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ABSTRACT

Ski-snow interaction is the essential component of alpine skiing. To under-
stand how a skier manipulates his ski to turn, we need to develop methods to
measure the orientation of the ski throughout a complete run. Recent studies
tried to use IMUs to estimate edge angle (EA) during skiing.

We introduce and validate a method on how to calibrate and employ IMUs to
precisely and accurately measure roll angles (RA) as a matter of changing ori-
entation of the ski around its longitudinal axis in 3D space during skiing.

Static orientation measurements on an inclined plane perfectly correlate (r?
= 1) with 3D motion capturing: RMSE = 0.18° and 0.24° respectively. Bland
Altman showed a mean bias of 0.23° (95% Cl: -0.16°, 0.63°) and 0.21° (95%
Cl: -0.3°, 0.73°). Accuracy and drift tests against constant standardised rota-
tional velocities showed no drift behaviour over time, but RA estimation accu-
racy is reduced with increasing angular velocities (SD @ *300°/s: 0.57°, max.
difference from average at £300°/s: 2.7°). During skiing on a ski ergometer
the comparison of maximum RA against Vicon showed a mean bias of 0.13°
(95% CI: -0.86° to 1.1°).

Even though ski ergometer skiing has a similar frequency and angular veloc-
ity profile like outdoor skiing, there are more rotational degrees of freedom
in outdoor skiing. The foundation is provided in this paper. To understand
how a skier manipulates the ski on snow and to understand RA and EA pro-
gression during a turn in detail, further research should validate the method
in the field and additionally look into RA progression within individual turns.
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edge angle, roll angle, ski-snow interaction, inertial measurement units, valida-
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Introduction

Ski-snow interaction is an essential aspect of compe-
titional and recreational skiing. To perform a turn, a
skier changes the orientation and the loading pattern
of the ski to generate a reaction force that leads to
a redirection (Reid et al., 2020). Due to the shape of
modern skis, a skier mainly manipulates the ski’s orien-
tation around two axes to turn: around the longitudi-
nal axis to change the edge angle (EA) and by manip-
ulating the vertical axis (heading) of the ski, which
changes the angle of attack (AA; Lieu & Mote, 1985).

Currently, methods to measure ski orientation during
skiing are limited to either a small area (Reid et al.,
2020) using 3D kinematic systems or to indoor skiing
on a treadmill using IMUs (Snyder et al., 2022). How-
ever, 3D kinematic systems are complex to set up and
time demanding in post-processing. A recent study
demonstrated the estimation of EAs with the applica-
tion of inertial measurement units (IMU) at the back
of the ski boots (Snyder et al., 2020). IMUs have many
advantages over motion capture systems, as they are
small, wearable, affordable and can easily be used
outside the laboratory (van Dijk et al., 2021). While
IMUs can be used to calculate the global orientation of
objects they are attached to, the reference to the snow
surface is more relevant to understand ski-snow inter-
action (e.g. radial forces, grove formation, ski deflec-
tion or torsion; Federolf et al., 2010; Snyder et al.,
2021; Thorwartl et al., 2023) and the turning tech-
nique of a skier. Gilgien et al. (2013) proposed a
method to model the snow surface by triangulating
survey points of a differential Global Navigation Satel-
lite System, which could be used to calculate the ori-
entation of the ski relative to the local snow surface.
While edge angle is a well-established term to
describe the angle between the ski and the hill surface

about the longitudinal axis, there is no uniform term
regarding the orientation of the ski in 3D-space. We
suggest using roll angle (RA) of the ski to be in accor-
dance with aircraft principal axes, as in a recent publi-
cation by Thorwartl et al. (2023).

