFD A (mmz)

Data were centered about their mean and scaled by one standard deviation. The
Kolmogorov-Smirnov test was employed to test for skewness. Transformations were performed
on Pure Twist (exponentiated), Front Preload Twist (log), and Rear Preload Twist (log) release
torque data from AT boots pooled with alpine boots to reduce skewness.

MLR analyses were used to predict release torque based on unique combinations of
independent variables for each load case. The likelihood ratio test compared models using
different independent variables and tested for interactions between independent variables.
Variance inflation factors (VIF > 5) were used to identify regressors with high collinearity>*.
Regressors were not used if they were not significant contributors to the model, with a

significance level of 0.05, or if they were redundant.

3.2.2.2 Relative Contribution of Regressors to MLR models

The percent contribution to variation in release torque of each regressor in the MLR
models was calculated using the /mg metric from the relaimpo statistical package in R>. The Img

metric normalizes R* to 100 percent and the contribution of each regressor is calculated as a
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percentage of the R* from the linear model. The variance of percent contribution was calculated
by bootstrapping the MLR models at 1000 bootstrap intervals, holding the regressors fixed and

bootstrapping the residuals. The 95% bootstrap confidence intervals for regressors are reported.

3.2.2.3 Assessing MLR Model Validity

Using the coefficients from the MLR models, predicted release torque values were
calculated using the regressors for each combination of boots and bindings tested. Simple linear
regressions were performed using torque predictions as independent variables to quantify how

well the predicted values matched the measured release torque values using the R* metric.
33 Results

3.3.1.1 Boot Constraints

Alpine boot dimensions were significantly different from AT boot dimensions in every
dimension measured except heel width, W; (p < 0.001). Alpine boot sole hardness (M = 69.5.
SD = 4.5) was significantly greater than AT boots (M = 29.5, SD = 17.5) #(10.9) = 6.85, p<.001.
No alpine boots had tech inserts; and nine of the ten AT boots had tech inserts.

3.3.1.2 Binding Constraints

Forward Pressure, FP, of the alpine bindings was 173.8+35 N. The EI of the bindings
was 181.3 + 24.2 MNm’. Five bindings had static AFDs and three had mechanical AFDs. Two
bindings had fixed toe pieces, DoF = 0, and six bindings had mobile toe pieces allowing of an

upward release at the toe piece, DoF = 1.

3.3.1.3 Boot-Binding Interface Constraints

Four binding toe pieces interfaced with low the region of AT boots with tech inserts, Toe
= 0, and four interfaced with high the region of AT boots above the tech inserts, Toe = 1. The
results of a two-way analysis of variance indicated that AFD pressure was significantly greater
for AT boots than alpine boots in each boundary condition F(1,939) = 516.14, p < .001 (Table
2). Boundary conditions significantly affected AFD pressure, F(2,939) = 173.4, p < .001. The
effect of boot type, alpine or AT, had a significantly reduced effect on AFD pressure for BC, (3
= -1.16, SE = 0.26, p < 0.001) and BC; (f = -1.62, SE = 0.26, p < 0.001) because the
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contribution of the applied preloads contributed similar amounts of pressure on, or off, the AFD
in those two boundary conditions F(2,939) = 21.2, p <.001.

A post hoc Tukey test showed AFD pressure was significantly different between all
boundary conditions (p < .001) for alpine boots; for AT boots, AFD pressure was significantly
different between BC, — BC; (p < .001) and BC, - BC, (p < .001) but not between BC, - BC, (p
= .81). AFD pressure was poorly correlated to release torque for both Alpine and AT boots in all

three boundary conditions (Figure 3.7, Table 3.2).
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Figure 3.7: AFD pressure was significantly different between alpine and AT boots, and between

boundary conditions except for BC;-BC; in AT boots (left). AFD pressure was poorly correlated

to Release Torque for all load cases including Front Preload Twist (right).

Table 3.2: AFD Contact Pressure for Alpine and linear regression on AFD pressure versus

Torque. Note: The variance of AFD Contact pressure was zero, o = 0, for all Alpine boot

combinations under BCs,; a linear regression was could not be calculated for this condition.

AFD Contact pressure (MPa), Linear Regression: Pressure versus Torque

Alpine Boots (MN =+ SD), Linear Reg. AT Boots (MN + SD), Linear Reg.
BC, 0.5+0.01 R*=0.04, p <0.001 38+0.1 R?*=0.12,p<0.001
BC, 1.9+0.01 R*=10.28, p < 0.001 40+1.8 R*=0.10,p < 0.001
BC;  0.0%0.0 - 1.7+1.6 R*=0.02,p=0.03
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332 Predicting Release Torque from boot-binding constraints: Alpine Boots

MLR models were developed to predict how features of boots and bindings contribute to
variation in release torque. Significant MLR models were found for predicting release torque
with alpine boots for Pure Twist (F(5, 99) = 25.6, R* = .566, Adjusted R* = .542, p < .001)
(Table 3.3), Front Preload Twist (F(6, 98) = 50.52 R* = .756, Adjusted R* = .741, p < .001) (

Table 3.4), and Rear Preload Twist tests (F(5, 99) = 95.2 R’ = .828, Adjusted R* = .819,
p < .001) (Table 3.5). Standardized regression coefficients, their standard errors, and p-values
testing the null hypothesis that their effects, fn = 0, are shown in Appendix B, Table B1.

Alpine boot sole hardness had the largest contribution to release torque in Pure Twist,
74.8% [54.2, 95.8], and Front Preload Twist releases 45.9% [30.9, 61.8] (Table 7). An additional
degree of freedom at the toe, coded DoF = 1, had the strongest effect on release torque in Rear

Preload Twist tests 41.4% [35.0%, 48.7%] (Table 3).
3.33 Predicting Release Torque from boot-binding constraints: Alpine & AT Boots

A significant MLR model was found (F(14, 300) = 29.4, p < .001) that accounted for
approximately 58% of the variance of Pure Twist release torque of alpine and AT boots in Pure
Twist (R° = .578, Adjusted R° = .558, Appendix B, Table B2). AFD contact pressure, 19.5%
[14.5, 25.9], and boot sole hardness, 18.6% [12.8, 25.3] had the strongest effect on Pure Twist
release torque (Table 3.3). AFD type had a significant interaction with AFD contact pressure,
meaning the effect of AFD contact pressure on release torque was effected by whether a binding
had a static or mechanical AFD; this contributed 9.9% [4.9, 16.3] to release torque variation. In
Pure Twist releases, static AFDs produced higher release torque in Pure Twist (5 = 0.266, SE =
0.046, p < 0.001).

A significant regression model was found (F (10, 304) = 74.9, p < .001) that accounted for
approximately 71% of the variance of Front Preload Twist release torque of Alpine and AT boots
(R? = .711, Adjusted R’ = .702, Appendix B, Table B2). Boot sole hardness, 31.6% [26.3, 36.6],
and tech inserts, 22.1% [17.4, 27.5], had the strongest effect on release torque in Front Preload
Twist releases (

Table 3.4). AFD contact pressure, 13.7% [11.3, 16.8], had a smaller contribution in a Front

Preload Twist release compared to a Pure Twist release 19.5% [14.5, 25.9]. Static AFDs were
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associated with lower release torque values (f = -0.126, SE = 0.034, p < 0.001), and mechanical
AFDs produced higher release torque for Front Preload Twist releases; this is a reversal for the
effect of AFD type from the Pure Twist.

A significant regression model was found (F(13, 301) = .767, p < .001) that accounted
for approximately 77% of the variance of Rear Preload Twist release torque of Alpine and AT
boots (R’ = .767, Adjusted R° = .756, Appendix B, Table B2). Similar to Alpine boots, an
upward release of the toe, DoF = 1, had a strong effect on release torque, 19.5% [15.7, 23.8], but
FP was the strongest contributor, 22.2% [17.1, 27.5] (Table 3.5). Other constraints such as FP’s
effect interacting with flexible ski-binding combinations, or lower EI values, FP|EI, 20.7% [15.9,

26] were had largest effect on Rear Preload Twist release torque.

77



for Pure Twist releases.

Table 3.3: Percent relative contribution of boot-binding constraints to release torque variation

Pure Twist: % Relative Contribution 95% CI [LL, UL]

Regressors
Alpine AT
Tech = 6.9% [4.1,11.1]
Boots
Hardness 74.8% [54.2, 95.8] 18.6% [12.8, 25.3]
AFD = 2.2%[1.3,4.3]
DoF = 5.8% [2.3, 10.8]
EI 9.4% [3, 19.1] 5.6% [2.2,10.4]

Bindings FP

4.2%[0.8, 15]

9.1% [4.8, 14.8]

EI[FP - 3.4% [0.9, 7.6]
Toe - 1.9% [0.7, 4.6]
Tech | Toe = ,
AFD Area - -
AFD Force - 7.2% [5.4, 10.1]

AFD Pressure
AFD | Hardness

8.3%[1.7, 20.8]

19.5% [14.5, 25.9]

Boots- AFDP | 3.3% [0.2, 9.6] -
Bindings Hardness
AFD | AFD P - 9.9% [4.9, 16.3]
AFD F| DoF - 2.3%[0.7, 6]
Hardnes : 23%(07.6)
FP | Tech - 4.2%1.2,8.8]
F F(5,99) = 25.6 F(12, 302) = 30.0
Model Fit R’ 0.564 0.543
p <.01 <.01
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Table 3.4: Percent relative contribution of boot-binding constraints to release torque variation

for Front Preload Twist releases.

Front Preload Twist: % Relative Contribution 95%

Regressors CI [LL, UL]
Alpine AT
Tech - 22.1%[17.4, 27.5]
Boots
Hardness 45.9% [30.9, 61.8] 31.6% [26.3, 36.6]
AFD 5.7%[2.7, 11.7] 2.8%[1.6, 4.6]
DoF - -
EI 11.9% [5.6, 21.8] 5.3%[2.9, 8.5]
Bindings  FP 0.8% [0.4, 3.7] 2% [0.6, 4.3]
EI|FP - 6.7% [3.5, 10.4]
Toe - 6.2% [3.2, 10.2]
Tech | Toe - 0.8% [0.1, 2.4]
AFD Area - -
AFD Force - 9.8% [7.7, 12.8]
AFD Pressure 27.5% [14.6, 40.8] 13.7% [11.3, 16.8]
AFD | ) ]
Hardness
Boots- AFDP | i i
Bindings  Hardness
AFD | AFD P - 1.3%[0.3, 3.2]
AFD F| DoF - -
ﬁfgils i 3.4% [1.4,6.3]
FP | Tech - -
F F(6, 98) = 50.5 F(8, 306) =81.1
Model Fit R’ 0.756 0.68
P <.01 <.01
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Table 3.5: Percent relative contribution of boot-binding constraints to release torque variation

for Rear Preload Twist releases.

Rear Preload Twist: % Relative Contribution 95% CI [LL,

Regressors UL]
Alpine AT
Tech - 0.7%[0.5, 1.5]
Boots

Hardness - 4.7% [3, 6.9]

AFD - 2.1% [2, 2.6]

DoF 41.4% [35.0%, 48.7%] 19.5% [15.7, 23.8]

EI 0.7% [0.5, 2.4] 0.6% [0.3, 1.6]
Bindings FP 35.6% [25.2, 46.8] 22.2% [17.1, 27.5]

EI|FP - 20.7% [15.9, 26]

Toe 23.8% [16.6, 32.5] 7.7% [5.2, 10.6]

Tech | Toe 13.3% [7.4, 22.1] 0.2% [0.1, 0.7]

AFD Area - 13.7% [10.2, 17.6]

AFD Force - -

AFD Pressure - 2.6%[1.9, 3.8]

AFD | Hardness - 4.4% [2.3,7.1]

Boots- ﬁggnils ] 1% [0.2, 2.5]

Bindings

AFD | AFD P - -

AFD F| DoF - -

AFDF | ) ]

Hardness

FP | Tech - -

F F(5, 99) = 95.2 F(11, 303) = 69.2
Model Fit R’ 0.828 0.715

P <.01 <.01
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334 Validity of MLR Models

Significant regression equations were found for each load case modeled in data sets with
only alpine boot data, and data which included both alpine and AT boots (Table 4). Regression
equations for MLR models using alpine boot data and AT boot data pooled with alpine boot data
predicted slopes, fn, equal to unity indicating a strong one-to-one relationship between the
predicted and measured release torque values. Intercepts passed slightly below zero indicating a
slight bias of ranging from 1-3.5 Nm for MLR models using AT boot data pooled with alpine
boot data compared to MLR models using only alpine boot data (Table 3.6).

MLR models predicted the measured release torque better for alpine boot data alone
compared to models developed from the pooled alpine and AT boot data. The addition of AT
boot data to the models increased RMSE values and 95% confidence intervals (Table 3.6, Figure
3.8). However, the 95% Cls are narrower than the release torque tolerances, + 30%, specified by
international standards (ISO 9462-2012) for in-use range of alpine bindings, indicating that the
models are at least as precise, if not slightly more so, as the requirements of the systems they are

modeling.

Table 3.6: Simple linear regression on measured release torque vs. predicted release torque

from the MLR models.

MLR Model ) 95%
Metrics Boots B Intercept F R RMSE Cl
Pure Twit Alpine 1 <000  F(LI33)=133 0564 27 122
Alpine & AT 106  -099  F(1,313)=630 0.667 109  19.9
Front Alpine 1 2000  F(LI03) =191 065 101 144
P;evi‘i’;d Alpine & AT 106  -346  F(1313)=439 0651 13.1 295
Rear Preload Alpine 1 <0.00 F(1,103) =495 0.828 2.7 11.3
Twist  Alpine & AT 104  -27  F(1313)=1112 0780 83 152

81



Alpine Alpine & AT

- 140 95% Cl == -~ 140
@
2
o
3 100 100
B
60} .- - 60
1
o 60 00 60 100
- |
o
p - -
(2]
i Z 140 140
- -
T o
Q
g a 100 .- 100
c
T
- 60
Q
= 100
=
>-
@
Z 140 140
©
3
& 100 100
&
60 60
r

60 100
X, MLR Prediction (Nm)

Figure 3.8: Measured release torque (Yy) for Alpine Boots (Left Column) and Alpine and AT
boots combined (Right Column) for Pure Twist (Top row), Front Preload Twist (Center row),
and Rear Preload Twist (Bottom row) plotted against the MLR model predictions, (Xp) for each
boot-binding tested.
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3.3.5 Static vs. Mechanical AFDs

In the previous study, AFDs were damaged in 43% of AT boot-alpine binding
combinations. Every binding model with a mechanical AFD was damaged; one static AFD, out
of five, was damaged (Figure 3.9). Bindings with mechanical AFDs ranked as the lowest
performing bindings with AT boots (Table 3.7).

Alpine bindings with AT boots were predicted to be 50% less sensitive to changes in
indicator settings than with alpine boots. A significant linear regression model found (F(1, 4) =
40.0, p = .003) that accounted for approximately 90% of the variation in release torque as a
function of indicator settings for AT boots in alpine bindings with static AFDs (R° = .909,
Adjusted R’ = .886, Figure 3.10). Other boot-binding described above often caused AT boots in
alpine bindings with static AFDs to release at higher torque values than allowed by international
standards; however, changes in indicator settings resulted in the same proportional changes in
release torque between AT boots in alpine bindings with static AFDs as alpine boots in alpine
bindings.

In contrast to static AFDs, AT boots used in alpine bindings with mechanical AFDs alter
release characteristics so severely that a linear regression analysis shows that indicator settings
are not correlated with the release torque in anyway (F(I, 10) = 1.43, p = .26, R’ = .125,
Adjusted R> = .037); release torques corresponding to the minimum, median, and maximum
indicator settings often fell within +3% (Figure 3.10). The three lowest performing bindings
with AT boots incorporated mechanical AFDs (Table 3.7).

The worst load case for mechanical AFDs occurs in Front Preload Twist releases, when a
preload is applied to the fore-body of the ski significantly increasing the pressure between the
soft AT boot sole and AFD. As a lateral load is applied to the ski, softer AT boot soles stick to
mechanical AFD as the binding moves away. During this phase, the spring-loaded cam in the toe
piece, which normally controls release torque, is overcome. Here the boot settles into a local
minima 5-10° past the point when an Alpine boot would have released (Figure 3.10). Internal
friction retains the boot in the ski and the boot must overcome a second energy barrier to finally
release. This final energy barrier is simply a function of the internal friction of the system and is

no longer controlled by the spring-loaded cam intended to control the release torque.
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Figure 3.9: One static AFD was damaged (Left); every binding with a mechanical AFD was
frequently forced beyond the limit of their elastic travel and damaged (Right).
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Figure 3.10: Release torque and angular displacement during a Front Preload Twist release for
three different indicator settings for an AT boot in one representative alpine binding with a static
AFD (Top) and one representative alpine binding with a mechanical AFD (Bottom). Dashed

lines are the average of three trials, the shaded regions denote one standard deviation.
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Table 3.7: Comparison of binding features for the single binding which released appropriately
for all AT boots tested versus the averages of binding features of the ten bindings tested. *Pass
rate from the percentage of the N = 10 AT boots that passed the testing with each binding. See
Chapter 3.2.1.1-3.2.1.3 for definitions of the coding used in the table below.

Binding Parameters | AFD | Toe FP EIl DoF AFD P
BCl1 BC2 BC3
MN=£SD, orNo.of | 5 31 ¢ 51 1734033 | 181222 |2 6| 3.8422 | 4.0+1.8 | 1716
Bindings
Units or Coding 0 1]0 1 0 (MNm?) |0 1| (MPa) (MPa) (MPa)
1 100% 0 1 206 175.4 1 |.5+0.0 1.9+0.2 |0.0+£0.0
2 40% 0 0 179.4 174 1 |29+23 |38+1.6 |[1.1+09
3 30% 0 0 177 172.5 1 |29+26 |3.8+1.7 [09+0.8
4 20% 0 1 135.4 193.9 1 |3.1+£25 |29+15 [1.7+22
5 20% 0 1 197.6 141.2 1 |27+23 |3.7+1.6 |[1.0+0.8
6 10% 1 0 206 220.6 1 |32+24 37421 |[15+1.8
7 0% 1 0 175.4 190.4 0 |35+25 |33+20 |[1.8+2.0
8 0% 1 0 213 190.4 0 |.53+0.0 |1.7+0.1 |0.0+0.0
Binding | % Pass
No. Rate*

34 Discussion

Alpine and AT boots and bindings are designed functionally for very different purposes.
Alpine bindings are designed to minimize the frictional and geometric interference constraints at
the interface the alpine boot sole and alpine bindings. AT boots are designed to maximize
friction between boot soles and walking surfaces and interface with special AT bindings. Several
features of AT boots examined in this study that were strong predictors of high release torque in
alpine bindings, such as soft boot soles and tech inserts, explicitly do comply with international
standards that govern how alpine ski boots should interface and perform with alpine bindings
(ISO 5355-2005). Tech inserts do not comply with any current international AT boot standards
such as ISO 9523-2006).

In our previous study, all 10 AT boots released appropriately from one alpine binding
model (out of the eight models studied). Two bindings did not release appropriately with any AT

boot. Such a large variation in binding performance indicates that boot-binding systems are very
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sensitive to how they interface and how their constraints change across different boundary
conditions.

Features of the single binding that passed testing with 100% of the boots have been
shown to be predictive of lower release torque and displacement in the statistical analyses
reported in this study. Acceptable release performance was achieved for only 40% of the AT
boots, or less, in the seven remaining alpine bindings. Some of these bindings had some features
in common with the most successful binding, but no other bindings shared the specific
combination of features with the highest performing binding that released appropriately with all
AT boots tested.

AT boot-alpine binding systems are highly sensitive to the interactions (e.g.
combinations) of boot-binding features that can have a multiplicative affect on release torque.
Sometimes the effects of these interactions can be reversed by changes in boundary conditions,
as is the case with static and mechanical AFDs. Overall, bindings with mechanical AFDs ranked
as the lowest performing bindings with AT boots (Table 7).

A governing paradigm in the ski industry is that a boot will function properly in a binding
if it “fits”; and, it is therefore assumed that the fit of AT boots in alpine bindings should be
correlated with proper function. AFD contact pressure measurements were able more accurately
quantify how well a given boot fif into a binding toe piece. Higher AFD contact pressure values
are predictive of a tighter fit and higher frictional forces; lower AFD contact are predictive of a
normalized fit resulting adjustable toe height or boots conforming to international standards
(ISO-5355-2012). AFD contact pressure was a strong predictor of release torque for the Pure
Twist release but its’ effect was much smaller in combined loading releases (Front Preload
Twist, Rear Preload Twist). Table 3.7 indicates that the highest performing alpine binding and
the lowest performing binding both had nearly equivalent AFD contact pressure. In other words,
AT boots fit into both the highest and lowest performing bindings equally well but performed
significantly differently. These results show that the interaction of AT boots and alpine bindings
is significantly more complicated than just fit and AT boots fail to perform properly in bindings
that can be adequately adjusted to fit the larger linear dimensions of AT boots.

In the analyses presented here, statistical models have only been reported for boot-

binding features controlling release torque. However, many of the features predictive of higher
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release torque are indicative of larger angular displacement of the ski relative to the boot, but are

not reported here for brevity.
3.5 Conclusions

Features of alpine touring (AT) boots and alpine bindings that cause the boot-binding
systems to not release appropriately include soft boot soles and tech inserts; both are ski boot
features that explicitly do not comply with alpine ski boot and alpine ski binding international
standards intended to maintain reliable and predicable binding release function to lower the risk
of lower leg injuries to skiers. A combination of binding features unique to one alpine binding
was shown to allow AT boots to release with in the allowable torque limits specified by
international standards. Other bindings that did not release from AT boots appropriately shared
some features, but not all with the highest performing binding. How well an AT boot fit into an
Alpine binding was not indicative of proper release performance; rather, significant
consideration much be given to the constraint forces produced by features of the boot, the
binding, and how they interact as a system.

Caution should be utilized to ensure that if alpine bindings are intended for use
with AT boots, such designs are driven by empirical data rather than industry paradigms. As they
currently exist on the market, most alpine bindings cannot reliably function properly with AT
boots, even if they appear to fit. However this work demonstrates that a specific combination of

features exists that can provide reliable binding release function.
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Chapter 4. The Effect of Alpine Touring Ski Boot Toe Inserts on Release
Characteristics of the Tech Binding Toe Piece

4.1 Introduction

Conventional alpine boots and bindings rigidly couple the skiers boot to the ski to allow
skiers to perform maneuvers while skiing down hill, and to release the ski from the boot before
loads to the lower leg become injurious. Alpine touring (AT) is a sub-discipline of skiing in
which the skier uses the skis to ascend, traverse, and descend snow-covered terrain in the
backcountry on unmaintained trails and sometimes rough terrain. Conventional alpine skiing
equipment lacks functionality to allow skiers to ascend slopes under their own power during
alpine touring. As a result, ski boot and binding manufacturers have developed specialized alpine
touring equipment.

AT boots and bindings as a system have two functional modes:

* Downhill (Ski) mode: the toe and heel of the boot are both rigidly fixed to the ski by the
binding to allow the skier to perform maneuvers as they ski down snow slopes.

e Uphill (Walk) mode: the binding allows the heel of the boot to be decoupled from the
ski, and the toe of the boot is free to pivot to allow the skier to walk up hill on skis,

providing both flotation in deep snow and efficiency.
4.1.1 Alpine Touring Bindings

There are currently two alpine touring binding designs on the market, AT Frame
Bindings and Tech/Pin bindings. AT Frame bindings are extrapolations of established alpine
binding technology that incorporates an alpine binding toe piece and heelpiece that are mounted
on a chassis. The chassis has a locking mechanism that locks the chassis to the ski for skiing and
unlocks it for walking uphill. A hinge at the toe of the chassis allows the binding to pivot on the
ski. The functional interface of AT frame bindings with AT boots is nearly identical to alpine
bindings. AT frame bindings typically have release value settings that are controlled on the toe
piece for twist and heelpiece for forward lean of the binding. These bindings are defined here for
clarity but not the subject of the current study. Tech/Pin bindings were developed by Fritz
Barthell in the 1980°s but were not widely adopted by AT skiers until the mid-2000s. Since the
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expiration of Barthell’s patent in 2005, the growth in the AT boot sector has been explosive.
Their name is derived from Barthell’s first model, the ‘Low-Tech’ bindings. The boot-binding
interface and retention-release mechanisms of these bindings function on completely different
principles from alpine and AT frame bindings.

Commonly referred to as ‘mouse-trap bindings’, Tech/Pin bindings have two
stable equilibrium positions, open or closed (Figure 4.1). The toe and heelpiece of the binding
interface with metal inserts molded into the toe and heel of AT boots (Figure 4.2). The toe-piece
commonly consists of a spring-loaded cam mechanism that has two conical pins that clamp into
the inserts of the boot toe. For downbhill skiing, the heelpiece commonly has two pins that engage
into slots in the heel of the boot. For walking, the heelpiece pins can be retracted or rotated 90
degrees such that the rear pins do not engage the boot heel and the boot pivots about the toe-
piece to allow the skier to walk uphill (Figure 4.2). With the exception of one or two models, the
toe-piece does not have any release value adjustment and only in the last year or two have
models begun to incorporate other features from alpine bindings such as forward pressure. The
twist and forward lean release values are generally controlled on the heelpiece of nearly all

Tech/Pin models.
4.1.2 The State of Alpine Touring Equipment

Skiing is not a new concept; Mesolithic humans are estimated to have begun using skis
for locomotion over snowy terrain as far back as 9,000 BC'?. However, AT is still in its infancy
as a recreational sport compared to its alpine skiing counterpart. AT equipment is continually
evolving in an effort to meet consumer demands for light-weight equipment that allows efficient
uphill performance, while simultaneously providing reliable retention and release functionality
skiers have come to expect from their conventional alpine ski equipment. However, the release-
retention performance of many of these systems is a secondary design function to their uphill and

downhill performance.
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Figure 4.1: (Left) Open and closed equilibrium positions of the Tech/Pin binding toe-piece.
(Right) Dim A is denoted as the pin-to-pin dimension when the binding is closed.

(C) Ski Mode

Heel Inserts

(F) Walk Mode

D) Héel

Figure 4.2: (A) Heel Inserts (B) Toe inserts molded into ski boots (C) Tech/Pin binding-boot in
ski model, with the toe and heel of the boot engaged (D) Heel of the boot engaged (E) Toe of the

= N

boot engaged (F) Walk mode with the heelpiece disengaged and only the toe-piece of the binding
engaged with the boot.

Safety standards have long been established for alpine ski equipment and have been
proven to be effective in reducing the incidence of skiing-related lower leg injuries since the
1980’s ***>*_ It wasn’t until the early 2000’s that international standards began to address the
safety considerations of AT equipment with standards adapted from alpine ski equipment for AT

equipment. The rapid pace of development of AT equipment has quickly outpaced the
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international standards organization’s ability to address many new issues presented by evolving
equipment designs. The interface geometry of AT boot soles with AT Frame bindings was
standardized by ISO 9523:2006 and the retention-release requirements of AT bindings were
defined by ISO 13992:2006 ***7. However, these standards were largely derived from alpine
boot-binding standards and have little bearing on how Tech/Pin boot-binding systems function.

No standard currently exists for the interface geometry or properties of AT boots with
Tech/Pin bindings. A strong perception among consumers is that Tech/Pin bindings suffer
notoriously from inadvertent releases, which occur when a binding releases prematurely, when
loads transferred from the ski to the skier are not at risk of injuring the lower leg. Consequently,
many consumers ski with the toe piece of their Tech/Pin bindings in walk mode, which
effectively locks out any release capability of the toe piece mechanism. In the event of a skiing
fall with the toe piece in walk mode, the likelihood of the binding releasing is virtually non-
existent which has been shown to triple the likelihood of a lower leg injury ***,

There are no known epidemiological studies for injury rates using AT equipment.
However, examining injury rates in alpine skiing, inadvertent releases cause slightly less injuries
than those caused by bindings not-releasing, 0.89% vs. 1.15% of all injuries respectively ®.
Manufacturers have begun to recommend use of their boots with specific bindings and not others
based on inter-manufacturer differences in boot geometry to address consumer perceptions of
inadvertent releases. If consumer’s perceptions are correct, then the risk of injury from an
inadvertent release or from a non-release because the toe-piece is locked out, is a concession of
safety that must be addressed. To our knowledge, no previous work exists addressing the
retention-release characteristics of AT boot-binding systems.

The purpose of the current study is to examine parameters critical to the retention-release
performance of the AT boot-Tech/Pin bindings system and quantify the amount of inter-
manufacturer variability in AT boot geometry and Tech/Pin binding performance. It is
hypothesized that the dimensions of the boot inserts will be the largest s of release torque
variability. From this analysis we hypothesize that several parameters can be identified for
standardization to improve the reliability of the retention-release performance of Tech/Pin boot-

binding systems.
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4.2 Methods

When an AT boot is inserted into the toe-piece of a Tech/Pin binding, the pins of the toe
piece engage and come to rest at the inner most conical point of the inserts, defined as Dim A for
the purposes of this study (Figure 4.1 & Figure 4.3). As load is applied to the ski, the pins of the
toe-piece will move apart, and the overall distance between them will increase until the toe-piece

snaps open.
421 Boot Measurements

Two linear dimensions, Dim A and Dim B, were measured three times each from the
inserts on one pair of boots from nine boot models from seven manufacturers (Table 1) using a
micrometer fitted with conical tips (Mitutoyo, Resolution = 0.001mm). Dim A is defined as the
inner most point between the two inserts (Figure 4.3). Dim A is defined as the largest distance, in
the horizontal plane, of the insert on the anterior most position of the insert (Figure 4.1). A third

dimension, Dim C was calculated as the difference between Dim A and Dim C.

Cross Section AA Cross Section BB
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Detail of Insert Cross Sections AA and BB

Figure 4.3: AT boot dimensions measured at the toe inserts. View (A) is looking at a boot toe
from the side. Cross section (AA) is a horizontal cut through the plane of the insert and boot
sole. Cross section (BB) is a cut through the vertical plane of the boot toe, the view is towards

the boot toe.
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422 Binding Measurements

The force-displacement of the toe-piece was measured using a custom force-displacement
transducer (Figure 4.4). The transducer incorporated a custom strain gage based compression
load cell (Range: 300 N, Resolution .3N £ 0.1N) and custom linear displacement transducer
(Range 12mm, Resolution 0.Imm + 0.01mm) (J2A-06-S047G-350/SP62 Strain Gages, Vishay
Measurements Group, Raliegh, NC). The custom force transducer was calibrated against a NIST-
traceable six-axis load cell (Model 4526, Humanetics, Plymouth, MI) and the custom linear
displacement transducer was calibrated using a micrometer (Mitutoyo, Resolution + 0.001mm).
The force-displacement transducer incorporated a forcing screw mechanism to push the pins of
the toe-piece from the closed to open position while measuring the corresponding force-
displacement relationship (Figure 4.4). Force-displacement was measured on a total of 10 pairs
of bindings from five manufacturers using a 16-bit data acquisition device while data were

sampled at 250 Hz (SLICE NANO, Diversified Technical Systems, Seal Beach, CA). Tests were

repeated six times on each binding toe-piece.

1
2
3
4

. Tech/Pin Binding Toe-Piece
. Force Transducer

. Displacement Transducer
. Forcing Screw

Figure 4.4: Force-Displacement transducer for measuring the clamping force-displacement
curve of toe-pieces. (A) The direction of the forcing bolt. (F) Arrows show the resulting
compressive clamping force measured by the force transducer. (D) The linear displacement of

the binding pins measured by the displacement transducer.
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423 Release Torque Measurements

The release characteristics of Tech/Pin boot-binding systems were tested in a laboratory
setting using a lower leg surrogate that conformed to standards ISO 9462:2012 Appendix B [5]
and ASTM F504-05*" (Figure 4.5). The ten models of Tech/Pin bindings measured in section 2.2
was mounted to its own test ski; all test skis were the same make, model, and length 167cm
(AMP Rx, K2 Sports, Seattle, USA). Five models of AT boots measured in section 4.2.1
(Models Al, B1, C2, D1, El from

Table 4.1) with boot sole lengths between 306 and 310 mm were prepared for testing. In
order to measure the effect of boot design features, it was necessary to create a rigid coupling
between the portion of the boot that interacts with the ski binding and a torque transducer. To
this end, each test boot shell was cut below the pivot point of the upper shell and an aluminum
adapter plate was secured to the foot area by filling the interstitial space with aluminum-filled
epoxy (Rencast® 4037, Huntsman, The Woodlands, TX ) (Figure 4.5).

Ski/boot/binding systems were rigidly affixed to a transducer located in a lower leg
surrogate via the adapter plate mounted in the boot; torque was applied to the ski using a system
of motors, cables, pulley and pneumatics which is measured by the transducer about the axial
and transverse axes, as defined in ISO 9462-2012 (Figure 4.5). The range of the load cell was
+400 Nm (resolution: 0.29 Nm) and +£700 Nm (resolution: 0.17 Nm) along the axial and
transverse axes. The load cell was calibrated against a NIST-traceable six-axis load cell (Model
4526, Humanetics, Plymouth, MI) and had less than 0.5% error at full scale. The data were
collected at 1,000 Hz using a 16-bit data acquisition system (Model 6210-USB, National
Instruments, Austin, TX) with a 200 Hz low-pass, anti-aliasing filter. Labview 14.0 software
(National Instruments, Austin, TX) was used to collect and filter digitally the data using with a
four pole, zero phase shift, low-pass Butterworth filter with a cut-off frequency of 10 Hz. A pure
twisting couple, or torque, was applied to the ski with only the toe-piece engaged in the ski

position. Tests were performed dry, at 70 degrees F.
4.2.4 Statistical Analysis

Two-way ANOVAs were employed to test for statistical differences in constraints

between bindings and boots, with a significance level of 0.05.
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Figure 4.5: Schematic of test apparatus that conforms to ASTM F504-05. The system applied
forces (red arrows) to the ski using a motor-driven system of cables and pulleys. A load cell

measures the torque on the simulated leg along the axial and transverse axes.
4.2.5 Multiple Linear Regression (MLR) Analysis

Independent variables quantified from boot-binding constraints were used predict release
torque in multiple linear regression (MLR) models (R, Foundation for Statistical Computing,
Vienna, Austria, Fox, 2003). Data were centered about their mean and scaled by one standard
deviation. The Kolmogorov-Smirnov test was employed to test for skewness *°. MLR analyses
were used to predict release torque based on unique combinations of independent variables for
each load case. The likelihood ratio test compared models using different independent variables
and tested for interactions between independent variables. Variance inflation factors (VIF > 5)
were used to identify regressors with high collinearity >*. Regressors were not used if they were
not significant contributors to the model, with a significance level of 0.05, or if they were

redundant.
4.2.6 Relative Contribution of Regressors to MLR models

The percent contribution to variation in release torque of each regressor in the MLR
models was calculated using the /mg metric from the relaimpo statistical package in R >. The
Img metric normalizes R* to 100 percent and the contribution of each regressor is calculated as a
percentage of the R from the linear model. The variance of percent contribution was calculated
by bootstrapping the MLR models at 1000 bootstrap intervals, holding the regressors fixed and

bootstrapping the residuals. The 95% bootstrap confidence intervals for regressors are reported.
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4.3 Results

4.3.1

Boots

Descriptive statistics for measured dimensions of AT boot inserts are tabulated in

Table 4.1. The distribution of measurements of Dim A, Dim B, and Dim C were positively

(Dim A: 0.849) and negatively skewed (Dim B: -0.147, Dim C: -1.12), respectively (Figure 4.6).

