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The Relationship between Equivalent Fall Height and Ground
Reaction Force in Freestyle Ski Jumping

J.R. van der Schot

Abstract

This study investigated the relationship between Equivalent Fall Height (EFH) and peak Ground Reac-
tion Force (GRF) in freestyle ski jumping. An experiment was conducted in which a semi-professional
freestyle skier was instrumented with Inertial Measurement Units (IMUs) and a position sensor. The
skier performed jumps off ‘kickers’ in snow parks in four different ski resorts in Northern Italy. The
gathered sensor data was utilized to calculate the EFH and GRF of every jump. The data reveals
convincing evidence that a positive correlation between these two parameters exists. However, the
coefficient of determination, R?, indicates only a moderate correlation. The results suggest that alter-
nating landing strategies might have affected the measured GRF as well. This indicates that a higher
correlation between EFH and GRF might exist than shown in this research. Further research should
focus on how individual parameters, such as EFH and landing strategy, affect the GRF. This should
develop a more comprehensive understanding of how to enhance the safety and enjoyment of freestyle

ski jumps for a broader audience.

Keywords: freestyle, ski, impact, safety

1 Introduction

Freestyle skiing is often considered an exhila-
rating pursuit by both athletes and spectators.
The sport involves performing jumps and tricks
on various features such as kickers, half-pipes,
rails, boxes, and many more. However, especially
features that include large jumps are associated
with severe injuries and there are few guidelines
on how these features can be built in the safest
manner [1-4] . Besides the negative impact on the
injured individual, injuries can cause a burden on
public health care and treatment can be costly.

The focus of this research is on a feature that
involves large jumps: kicker-lines. A kicker is a
take-off ramp off which freestyle athletes jump.
These kickers are often placed in sequence to cre-
ate a ‘line’ (Fig. 1). The area in front of a kicker
is called the inrun, while the area behind it is
called the landing area. Between the kicker and
the landing area lies a knuckle, which is a point

where the inclination of the slope changes rapidly.

After a jump, a skier needs to dissipate all his
kinetic energy directed perpendicular to the slope.
This is achieved through the Ground Reaction
Force (GRF'), which generates an impulse equal to
the skier’s change in momentum during landing,
in accordance with Newton’s second law. Since
the momentum normal to the slope is brought to
zero, the change in momentum is equal to the
total momentum the skier has, in this same direc-
tion, before landing, mv, (Eq. 1). The location
on the slope where the total impulse while land-
ing is the smallest is called the ‘sweet spot’. It is
located right after the knuckle and it is the point
where athletes intend to touch down after a jump,
because it facilitates the smoothest landing.

mug :/GRF dt (1)



Fig. 1 A kicker line in Seiser Alm, Italy. The different segments of the kicker line are highlighted. (©) F-tech Snowparks

(used with permission).

The commonly used method for designing
kicker-lines is through trial and error instead of
an engineered approach, which may pose signif-
icant risks [5]. A poorly constructed kicker-line
could substantially heighten the likelihood of
injury because the placement of the landing area
is important. Depending on rider behaviour, and
snow-, and weather conditions, a skier can have
different flight trajectories and the design of the
kicker line should facilitate smooth landings for
most, if not all, of these trajectories. In the past,
negligent kicker-line design and construction have
caused multiple severe injuries [6]. In these exam-
ples, the skiers’ speeds normal to the landing
surface, v, , were very high.

It has been proposed that kicker-lines can be
designed in such a way that v, is small for every
possible flight curve [7-9]. The shape of the land-
ing area, together with the flight trajectory of the
skier, influences v, . As can be observed in Fig.
2, the difference between the angle formed by the
skier’s trajectory with the horizontal, @gpier, and
the inclination angle of the landing surface, @siope,
determines the component of velocity directed
perpendicular to the slope.

vl = |1_)| sin (‘Pskier - Soslope) (2)

Fig. 2 An arbitrary kicker line displaying the flight curve,
the landing slope angle (@siope), skier angle (@spier), and
the normal landing velocity (v ).

While v serves as an appropriate measure for
assessing landing impact, understanding what a
comfortable and safe range for this parameter is
can be challenging. Intuitively, individuals have a
better understanding on how to assess the safety
of a certain height from which they fall, rather
than the speed at which they will land. Therefore,
researchers have put forward a metric that quan-
tifies v, as a height from which one would need
to fall vertically, starting from a stationary posi-
tion, to achieve this same velocity upon landing:
the equivalent Fall Height (EFH) [7-9].

2 2 i 2 o
EFH = v_J_ _ ‘U| SHL (@skzer (Pslope) (3)
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By combining Eq. 1 and Eq. 3, the relationship
between total impulse and EFH can be described.

m\/QQEFHz/GRF dt (4)

The suggestion that a jump with a low EFH
is safe, is based on the assumption that the total
impulse generated by the GRF during landing
determines the safety of the athlete. However,
the peak value of the GRF might be a better
indication of this, since high forces can break
bones. Therefore, the aim of this research was to
find a relationship between EFH and peak GRF.
If a positive correlation exists, and if peak GRF
is deemed an appropriate measure of safety, then
EFH can also be interpreted as such.

To test this hypothesis, an experiment was
designed where a skier performed freestyle ski
jumps while being equipped with sensors to allow
the calculation of both the EFH and the GRF.
The sensors measured the position, acceleration,
and angular velocity of the skier. The position
data was differentiated with respect to time to
obtain the skier’s velocity. The acceleration of the
skier normal to the slope was considered to repre-
sent the GRF divided by his mass. The data was
used to calculate the EFH, the momentum before
landing, and the impulse during landing. Conse-
quently, an analysis was done to see if there is a
correlation between EFH and peak GRF. Addi-
tionally, the validity of the gathered data was
tested by comparing the momentum before land-
ing and impulse after landing, which should be
equal (Eq. 1).