In general, a six-axis IMU consists of an accelerometer
(ACQC) and a gyroscope (GYRO), which measure linear
acceleration and angular velocity along three orthog-
onal axes. Orientation is not measured directly, but
by determining an initial state and integration of the
angular velocity. During this process, sensor noise and
sensor offset lead to sensor drift over time and there-
fore errors in the estimation of the orientation
(Bergamini et al., 2014). Several techniques are
applied to cope with drift: correction of the sensor’s
orientation from cyclic movement pattern in which the
orientation is known from time to time (Zandbergen
et al., 2022), or the use of information from further
sensors like magnetometer (Bergamini et al., 2014) or
global navigation satellite system (GNSS; Brodie et al.,
2008; Fasel et al., 2016). The Madgwick filter (Madg-
wick et al., 2011) is a common filter used in human
motion tracking (van Dijk et al., 2022). It employs
numerical integration of GYRO data to deduce an atti-
tude. Additionally, it employs a gradient descent algo-
rithm to optimize the attitude estimations using infor-
mation from the ACC. While gyroscope-derived atti-
tude estimations allow the capturing of dynamic and
high-speed motions over brief intervals, incorporating
directional indications derived from the ACC allow for
long-term drift compensation (Madgwick et al., 2011).
The advantage of the Madgwick filter, with its com-
plementary characteristics, is to be responsive to high
angular velocities, while being resistant to drift over
time.
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Pilot tests during slalom skiing showed that the Madg-
wick filter performs well in estimating plausible RA
(not validated) in recreational skiers with angular
velocities of up to 250°/s as well as in young elite
slalom skiers (350°/s). Therefore, this study aims to
present a detailed description of the used method and
validate the applicability of the Madgwick filter to esti-
mate RA, especially peak RA, in alpine skiing.

Methods

The method section first discusses the relevant coordi-
nate systems to measure RA and EA. Next, the trans-
formation between coordinate systems is explained.
In literature there seems to be some unclarity in this
regard, e.g. the interchangeable use of IMU and ski
coordinate systems and global and local coordinate
systems. Afterwards, we present the current method
and steps to validate it.

Reference systems

To determine the ski’s orientation, the definition of the
reference coordinate systems, the corresponding rota-
tional axes and the definition of the angles are impor-
tant. The global reference coordinate system (Figure 1,
A) is defined by the Z axis which points against earth’s

gravity-vector. The Y axis is aligned with the initial
position of the ski’s longitudinal axis (from tail to tip
of the ski, usually along the fall line) and is perpendic-
ular to Z. Finally, X is defined perpendicular to the
other two axes. Rotation directions are defined accord-
ing to the right-hand rule. The ski-bound coordinate
system (Figure 1, B) originates at the ski’s centre point,
with the Yg axis aligning with the longitudinal axis of
the ski (tail to tip). Xg axis pointing towards the right
side of the ski perpendicular to Y along the local snow
surface and the Zg axis pointing upward, perpendicu-
lar to X5 and Ys. The ski's orientation is described by
Euler angles. RA is defined as the Euler angle result-
ing from a rotation around the Y axis by which the
ski’s coordinate system is achieved. Respectively, pitch
is defined as rotation around the X; axis and yaw as
rotation around the Zg axis. Finally, the local coordi-
nate system is relevant to retrieve EA and is dependent
on the ski’s centre point. It is a variation of the global
coordinate system rotated about the global X and Y
axes. Hereby, the X -Y| plane is locally matched with
the snow surface (Figure 1, Q). Figure 1 also shows
an example of the difference between RA y with the
global reference while the EA 0 is defined in reference
to the local reference.
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A

Xa

Figure 1 Definition of the orientations of A global (X Y Z¢) coordinate system including rotation directions,
B the ski (Xg Yg Zg) coordinate system, C local (X, Y, Z;) coordinate systems in a skiing situation. C also
shows the difference between roll angle (y, orange) and its definition against the horizontal plane of the
global reference system and edge angle (0, yellow) with the definition against the local coordinate system.
X axes are depicted in red, Y axes in green and Z axes in blue.