However, skewness was not significant enough to require data transforms according to the

Kolmogorov-Smirnov tests.

The variation in Dim A, + 0.24 mm, and Dim B, = 0.51 mm,

appeared to contribute to tolerance stacking as the standard deviation in the Dim C dimension,

+0.63 mm, is approximately equal to the sum of the standard deviations of Dim A and Dim B.

Table 4.1: Descriptive statistics for three linear boot dimensions.

Manufacturer Model Dim A (mm) Dim B (mm) Dim C (mm)
A Al 58.13+£0.07 63.80 £0.38 5.15+0.36
B Bl 58.17+0.03 63.24 +0.20 5.07+£0.22

B2 58.13+0.03 63.69 +£0.01 545+0.04

C Cl 57.97+0.06 63.91 £0.07 594 +0.13
C2 58.09 £ 0.00 64.24 £0.02 6.15+0.02

D D1 58.47+0.13 62.24 +0.23 3.95+0.10
E El 57.85+0.20 63.66 £0.28 5.81£0.08
F F1 57.85+0.20 63.37£0.13 5.52+0.32
G Gl 57.60 + 0.02 63.15+0.02 5.55+0.00
MN + SD 58.03 +0.24 63.45+0.51 542 +0.63
[Min, Max] [57.58, 58.56] [62.25, 64.25] [3.89, 6.17]
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Figure 4.6: Histogram of the distribution of Dim A, Dim B, and Dim C. Dim A vs. Dim B from
nine boot models (right). No trend or scaling of Dim A vs. Dim B is apparent, meaning Dim C

varies across manufacturers.
4.3.2 Bindings

Force-displacement curves were generated for ten binding models from five
manufacturers. Each curve showed significant variation in magnitude (Figure 4.7A). Three
representative clamping force-displacement curves are shown in Figure 4.7 with the standard
deviation from six repeated measurements of the force displacement curve. The peak clamping
force each binding was capable of generating varied significantly between models, ranging from

125N up to 225N.
433 Boot-Binding Clamping Force

In Figure 4.7B (curve A) the points corresponding to Dim A for all boots measured lie on
the uphill side of the force-displacement curve. Their location on this curve represents the
amount of initial clamping force holding the boot in the binding. The steepness of the curve
results in differences in preload applied to different boots, depending on the value of Dim A4 for a
given boot. These corresponding clamping forces are shown in Figure 4.7 A & B. To release
from the toe piece, these loads transmitted from the ski to the boot must overcome the energy

barrier that corresponds with the peak of the force-displacement curve.
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Figure 4.7: (A) Force displacement curves from all toe-pieces measured. Red circles annotate

Dim A from the nine boots measured, and where they lie on each force-displacement curve. (B)
Clamping force-displacement curves for three representative binding toe pieces. Shaded region

indicates the standard deviation of six measurements of the force-displacement curve.
The curve for another binding shown in Figure 4.7B (curve B) is significantly different;

its shape indicates that the toe-piece closes on all boots at points along the curve that are already

past the energy barrier. As the pins of the toe-piece open in response to loads transmitted from
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the ski to the boot, the binding toe-piece will apply a smaller and smaller compressive force until
the toe-piece snaps open.

The curve for another binding shown in Figure 4.7B (curve C) is also significantly
different from the other two; it’s shape indicates that the toe-piece closes on all boots at points
along a relatively flat curve that does not have a large energy barrier. As the pins of the toe-piece
open in response to loads transmitted from the ski to the boot, the binding toe-piece will apply a
more constant compressive force until the toe-piece snaps open.

An analysis of variance on the clamping force yielded significant variation between
bindings, F(9,170) = 80.69, p < 0.001. A post hoc Tukey test showed significant differences
between all but 39 of the clamping forces generated by five of the binding toe-pieces were
significantly different from the remaining five (two-way ANOVA, Tukey’s Post Hoc Test, p <
0.001, Figure 4.8).
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Figure 4.8: The initial clamping force that 10 bindings apply to 10 different boots. The variation
in clamping force results from variation in Dim A. These initial clamping force values

correspond to their location on the force-displacement curve of each binding (see Figure 4.7B).
434 Twisting Release Torque: Toe Piece Only

An analysis of variance on the release torque yielded significant variation among boots
and bindings, F(39,140) = 12.94, p < 0.001. A post hoc Tukey test showed significant differences

in release torque in all but three boots (Figure 4.9). A post hoc Tukey test also revealed the
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release torque from one binding toe piece to be significantly different from six other bindings

(Figure 4.9).

4.3.4.1 Predicting Release Torque from boot-binding constraints:

With independent variables of clamping force and boot dimensions, Dim 4 and Dim C, a
significant MLR model was found for all binding toe-pieces (F(4,175) = 22.55) that accounted
for approximately 34% of the variance in release torque for all bindings (Multiple-R’ = 0.340,
Adjusted-R> = 0.325, p < 0.001). However, significant MLR models were found for each
individual binding toe-piece that accounted for approximately 84.7% =+ 19.1% of the variance of
Pure Twist release torque (Appendix C, Table C.1).

The MLR models predicted the boot dimensions, Dim A and Dim C control ~ 85% of the
variability in release torque in each binding toe-piece (Table 4.2, Figure 4.10). In contrast the
clamping force exerted by the binding on the boot accounts for only ~ 15% of the variability in
release torque. A significant interaction between the starting positions of the pins, Dim A, and
the amount of displacement required to release in twist, Dim C, was found 20.4% [8.8%, 32%].
Finally, the clamping force from the binding contributed the least amount to variance in release
torque 14.9% [13.1%, 16.7%]. Results from the MLR predict that increases in Dim A will
decrease the release torque and increases in Dim C will increase release torque (Appendix C,

Table C.2).
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Figure 4.9: Boxplots of release torque of the toe-piece of bindings grouped by boots (L) and

bindings (R). The median is denoted by the solid line through the box. The box represents the

lower and upper quartile of data. Whiskers represent the minimum and maximum data values

except when outliers (circles) are present.

Table 4.2: Percent relative contribution and the 95% Cls [LL, UL] of boot-binding constraints to

release torque variation for pure twist releases.

Binding

Dim A

Dim C

DimA | DimC

Clamping Force

R2

O 0 9 N W R~ W N~

10

22.2% 1[20.9, 23.7]
26.2% [23.6, 28.1]
25.4% [23.5, 27.9]
33.9% [33.1, 34.8]
33.1% [26.2, 44.2]
8.2% [5.6, 11.8]
22.9% [18.6, 28.0]
31.4% [30.8, 32.1]
26.4% [25.9, 26.9]
28.1% [8.4, 49.7]

18.8% [17.8, 19.9]
35.4% [31.7, 38.4]
44.0% [39.1, 50.2]
46.1% [44.7, 47.6]
33.5% [25.4, 44.7]
9.3% [6.3, 13.3]
37.5% [29.2, 46]
53.1% [52, 54.3]
58.3% [57.1, 59.6]
12.8% [4.9, 25.5]

9.9% [8.7, 11.1]
10.5% [7.2, 13.7]
4.6%[1.7,9.9]
7.7% [6.6, 8.8]
10.4% [4.3, 20.5]
66.4% [60.2, 72]
5.9%[1.2, 14.1]
8.4% [6.7, 10.1]
8.4% [6.9, 10.1]
16.6% [1.2, 44.4]

48.7% [47, 50.8]
28% [24, 31.1]
21% [16.2, 27.8]
12% [11, 13.4]
11.7% [8.6, 18.6]
13.3% [11.6, 16]
7.4% [4.3, 14.8]
6.7% [6.3, 7.3]
6.5% [6,7.1]
4.5%[1.1, 25]

0.995
0.976
0.930
0.996
0.841
0.961
0.709
0.995
0.600
0.467

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
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Relative Importance of Indepedant Variables, Averaged from 10 models, 1 model for each binding.

Mean R%: 84.7% = 19.1%
p < 0.001

Clamping Force: 16% = 13.6%

PN

Dim A: 25.8% = 7.4%

Dim A | Dim C: 14.9% = 18.4%

Dim C: 34.9% = 16.7%

Figure 4.10: Average relative importance of independent for the 10 models from each binding.

The clamping force for a given boot-binding combination controlled ~15% of the
variation in release torque of the toe-piece. Depending on the slope of the force-displacement
curve, the initial clamping force is also controlled by Dim A of the boot. However, the effect of
the shape of the force-displacement curve has not been captured by the MLR models reported
here. The toe-piece with the highest clamping force (Figure 4.7B, curve A) is very symmetrical
and has a peak at a specific displacement value such that the values of Dim A lie on the positive
slope of the curve.

In contrast, no matter what boot is used in the binding corresponding to curve B in Figure
4.7B, there is no energy barrier to resist an inadvertent release, and curve C in B is relatively flat.
It follows that the available energy dissipation from each of these bindings is significantly
different. These force-displacement curves from Figure 4.7B are shown individually in Figure
4.11 with the maximal available energy to release, starting at the average value for Dim 4 and
ending at the average value for Dim B, designated by the darker shaded regions. It is apparent
that not only is the available energy, the area under each curve, very different, but the variation
in geometry found across all boots will alter considerably, the amount of energy a binding has to

dissipate energy and prevent an inadvertent release.
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4.4 Discussion

International standards for alpine and AT boot geometry specify the geometry and
tolerances for key inter-face dimensions to provide repeatable retention-release characteristics
even as consumers mix and match boots and bindings from different manufacturers. Allowable
deviations from standardized dimensions according to international standards range between
0.5mm - 2mm >**°

Compared to these tolerances, the variation measured in Dim A, Dim B, and Dim C
between boots from 10 manufacturers was relatively small, + 0.25mm, +0.55mm, and £0.73mm
respectively. However, these small variations significantly altered the release torque of boots
from the toe-piece in twist. For example, in Figure 4.9, mean release torque of Binding 2 from a
sample of 10 boots was 36.5 Nm, but the maximum torque recorded from a boot was 78.44 Nm,
a 215% increase in release torque resulting from the use of different boots in the same binding.
The MLR models predicted that 85% of this variability is a product of the small variations in
boot geometry. These results highlight Dim A and Dim B as dimensions that highly influence the
behavior of Tech/Pin boot-binding systems and that if standardized across manufacturers, a
significant portion of the variation in release torque could be reduced. However, if a standard
were to be developed for the insert geometry, the dimensions would likely require significantly
tighter tolerances than what manufacturers are accustomed to.

The amount of variation in release torque found between boots and bindings may give
credence to the perception among consumers that the release torque of Tech/Pin binding-boot
systems is variable and unpredictable, underscoring why many lock out the release mechanism of
the toe-piece while skiing. If the variability in release torque found in this study is an indicator
of retention-release function of Tech/Pin bindings under skiing conditions, consumers may be at
a higher risk of injury than they are accustomed to when using typical alpine skiing equipment,
whether they lock out the release mechanism or not °.

This study was limited to an examination of the interactions of the boot-binding
interface with the toe inserts of the boot and toe-piece of the binding. The goal of this study was
to understand the fundamental parameters of the toe-piece behave. However, the heelpiece is
always engaged when skiing and likely assists the toe-piece in energy dissipation. Future studies
will examine the relative contributions of both the toe and heelpieces to variation in release

torque. Other than a pure twisting release, the current study did not examine any other load
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cases. Future studies will also examine how the contributions of boot dimensions affect
variations in release torque under other loading scenarios simulating forward and backward
twisting falls. Pilot data indicated that in a twisting release the total linear pin displacement of
the toe-piece is significantly less than Dim C and varies as a function of boot insert geometry and
toe-piece design. Therefore, future testing will focus on the amount of pin displacement
necessary for release and on what the maximum available dissipative energy for various boot-
binding combinations might be. Possible values for what the upper bounds of that energy might

be are illustrated in Figure 4.11.
4.5  Conclusion

Anecdotally, skiers have reported locking the release mechanism of the binding toe-piece
due to a consumer perception that Tech/Pin boot-binding systems have unreliable retention
performance. However, this exposes skiers to a higher risk of injury in the event of a fall when
the binding should release from the boot. The consumer perception may have some merit since
large variations in release torque were measured in this study. These large variations stem from
the differences in boot insert geometry between manufacturers. If boot insert geometry were
standardized across all manufacturers, the wvariation in release torque would decrease

significantly.
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Chapter 5. Sensitivity of Tech Bindings to changes in AT Boot geometry,

and challenges for optimization.

5.1 Introduction

Alpine touring (AT) is a sub-discipline of skiing in which the skier uses skis to ascend,
traverse, and descend snow-covered terrain in the backcountry on unmaintained trails for which
ski boot and binding manufacturers have developed specialized alpine touring equipment.
However, international standards have not yet been developed for the interface geometry of a
subset of AT equipment, called Tech/Pin boot-binding systems. In a companion study (Chapter
4) the relationship between variations in the interface geometry between the boot and binding
toe-piece, the resulting variations in release torque by quantifying the amount of variation in
interface geometry, and constraint forces of the binding were explored. A twisting release torque
was applied to the ski-boot-binding system with only the toe-piece of the binding engaged with
the boot. The amount of variation in boot geometry and binding constraint forces between
manufacturers significantly affected the release torque of these systems. The geometry of these
inserts are not defined in international equipment standards’. This study found that ~85% of the
variation in release torque between AT boots from different manufacturers could be attributed to
difference in two critical dimensions of the boot geometry, namely Dim A and Dim C (Figure
5.1). The other ~15% of variation was a result of differences in the amount of clamping force the
toe-piece of the binding imposed on the boot.

This initial study provided a foundation for examining features critical for understanding
the variation in release torque of Tech/Pin boot-binding systems. However it was limited to the
performance of the toe-piece and serves as the motivation for the current study; to measure the
effect of differences in boot-binding features on the variation in release torque of Tech/pin boot-

binding systems as a whole, with the toe and heel pieces are engaged.
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Cross Section AA Cross Section BB

DimC=DimB-DimA

Detail of Insert Cross Sections AA and BB
Figure 5.1: AT boot dimensions measured at the toe inserts. View (A) is looking at a boot toe

from the side. Cross section (AA) is a horizontal cut through the plane of the insert and boot
sole. Cross section (BB) is a cut through the vertical plane of the boot toe, the view is towards

the boot toe.

5.2 Methods

The release characteristics of Tech/Pin boot-binding systems were tested in a laboratory
setting using a lower leg surrogate that conformed to standards ISO 9462:2012 Appendix B *
and ASTM F504-05 *. For a complete description of the test methods and setup, please refer to
Chapter 4.2. Three models of Tech/Pin ski bindings were selected for testing as representative of
the principal toe-piece mechanism currently on the market. Each binding was mounted to its own
test ski; all test skis were the same make, model, and length 167cm (AMP Rx, K2 Sports, Seattle,
USA). Five models of AT boots with boot sole lengths between 306 and 310 mm were acquired
for testing. A pure twisting couple, or torque was applied to the ski-binding-boot system with the
binding in four configurations tabulated in Table 5.1. Each configuration was tested three times.

Tests were performed dry, at 70° F.
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Table 5.1: A pure twisting torque was applied to the ski in four test configurations shown below.

1V = indicator value setting on the heelpiece of the minding.

Test Configuration 1 2 3 4
Toe-piece Setting Ski Mode Ski Mode Ski Mode Ski Mode
Heelpiece Setting Not Engaged IV = Min IV = Median IV = Max
Binding 1 0 IV=5 V=285 IV=12
Binding 2 0 V=4 V=7 IV=10
Binding 3 0 IV=5 IV=175 IV=10

5.2.1 Multiple Linear Regression (MLR) Analysis

Independent variables, boot dimensions Dim 4 and Dim C and the clamping force
associated with each boot-binding combination, were quantified in the previous study and used
predict release torque in multiple linear regression (MLR) models for each binding and
configuration listed in Table 5.1 (R, Foundation for Statistical Computing, Vienna, Austria, Fox,
2003). Data were centered about their mean and scaled by one standard deviation. The
Kolmogorov-Smirnov test was employed to test for skewness. MLR analyses were used to
predict release torque based on unique combinations of independent variables for each test
configuration. The likelihood ratio test compared models using different independent variables
and tested for interactions between independent variables. Variance inflation factors (VIF > 5)

were used to identify regressors with high collinearity *.
5.2.2 Relative Contribution of Regressors to MLR models

The percent contribution to variation in release torque of each regressor in the MLR
models was calculated using the Img metric from the relaimpo statistical package in R >. The
Img metric normalizes R* to 100 percent and the contribution of each regressor is calculated as a
percentage of the R* from the linear model. The variance of percent contribution was calculated
by bootstrapping the MLR models at 1000 bootstrap intervals, holding the regressors fixed and

bootstrapping the residuals. The 95% bootstrap confidence intervals for regressors are reported.
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523 MLR Coefficients

Coefficients from the MLR models were rescaled to observe how the sensitivity of the
boot-binding to the independent variables changed as the binding heelpiece settings were

increased.
53 Results
5.3.1 Release Torque

Release torque for configuration 1 (IV = 0, toe-piece only) varied significantly between
Binding 1 and Binding 3 (two-way Anova, Tukey’s Post Hoc Test, p < 0.001). The release
torque for the other test configurations with the heelpiece at the minimum, median, and
maximum settings increased linearly for all three bindings. However they did not increase
proportionally at the rate defined by international standards. A boxplot of the release torque from
the three bindings and five boots in all four test configurations is shown in Figure 5.2. The
shaded region defines the minimum-maximum release torque envelope for a given IV setting per
ISO 13992:2006 *’. The indicator settings of all three bindings do not increase the release torque
at the same proportional rate as prescribed by international standards. A linear regression on the
release torque vs. Indicator Value (not including test configuration 1, IV = 0), revealed that
torque for Bindings 1, 2, and 3 increased at 35.4%, 55.9%, and 84.7% the rate prescribed by
international standards, respectively (Appendix D, Table D1).

The largest variance in release torque for Binding 1 was with the heelpiece setting at the
maximum IV. Bindings 2 and 3 both had the largest variation in release torque when the
heelpiece was not engaged (toe-piece only). However, across the five boots tested in each
binding, the variation in release torque at each indicator setting with the heelpiece engaged

exceeded the minimum-maximum variation prescribed by the envelope shown in Figure 5.2.
5.3.2 Predicting Release Torque from boot-binding constraints

Using independent variables of clamping force and boot dimensions Dim A and Dim C,
significant MLR models were found for each binding and configuration tested (Appendix D,
Table D.2). The relative contribution of each independent variable is reported in Table D.2 and

shown graphically in Figure 5.3. The relative contribution of each independent variable is
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dependent on the heelpiece. As the indicator setting is increased, the heelpiece contributes more
resistance to the release torque and the toe-piece dynamics change. The relative contribution to
the variance in Torque of each independent variable was scaled to its contribution to the standard
deviation, and the overall standard deviations with the absolute contribution of each boot-binding

parameter is overlaid in Figure 5.4.

Binding 1 Binding 2 Binding 3
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Figure 5.2: Boxplots of the release torque of three bindings for configurations 1-4 overlaid with
the minimum-maximum release envelope defined by ISO 13992:2006 for a twisting release
torque. Boxplots at IV = 0 correspond to tests performed without the heelpiece engaged (toe-
piece only). Other plots are located on the x-axis corresponding to their IV setting (minimum,
median, or maximum) for the heelpiece of each binding. Each boxplot shows the median value by
the solid band, the upper and lower quartile ranges of the data on each side of the median, and
95% CI LL and UL are indicated by the lower and upper whiskers. Circles outside of the
whiskers designate outliers. The black line connecting each box plot intersects each boxplot at

the algebraic mean for each test.
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Figure 5.3: The relative contribution of each independent variable to the total variance in

release torque for each configuration scaled to 100%.
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Figure 5.4: The standard deviation from each binding tested in each configuration, toe only (IV
= (), followed by IV = [Min, Median, Max] for each binding. The relative contribution of boot
dimensions and the clamping force of each binding shown in Figure 5.3 are scaled and plotted

for each configuration.
533 Binding sensitivity to boot-binding features

The effects or sensitivities from the MLR models are designated by the symbol S,, of
each linear fit correspond to how the change in release torque, d7, is affected as a function of the

change in each independent variable dDimA, dDimC, dF. The f,’s of each MLR are describe
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sensitivity of the release torque to changes in each of the parameters the coefficients are derived
from. Figure 5.5 shows an exemplar MLR for the independent variables Dim A, Dim C, and
Clamping Force regressing on the twisting release torque for all four test configurations for
Binding 3. Each f, outlined in equations ( 5.1) — (5.3) represents the slope of the linear fit of the
independent variable and response variable, torque.

ar

R = E n. 51

Bom dDimA q
dT

R = — E n. 52

Bome dDimC q
dT

&L Egn. 5.3

Pr="1x q

e IV=0 Adjusted R? = 0.924, p < 0.001

O IV=4  Adjusted R? = 0.906, p < 0.001
+ V=8 Adjusted R? = 0.927, p < 0.001
A V=12 Adjusted R? = 0.888, p < 0.001 Binding 3
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Figure 5.5: An MLR for Binding 3, with independent variables Dim A (left), Dim C (center), and
clamping force (right) regressing on the twisting release torque for all four test configurations.

Fit metrics for the four MLR models corresponding to each IV setting are given in the legend.
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Of particular interest is the change in each S, as the IV values were increased on the
heelpiece. In Figure 5.5, Bpima 1s plotted against Spinc for each test configuration and each
binding. The origin of each plot represents the point at which the release torque of a binding
would be invariant to changes in Dim A or Dim C, in other words the slope f, would equal zero.
Figure 5.6 shows that as the IV of the heelpiece increases, the overall sensitivity to changes in
boot geometry decreases. In fact, for Binding 1, the sensitivity curve between IV = 5 and IV =
8.5 passes through the origin at IV = 7.5, assuming a linear relationship. Theoretically, at this
discrete value of IV = 7.5, any of the five boots tested would all release at the same release
torque value from Binding 1. However for any settings above IV = 7.5, the variation in Dim A
and Dim C will have the opposite effect on release torque since the sensitivity curve passes from
the upper left quadrant to the lower right quadrant. This could explain why the largest variation
in release torque for Binding 1 was at the highest IV setting (Figure 5.4).

Extrapolating these observations to the plots for Binding 2 and Binding 3, the sensitivities
of both bindings decrease and trend towards the origin, but do not intersect the origin at any
point. The sensitivity curve for Binding 2 remains in the upper left quadrant but approaches the
origin. Similarly for Binding 3, the sensitivity curve actually circles close to the origin, but never
intersects it. Therefore, the variation in release torque will not be as significant between boots at

higher IV settings for Binding 2 and 3.
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Figure 5.6: The MLR coefficient fpima (x-axis) is plotted against Ppimc (v-axis) for each of the
three bindings. The numbers aside each point indicate the corresponding Indicator Value of the
binding (IV). IV = 0 indicates a test performed without the heelpiece engaged (toe-piece only).
Other numerical values represent the IV setting (minimum, median, or maximum) for the

heelpiece of each binding.
54  Discussion

Consumers perceive that Tech/Pin boot-binding systems have unreliable retention
characteristics and often react by locking out the release function of their bindings. Given the
amount of variation in release torque between boots shown in Figure 5.1 and Figure 5.3, this
perception might have some merit. Injury rates stemming from an inadvertent release of a
binding are slightly lower than rates associated with no-release of a binding during a fall ®.
However, both options (an inadvertent release or non-release) are considered to increase the risk
of injury than if the release function of a binding adheres to international standards '°.

The purpose of this two-part study aimed quantify the amount of inter-
manufacturer variability in release torque and determine specific parameters of the Tech/Pin
boot-binding system that could possibly be optimized to reduce inter-manufacturer variability.

Part one (Chapter 4) of this study identified two boot measurements, Dim 4 and Dim C,

as well as the clamping force from the binding that are strong predictors of release torque

114



variability of the toe-piece, but that boot dimensions are responsible for most of the variation in
release torque from the toe-piece alone.

This pilot study has shown that while the boot parameters are still responsible for the
bulk of the variability in release torque when the heelpiece of Tech/Pin bindings is engaged with
the boot, the effect of these parameters changes as the indicator values on the heel are changed.

The sensitivities of the bindings to differences in boot dimensions complicate an
otherwise simple optimization problem due to the fact that the sensitivities themselves did
change as a function of binding settings (Figure 5.6). The lack of adjustability in most Tech/Pin
binding toe-pieces would limit the effectiveness of an optimization routine that identified values
for Dim A and Dim C (among other possibilities) undertaken to reduce the amount of variation in
release torque. If only boot dimensions are to be considered, one set of boot dimensions found to
be optimal for lower IV settings would not be optimal for higher IV settings.

It is hypothesized that for Tech/Pin boot-binding systems to have retention-release
characteristics similar to alpine ski boot-binding systems, improvement on current designs or
new mechanisms for the toe-piece will be necessary. There are currently two models of Tech/Pin
bindings that utilize different mechanisms than the majority of bindings that incorporate
indicator settings into the toe-piece as well as the heelpiece. These designs are new do not have
significant market share, and one of them utilizes different heel inserts than other bindings.
Therefore they were not considered by the authors to be representative of a sample of bindings
on the market, and the authors do not speculate on their performance. However, it is likely that
some ability to adjust the clamping force preload of the toe-piece, the release load of the toe-
piece, and the dynamics of the toe-piece based on the corresponding heelpiece dynamics will be
necessary to reduce the variation in release torque in Tech/Pin boot-binding systems.

This study has not examined the effect of material hardness or loading conditions other
than a pure twisting release. It is possible that other boot dimensions and binding features studied
here are critical in other release modes or loading conditions. Furthermore, it will likely be
impossible to optimize these systems until reaction forces transmitted from the ski to the boot
through Tech/Pin bindings is directly measured such that the functional retention-release

requirements of Tech/Pin boot-binding systems is clearly defined.
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5.5 Conclusion

In summary, Tech/Pin boot-binding systems have variations in release torque that exceed
the minimum-maximum allowable release envelope prescribed by international standards. These
variations stem from using boots from different manufacturers in a given binding. The indicator
settings in these bindings do not change the release torque at the same proportional rate as other
AT and alpine ski equipment. Skiers should not assume that Tech/Pin bindings will provide the
same retention-release characteristics as alpine ski equipment, nor that the numerical indicator
settings on alpine bindings are equivalent to Tech/Pin bindings. Homogenizing boot geometry
would reduce the amount of variation in release torque from these boot-binding systems, but
would not eliminate the problem completely, and could exacerbate the problems for users on one

far end of the binding setting scale or the other.

116



Chapter 6. Development of a Low-Profile Six Axis Force Sensor for

Measuring Ground Reaction Forces of Skiing

6.1 Introduction
6.1.1 Measurement of Leg and Joint Loads while skiing

Little information exists regarding forces acting on the knee while skiing. Several studies
in the 1980s-1990s'>***"*? mounted six-axis dynamometers under the toe and heel piece of
alpine bindings (Figure 6.1). They measured the ground reaction forces at the toe and the
heelpiece and knee flexion-extension angle of skiers. Maxwell*® reported knee loads in 1989 and
in the 1990s, Quinn® and Scher”’ reported on reaction forces on the leg. Scher®’ reported that
maximal leg loads generated by two-thirds of skiers measured were still significantly lower than
their minimum retention release values (MRR). Rotation and varus-valgus angular displacement
of the knee, the two components hypothesized to cause ACL injuries, were not measured in these
studies.

More recent studies have attempted to calculate knee loads using pressure in-soles or
more broadly, using Inertial Measurement Units (IMUs) and differential Global Positioning
Satellite Systems (dGPSS) to calculate knee loads using a pendulum model* **. However these
methods only measure or calculate the compressive force acting on the boot of the skier and
cannot fully resolve the six load components acting on the knee.

Before ski equipment can be designed to protect the knee, the forces and torques acting
on the knee while skiing must be fully quantified. The effect of risk factors for ACL injuries such
as gender, leg dominance, and snow condition must also be quantified for knee loads while
skiing. It is necessary to measure the six load components acting on the toe and heelpiece of the
ski binding to understand what forces the toe and heelpiece are not capable of reacting to, and
which of those loads are critical to protecting the knee. The forces and torques under the toe and
heelpiece can be summed about a point projected onto the ski from the longitudinal axis of the
tibia, Point O (Figure 6.1). Using the forces and torques summed about Point O, an inverse

solution can be utilized to determine the forces that produce a particular joint.
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Figure 6.1: The use of six-axis force sensors under the toe and heelpiece of the binding can be

utilized to measure ground reaction forces necessary for calculating leg and knee loads.
6.1.2 Six Axis Force Sensor Design

Strain gage based force transducers are commonly designed using spring elements
instrumented with foil strain gages that convert the elastic deflection of the spring element into a
change in voltage proportional to the change in the load being applied to the spring element. The
design of force transducers increases in complexity if a sensor is to measure force and torque in
all three axes of a Cartesian coordinate system, namely {Fx, Fy, Fz, Mx, My, Mz}. The structural
design of such a transducer requires that the sensitivity to each individual load component be

decoupled mechanically’” >’
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Various geometrical structures have been used in the design of six-axis force sensors

59-62 63-65 58,66,67 68,69

including columns , tri-spokes™ ", steward platforms , multi-column”™””, and maltese

cross >7°%"7 While each structure has particular strengths and weaknesses for different
applications, the maltese-cross can be designed to have significantly lower thickness compared
to other designs such as column-type transducers, but their full-scale range can be limited. The
other difficulty inherent in the design of maltese-cross sensors lies in their susceptibility to cross-
sensitivity; if a pure moment, My or My, is applied to the sensor, and the design is not
mechanically decoupled, the sensor will measure an extraneous shear force, Fy or F, respectively,
or vice versa. To address the issues of cross-sensitivity, several studies have adapted tri-spoke
and maltese-cross sensor designs by incorporating bearings or other sliding elements to alter the
boundary conditions which can produce large cross sensitivity between shear and torque
axes ** However, bearings and other sliding surfaces can degrade over-time and introduce
hysteresis into the sensing unit. Other studies have utilized holes in sensing arms to improve
sensitivity of one or both of the horizontal or vertical axes °**%7,

The crux of making any physical measurement is inserting a measurement device into a
physical system such that it does not significantly alter the behavior or characteristics of the
system, or subject, being measured. For the purposes of measuring the ground reaction forces
transmitted from skis to skier through the bindings, it is necessary to place a multi-axis force
transducer in the load paths under the toe and heelpieces of the ski binding. An increase in height
of the ski boot off the snow can affect how a skier performs maneuvers on snow. To minimize
this effect, the functional requirements of the sensors dictate that they must have minimal
thickness and weight but relatively large full scale limits given their size. The purpose of this
study was to identify or develop a low profile, high range six axis force-torque transducer for the

purpose of measuring ground reaction forces between alpine skis and ski bindings while human

subjects perform ski maneuvers.
6.2  Methods

After a review of the literature, a novel configuration sensor design was explored to
satisfy the design requirements and constraints (presented below). The proposed geometry was
modeled using Finite Element Analysis (FEA) to optimize the sensors cross sensitivity response

as well as to include overload protection into the sensor. A virtual calibration of the sensor using
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the FEA model was used to optimize sensor performance before the physical sensor was built

using the dimensions determined from the optimization routine.

6.2.1 Design Requirements for measuring ground reaction forces in skiing

The intended use of this sensor not only necessitates the overall height of the sensor be
minimized, but that the sensor have sufficient range to measure the anticipated range of forces
and torques. An estimate of the full scale range required of the six axis transducer to be designed
was approximated from a brief analysis of data collected and shared by Scher”’ and Quinn***,
who measured ground reaction forces under the toe and heelpiece of ski bindings in the 1990s.
From their data, maximal values for each of the six load components at the toe and heel-piece of
ski bindings were identified (Table 6.2).

Several other studies”’® have collected ground reaction forces on skiers in the past as
well, but only measured the ground reaction forces at a single point below the binding making it
difficult, if not impossible to elucidate the full scale range required of sensors to be mounted
separately under the toe and heel-piece of bindings. A compilation of the full-scale range, height,
and weight of previous studies that have directly measured ground reaction forces of skiing is
tabulated in Table 6.2. With consideration given to the full scale ranges of sensors used in past

studies and the maximal values they report’”>*">"°

as well as the changes in ski equipment
including stiffer ski boots and wider skis, it is anticipated that the full-scale ranges tabulated in
Table 6.1will be necessary for the proposed testing.

An extensive review of the literature did not result in any sensor design that satisfied the
full-scale range requirements and the height constraints.

Therefore, the motivation of this study is to design and optimize a six-axis force
transducer that meets the function and performance criteria. In addition to meeting the full scale
range requirements listed in Table 6.3, the primary functional constrain of the sensor design
under consideration is to have an overall height less than 30 mm. Other functional constraints

include the mounting footprint of the sensor on the ski, overload protection, sensitivity,

environmental protection, and accuracy which will be described in Chapter 6.2.5.3.
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Table 6.1: Maximal ground reaction forces measured by either the toe or heel piece sensor
measured by Scher”’ from six adult skiers. Data reproduced with permission.