2 Methodology

2.1 Experimental setup

The experiment took place on four separate days,
each in a different ski resort in Italy and was
conducted in collaboration with the company
‘Prinoth’. Each ski resort had omne kicker-line,
except for Madonna di Campiglio. This resort had
two lines, one with medium-sized kickers, and one
with large kickers. In total, 13 different kickers
were used and a total of 50 trials were performed.
The skier jumped 121 times and 104 of these

jumps are used for the analysis (Table 1). The 17
jumps were omitted because during these specific
jumps, the RTK correction signal from the posi-
tion sensor was lost. Therefore, the position data
of the skier was not accurate enough for the anal-
ysis. In Appendix A, an overview is given of the
different ski resorts and jumps that were used for
the analysis.

Table 1 Overview of the different ski resorts, how many

kickers were present, and how many trials and jumps the skier

performed in the resort.

Ski resort # Kickers | # Trials | # Jumps
Kronplatz 3 10 30
Obereggen 2 11 22
Seiser Alm 2 18 36
Madonna di Campiglio 6 11 33
M-line 3 6 18
L-line 3 5 15
All 13 50 121

The focus of this experiment lies on the
relationship between EFH and GRF. Therefore,
we attempted to keep all other parameters con-
stant. Consequently, we only recruited one single
semi-professional freestyle skier, based on his
availability throughout the duration of the exper-
iment. This was important because every skier
behaves differently while performing a jump.
Especially the landing strategy could be different
throughout athletes. Some might land on the tail
of their ski’s and flex their knees and hips a lot,
while others might apply a much stiffer technique.
This could have a large effect on the peak GRF
because, while the total impulse stays the same,
the duration of the landing increases.

Because we wanted to minimize the variety
of landing strategies throughout the experiment,
the skier was instructed to execute each jump in
a uniform manner, adhering to the same take-off
and landing strategy. He was asked to refrain
from any aerial maneuvers that cause rotations
or body configuration changes other than the
ones he needed to land safely. The skier jumped
up and down three times before going down the
slope, did some turns to control his take-off speed,
jumped of the kicker, and landed flat on his ski’s.
The three jumps at the start of the trial were
later used to time synchronize the signals. The



skier did change his body configuration a little
bit in the air in order to ”create air awareness”.

The participant was thoroughly informed
about the nature, purpose, and procedures of
the experiment before providing written consent
through a consent form. The participant had the
opportunity to ask questions and seek clarification
regarding any concerns he had before signing the
consent form. The experiment was approved by
the Human Research Ethics Committee (HREC)
of Delft, University of Technology.

Each testing day began with surveying the
landing surface with an RTK position sensor;
the Leica iCON gps 70 (Leica Geosystems, Heer-
brugg, Switzerland). We dragged a pole, on which
the sensor was mounted, over the surface on
both sides of the slope and parallel to the trav-
eling direction of the skier. Surface points were
recorded every 0.5 meter. These points were later
used to create a mesh of points that represent the
entire landing surface. A more detailed explana-
tion on how the landing surface is surveyed can
be found in Appendix B.

In the meantime, the skier engaged in some
warm-up laps and was afterwards equipped with
the required sensors. A second RTK position
sensor, the Leica GS18 (Leica Geosystems, Heer-
brugg, Switzerland), was carried by the skier on
a backpack (Fig. 3). Tt recorded the position of
the sensor with a sampling frequency of 20Hz.
Both the position data and the surface points are
recorded in a global reference frame in which the
x-, y-, and z-axes point east, north, and upwards
respectively. The accuracy of both sensors when
stationary is approximately 2 cm.

Two Shimmer3 IMUs (Shimmer, Dublin, Ire-
land) were mounted on the skier’s chest and upper
back by making use of a GoPro harness (Fig.
4). The Inertial Measurement Units recorded
acceleration and angular velocity at a sampling
frequency of 504Hz.

For each trial, the measurements were initi-
ated at the top of the line and completed at the
bottom of the line (Fig. 1). Before the start of
the next trial, a brief questionnaire was adminis-
tered to record the skier’s perceived level of control

Fig. 3 The skier wore a backpack on which the position
sensor was mounted. The sensor attached to a small alu-
minium plate which was secured to the backpack using
straps.

Fig. 4 Placement and attachment of the IMU on the chest
(top) and the IMU on the back (bottom).

and impact experienced during the previous jump,
rated on a scale ranging from 1 to 10. Finally, any
anomalies experienced during the preceding trial
were noted. Video recordings of some jumps were
made for analysis.

2.2 Time synchronization

The signals from the Leica GS18 and both IMUs
were time synchronized. We first differentiated the
position data gathered by the GS18 with respect
to time using the forward difference approach to

obtain the velocity of the sensor: o = [v, vy v;]



Then, we differentiated a second time, now using
the backward difference approach to get the accel-
eration of the sensor: a = [am ay aZ]T. After that,
we cross correlated this absolute acceleration with
the absolute acceleration measured by each sep-
arate accelerometer. In this process, one signal
is shifted in time with respect to the other one.
The time shift at which the highest correlation
between the two signals occurred was considered
the time delay between the sensors. Consequently,
the IMU signals were shifted in time to achieve
synchronization between all three sensors. How-
ever, it was noticed that the signals still did not
align sufficiently. To be able to cross correlate
the signals, the accelerometer data had to be
resampled to match the sampling frequency of the
position data. Therefore, the time delay that we
found was always a multiple of 0.05 seconds, corre-
sponding to the sampling frequency of the position
sensor, 20 Hz. This meant that the exact time
delay between the signals could not be found by
this method. By carefully evaluating the signals,
we shifted them in time manually to synchronize
them.

2.3 Calculating EFH

To calculate the EFH of the skier, his speed,
v, and the two angles, Qgpier, and sope at the
time of landing needed to be extracted from the
measured data. The time of landing is defined as
the moment the total acceleration measured by
the accelerometer on the chest is equal to g for
the first time after airtime. The accelerometer
does not measure the gravitational acceleration
and therefore gives readings close to zero when
it is in the air. If the total acceleration equals g,
it indicates that the skier is supporting only his
own body weight.