Mounting offset and initial orientation offset

A relation between the IMU coordinate system and the
reference coordinate systems must be established to
determine the ski’s orientation. Relations are defined

in two steps to be able to distinguish between mount-
ing and initial orientation offset. This allows for non-
level surfaces as initial positions before a trial. The
mounting offset establishes the relation between the
IMU coordinate system and the ski’s coordinate system.
It is obtained by placing the ski or the ski boot on a flat
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and level surface. From the accelerometer readings,
the current roll (y) and pitch angles (3) are retrieved
using equations 1 and 2, with A being the acceleration
along the specified axes:

v = arctan2 (A, A,) (1)

B = arctan2 (—Ay, VAx®+ A22> (2)

The initial orientation offset relates the ski’s coordi-
nate system to the global coordinate system and is
determined during a zero-movement phase directly
before the start of a trial. Yaw is arbitrarily set to zero,
as neither GNSS nor a magnetometer is used to correct
the heading.

Study design

Before evaluating the applicability and quality of the
method, the individual steps of the current measure-
ment procedure with regard to their contribution to RA
estimation are described. Afterwards, the first experi-
ment evaluates the global orientation in a static sce-
nario, which is relevant for the relation between the
individual reference systems. The second experiment
evaluates the RA estimation validity of the filter at dif-
ferent angular velocities. The third experiment evalu-
ates the algorithm in a complex skiing-like movement
in a lab setting.

Current measurement procedure

This section describes our current procedure to mea-
sure RA on the skiing hill. Before mounting, the first
step is the calibration of the IMU, the necessary steps
are presented in the next section. After calibration, the
IMU is attached to the subject’s ski boot and placed
on a level surface to retrieve the mounting offset. The
subject puts the boot on and moves to the starting
point. Before each run, there is a phase of standing
still for five seconds (zero-movement phase) to retrieve

the initial orientation offset and the GYRO offset. After
the run, ACC and GYRO data are retrieved from the
data logger. We observed high frequency noise when
recording ACC and GYRO readings at rest, which should
be removed before applying the Madgwick filter. Red-
hyka et al. (2015) suggest the use of moving average,
Savitzky-Golay or Kalman filters to reduce noise in
IMU data, additionally low-pass filters were included
in our testing. Their performances in the power spec-
trum density analysis in a resting as well as simulated
skiing situation made it obvious that the moving aver-
age performed best attenuating unwanted high fre-
quencies. To reduce the risk of changing peak angle
values and keep the dynamic of the signal, we choose
a small window of 10 samples to preserve as much
of the signal as possible. The filtered data is passed
through the Madgwick filter, followed by applying the
offsets. Results are reported back to the subject.

Calibration of the IMU

The IMU (2D Debus & Diebold Mef3systeme GmbH,
Karlsruhe, GER) is powered for one hour to allow the
electronics to reach constant temperatures before cal-
ibrating and measuring. The calibration of ACC and
GYRO takes four steps, the first two are only performed
once before the study:

1. Sensor and housing are aligned using built-in
coordinate transformation in Winlt (2D Debus
& Diebold Mefisysteme GmbH).

2. The IMU is attached to the rotatory head of
an isokinetic strength measurement device
(Isomed 2000, D. & R. Ferstl GmbH, Hemau,
GER) along each axis and turned with an
angular velocity of 50, 100, £150, *200
and *#300°/s for one minute. The averages of
the IMU readings during the constant rota-
tional velocity phase are compared against
the set angular velocities. Resulting linear
regression models (LRMs) are applied to the
GYRO data of all measurements.

Step three is performed before each measurement day
and step four before every trial:
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3. IMU scaling calibration: The three axes of the
IMU are aligned 0°, 30°, 60° and 90° along
and against the g-vector using a 3D printed
calibration tool. ACC readings are averaged
over one second for every orientation and

against

Received LRMs are applied to all measure-

compared theoretical  values.

ments of the respective day in post process-
ing.

4. GYRO offset is determined individually for
each axis during the zero-movement phase
before each measurement. For each zero-
movement phase the moving standard devi-
ation (window length: 0.5 s) is calculated to
determine the steadiest phase. The steadiest
time window is averaged and subtracted as
GYRO offset of the corresponding measure-
ments.