355+78.9 25349  309+82.3  25.9+14.6 40+21.2 64.7+35.3

Table 6.2: Comparison of the full scale ranges, height, and weight of multi-axis transducers

designed to measure ground reaction forces of skiing and snowboard to the proposed sensor

design.
Fx Fy F; Mx My My Height Weight

(kN) (kN) (kN) (Nm) (Nm) (Nm) (mm) (kg)
MacGregor™* (1985) - 270 580 - 82 82 25 -
Quinn® (1990) 1.7 21 51 132 124 102 39 1.73
Kiefmann® (2005) 1 2 6 60 280 85 - -
Moyer*’ (2005) - - 2.7 - 204 - 38 2
Strickter™ (2010) 1.5 1 4 - - - 36 0.9
Kruger” (2011) 15 15 6 175 175 175 31 1.6

Table 6.3: Minimum full-scale range requirements of the new sensor design being considered.

FX,Y (kN) Fz(kN) MX,Y (Nl’l’l) Mz (Nl’l’l)
>+2 >=+5 >+ 180 >+ 130

6.2.2 Proposed Design

Maltese-cross and tri-spoke style transducers were initially explored but could not meet
strength requirements without exceeding the maximum height requirement. Therefore an
adaptation of the maltese-cross was considered, comprising of four radial sensing arms, one arm
in each quadrant of the horizontal X-Y plane (Figure 6.2). Each radial arm incorporates two
Wheatstone bridges. Similar to traditional maltese-cross sensors, one bridge measures normal
strain resulting from the vertical deflection of the arm while another bridge measures normal
strain resulting from the horizontal deflection of the arm (Figure 6.3, Figure 6.4). Strain gages
are placed on each side of the beam to measure strain resulting from bending. This also adds the

benefit of temperature compensation for each bridge.
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Figure 6.2: Each radial arm is located in one of the quadrants of the XY plane. The XY principal

axes of the sensor coordinate system are defined 45 degrees from the arms.
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Figure 6.3: Each radial arm is instrumented with two strain gage bridges. The Vertical Bridge is
placed to respond to loads that cause a vertical deflection of the arm. The Horizontal Bridge is

place to response to loads that cause a horizontal deflection of the arm.
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Figure 6.4: The sensor design considered incorporates four radial arms positioned at 45 degree
increments from the principal X-Y axes of the sensor (Top). Each arm is instrumented with two
Wheatstone bridges sense deflection of their respective arm in two directions; the vertical bridge
senses the deflection of it’s respective arm in the Z plane and the horizontal bridge senses
horizontal deflection of it’s respective arm in response to forces normal to it’s longitudinal axis.

Approximate gage locations are shown above.

The overall structural limit of the sensor can be increased along the principal axes of the
sensor by rotating the principal X-Y axes of the transducer 45 degrees from the arms of the
transducer such that the principal axes of the sensor do not align with the long axis the arms. In
some applications this may not be advantageous; however, when measuring the ground reaction
forces of skiing or snowboarding, the ski or snowboard acts as a large lever. If the X or Y axis of
the proposed sensor is aligned with the longitudinal axis of the ski or snowboard, the largest
forces and torques acting on the sensors will act along the principal axes of the ski or
snowboard(Figure 6.1).

Each of the four radial arms is instrumented with one vertical deflection-sensing bridge,
Evi-vs, and one horizontal deflection-sensing bridge, €u;-n4. The responses of these eight bridges

are summed and transformed to fully resolve the six-load components acting on the sensing body
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using equations (6.1-6.7). Define Fas a 1-D force vector with n force and torque components.
&, 1s the 1-D measured strain vector taken from m bridges on the sensor. An mxn compliance
matrix C relates the measured & , vector to the force vector f acting on the sensor. In general, m
> n; for the proposed sensor, m=8 which produces an 8x/ &, vector and a non-square, 8x6
compliance matrix. To produce a square compliance matrix, an additional transformation
matrix, K (eqn 6.2), is used to transform &, into a 6x/ strain vector, £ The transformation
matrix, K, sums the strain response of all four arms into a single strain component corresponding
to a specific load component (eqn. 6.3). This produces a square 6x6 compliance matrix C. The
force vector F is determined by multiplying the transformed strain vector by the pseudo-inverse
of the compliance matrix C (eqn. 6.7). The compliance matrix is constructed by performing a

least squares fit to the applied uniaxial forces and the measured response of each bridge (eqn.

6.5).

T
g, =[ € €y €z Ehya Eyi Eyy Eyz €y ]
(eqn 6.1)
1 1 -1 -1 0 0 O O
1 -1 -1 1 0 0 O O
K= O 0 0 0 1 1 1 1
O 0 0 0 1 -1 -1 1
O 0 0 o0 1 1 -1 -1
1 1 1 1
(eqn 6.2) 00 00
Ere Eyi T Ey—Eys —Epy
Ery €yt —Epat €y —Epy
= 501? _ €r, _ EyiHETE; T E,
Ennx Eyi —Eyr—Eyy T Eyy
SM_\: EyiHEy,— &3 —Eyy
Evr EgytE HEY T EY,
(eqn 6.3)
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6.2.3 Sensor FEA Model

The baseline geometry of the sensor was developed using Computer Aided Design
(CAD) Software (Solidworks, Waltham, MA). A static structural finite element analysis model
of the sensor was developed for optimization and to enable a virtual calibration of the sensor
before a prototype sensor was manufactured.

The CAD model of the sensor was imported into the Static Structural Module of ANSYS
v16.0 (ANSYS, Canonsburg, PA) where strain gages were modeled in the Design Modeler
module. The 32 strain gages shown in Figure 6.4 were modeled as surface bodies with
dimensions 1.9mmx2.54mm to match sensing foil grid of the strain gages to be used on the
physical sensor (Part No. J2A-13-S047D-350-SP62, Gage Factor, K = 2.11, Vishay, Shelton,
CT). Three materials were considered for Material properties were defined to match the slightly
orthotropic properties of three four alloys Direct Metal Laser Sintered Inconel 718 heat treated
per AMS 5664 (Table 6.4).

The geometry model, including both the CAD and strain gage geometry, was passed to
the Static Structural Module in ANSYS. Strain Gages were modeled as surface bodies with the
elements of type 181 and meshed with one element along each side of the rectangular gage body.
This allowed them to be modeled with an elastic stiffness equal to zero. The average normal
strain could then be calculated under the mounting area of each gage. The sensor body and

housing were meshed with hexagonal elements (Figure 6.5, Figure 6.6). Uniaxial forces and pure
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moments {Fx Fy Fz Mx My My} are applied to the top of the sensor while the bottom was
modeled as bolted a fixed foundation. The contact surfaces of the interface between the housings
and the sensing body were modeled as frictional contacts with a coefficient of friction of 0.34.
The interface between the bottom housing and the base support was also modeled as frictional

with a coefficient of friction of 0.34.
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Figure 6.5: 32 strain gages modeled as surface bodies with the same physical dimensions as the

specified strain gage foil grid.

Table 6.4: Material properties and design restrictions of various alloys considered for the
prototype and full-scale sensors”””". Strength was given the primary consideration before

density, accuracy, and wall thickness.

Alloy ill g:?ggg;% Inconel, IN-71 g8 Tirl:étirlljl_l\rirzw
Heat Treatment NA NA AMS 5664 NA
Density (g/cm’) 2.67 8.15 8.15 4.41
Wall Thickness (mm) 0.3-0.4 0.3-0.4 0.3-0.4 0.3-0.4
Accuracy (£ m) 100 40-60 40-60 50
XY 460 1060 1060 1230
outs (MPa) z 460 980 1380 1200
XY 270 780 780 1060
Ovield (MPa) 240 634 1240 1070
XY 75 160 160 110
E (GPa)
Z 70 160 170 110
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B: Combined Loading

Figure 6.6: The CAD model shown with the generated mesh of hexagonal elements, with a total
of 77,168 elements and 247,013 nodes. The boundary conditions are shown applying a combined
My and My load.

6.2.4 Processing FEA Model Results

ANSYS has limited ability to post process its own results, and cannot perform simple
arithmetic on the strain values predicted from different strain gages modeled. Therefore, Matlab
(Natick, MA) was used to post-process the strain results. The strain results from the 32 strain
gages modeled in ANSYS were imported into Matlab for each load step (Figure 6.7B). In
Matlab, the strain gages were summed into the corresponding bridges (Figure 6.4) to form an

nx8 strain vector, £ | where n = the number of load steps applied in the FEA model (Figure

6.7C). The transformation matrix, K , (eqn. 6.2) is used to transform the strain vector into an nx6

vector, £, . From the applied load vector and the strain vector, a linear regression is performed

to calculate each element of the compliance matrix, C"** (Figure 6.7D).
To evaluate the performance of the compliance matrix, the applied loads, and the nx6

strain vector are used to calculate the applied loads, F,., (Figure 6.7E). Finally the RMSE

between the applied loads and calculated loads can be calculated (Figure 6.7F).
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Figure 6.7: A schematic of the sensor model comprising of the FEA model and the processing of
strain values from the FEA model in Matlab: A. Uniaxial loads are applied to the sensor body.
B. The strain response from the 32 strain gages are exported from ANSYS and imported into
Matlab. C. The strain response from the 32 strain gages is summed into each of the eight wheat
stone bridges. The matrix, K , is used to sum the eight bridges into six strain vectors. D. The

compliance matrix is calculated. E. Using the summed strain response vector, g "
calculated compliance matrix, E;EA , the applied loads are calculated. F. The RMSE between the

applied loads and the loads calculated using the strain vector and compliance matrix are



6.2.5 Sensor Optimization

After the baseline CAD model development of the sensor, several design variables
including geometry dimensions and wheat-stone bridge configurations for the vertical and
horizontal bridges required optimization to achieve the necessary functional design constraints.

Given the large number of design variables and optimization criteria to be minimized, the

Parameter Space Investigation (PSI) method was employed which is particularly well suited to

the solution of multi-criteria optimization problems®** including that of multi-axis sensors®*.

6.2.5.1 Parameter Space Investigation

The PSI method for solving multi-criteria optimization problems described by Statnikov*’
is briefly described here using the author’s notation. The PSI method requires a model that can
accurately calculate the performance of a system, in this case the six-axis force transducer design

being considered. The model is used to predict sensor performance by varying » design variables,
oy = {0,... 0,}. Design variables create a, -dimensional solution space, [] (o), and are given
upper and lower bounds such that:
(eqn. 6.8) C <f(a)<C/ I=1,..t
Functional constraints, f(a), such as maximum allowable stress, are often a function of

the design variables. They define a subset G (a,f(a)) of [] (&), such that G C [] and are also

given upper and lower bounds:
(eqn. 6.9) D, <D,

Optimization criteria d(«) are typically responses of the system that are used as a
measure of system performance. The goal of any optimization routine is typically to find a
solution such that:

(eqn. 6.10) ®(P) = min(P(a))

P is the Pareto optimal point at which the optimization criteria are minimized. The PSI
method first calculates the system for the entire solution space || (a), and then the feasible
solution set G(a,f(a)) is defined through functional constraints f{a) (Figure 6.8). Interaction

from the expert is necessary to decide the maximum acceptable values for ®(«) such that:

(eqn.6.11) D(c) < D
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The feasible solution set D(a,f{0.), ®(cr) ) can then be defined using @, and the Pareto

optimal point can be found as defined by equation 6.10.

N & % Figure 6.8: The solution

space |]|(a) comprising of
system  solutions resulting

from every a,. G (af(a)) is
defined as the solutions with
in [l(e) that satisfy the
functional relations fla). ®,
is then used to define the
feasible set, D(o,f(a)D(x)).
» Then ®(P)<min(®(a)) can
" PiP) s min(Pla) be solved

Gla,f(a), Dla)

for (D(a) < CD

ARV EEERE K.
e o® 00 e oo
e o 00 00 00 o0 o0
o0 o0 00 0 o

6.2.5.2 Design Variables: o

Geometry affecting the sensitivity, size, and location of the strain fields where the strain
gages are to be placed must be carefully designed. Maltese cross sensors of the past have utilized
circular holes to improve sensitivity '* or used bearings to alter the boundary conditions of the
arms °°. The sensor under consideration required geometry more sophisticated to reduce the
cross sensitivity of the sensor. Several shape factors were explored including non-concentric
holes, triangular holes, and other shape factors. The shape factor shown in Figure 6.3, consisting
of two concentric circular slots with a central hole provides a constant strain field on the sensing
surface while providing sufficient structural integrity to meet the strength requirements of the
Sensor.

Lower and upper constraints for design variables are tabulated in Table 6.5. Dimensions
03-04 and a7-0lg in Figure 6.9 control the location of the strain field and correspondingly, the
optimal location of the strain gages. Due to the geometric constraints, the locations of the gages
along the radial dimension of the sensor are relatively fixed; therefore a3-04 and 07-Og are
centered in a location that focuses the maximum strain fields under the sensing matrix of the
gages. The other dimensions control the sensitivity and cross-sensitivity of each Wheatstone

bridge.
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A twelfth design variable, 0j;, was used to determine the optimal bridge configuration.
Three variations of full and half bridge configurations were considered for the vertical bridge,
and two variations were considered for the horizontal bridge (Figure 6.10). In total, six

combinations of the various options for the vertical and horizontal bridge configurations were

considered (Table 6.6).

Table 6.5: Design Variables, a; to be optimized tabulated with their upper and lower

constraints.
o (mm) o () o3 Ol4 o5 Ol Ol7 oig Ol Olio Ol
o* 400 050 050 400 3.50 0.50 0.50 4.00 3.00 10.75 12.00
oF* 5.15 1.25 075 7.00 5.00 1.00 1.00 6.00 ap0-3 15.00 15.00
Top View Side View
a, a,
a,, C—— ] — . Qo
\ —
Axis of : - Wt
Strain Gage / Axis of Strain Gage
X/ NS '
\ ) N\ Qg ) ™ L . a,
07 & o _— . | .
X - L
a % a

\
@4
</' \\

Figure 6.9: Design Variables, @,, considered for optimization that control the sensitivity and

cross-sensitivity of the sensor to applied loads.
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Vertical 1 Vertical 2 Vertical 3

Vertical
Bridge
Configurations

.
@/\&

Horizontal
Bridge o
Configurations
\/
Horizontal 1 Horizontal 2

Figure 6.10: Five possible bridge configurations were explored for vertical and horizontal

bridges. Table 6.6 tabulates the six combinations of these five bridges that were explored as
design variable @j). Letters designating each gage match the location of the gages shown in

Figure 6.4.

Table 6.6: Design variable @j, incorporated six combinations of the five possible bridge

configurations shown in Figure 6.10 were explored.

Design Variable  Bridge Configuration Vertical Bridge Horizontal Bridge

1 1
2 ! 2
3 1
Q12n 4 2 )
5 1
6 3 2

6.2.5.3 Functional Constraints: f(oy)

Functional constraints necessary for using the sensor under consideration for measuring
forces while skiing are tabulated in Table 6.7. Functional constraints are not intended to be

maximized or minimized so long as the proposed design does not violate each constraint.
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Table 6.7: Functional constraints considered in the sensor design, though not all were utilized in
the PSI analysis such as Environmental Protection.

Functional Constraints: f(a,

Height <30mm

Width < 85mm

Length < 150mm

Maximum Allowable Von-Mises Stress: < 50% o

{Fx,Fy,Fz,Mx,My,Mz}

Minimum Wall Thickness >0.5mm

Overload Protection: {Fx,Fy,Fz,Mx,My,Mz} > 2x Full Scale Range

Error: {Fx,Fy,Fz,Mx,My,Mz} <2.5% Full Scale
Environmental Protection IP-65 equivalent water resistance
Natural Frequency: @y > 2 kHz

6.2.5.4 Optimization Criterion: ¢,(0)

The compliance matrix of a six-axis sensor that is decoupled well will have numerical
values along the diagonal that are much larger than the off-diagonal terms. The condition number
of a matrix gives a measure of how diagonal it is. For example, the identity matrix has a
condition number equal to unity. The less diagonal a matrix is, the larger its condition number
becomes. Many studies have used the condition number of the compliance matrix for a sensor as
a measure of sensor accuracy and as an optimization criteria for solving objective functions to

.. 57-59,74
optimize sensor performance 9.7

. Many of these studies perform this optimization using
analytical models of the sensor with simple geometry. This criterion requires calculating the full
6x6 compliance matrix of each design iteration, which can be computationally expensive with
complex designs. The FEA Model of the proposed sensor comprised of 77,168 elements and
247,013 nodes, which necessitates a more efficient optimization criterion.

Kang et. al.” recently proposed a novel optimization criterion for Maltese cross sensors
in which the optimization criteria focuses on minimizing two specific terms of the compliance
matrix, assuming the sensor is symmetric about the X and Y axes. Decoupling a pure shear force
F; applied to the sensor, from a signal response in torque on the orthogonal axis, M, is a the most

computationally expensive task during the optimization of maltese-cross sensors. The criterion

proposed by Kang et. al.” utilizes the metric of percent Cross Sensitivity, defined as the relative
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magnitude of the off-diagonal terms relative to the corresponding diagonal term of each row as
shown in equation (6.12). Fz and M are easily decoupled from the other four components and do
not require significant computational effort to optimize.
(eqn 6.12) %CrossSensitivity = % *100

Therefore, the optimization criterion was utilized to minimize the terms Cjys, Czy4, Cy2, and
Cs; terms of the compliance matrix C in equation (6.5) which correspond to the sensor’s
response in shear under an applied torque and the sensor’s response in torque under and applied
shear load. From symmetry, this can further be reduced to minimizing either pair of coefficients,
{C1s, Cy2} or {Czy, Cs;}. This reduces the number of times the FEA model must be solved per
permutation of each design variable, o, during the optimization routine from six, if using the
condition number criterion, to two. To fully define the optimization criteria, equations 6.13 -6.15
are used:

(eqn 6.13) ¢, = C_25 <@y,

22

C kk
(eqn 6.14) ¢, = C_M <y

44

(eqn 6.15) ¢3 =\/¢12+¢22 S(b\*/?l

Furthermore, the secondary design objective, after meeting the necessary accuracy
requirements, is to minimize the overall sensor height, design variable oy9. Therefore,

¢,(P)= min(¢(e,,)) is defined as a final criterion, resulting in the performance criteria vector,

6,=| & ¢, ¢, ¢, |. Equation (6.16) defines ¢_:* , a vector defining the maximum

permissible values for the performance criteria vector @, .

¢, =25% v=1.3

(eqn 6.16) ¢, =1 "’
¢,, =16mm v=4

The overall objective of the optimization routine is to find the Pareto optimal set, such

that each performance criterion and pseudo criterion in ¢,is minimized, such that
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¢(P) =min(¢(r)) . The solution, ¢(P), may be non-unique for the original solution space, which

has been constructed by equally spaced permutations in the design variables. Additional
solutions may also lie outside the initial upper and lower bounds set for the design variables.
Therefore, the expert may define ‘soft’ constraints for the upper and lower limits of the design
variables, as well as the interval of permutation of relevant design variables to expand the

solution space, or improve it’s resolution, to include interesting solutions that are potentially

better than the initial solution ¢(P).

Using this criterion, the optimization routine shown in Figure 6.11 was performed. A
total of 176 combinations of the » = 12 design variables were modeled in CAD. Each CAD
model was passed to through FEA routine that applied a shear load and torque load in discrete
load steps to define the [](a) solution space. If the results of the FEA analysis met the functional

criteria, f(a), the strain response from the modeled strain gages was exported to MATLAB

(Waltham, MA) where the performance criteria vector, ¢, =| ¢, ¢, ¢, @, |, was calculated

for each unique combination of design variables. From the ¢3V vectors calculated, the feasible

solution set, D(ay, f(@), q;, ) is constructed and the Pareto optimal set can be identified.
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1. SOLDWORKS 2. ANSYS 3. Matlab: Parameter Space Investigation

'

CAD Model of N a, a,
Design Variables: Y ¢ ¢ 0 0 00
a-a,.aqa e e 0 000
o e 0 000 4. Optimal Design Variables
Gle o) Pia) B XX
for et b @(P) = min(¢(a))
EEEERE X | P= a..a
e e & & 00
° : : * 4 @iP) < min( Pl

A-g:-a: ﬁ-g:-ﬁ.

S=h g sa, AP minga,)
\

\ /

Figure 6.11: Optimization Routine (1) Sensor Geometry is defined in CAD and imported into
ANSYS (2). A uniaxial shear load, F;, and a uniaxial Moment, M;, were both applied to the sensor
in the FEA model. If the design variables, 0, meet the functional constraints, f(a), for both the

shear and moment uniaxial loads, the sensor response is passed to Matlab (3) to calculate the

performance criteria vector q?v and the corresponding ., is included in the feasible solution set,

G(o,f(a)). The Pareto optimal set is then identified along with the corresponding optimal design
variables (4).

6.2.6 FEA Sensor Calibration

Once the optimization criterion was met, the FEA model geometry was updated with the
optimal design variables. All six-load components were applied to the sensor, one at a time, after
which the strain response was exported and used to define the full 6x6 compliance matrix for the
sensor, as modeled in the FEA software. To quantify the accuracy of the calculated compliance
matrix, varying magnitudes of all six-load components were applied simultaneously to the sensor
for 20 load steps. The individual response of each strain gage to each load step was exported,
processed, and used to back-calculate the loads applied to the sensor. The predictions from each
bridge configurations were compared to the actual applied loads calculating the Root Mean
Squared Error (RMSE) for each channel of the sensor model (Figure 6.7). A final optimization

criterion (eqn 6.17) was defined as:
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2 ( FCalculated _ FApplled )
(eqn 6.17) ¢. = RMSE = ’ L <5% fori=1I-6.
E (FApplied FApplled)

l

6.2.7 Overload Protection

To protect the sensor from plastic deformation should it undergo deflections greater than
it’s elastic limit, hard stops were designed into the base housing of the sensor to restrict the
maximum  amount of  vertical deflection each arm  could sustain  (
Figure 6.12). The FEA model was used to test several load cases considered to be the most
critical overload protection. In particular, load cases that had the potential to focus the load along
the axis of the arms rather than allow the load to be shared between all four arms along the
principal axes were considered. The largest defections of the arms were produced when F7 and

Mx = My. The hard-stops were designed to limit the deflection of the arms such that the

equivalent Von-Mises Stress, Ovy,upises » did not exceed 80% of the yield stress O,

b

(o}

VonMises

sO.S'Uy

Vertical Deflection of Arm

Detail B
d =< 0.205 mm
. o
1 /7/?%;/{/////////\«/3/\§"7/ 7 Hard Stop
g oS il Ml
( D¢ , é/b/‘//&/// Q% “i’/////////}///} /
SECTION aa B

SCALE 1:1
Figure 6.12: Hard stops designed into the sensor housing to limit the vertical elastic travel of

each sensing arm to provide overload protection.

137



6.3  Model and Optimization Results
6.3.1 Sensor Design and FEA Results

The predicted full-scale range of the sensor, calculated as the maximal uniaxial load

required to produce 0Oy,,,, =0.80,, are tabulated in Table 6.8. The predicted maximal uniaxial

loads are twice that of the design requirements (Table 6.7). The FEA model calculated a focused
and uniform strain field over which strain gages may be placed (Figure 6.13 and Figure 6.14) for
both the horizontal and vertical bridges. The overall sensor body dimensions are 78mm x 78mm
X 13.74mm. When installed in the IP-66 protective housing, the final sensor dimensions are

85mmx150mmx29.5mm.

Table 6.8: Predicted Full Scale Range of the sensor from the FEA model, calculated as the

maximal uniaxial load applied for 0, =080 .

Predicted Fx Fy Fy Mx My Mz
Full Scale
Range +19kN +£19kN +9kN +£280Nm +280Nm +250Nm

Figure 6.13: The normal strain field for the mounting surface for the vertical bridges in response
to a compressive load {Fz}. The gradient of the normal strain field under gages A & B are

relatively homogenous, and equal and opposite in magnitude.
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¥ |
|

Figure 6.14: The normal strain field for the mounting surface for the horizontal bridges in

response to a Shear Load {Fxy}. The gradient of the normal strain field below gages E-F & G-H
are homogenous. However, the strain field is approximately the same width as the gage sensing

matrix, therefore proper gage alignment is critical. Deformation shown not to true scale.
6.3.2 Optimization Results

The PSI method was able to find a solution to the multi-criteria optimization problem
from 176 combinations of 12 design variables. Soft design constraints were utilized to explore
viable solution space that was not initially included. The optimization routine was able to

identify a Pareto optimal point that satisfied the performance criteria. Performance Criteria ¢,
and ¢, are plotted for the feasible solution set D(o,f(a),¢(e)) (Figure 6.15 A). All points plotted
meet the functional constraints, f{a). For each point corresponding to the performance criteria ¢,
and ¢, a surface is fit to the corresponding pseudo-criterion, ¢, (Sensor Height). From the
feasible solution set, the Pareto Optimal Set, $(P) = min(¢(a)), is found by finding the minimum
sensor height within the constraints of ¢1,$2 < ¢, . Here, ¢(P) is designated by the red dashed
lines, and circle. Table 6.9 tabulates the four performance criteria for three possible choices for

the Pareto optimal point, shown in Figure 6.16. The design variables corresponding to the

optimal solution are tabulated in Table 6.10.

Table 6.9: Performance Criteria from the three points that satisfy the @ ywmax criteria. Point A
was selected as the Pareto Optimal Point ¢(P) from the additional $(P) = min(~ (a)).

Points é: (/2] Ps3 P4
Py 0.49% 0.27% 0.56%  13.75 mm
P, 0.68% 2.12% 2.21% 13.27 mm
P; 1.68% 0.41% 1.73% 14.51 mm
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6.15: (4)

Performance Criteria ¢; vs.

Figure

@ are plotted for the feasible
solution set D(o,f(a),(a)).
All points plotted meet the
functional constraints, f(o).
The boundary for ¢s3 is
denoted by the green radius
near the origin. (B) For each
point corresponding to the
performance criteria ¢; and
@2 a surface is fit to the
pseudo-

corresponding

criterion, ¢4 (Sensor Height).

(C) From the feasible
solution set, the Pareto
Optimal  Set, $(P) =

min(¢(a)), is found by finding
the minimum sensor height,
¢ < 2
constraints of min(@p1,P2P3)
< ¢ - $u(P) is
designated by the red dashed

within  the

Here,

lines, and ¢p3 by the green

circle.
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Performance Criteria: ¢Tv 0}

16 mm

15 mm

14 mm

13 mm

- 112 mm

711 mm

Figure 6.16: Performance Criteria, ¢,, plotted showing the Pareto Optimal Point (P;) and two
other points (P; & P3) that met the ¢ ymax criteria. Point P and P3 corresponded with a lower
value for ¢4 but a larger value for {¢1, @i, P3}. Therefore Point P; was chosen as the Pareto

Optimal Point.

Table 6.10: Pareto Optimal set ¢(P;) values for design variable 0. They are reported to the

nearest 0.05mm, which is reflective of the accuracy of the DMLS Manufacturing process used to

manufacture these sensors.

o O o2 a3 04 05 Og O7 O O9 O O 02
(mm) 515 0.75 0.75 55 3.5 05 0.75 6.0 7.15 13.75 14 n5
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Lower values for ¢, were able to meet the functional constraints for allowable Von-

Mises Stress, but not performance constraints ¢, , . Figure 6.17 shows the effect on of decreasing

sensor height, design variable 019, on the normal strain field where the strain gages are placed for
measuring {Fy,Fy,M;} components. Figure 6.17 shows that edge effects resulting from vertical

loading of each sensor arm translate into the normal strain field. From the optimization

procedure, these edge effects are sensed by the strain gages for 0y < 13.75mm.

G- Direction of Sensing axis of Strain Gages and Normal Strain

Figure 6.17: Normal strain from an applied My plotted on the horizontal sensing surfaces along

the sensing axis of the gages under an applied Mx or My. The larger value of dimension oy

prevents the edge effects from overlapping with the strain gage (left). For values of 0jg <

13.75mm, the edge effects begin to overlap under the sensing area of the strain gage (right) and

increases the cross sensitivity of the sensor.
6.3.3 FEA Calibration

Under uniaxial calibration loads, the response of each bridge was linear and proportional
to the applied load. The response of the individual strain gages for an applied My is shown in
Figure 6.18. The individual bridge responses, and their transform using equations (6.1-6.3) from
each calibration load step are shown in Figure 6.19 along with the mechanical decoupling of the
sensor for each load component.

The full calibration matrix of the sensor calculated from the FEA model using uniaxial
loads of all six-load components and the strain response of each individual strain gage (Table

6.11). The magnitude of the off-diagonal terms did not exceed 2.69% of the diagonal term in
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each corresponding row. The condition number of the calibration matrix was 192.5. The
optimization criterion used by Kang. et. al.”” was used rather than the condition number, so no
acceptable criterion for the condition number was defined.

The RMSE error for each bridge configuration is listed in Table 6.12 and shown in Figure
6.20. Similar to what was indicated in the optimization results, Strain Gage Bridge Configuration

5 had the lowest RMS Error out of the six possible bridge configurations.

Table 6.11: Calibration matrix calculated from strain output from the FEA Model.

3.1547 -0.0522 0.0006 -0.0003 0.0004 -0.0002
0.0107 -2.7963 -0.0007 0.0004 0.0000 -0.0002
C_ - 0.0113 -0.0018 0.5356 0.0001 -0.0001 0.0000 | ue
-0.0013 -0.0014 0.0026 0.0156 0.0003 0.0000 |EU
0.047 -0.0029 0.0015 0.0001 -0.0164 0.0000
| 00157 -00011 -0.0011 0.0000 0.0000 -0.0164 |

Cond(C,,,)=192.8

Arm 1 Arm 2 Arm 3 Arm 4
0.0012 B Gage 1
0.0006 I Gage 2
E 0 0 H B N Gages
Gage 4
-0.0006
-0.0012
AN
1 2
4 3

Figure 6.18: The raw strain values measured by each of the gages for the horizontal bridges on
arms 1-4 in response to an applied Mz. Gage locations on the arm are shown, and their wiring
schematic is shown at the bottom. These are the values exported from ANSYS, and imported into

MATLAB (Figure 6.7 B).
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Figure 6.19: Strain response from each vertical and horizontal bridge in each arm (Left

Column) and the normalized summed strain response summed E=50E(eqn. 6.3). (Right

Column) in response to an applied uniaxial loads {Fx, Fy, Fz, Mx, My, Mz}. The bridge response

on the left is the equivalent strain response that the data acquisition unit would measure.
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Table 6.12: Calculated RMSE of the applied combined loads and corresponding loads

calculated from the FEA model of the optimized sensor.

RMSE Fx(N) Fy(N) F,(N) Mx(Nm) MyNm) M;(Nm)

FEA 0.2 0.2 0.05 0.015 0.015 0.015
F,: RMSE =0.01% F,: RMSE = 0.01% F,: RMSE = 0.001%
< 2 5]
g‘ l/e : /-ﬂ»«&\% /\
= &
-2 -2 =51
@- Calculated — Applied
M,: RMSE = 0.01% M,: RMSE =0.01% M,: RMSE =0.001%
100 100 100
E N
S Q\\N‘H
-100 -100 -100
0 a 8 0 4 8 0 4 8
Load Step

Figure 6.20: Root Mean Square Error calculated from an exemplar trial of combined loads

applied to the FEM Model and calculated from the strain response and the calibration matrix
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6.4 Discussion

The PSI method was able to find a solution to the multi-criteria optimization problem
from 176 combinations of 12 design variables. It is possible this solution found is non-unique;
soft design constraints were utilized to expand the solution space to include higher resolution for
permutations on design variables. After expanding the solution space on several occasions with

marginal gains, ¢(P) was accepted as the optimal solution that satisfied the optimization criteria.
Examination of Figure 6.16 shows that the surface fit to the optimization criteria for minimized
sensor height, ¢, , is fairly homogeneous within the boundary defined by the other criteria 5.

The surface fit indicates that the minimum sensor height that can be achieved is 12.9mm, which
comes at a cost of 2% cross talk. Given the marginal gains of minimizing height compared to the

computational expense of solving the FEA model for each permutation, ¢(P) was accepted as

the optimal solution. Using the optimization criterion of minimizing the cross-sensitivity terms
of the calibration matrix, as proposed by Kang et. al.”, was significantly more efficient than

57-59,74.81-83
7-59,74, . From the

using the condition number criteria as suggested by multiple other studies
combined loading analysis, the RMSE values are well below the maximum allowable error of
5%.

The FEA model predicts that the optimized sensor design shown here will have a full-
scale range of each load component was predicted to be twice the designed requirement or
greater (Table 6.13) and significantly higher than other sensors used by past researchers. The
FEA model also predicts that the optimized sensor design will meet the other performance and

functional requirements for accuracy and minimal height and weight.
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Table 6.13: Comparison of the uniaxial full-scale ranges, height, and weight, of multi-axis
transducers designed to measure ground reaction forces of skiing and smowboard to the

proposed sensor design without the overload hard stop protection.

FX FY Fz MX MY MZ Helght Welght
&kN) (N) (N) (Nm) (Nm) (Nm) (mm) (kg)

MacGregor™ (1985) - 027 058 - 82 82 25 -
Quinn*' (1990) 1.7 2.1 5.1 132 124 102 39 1.73
Kiefmann’ (2005) 1 2 6 60 280 85 - -
Moyer** (2005) - - 2.7 - 204 - 38 2
Strickter™ (2010) 15 1 4 - - - 36 0.9
Kruger®® (2011) 15 15 6 175 175 175 31 1.6
Proposed Sensor 19 19 9 280 280 259 29 0.75

6.5 Conclusion

A strain gage based multi-axis force transducer was modeled in an FEA model. The FEA
model was used to optimize the sensor geometry for accuracy and to minimize the height of the
sensor. The strain output from the model was used to calculate a calibration matrix that predicted
accurately various combinations of forces and torques. The optimized solution satisfies the
necessary functional and performance constraints and criteria. A prototype sensor will be

constructed to validate the FEA model and verify the accuracy of the optimized sensor design.
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Chapter 7. Construction and Calibration of the Optimized Six-Axis

Force Sensor

7.1 Introduction

A low-cost prototype six-axis force sensor was constructed based on the results from the
sensor design optimization routine reported previously (Chapter 6). The purpose of the prototype
was to validate the sensor model before the full-scale transducers were constructed. Given the
complex geometry of the sensor design, additive manufacturing (i.e., 3-D printing) methods were
explored in lieu of traditional subtractive (machining) methods. The prototype sensor was
calibrated and an error analysis of the prototype sensor relative to both a reference measurement

system and the FEA model was performed.
7.1.1 Construction of a Prototype Sensor

7.1.1.1 Material Selection

The FEA optimization routine was performed using material properties for Inconel IN-
718 heat treated per ASM 5665°* (Table 6.4). Other materials were explored for the prototype
and construction of the full-scale sensors (Table 6.4). The FEA model confirmed that both IN-
718 heat-treated per AMS 5664 and Ti-6AL-V4 would satisfy the strength and sensitivity
requirements of the sensor (Table 6.3). Therefore, the cost and difficulty of manufacturing
became the primary criterion to choose between IN-718 and Ti-6AL-V4 alloys for the full-scale

SENSOrs.