A typical curve of the speed of the skier dur-
ing a jump is shown in Fig. 5. The take-off and
landing point are characterized by small spikes in
the velocity curves. At the take-off, this can be
explained by the fact that jumping off the kicker
results in some additional speed. At landing, it
can be a result of the skier slowing down normal
to the slope faster than that he is accelerating
along the snow surface due to gravity. This causes
a decrease in velocity after which the skiers starts

gaining speed again.

Speed of the skier during a jump
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Fig. 5 The black dots represent the speed of the skier dur-
ing a jump. The pink area is the approximate moment of
takeoff. The red-dotted line is the exact moment of landing,
and the green area is time of the landing which is approx-
imately 0.25 s.

To calculate @gpier, the velocity vector of the
position sensor, as described in Section 2.2, at the
time of landing was utilized.

Pskier = arcsin (#) (5)
el

By evaluating the surveyed snow surface
around the landing point, @ope Was determined.
We found the surface points that were closest to
the position sensor right before and after landing
and used these points to calculate the inclina-
tion of the slope (Fig. 6). Plots for all jumps are

attached in Appendix G.

Although we assume the entire experiment to
be planar, all three coordinates are needed for this
calculation since the kicker lines are not aligned
with one of the axes of the global reference frame.

21 — 2

Pslope = arcsin
Ve —z2)2 + (y1 —y2)? + (21 — 22)

(6)

)
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Fig. 6 Flight curve of an arbitrary jump with the take-
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point after the landing point are highlighted with a black
square and a black circle, respectively. The points on the
surface that are closest to these points are encircled in red
and used for the calculation of the slope angle (@giope, EqQ.
6).

2.4 Calculating GRF

The accelerometers were used to estimate the
GRF of the skier at impact. Since the exact weight
of the skier is not known, the GRF is expressed in
terms of the skier’s body weight.

GRF =ma,
GRF - a| (7)
mg g

First, a Butterworth low-pass filter with a cut-
off frequency of 15 Hz was applied. The duration
of a jump landing can be as short as 0.1 seconds,
which corresponds to a frequency of 10 Hz. We
did not want to lose valuable information about
the characteristics of the landing, so the cutoff
frequency was chosen with margin. The accelerom-
eter gives readings in an upper body fixed frame
with the x-, y- and z- axes in the medial, superior,
and anterior direction of the body, respectively.
This data needed to be converted into the global
reference frame. To do so, the orientation of the
IMU .0, needed to be determined (Fig. 7). Both
the accelerometer and the gyroscope can estimate
the orientation of the sensor, ¢, and 6, respec-
tively. The accelerometer does this by evaluating

o>

(Pslope 6

X

Fig. 7 The reference frame of the IMU in pink and the
reference frame of the slope in green; the orientation of the
IMU, 6 and the slope angle, @siope-

how much of the gravitation acceleration is picked
up by its individual axes (Eq. 8). The angular
velocity measured by the gyroscope can be inte-
grated over time to estimate the same orientation

(Eq. 9).

0o = arctan(_—az) ()
Ay
09n+1 = 0,4, + Wn(tnt1 —tn) 9)

Both methods have limitations. The
accelerometer is sensitive to dynamical movement
and noise in the gyroscope data could lead to
gyro drift when integrating over a longer period
of time. To achieve a reliable orientation estimate,
a complementary filter was designed to combine
data from both sensors. This filtering method
relies on a weight factor, denoted as «, to dictate
the level of confidence placed in the orientation
estimates provided by both sensors.

O, =al,, + (1 —a)(l,—1+ ws, At) (10)
where:

0,, : Orientation estimate at time step n,
a : Weight coefficient, 0 < a < 1,
0., : Accelerometer’s orientation estimate,
wy, : Angular velocity of the gyroscope,
At t, —th_1



This sensor fusion technique capitalizes on
the accelerometer’s accuracy at low frequencies
and the gyroscope’s accuracy at high frequen-
cies. The weight factor, «, is chosen to be 0.05,
which means that the gyroscope is the predomi-
nant sensor for estimating the orientation of the
IMU. This is done because the IMU operates in
a very dynamic environment and high frequency
movements occur. The complementary filter is
tested in an experimental setup prior to doing
the experiments. A detailed description of the
complementary filter and this procedure is given
in Appendix D.

In Fig. 7, the relevant reference frames are
shown. The component of acceleration normal to
the landing surface (a- b,) is described by Eq. 11.

a- by = COS(@Slope - Q)Gy + Sin(‘zoslope - 9)(12 (11)
In Fig. 8, an acceleration plot of a representa-
tive jump landing is presented. The predominant
component of the total acceleration is the normal
acceleration. This is as expected, and therefore
an indication that the orientation estimation is
correct.

Around the landing point, the normal accel-
eration is evaluated to determine its peak value.
This number is divided by ¢ in order to obtain
the peak GRF in terms of the skier’s body weight,
in accordance with Eq. 7. Plots for all jumps are
provided in Appendix H.

The impulse, divided by the skier’s mass, was
calculated by integrating the normal acceleration
over the time of landing. We chose a time period
that started at the time of touchdown and had
a duration of 0.25 seconds. We chose this specific
duration by looking at all acceleration plots in
Appendix H. All landings should have been com-
pleted in this time period to get a reliable estimate
of the impulse that is generated by the GRF. This
number is reinforced by a similar experiment done
by Petrone et al. [10].
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Fig. 8 Acceleration plot of a representative jump landing;
including the total and normal acceleration at landing. The
dashed green line is the moment the skier touches down
and the dashed red line shows the time where the largest
normal acceleration occurs.

3 Results

In Fig. 9, the normal acceleration, integrated over
the landing time vs. v, is shown. During land-
ing, vy is brought to zero, and therefore these two
parameters should be equal. Two data sets are
shown, for both IMUs that we used to estimate
the GRF.