Experiment 1: Inclined plane in static
situation, IMU positioning

The measurement setup is visualized in Figure 2. One
subject is placed on an inclined plane at three different
slope angles (flat: 0°, middle: 12.4°, steep: 26.7°),
which are selected to be within the range of gradient
stated in the regulations for slalom alpine ski racing
(International Ski Federation FIS, 2020). At each slope
the ski is edged at four angles (0°, 10°, 20°, 30°) for
four different yaw angles (0°, 30°, 60°, 90°). The yaw
angle is achieved by orienting the ski along marks on
the plane, next EA is generated by inducing an angle
specific wedge between the plane and ski centre to
take position. After position is reached, the wedge is
removed while the subject remains in this position for
five seconds. The global orientation is measured by
one IMU (£16 g, £2000°/s, 1600 Hz, 1000 Hz ODR,
16-bit ADC) mounted to the right ski boot, while a sec-
ond is mounted to the right ski’s surface. Every IMU
is rigidly connected to three markers (14 mm), which
are tracked by an eight camera motion capture system
(100 Hz, Vicon, Vicon Motion Systems Ltd., Oxford, UK).
Overall, three repetition measurements of all positions

are performed. The experiment addresses the preci-
sion of the static orientation estimation from ACC
readings. Further, the question regarding IMU posi-
tioning to calculate RA is addressed. Linear regressions
and Bland-Altman plots (Bland & Altman, 1986) com-
pare the accuracy of the static orientation calculation
from Vicon (gold standard) to the IMU. Finally, RA dif-
ferences between the sensor positions are compared
using the marker information, to evaluate the sensor
positioning.

Experiment 2: Standardized rotation velocity

In the second experiment both IMUs are stacked and
attached to the rotational arm of an isokinetic strength
measurement device, the rotational axis is hereby con-
secutively aligned with the sensor rotational axes in
three setups. Angular velocity is set to 50, £100,
%150, 200 and +300 /s for one minute duration with
a movement range of 220° (absolute end points: -50°
to 170°) without static phases between direction
changes. Five trials were performed for each setup
and each velocity. Each trial started with a five second
zero-movement phase. The precision and accuracy of
the filter (3 = 0.8) with regard to angular velocity is
derived from the standard deviation at the minimum
(-50°) and maximum (170°) end point for each angular
velocity. To account for misalignment of the IMU-axis
concerning the rotatory axis, the mean of the respec-
tive minimum and maximum angles measured by the
IMU is used as reference, instead of the absolute
angles. Automatic peak angle detection is performed
using Matlab (R2022b, MathWorks, Natick, MA, USA)
with a 10-samples moving average filter.

To assess drift the confidence interval of the slope
component of linear regressions are considered. The
indices of consecutive end points (including minimum
and maximum) are used as x-values, while the y-val-
ues consist of the differences between the respective
mean value and the corresponding measured angle. A
drift would be visible in maximum and minimum end-
point equally. By utilizing the difference, a single met-
ric can be used to assess drift.
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Figure 2 The setup for the inclined plane experiment. A wooden plane is placed at an angle on the plane
marks for the centre point and the yaw positions are marked. Right side shows the 3D printed housings the
IMUs are enclosed in attached to the right boot and the top of the right ski. To both housings 3 markers are
attached to create a coordinate system that aligns with the IMU coordinate system.

Experiment 3: Complex movement on the
Skier’s Edge

Six subjects (3 female, 3 male) performed three trials
of simulated skiing on a Skier's Edge (Skier's Edge
Company, Utah, USA) each. Mounting offset was deter-
mined for each subject prior and every trial started
with a zero-movement phase for GYRO offset and ini-
tial position offset. Trial duration was set to one
minute to match the duration of a slalom race. IMU
and Vicon markers (14 mm) were attached to the plat-
form of the right boot (Figure 3). Vicon measurement

frequency was set to 200 Hz for this experiment. Four
markers were used to compensate for potentially cov-
ered markers. In case of reconstruction rigid body
properties were used. First the calibration is applied
to the IMU raw data, afterwards it is filtered using a
10-samples moving average filter and the Madgwick
filter is applied. Minimum and maximum angles with
a minimum prominence of 15° are automatically
detected and matched between both systems. Matched
angles are compared using regression and Bland-Alt-
man.
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Figure 3 The Skier’s Edge with four markers (red arrows) attached to the right platform and the IMU (green
arrow) mounted vertically under the rotation joint.