7.1.1.2 Manufacturing Methods

Direct Metal Laser Sintering (DMLS) is an additive manufacturing process which
deposits thin layers, 20-40um, of metal powder that is sintered using a precise laser to fuse the

metal powder particles in the desired geometry™*°

. Layer-by-layer complex geometries, which
are impossible to be made by traditional subtractive manufacturing techniques, can be achieved
with material density < 99%. Electron beam melting (EBM) is a competing additive
manufacturing process that uses a similar methodology to that of the DMLS process, but with an

electron beam to melt powdered metal layer by layer to form a desired geometry. EBM has been

148



shown to produce parts with lower residual stresses stemming from the cooling rate post-
sintering relative to DMLS parts®’. However, with proper heat treatment of DMLS parts, the
residual stresses can be relieved, but can produce greater orthotropic material properties between
the horizontal and vertical (sintering) plane (Table 6.4) 77754875,

Several design limitations must be considered when designing a component to be
manufacturing using the DMLS process. To produce cantilevered structures, supporting
structures for the cantilevered structures during the sintering process must be utilized and then
removed post-sintering. If supporting structures are not used, the formation of cantilevered

features can sag or become warped depending on the wall thickness’” "

and sintering
temperature required for the material being used. Further more, the surface finish produced by
the DMLS process is very rough for certain applications, such as bearing surfaces or the
application of strain gages, requiring secondary-machining processes achieve the proper surface
finish requirements’”"”.

In the context of manufacturing the sensor body using the DMLS process, the
cantilevered arms themselves require supporting structures that would be removed post-sintering.
The thin walls and cantilevered geometry of the hole and concentric slots shown in Figure 7.1
are perpendicular to the Z-sintering plane. These would require supporting structures and
secondary machining processes such as Wired Electron Discharge Machining (EDM), to remove
them to achieve the specified manufacturing tolerances if IN-718 or Ti-6AL-V4 were used. Prior
to the construction of the prototype, a considerable degree of uncertainty existed regarding the
ability of the DMLS process to hold the necessary tolerances for features A-C in without any
supporting structures. Additionally, IN-718 requires wire EDM processing to achieve the
necessary surface finish for strain gage application.

Due to the uncertainty of the DMLS process to hold the tolerances for features A-C in
Figure 7.1 without supporting structures, a low-cost prototype of the optimized sensor geometry
was made using a DMLS aluminum alloy ALSi110mg because of its lower sintering temperature
compared to Inconel (Table 6.4). The lower sintering temperature, an aluminum sensor would

not require supporting structures. Additionally, the aluminum alloy would allow for the strain

gage surfaces to be ground down by in-expensive methods for strain gage application.
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The objective of constructing the aluminum prototype was to provide a validation of the

sensor design and FEA model at a low cost (~$1500) relative to the full-scale sensors made from

@iﬁi“\g Plane

A
L4

Inconel or Titanium (~ $5500).

XY Sintering Plane

Figure 7.1: The DMLS process deposits thin layers of a metal alloy in powder form. A laser
sinters each thin layer to the previous layer in the Z-plane and in the geometry specified for each

layer.

7.2 Construction of the Sensor Assembly

Transducer class strain gages (Part No. J2A-13-S047D-350-SP62, 350Q, Vishay,
Shelton, CT) were selected for their small footprint, accuracy, and stability. Gages were applied
to sensing surfaces using transducer class adhesive (M-Bond AE-10, Vishay, Shelton, CT)
(Figure 7.2). The sensor body was enclosed in a two-part housing were made from Aluminum

7075-T6 Alloy with tensile o0, = 500 MPa and was hard coat anodized Type III (Apex

Anodizing, Portland, OR). The housing was designed to allow the sensor to be mounted to a ski
and bindings, provide overload protection to the sensor body, and to be sealed with a water-
ingress rating of IP-66. Two printed circuit boards (PCBs) (OSHPark, Portland, OR) (Figure
7.3) were designed for intermediate bridge connections between gages and to interconnect the
PCBs to IP-67 rated connectors (HEN.2F.319.XLNP, LEMO, Rohnert Park, CA) used to connect
the sensor to a cables leading to the data acquisition system (Figure 7.4). A custom designed

flexible printed circuit provided the interconnecting signal bridge between the two PCBs.
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Figure 7.2: Installed strain gages were wired using 134-AWP solid wire coded in polyurethane

enamel.

Figure 7.3: (4) Assembled sensor including the IP-66 ousing. (B) Top view of sensor body with
strain gages and center PCB installed. (C) Side view of sensor body with strain gages installed.
(D) Sensor body in the base housing with the interconnecting PCBs (E) and IP-67 receptacles.
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7.2.1 Data Acquisition, Signal Conditioning, and Data Processing

A Diversified Technical Systems (DTS) Nano Slice 16-bit data acquisition unit is used to
provide bridge excitation, signal conditioning, A-D conversion, and data logging (Figure 7.4)
(Diversified Technical Systems, Seal Beach, CA) for the strain gages. The unit has an extremely
small form factor, which makes it ideal for data logging in biomechanical applications. Each
channel from the DTS unit provides its own 5VDC excitation and a sensitivity value,
mV/Ve/EU, is defined for each channel measured (Figure 7.5). Data is sampled at a pre-selected
rate (0.001-250 kHz), filtered through an anti-aliasing filter configured to 1/5 the sampling rate,
passed through an analog-to-digital converter, passed through signal conditioning, and recorded
in 32 GB of flash memory. Proprietary software, SliceWare ™ (DTS, Seal Beach, CA) is used to

configure each channel individually to control the signal conditioning and gain settings based on
the desired full scale range (R), in engineering units (EU), and the sensitivity, S, (mTV EU ) :

Prior to recording any data, a diagnostics module performs several diagnostic checks
including a shunt calibration and verification of the applied excitation voltage. The each bridge
can also be biased during this diagnostic check. After data are collected they are downloaded
from the DTS to a personal computer for post-processing in Matlab. They are digitally filtered
and the calibration matrix is used to transform the nx8 bridge response vector into an nx6 force

vector, where n is the number of sample collected in a given test.
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Clae

Figure 7.4: The sensor (A) connected by two 14-conductor 7’ 3helded cables (B) to the DTS

Slice NANO DAQ (C). The End of Chain (EOC) (D) supplies power and TTL signals to the DAQ
from the 11.1V battery power supply (H) controlled by a power switch (E) and is connected to a

power indicator LED (F) and status indicator LED (G).
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Software Calcualtions:

UnAmplified Output Full Scale (mV), V,, . : S. *V *R

)LE.S. i excitation

Absolute Maximum Gain, K, .

Maxmimum Amplitied Qutput (EU) V(M mplified

Software Variables

S=5. %EU

Anti-Aliasing Filter €18 32GB

: Flash
ES *
Analog to Digital Conversion K Si R Memory

— R: Desired Range (EU)

excliation

Sensor Output (EV) I

£ Digital Filtering:
& | = ™2 4-pole Butterworth

e\'l I
: ———

‘. F=¢KC

Post-Processing: Matlab

Sensor
Figure 7.5: The DTS Nano Slice DAQ provides excitation voltage for all eight Wheatstone

bridges and signal conditioning, anti-aliasing filtering, A-D conversion, and on-board data
logging. Once recording is complete, the raw strain vector is downloaded from the DAQ and
post-processed in Matlab where it is digitally filtered and transformed into the nx6 Force vector,

where n is the number of samples recorded for a given test.
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722 Sensor Calibration

7.2.2.1 Intra-Bridge Gain Balancing
From Chapter 6.2.2, the transformation matrix, K, performs a summation of the eight

individual bridges to convert the raw strain vector from a /x8 to a /x6. If Ey; and Cy; represent

the response from the horizontal and vertical bridges, respectively, the underlying assumption is

that for an applied uniaxial Fz, Mx, or My, £V1| = |€V4| = |£V3| = |£V4|. It follows that for an applied

uniaxial Fx, Fx, or Mz it is assumed that |6H1| = |€H4| = |€H3| = |8H4| .

In the absence of physical imperfections, as in an FEA model, this is an appropriate
assumption. In practice however, the sensitivities of each vertical and horizontal bridge will
never be exactly equal to the other bridges due to variation in manufacturing tolerances,
imperfections in the material, and gage misalignment, among other factors. To correct for the
differences in sensitivities between bridges, the gain applied to each bridge by the signal
conditions can be changed to balance the bridges such that the assumptions underlying the
transformation matrix K will hold for the prototype sensor. The DTS Nano Slice DAQ has
software selectable gain settings controlled by the sensitivity, S;, and the Full-Scale Range, R,
values that are input into the software during the sensor configuration (Figure 7.6). It was
hypothesized that the sensitivity of each bridge, S;, could be normalized relative to the other
bridges with a unique sensitivity value, S;, which could be used in the Sliceware™ settings to
balance the gain between each bridge.

Sensitivity values for the horizontal bridges Su,;, were initially set to a nominal value of

Sy = 0.005 (mV/V/EU) based on recommendations from DTS engineers. Sensitivity values for

the vertical bridges Sy,;, were initially set to a nominal value of Sy, =0.010 (mV/V/EU).
Following which, a two step loading protocol was performed:
1. A £500N Fz load was applied to measure the response &y, y4 to an Fz defined
as Cy;.
2. A +50Nm Mgz load was applied to measure the response Ensps to an Mz,

defined as Cy ;.
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Two single axis tension-compression load cells (Model: WNC-500-460, Interface,
Scottsdale, AZ, Resolution +£0.008N) were used as reference sensors to measure the applied Fz

and Mz loads. Data were sampled from the reference sensors and the prototype sensor at 1kHz

using the DTS DAQ. Values for Cy; and Cy; and their means, C,, and CTV, were calculated

using equations (7.1 & 7.2).

max(e,, ;
(eqn 7.1) CHi=M, fori=1-4
© max(M,)
max(g, ;) )
n7. =———, fori=1I-
eqn 7.2 C,. : fi 1-4
© max(F))

The percent deviation of the bridge response from the mean sensitivity of each bridge
was calculated (Table 2). To normalize the output of each bridge such that each horizontal and

vertical bridge has the same out put for a given load, the sensitivity values used in Sliceware™

were scaled (eqn. 7.3) by the scaling coefficient for a given bridge, yy; and yy; (eqn. 7.4).
(eqn. 7.3) Syi=Vu;™* S:f and S, =y, * S;’J , fori = 1-4
where Sy, =0.005 (mV/V/EU) and Sy, =0.010 (mV/V/EU).

C, C,.-C,

Cy and vy, =1-

(eqn. 7.4) Yui=l-——— , fori=1-4

C_ C_

7.2.3 Uniaxial Calibration of Prototype Sensor

Positive and negative uniaxial loads up to 50% of full scale of the aluminum sensor (Fx vy
= +100N, Fz = +500N, Mxyz = £25Nm) were applied to the sensor about it’s origin using
custom fixtures and a servo-hydraulic tensile load frame (MTS, Eden Prairie, MN). Two single
axis tension-compression load cells (Model: WNC-500-460, Interface, Scottsdale, AZ,
Resolution +£0.008N) were used as reference sensors to measure the applied loads. Digital
calipers (Mitutoyo, Aurora, IL, Resolution +0.0lmm) and a digital inclinometer (Digital
Protractor, Pro 360, Resolution +0.1°) were used to ensure that the custom fixtures applied loads
orthogonally to the axes of the six-axis transducer. Data from the eight strain bridges were
sampled at 1kHz using the DTS Slice Nano DAQ. Data were filtered using a low-pass 4-pole
Butterworth filter with a cutoff frequency of 100 Hz. The voltage response from the sensor was

transformed and converted to a force vector in Matlab during post-processing using equations
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(1.1)-(1.7), Chapter 6.2.2. Fixtures for applying all six load components and moments are shown

in Figure 7.6.

Figure 7.6: Fixtures used for the calibration of the six-axis force-torque transducer. (A)
Application of shear loads, Fxy (B) Application of tension and compression loads F; (C)
Application of Mxy moments (D) Application of Mz moments.
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7.2.4 Combined Loading

To evaluate the performance of the sensor under combined loading where the loading
rates are random and non-orthogonal to the axes of the sensor, a fixture was constructed such
that two force vectors could be applied to the sensor and measured using the same reference
sensors as those used in the calibration (Figure 7.7). Four configurations of load combinations
were tested three times each 1) {+F;, 0} 2) {0, +F,}, 3) {+F;, +F,}, and 4) {+F,, -F2}. The
applied loads measured by F; and F, were used to sum the six-load components (Eqns. 7.5-7.10)
about the sensor origin for comparison to loads calculated by the prototype sensor calculated

loads.

Figure 7.7: Free body diagram of the non-orthogonal combined loads applied to the sensor.

(7.5) Y Fy = F, sinf (7.8) Y My =FX
(7.6) EFY = F, cos0 (7.9) Y M, =FY
(7.7 Y F, =F, (7.10) Y M, =F,L,
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7.3 Results
7.3.1 Geometry of the Prototype Sensor

The aluminum prototype sensor was constructed using the DMLS process. However, the
features shown in Figure 7.1 were slightly skewed resulting from the lack of supporting
structures used during construction. For example the hole-B (Figure 7.1) was 0.3mm out of
round. The slots A and C (Figure 7.1) were asymmetric; the end of the slot closest to the outside
of the arm was within tolerance. However, the end of the slot on the interior part of the arm but
deviated from tolerance by up to 0.15mm on the end of the slot. No significant deviations in

geometry between arms were measured.
7.3.2 Strain Gage Placement

Design variables from the FEA optimization analysis (Chapter 6.3.2) included the
optimal location and permissible tolerances for strain gage placement on the sensor. All gages
were placed within tolerances with the largest deviation being 0.13mm from the target location

(with a maximum allowable deviation of £0.25mm).

7.3.3 Intra-Bridge Gain Balancing: Results

The percent deviation from the mean sensitivity for horizontal and vertical bridges is
tabulated in Table 7.1. The vertical bridges required larger scaling coefficients than the
horizontal bridges. This was due to the skewed geometry of the sensitivity slots and holes

reported in Section 7.3.1.

Table 7.1: Percent deviation and scaling coefficient, [%, yuyi] Cui from a and of Cy,; from

C, from each arm.

Bridge Arm 1 Arm 2 Arm 3 Arm 4
Horizontal [0.2%, 1.0] [0.2%, 1.0] [0.6%, 0.99] [0.6%, 0.99]
Vertical [-2.9%,1.03] [10.8%,0.89] [-12.5%,1.12] [-4.6%, 1.05]




7.3.4

Uniaxial Calibration of Prototype Sensor.: Results

The response of the prototype sensor to each of the six uniaxial loads was linear (Figure

7.8). A linear regression on the applied loads vs. the calculated loads for each of the six loads

had a goodness of fit greater than R’ > 0.999, p < 0.001. RMSE between the applied and

calculated uniaxial loads did not exceed 0.2% of the applied calibration loads.

Linear Regression for Uniaxial Calibration Loads

100

Fx R? : 0.9998
100

z
o

8
©

3
©
@)
-100

-100
M sz :0.9999

T 20

<

o

oA

©

3

S —20

-20 20
Applied (Nm)

100 -

Fy R? :0.9993

»
y/
4

-100 7
-100

20

100

MyR2 :0.9991

=20

=20 20

Applied (Nm)

100 -

F,R? :0.9999

—100
—100

20

100

M, R?:0.9997

-20

-20
Applied (Nm)

20

Figure 7.8: Results of a linear regression for uniaxial calibration loads. R2 values reflect the

goodness of fit of a regression on the applied uniaxial calibration load to the load predicted by

the sensor.

7.3.5

Combined Loading Trials: Results

The RMSE for all axes were extremely small for 12 combined loading trials. The average

and standard deviation RMSE between the applied loads measured by the reference sensors and

the prototype sensor is tabulated in Table 7.2 for 12 trials of combined loads. The maximum

absolute RMSE was Fz=5.69+2.01 N. The addition of F; to the combined loading increased the

RMSE for F7. This is likely a result of the reference load, Fi, not being applied perfectly parallel
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to the XY plane of the sensor, producing a small Z component that was not measured by the
reference sensors, F; and F,. A linear regression on the applied loads vs. the calculated loads for
each of the six loads had a goodness of fit greater than R° > 0.96, p < 0.001. A time history of
the relative error between the prototype sensor and the applied loads for an exemplar combined

loading trial (Figure 7.9).

Table 7.2: Root Mean Squared Error (RMSE) with Average + one Standard Deviation in EU &
percent of full-scale of Root Mean Squared Error (RMSE) for 12 combinations of non-

orthogonal loading with various combinations from the F; and F loads.

RMSE FX FY FZ MX MY MZ

(EU: N, Nm) 1.47+0.65 1.3+0.35  5.69+2.01  0.2+£0.09  0.17+0.13  0.07+0.70
% Full Scale 0.008% 0.007% 0.063% 0.071% 0.061% 0.028%

Force Torque ¥
N . 5 —Y
e ® : —Z
L L
vi Rreiedaindnte - v [rORoadadecee-
L L
2 -5 v S -5 ,
0 10 0 10

Time (Sec) Time (Sec)

Figure 7.9: The percent full-scale error for an exemplar loading trial for forces (left) and
torques (right).

7.3.6 Comparison of the Prototype and FEA Model

A comparison of the FEA model to performance of the prototype sensor can be done
using several metrics. Each column of Cp and Crgy, the calibration matrix from the prototype
and FEA model, respectively, was normalized by its diagonal component and the relative
magnitude of each element of Cp is plotted against the same element of Crg4 (Figure 7.10). The

diagonal elements are all significantly larger than the off diagonals, though Cp has off-diagonal
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elements that appear to be larger than the same corresponding elements of Crg4, namely Cyz, Cig,
Caa, Cy6, Ca1, Caz, and Cs;. The largest of these elements, Cs;, has a magnitude of 15.5% that of
it’s corresponding diagonal element, C;;. These elements do not appear to affect the accuracy of
the sensor calibration.

Several studies have proposed using the condition number of a sensors calibration matrix

3739 The condition number of a matrix is the ratio of the

81,83

as measure of sensor performance
largest and smallest values from the singular value decomposition of a matrix™ **". It can also be

expressed as the product of the L2 norm of the matrix and the L2 norm of it’s inverse,

Cond(C)=||C||HC'1H where ||C|| is the L2 norm, or the Euclidian norm,

cl, -

smaller the condition number, the more ‘well conditioned’ the matrix C is for solving a linear
system of equations, such as CF = €.
A comparison of the calibration matrices calculated from the prototype sensor, Cp, and

the FEA model, Crg4, with their corresponding condition numbers is shown in Table 7.3. Using

the condition number criterion Cp, from the prototype sensor, is more well conditioned than Crey4
57-59

Table 7.3: Comparison of calibration matrices calculated from the prototype sensor and the FEA

model.
09649 -0.1696 00134 00022 -00013 -00174 31547 -00522 00006 -00003 00004 -0.0002
00174 09449 00027 -0.0029 00000 0.0000 00107 -27963 -0.0007 00004 00000 -0.0002
C_| 00571 00093 05243 00015 00012 -00004 |mV. _| 00113 00018 05356 00001 -0.0001 00000 |ue
"7 00827 -00890 00206 -0.0186 00007 00000 |EU "™ | -00013 -0.0014 00026 00156 00003 0.0000 |EU
-0.1884 00705 -0.0191 00010 -0.0173 -0.0002 0047 -00029 00015 00001 -0.0164 0.0000
200187 00796 00023 -00003 00000 00101 00157 00011 -00011 00000 0.0000 -0.0164
Cond(C,)=1054 Cond(C,,,)=192.8
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FEA Model Physical Sensor
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Figure 7.10: Each element of the Calibration Matrices from cazulatedﬁom the FEA model
(Figure 6.7 D) and the physical sensor was normalized by its diagonal component, C;j/C;. The
magnitude of each diagonal component, C;;/C; = 1. The magnitude of each normalized element

Cjj (unit less) from both calibration matrices is plotted against each other for comparison of the

calibration matrices calculated from the FEA model and the prototype sensor.

Both matrices were used calculate loads with RMSE values (comparing the applied vs.
calculated loads) less that 0.1% full scale for all axes under uniaxial loading. Under combined
loading, Crg4 had lower RMSE values than Cp, despite having a larger condition number.
However, the RMSE values for both Crg4 and Cp fall below the maximum permissible values of
RMSE,; < 5%, fori = 1-6.

However, a comparison of the RMSE values in Table 6.12 and Table 7.2 is somewhat
nebulous because they are not calculated from trials using the same input data. This only
provides a measure of the precision between Crgq and Cp but not their accuracy relative to a

known reference system.
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To quantify their accuracy and allow for a direct comparison of the performance Crg4
and Cp, an additional analysis was performed. The reference sensor signal from a combined
loading trial reported in section 7.3.5 was down sampled from 1000 Hz to 2 Hz. The down
sampled signal was comprised of a 50x6 load vector, F={Fx, Fy, Fz, Mx, My, Mz}. F was
imported into the FEA model was used as a forcing function input to the FEA model and the
corresponding strain response from each of the 50 load steps was exported into Matlab and used

with Crgg4 to predict the input loads (Figure 7.11).

/ F REF RM SE(F FEA® RI-.'I’)
REF F - F F
F, (t) — — ¢ — Fips  t= RMSE(F,,, . Frer)
\ Time (sec) — = =
\/ FS'cn.\‘or RM. S E( FS’;-nwr’ I-'l‘.'/\)
Reference Force Vector. FREF(t
() Matlab
Descretized Force Vector, Ff&°(t)
1 1
281_ s €&
ANSYS Output: - FEA
50 responses from 50 load steps 8 8
1 50 28—,9_11 —> £
£ =[g,....., £"] -
8 from 32 strain gages = —FEA 5 751
' F...=¢ "KC;,
£ = I 5,1 )))))) 5:?' FEA o FEA
Physical Sensor
""‘:':I = Bridge(mV, = Bridge(mV',......Bridge(mV{] E E S S
m! Ll ld Sensor =densor
> paa > €y €,
» - —Sensor -1
b > > Sensor = €o K C.\'m.\'nr
M0 s Bridge(nV, = BridgeOnV),......Bridge(nV,) > >

Figure 7.11: A Flow Chart showing how the same load data was applied to the physical sensor,
and the FEA model. The strain response from both the FEA model and the sensor were used to

calculate the applied loads from the same reference force signal. The RMSE was then calculated.

RMSE values, comparing the loads calculated by the senor to the loads measured by the
reference sensors, loads calculated by the FEA model to the applied loads, and loads calculated
by the FEA model to loads calculated by the sensor are tabulated in Table 7.4 for the same

applied reference load .
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The FEA model and prototype sensor were in very good agreement, showing good

precision of both Crg4 and Cp. The FEA model and the prototype sensor were both in very good

agreement with the reference applied loads, providing a strong validation of the FEA model and

the prototype sensor to the same reference system. A time history of the applied loads compared

to the loads predicted by the prototype sensor and by the FEA model is shown in Figure 7.12.

Table 7.4: Comparison of the prototype sensor performance to the FEA model and the reference
applied loads. RMSE tabulated in EU and percent of full scale

RMSE

Sensor vs. Applied

FEA vs. Applied

FEA vs. Sensor

Fx [N, % F.S.]
Fy [N, % F.S.]
F, [N, % F.S.]
Mx [N, % F.S.]
My [N, % F.S.]
M [N, % F.S.]

[1.70 N, 0.01%]

[1.11N, 0.01%]

[3.74 N, 0.04%]
[0.13 Nm, 0.05%]
[0.19 Nm, 0.07%]
[0.36 Nm, 0.14%]

[0.24 N, 0.00%]

[0.41 N, 0.00%]

[4.15N, 0.05%]
[0.20 Nm, 0.07%]
[0.13 Nm, 0.05%]
[0.00 Nm, 0.00%]

[1.57 N, 0.01%]

[0.88 N, 0.00%]

[5.06 N, 0.06%]
[0.24 Nm, 0.09%]
[0.23 Nm, 0.08%]
[0.04 Nm, 0.02%]

— Applied
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Figure 7.12: Time-history of an exemplar trial of the six load components applied by the
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reference system, calculated by the physical sensor, and predicted by the FEA model.
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7.4

Calibration of Full Scale Sensors

Calibration of two full-scale Inconel six-axis force transducers was performed using the same

methodology described in Section 7.2.3. Linearity, accuracy, and hysteresis were all within

specified limits. The experimentally determined calibration matrices of both sensors numbers of

both sensors are shown in Figure 7.13. The condition number for C' = 96.1, and C* = 152.6. An

exemplar trial of combined loading is shown in Figure 7.14. Full-scale sensors were also

validated for water ingress testing by submerging them in 0.6m of ice water for one hour while

recording data to verify no internal leaks or shorts in the circuitry.

[ 951

=274 0.17 003

-2.55 -1632 0.03 0.19

C' = -138 -052 1207 001
031 -007 -0.06 -0.29
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| -0.02 000 -0.12 001

000 |

Figure 7.13: Calibration matrices for both full-scale sensors.
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Figure 7.14: An exemplar trial of combined loading of a full-scale Inconel six-axis force

transducer. Maximum RMSE was 1.7% of full-scale.
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7.5 Discussion

From the studies available that report the accuracy of all six load components of the
sensors studied, the errors measured from the FEA model and prototype sensor in the current

. 24,59,71,73,90
study are of equal or lesser magnitude®*>-""""*

and also satisfy the performance requirements
outlined in Chapter 6.2.1. However, these studies often only report the error of the sensor output
relative to the known input load during calibration and do not report on the accuracy of non-
orthogonal combined loads applied to the sensor as has been done here. One possible explanation
for why the condition number of each matrix was not correlated to the RMSE from the combined
loading trials is that studies rarely, if ever, rigorous validations that include combined loading
trials.

The bulk of literature on multi-axis transducer design utilizes the condition number

o D 57-59,74,81-83,91
criterion as an optimization parameter and a measure of sensor performance’’ >85>

. During
the design and optimization of a sensor, it is computationally expensive to use the condition
number, as it requires the full calibration matrix to be calculated for every design iteration. When
used for the evaluation of multi-axis sensor performance, there was no correlation between the
condition numbers of the calibration matrices of the FEA model and the prototype sensor and the
RMSE calculated from the model and sensor. Nakamura® proposed using strain gage sensitivity,
force sensitivity and minimal stiffness as design criteria. Further more, the performance of the
FEA model and the sensor design under evaluation reported in the current study confirm that the
design criterion first introduced by Kang’® can be used to effectively optimize sensors without
solving for the complete calibration matrix every design iteration.

It was necessary to perform a more rigorous validation of the calibration, using combined
loads, than is performed by most studies. In contrast, many studies reporting on the design of
multi-axis sensors, perform the optimization routines and derive the calibration matrix using
analytical or FEA models, but do not follow through with an analytical or experimental
comparison of the model to known applied loads *****® Some studies perform a uniaxial
experimental calibration of their sensor but rely solely on the elements of the calibration matrix

26,58

to elucidate the accuracy of their sensor design™" or the performance of only a select few axes

is reported®>®*™. Other studies have reported the precision, the relative error between their
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experimental sensor and the analytical or FEA model™, but fail to provide an estimate of

accuracy, or the relative error between the experimental sensor performance compared to a
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reference system. It has also been observed that several studies do not apply pure couples to

64,75,76

calibrate the six axis sensors to torque components which also will significantly affect the

accuracy of the calibration matrix under combined loading.
7.6  Conclusion

A six-axis force and torque transducer was designed and optimized using an FEA model
and a relatively new optimization criterion. A prototype sensor was constructed and calibrated.
The precision and accuracy of the prototype sensor is sufficient to validate both the FEA model
and the sensor design as well as satisfy the accuracy requirements for the proposed application of

measuring ground reaction forces of skiers on snow.
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Chapter 8. The XSENS MVN Biomechanics Motion Capture Suit

8.1 Introduction

The XSENS MVN Biomechanics suit will be used to measure the whole body kinematics
of skiers. When used in conjunction with the force sensors described in Chapter 7, the forces
transmitted from the snow, through the ski-binding-boot system to the lower leg and knee can be
calculated using an inverse dynamics model.

The purpose of this chapter is to introduce how the XSENS MVN Biomechanics Suit
(referred to hereafter as MVN) measures three dimensional body motion, it’s capabilities,

limitations, and why it was selected over other motion capture systems for this research.
8.2 Optical Motion Capture Systems

Optical systems have been the gold standard for 3D motion capture for decades. Optical
based systems initially consisted of video cameras tracking markers placed on boney landmarks

of interest and tracking the markers position, frame by frame (Figure 8.1).

Figure 8.1: Image from David Winter’s Textbook® on Biomechanics showing early optical

methods capturing a single stride using multiple exposures and a strobe light in a dark room.
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Multiple cameras can be added to increase the capture volume and measure three
dimensional kinematics. Infrared optical systems such as Vicon and Qualysis have become the
new gold standard for 3D motion capture in a laboratory setting. These camera systems track
reflective markers attached to anatomical landmarks of interest, simplifying data-processing.
Optical based systems can achieve extremely high levels of accuracy to the degree of being able
to calculate the instantaneous center of rotation and translation of the knee.

However they are not without their limitations. Error can be introduced to the
measurement through markers that are placed on clothing and skin that can move relative to the
rigid bones they are intended to measure. These systems may be well suited for gait laboratories.
However the subject must remain in view of the cameras within the capture volume, making

these systems ill-suits for application in the current study.
8.3  XSENS MVN Biomech Suit

The XSENS MVN Biomech Suit utilizes 17 Inertial Measurement Units (IMUs) to track
the 3D motion of 23 motion segments of the human body. IMUS consist of nine sensors; tri-axial
linear accelerometers, tri-axial rate gyroscopes, and tri-axial magnetometers (Figure 8.2). Using
the linear accelerations, measured angular rates, and measurement of the ambient magnetic field,
the orientation, position, and 3D motion of the IMU can be calculated using the sensor fusion,
where multiple types of sensors are used to estimate a given parameter. Seventeen IMUs are
used in the MVN suit (Figure 8.3). are held in specific anatomical locations by a lycra suit worn
by the subject to track measure the 3D motion of 23 motion segments. However, the position of
each IMU is still somewhat arbitrary and not necessarily in an orientation that is anatomically
related to the motion segment it is intended to measure. This problem is overcome by having the
subject stand in several static postures from which the MVN Studio software can apply the
orientation of each IMU as a baseline orientation for each motion segment.

The length of each motion segment is scaled from anthropometric data using the twelve
anatomic measurements taken of the subject (Figure 8.5). The MVN model is constructed using
the scaled motion segment lengths and the locations of each IMU (Figure 8.5). The model
calculates the 3D motion of each motion segment relative to its own local coordinate system that

is directly measured, as well as the global coordinate system (Figure 8.6).
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Figure 8.2: One of 17 IMUs used in the MVN (image reproduced from the XSENS MVN Users
Manual, Rev. ).

Full Body Configuration

v
*®
C

Figure 8.3: Location of the 17 IMRs in the MVN. (image reproduced from the XSENS MVN
Users Manual, Rev. )
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Figure 8.4: Exemplar anatomical measurements used for scaling the MVN model. (image

reproduced from the XSENS MVN Users Manual, Rev. I).
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Figure 8.5: The MVN model consisting of 23 motion segments. Each model is scaled from
anthropometric data interpolated from subject measurements. (Image reproduced from the

XSENS MVN Users Manual, Rev. I)
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Figure 8.6: The global coordinate system with the coordinate system of each motion segment
and the location of the IMUs on the leg. (Image reproduced from the XSENS MVN Users
Manual, Rev. I).

The XSENS MVN algorithm assumes each motion segment to be rigid. Each joint
connecting the motion segments is modeled as a ball and socket joint with three rotational
degrees of freedom and no translational degrees of freedom.

The signals from the seventeen IMUs are compiled by two M-bus units that sit on the
lower lumbar spine of the subject. Data can be transmitted wirelessly via Bluetooth 2.0 to a
personal computer up to 10m radius, or a PC can be serially connected to the M-buses and placed
in a backpack on the subject. This option provides the subject a virtually unlimited capture
volume and is the primary reason the XSENS MVN Biomech suit was selected for Study 3
(Figure 8.7).
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Figure 8.7: The XSENS MVN Suit allows for 3D kinematics to he measured on skiers outside of a

laboratory systems with optical based systems.
8.4 Limitations

The XSENS MVN is susceptible to errors associated with differential motion of an IMU
relative to the rigid motion segment it is intended to measure. Additionally, the assumptions of
ball and socket joints (no relative translation of adjacent motion segments) does not allow for
high resolution biomechanical analysis, such as analysis of the center of rotation of joints and

predicting strains in ligaments of the joint.
8.5 Accuracy

Several studies have utilized the MVN for measuring whole body kinematics of subjects
skiing and participating on other recreational activities’**. The accuracy of the XSENS MVN
claimed by the manufacturer is RMSE of less than + 3 degrees in dynamic situations’®. One
study by Seel et al.”” compared the angular displacement of the knee joint on a subject with an
above knee amputation and prosthesis on one leg was well as the contralateral leg. Seel et al.
reported an RMSE error of 1° in prosthetic knee angle between a ten-camera Vicon Optical
Motion Capture system and the XENS system. Measured knee angle of the contralateral 1 of the
single leg amputee an RMSE error of 3°, likely increased by soft tissue artifacts. Other studies
have not been able to replicate this value, and estimate the accuracy to be closer to £5° *°. For

comparison, an analysis of 15 studies utilizing optical methods found an average error of +5
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degrees in joint angles °°. Other studies have reported inter and intra observer errors using

50 99

Optical Motion Capture systems also range between 4- and 2 cm accuracy in absolute

position'®.
8.6 Small-Scale Validation Study of the XSENS MVN Biomech

The accuracy resported by Seel et al.”’ are encouraging; however, there are few other
studies that have reported on the accuracy of using IMUs for 3D motion tracking by comparing
the XSENS system to an optical based system. To provide additional confidence in the use of the
XSENS system for Study 3, a small validation study was initiated to compare the performance of
the XSENS MVN Biomechanics suit to a traditional camera-based motion tracking system.