Speed normal to slope vs. integral of acceleration during landing
6

—— Chest IMU Regression line: [a.dt = 0.6%v, + 1.2

—— Back IMU Regression line: [a . dt = 0.6%v, + 0.6
Rlpese: 0.44

o Risci: 0.47

2.0 25 30 35 4.0 45 5.0 55
v, (m/s)

Fig. 9 The normal acceleration integrated over the time
of landing plotted against the speed of the skier normal to
the slope, right before landing. Red triangles for the normal
acceleration of the IMU on the back; black dots for the
normal acceleration of the IMU on the chest.



Through both data sets, a linear regression
line was fitted and the coefficient of determination
(R?) is calculated. This coefficient was a measure
of how well the data fits the regression line. An
R?-value of 0 means no correlation , while an
R?-value of 1 means a perfect fit. We expected to
see a regression line of the form y = x, because
this would mean that the calculated parameters
comply with Newton’s second law. Even though
the data shows a positive linear correlation, the
slopes of the regression lines are smaller than 1.

In Fig. 10, the peak GRF is plotted against
EFH. Also here, two data sets are shown, one
for each IMU. Linear regression lines are fitted
through the data and the R?-values are calculated.
Additionally, we did an hypothesis test with a
null hypothesis that states that there is no corre-
lation between the two parameters. The p-values
of this hypothesis test and the R2-coefficients are
provided in Table 2.

EFH vs. peak GRF

Peak GRF (BW)
N

1 —— Chest IMU Regression line: peak GRF = 1.9EFH + 3.6

—— Back IMU Regression line: peak GRF = 1.0%EFH + 2.2
RZyese: 027

0 R, 0.28

0.00 0.25 0.50 0.75 1.00 1.25 1.50
EFH (m)

Fig. 10 EFH plotted against peak GRF for each IMU
and every jump. The regression line in drawn through the
scattered data and the mathematical expression is given
in the legend. The calculated R? values are added to the
legend.

It can be observed that there is evidence that
there is a positive relationship between EFH and
peak GRF, hence the very small p-values of 6.2e-
9 and 2.1e-8. The moderate R2-values of 0.27 and
0.28 for the IMUs on the chest and the back
respectively, suggest that peak GRF is dependent

on EFH but that there might be other factors
present. It is noteworthy that there are significant
differences in R?- and p-values when examining
separate ski resorts. These differences do not only
exist between ski resorts, but also between IMUs;
for example in Obereggen, where the IMU on the
back suggests a much higher correlation than the
one on the chest (Table 2).

Table 2 R? and p-values for both the back IMU and
the chest IMU in every ski resort.

Line Rgack thest Pback Pchest
Kronplatz 0.52 0.55 1.47e-5 | 6.1e-6

Madonna_M 0.54 0.40 7.3e-4 6.4¢-3
Madonna_L 0.25 0.23 9.5e-2 0.11

Obereggen 0.36 0.16 0.03 0.17
Seiser Alm 0.17 0.04 1.6e-2 0.28
All 0.28 0.27 6.2e-9 | 2.1e-8

In Appendix E, a table is provided with the
relevant parameters of all jumps. EFH vs. peak
GRF plots for different ski areas are provided in
Appendix F.

4 Discussion

4.1 Landing point

Right before landing, the speed of the skier is
increasing rapidly and it is therefore important to
obtain the exact time of landing. Time synchroniz-
ing the signals of the three sensors was an impor-
tant step in this process. However, the method
used to accomplish this is not very accurate. As
described in Section 2.2, time synchronizing the
signals was done manually. A better method to
obtain EFH might be to calculate EFH as a con-
tinuous signal and evaluate what its peak value
around the time of landing is.

4.2 Estimation of the GRF by using
IMUs

During this experiment, the GRF is estimated sep-
arately by two IMUs. The results show that these
estimates for the same jump are often far apart.
In this section, limitations of the experiment are
discussed that can explain these differences.



4.2.1 IMU placement

The IMUs are not placed at the center of mass
(CoM). This means that besides a translational
component of velocity, they also have an angu-
lar velocity due to the rotation of the skier’s
upper body. Because of this angular velocity,
additional acceleration components are present.
Because both IMUs are fixed on distinct posi-
tions on the body, these additional components
are different for each IMU. The difference in total
acceleration measured, compared to the accelera-
tion of the center of mass, can be calculated by
using the acceleration two-point theorem (Eq. 12)
[11].

C_UMUQ—C_LCDM:@XT_‘-Q—C)X((DX’I_') (12)
where:

arpmui - The total acceleration of the first IMU,

aconm - The total acceleration of the CoM,

W, : The angular velocity of the upper back,
7 : The position vector of the IMU with,
respect to the CoM

An estimation can be made on how much
the angular velocity of the skier w,) affects the
accelerometer readings since it is measured. The
maximum w, during landing is found to be
between 2.4 and 10 rad/s, for different jumps. If
« is considered to be 0 and r is approximated to
be [0 0.3 O]T m, this would result in a difference
in total acceleration of 1.7-30 m/s?, between the
IMU and the CoM. This additional acceleration
could therefore be significant and the reason for
that the GRF's estimated by the IMUs on the chest
and the back are different.

4.2.2 TMU attachment

If the exact movement of the skier’s body needs
to be measured using an IMU, it is important
that the IMU is fixed on the body properly. If
the IMU can move with respect to skier’s body,
it does not exactly mimic the movement of the
skier which means that measured accelerations
and angular velocities do not represent those of

@ : The angular acceleration of the upper back,

the skier’s upper body. Therefore, this could lead
to inaccurate GRF calculations and differences
between IMUs. This limitation even exists when
the IMU is glued to a person’s body because the
skin can move with respect to underlying body
parts [12]. This effect is amplified when more
layers, for example clothes, are worn between the
IMU and the body. In this experiment, the IMUs
were worn on top of the clothes of the skier. This
is done because the IMUs needed to be turned
on and off every run and needed to be easily
accessible. Since the experiment took place in a
cold area, the skier was wearing multiple layers
of clothing. On sunny days, the skier was asked
if he felt warm enough to take off his top layer
of clothing. Even though the harness that held
the IMUs was tightened around the skier’s body
as much as possible, it still had some freedom of
movement. Especially when high frequency move-
ment occurred, this likely affected the readings of
the IMUs.