To evaluate if Skier's Edge skiing and outdoor skiing
can be compared regarding angular movement pro-
files, for each trial the maximum angular velocity and
average movement frequency were determined, aver-
aged and reported. Typical skiing frequencies are
between 0.69 Hz and 1.11 Hz according to Sporri et
al. (2016). Skiing frequency f; is determined for each
trial by:

_ Nturns — 1
fski = ———-

3
(tn — 1) ©)

Where n is the total number of turns, t is the time in
seconds of the specified turn.

Statistical consideration

All statistical analysis were performed using Matlab
(R2022b). For linear regression models sample size,
root mean square error (RMSE), the equation and r? is
reported. Vicon is used as reference method (gold stan-
dard), thus the differences of both measurement sys-

tems are compared against the Vicon measurements
in the Bland Altman analysis (Bland & Altman, 2003).
Standard deviation (SD), mean and *1.96 * SD are
reported, to quantify the agreement of both systems.
Systematic bias is optically assessed from the Bland-
Altman plots and a fixed bias is detected if the 95%
Cl of the differences of both systems does not include
0° (Ludbrook, 2002). In accordance, if the 95% Cl of
the slope parameter for the drift detection does not
include zero, the individual trial is rated as drifting.
Alpha was set to 0.05 for all tests. For readability, val-
ues are rounded to two decimals.

Results

Inclined plane

A total of 144 data points from three sets of 16 ori-
entations and three inclinations were captured per
mounting position. Figure 4 shows the regression of
the RA for the IMU mounted to the right ski (blue) and
the IMU mounted to the right boot (red).
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Incline plane comparison
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Figure 4 Results from the inclined plane experiment. Left graph shows the correlation analysis and the right
graph the Bland Altman plot including mean difference and 95% Cl as dashed lines. Data retrieved from the
IMU and markers attached to the ski are presented in blue. Data from the IMU and markers attached to the

boot are presented in red.

Table 1

Difference in RA between the boot and the ski mounting position within the inclined plane experiment.

Pitch condition Yaw
0° 10° 20° 30°
0° 0.00° 1.36° 1.30° 1.36°
flat 30° -0.10° 1.53° 1.53° 1.50°
60° -0.09° 1.37° 1.49° 1.81°
90° 0.00° 1.41° 1.53° 1.29°
0° 0.00° 1.23° 1.21° 1.07°
) 30° 0.08° 1.54° 1.43° 1.43°
middle
60° 0.67° 2.21° 2.06° 1.82°
90° 0.94° 2.75° 2.38° 2.07°
0° 0.00° 0.83° 0.79° 0.81°
30 0.31° 1.43° 1.23° 1.04°
steep
60 0.97° 2.96° 2.24° 2.06°
90 1.67° 3.99° 3.51° 3.03°
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The ski-mounted IMU regression equation is 'y = 0.99x
+0.18 (2 = 1) with a RMSE of 0.18°. The Bland-Altman
plot shows a mean bias of the IMU method of 0.23°
towards the Vicon system, where 95% of all values lay
within 0.79° (SD = 0.2°). 0° is included in the 95% CI.
The equation describing correlation between the IMU
mounted to the ski boot is y = 1.01x + 0.29 (% = 1)
with an RSME of 0.24°. The mean bias is 0.23° towards
Vicon and 95% of all values lay within 1.03° (SD =
0.26°).