In the Human Motion Analysis Research Lab, Department of Rehabilitation Medicine,
University of Washington, a single a human subject was fitted with the XSENS MVN Suit and
33 reflective marker sets on body landmarks (Figure 8.8). A Qualysis infrared camera system
(Goteborg, Sweden) measured the position of the reflective marker sets while the XSENS MVN
Suit measured kinematics while the subject performed simple quasi-static and dynamic motions.
Twelve separate trials were record while the subject performed quasi-static and dynamic motions

of the lower extremities, upper extremities, trunk, head, and whole body.

Figure 8.8: (Left) Subject wearing the XSENS MVN Suit with reflective marker sets attached.

(Right) Reflective marker sets tracked by the Qualysis motion capture system.
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There were insufficient markers on each motion segment to allow for tracking of each
motion segment for a comparison of joint angles between XSENS and Qualysis. However,
several markers were placed close to the anatomical origins of several motion segments of the
XSENS system. Therefore a comparison of the displacement of one select Qualysis markers and
the origin of the corresponding motion segment in the XSENS system was compared. Figure 8.9
shows how a comparison was performed between the Qualysis marker placed on the olecranon
process of the Ulnar bone, and the elbow joint center computed by the XSENS system as the test
subject performed various motions of the arm.

As shown in Figure 8.10, there was relatively strong agreement between select Qualysis

markers and the XSENS system, with an RMSE = 0.015m, and an R* = (.99.
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,, XSENS: Origin of Elbow Joint
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Ve . e radius ——#// Qualysis Marker
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Figure 8.9: Comparison of the resultant displacement of the elbow joint computed in the XSENS

system and a Qualysis marker placed on the olecranon process of the Ulnar bone.

176



Resultant Dispaclement: RMSE 0.015 Resultant Dsipaclement: R? = 0.99

— Qualysis XSENS
0.6 0.6
E
é 0.3 h i,‘ 0.3
0 A 10 20 30 0~ 0.3 0.6
Time (Sec)

Qualysis (m)

Figure 8.10: Comparison of the resultant displacement of the Qualysis marker and the elbow

Jjoint center computed by the XSENS system.
8.7  Discussion

The XSENS MVN suit holds several advantages over the other optical motion capture
systems, most importantly the ability to measure 3D motion of skiers without the restriction of a
capture volume defined by a camera system.

The accuracy of the system has not been well validated, though one preliminary study
reports low RMSE errors between the optical systems and the MVN system. Other studies'**'"!
have reported position error in the same range as the 2cm position accuracy which corresponded
to 1° accuracy in orientation and up to 3.7° accuracy in relative joint angles.

However, a small-scale validation study was been undertaken to better understand the
strengths and limitations of the system. Though limited in scope, this study has shown that the
XSENS system appears to be capable of the accuracy in the 2cm range for displacements and

through inference by the results of other studies, implies that the joint angle measurements will

be accurate to within to 3.7°- to 5.0° which is sufficient for this study.
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Chapter 9. The On-Snow Performance of Alpine and AT Ski Equipment

9.1 Overview

The purpose of this study is to quantify the risk of injury to skiers using modern alpine
and AT equipment and identify differences in equipment, gender, snow type, and other risk
factors for injuries that may illuminate a strategy for how ACL injuries may reduced or how the
reliability of Tech/Pin bindings might be improved.

The preceding nine chapters have described research performed to date that includes:
* Study 1: Laboratory testing of the retention release characteristics of AT boots in Alpine

Bindings (Chapters 2-3).

* Study 2: Laboratory testing of the interaction of AT boot inserts with the release

characteristics of Tech/Pin bindings (Chapters 4-5).

* Design and calibration of sensors for Study 3 (Chapters 6-7).
* A small-scale validation of the XSENS MVN Biomechanics Suit (Chapter 8).

The results from studies 1 and 2 indicate that the use of AT equipment will not afford
skiers the same protection against lower leg fractures as traditional alpine equipment. Studies 1
and 2 have provided valuable insight into the performance of alpine and AT boot binding
systems in a controlled laboratory environment. However, ski bindings were designed to prevent
the skier who has a considerable effect on the loads that are applied the ski-binding-boot system.

The purpose of performing Study 3 is to quantify the reaction forces at the top of the boot
cuff, and the joint reaction forces at the knee for skiers using both alpine and AT equipment
while addressing potential injury risk factors such as gender and snow condition. Section 9.2
describes the study design (section 9.2.1), human subject testing (section 9.2.2), equipment used
(9.2.3). This chapter also describes the testing protocol (section 9.3), data and data acquisition
(section 9.4), statistical analyses (section 9.5). Five analyses from these data are presented
including:

* Analysis No. 1: Comparison of Minimum Retention Requirements to Measured
Boot Top Loads (Section 9.6)
* Analysis No. 2: Statistical modeling of ground reaction forces and knee flexion

angles (Section 9.7)
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* Analysis No. 3: Analysis of loads generated during an inadvertent release (Section
9.8), and a comparison of load paths between Alpine and AT Bindings.
* Analysis No. 4: Predicting maximum GRF values from simple anthropometric
measurements of skiers (Section 9.9)
* Analysis No. 5: Analysis of Skier Velocity (Section 9.10)
Futhermore, an analysis of the knee kinematics will be performed in Chapter 10 followed
by an analysis of knee loads in Chapter 11 estimated from an inverse dynamics model which

incorporates kinetic data described in Chapter 9 and kinematic data described in Chapter 10.
9.2  Study 3 - The on-snow performance of alpine and AT equipment
9.2.1 Study Design

The purpose of Study 3 is to quantify the performance of alpine and AT equipment by
measuring leg and knee loads of skiers using a repeated measures design. Risk factors for
injuries such as gender, leg dominance, and snow condition will be included as independent
variables. The data collected will allow for the following hypotheses to be tested (previously
outlined in Chapter 1.5.2):

e Hs:  The minimum release requirements (MRR) values, established by international
standards, will not exceed the maximal leg loads generated by skiers using alpine
equipment while skiing on groomed maintained slopes.

e Hs: The MRR values, established by international standards, will not exceed the
maximal leg loads generated by skiers using AT equipment while skiing on groomed
maintained slopes, but may exceed forces generated by skiers using AT equipment off-
piste (on non-maintained slopes).

* Hg  The maximal leg loads generated by males will not be different from females.

The following hypothesis will be examined in Chapter 11:

* H;:  The maximal knee loads generated by males will be different from females.
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922 Human Subject Testing

A protocol approved by the University of Washington Internal Review Board (IRB

#43735) will be used to recruit human subjects and collect data while subjects ski on

instrumented equipment.

9.2.2.1 Subject selection, recruitment, and requirements

Seven male subjects and five female subjects were recruited for testing via social media.

Subject selection requirements (inclusion/exclusion criteria) included:

Weight > 105 1bs. (48 kg)
o 105 Ibs. (48 kg) is the minimum skier weight recommended by Tech/Pin binding
manufacturers.
Height > 60” <
Skiing Experience > 2 years
Not currently pregnant and no surgeries, fractures, or head injuries in the last 6 months.

Provide proof of health insurance.

Each subject was asked to participate in the study for one full day. Subject data was

anonymized. Seven males and six females were included in the study. Males were 29.9 + 4.5

years of age, weighed 114.6 = 10.2 kg, and measured 177.2 + 7.4 cm in height. Females were
33.3 £ 5.9 years of age, weighed 86.2 + 14.8 kg, and measured 164.6 = 5.513 cm in height. All

skiers self identified as a type III skier, except for one female who identified as a type II skier per

the skier classification described in ASTM F939-12°% (Figure 9.1). N = 59 anthropometric

measurements were taken of limb lengths, circumferences and relation to overall subject height

Figure 9.2. These measurements were used to scale the mass properties of the foot, lower leg,

and upper leg *>'%71% for the inverse dynamics model (Chapter 11).
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Figure 9.1 Skier classification chart reproduced from ASTM F939-12°.

Figure 9.2: N = 59 anthropometric measurements of each subject were taken.
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9.23 Equipment
9.2.3.1 Ski Equipment

9.2.3.1.1 SKkis
Skiers were allowed to choose from three lengths of the Dynastar Cham 97 all mountain

ski (172cm, 178 cm, or 184cm) Figure 9.3. Females all selected the shortest ski (172 cm) except
for the tallest female subject, who selected the longest ski (184 cm). Four males chose the
longest skis (184 cm) and three males selected the mid-length skis (178 cm).

The center flexural spring constant, and torsional spring constant of the fore and aft body
of the skis were quantified per methods described in ASTM F779-12'"" and ASTM F489-12'%,
respectively Figure 9.4. Flexural stiffness decreased with ski length, (p < 0.001) (
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Figure 9.5). Torsional stiffness was not significantly different between ski lengths.
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Figure 9.3: Three lengths of the Dynastar Cham 97 ski were used for testing: 172cm (top),
178cm (center), 184cm (bottom)

Figure 9.4: The flexural (left) and torsional (vight) spring constants of each ski were measured
per ASTM F779-12 and ASTM F489-12.
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Figure 9.5: Center flexural spring constant, and torsional spring constants of the for-body and

after body of the skis.

9.2.3.1.2 Boots
Skiers selected their preferred boot size in a Scarpa Freedom ski boot (Scarpa, Italy). The

Scarpa freedom boot utilizes removable soles for use in alpine or AT bindings (Figure 9.6 and

Figure 9.7). The same boot shell was used for both Alpine and AT bindings homogenize the
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effect of the ski boot between alpine and AT bindings. Females used boot sole lengths ranging

from 267-287 mm and males used boot sole lengths ranging from 307-347 mm.

9.2.3.1.1 Bindings
The Rossignol Axial 3 (Isere, France) (indicator setting range: 3.5-10) and Dynafit

Radical ST (indicator setting range: 4-10) (Munich, Germany) bindings were selected for testing
to provide a comparison between Alpine (Figure 9.8) and AT bindings (Figure 9.9). Bindings

were mounted with the custom six axis transducers on the skis (Figure 9.10).

9.2.3.1.1 SKki Poles
Subjects could elect to use their own poles for testing. Poles were provided for upon

request.

Figure 9.6: The Scarpa Freedom boot has inter-changeable soles for use in Alpine or AT
bindings. This boot was chosen so that the flex of the boot was the same, for both Alpine and AT
boots, rather than using two different models of ski boots for Alpine and AT bindings.
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Figure 9.7: Alpine boot sole (left) and AT Boot sole (right) attached to the same boot shell

model.

Figure 9.8: The Rossignol Axial 3 used for testing as an exemplar Alpine Binding. Indicator
setting range: 3.5-10.
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Figure 9.9: The Dynafit Radical ST used for testing as an exemplar AT binding. Indicator setting
range: 4-10.

9.2.3.2 Testing Equipment

9.2.3.2.1 Kinetics (Six-Axis Force Sensors)
Skis were instrumented with the six-axis force sensors developed in Chapters 6-7. One

ski was mounted with two six-axis force sensors mounted at the locations corresponding to the
toe and the heelpiece of the recommended mounting position of the boot (Figure 9.10 and Figure
9.11). The force sensors had adapter plates to allow for alpine bindings or Tech/Pin bindings to
be attached to the sensors. The adapter plates were manufactured such that PointO (Figure 9.10
and Figure 9.11) remained in a fixed position relative to the ski when different bindings are

mounted onto the six-axis sensors.

Heelpiece Toe Piece

186



Figure 9.10: Two six-axis force transducers mounted under the toe and heelpieces of an Alpine

ski binding.

XSENS Foot

Heelpiece SR e

Toe piece

-

Figure 9.11: Two six-axis force transducers mounted under the toe and heelpieces of an AT ski

binding. The XSENS IMU for each boot can be seen on the boot toe.
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Figure 9.12: Force equilibrium between toe, heel, and Point O. L' is equal to 35% of the total
boot sole length (BSL).

It was cost prohibitive to instrument both skis simultaneously as this would require two
more custom force transducers and 16 additional data-acquisition channels. Therefore on the
other ski, dummy sensor blocks of the same height, weight, and shape as the six-axis sensors
were mounted in the same fashion as the instrumented ski, to equalize the mounting height and
weight of both skis. This configuration allowed for ground reaction forces at the toe and
heelpiece of the ski binding on the instrumented leg were recorded. The both legs were measured
during separate runs. The order of which leg is tested first, dominant or non-dominant, was
randomized. Data from the force sensors was acquired using the DTS Nano Slice Unit (Chapter
7). Sensors had a mass of 0.75 kg, a thickness of 29.1 mm thickness for the ski transducer.
Sensors had a full-scale range is 19 kN (Resolution: 0.5 N) in shear [Fx, Fy], 12 kN (Resolution:
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0.3 N) in tension/compression [Fz]; torque range was 280 Nm (Resolution: 0.008 Nm) in all
three axes [Mx, My, Mz] (Figure 9.12). The maximum RMSE from the six axes of both sensors
was 1.7%. Ground reaction forces were acquired at 2.4 kHz using 16-bit data acquisition system

(Slice Nano, Diversified Technical Systems, Seal Beach, CA) with an anti-aliasing filter.

9.2.3.2.2 Kinematics
The XSENS MVN Biomechanics suit was used to measure body kinematics using 17

IMU and a common filter algorithm to calculate the kinematics of 17 motion segments and 23
joints Figure 9.13. Data from the XSENS MVN Biomechanics suit was collected using a
Microsoft Surface Pro 3 Tablet connected serially to the MVN M-Bus (Redmond, WA) running
MVN Studio (XSENS, Culver City, CA). Data were sampled at 120 Hz and digitally filtered
using a low-pass zero-phase shift, 4-pole Butterworth Filter with a cutoff frequency of 10 Hz.
The XSENS system was connected to a Microsoft Surface Pro 3 Tablet (Microsoft, Redmond,
WA) placed in the backpack of the subject that was used to record the kinematic data. Magnetic
fields from mechanized chair lifts can cause the IMU sensors of the MVN suit to drift over time.
After the subject rides a chair lift to return to the top of the course, the MVN suit was

recalibrated before the start of each recording trial.

Figure 9.13: An exemplar avatar shown in MVN Studio using data collected from a skier in the

XSENS MVN Biomech Suit.

9.2.3.2.3 Skier Position, Speed, and Heading
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A Racepak G2K Global Positioning System (GPS) unit was used to collect skier position
and speed at 100 Hz (Accuracy: +0.21 m, £0.1 kmh, Rancho Santa Margarita, CA,). The GPS
antennae affixed the subjects’ helmet measured the global position, speed, and heading of the

skier.

9.2.3.2.1 Data Synchronization
To record a trial, the XSENS MVN Biomech suit was initialized, following which, the

data acquisition system for the force plates and GPS were initialized by a manual switch closure.
With all three systems recording, the skier stomped three times on the force plates to produce
three corresponding spikes in the force plate data and the linear accelerometer channels in the

XSENS sensors mounted on the ski boot to be aligned in post processing (Figure 9.14).

Point O: Resultant Torque Foot Sensor: Resultant Acceleration
150 ‘ 150
E
<
S
5 75
(o]
=
0 10 20 06- ‘ -14
Time (Sec) Time (Sec)

Figure 9.14: Force plate data (left) and XSENS Biomech data (right) synchronization was
performed by aligning the peaks labeled Pl from three stomps performed by subjects at the start

of each test.
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Figure 9.15: A female subject on skis with
force plates mounted under the bindings.
The cable from the ski extends to the
backpack where the data acquisition unit
and other electronics were housed. The
XSENS MVN Biomech suit is under the

subject’s outerwear.

The DTS, Surface Pro 3, and GPS unit were housed in a small backpack worn by the
subject. Cables from the force sensors will run up the back of the instrumented leg and strain
relieved before entering the backpack and connecting to the DTS (Figure 9.15). The total mass of
skiers wearing a helmet, clothing, ski boots, the XSENS MVN Biomech suit, and backpack with

electronics was approximately 29-30 Ibs.

9.2.3.2.1 Video
Video recording of each trial will be performed at 30 fps and 1080p resolution to allow

for visual review of any anomalies, skier falls, and skier motions during each trial.

9.2.3.2.2 Snow Characterization

Snow conditions were quantified by measuring foot indentation, air temperature, and

snow surface temperature with a digital snow thermometer after each run '*” (Figure 9.16).



Penetration Depth
Measurement

Figure 9.16: Snow characterization was performed using heel penetration tests by the same

observer each day.
9.3 Testing Protocol

Subjects were required to use a helmet but were allowed to use their own or one provided
by the study. Subjects were fitted for in the XSENS MVN Biomechanics suit and were allowed
to wear their skiing outerwear over the suit while outside in the snow. Prior to each day of
testing, each Alpine and AT binding was installed and adjusted for the each subject per ISO
8061:2015%. Proper binding function and settings was verified using a Vermont Safety Release
Calibrator (Vermont Ski Safety Research, Underhill Center, VT) to measure the release torque in
twist and forward lean. Subjects were not allowed to lock the toe-piece of the Tech/Pin bindings
while skiing.

Each subject skied down an expert slope at a North American ski resort (Snowbird Ski
and Summer Resort). Skiers also performed non-skiing maneuvers including five sidesteps.
Trials were conducted on a ski run with a North East (NE) aspect and a starting elevation of
8,600’ above sea level with 800 feet of vertical relief and an average slope angle of 32° (Figure
9.17). The slope had groomed and non-maintained (off-piste) surfaces such that leg and knee
loads can be measured on both snow surfaces in the same run (Figure 9.17Figure 9.17, Figure
9.18).

Subjects skied in eight different configurations of ski equipment (Table 9.1). One subject
was tested per day for 13 days in April 2016. Of these 13 days, nine days had snow conditions
that were considered corn, which is snow that refreezes overnight, and slowly softened under the
heat of the sun throughout the day. Four other trials involved snow conditions considered to be

powder with approximately 7-10” of fresh snow that fell overnight.
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Table 9.1: Each subject skied a minimum of one run in each of the testing configurations

tabulated below. The testing order of each configuration was randomized.

Configuratio MVN | Binding Instrumented
n Run  Boot  Binding | Suit Sensors Leg
A 1 Alpine  Alpine v N N
2  Alpine  Alpine v N )
B 1 Alpine  Alpine v v Dominant Leg
2  Alpine  Alpine v v Non-Dominant
C 1 AT Tech/Pin v v Dominant Leg
2 AT Tech/Pin v v Non-Dominant

Subjects skied in alpine boots and bindings mounted directly on skis (i.e. without force
sensors), configuration A. The purpose of these two runs (A1-A2, Table 9.1) was to allow the
subject to become accustomed to the boot-binding-ski system, snow conditions, and the MVN
Biomechanics suit. These runs also allowed for a comparison of the kinematics of each subject
skiing with and without sensors mounted under the bindings to elucidate the effect, if any, the

added height and weight of the force plates had on skiers.

o . , o i
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- 4 ga bt ¢ LY it Y

Figure 9.17: Test slope used for on-snow data collection. The off-piste section was demarcated
from the on-piste section by a cat track that subjects were instructed to stop for 3 seconds on to

simplify the data analysis between the two slopes.
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Oﬁ Piste

Figure 9.18: A detailed photo of the off-piste slope and on-piste slope, taken from bottom of the

slope at the finish area.
9.4  Data Processing and Analysis
94.1 Kinetics

Raw voltage data from the two six-axis force sensors were transformed into six
components for force and torque using the calibration matrices experimentally determined in
Section 7.4. Each channel was digitally filtered using a low-pass zero-phase shift, 4-pole
Butterworth Filter using Matlab (Natick, MA). The cutoff frequency for each channel was
selected using a residual analysis method described by Winter ** (Figure 9.19) for each channel
and ranged between 150 and 210 Hz.

Using data from the toe and heel sensors, and equations shown in Figure 9.20, the force
and torque were summed about Point O. The forward lean, My, and twist, Mz, load components

were also transformed from Point O to the top of the Boot Top for further analysis (Figure 9.20).
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Figure 9.19: Cut off frequencies were chosen by selecting the frequency corresponding to the

intercept of a tangent line fit to the residuals of the frequency content the signal.
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Figure 9.20: Two six-axis of force and torque transducers measured loads at the toe and heel.
The loads from the toe and heel were summed about Point O and the boot top using the

equations presented above. L™ is equal to 35% of the total boot sole length (BSL).
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94.2 Kinematics

The XSENS MVN Biomech system utilizes 17 inertial measurement units (IMU) to estimate
body kinematics. Each IMU incorporates nine channels of data including tri-axial linear
accelerometers, tri-axial rate gyroscopes, and tri-axial magnetometers. The XSENS MVN
Biomech system incorporates three types of fusion engines, or algorithms to combine the 153
channels of data into full body kinematics for 23 motion segments and 17 joints.

According to the XSENS MVN Biomech support documentation®® a brief summary of each
fusion engine follows.

*  XKF3: The default fusion engine that utilizes the magnetometers to determine the global
heading of the subject. The joint angles computed are not as accurate as the KiC Fusion
Engines.

* KiC (Kinematic Coupling) without Magnetometers: Recommended fusion engine for
more accurate joint angles and segment orientations when the subject is moving
continuously. This fusion engine ignores magnetometer data, and requires the position of
the IMUs relative to the hip, knee and angle joints to manually measured (Figure 9.21).

* KiC (Kinematic Coupling): Recommended for trials where the subject is stationary for

long periods of time, and occasionally utilizes magnetometer data.

Based on the recommendations in the XSENS MVN Biomech documentation, the fusion engine,
KiC without magnetometers, would appear to be the most appropriate fusion engine for
processing the skiing data from this study. The XSENS MVN Studio software records kinematic
data in an .mvn file which can be post-processed using any of the three fusion engines. The knee
joint angle output from each of the three fusion engines is graphically compared in Figure 9.22
for one trial. The fusion engine KiC without magnetometers appears to output knee joint angles

that are closest to in vivo values from the literature’*!!%113,

The KiC fusion engine slightly
overestimates joint angles compared to the KiC without magnetometers, and the XKF3 fusion
over-predicts the adduction and rotation knee joint angles relative to reported maximal joint
angle values from the literature. Based on this comparison, the raw kinematic data was processed
using the KiC without magnetometers fusion engine, with the pelvis fixed. Data were filtered
using a 4-pole low pass Butterworth filter, with a cut off frequency determined using the residual

analysis method described in 9.4.1 before further analysis described in Chapter 10.
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9.5 Statistical Analyses

The load path of forces and torques transmitted through the toe and heelpiece are of
particular interest for comparing the effectiveness of alpine and AT bindings to lower the
likelihood of a lower leg fracture by operating within the retention-release envelope
defined by ISO 8061:2015 for forward lean and twisting releases (Figure 9.23).
Four separate analyses were performed on the ground reaction forces, kinematics, and
GPS data measured:
1. A comparison of the My and My loads measured and transformed to the boot top,
to permissible loads boot-top loads per ISO 0462 2012*(Section 9.6).
2. An examination of all loads measured at the toe and heel, and calculated at Point
O, of each binding, as well as the knee flexion joint angles, to identify
relationships between various covariates designed into the study (Section 9.7).
3. Examine how well general anthropometric measurements used in ISO
9462:2012° predict loads generated during skiing (Section 9.8).
4. Analysis of skier velocity using GPS data (Section9.10).

Figure 9.23: The forward lean and twisting torque measured at the boot top can induce

bending (left) and spiral fractures (right) if the torque exceeds the injury threshold.
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9.6  Analysis No. 1: Comparison of Minimum Retention Requirements to

Measured Boot Top Loads

The purpose of this analysis is to compare the retention-release values recommended

by international standards '

to the loads measured at the ski boot top. Recent
epidemiological studies have proposed lowering binding settings for female skiers'* to
prevent knee injuries. The potential effect of this proposal on knee injuries will be
addressed in Chapter 11, however, one potential adverse effect of lowering binding
settings is the risk of inadvertent release. The purpose of this analysis is to measures if
the boot top loads generated by male and female skiers exceed to the minimum retention
requirements (MRR) values specified by international standards in alpine and AT

bindings.
9.6.1 Methods

The forward lean [My] and twisting torques [Mz] transformed to the boot top were
normalized using the forward lean and twisting release torques measured on each binding
prior to testing using a Vermont Calibrator (Vermont Ski Safety Research, Underhill
Center, VT). A 99% confidence interval was calculated by fitting a Gaussian probability
density function to a scatter plot of measured twisting and bending torque and compared
to the retention-release envelope for forward lean and twist specified by ISO
8061:2015'". For comparison across subjects, the My and Mz values measured for each
subject were normalized by the My and My release values measured using the Vermont
Calibrator (Figure 9.24 and Figure 9.25). Therefore the units for the axes in Figure 9.24 -
Figure 9.29 are (Nm/Nm), where the bending (y-axis) or twisting (x-axis) torque
measured at the boot top was normalized by the bending and twisting release torque the

binding was set to for a given test subject.
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Figure 9.24: Axes showing the retention envelope for normalized twist [Mz] and forward
lean release torque values [My]. The maximum release envelope is 30% greater than the

retention envelope.
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Figure 9.25: An example of a scatter plots of the forward lean [My] and twisting torques
[M7] (left) from all females. The Gaussian probability distribution function overlaid with
the outer contour indicating the 99% probability density function boundary.

9.6.2 Results

A total of 147 trial runs were recorded. Of these trials, one male fell twice (one
binding release, one non-release), a second male fell twice (no release), a third male fell
three times (one inadvertent release, two non-releases), and one female fell (double
release of both bindings. Two falls occurred on the groomed on-piste trail. The other four
falls occurred on the off-piste trails. During non-skiing maneuvers, the alpine and AT
bindings both inadvertently released one time each. These releases did not cause the
subjects to fall. No injuries were reported during testing.

The distribution of forward lean [My] and twisting torques [Mz] at the boot top
were significantly different between covariates including binding [AT, Alpine], gender
[Male, Female], and piste [On, Off]. However, the effect size for binding and piste were
less than 0.001, so these statistical differences have little practical importance. However,
the differences in distributions for men and women were more consequential.

The differences between males and females for My were significant with a large
effect size (8 = 0.006, SE = 0.0007, ° = 0.09). The differences between males and
females for Mz were significant with the largest effect size (8 = 0.04, SE = 0.003, 5° =

0.17). These effect sizes indicate that the differences in loads measured at the boot top
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between males and females are significantly different and large enough to be of practical
significance. Examination of the female distributions, shows that females appear to use a
narrower range of My than Males, which is confirmed by the larger effect size for MZ, y°

= .17, than My, 5° = 0.09, (Figure 9.27 and Figure 9.29).

Boot Top Reaction Forces vs. 99% Confidence Intervals
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Figure 9.26: The 99% probability density function boundary for [My] and [My] for all
males in Alpine and AT bindings. Triangles indicate falls with no binding release. Circles

indicate falls with a binding release.
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The 99% boundary of the probability density function rarely exceeded the
prescribed retention-release envelope for both the Alpine and Tech/Pin bindings. For
Alpine bindings, males slightly exceeded the 30% in use range in Forward Lean. In falls
with alpine binding releases (No. 6 & 7, Figure 9.26 and Figure 9.28), loads did not
exceed 150% of the release envelope. However, two falls with alpine bindings that did
not release exceeded the release envelope in twist by approximately 200% and 400%,

respectively (No. 5 & 8, Figure 9.26 and Figure 9.28).

Boot Top Reaction Forces vs. 99% Confidence Intervals
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Figure 9.27: The 99% probability density function boundary for [My] and [My] for all
females in Alpine and AT bindings. Triangles indicate falls with no binding release.

Circles indicate falls with a binding release.
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For AT bindings, males slightly exceeded the 30% in use range in Twist. One fall
with AT bindings that did not release exceeded the release envelope by approximately
400% in forward lean (No. 1, Figure 9.26 and Figure 9.29). Two releases (No. 3 & 4,
Figure 9.26 and Figure 9.29) were classified as inadvertent releases that either did not
cause the subject to fall, or the release of the binding is thought to have caused the fall.
One fall from a female subject produced a double release of both bindings (No. 9, Figure
9.27 and Figure 9.29).

Boot Top Reaction Forces vs. 99% Confidence Intervals
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Figure 9.28: The 99% probability density function boundary for [My] and [My] for all
males and all females in Alpine bindings. Triangles indicate falls with no binding release.

Circles indicate falls with a binding release.
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Boot Top Reaction Forces vs. 99% Confidence Intervals
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Figure 9.29: The 99% probability density function boundary for [My] and [My] for all
males and all females AT bindings. Triangles indicate falls with no binding release.

Circles indicate falls with a binding release.

9.6.3 Discussion

Shealy et. al. examined the ability of ski bindings to detect the point at which a
binding should release using ‘Signal Detection Theory’®. In this study, Shealy et. al.
defined injuries attributed to an inadvertent release as a false-alarm, implying the binding
should not have released. Injuries attributed to a non-release were defined as a miss,

meaning bindings should have released to prevent the injury, but did not. Bindings were
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less precise for males than females, and males were 36% more likely to experience a
false-alarm than a miss.

In the current study, no injuries were reported so no comparison is possible to the
rates of ‘false alarms’ or ‘misses’ reported by Shealy et. al.® in the context of injury rates.
However, using Equations 9.1-9.3 a comparison can be made on

However, the loads measured during falls or binding releases can be compared to
international standards to evaluate binding performance on the snow. Let the measured
loads shown in Figure 9.26 - Figure 9.29 define if a fall with a release is a miss or a false
alarm, using the normalized boundaries for release shown in Figure 9.24. Equations 9.1-
9.3 can be used to describe a miss, a false alarm, or an appropriate ‘Target Release’. This

criterion counts a release outside the envelope as a miss.

‘ . (13> My
Equation 9.1 Miss = {1.3 > M,
‘ _ (My<1.0
Equation 9.2 False Alarm = {MZ < 1.0
‘ (13> My>10
Equation 9.3 Target Release = {1_3 > M, < 1.0

Using this criterion, Alpine bindings released appropriately in one fall, and three
of the four falls, or 75%, were misses. AT bindings released appropriately in two falls and
three of the five falls, or 60%, were misses (Table 9.2). Analyzing the number of falls by
gender, eight of the nine falls occurred to in males. The one fall from a female occurred
when the female lost control and fell forward with both bindings releasing, but according
to the measured loads was defined as a miss because the binding did not release before

loads exceeded the envelope limit.

Table 9.2 Number of releases or non-releases categorized according to Equations 9.1-9.3

and re-categorized based on whether the skier felt the release, or non-release was

appropriate.
Alpine, N = 643 Turns AT, N =728 Turns
Miss False Alarm OK Miss False Alarm OK
3 0 1 3 0 2
0.47% 0.00% 0.16% | 0.41% 0.00% 0.27%
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In the 1990s before wider skis, Scher”’ found that these loads rarely exceeded the
envelope criteria. It is possible that wider skis, stiffer boots, and the inclusion of off-piste
slopes to the data set have cause the loads measured in the current study to be larger than
those previously reported by Mote'%, Quinn™, and Scher?’.

In conclusion results show that under normal skiing, male and female skiers
generate loads that reach the release envelope limit but to not exceed it except in the
event of a fall. Alpine and AT bindings had similar rates of failing to release before loads
exceeded the MRR values. Males fell more frequently than females. If binding settings

were lowered for female skiers, the risk of an inadvertent release could increase.
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9.7  Analysis No. 2: Statistical modeling of ground reaction forces and knee

flexion angles.

Previous studies shown in Error! Reference source not found. have demonstrated
that the retention characteristics of AT bindings are not as reliable as alpine bindings.
Anecdotally, skiers have responded to this uncertainty by locking the release mechanism
of their ski bindings out. If the release function is locked out, this can significantly
increase the risk of a lower leg injury to skiers. Conversely, an inadvertent release can
also cause serious injuries to the upper extremities, head, and neck’''. Before the
retention and release characteristics of AT bindings can be optimized, it is critical to
understand how the loads are transferred from the ski to the skier through AT bindings,
how that differs from Alpine bindings, and define what the performance parameters of
AT bindings should be. The objective of this analysis is to measure what factors such as
gender, binding, or piste drive cause higher or lower loads (1) at the toe and heel pieces

and (2) at Point O.

9.7.1 Methods

This analysis was performed on the maximum loads and joint angles for each turn
performed. When skiers transition from one edge to another while skiing, an MX torque
is produced to hold the ski on edge (Figure 9.30). The transition point between each turn
was defined as the Mx signal changing sense as shown in Figure 9.31. From 147 runs,
1364 turns were identified. Figure 9.32 shows how these points were chosen over an
entire run and in more detail in Figure 9.33. Each turn was labeled as an inside or outside
turn depending on whether the instrumented foot was on the inside or outside foot of the
turn (Figure 9.31). The time of the Mx crossing zero was used to differentiate between

inside and outside turns in the kinematics data from the XSENS suit.
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Figure 9.30: Orientation of the X-axis along the longitudinal axis of the ski, and the

edge-to-edge torque, MX, used to define the transmission between turns.
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Figure 9.31: Turns with the instrumented leg on the inside or outside leg of the turn were
differentiated using the criterion of when the applied My at Point O changed sense. The

maximum load measured during each turn is designated by the yellow dot.
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Linear mixed effects models were selected as an appropriate statistical method to
analyze six-axes of peak loads from 1,364 turns. Mixed models allow for investigation of
relationships between response variables and independent variables, or covariates that are
observed or measured with the response variable. Reproducible covariates are defined as
fixed-effects. Covariates that cannot be observed, quantified, or reproduced are defined as
random-effects' ' %,

Mixed effects models perform a multiple linear regression utilizing both fixed and
random effects. In a repeated-measures study, data is considered to be unbalanced if the data
is incomplete. For example, during data collection, weather conditions did not always allow
for measurements to be taken on both on and off-piste slopes. Therefore there are some
subjects for which only off-piste measurements were taken. Furthermore, each subject would
have to have taken precisely the same number of turns on a given run to produce a balanced
dataset. If a traditional analysis of variance (ANOVA) were to be employed for this analysis,
incomplete data could not be included in the analysis.

However, mixed effects models can accommodate for an unbalanced dataset; for this
analysis the /mer package in R '"” was used.