Gluing the IMUs to the body can be a solution
to the limitation described above. One would have
to think of a way to access the IMUs during the
experiment without the skier having to undress in
the freezing cold. A solution could be to record
the entire session as one measurement, instead of
turning the IMUs on and off, before and after each
run.

4.2.3 IMU orientation estimation

For this experiment, a complementary filter was
designed to calculate the orientation of the IMUs.
Imprecision in this orientation estimate leads to an
inaccurate GRF calculation. Even though the fil-
ter is tested extensively in a lab environment, the
different circumstances of the experiment could
have influenced the validity of the filter. The ori-
entation of the IMU is only relevant at the landing
point. The accuracy of the complementary filter
at that specific moment in time is affected by
the fact that during the flight phase, only the
gyroscope is used to estimate this orientation.
This means that gyro drift could have occurred
which affected the orientation estimate at land-
ing. Nevertheless, the observation that the normal
component of acceleration is dominant in the total
acceleration, as discussed in Section 2.4, suggests
that the complementary filter performs effectively.



4.3 Slope angle calculation

The position sensor that is used to survey the
landing area is very accurate. However, only sur-
veying the sides of the slope could have affected
the reliability of the calculated @gop.. Bumps and
holes in the landing area may have affected the
GRF. However, it is not accounted for in the EFH
calculation.

4.4 Relationship between EFH and
GRF

The hypothesis of this research was that there
exists a positive correlation between EFH and
GRF. However, it is important to note that EFH
is not the sole parameter influencing the GRF.
The skier’s landing strategy also plays a significant
role. When the skier lands on the tail of his skis,
the skis absorb more energy, leading to a softer
landing [13]. Similarly, GRF can be reduced by
flexing the hips and knees more during impact .
Puddle et al. showed that a stiffer landing strategy
during vertical jump landings, result in a signif-
icantly higher peak GRF; 5.2 compared to 3.2
times the jumpers body weight [14]. Additionally,
snow properties have an effect on GRF. Softer
snow acts as a dampening factor, whereas icy snow
does not provide the same cushioning effect. The
presence of these additional parameters suggests
that there might be a higher correlation between
EFH and GRF than what is observed in the results
of this study. This relationship could be obscured
by the influence of these parameters.

4.5 Recommendations

If the experiment would be repeated, a better
method to estimate the GRF is needed. Different
sensors could be used that directly measure force
instead of acceleration. For example, appropriate
load cells or pressure sensors could be mounted
between the skis and bindings. If this is not
possible, the accelerometers could be used in a
more reliable manner. Placing them closer to the
approximate center of mass of the skier could
reduce the effect of angular velocity and acceler-
ation. Even better might be to place additional
IMUs on the thighs, shanks, and skis of the skier.
Then, the position of the center of mass of the
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skier could be estimated and differences in land-
ing strategy could be observed and analyzed.

The data we gathered in this experiment
could be further analyzed. A more elaborate
investigation into the effect of the angular veloc-
ity and acceleration might improve the results
significantly. The angular acceleration could be
derived by differentiating the angular velocity
with respect to time, and, together with a more
precise estimation of the location of the center of
mass, the total acceleration of the center of mass
of the skier could be calculated. This would result
in a more reliable estimation of the GRF.

Furthermore, it could be investigated how
other individual, independent variables such as the
slope angle, absolute landing velocity, and place-
ment of an IMU affect the results. This might
lead to new insights in which of these parameters
influence the peak GRF.

5 Conclusion

The objective of this research was to find a rela-
tionship between EFH and peak GRF of a skier
performing a freestyle ski jump. An experiment
was conducted to collect the necessary data for
calculating these parameters. The results convinc-
ingly demonstrate a positive relationship between
the two variables. The null-hypothesis that there
is no correlation between EFH and GRF was
rejected. Even though the coefficient of deter-
mination (R?) does not suggest a very strong
correlation, a stronger linear correlation between
the two parameters could still exist. Other fac-
tors not examined in this research, such as landing
strategy and snow conditions, also influence the
GRF and as a result, the expected effect of EFH
on the GRF might not be fully recognizable in the
results of this study. Further research should focus
on developing a more detailed model that incor-
porates the skier’s landing strategy to gain deeper
insights into the relationship between EFH and
peak GRF.
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Ski resorts

The experiment took place in 4 different ski resort in northern Italy on 4 days scattered over a period
of 2 weeks. The ski resorts were: Seiser Alm, Obereggen, Kronplatz, and Madonna di Campiglio.In
total, 121 are jump are performed on 13 distinctive kickers. Throughout all testing days, the duration
of the experiment was limited to within a 2-hour timeframe. This decision was primarily motivated by
the desire to maintain consistent conditions. The skiers’ physical condition and fatigue level was also
taken into account. Of the 121 jumps, 17 jumps were omitted because during these specific jumps,
the RTK correction signal was lost. Therefore, it was not certain that the position data of the skier was
still accurate enough for the analysis. In table A.1, an overview of all jumps is given where the omitted
jumps are marked with a X. Below, a short description of the snowparks is given and an overview is
given of the number of jumps performed.

A.1. Seiser Alm

Seiser Alm is ski resort in the Italian dolomites. The snow park where the experiment took place,
consists of one single line with two very large kickers. During this day, a skidoo was available to tow
the skier back from the bottom of the run to the start of the run. This saved a lot of time because it is a
lot faster than the ski lift. Because of this, in a short amount of time, 18 runs are performed. This adds
up to 36 jumps on two distinctive kickers.