Table 1 shows the mean RA differences over the three
sets between the ski-mounted IMU and the boot-
mounted IMU calculated from Vicon data. On a flat
plane RA difference increases when any EA position
other than 0° is taken. At the middle pitch condition
RA differences tend to increase above 0° EA as well
as from top to bottom (for increasing yaw angles). The
same is true for the steep condition: maximum dif-
ferences (3.99° and 3.51°) are reached when standing
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3
_x
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P 5 W "
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perpendicular to the fall line (90° yaw) at 10° and 20°
EA.

Standardized rotation velocity

It appears that the precision of the Madgwick filter
becomes worse in estimating RA with increasing angu-
lar velocities (Figure 5). While the standard deviation
stays within 0.57° up until 300°/s rotational velocity,
occasionally extreme values differ further from the
mean estimation. For context, IMU 1 was mounted to
the ski, while IMU 2 was mounted to the ski boot in the
previous experiment. At 300°/s all values stay within a
range of 2.7°.

Evaluating drift behaviour over movement cycles by
looking at the 95% Cls of the slope parameter, 6 out of
75 trials did not include O, four trials at 200°/s, one at
50°/s and one at 300°/s for IMU 1 and 4 out of 75 tri-
als for IMU 2, 2 trials at 50°/s, one each at 100°/s and
300°/s.

IMU 2
3
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Figure 5 SD and range around mean measured value for predefined angular velocities. Dotted line indicates
standard deviations, dashed lines ranges. Values for the endpoint at 170° are displayed on the positive axis
while values for the 50° endpoint are displayed negatively. Red represents rotation about the X axis of the

IMU, respectively green for the Y axis and blue for the Z axis.
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Complex movement on the Skier’s Edge

Skier's Edge comparison
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Figure 6 Results for the Skier's Edge measurement. Left graph displays the correlation between Vicon and

IMU RAs. Right graph shows the difference between Vicon

and IMU RAs with regard to the RA from Vicon as

reference system. The mean is displayed with dotted lines indicating the 95% Cl.

For the validation of the IMU system with Vicon, 1,700
turns were taken into consideration (Figure 6). Results
from the first experiment show that only the IMU
mounted to the ski can accurately determine RA, there-
fore only its location was considered for analysis.
Regression analysis returns the equation y = 1.01x +
0.09 with an RMSE of 0.45° and r? = 1.00. Bland-Alt-
man shows a mean bias of the IMU system of 0.13°

Table 2

with the 95% CI ranges from -0.86° to 1.1° including
0°. No systematic bias is recognized from the Bland
Altman plot. Subjects “skied” on average with a fre-
quency of 0.98 Hz, with an average maximum angular
velocity of 263°/s (Table 2). From these numbers, ski-
ing on snow and Skier’s Edge skiing show similar pat-
terns regarding the angular movement profile around
the roll axis.

Average skiing frequency and maximum anqular velocity for individual subjects over three trials.

Average maximum angular velocity

Subject Average skiing frequency [Hz] [°/s]
1 0.89 220.48
2 0.95 210.09
3 0.92 246.71
4 1.06 345.96
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Average maximum angular velocity

Subject Average skiing frequency [Hz] [°/s]
5 1.06 26746
6 1.01 292.89

Discussion and conclusion

The goal of this study was to propose a method that
validly estimates peak RA during alpine skiing. The
main finding was that by carefully calibrating the IMU
and applying the Madgwick filter IMUs can be used
to estimate RA during skiing. Others reported for their
method also validated on a ski ergometer (Snyder et
al., 2020) a limit of agreement (LOA) of #4.37° for max-
imum EA. This method showed a higher precision and
accuracy with 95% of the values being within 1.96° of
the gold standard’s reference.

A well-calibrated IMU is a requirement for accurate ori-
entation measurements: A small gyroscope offset can
largely affect the result of the integration. While the
sensor-housing offset and GYRO scaling appear to be
constant for long durations, it is unclear how often
the ACC needs recalibration as throughout the study
the ACC calibrations differed between days but stayed
in a similar range. GYRO offset appeared to be very
volatile, making it necessary to calibrate close to the
actual trials. The mean biases in all experiments are
not of concern and can likely be attributed to mis-
alignment of markers and IMU in the 3D printed enclo-
sure. Overall, the referencing of the IMU coordinate
system to the ski and global coordinate system are
highly dependent on an accurate and precise determi-
nation of the IMUs global orientation. With an accuracy
of 1.03° (95% Cl) the demand for accurate referencing
is satisfied.