Furthermore, it is likely that a certain degree of variability will be inherent between
subjects due snow conditions varying day to day, as well as the variability inherent in-
between subjects. Certain covariates of interest, such as differences in loads and kinematics

between inside and outside turns (Figure 9.33), may differ between turns.
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Figure 9.32: Skier Velocity (Top), Knee Flexion Angle, and six load components measured
for an entire trial are plotted. Time durations for inside turns (blue) and outside turns

(orange) are plotted, along with the maximum for inside and outside turns off piste.
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Figure 9.33: Skier Velocity (Top), Knee Flexion Angle, and six load components measured
for a ten second portion of the off-piste trial shown in Figure 9.32 (with limits changed for

each axis).
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The ability of treating each subject, and each turn made by each subject as a random-
effect in a mixed effects model will allow for a repeated measures analysis that will
significantly increase the sample size and power of the analysis. Rather than analyzing one
maximum value from the each of the 12 subjects in each condition, multiple turns can be
analyzed.

Random-effects can be defined in three ways: 1) allowing a slope for each level, 2)
allowing a random intercept, and 3) allowing random slopes and intercepts (Figure 9.34). In
this way, the random variance induced by each subject, changes in snow condition, and each
turn, are accounted for in each model.

With the aim of analyzing kinetics and kinematics of each turn, and their relation to the
covariates built into this study, linear mixed effects modes were developed to address the
following response variables:

1. Six linear mixed effect models were developed to analyze the relationship of each load
components summed about Point O from the loads measured at the toe and heelpiece.
These models included all covariates listed in Table 9.3with the exception of Location.

2. Six linear mixed effects models were developed to analyze the relationship of each load
component measured at the toe and heelpieces, with the goal to differentiate how
covariates affect load transfer through the toe and heelpiece of the binding. These models
included all covariates listed in Table 9.4.

3. Two linear mixed effects models were developed to analyze the relationship of knee
flexion joint angles to covariates built into the experimental design.

a. The first model was developed to evaluate the effect the force plate sensors had
on knee flexion angles. Knee angles from 2428 turns made with force plates under
alpine bindings were compared to knee angles from 386 turns made without force
plates under alpine bindings. This model included all covariates in Table 9.3
except for Binding.

b. A second joint angle model was developed that only included data from the 147
runs with force plates under the ski bindings. This model included all covariates
in Table 9.4 except for Sensor.

Response variables were normalized about their mean, and transformed using a Box-Cox power

transformation to achieve a normal distribution (Figure 9.35).
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Random Intercept Random Slope Random Intercept & Slope

Response
Response
Response

Random Effect Random Effect Random Effect

Figure 9.34: Mixed effect models can utilize random intercepts and constant slopes (left), a

constant intercept and random slopes (center), or random intercepts and slopes for each subject

(right). Figure adapted from Gelman 2007 '

Table 9.3: Level -1 covariate factors used as fixed-effects in the mixed effects models for GRF

response variables.

Factor Levels
Gender Female Male
Binding Alpine AT
Piste Off On
Turn Direction In Out
Location Toe piece Heel piece
Snow Depth (in.) Continuous: Min 1", Max = 9.75"
Ski Stiffness (ft/Ibs) 410, 460, 530
Leg Dominant Non-Dominant

Table 9.4: Level -1 covariate factors used as fixed-effects in the mixed effects models for joint

angle response variables.

Factor Levels
Sensor No Yes
Gender Female Male
Binding Alpine AT
Piste Off On
Turn Direction In Out
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Fixed-effects, or covariates, were defined as factors of interest built into the design of the
study and are tabulated in Table 9.3. Collinearity among fixed-effects was checked using
variation inflation factors, (VIF) < 2 >*. After each covariate was added to the mixed effects
model, it was tested for r interactions using the least likelihood ratio test.

Random-effects were also added using the least likelihood ratio test; if they were not a
significant source of variance to the model, they were removed and the model was simplified to a
linear fixed effects model. The random-effects of subject and turn were crossed, and defined to

allow intercepts. Turns were nested within each subject.

Untransformed Response Variable Transformed Response Variable: Transformed Response Variable
Normal Q-Q Plot Box Cox Power, Normal Q-Q Plot
° —
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Theoretical Quantiles Theoretical Quantiles Transformed Response Variable

Figure 9.35: Response variables whose distribution that did not pass Kolmogorov-Smirnov tests
of normality (left) were transformed using a Box-Cox power transformation to achieve a normal

distribution (center & right).
9.7.2 Results

For the purposes of these analyses, plotting the results of each model separately does not
allow for comparison of how each covariate of interest affects various load components.
Therefore, the ‘standardized coefficient’ metric was chosen to allow a comparison across
different models and different covariates. Standardized coefficients are normalized to describe
the portion of standard deviations of the response variable that will be caused by one standard
deviation change in the fixed-effect or independent variable. When categorical variables are used
as fixed-effects, standardized coefficients describe the portion the of standard deviations of the

response variable that will change when the categorical variable changes from one level to
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another, say, from male to female. Ski stiffness was considered as a predictor variable but was
not a significant contributor to variation in any of the six loads modeled.

Extended results from each model will be provided in an appendix. For clarity, the
standardized coefficients from each model have been compiled and organized by covariate. Six
linear mixed effects models were developed to analyze each respective load component resolved

about Point O for a relationship to each covariate such as gender, binding, or piste.

9.7.2.1 Interpreting Linear Mixed Effect Results

Linear mixed effects models are significantly more complicated to interpret when many
are accustomed to only looking for p-values to indicate differences. To aid in the interpretation
of the linear mixed effects model results, a brief example is given here.

A linear mixed effects model is developed to compare the how forces at PointO varied by
fixed effect. In the present example, the covariate gender has two levels, male and female. The
purpose of the analysis is to examine how binding loads differ between males and females. The
linear mixed effect model will output the standardized effect, in other words, how much the
loads at PointO will change between males and females. Figure 9.36 shows how the standard
estimate can be displayed graphically, which not only allows for differences to be shown, but the
magnitude of those differences. Since all six loads are of interest but will have different standard
deviations, the x-axis is normalized between +1 standard deviation, represented by the symbol o.
Each of the six loads is listed on the vertical y-axis, with the standard deviation for each load in
square brackets. For example, the standard deviation for Fx measured at PointO was ¢'* =914 N,

Mz

and for Mz at PointO, ¢ = 106.8 Nm. If Fx were plotted alone, then the 1 limits on the x-axis

of Figure 9.36 could be replaced with +914.
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Covariate: Gender, Ref Female

Load [o]
F, [914 N] S i
022
M, [106.8 Nm] - T e
-1 -0.5 0 0.5 1

Standard Estimates

Figure 9.36: Exemplar plot showing the standard estimate values. Asterisks indicates that there

is a significant difference with a * for p < 0.05, ** for p <0.01, or *** for p < 0.001.

If one is examining the difference between males and females, the x-axis limits of £1 are
equal to 6"* = 914 N for Fx and 6" = 106.8 Nm for M. The standard estimate plotted is the
difference between the levels of the covariate (Males vs. Females) in units of 6. The reference
level is listed in the plot title, in this case, females. The standard estimate value for Fx of 0.37,
shown by the blue dot, shows that males generate ¢' **0.37 = 338N more Fx than the reference
level, in this case females. Asterisks represent a significant difference with a p < 0.05 for *, p <
0.01 for **, or p < 0.001 for ***. The blue indicates that the difference in the predictor variable,
Fx, is lower for the reference level of the covariate (females) than males.

Following this pattern it can be noted that for PointO, the standard estimate of -0.22 for
M; value indicates that the mean My for males is -0.22* 6™ = 23.4 Nm less than the females,
shown by the red. This difference is not significant indicated by the absence of asterisks, and the

95% Confidence Intervals (error bars) that cross the 0 value of the standard error axis.
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9.7.2.2 Dependent Variable: GRFs at Point O, Covariate: Gender

A comparison of maximal loads between male and female skiers is summarized in Figure
9.37. Significantly lower lateral loads [Fy] to the ski bindings were identified in males, a
difference of -0.596Fy, or 362N, than females. No significant difference was found between
males and females for torsion [Mz]. Significantly higher loads were identified in males compared

to females for the other four loads measured (Figure 9.37).

Covariate: Gender, Ref Female

Load [o]
0.37 *
F [914N] - o
059 **
F, [613N] - o
0.53 **
F,[697 N] - .
0.37 *
M, [67.4 Nm] -
M, [111.4 Nm] - .
0.2
M, [106.8 Nm] - °
-1 -0.5 0 0.5 1

Standard Estimates
Figure 9.37: Standardized estimates from the Linear Mixed Effects Models for the independent

variable Gender. A model for each respective load produces estimates for the fixed effect of
Gender for each load. The numerical value given in square brackets is the standard deviation for
each load. The plotted values indicate the change in load in units of standard deviation

measured on males, relative to females.
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9.7.2.3 Dependent Variable: GRFs at Point O, Covariate: Binding

Mx was lower for AT bindings, -0.52($Fy than Alpine Bindings (Figure 9.38). Mx was higher for

AT bindings, 0.24c™, than Alpine Bindings. No significant differences were found in the

principal binding axes My or My between either binding at Point O.

Load [o]

F [914 N] -
F, [613 N] -

F, [697 N] -

M, [67.4 Nm] -
M, [111.4 Nm] -
M, [106.8 Nm] -

-1

Covariate: Binding, Ref Alpine

-0.32****
-0.52 ***
_._
0.10 **
o
® 0.24 ***
-0.02
-0.01 °
-0.5 0 0.5 1

Standard Estimates

Figure 9.38: Standardized estimates the independent variable Binding. The plotted values

indicate the change in load in units of standard deviation measured for AT bindings, relative to

Alpine bindings.
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9.7.2.4 Dependent Variable: GRFs at Point O, Covariate: Turn Direction

No significant difference in shear loads [Fx, Fy] was measured at Point O between the inside and
outside turns (Figure 9.39). Outside turns were significantly higher than inside turns for all other

loads. This indicates skiers weight the outside foot more than the inside foot.

Covariate: Direction, Ref: Inside Turn

Load [o]
F, [914 N] - 0%
-0.07
F, [613 N] - ) o
F, [697 N] - — o224
M_[67.4 Nm] - S
0'40 dedkk
M, [111.4 Nm] -
M, [106.8 Nm] - —_—
-1 -0.5 0 0.5 1

Standard Estimates
Figure 9.39: Standardized estimates for the independent variable Direction. The plotted values

indicate the change in load in units of standard deviation measured on the inside foot of turns,

relative to the outside foot of turns.
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9.7.2.5 Dependent Variable: GRFs at Point O, Covariate: Piste

Lower bending torque, -0.20c",, was measured at Point O, on compared to off-piste, indicating
skiers are not pressing the boot cuff through the turn as hard off-piste compared to turns on-piste.

Other load components were not significantly different (Figure 9.40).

Covariate: Piste, Ref Off-Piste

Load [o]
F, [914N] _ -0.153*
F,[613N] _ -0.20 o
F,[697 N] _ o.0-03
M, [67.4 Nm] . 011 o
M, [111.4 Nm] _ 020y
M, [106.8 Nm] - ___ @005
-1 -0.5 0 0.5 1

Standard Estimates

Figure 9.40: Standardized estimates from the independent variable Piste. The plotted values
indicate the change in load in units of standard deviation measured on the On Piste slopes,

relative to the Off-Piste slopes.
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9.7.2.6 Dependent Variable: GRFs at Point O, Covariate: Piste | Turn Direction

The significant interaction term between Piste and Turn Direction indicates skiers weight
their inside and outside feet differently depending on the piste they are skiing on. With the
interaction term, it is evident that the slope affects how skiers weight their outside foot. Skiers
apply less bending torque to the boot, -0.340My, than on-piste (Figure 9.41). No significant
difference is found in the rolling torque, Mx, on either piste, but skiers still apply more rolling
torque to their outside foot, 0.34c™,, regardless of the piste they are skiing on. Skiers weight

their outside foot more, regardless of piste, 0.24",.

Covariate: Interaction Piste | Direction
Ref: Off Piste - Inside

Load [o] Piste | Direction
; -0.15 ***
— Piste [Off - On] -
F, [914N] -
X L Dir[Out-In] - -0.03
— Piste [Off-On] - o 0:02
F, [613 N] -
vl ] L Dir[out-In] - -0.07
— Piste [Off-On] - _ @003
F_[697 N] - »
‘ L Dir[Out-In] - 024
— Piste [Off-On] - . ¢ 008
M, [67.4 Nm] -
X .—  Dir[Out-In] - o 0.42
— Piste [Off-On] - 0207y
M, [111.4 Nm] - B
. ] L Dir[Out-In] - -0.34
— Piste [Off-On] - _ @003
M, [106.8 Nm] I
‘— Dir[Out-In] - o
-1 -0.5 0 0.5 1

Standard Estimates
Figure 9.41: Standardized estimates for the interaction of the independent variable Piste and

Direction. The plotted values indicate the change in load in units of standard deviation
measured on the On Piste slopes and the Inside foot of ski turns, relative to the Off Piste slopes
and the Outside foot of ski turns.
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9.7.2.7 Dependent Variable: GRFs at Point O, Covariate: Leg Dominance

Slightly higher loads were measured at Point on non-dominant legs for Mx and Mz, 0.216™, and

0.226™,, respectively (Figure 9.42). Non-dominant legs might use poor technique, resulting in

higher loads.
Covariate: Leg, Ref Dominant

Load [o]

F, [914 N] - 0165

F, [613 N] - Loll

F, [697 N] - 0.00 o

M, [67.4 Nm] - ST
M, [111.4 Nm] - E
M, [106.8 Nm] - Al
-1 -0.5 0 0.5 1

Standard Estimates
Figure 9.42: Standardized estimates for the independent variable Leg. The plotted values

indicate the change in load in units of standard deviation measured on the non-dominant legs,

relative to the dominant legs of subjects.

9.7.2.8 Dependent Variable: GRFs at Toe and Heel, Covariate: Location | Binding

Interaction

A significant interaction term was found between Binding [Alpine vs. AT] and Location
[Heel vs. Toe] for all six-load components. In Figure 9.43, the standardized coefficients are
given from each model. The standard deviation is given in square brackets next to each load
component. The numbers in each graph give the proportion of the standard deviation needed to
change between levels of a given covariate. Skiers appear to weight the alpine bindings
differently, since alpine binding toe pieces transmit 436", F; compared toe .12¢", for AT
bindings. For alpine bindings, the toe piece transmits .136™, of Mx more than the heelpiece

while there is no difference in the amount of Mx applied through the toe and heelpieces for AT
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bindings. This implies that the heelpiece of AT bindings is transferring more load. This trend is
nearly identical for Mz. Under My however, Alpine binding heelpieces transfer -0.170My than

Alpine toe pieces. AT binding toe pieces however, transfer 0.19¢™, more load than AT binding

heelpieces.
Interaction: Location | Binding
Load [6] e oo, Ref Heel | Alpine
Alpine - -@-
F, [983 N] { L 0.51 ***
AT -0.16 o
_ Alpine _ _,_
F, [1853N] —| 001
AT -0.02 :
_ Alpine _ o -
F, [464N] — § 0.43
L AT : 0.12*
— Alpine _ —o—
M, [28.4Nm] _ i 043
AT : 0.00
—P—
_ Alpine _ - l
M, [22.1Nm] _ -0.17 ***
| AT ) 0.19
— Alpine - D e -
M, [21.4Nm] _| i 0.10
- AT - | 1 ‘;.*0.03 1 1
-1 -0.5 0 0.5 1

Standard Estimates

Figure 9.43: Standardized estimates for the interaction of the independent variables Location
and Binding. A model for each respective load produces estimates for the fixed effect of Piste
and Direction for each load. The plotted values indicate the change in load in units of standard

deviation measured on the toe, relative to the heelpiece.
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9.7.2.9 Dependent Variable: GRFs at Point O, Covariate: Snow Penetration Depth

Efforts to quantify snow conditions included making temperature measurements of the air Im off
the snow surface, snow surface temperature, and snow penetration measurements. These
penetration measurements were taken by having the same observer step with a ski boot heel into
the snow after each run on both on-piste and off-piste snow. The depth of penetration of the boot
heel was recorded '’

Snow depth was only a significant contributor to variation in Fy and Mx. Figure
9.44shows a linear regression on all six load components. R* values were extremely low for all
six axis force components, but Fx and My were significant contributors to the linear mixed
effects models for Point O. Figure 9.45depicts amount Fx and My will change, in units of one
standard deviation, ¢’y and ¢y, for each change in snow depth equal to one standard deviation,
""" =3.02".

F,: R2=0.074, p < 0.001 M,: R2 = 0.05, p < 0.001
o
B=-429 S B=-4.29

2500

(N)
1250

0

Snow Depth (in) Snow Depth (in)
Figure 9.44: Linear regression of FX and MY on snow depth. R2 values were extremely low for

all six-axis force components.

Snow
0.40 **
F,[613N] - O
M, [67.4 Nm] - &._
1.0 05 0.0 0.5 10

Standard Estimates
Figure 9.45: Standardized estimates for the covariate Snow. The plotted values indicate the

change in load in units of standard deviation measured at Point O. The standardized estimate

snow

depicts how much each load will change for each change in standard deviation in snow, ¢ " =

3.027.
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9.7.2.10 Dependent Variable: Knee Flexion Angle

Knee flexion angle was significantly different depending on if the knee was on the inside
or outside foot of a turn. Knees on the outside of the turn were straighter, and had a smaller
angle, than on the inside of the turn (Figure 9.46).

Males had 6.8° more knee flexion than females. Overall, skiers off-piste had smaller
flexion angles, -12.7°, than on-piste. Significant interactions between Gender and Turn Direction

shows that the outside knee for males is more straight, -4.7° than females.

Knee Flexion Angle, 0=29.6 ° Effect
-0.21 ***
Dir [Out] | Gender [M] | Piste [On] - —o— -6.2
0.34 ***
Gender [M] | Piste [On] - —— 10.6
0.28 ***
Dir [Out] | Piste [On] - —— 8.3°
-0.16 ***
Dir [Out] | Gender [M] - - -4.7
-0.43 ***
Piste [On] - —— 12.7°
0.23 *
Gender [M] - — 6.8°
-0.69 ***
Dir [Out] - a4 20.4°
-1 -0.5 0 0.5 1

Standard Estimates
Figure 9.46: Standardized estimates for the Knee Flexion Angle. Covariates with significant
effects are shown. The ‘Effect’ column transforms the standard estimate from units of ¢ to

degrees for covariates with significant affects.
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9.7.2.11 Dependent Variable: Knee Flexion Angle, Covariate: Force plate

Knee flexion angle was not significantly different with and without force plates alone
(Figure 9.47). Knee flexion angle was not affected by differences in piste alone either. A
significant interaction of Force Plates and Piste shows a 6.5° effect on knee flexion angle for on-
piste slopes. Other three-way interactions were smaller in magnitude and had an effect of causing
lower flexion angles. Overall, the effect of skiing with force plates under the binding force plates
appears to be very small on skier kinematics.

An exemplar time history of knee joint angles, and skier speed, during off-piste and on-
piste trials is shown in Figure 9.48 for the same subject during subsequent runs with and without
sensors under the ski bindings. Sensors did not significantly affect knee adduction-abduction and
internal-external. The difference in knee flexion between the trials with and without sensors can

be observed in the on-piste trial in Figure 9.48.

Joint Angle with Force Plates, 0 =29.6 ° Effect
Dir [Out] | Gender [M] | FP [Yes] | Piste [On] - _._0'12 - 3.6°
Gender [M] | FP [Yes] | Piste [On] - 01979 -5.6°
Dir [Out] | FP [Yes] | Piste [On] -0.13 **:._ -3.8°

Dir [Out] | Gender [M] | FP [Yes] . -o- 0.01
FP [Yes] | Piste [On] - _._022 1 6.5°

Gender [M] | FP [Yes] '0'00_._
Dir [Out] | FP [Yes] -0.05,
FP [Yes] -0.04
-1I -Ol.5 IO 075 1I

Standard Estimates

Figure 9.47: Standardized estimates for the Knee Flexion Angle comparing the effect of skiing
with force plates under the ski binding, and without force plates (designated as FP). The ‘Effect’
column transforms the standard estimate from units of o to degrees for covariates with

significant affects.
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Figure 9.48: Exemplar time history of two runs off piste (Left) and on-piste (vight) from one
subject with and without sensors mounted under the binding. The addition of sensors had no
significant affect on abduction | adduction and internal | external rotation joint angles. The
addition of sensors under the bindings resulted in ~6.5° greater flexion than without sensors
during on-piste trials. No significant difference in joint angle was observed during off-piste

trials.
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9.7.3 Discussion

The purpose of Analysis No. 2 was to elucidate what covariates, or independent
variables, contribute the most to variation in the six load components passing through the toe and
heel piece of ski bindings to the skier. The statistical analysis presented falls into a class of
inferential statistics that attempts to reach conclusions beyond the immediate data collected.

The large number of covariates analyzed increases the degrees of freedom of the analysis
and can significantly complicate the analysis. Therefore selection of the appropriate statistical
methods was heavily driven by the central purpose of this analysis: to determine which
covariates affect the ground reaction forces the most.

Gender, binding, and turn direction all contributed significantly to variation in most if not
all six-load components. One surprising result was the relatively small effect piste, when
considered by itself, had on ground reaction forces. However, when considered with other
covariates, its effect on ground reaction forces was significantly amplified.

Many of the linear mixed effects models had interaction terms that were 3-way or 4-way.
These produce upwards of 40 coefficients and effect turns that can be extremely difficult to
interpret. This illustrates one benefit of the current analysis: if the 1-way and 2-way effects are
examined, they are more easily digested and provide valuable insight. For example, the 2-way
interaction between Piste and Turn direction quantified the amount that the six load components
change based on the piste, and if the ski being measured is on the inside or outside foot of the
turn. Skiers weight their outside foot more heavily on-piste. However, on the variable and
uneven surface of off-piste slopes, skiers weight their inside, uphill, leg more proportionally to
their downhill leg. Under certain snow conditions such as breakable crust, or heavy thick
powder snow, this could pose a greater injury risk than on-piste skiing”.

The proportion of load transmitted through the toe and heelpiece of Alpine and AT
bindings was of particular interest in this analysis. The total amount of load transferred through
Alpine and AT bindings was not significantly different for My and Mz loads (Figure 9.38).
However, the difference in load path between the Alpine and AT bindings (Figure 9.43) confirms
that while the sum total of certain load components being transferred to the skier through the ski
binding does not change based on binding, the path that those load components take as they are

transmitted to the skier does.
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Previous chapters have discussed the limitations of AT binding toe pieces (Chapter 4)
and their limited ability to absorb energy and be adjusted for varying styles and size of skiers.
The inferior energy absorption and sensitivity of AT bindings to My and Mz loads, coupled with
the fact that the toe piece must transmit more load, despite being the weakest link in toe piece —
heelpiece chain is likely a significant contributor to the perception that AT bindings are
susceptible to inadvertent release. Indeed, the previous section 9.6.3, highlighted this very fact,
that the release envelopes are likely too conservative for modern ski equipment, and that most
binding releases were perceived by skiers to be false-alarms.

Finally, this analysis also examined the raw kinematic data to quantify the effect the force
plates mounted under the bindings had on skiers, as well as understand which covariates effect
knee flexion angles the most. The force plates had a small effect on knee flexion angle (less than
6 degrees) that was most pronounced when females changed between on-off piste. The kinematic
data confirmed the importance of analyzing inside and outside turns separately as the magnitude
of knee flexion angle changes significantly between each part of the turn.

In conclusion, gender, binding, and turn direction significantly affected the magnitude of
binding forces. AT and alpine binding toe and heel pieces transfer the same net load but through
different paths. The sensors mounted between the ski and binding affected the knee flexion angle

during on-piste trials.
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9.8  Analysis No. 3: Loads generated during an inadvertent release in an AT binding,

and a comparison of load paths between Alpine and AT bindings

During one data trial, a male was skiing off-piste on an AT binding, which released when
the skier was turning down an icy slope at a slow rate of speed. The binding release did not cause
the skier to fall and was considered to be an inadvertent release (Figure 9.49). The release
occurred on the first run of the day and it is possible that ice or snow was packed into the boot-
binding interface. However, this type of inadvertent release is hypothesized to cause skiers to ski
with the toe piece of their bindings “locked out” in response to the perception among skiers that
inadvertent releases are common when using AT bindings. The objective of Analysis No. 3, is to
use this case study to analyze the load components acting on the toe piece, the heel piece, and
about Point O to understand what load components contribute to the inadvertent release

phenomenon, and if the inadvertent release could be driven by a frequency content.

Figure 9.49: Video frames showing the I second leading up to the release of the binding, during
which the skier did not fall, as shown in the final frame (F).
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9.8.1 Methods

The ground reaction forces from the trial in which the inadvertent release occurred were
analyzed at two levels: 1) Boot Top and 2) Toe and Heel Piece. For comparative purposes, a
second trial was selected from the same subject, piste, and leg but measured with an alpine boot.
Comparisons between the loads each binding component, toe and heelpiece were analyzed. The

load signals were filtered as described in Section 9.4.

9.8.2 Results
9.8.2.1 Boot top loads
The loads transformed from Point O to the top of the boot cuff are shown in Figure 9.50.
The My and My release limits are shown for comparison of the loads generated during the
inadvertent release. The My loads never reach magnitudes that should cause a release. The Mgz
loads cross the limit initial limit but stay with in the permissible deviation of 30% for in-use
range. Per ISO 8061:2015, the loads generated in the turns leading up to and at the release at the

time of the binding release were on the release threshold of the boot.

F F F
2000 X 2000, Y 2000, 2

(N)
o
(N)
o
(N)
o

-2000 -2000 -2000
10 20 30 10 20 30 10 20 30

Time (Sec) Time (Sec) Time (Sec)

300 3000 & b 300

(Nm)
o

(Nm)

-300

-300
10 20 30 10 20 30 10 20 30

Time (Sec) Time (Sec) Time (Sec)

Figure 9.50: Loads transformed from Point O to the boot top. The release values specified by
international standards for the My and M release limits are demarcated by the green rectangles
which denote the release limit and the additional 30% in-use range limit. The grey zone marks

the time range of the sliding turn during which the inadvertent release occurred.
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9.8.2.2 Toe and Heelpiece Loads

A comparison of the loads transferred by the toe and heelpieces to the skier is shown in
Figure 9.51 and Figure 9.52. The grey shaded region marks the turn during which the inadvertent
release occurred. A time history of the entire run is shown in Figure 9.51. During the course of
the run, the load sharing of the edge-to-edge rolling torque (Figure 9.30), Mx, and lateral shear
loads, Fy, were born predominantly by the toe piece. This is supported by the results from
statistical analysis in Section 9.7.2.8 that showed that AT binding toe pieces transferred more
load than the heelpiece. A time history of the turn that produced the inadvertent release, and the

turn preceding it, are shown in Figure 9.52.

——Toe ——— Heel
2000 2000 . 2000
X Y I:z
-2000 -2000 -2000
10 20 30 0 10 20 30 0 10 20 30
Time (Sec) Time (Sec) Time (Sec)
50 50 50
X MY MZ
E —_ —_
-50 -50 -50
10 20 30 0 10 20 30 0 10 20 30
Time (Sec) Time (Sec) Time (Sec)

Figure 9.51: A Time history of the six load components measured at the toe and heelpiece. The
shaded region is the turn during which the inadvertent release occurred.

The load component that appears to be dominating the toe and heelpieces during the turn
that resulted in the inadvertent release is Mx. Several high-frequency peaks are seen in the toe
piece leading up to the release. Little response is seen from the heelpiece. This is hypothesized to
be a limiting function of the boot-binding interface for AT Bindings. For applying the edge-to-
edge rolling torque, Mx, the toe piece has significantly greater mechanical advantage than the

heelpiece (Figure 9.53).
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Figure 9.52: A Time history of the six load components measured at the toe and heelpiece. The

shaded region is the turn during which the inadvertent release occurred.

However, as shown in Chapter 4.2.2, the force-displacement relationship of the toe piece
places this binding at a disadvantage. As shown in Figure 9.54, the clamping constraint force
applied to the boot by the binding decreases as the toe piece opens.

One possible mechanism driving the pre-release of AT bindings is the high frequency
peaks shown in Figure 9.52 incrementally force the toe piece open before it can return to center
at it’s equilibrium position, shown in Figure 9.54. As the magnitude and frequency of the loading
increases, the binding is less likely and capable of returning to its equilibrium position.

Alpine bindings do not suffer from the same mechanism of inadvertent release, rather
large deformations are thought to release the heel of the boot during inadvertent release in alpine
bindings. To compare the loads between the toe and heelpieces under the conditions that
generated the inadvertent release being considered in this section, loads from the run with the
inadvertent release were plotted along side data from a trial for the same subject, piste, and leg
using Alpine bindings (Figure 9.55). No significant differences between the toe and heelpieces
can be observed in the Alpine bindings while, significant differences can be observed in Fy, Mx,

and Mz between the toe and heelpieces of AT bindings.
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Figure 9.53: The mechanical advantage of the binding toe piece (left) is significantly larger than
the mechanical advantage of the heelpiece interface with the AT Boot (right).
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Figure 9.54: Clamping force of the toe piece decreases as the toe piece is forced open. As
magnitude and frequency of the loading increase, the binding is unable to return to the

equilibrium position.

235



——Toe —— Heel

AT Bindings Alpine Bindings
: 2000 |
2000 1 F_ F,
Z 0 zZ o
-2000 -2000 -
) 50 .
50 M Mx
X
T B
g0 z 0
50L -50
50 r 50
M, M,
.50 — . . -50 . . . . :
10 20 30 10 20 30
Time (Sec) Time (Sec)

Figure 9.55: Differences in the load path through the toe and heelpieces of AT bindings (left)

and Alpine bindings (right).
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Figure 9.56 uses results from a Fast Fourier Transform (FFT) to show the frequency
content of the turn with the inadvertent release sign and compare it to other turns on AT bindings
and Alpine bindings under the same subject, piste, and leg conditions. The frequency content
from the turn with the inadvertent release is significantly different from the turns from both
bindings without a release. The nominal frequency of the turn analyzed from the Alpine binding,
and AT binding without a release was 4.1 Hz. However, the turn that resulted in the inadvertent

release contained several peaks in frequency at 2.8 Hz, 6.7 Hz, 10.8 Hz, and 13.5 Hz.

Time Domain Frequency Domain
AT Binding 2x16" :
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Figure 9.56: A comparison of the frequency content using an FFT on the Mx loads for 1) AT
binding during a during with no release, 2) a turn that produced the inadvertent release, and 3)
one turn from alpine bindings for the same subject, leg, and piste as what produced the

inadvertent release.
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9.8.1 Discussion

The toe piece of AT bindings transfers a significantly larger portion of loads to the skier
than the heelpiece. This differs significantly from Alpine bindings where the differences between
toe and heelpiece are nearly indistinguishable for certain loads. AT bindings transfer loads to the
skier through different pathways than Alpine bindings, relying heavily on the toe piece which as
been shown to be very limited in it’s ability to absorb energy (Section 4.3.3). The data presented
in this analysis show that the pre-release mechanism could be a function high-frequency loads
that when applied at lower frequencies, do not cause the pre-release to occur. As the magnitude
and frequency of the loading increases, the binding is less likely and capable of returning to its
equilibrium position.

The release occurred on the first run of the day and it is possible that ice or snow was
packed into the boot-binding interface. The loads generated during the inadvertent release were
not significantly large, but the repeated peaks of from the hard icy conditions are unmistakably
different from the previous turns in the trial (Figure 9.51). This example of an inadvertent release
is likely the only sample that exists of an inadvertent release in an AT binding that has been
measured by recording all six load components at the toe and heel individually. Out of 147 runs,
this is the only instance that was observed and recorded. However, future studies could record
longer ski runs in firm and icy conditions to attempt to reproduce these phenomena and obtain a
greater sample size than the one instance explored in this chapter.

The natural frequency of skis has been shown to range between 10-150 Hz depending on
geometry and materials used in construction'*’ . Given the different peaks on frequency from the
turn that induced the inadvertent release, one potential mechanism of an inadvertent release
could be resonance of the AT binding toe piece. Future laboratory studies could examine the
interaction between the natural frequency of the AT binding toe piece, the natural frequency of
the ski, and the frequency of the forces acting on the skis to examine the plausibility or
likelihood of the AT binding toe piece resonating if ski conditions produce an appropriate
forcing function.

It is important to note that this case study examines the hypothesized prerelease
mechanism from one event. While providing valuable insight into the possibilities of the
mechanism driving the pre-release phenomena, it imperative to measure more instances of these

phenomena before drawing absolute conclusions, and developing proposed solutions.
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9.9  Analysis No. 4: Predicting maximum GRF values from simple anthropometric

measurements of skiers

International standards currently use common anthropometric measurements such as
height and weight to determine binding settings for an individual skier. A recent prospective
epidemiological study by Ruedl et. al'* proposed including gender as a factor to determine
binding settings. There is some evidence that shorter skis may have caused ACL injuries to

. 15,16,121
decline™™™™

. The purpose of this analysis is to determine if gender or ski length are reliable
factors that could be used to more appropriately determine ski binding indicator settings for

individuals.
9.9.1 Methods

Using the maximum forces at Point O from Analysis No 2, a multiple linear regression
analysis was performed on each of the six load components. The ratio of the ski length relative to
skier height skier height (labeled Ski Ratio), skier height, weight and gender were used as
covaraites . The contribution to the overall variation described by each linear regression, R?, for

each of these predictors was calculated using the relaimpo package in R>.
9.9.2 Results

Skier height and weight represented 19.6% and 18.2% of the variation in My and My
loads measured at Point O, respectively (Table 9.5). A regression on each covariate is shown in
Figure 9.57.

Ski-Ratio and gender improved the R* correlation coefficient from 20.5% and 25.6% of
the variation in My and Mz loads measured at Point O, respectively (Table 9.5).

Ski-Ratio and gender improved slightly increased the overall correlation coefficient to R*
= 0.225 and R = 0.254 for My and My, respectively. Although very low, the p value p < 0.001
indicates a significant correlation, though regressors, only account for 25.4% of the variance
explained by the model. Overall, Ski-Ratio and gender only improved the ability to predict
maximum My and Mz, loads by 3.0% and 7.3%, respectively. The greatest predictors for My for
My loads are weight, and height, respectively (Table 9.5).
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Table 9.5: Parameters from linear regression models for covariates to predict My and My

represents the slope, or strength of the effect each parameter had on the loads, while the p-value

represents the probability that the [ is not equal to zero (has no effect).