A.2. Obereggen

The snow park in Obereggen also consists of a line with 2 consecutive kickers. The run starts right on
top of the lift station, so this day the ski lift is used to get back at the start of the run. This resulted in
fewer runs: 11, adding up top 22 jumps on two distinctive kickers

A.3. Kronplatz

Kronplatz is a ski resort which has multiple kicker lines in its snow park. The largest one with the longest
jumps is chosen for the experiment to get a good variability in the types of kickers throughout the whole
experiment. This line consists of 3 consecutive kickers. Again, the ski lift is used to get back to the
start of the run. A total of 10 runs are performed, meaning a total of 30 jumps on 3 consecutive kickers.

A.4. Madonna di Campiglio

The snow park in Madonna di Campiglio has two different lines, an medium sized one and a large one,
both consisting of three consecutive kickers. On this day, again a skidoo was available to tow the skier
back to the start of the run. This time advantage made it possible to perform the experiment on both
runs. On the M-line and the L-line, 5 and 6 runs are performed, respectively. This resulted in a total of
33 jumps performed on 6 distinctive kickers.
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A. Ski resorts

Table A.1: All the jumps that were performed. Jumps used for the analysis are highlighted with a v/, omitted jumps are marked
with a X, and - indicates that there wasn’t a 3¢ jump in the park.

Jump 1

Jump 2

Jump 3

Seiser Alm

Run 1
Run 2
Run 3
Run 4
Run 5
Run 6
Run 7
Run 8
Run 9
Run 10
Run 11
Run 12
Run 13
Run 14
Run 15
Run 16
Run 17
Run 18

Obereggen

Run 1
Run 2
Run 3
Run 4
Run 5
Run 6
Run 7
Run 8
Run 9
Run 10
Run 11

Kronplatz

Run 1
Run 2
Run 3
Run 4
Run 5
Run 6
Run 7
Run 8
Run 9
Run 10

AN NN N Y N N N NN N N N N N N N N N S04 N N N N N N NI N N NI N N N N N NN

TUUX CUDUUYUNUX X X XXX UXCUUTTUUTTUNNX NN

NS N NN



A.4. Madonna di Campiglio
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Jump 1 | Jump 2 | Jump 3
Madonna di Campiglio | Run 1 v v v
Run 2 v v v
Run 3 v v X
Run 4 v v v
Run 5 v v v
Run 6 v v v
Run 7 v v v
Run 8 v X X
Run 9 v v v
Run 10 v v v
Run 11 v X v







Sensors

This appendix gives an overview of the sensors that were used and what they were used for during
the experiment. Two different types of sensors were used: two Inertial Measurement Units (IMUs) and
two, very similar, position sensors that use Real-Time Kinematic positioning (RTK).

B.1. IMUs

The IMUs measured the acceleration and the angular velocity of the skier. They are from the brand
Shimmer (Figure B.1a). They have their own local coordinate system, which can be calibrated as
desired. The coordinate system that was chosen for this experiment is shown in Figure B.1b. For
this experiment, the problem was considered as two-dimensional. The IMUs are equipped with a low-
noise accelerometer, a wide-range accelerometer, a gyroscope, and a magnetometer. The low-noise
accelerometer can capture accelerations up to +2g while the wide-range accelerometer captures ac-
celerations up to +16g. The sample rate of the IMUs is set to 504Hz in order to capture the landing
period with enough data points.

|

—
Traveling direction

(a) (b)

Figure B.1: Front view (a) and side view with the chosen coordinate system (b) of the Shimmer3 IMU. Image:
Ohttps://shimmersensing.com/product/shimmer3-imu-unit
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18 B. Sensors

B.1.1. Placement and attachment

The IMUs were attached to the skier's body with
clips that came with the sensors. These clips are
taped to a harness that can be strapped around
the upper body of the skier. This harness is nor-
mally used to attach a GoPro camera and consists
of two elastic straps that go around the chest and
two elastics straps going over the shoulders (Fig-
ure ??). The harness is worn on top of the skier’s
clothes. The straps are tightened as much as pos-
sible to prevent moment of the IMUs with respect to
the skier's body. The placement of the IMUs was
determined experimentally, as described in Appendix
D.2.1

Figure B.2: Attachment of the IMU clips

B.2. Position sensors

For the experiment, two position sensors are used. One for measuring the position of the skier and
one for surveying the landing surface. The sensors are identical, except for the fact that the sensor
used for measuring the skier’s position can record at a higher sampling frequency, 20 Hz, compared
to the other position sensor, 2 Hz. This higher sampling frequency is needed to accurately track the
skier when he is traveling down the slope and flying in the air. Airtime on jumps during the experiments
varied between ~1-3 seconds. On the smallest jumps, the 2Hz sensor would only capture one or two
data points in the air, which is considered not enough.

The position sensors used are the Leica iCON GPS 70 (Figure B.3a) and the Leica GS18 (Fig-
ure B.3b). These are Global Navigation Satellite Systems (GNSS) sensors that use Real-Time Kine-
matic positioning (RTK) to determine the sensors positions very accurately. The sensors, called rovers,
communicate with a reference station that is positioned somewhere in the mountains (Figure B.4). The
coordinates of this station are known and therefore the signal propagation errors caused by atmo-
spheric disturbances can be calculated. Consequently, the reference station sends correction data to
the rover, which then refines its own position estimate. Hence, this technique results in a higher accu-
racy than normal GNSS does, which typically operates within a range of several meters. By employing
RTK, the rovers, when stationary, can be as accurate as 1-2 centimeters.
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Seica
(@) The Leica IiCON GPS 70 sensor (©image: (b) The Leica GS18 sensor (©image:
https://www.sccssurvey.co.uk/leica-icon-gps-70-series.html) https://ecnk.ru/catalog/41569/)