The standardised rotation test showed that the esti-
mation of individual RAs ranges up to 2.7° and gave
an idea of the magnitude of accuracy at different rota-
tional velocities. While some trials showed drift, there
is no pattern of systematic drift over time not even for
higher angular velocities, meaning the Madgwick filter

is able to compensate inaccuracies even during highly
dynamic movements. The more meaningful result is
that 95% of the values stay within the range of £1.13°
(1.96 * SD) of the true value independent of rotational
velocity. In the alpine skiing context, angular velocities
are not constant over time but alternating, therefore
the filter is likely to compensate extreme values
quickly in phases with lower angular velocity.

Summarizing the above aspects, the method allows for
an accurate measurement of the real orientation of the
ski centre in a global reference system. Therefore, this
method appears to be applicable in alpine skiing.

A main finding of this study regards the mounting loca-
tion of the IMU, all studies investigating EA or RA
mounted the IMUs to the upper posterior cuff of the ski
boot. While this location is well protected and handy,
already static measurements on an inclined plane
show that there is relative movement between boot
and ski of 3.99°, making this location a source of error
when the aim is to investigate ski-snow interaction.
It is unclear if the relative movement is a result from
the bend of the boot or the binding acting as joint
between boot and ski. The largest differences in RA
were observed at the steepest hill setting with an EA
of 10° to 20° at 90° yaw. In this scenario the most force
is applied to the longest transversal lever inducing a
torque into the ski-boot-binding system. If 3.99° can
be observed in a static scenario, a dynamic scenario
with additional radial forces could affect the system
even more - the error is likely to become even larger.
The Skier's Edge setup was not suitable to estimate
the error in a dynamic setting, as there is no abutment
inducing a counter rotation into the platform-boot sys-
tem.
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Further considerations are to increase the sensor res-
olutions by reducing the measurement range. A higher
resolution reduces the discrete step distance and leads
to a more accurate integration. Currently the IMUs are
configured to # 2000°/s and * 16g, while the highest
angular velocity on the Skier’s Edge was 355°/s. Still,
leaving head room for the gyroscope makes sense to
avoid sensor clipping in outdoor skiing scenarios on
icy/bumpy hills. Same is true for the ACC. Depending
on the scenario a higher resolution could be advanta-
geous over a wider measurement range.

Even though angular velocity and frequency are com-
parable between skiing on the Skier’s Edge and out-
door, outdoor skiing contains further pitfalls (e.g.
impacts, temperature changes, vibrations) that could
influence the precision of the Madgwick filter. Skiing
on the Skier’s Edge limits movement to the lateral axis
and roll rotation. Major degrees of freedom relevant to
skiing are missing: rotation around the pitch and the
yaw axis. However, due to the complementary charac-
teristics the filter might even profit from more move-
ment along and around all three axes. Nevertheless,
this speculation is subject to further research.

When willing to investigate turning strategies in ath-
letes, maximum angles are without doubt important.
Further, it would be interesting to validate curve pro-
gression. This would be of particular interest, to under-
stand strategies for change of edge and yaw angle to
perform a turn.

Potential applications

The determination of the ski’s orientation using IMUs
allow outdoor measurements on a larger area com-
pared to a 3D kinematic system. The method described
in this paper helps to understand ski-snow interaction
and the ski mechanics to answer the question how a
ski bends during a turn and the role of torsion during
skiing (Spitzenpfeil et al., 2023). Further, it could be
used as a training tool for elite athletes. The Madgwick
filter has a low computational demand and therefore
can be applied in real-time within a training setting to
give athletes feedback about their turning strategies
for individual turns. Additionally, it can be used to

improve performance in ski cross due to feedback of
the loading patterns in pump track sections.
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