Model

2

No. Parameter B S.E. t p % o N Model Fit
Intercept 311 329 95  <0.001 - - F(2,1368)=166.2
My, Height -3 03 -103 <0.001 43% 0.06 R”=0.1948
Weight 1 0.1 171  <0.001 153% 0.17 p < 0.0001
Intercept 885 177 -5.0  <0.001 - - F(2,1367)=130.6
Height 0 04 -02 0838  32% 0.00 R*=0.221
My; Weight 1 0.1 155 <0.001 15.6% 0.14 p < 0.0001
Ratio 754 110 69  <0.001 3.5% 0.03
Intercept 368 356 103 <0.001 - - F(2,1367)=117.8
M Height -3 03 -10.9 <0.0001 4.4% 0.07 R* = 0.2054
Y3 Weight 1 0.1 119 <0.001 10.5% 0.08 p < 0.0001
Gender 19 47 40 <0001 57% 0.1
Intercept -750 183 4.1 <0.001 - - F(2,1367) =100.5
Height 0 05 -09 0377 26% 0.00 R*=0.2251
Myy Weight 1 0.1 115 <0.001 112% 0.08 p < 0.0001
Ratio 694 112 62  <0.001 33% 0.02
Gender 13 47 28  0.00453 5.6% 0.00
Intercept -1148 237  -4.8 <0.001 - -
) F(2,1355)=151.2
Height 77 14 54 <0001 13.8% 0.11
Mz, Weight 33 14 25 0014  44% 001 R* =0.1812
Height [Weight 0.0 0.0 -28  0.006  0.5% 0.00 P <0.0001
Intef'cept -1572 297 -53 <0.001 - - F(2.1355) = 151.2
Height 84 15 58  <0.001 11.0% 0.06
Weight 30 14 22 0.027  35% 001 R*  =0.1812
Mz, Ratio 297 125 24 0018  4.1% 0.00 p < 0.0001
Height [Weight 0.0 0.0 -2.6 0.01 0.4%  0.00
Intercept -684 231 -3.0 0.003 - -
) F(2,1355) =155
Height 55 14 40 <0.001 11.4% 0.08
Mz Weight 09 13 07 0494  47% 0.06 R’ =0.254
Gender 567 50 113  <0.001 93% 0.07 p < 0.0001
Height [Weight 0.0 0.0 -16 0115  02% 0.00
Intercept =765 293 -2.6 0.009 - -
) F(2,1355)=116.3
Height 56 14 40 <0001 9.1% 0.3
M Weight 09 13 07 0515  43% 0.06 R’ =0.254
74 Ratio 546 122 04 0.654  3.4% 0.00 p < 0.0001
Gender 563 51 110 <0.001 87% 0.07
Height [Weight 0.0 0.0 -15 0124  02% 0.00
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Figure 9.57: Multiple linear regression for My and My on skier weight, height, and the ratio of
ski length to skier height, and Gender.

241



9.9.3 Discussion

Shealy et. al. reported that during the development of standards for release values, skier
weight was the single best predictor of the Minimum Retention Required (MRR)*. Current
standards utilize skier weight along with other parameters such as height and age to select the

appropriate release value for a given skier’>’

. However, Scher reported skier weight was a poor
predictor of a MRR for a particular skier’’. Crawford also reported poor correlation with skier
weight and MRR, typically less than R* = 0.3.

In the present study, a regression on the maximum My and Mz loads generated during
skiing, and the weight of each skier is also poorly correlated (Table 9.5). Other studies have
reported lower injury rates with shorter skis'’, or have proposed including gender as a factor for
lower release values'*.

When the ratio of ski length to skier height, and gender are included in a linear model, ski
length ratio has little effect on the strength of the correlation. Gender has a stronger effect but
overall it only improves the fit of the model by 6% (Table 9.5). Even though including Gender
as a covariate in the linear regression slightly improves the model fit, this does not imply that
release values that are determined by considering gender will reduce the incidence of knee
injuries®".

In conclusion, gender is not a strong predictor of the MRR values for an individual skier

and would not likely improve binding performance for males and females.
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9.10  Analysis No. 5: Analysis of Skier Velocity

Skier binding settings are in part, determined by a classification that skiers select that
describes how aggressively they ski (Figure 9.1). Ruedl et. al. hypothesized that women over-
estimate how fast they ski and thereby inadvertently self-select a higher binding setting than
necessary''. Speed can also have significant ramifications in the event of an inadvertent

8,11
release™

. In this section, skier speeds and the corresponding ground reaction forces for men and
women are compared for on and off piste runs to evaluate if there are drastic differences in speed

between genders.
9.10.1 Methods

Figure 9.58 shows the trial used for testing and the track that male and female skiers utilized to
descent the slope. Ground reaction forces were down sampled to 100 Hz to match the GPS data
sampling rate, and a linear regression analysis was performed to compare how well skier speed
predicted ground reaction forces summed about point O. Maximal speeds from each turn
analyzed in the previous chapter were compared using a linear mixed effect model to compare

skier speed across gender and piste (Figure 9.59).
MALES FEMALES

OFF PISTE 5 OFF PISTE

ON PISTE ON PISTE

Figure 9.58: GPS tracks male (blue), and female orange) overlaid on a satellite map of the test
slope. Note the orange track runs through shadows from the satellite image, and not through

trees.

243



Men
30 | i
Women
5 20
Bt i
>
1 | i
o 20 40 60 80

Time (Sec)

Figure 9.59: Skier velocity for an exemplar male and female skier. The two humps correspond to

skiers pausing between the off-piste (first hump) and on-piste (second hump) slopes.
9.10.2 Results

A significant linear regression was found for predicting skier speed using gender and
piste as regressors but it only predicted 3% of the variation in skier speed (F(2,254,118) = 2566,
R”=0.03, p < 0.001. Skier speed was significantly different between off and on-piste slopes p <
0.001 (Figure 9.60). Skier speeds for men and women were significantly different off piste p <
0.001 but the effect size for piste was small, #° = 0.014 (Figure 9.60 and Figure 9.61). Men skied
approximately 7 mph faster than women on-piste (B = 7.41, SE = 0.156, p < 0.001). No
significant difference in skier speed was found between bindings. Skier speed was not
significantly correlated to any of the six ground reaction force components summed about

PointO (Figure 9.62).
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Figure 9.60: Distribution of male and female skier velocities on and off piste.
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Figure 9.61: Mean skier velocity for male and female skiers for On-Piste and Off-Piste slopes.
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Figure 9.62: Exemplar linear regression from one run demonstrating how skier velocity was not

correlated to ground reaction forces, My and Mj.

9.10.3 Discussion

Males skied faster than females on piste, and tended to initiate fewer turns. However, off-
piste there was little difference between skier speed and number of turns initiated between
gender. No relationship between skier speed and bindings was found. However, it should be
noted that skiers did not ski the exact same course, but were allowed to choose their own path
down the test slope (Figure 9.58). This is more representative of the self-selected speed skiers
inherently choose, and not a representation of their maximum speeds. Ruedl et. al. '
hypothesized that females underestimated their velocity and thereby incorrectly select a higher
skier type than would be appropriate for their skiing ability. Contrary to this hypothesis, females
skied the same speed as their male counterparts, or slower. It is the opinion of those who ran the

study that each male and female skier selected the appropriate skier type that corresponded to

their aggressiveness and skiing ability.

246



9.11 Conclusions

In the 1980s and 1990s, Mote'?, Quinn3 ? and Scher’’ measured the ground
reaction forces on the toe and heel piece of ski bindings. Since then ski equipment and injury
patterns have changed dramatically. ACL injuries are the most prevalent among skiers, and
females account for 70% of all skier ACL injuries, though they represent far less than 50% of the
skiing population”'*'°. Ruedl et. al.'* proposed several hypotheses for why female skiers are at
greater risk of knee injuries and has proposed gender-specific release values. After an
exhaustive review of literature and current technological advances, Senner et. al. '*' conceded
that no binding technology currently exists, or ‘is on the horizon’, that has a plausible ability to
address the large number of ACL injuries affecting skiers each year, particularly among female
skiers'”. Senner et. al. hypothesized that mechatronic ski bindings, capable of measuring more
than My and My, and capable of providing feedback between the toe and heelpiece had the
greatest potential for reducing knee injuries.

An additional injury concern that has evolved since the early 2005’s is the limited
functionality of AT bindings, and the anecdotal behavior of skiers locking the toe piece during
skiing in response to a perception that Tech/Pin bindings are more prone to inadvertent releases.

Before any proposals for reducing knee injuries, or improving the retention performance
of Tech/Pin bindings can be seriously considered, it is important to quantify the ground reaction
forces transmitted from the ski to the skier, and what parameters affect those loads.

The analyses presented in this chapter have reported on the performance of Alpine and
AT bindings on-snow. The objectives and results of the five analyses reported here are
summarized in Table 9.6. These analyses have shown that the retention-release envelopes
specified by international standards are still sufficient, and that lowering them could expose
skiers to a greater risk of injury from inadvertent releases. Alpine and AT bindings both had
similar rates of ‘misses’, or not releasing before loads at the boot top exceeded the retention
release envelope. AT and alpine bindings transmit loads to the skier through different paths, but
the net loads transmitted to the skier are not drastically different. Other metrics that have been
proposed as criteria for the selection of binding release limits were poor predictors of binding
loads.

In conclusion, the results from this analysis indicate that the release values, and criteria

used for selecting them specified by international standards, are sufficient for MRR values.
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Table 9.6: Summary of each of the five analyses, their objectives, and conclusions.

Analysis | Title

No. 1 Comparison of Minimum Retention Requirements to Measured Boot Top Loads

Do the boot top loads generated by male and female skiers exceed the release

Q1. requirements of international standards? Do these loads differ between Alpine and
AT bindings?
Male and Female skiers both generated loads that reached the retention-release
RL. envelope.

Alpine and AT bindings had similar rates of 'misses', or failure to release before
loads exceeded the release envelope.

No.2 | Statistical modeling of ground reaction forces and knee flexion angles.

Q2. What covariates are risk factors for higher binding forces?

Females had significantly higher lateral shear loads, while males had higher edge-
edge torque and bending torque.

AT bindings transmitted slightly more edge-edge torque than alpine bindings.
Skiers applied more load to their outside foot than their inside foot.
Bending torque was the only significant load different between on-off piste slopes.

R2. AT binding toe piece transmitted more edge-edge torque than the AT heel piece.
Alpine binding toe-heel pieces transmitted equal amounts of edge-edge torque

Snow penetration depth caused overall binding forces to decrease.

The additional height and weight of the sensors caused skiers to increase their knee
flexion by 6.5° during on-piste trials. The sensors had no effect on knee kinematics
during off-piste trials.

Loads generated during an inadvertent release in an AT binding, and a

No.3 comparison of load paths between Alpine and AT bindings
Q3. What is the mechanism of pre-release in AT Bindings?
R3 A combined high shear and edge-edge torque appears to have overwhelmed the toe
) piece. Only one event was measured, more are necessary to confirm these findings.
No. 4 Predicting maximum GRF values from simple anthropometric measurements of
0 skiers
Q4 Do additional covariates such as Gender and Ski Length improve the correlation
’ between binding loads?
RA4. Gender and Ski Length were not well correlated with ski binding loads

No.5 | Analysis of Skier Velocity

Qs. Does skier velocity correlate to binding force?

Male and female skier velocity was not different during off-piste trials. Males skied
RS. faster during on-piste trials than females. Skier speed was not correlated with binding
loads.
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Chapter 10. Knee Kinematics

10.1

Introduction

Kinematic data was collected on male and female skiers as described in section 9.4.2.

Gender based differences in knee kinematics has been well studied in gait laboratories''>'** but

not in studies specific to skiing. The purpose of this analysis was to determine if knee joint

angles differ between male and female skiers using kinematic data recorded using the XSENS

MVN Biomech suit.

10.2 Methods

Section 9.4.2 describes the methods used for collecting and signal-processing the kinematic data.

Using the criterion described in 9.7.1 for differentiating between turns, the time points of each

turn were used to segment the kinematic data into outside and inside turns for statistical analysis.

10.3 Results

General descriptive statistics for adduction-abduction, internal-external rotation, and flexion-

extesion knee angles for males vs. females and inside vs. outside turns are tabulated in Table

10.1

Table 10.1: Descriptive statistics for knee joint angles for males vs. females, and inside vs.

outside turns.

MN Adduction (-) | Internal (-) | External (+) Flexion (-) |
[Lower CI, Upper CI] Abduction (+) Rotation Extension (+)
Outside Turns Male | -2.69°[-4.56°,-0.82°] 3.48°[1.22°,5.74°] -36.3° [-39.53°, -33.07°]
Female | -5.66° [-8.78°, -2.54°] 10.08° [6.25°,13.91°] -37.3° [-44.34°, -30.26°]
Inside Turns Male 6.73° [4.98°, 8.48°] -8.37° [-10.49°, -6.25°] -41.3° [-45°, -37.6°]
Female 6.72° [4.8°, 8.64°] -4.44° [-6.05°, -2.83°] -31.5° [-35.43°, -27.57°]
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10.3.1 Adduction | Abduction Knee Angles

Gender had no significant effect on variation in adduction — abduction angles. A significant
linear model (F(3,725) = 33.12, R> = 0.12, p < 0.00]) predicted turn direction to change the
adduction — abduction angle by 6.18° between inside and outside turns (f = 6.18, SE = 0.86, p <
0.001) (Figure 10.1).

‘ ‘ m Male

10
—‘ +— Abduction
J %F Adduction
-10

Outside Turn Inside Turn

O Female

(deg)

Figure 10.1: Males had significantly larger adduction angles in outside turns than females.
There was no significant difference between male and female skiers in abduction in inside turns.
Adduction | Abduction angles were significantly different between outside and inside turns. *

indicates p < 0.05.
10.3.2 Internal | External Rotation Knee Angles

A significant linear model (F(3,725) = 40.12, R* = 0.14, p < 0.001) predicted external - internal
rotation to vary by 5.3° between males and females, with females having significantly larger internal
rotation knee angles (f = -5.3, SE = 1.3, p < 0.001). The model also identified a significant
interaction term between turn direction and gender; this indicates that females have larger
internal rotation during inside turns, and males have larger external rotation during outside turns
(p=-73, SE =103, p <0.001) (Figure 10.2). The effect of turn direction, f = -7.3, is slightly
larger than the effect for gender, f = -5.3.
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Figure 10.2: Males had significantly larger external rotation angles in outside turns than
females. Females had significantly larger internal rotation angles than males in inside turns.
There was no significant difference between male and female skiers in abduction in inside turns.
Internal | External rotation angles were significantly different between outside and inside turns.

* indicates p < 0.05.
10.3.3 Flexion | Extension Knee Angles

A significant linear model (F(3,725) = 3.148, R’ = 0.08, p < 0.001) predicted flexion - extension
rotation to vary between males and females depending on the turn direction. For outside turns,
flexion angle is not significantly different between males and females. For inside turns, flexion
angle increases with females while it decreases for males (f = -5.4, SE = 2.27, p < 0.001)
(Figure 10.3).

O Female

Outside Turn Inside Turn m Male

10 Extension

Flexion

(deg)

60 ]

*

Figure 10.3: No significant difference between males and females was found in flexion angle for
outside turns. Females had significantly greater flexion angles during inside turns than males. *

indicates p < 0.05.
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10.4 Discussion

The purpose of this analysis was to determine if knee joint kinematics differ between
male and female skiers. This analysis demonstrated that gender-specific kinematics are a
function whether the joint is performing an inside or outside turn. Males and female knee
adduction (valgus) angles only differ in outside turns while knee flexion angles only differ when
the knee is executing an inside turn. Females had lower adduction angles (outside turns) and
greater flexion angles (inside turns). Smaller flexion angles and greater adduction (valgus) angles

increase tension and strain in the ACL'?

. Sigward et. al.'"? found that females had larger
adduction and valgus angles than males during running-cutting activities. The difference between
the results presented in this study and Sigward et. al. could be a function of how different
activities (skiing vs. cutting) are executed, as well as constraints imposed on the ankle joint by
the ski boot.

In conclusion, differences in knee kinematics were found between males and female

skiers. These differences do not follow patterns reported by other studies, which may be

explained by the specific activity of skiing being studied here.

252



Chapter 11. Estimating Knee Loads on Skiers

11.1 Introduction

Knee injuries, including ruptures of the anterior cruciate ligament, are the most prevalent
injury among skiers. A 9% decline over the past decade has been attributed to the introduction of
shorter skis'>'">"'". However, female skiers injure their ACL at significantly higher rates than

*!4 The primary function of the ACL is to constrain anterior tibial translation of the

male skiers
tibia relative to the femoral condyles''. It is also believed to assist in stabilizing the knee under
internal rotation'**. Sigward et. al.''” reported that a sharp deceleration and change of direction
during landing, cutting, or for the purposes of the present study, skiing, produced the appropriate
conditions for a non-contact ACL rupture. The exact mechanism of injury for non-contact ACL
injuries is hypothesized to include anterior translation of the tibia'>> (Demorat, 2004) as well as
valgus and internal rotation torque components'’. Ettingler et. al.” described what is now
commonly referred to as the ‘Phantom Foot’ in which a skier suffers a backwards twisting fall
that induces a combined valgus-internal rotation to rupture the ACL. Combined loading has been
shown to increase ACL strain and tension in in vitro testing using cadaveric specimens'*>'**'?°,
The force in the ACL was shown to be a function of flexion angle, internal rotation torque, and

1.'"* reported females had lower knee flexion angles during

valgus moment'>*. Durselen et a
athletic activities, producing larger anterior forces on the tibia.

Releasable ski bindings were developed to prevent twisting and bending fractures of the
tibia-fibula at the ski boot top, unlike ACL injuries where the ACL and other ligaments are
strained or ruptured. To this end, ski bindings respond to a lateral force at the toe of the boot to
prevent twisting fractures of the tibia-fibula, and a vertical force at the heel of the boot to prevent
tibia-fibula fractures at the boot top. A small number of binding incorporate a third degree of
freedom that allows the toe piece to respond to an upwards vertical force at the toe, but this
response is not standardized, or adjustable.

In recent years, a young company has developed a ski binding with a third degree of

freedom that allows the boot to release laterally from the heel of the binding in adduction, and

has claimed that this mechanism can prevent ACL injuries (KneeBinding, Stowe, VT). Other
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proposals for reducing ACL injuries among female skiers have included reducing their binding
settings relative to males'*.

The purpose of this study is to test the hypothesis that knee loads do differ between male
and female skiers, and that specific loads measured at the toe and heel piece can be used to

predict when peak knee loads will occur.
11.2  Methods

Inverse dynamics is a method used to determine the generalized forces and torques at a
joint provided the kinematics of the system and the external forces acting on the system are
known. For a generic mechanical system, the classical equations of motion can be written as
shown in Equation 11.1,

Equation 11.1 : M(s)§+ C(s,8)+ F(s)=T

where s,5,5 € RV are the generalized positions, velocities, and accelerations, respectively. The
mass matrix is represented as M(s) € RV; the Coriolis and centrifugal forces are presented by
the vector C(s,$) € RN, and gravitational forces are represented by the vector G(s) € RN, where
N represents the number of the degrees of freedom. T represents the vector of generalized forces

at a specific joint that are unknown.
11.2.1 Model Construction

An inverse dynamics model was developed using OpenSim (PaloAlto, CA). OpenSim is
an open-source software system designed for the construction and analysis of human motion
using musculoskeletal human models. Many open-source models have been developed to
analyze gait kinematics, performance of ankle-foot-orthoses, among others. For the present
study, kinematics of the lower leg were measured using the XSENS MVN Biomech (Chapter
10). External forces acting on the skier were quantified by force transducers mounted between
the ski and the ski binding (Chapter 9).

Most analyses performed using models in OpenSim utilize data from a controlled setting
in a gait laboratory. The window the time of interest during the gait cycle includes the time
between the heel-strike and toe off where most of the weight is born by one foot, or the reaction
forces from both feet during the gait cycle is captured by two individual force plates. These

127-130

studies often utilize models that have been heavily validated such as the gait2354 (Figure
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11.1). Studies such as Ford and McLean"' have performed inverse dynamics on bipedal models

1. utilized a single leg model but

without the torso included in the model. Dempsey et. a
explicitly investigated single leg landing.

For the present analysis, only one foot was instrumented and the generalized forces on
the other leg are unknown. Hence, the model cannot include the non-instrumented leg and one
assumption required for this model is that external forces the acting on the non-instrumented leg
were decoupled from the instrumented leg. This limitation in the model may affect the accuracy
of the model. However, since all subjects, male and female, are modeled in the same manner, the
relative differences are assumed to be preserved.

The model incorporated eight rigid bodies including the pelvis, femur, tibia-fibula, talus,
calcaneus, and metatarsals, and the boot-binding-sensor-ski assembly connected by four seven
joints (Figure 11.2 and Figure 11.3). The joints and constraints are tabulated in Table 11.1. The

gait2354 model was adapted for the current analysis by removing the torso and non-instrumented

leg (Figure 11.1 and Figure 11.3).

Table 11.1: Degrees of freedom defined in each joint. All fixed degrees of freedom were
constrained at zero translation or rotation except for those denoted by * indicating a fixed initial

offset ranging between 10-20°.

Joint Parent Child DoF Rx Ry Ry Tx Ty T,
Pelvis Ground Ground Pelvis 3 Free Free Free Fixed  Fixed  Fixed
Hip Pelvis Femur 3 Free Free Free Fixed  Fixed  Fixed
Knee Femur Tibia 6 Free Free Free f(R7) Free f(R7)
Ankle Tibia Talus 0 Fixed  Fixed  Fixed* Fixed  Fixed  Fixed
Talo-calcaneal Talus Calcaneus 0 Fixed  Fixed Fixed Fixed  Fixed  Fixed
Calc-Meta Calcaneus Meta 0 Fixed  Fixed Fixed Fixed  Fixed  Fixed
Calcaneal-
Metatarsophala Calcaneus Ski 0 Fixed  Fixed Fixed Fixed  Fixed  Fixed
ngeal
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Figure 11.1: The gait2354 model (left) was modified for the current analysis by removing the

head and torso (center) and the non-instrumented leg (vight).

Ankle (Tibiotalar)

Calcaneal-Metatarsophalangeal

Talocalcaneal

Metatarsocunieform

1st - 5th Metatarsophalangeal

Figure 11.2: Construction of the foot bones and joints incorporated into the model. The foot was
modeled as a rigid body enclosed in a ski boot. Therefore a custom joint defined as the
Calcaneal Metatarsophalangeal joint was created to combine the joints shown above into one

single rigid body.
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Pelvis

Ground

X = Anterior/Posterior
Y = Superior/Inferior
Z = Medial/Lateral

Hip
Talus
Calcaneus
Metatarsals

SubTalar

Calc-Meta

Calc-Ski

Figure 11.3: Rigid bodies and their parent-child relationship in the model.

The mass properties including the mass, mass moments of inertia, and location of the
center of mass were determined for each of the rigid bodies by using anthropometric
measurements specified by Young'®, Chandler'®, and Yeadon'’* for male and female subjects.
The mass properties for the boot-binding-sensor-ski assembly were determined from a computer
aided design (CAD) model of the assembly (Solidworks, Walthan, MA) (Figure 11.4).

Past studies have modeled the ankle as a frictionless joint. However, because the ankle is
constrained within a ski boot, the ankle was modeled as a fixed joint with all six degrees of
freedom constrained, and a fixed flexion angle to represent more accurately the constraints
imposed by the high ski boot cuff. On average the boot cuff supported 79.2%+14.3% of the
length of the lower leg, causing a portion of the external loads to bypass the ankle joint and be
transmitted directly to the tibia. The fixed flexion angle was determined for each subject by
averaging the flexion angle for each subject during a static trial often ranging between 11.1-

19.3°.
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Figure 11.4: Coordinate system of each joint modeled (Left) and the total model including the
boot-binding-ski-sensor assembly (Right).

11.2.2 Model Scaling

Two subject-specific models were developed for the left and right leg for each subject. Each
model was geometrically scaled using anthropometric measurements and the location of specific
joint centers computed by the XSENS MVN Biomech System using the same convention as
defined by the International Society of Biomechanics (ISB). The markers for the center of mass
of the pelvis, left and right acetabulum, knee joint center, ankle joint center, and the custom
calcaneo-metatarso-phalangeal joint were used for scaling. Using these markers, the origins of
each motion segment were placed in the model for anthropometric scaling (Figure 11.5).
Maximum RMSE error of the markers defined by the XSENS MVN system relative to the
OpenSim model reported by OpenSim was 1.53cm.
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Largest Subject Smallest Subject

Figure 11.5: The origins of each motion segment were used as marker sets for anthropometric
scaling of a model in OpenSim. The scaled models for the largest subject (Left) and smallest
subject (Right) are shown. The bone models have been made translucent to indicate the locations

of the markers used for scaling.
11.2.3 Inverse Dynamics Model

Once a subject specific model was scaled appropriately, the model could be used to predict the
generalized forces at the knee. The inputs for the inverse dynamics model include: 1)
Generalized Reaction Forces and 2) Generalized coordinates or kinematics of each motion

segment (Figure 11.6).

XSENS MVN BioMech Suit

A.-‘_:/gv‘\

 E—
Marker Positions
—

Model Scaling

Generalized Motion

Kinematics »
Subejct Specific
OpenSim
Model
Generalized
Forces at Ski
-

' N\

Generalized Forces

Force Transducers at Knee
(. J

Figure 11.6: The workflow and inputs into the inverse dynamics model to output the generalized

forces at the knee.
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1. External Forces: Forces from the two force plates at the toe and heelpiece of the ski
binding were summed about Point O. The external forces were applied to the model as a
point load at this point (Figure 11.6). This point corresponded to a point 15% of the total
foot length, located anterior of the origin of the calcaneus in the sagittal plane as defined
by OpenSim, and 7.8 cm interior of the calcaneus in the horizontal plane of the sensors.
Because the external reaction forces were recorded in a different coordinate system than
what is defined in OpenSim, this required a 90° transform about the X-Axis, or
longitudinal axis of the ski to match the coordinate system in the OpenSim model.
Motion between the sensors-binding-boot and calcaneus was assumed to be negligible,
and the external forces were transformed to align with the orientation of the calcaneus
throughout the duration of the trial. External forces were down sampled from 2400 Hz to
120 Hz to match the sampling rate of the kinematic data and filtered with a 4-pole, zero
shift low pass Butterworth filter. The cut off frequency was determined for each load and

trial using the Residuals Analysis described in Section 9.4.1.

External Loads
\ Point of Application

15% Foot Length

Figure 11.7: The point of application of the external loads lays 15% of the total foot length,
anterior of the origin of the calcaneus in the sagittal plane, and 7.8 cm inferior, in the plane of

the force transducers on the ski.
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2. Kinematics: Generalized coordinates, or kinematics were imported into OpenSim from
the output of the XSENS MVN Biomech suit. The orientation of the Pelvis relative to
ground, or the acceleration of gravity was calculated by converting the orientation of the
Pelvis, output of the XSENS MVN Suit (recorded in quaternion data), to the Z¥X Euler

angle sequence to match the tilt, list, and rotation of the pelvis.

The XSENS MVN Biomech system models each joint as a ball and socket joint with
three revolute degrees of freedom, and no translational degrees of freedom. Therefore, all
translational degrees of freedom for all joints were fixed were except for the knee joint.
In the gait2354 model developed by Delp et. al.'”’, the anterior-posterior and superior-

inferior translation of the knee is defined as a function of knee flexion ankle, ©

Flex?

(Equation 11.2 and Equation 11.3) as reported by Walker et. al.'”> These small

translations were calculated and imported as generalized coordinates as well.

Equation 11.2 Superior Translation = —3.75e7°63,,,, + 8..8¢7*67,,,, — 0.06860,.y

Equation 11.3 Anterior Translation = 4.796e 402, — 0.12830,,

11.2.4 Data Analysis

As described in Section 9.7.1, trials were divided into individual turns for inside and outside
turns. Due to technical issues related to the XSENS MVN Biomech suit, a significant portion of
the kinematic data was not useable due to signal drift or fatigued connectors within the chain of
IMUs in the suit. These were often difficult to identify in the field and were often not apparent
until reviewing and processing the data after the end of the testing day.

The kinematic data for 47 trials, or 31.7%, from four female subjects and 6 male subjects not
corrupt and was acceptable for this analysis. A total of 874 turns were extracted from these 47
trials, and each turn was used to identify the maximum net joint loads acting on the knee.
General descriptive statistics for the maximum load components at the knee are reported.

To identify whether either of these concepts proposed by KneeBinding, or Ruedl'* may
reduce the loads on the knee, a linear regression analysis was performed on the loads measured

at either the toe or the heelpiece to predict the loads at the knee.
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For new binding concepts such as the KneeBinding to be able to reduce knee injuries,
there must be a relationship between the additional degree of freedom, measured as lateral Fy
force at the heelpiece, and loads at the knee. In order for other proposals such as those from
Rued!", lowering traditional binding settings for females, to reduce knee injuries, there must also
be a relationship, or correlation, between the forces traditional bindings respond to (lateral force
at the toe, vertical force at the heel), and loads on the knee.

To quantify these relationships, a linear regression was performed on all six-load
components at the toe and heelpiece to predict the six load components at the knee. Further
more, the time at which each peak occurred at the knee relative to peak loads at the toe and
heelpiece was calculated to quantify the dynamic response necessary for a binding to respond to

injurious loads, before they progress up to the knee.
11.3  Results

To assess the validity of inverse dynamics model, the magnitude of the net joint loads
were compared to values reported from previously published studies investigating knee loads

during skiing and snowboarding as well as studies reporting knee loads from gait

38,75,95,122,131,136

kinematics . The output from the OpenSim model for an exemplar time history

from one trial is shown in Figure 11.8. The hashed rectangle represents the average knee loads

38,75,95

reported from the literature for skiing and snowboarding . The shaded region represents the

average knee loads from the literature reporting walking, running, and cutting studies in gait

- 122,131,136
laboratories ~=°"

. The results from the model yielded predicted net knee loads within one
standard deviation of the snow-sports literature and other gait laboratory studies. Few studies
report all six-load components at the knee, and therefore only one study reported values for Fy,

the medial-lateral force at the knee'>®

. The values predicted by the OpenSim model in the current
study exceed the reported values for Fz but are not exceptionally large relative to other force
components. Based on these comparisons, the model output was considered to be in relative

agreement with other studies.
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Figure 11.8: Exemplar Time History of the net knee joint forces and torques predicted by the
OpenSim model fell within one standard deviation of other values reported by the

. 122,131,136
literature )

11.3.1 Maximal Forces

A significant linear model (F(3,725) = 40.12, R* = 0.14, p < 0.001) predicted external -
internal rotation to vary by 5.3° between males and females, with females having significantly larger
internal rotation knee angles (f =-5.3, SE = 1.3, p < 0.001).

Descriptive statistics such as the mean and 95% confidence intervals for the six load
components at the knee predicted by the OpenSim model are tabulated in Table 11.2. Figure 11.9
and Figure 11.10 show the relationships between males and females for forces and torques
normalized by body weight. Males had significantly larger peak anterior forces (Fx/kg) than
angles (f = 227, SE = 35, p < 0.001). While females had significantly larger superior-interior
(Fy/kg) forces in outside turns (f = -103.9, SE = 46.4, p < 0.001). Peak abduction moments
(Mx/kg) were significantly larger in females than males (f = -93.1, SE = 13.1, p < 0.001). The
mean Mx moment for males was 33.3 + 19.3 Nm (abduction) in contrast to the mean Mx
moment for females, -60.1 + 13.5 Nm (Table 11.2). These gender-based differences Figure 11.10
are similar to values reported by Sigward''? who investigated knee loads during cutting in a gait

laboratory.
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Cadaveric studies have demonstrated that combinations of valgus and internal rotation torque

increase ACL tension or strain'?!26:1%7,

The peak resultant knee torque using the
adduction/abduction and rotation al torque was found to be significantly greater in males than

females (Figure 11.11).

Table 11.2: Average Peak Net loads on the knee for male and female skiers, not normalized to

body weight.
Fx(N) Fy(N) Fz(N) | Mx(Nm) My (Nm) Mz (Nm)
Mean 378 2277 2.3 -60.1 8.2- -14.3
Females Upper 95% CI 923 329.1 293 -73.6 15.3 -8.2
Lower 95% CI -16.6 1264  -33.9 -46.6 1.0 -36.9
Mean 263.8  130.6 2.9 333 8.0 93.3
Males  Upper 95% CI 3084  169.6 423 14.0 15.5 118.8
Lower 95% CI 2193 915 -365 52.5 0.6 67.8
Force *
5 1 * E Male
_'_\ [0 Female
o)
x 25
4
'
o ] [ T T
t I T
F,: Anterior (+) F,: Vertical F,: Lateral

Figure 11.9: Net peak knee loads, normalized by body weight for Fx (Anterior | Posterior), Fy
(Superior | Inferior), Fz (Medial | Lateral) for males and females. * denotes a statistically
significant difference.
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D Female . Male

(Nm/kg)

Abduction(+) |Adduction (-) Internal (+) | External Rotation (-) Flexion (-) | Extension (+)
Figure 11.10: Net peak knee loads, normalized by body weight (kg) for My (Adduction |
Abduction), My (Internal | External Rotation), and My (Flexion | Extension) for males and
females. * denotes a statistically significant difference. Line (A) is the maximum abduction
torque reported by Sigward''* for males. Line (B) is the maximum adduction torque reported by

Sigward""? for females.

Resultant Knee Torque (Abduction | Rotation)

200
|

(Nm)
100
1

—t

Female Male
Figure 11.11: Net peak resultant torque computed from the internal/external rotation torque and

adduction/abduction torque.
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11.3.2 Binding loads to knee loads

No strong correlations were found between binding loads and knee loads that were not
controlled by gender. When gender is considered, the peak lateral force, Fz, at the toe and
heelpiece was moderately correlated with the lateral force at the knee, and the adduction torque
at the knee in females but not males (Table 11.5). A significant correlation was found between
the peak lateral force at the toe piece and the peak adduction torque, internal rotation, and flexion
torque at the knee in females (Figure 11.12) (f = 0.47, SE = 0.11, p < 0.001). However the
strongest correlations were found between the peak longitudinal force (Fx) and the peak flexion-
extension torque at the knee among females (Table 11.5).

The peak lateral force at the toe and vertical force at the heel are graphically shown in Figure
11.13 with the time history of the net knee torque. The time at which the peak lateral toe force
and vertical heel force occur for each turn are graphically overlaid on the curves of the knee
torques to illustrate the short time duration between peak loads at the binding and peak loads at
the knee. The mean and 95% confidence interval are tabulated in Table 11.3 and Table 11.4.
Figure 11.14 and Figure 11.15 show each of the knee torques in detail with the time of peak
binding loads. The relationship between peak binding loads and the peak knee loads (dt'°™ and
dt""**") is shown in Figure 11.16.