Figure B.3: The GNSS RTK sensors used during the experiment
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Figure B.4: Visual representation on how RTK sensors work. Correction data is received from a base station of which the positions
in known. Incorporating this correction data is the position signal received from the satellites leads in an accurate position
estimate. (©image: https://www.swisstopo.admin.ch/en/knowledge-facts/surveying-geodesy/observation-procedures/satellite-
observations/gps-observation.html)

B.2.1. Surveying the landing area

In each snow park, the landing area is surveyed using the Leica iCON GPS 70. The sensor is mounted
on a pole which is dragged over the snow surface on both sides of the kicker-line. The sensor com-
pensates for the length and tilting of the pole, and therefore recorded the coordinates of the bottom
of the pole. The recorded points are 0.5 meters apart and a visual representation of them is given in
Figure B.5. To be able to calculate the slope angle at a specific landing point, a detailed profile of the
landing surface was needed. Therefore, a mesh of points was created which is considered to represent
the entire slope. This was done by first adding 10 additional points in between the recorded points for
each side of the slope, through linear interpolation, as shown in Figure B.6. To finish the mesh of points,
the two sides of the slopes were connected by adding points every 0.1 m (Figure B.7)

Coordinates of the measured surface points

Z- coordinate (m)

20.0

Figure B.5: Landing area data points recorded by the Leica iCON 70 in Madonna di Campiglio on the 15¢ jump.
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Coordinates of the measured surface points and intermediate points

Z- coordinate (m)

12.5
10.0
X- coordinate (m) 73 5.0 25 00

Figure B.6: Coordinates of the measured surface points and intermediate points

Mesh of points that represents the entire landing surface

IS
Z- coordinate (m)

10.0

12.5
75 5.0 25 o

10.0
X- coordinate (m)

Figure B.7: Mesh of points that represents the entire landing surface
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B.2.2. Measuring skier’s flight trajectory

The Leica GS18 is used to measure the trajectory of the skier. It records its position at a sampling
frequency of 20 Hz. The sensor is attached to a backpack which was carried by the skier (figure B.8).
It was important that the sensor was on the outside of the backpack because the signal it has to receive
is easily blocked by other objects and materials. This is done by mounting the sensor on an L-shaped
plate that can be attached to the backpack using simple straps. The backpack had a waistband and
a chest band that are strapped tightly to minimize amount of possible movement of the sensor with
respect to the skier’s body. The skier claimed not to be affected by the extra weight on his back.

Figure B.8: Leica GS18 sensor attached to the backpack






Equivalent Fall Height

This appendix gives a detailed explanation of how EFH is calculated with the data that is gathered
during the experiment. In order to calculate the EFH, the following parameters need to be extracted
from the data gathered by the position sensor:

+ Landing point (¢;)
» Velocity of the skier at the landing point (v;)

Angle the skier’s trajectory makes wit the horizontal at the landing point (@sy;er)

* Inclination of the slope at the landing point (¢;qnaing)

C.1. Landing point

The landing point is defined as the moment where the total acceleration, measured by the low-noise
accelerometer on the chest, is equal to g for the first time after time in the air. Since the data is discrete,
the total acceleration measured is never exactly equal to g. Therefore, the last point where the total
acceleration is still lower than g, and the consecutive point were found. By using linear interpolation,
the exact time of landing (t;) is determined (C.3)

+ (9 —a)* (1 —to)
a; — Qo

t =t (C.1)

where:

t; : Exact landing time,

to : Last point after airtime where a;,; < g,
t; : First point after airtime where a;,;: > g,
a, : Total acceleration at t,

a, : Total acceleration at t;.
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24 C. Equivalent Fall Height

In order to also find this exact moment in time in the position data, the two sensors are time synchro-
nized. Data from both sensors have a timestamp. The IMUs record unixtime, while the position sensors
allocate each data point an ‘point-ID’. These point-ID’s are constructed as XXXXMM D Dhhmmsspp, in
which:

MM : Month
DD : Day
hh : Hour
mm : Minute
ss : Second
pp : 1/100 of a second

The point-ID’s were converted to unixtime.

C.2. Landing velocity

The velocity of the skier at any point in time was determined by differentiating the position data with
respect to time. The data contains the x, y, and z coordinates of the sensor in a global reference frame.
These signals are differentiated individually, after which the absolute velocity was calculated (C.2).

Letr = [x,y, 7]

P int1 — I
foriinr:v; = ——
thi1 — tn

lv| = /v% +v5 + vZ (C.2)

Because the time of landing is known, the velocity at that point could be found. This is also done
by linear interpolation, since the data points are scattered around this time of landing (C.3)

t; —t —
v = vp + (t 0) * (v — V) (C.3)
ty —to

where:

v; : Landing velocity,

t; : Landing time,

to : Time at last data point before t;,
t; : Time at first data point after ¢;,
vy * Velocity at ¢,

v, + Velocity at t;.

C.3. Skier angle

To find the skier angle at time step n, the velocity vector calculated in the previous section is used (C.4)

. —Uy
Qskier = arcsin |T (C.4)



C.4. Slope angle
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Again, linear interpolation is used to find the skier angle at the exact time of landing (C.5)

where:

C.4. Slope angle

(pskiertl = Pskier,

Qoskierfl

t ¢
: Time at last data point before t;,
: Time at first data point after t;,

: Skier angle at t,,

: Skier angle at ¢;.

to
ty
Pskier,

(Pskierl

(tl - tO) * (‘Pskierl - (Pskiero)
t1 —tp

(C.5)

: Skier angle at time of landing,

Landing time,

As described in appendix B.2.1, a mesh of point is created to be able to calculate the inclination of the
slope at the landing point. To find the slope angle at the landing point (¢g;,pe), two points of the landing
surface mesh are picked that are close to the landing point, and inline with the skiers’ trajectory. This
was done by finding the position data point of the skier right before landing, and the one a little after
landing. Consequently, the distance between these points and all points in the landing surface mesh
were calculated. The points in the mesh that are closest to the two position data points were used to
calculate the slope angle. A visual representation of this is given in figure C.1. The coordinates of the
surface points were used to calculate the inclination of the slope (C.6)

\/(xl = x2)% + (y1 —¥2)? + (21 — 23)?