The peaks at the binding and the knee occur very close together. For example, Figure 11.16
shows the range of values for time between peak loads between the binding and knee. For
females, the peak lateral force at the toe piece and heelpiece occur 0.138 + 0.11 seconds and
0.152 + 0.71 seconds before the peak adduction knee torque, respectively. For males, the peak

lateral force at the heelpiece occurs 0.05 + 0.08 seconds after the peak adduction knee torque.
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Table 11.3: Mean and 95% Confidence intervals for di'°™" for peak six load components at the

toe piece and the knee while skiing.

dt"orn Toe Forces
Knee Loads Fx Fy Fz
Fy 0.014 [-0.066,0.08] 0.028 [-0.054,0.082] -0.005 [-0.072.0.067]
Fy -0.048 [-0.127,0.079] -0.034 [-0.11,0.076] -0.067 [-0.136,0.069]
F; 0.156 [0.085,0.071] 0.17 [0.093,0.077] 0.137 [0.075,0.062]
My 0.107 [0.038,0.069] 0.121 [0.045,0.076] 0.0877 [0.0287,0.059]
My 0.059 [-0.014,0.073] 0.073 [-0.002,0.075] 0.04 [-0.019,0.059]
M, 20,11 [-0.178,0.068] -0.096 [0.175,0.079] -0.129 [-0.191,0.062]
dt"orn Toe Moments
Knee Loads Mx My Mgz
Fx -0.057 [-0.124,0.067] 0.169 [0.083,0.086] 0.0238 [-0.0512,0.075]
Fy -0.118 [-0.186,0.068] 0.107 [0.021,0.086] -0.038 [-0.11,0.072]
Fz 0.086 [0.0246,0.0614] 0.311 [0.228,0.083] 0.166 [0.091,0.075]
Mx 0.036 [-0.024,0.06] 0.262 [0.182,0.08] 0.117 [0.043,0.074]
My -0.0118 [-0.0728,0.061] 0.214 [0.133,0.081] 0.069 [0.002,0.067]
M, 20,18 [-0.246,0.066] 0.0456 [-0.0334,0.079] 20.01 [-0.08,0.07]

Table 11.4: Mean and 95% Confidence intervals for di™ " for peak the six load components at

the heelpiece and the knee while skiing.

deEEn Heel Forces

Knee Loads Fx Fy Fy
Fx -0.025 [-0.105,0.08] -0.038 [-0.124,0.086] -0.161 [-0.244,0.083]
Fy -0.087 [-0.163,0.076] -0.01 [-0.096,0.086] -0.223 [-0.299,0.076]
¥ 0.117 [0.037,0.08] 0.104 [0.027,0.077] -0.019 [-0.097,0.078]
My 0.068 [-0.001,0.077] 0.055 [-0.024,0.079] 20.07 [-0.147,0.077]
My 0.0195 [-0.056,0.073] 0.007 [-0.072,0.079] -0.116 [-0.189,0.073]
M, -0.149 [-0.221,0.072] -0.162 [-0.247,0.085] -0.285[-0.362,0.077]

deHEEn Heel Torques

Knee Loads My My My
Fx 20.195 [-0.271,0.076] 0.016 [-0.07,0.086] 20.122 [-0.201,0.079]
Fy 20.257 [-0.332,0.075] -0.046 [-0.124,0.078] -0.184 [-0.263,0.079]
F 20.053 [-0.121,0.068] 0.158 [0.082,0.076] 0.02 [-0.054,0.074]
My 20.103 [-0.168,0.065] 0.108 [0.034,0.074] 20.029 [-0.103,0.074]
My 20.151 [-0.219,0.068] 0.06 [-0.017,0.077] -0.077 [-0.149,0.072]
M, 20.319 [-0.391,0.072] 20.108 [-0.187,0.079] 20.25 [-0.324,0.074]
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Table 11.5: Correlation coefficients, R’, of linear regression on binding loads measured at the

toe and heelpiece against the peak knee loads from each turn . Bold values represent R > 0.5.

Binding Loads
1{2 Males Females
Fx Fy Fz Mx My Mz | Fx Fy Fz Mxy My Mg
Fy Toe 0.28 0.01 024 0.11 0.12 0.04] 037 0.12 043 025 0.28 0.20
Heel 0.18 0.01 0.03 0.01 004 0.03] 003 0.03 001 0.10 0.03 0.01
Fy Toe 0.04 0.28 0.04 0.02 000 0.12] 0.08 0.00 0.06 0.01 0.03 0.08
Heel 0.16 0.07 0.09 0.08 0.12 0.00] 0.01 0.02 0.00 0.01 0.00 0.00
-§ F, Toe 0.06 0.00 0.19 0.01 0.03 0.12 0.17 INESIRE 0.27 0.33
S Heel 0.29 0.00 029 024 025 0.03] 008 0.03 0.02 026 0.03 0.08
2 My Toe 0.06 0.00 022 0.02 003 0.14| 048 0.16 0.22  0.30
= Heel 0.32 0.00 036 028 031 0.02] 003 0.08 0.03 028 0.02 0.06
My Toe 0.30 0.01 042 026 023 0.04 0.06 0.37 0.18 0.37
Heel 0.00 0.03 0.08 0.14 0.00 0.00 0.03 0.14 024 0.02 0.07
M, Toe 043 0.15 037 0.07 0.08 0.22 0.00 kLN 0.26 0.34 XL
Heel 0.26 0.01 0.02 0.01 0.06 0.05 0.01 0.13 029 0.03 0.08
Females All Subjects ® Males
R?=0.74, 8 = 0.47, p < 0.001 R?=0.32, B=0.51, p <0.001 O Females

500
500

Toe Lateral Force (N)
0

Toe: Lateral Force (N)
0

-500
-500

500

-500 0

Knee Adduction Torque (Nm) Knee Adduction Torque (Nm)
Figure 11.12: Several significant correlations were found in knee loads with females that were
not significant when gender was not considered a factor, for example lateral force at the toe

piece and knee adduction torque. Each point plotted represents the peak load from a given turn.
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Figure 11.13: An exemplar time-history of the vertical force at the heel, lateral force at the toe,
and the three net torques at the knee. The maximum for each trace is denoted. The time points at
which the maximum loads were measured at the toe and heelpiece of the binding are overlaid on

each axis of knee torque.
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Figure 11.14: Exemplar time history of knee torque with peak knee torques identified with the
time of the peak binding loads labeled.
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Figure 11.15: Net Adduction | Abduction knee torque. The times of maximum vertical heel and

lateral toe forces are imposed on the curve.

Toe, Heel 0.6 H_‘ ’_’;‘ Knee Adduction Torque
dt (Sec) - Females
Knee - Males
-0.6 Toe Piece Heel Piece
Figure 11.16: The timing of the peak binding loads to peak knee loads dt'°" and df'™™" are

shown for the knee adduction torque that was moderately correlated with the lateral force at the

toe piece and heelpiece of the binding. * indicates a significant difference with p < 0.05.
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11.4 Discussion

The objective of the present study was to quantify the loads transferred from the ski
binding to the skier through the heel and toe piece to assess the risk of knee injury between male
and female skiers. Significant differences in net peak knee loads were found; of particular
interest were differences in peak knee adduction torques. Significant differences in the adduction
torque at the knee were correlated with the lateral force acting on the toe of the binding.

One ski binding currently on the market, KneeBinding, has designed an additional degree
of freedom to allow for a lateral release of the heel in response to a lateral force that has been
hypothesized to produce an adduction torque capable of rupturing an ACL. However, in the
present study, the correlation between the lateral force at the heel, and knee adduction torque was
very low, R? = 0.14, under normal skiing loads. Therefore it may be unlikely that the mechanism
incorporated by KneeBinding will be beneficial in mitigating knee injuries. However, this
conclusion is limited in scope since no knee injuries were actually measured during testing.

The results from this study indicate that the response of a binding to such loads would
need to be extremely quick as peak loads are transferred from the ski to the knee in
approximately 0.15-0.25 seconds in females. Provided a binding could respond this fast, loads at
the toe piece binding were well correlated with internal rotation torques at the knee. The times
between peak load at the binding, and peak load at the knee are reported under normal skiing.
These times will likely be shorter in the event of a fall.

Many studies have reported that combined loading is significantly more injurious than
applying single components of load to the knee. Therefore, there is no indication that the
KneeBinding, or any other binding, could adequately respond to the combined adduction and
internal rotation torques at the knee to prevent ACL injuries in females. In males, the lateral
force at the binding is not correlated with adduction torque at the knee, and the force is
transmitted significantly faster than females, therefore, such a mechanism would not likely
prevent ACL injuries in males.

Traditional alpine bindings only respond to lateral forces at the toe, and vertical forces at
the heel. Lateral forces at the toe were reasonably well correlated with internal rotation torque
(R*=0.71) and adduction torque (R* = 0.6) at the knee for females, but vertical forces at the heel
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were not correlated with any load components at the knee. Ruedl et. al. ™ recently proposed

lowering the binding settings for traditional alpine binding for females to reduce the risk of ACL
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injuries. Therefore, it may be possible that lowering the release value at the toe could lower the
peak knee torque, but not with out compromising the retention requirements necessary for female
skiers. The results from Chapter 9 indicate that skier generate loads up to the minimum required
retention values (MRR). Lowering settings for females would also lower the MRR values at
which their bindings would release and in turn potentially increase their risk of injury from an
inadvertent release.

During the course of this testing, no subjects suffered an ACL injury during the course of
collecting data for this study. Therefore it cannot be concluded whether or not a correlation
between specific load components at the toe or heelpiece of the binding, and internal rotation
torque of the knee exists during a fall in which a skier suffers an ACL rupture. In such instances
it is difficult to quantify the loading conditions present at the bindings during an event in which a
skier suffers an ACL injury without having directly measured such an event. Without such data,
it is necessary to make inferences from the results in this study and the literature.

The gender-based differences in adduction knee torque reported in the study agree with

other studies'"”

, and indicate that the adduction torques generated by females are certainly more
of a risk factor than abduction torque generated by male skiers. However, if such a binding
cannot respond to specific load components that generate injurious magnitudes of internal
torque, then it likely cannot mitigate the classic phantom-foot ACL injury®’. It should be noted
that one limitation of this model was assumption that loads acting on the non-instrumented leg
were decoupled from the instrumented leg. This could affect the absolute accuracy of the values
estimated from the inverse dynamics model. However, the relative differences between male and
females are likely preserved. Future work should include solving for the theoretical reaction
forces acting on the acetabulum corresponding to the non-instrumented leg to satisfy the
equations of motion.

Future work could include a validation of the single-leg inverse dynamics model,
evaluation of ski width as a risk factor for knee injuries'', and improving the inverse dynamics
model to allow for the boot stiffness to apply reaction forces across the ankle joint, rather than
fully constraining the ankle joint to evaluate the effect of ski boot stiffness on knee loads. In
conclusion, this study has demonstrated differences in net knee joint loads between male and

female skiers, possibly explaining the high rate of ACL injuries among female skiers'. Several
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key loads measured at the binding toe piece have also been shown to correlate well with peak

knee loads in females.
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Chapter 12. Conclusions

This research was motivated by the need to (1) understand the potential risks of skiers
using new types of alpine touring (AT) and (2) understand more fully why female skiers injure
their ACL at significantly higher rates than male skiers. Specifically the aims of this research
were to:

* Quantify the performance of AT boot-binding systems.

* Quantify the performance requirements AT boot-binding systems, i.e. the loads these
systems must transmit from the ski to the skier.

* Quantify and compare net knee joint loads between male and female skiers.

The following sections of this chapter summarize the salient findings from each study
included in this dissertation, and whether those findings support the hypotheses under study.

For better or worse, there has been little change in ski injury rates over the last two
decades. Alpine boots and bindings are well suited for protecting skiers from lower leg injuries
but were not specifically design to protect skiers’ knees from forces and torques known to cause
ACL injuries. Alpine touring is growing rapidly and many skiers are mixing their alpine boots
and bindings with AT equipment.

At the present time, Study 1 and Study 2 have been completed and showed in a
laboratory setting, that AT equipment will not provide the same release characteristics as skiers
have come to expect from traditional alpine equipment. When AT boots and alpine bindings are
used together, the likelihood of a binding releasing in a fall is low, resulting in a higher risk of a
lower leg injury. When AT boots are used in Tech/Pin bindings, the retention-release
performance varies significantly by which brand of boot is used. This finding agrees with
anecdotal reports by skiers that the retention function of Tech/Pin boot-binding system is
unreliable which causes some skiers to lock out the release function of their Tech/Pin bindings.
This also increases the risk of a lower leg injury.

Therefore, two significant challenges currently facing the ski industry are reducing the
number of knee injuries, and improving the retention-release function of AT equipment. The
loads transferred to the knee from modern ski equipment must be quantified before novel

equipment designs can be introduced to protect the knee. The functional performance
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requirements of AT equipment must also be quantified before the retention-release performance
can be improved.

Study 3 measured the whole body kinematics and reaction forces generated by male and
female subjects skiing on various combinations of alpine and AT ski equipment in various snow
conditions. A custom low-profile six-axis force transducer was been designed, optimized, and
built to perform this measurement. The loads transmitted to the lower leg and knees were
calculated to assess the likelihood of injury to the lower leg and knee from skiing on alpine and

AT ski equipment.
12.1 Laboratory Testing of Alpine Touring Equipment

The objective of Study 1 was to use laboratory test equipment to investigate the risk of skiers
using AT boots in alpine bindings. It was hypothesized that using AT boots in alpine bindings
would significantly alter the release characteristics of alpine bindings.

The significant findings include:

1. AT boots cannot reliably be used in alpine bindings without the increased risk of a lower
leg fracture.

2. Several binding manufacturers include mechanical AFDs in binding intended for use with
AT boots. Under specific loading conditions, mechanical AFDs create adverse release
behavior and render the spring-cam release mechanism unable to control the release
torque of the boot from the binding (Figure 2.6).

In summary, the hypothesis was accepted and it was shown that AT boots significantly increase

the load of alpine bindings, subsequently increasing the risk of injury.

The objectives of Study 2 were to use laboratory test equipment to quantify the variation in
release torque in a new type of AT binding, called a Tech/Pin binding. It was hypothesized that
variations between binding design and boot geometry would cause significant variation in release
characteristics.
The significant findings include:

1. Small variations in boot geometry less than 0.25mm can cause the release torque of AT

bindings to vary by more than 50% (Figure 4.9).
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2. The sensitivity of a binding to changes in boot geometry is a function of the indicator
settings of the binding, which significantly complicates the effort to identify an optimal
boot geometry that manufactures could standardize (Figure 5.6).

In summary, the initial hypothesis, that variations in boot geometry would cause significant

variation in release characteristics, was accepted. The results indicated that standardization of

the boot-binding interface would reduce variability in retention-release characteristics of AT

bindings.
12.2  On-Snow Characterization of Alpine and AT Bindings

The results from studies 1 and 2 demonstrated that in order to optimize and improve the
retention and release characteristics of AT boots and bindings, it is necessary to understand what
load they must transmit from the skier to the ski, and how those loads may increase, or decrease,
the risk of injury.

In addition to the need to quantify the performance requirements for AT bindings, it was
of particular interest to also measure how loads are transferred to both male and female skiers, to
help better understand why female skiers are at significantly higher risk of an ACL injury.

Therefore, the objectives of this Study 3 were:

* Quantify the loads that the toe and heel piece of alpine and AT Bindings transfer
to the skier. The hypothesis for this objective was that the net loads that both
bindings transfer to the skier are the same, but the path that the loads take (toe vs.
heel loading) would be significantly different.

* Quantify the loads transferred to male and female skiers knees, and identify
specific load components at the binding that are correlated with high loads at the
knee. It was hypothesized that significant differences in knee loads would be
found between male and female skiers and that loads on the binding would be
well correlated to both male and female skiers.

To achieve these objectives, a custom low-profile six-axis force transducer was designed
(Figure 6.7) and fabricated (Figure 7.3). The final sensor design had a lower stack height, and
greater range, than other sensors designs found in the literature. Furthermore, an XSENS MVN

Biomech suit was utilized to measure skier joint kinematics. A small-scale validation study
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found that the position accuracy of the suit was similar to other published values and acceptable

for use for the present study (Figure 8.10).

The study was conducted in the spring of the 2016 ski season at Snowbird, UT. The

binding loads and body kinematics of N = 13 skiers (N = 7 males, N = 6 females) were measured

as they skied down an expert slope (Figure 9.58). Using the binding loads and body kinematics,

an inverse dynamics model was developed to estimate the loads at the knee of each skier.

Significant findings from this study include:

1.

The minimum required retention values for male and female skiers is sufficient for over
99% of the loads generated during normal skiing (Figure 9.26).

Both alpine and AT bindings had similar rates of ‘misses’, not releasing before loads on
the tibia-fibula exceed the recommended release values (Table 9.2).

The toe and heelpiece of alpine bindings transfer the same amount of load to the skier,
while the toe piece of AT bindings transfers significantly more load than the heel piece
(Figure 9.41).

One inadvertent release of a tech binding was measured in which the binding released
when it was perceived to not be necessary. Upon investigation, high frequency lateral
force and rolling torque at the toe piece likely overwhelmed the toe piece until it released
(Figure 9.56).

Gender and ski length were not significantly correlated with binding loads.

Skier speed was not correlated with binding loads, but has significant ramifications in the
event of an inadvertent release.

Knee joint kinematics were significantly different between male and female skiers,
depending on if the knee was performing an inside or outside turn.

Normalized peak knee adduction loads were found to be significantly larger for female
skiers than male skiers.

Peak lateral force at the toe piece was well correlated with adduction torque and internal

rotation for female skiers. However, this correlation did not hold up for male skiers.

In summary, AT and alpine bindings did not differ in the net force transferred to skiers, and the

MRR values for skiers was sufficient, but skiers frequency reached the minimum required limit

under normal skiing. The path that loads take from the ski to the skier, via the toe piece or

277



heelpiece, was significantly different, and therefore the initial hypothesis was accepted. This has
significant implications to for the design and optimization of AT bindings.

Furthermore, male and female skier knee loads were found to be significantly different.
However significant correlations between loads measured at the binding and the knee were only

found for females and not males. Therefore the initial hypotheses is only partially accepted.
12.3  Implications for Equipment Design

There are several critical implications for the design of ski bindings that can be gleaned
from these results. The results from Study 1 demonstrate that binding technology and test
methods that have worked well for alpine bindings and that have been grandfathered into the
design and testing of AT equipment do not function the same way. In Study 1, the ASTM F504
test method was used to evaluate boot-binding systems. However many systems are designed to
explicitly pass the test method ISO 9462 utilized by the Technischer Uberwachungsverein
(TUV) (Munich, GER). Therefore, many AT boot-binding combinations that have been certified
by the TUV using the ISO 9462 test method do not release appropriately using the ASTM F504
test method. The results from this study demonstrate the importance of the ISO 9462 test method
to incorporate several key tests from the ASTM F504 test method.

The results from Study 2 demonstrate similar complications of differences between
international standards. In particular, several of the bindings tested in Study 2, had been certified
by the TUV but did not perform appropriately in simple twisting tests in this study (Figure 5.2).

From the results of Study 3, it is unlikely that several interventions that have been
proposed to mitigate ACL injuries, namely lowering binding settings for females'* and, a novel
binding design by KneeBinding, will not prove effective in mitigating knee injuries. The novel
release mechanism incorporated in the design of KneeBinding does not correlate well with loads
at the knee. The proposal by Ruedl et. al. to lower release values for females could potentially
have some merit in lowering the peak internal torque and adduction torque in female skiers.
However there are two complications with this proposal:

1. The settings could only be lower on the toe piece in response to a lateral force, since the
vertical force at the heel was not correlated with any female knee loads.
2. By lowering the settings for females, the risk of an inadvertent release would

significantly increase. Figure 9.26 through Figure 9.29 demonstrate that females reach
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the twisting release torque retention limit under normal skiing. Therefore by lowering
the lateral force at the toe requiring release, the risk of an inadvertent release, and the

subsequent injuries associated with them will increase.
12.4  Limitations and Recommendations

Several recommendations and improvements to the methods could be performed to
improve future testing. First, a designated static trial from the XSENS MVN Biomech suit
would significantly simplify the scaling of the OpenSim model and trouble shooting. After the
drift and data drop out issues with the XSENS MVN Suit, new connectors were installed which
significantly improved the robustness of the suit.

Another factor that was not quantified in the analysis was the surface roughness of the
snow. The penetration tests were a measure of how soft the snow was, but the surface roughness
is hypothesized to have played a significant role in the forces generated during skiing. Future
studies could use LiDar to map out and scan a test slope to quantify the surface roughness.

Several improvements could also be made to the cable assembly of the sensors and how
they attached to the data acquisition system in the backpack. Significant time was spent testing
non-skiing maneuvers such as side stepping, duck walking, and kick turning. However the mass
of the ski-sensor-binding system along with the cables, and cable restrain system had a
significant affect on the subjects and how they performed these maneuvers.

Future testing could also instrument both feet to evaluate how skiers execute turns, the
timing of edge pressure between the inside and outside foot, etc. Subjects were allowed to ski
down the test slope in any manner they chose and were free to make as many turns as they
wanted. From a logistical standpoint, this was easier on the front end. However, this also
complicated the analysis and it was too cumbersome to attempt to examine how loads change as
a function of the phase of the turn.

The sensor design described in Chapter 6 has proven to be very versatile and a second
version of them was design and manufactured for used with snowboarding (Figure 12.1). In later
testing using the weight that the snowboarders needed to carry was reduced from 30 lbs to 15 lbs
by having a tester follow the subject with the XSENS kinematic data streaming over Bluetooth to
a tablet in the testers backpack. This reduction in weight could significantly change how some

skiers perform. For the purpose of evaluating AT bindings, the heavy backpack was considered
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typical of the weight backcountry skiers are carrying. However, reducing the weight skiers carry
during testing could significantly affect the results.

Future studies could benefit from having subjects ski a closed course with gates to allow
for more precise comparisons of the phase of each turn, skier speeds, and other variables. Further
more the sensors developed for this testing and the inverse dynamics model could be used to
explore several other important factors associated with skier safety including:

* The effect of wider skis on knee loads.
*  Other activities including jumping, or hiking in AT bindings.
* How new AT Bindings released on the market can absorb energy and transfer load?

e How do knee loads between recreational skiers and ski racers differ?

* Improving the OpenSim model to allow for constrained motion of the ankle.

Figure 12.1: Two custom sensors were developed using the same design described in Chapter 6.
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12.5 Summary

This study evaluated the performance of alpine and AT bindings using laboratory tests
and field measurements on the snow. The laboratory testing demonstrated that AT bindings do
not provide skiers the same protection against lower leg injuries when the bindings should
release. The field measurements demonstrated that both Alpine and AT bindings release at
values greater than the target release value. These results have now quantified the amount of
force and energy AT bindings must transmit to the skier and can be utilized by manufacturers of

ski bindings and ski boots to improve the retention-release performance of their systems.
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Appendix A: Angular Displacement of Bindings

Relative to Boots

The desired angular displacement at release for AT boots was defined as 300% of the
angular displacement at release of the reference alpine boot for each specific binding and load
case. Because the angular displacement at release for the reference alpine boot varied by binding
model and load scenario, the desired range for angular displacement at release for AT boots also

varied by binding model and load scenario; see Table Al.

Table Al. Upper bounds for the desired ranges of angular displacement at release and the
range of desired torque at release for each alpine binding and load scenario. The desired
angular displacement at release for AT boots was defined as 300% of the angular displacement
at release of the reference alpine boot for each specific binding and load case. Because the
angular displacement at release for the reference alpine boot varied by binding model and load
scenario, the desired range for angular displacement at release for AT boots also varied by
binding model and load scenario.

Load Scenario
Front Preload Rear Preload

Binding Forward Lean Pure Twist Twist Twist
1 12.6 5.1 2.4 7.5
2 6.1 9.8 7.2 14.3
300% of the 3 9.7 7.4 5.6 6.5
Angular 4 7.8 6.7 53 10.2
Displacement 5 10.4 7.3 4.6 7.9
at Release 6 14.3 5.9 3.5 8.6
7 10.4 7.2 52 6.6
8 7.4 4.8 2.1 4.1
Torque Min (Nm) 248 60 60 60
(Nm) Max (Nm) 305 75.4 94.3 101.8
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Appendix B: Multiple Linear Regression Tables

Table BI: Multiple Regression Results for Release Torque of alpine boots as the dependent

variable for Pure Twist, Front Preload Twist, and Rear Preload Twist releases. Note: XIY

notation indicates a significant interaction between independent variables X and Y.

Alpine Boots Pure Twist Front Preload Twist Rear Preload Twist

Bn SE P pn SE P Bn SE P
Intercept 0 0.066 1.0 0 0.05 1.0 0011 0.042 0.79
AFD - - - 0.278 0.074 <.001 - - -
AFD Pressure  0.244 0.077 <.001 -0.633 0.084 <.001 - - -
DoF - - - - - - -0.579 0.05 <.001
El 0.202 0.069 <.001 - - - 0.261 0.066 <.001
FP 0.191 0.074 0.0/ -0.103 0.056 0.07 -0.503 0.045 <.001
FP|EI - - - -0.422 0.064 <.001 -0.421 0.073 <.001
Hardness 0.65 0.066 <.00I 0.589 0.05 <.001 - - -
Toe - - - -0.234 0.085 0.01 0267 0.052 <.001
AFD P| 0137 0067 0.04 - i i i i i
Hardness

Table B2: Standardized coefficients (),

standard errors (SE), and p-values for the null

hypothesis, p, = 0, from MLR models for Pure Twist, Front Preload Twist, and Rear Preload

Twist release torque.

Pure Twist Front Preload Twist Rear Preload Twist
Regressors Bu SE P Bn SE P Bn SE p
AFD -0.056 0.074 0.45 0286 0.043 <.001 0.127 0.05 0.01
AFD Area - - - - - - 0.379 0.047 <.001
AFD Force 0.449 0.102 <.001/ -0.112 0.091 0.22 - - -
AFD Pressure -0.21 0.085 0.0/ -0.003 0.073 0.97 -031 0.072 <.00]
AFD | AFD P 0.266 0.046 <.001 -0.126 0.034 <.001 - - -
*2 DoF 0.169 0.053 <.001 - - - -0.215 0.041 <.001
& DoF|AFDF 0.136 0.033 <.00 - - - - - -
: EIl 0.059 0.061 0.33 -0.052 0.054 0.33 0353 0.045 <.001
= FP 0.171 0.048 <.00! -0.185 0.036 <.00I -0.504 0.033 <.001
s EIFP 0.242 0.073 <.00I -039 0.055 <.001 -0.719 0.055 <.001
i Hardness 0.64 0.085 <.001 -0.663 0.062 <.00I -0.261 0.071 <.001
< Hardness]AFDF 0.5 0.115 <.001 -0.434 0.085 <.001 - - -
Hardness | AFD - - - - - - 0.203 0.031 <.001
Tech 0.154 0.053 <.00I -034 0.042 <.00 -0.018 0.038 0.63
Tech|FP -0.093 0.041 0.02 - - - - - -
Toe 0.139 0.058 0.02 - - - 0.209 0.042 <.001
Tech|Toe - - - - - - -0.042 0.03 0.16
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Appendix C: Multiple Linear Regression Tables

Table C.1: MLR Fit Metrics for release torque from 10 bindings.

Binding F(4,10) Multiple R® Adjusted R’ P
1 645.1 0.996 0.995 <0.001
2 143 0.983 0.976 <0.001
3 473 0.950 0.930 <0.001
4 892.5 0.997 0.996 <0.001
5 19.57 0.887 0.841 <0.001
6 86.41 0.972 0.961 <0.001
7 27.84 0.736 0.709 <0.001
8 693.1 0.996 0.995 <0.001
9 6.247 0.714 0.600 <0.001
10 4.066 0.619 0.467 <0.001
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Table C.2: Scaled MLR coefficients (B,), standard errors (SE), and fit metrics for independent
variables: Dim A, Dim C, the interaction of Dim A & Dim C (Dim A | Dim C), and the

Clamping Force (CF).

MLR: Independent Variables

Bindings Intcpt. Dim A Dim C DimA | Dim C CF R’ D
Bu -0.29 0.44 1.11 -0.32 -0.08
All SE 0.10 0.06 0.15 0.14 0.09 0.325  <0.001
P <0.001 < 0.001 <0.001 <0.001 0.182
i -0.25 -0.58 -0.20 -0.28 -0.76
1 SE 0.04 0.09 0.06 0.05 0.05 0.996  <0.001
P <0.001 < 0.001 <0.001 <0.001 <0.001
i -0.52 -0.20 1.06 -0.59 -0.09
2 SE 0.09 0.11 0.19 0.14 0.10 0.976  <0.001
P <0.001 0.31 <0.001 <0.001 0.43
i -0.28 0.98 1.83 -0.32 -0.24
3 SE 0.16 0.32 0.23 0.1642 0.18 0.930 <0.001
P 0.109 0.0124 <0.001 0.080 0.211
i -0.43 2.12 2.78 -0.49 -0.14
4 SE 0.04 0.08 0.05 0.04 0.04 0.996  <0.001
P <0.001 < 0.001 <0.001 <0.001 <0.001
Ba -0.98 -2.20 031 -1.18 1.26
5 SE 0.30 0.52 0.24 0.34 0.28 0.841 <0.001
P 0.009 0.002 0.226 0.006 0.001
Bu -1.83 -4.09 -1.0647 -2.0661 1.85
6 SE 0.12 0.24 0.17 0.12 0.14 0.961  <0.001
P <0.001 < 0.001 <0.001 <0.001 <0.001
Bn -0.37 3.02 3.77 -0.40 -0.55
7 SE 0.14 0.36 0.40 0.12 0.11 0.709  <0.001
P <0.001 < 0.001 <0.001 <0.001 <0.001
i -0.43 3.26 4.20 -0.48 -0.49
8 SE 0.03 0.08 0.09 0.03 0.03 0.995 <0.001
P <0.001 < 0.001 <0.001 <0.001 <0.001
i -0.42 1.82 2.86 -0.49 -0.48
9 SE 0.03 0.03 0.06 0.06 0.03 0.600 <0.001
P <0.001 < 0.001 <0.001 <0.001 <0.001
i -0.62 1.32 1.79 -0.72 0.44
10 SE 0.33 0.49 0.57 0.32 0.24 0.467 <0.001
P 0.090 0.023 0.010 0.050 0.099
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Appendix D: Additional Statistical Tables

Table D.1: Linear regression of Indicator Values on Release torque for test configurations 2-3
corresponding to tests with the heelpiece settings at the minimum, median, and maximum
indicator values. One linear regression was performed for each binding model tested. The
reference slope of the Indicator Value-Release torque curve prescribed by ISO 13992:2006 is
10 Nm/IV.

Slope
Binding (Nm/IV) F Mult. R2 Adj. R? P
1 3.54 F(1,58) 374 0.8657 0.8634 < 0.001
2 5.59 F(1,46) 138.3 0.7504 0.745 < 0.001
3 8.47 F(1,58) 284.2 0.8305 0.8276 < 0.001

Table D.2: MLR metrics with standardized coefficients.

pn
Config Interc. Br Ppim A Boim ¢ Bpim A | Dim € Adj.R2 p

C1 0.00 0.12 1.02 1.83 0.00 090 <0.001

Binding C2 0.39 -0.24 2.31 2.13 0.47 091  <0.001
1 C3 0.92 0.24 0.11 -0.24 1.10 090 <0.001
C4 0.77 0.45 -0.85 -0.69 0.92 0.84 <0.001

C1 -0.20 0.44 -0.79 0.66 -0.24 0.88  <0.001

Binding C2 -0.46 1.37 -0.61 1.41 -0.55 0.84 <0.001
2 C3 -0.62 1.63 -2.37 -0.89 -0.74 0.68 0.003
C4 -0.65 0.15 0.18 -0.06 -0.77 0.70 0.002

C1 0.00 0.92 -0.07 1.07 0.00 098  <0.001

Binding C2 0.00 0.80 -0.14 1.08 0.00 096  <0.001
3 C3 0.00 2.02 -2.17 -0.24 0.00 0.80 0.001
C4 0.00 2.15 -2.17 -0.23 0.00 092  <0.001
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Table D.3: Percent relative contribution and the 95% ClIs [LL, UL] of boot-binding constraints
to release torque variation for Pure Twist releases.

Config

Clamping Force

Dim A

Dim C

Dim A | Dim C

Binding
1

Cl
C2
C3
C4

15.7% [14.35, 18.83]

18.7% [11.8, 29.0]
23.7% [10.9, 40.8]
4.5% [3.2,13.8]

33.2% [28.2, 40.2]
13.1% [10.3, 17.6]
12.7% [7.1,22.0]
24.9% [13.6, 41.6]

39.2% [32.9, 48.0]
41.8% [31.1, 53.6]
13.0% [3.5, 28.2]
15.9% [8.7, 28.8]

3.1%[0.1, 10.1]
15.3% [5.5, 29.5]
28.0% [9.2, 50.9]
33.4% [15.7, 54.7]

Binding
2

Cl
C2
C3
C4

27.0% [22.7, 32.4]
18.5% [13.8, 24.4]
43.5% [33.7,57.1]
53.0% [46.8, 60.0]

14.6% [14.1, 15.4]
14.7% [13.7, 16.9]
32.3% [25.6, 43.6]
31.8% [27.6, 38.3]

57.0% [51.2, 61.8]
63.8% [58.2, 70.1]
9.5% [5.7, 19.6]
9.1% [6.8, 15]

0% [0, 0]
0% [0, 0]
0% [0, 0]
0% [0, 0]

Binding
3

Cl
C2
C3
C4

7.8% [6.6,10.5]
5.8% [4.5,9.8]
17.6% [10.8, 26.5]
14.8% [8.2, 26.0]

19.3% [18.3, 21.6]
24.0% [19.6, 30.0]
7.9% [5.0, 12.3]
20.3% [13.2, 29.7]

65.4% [61.7, 69.8]
53.2% [45.4, 60.3]
2.2%[1.4, 5.8]
6.0% [3.3, 11.7]

0% [0, 0]
10.2% [3.9, 19.1]
65.0% [54.7, 76.8]
47.7% [33.3, 63.9]

295