Pstope = arcsin< e ) (C.6)

where:

X1
X2
V1
Y2
Z1

)

: X-coordinate of the first point on the surface
: X-coordinate of the second point on the surface
: Y-coordinate of the first point on the surface
: Y-coordinate of the second point on the surface
: Z-coordinate of the first point on the surface
: Z-coordinate of the second point on the surface
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C. Equivalent Fall Height

Altitude of the skier w.r.t. the take-off (m)

Kronplatz run_3 jumpl

5.0
2.5 4
0.0+
—2.5- B
°. ©,
-5.0 A ' o
=751 .+ skier's position A
surface 4 .
—10.01 @O point before landing °
O 3rd point after landing
—-12.5 A Landing point
O surface points used for slope angle calculation
0 5 10 15 20 25

Horizontal distance w.r.t. the take-off (m)

Figure C.1: Flight curve of an arbitrary jump with the take-off point set as the origin. The landing point is shown as a green star.
The point before the landing point and the 3rd point after the landing point are highlighted with black shapes. The points on the
surface that are closest to these points are encircled in red and used for the calculation of the slope angle (@anding)-



Peak GRF

The peak Ground Reaction Force (GRF) is the maximum force that the skier experiences normal to the
snow surface he is landing on. IMUs were used to estimate the GRF, since they are equipped with an
accelerometer. The GRF is expressed in terms of the skier’'s body weight (BW). Therefore, the peak
GRF can also be represented by the peak normal acceleration at impact divided by g (D.1).

GRF =m=*ay
GRF:a (D)
mxg g '

The acceleration of the skier is known in the local coordinate system of the IMUs. In order to
determine the component of acceleration normal to the landing surface, the orientation of the IMU and
the inclination angle of the slope at the moment of impact were calculated.

D.1. IMU orientation

In order to calculate the normal component of acceleration a
at impact, the orientation of the IMU has to be known. The
IMU has three sensors, which all have some information
about its orientation: the accelerometer, the gyroscope, the
magnetometer. In early stages of the experimental setup,
it is concluded that a combination of the accelerometer and
the gyroscope can be used to find the orientation of the IMU.

The accelerometer can be helpful to calculate the orienta-
tion of the IMU, especially when it is at rest. Since the direc-
tion of gravity is known, the orientation of the IMU can be
determined by looking at how much of the this acceleration
vector is picked up by the the individual components of the z
accelerometer. This is displayed in figure D.1. The orienta-

tion of the IMU is then a function of the accelerometer data

(D.2)

D.1.1. Accelerometer 5]

0= arctan(_a—az) (D.2) g
y

The accelerometer’s estimation of the orientation is sta-
ble and reliable over a longer period of time. The down- Figure D.1: IMU orientation
side of this method is that accelerometers are sensitive
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28 D. Peak GRF

to dynamic motion, which results in inaccuracies during

high-frequency movements. Therefore, the low-noise ac-

celerometer of the IMU was used. To filter out the high-frequency components of the signal, an aggres-
sive moving average filter with a Gaussian kernel is used.

D.1.2. Gyroscope

Another way to determine the orientation of the IMU is by integrating the data gathered by the gyro-
scope. If the initial orientation of the IMU is known (8;), the orientation after a certain amount of time
can be calculated (D.3)

t
6, = 6 +f w, dt (D.3)
0

The gyroscope accurately captures short-term changes in orientation. However, it suffers from inte-
gration drift over time, causing orientation errors to accumulate.

D.1.3. Sensor fusion

By using sensor fusion, the benefits of both sensors can be capitalized and the effect of their limitations
can be minimized. As said earlier, the accelerometer is accurate for low-frequency movements, while
the gyroscope is accurate for high-frequency dynamics.

The sensor fusion technique used in this study is referred to as a complementary filter. This filtering
method relies on a weight factor, denoted as «, to dictate the level of confidence placed in the orien-
tation estimates provided by the respective sensors. Choosing a small @, means that the gyroscope’s
estimation of the orientation is considered more accurate during each discrete time step, especially
when high-frequency movement occurs. The inclusion of the accelerometer’s orientation estimates in
this process significantly impacts the final orientation estimation, effectively minimizing the gyroscope’s
inherent drift over time. In the end, this results in a robust and accurate orientation estimation over the
entire course of the experiment. The mathematical description of this complementary filter is given in
equation D.4

Op =ax*0g, + (1 —a)*(Oph_q + wy, *AL) (D.4)

where:

6, : Orientation estimate at time step n,
a : Weight coefficient, 0 < a < 1,
64, : Accelerometer’s orientation estimate
.+ Angular velocity of the gyroscope
At i t, —tp_q

Wy

The weight factor «, is chosen to be 0.05. The number is small because the experiment took place
in an environment where a lot of high frequency movement can disturb the orientation estimation done
by the accelerometer. An exception is made when the skier is in the air. Since the accelerometer
does not measure the gravitational acceleration when it is not on the ground, the orientation estimate
it provides is not accurate. Therefore, during that time, the orientation of the IMU is solely determined
by the gyroscope’s estimate. Also during the first 0.5 seconds of impact, the accelerometer is not
considered, because very high frequency movements occur.

D.1.4. Complementary filter validation

The complementary filter described above is validated prior to the experiment. This was done by
sticking an IMU on a large wooden stick on which two large red dots are drawn. A video is made of
a person jumping up and down while rotating the stick in an arbitrary way. The orientation of the stick
could be derived from the location of the two red dots on the end (Figure D.2). After comparing the
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results with the orientation output of the complementary filter it is concluded that the filter worked as
expected and that it is a robust way to determine the orientation of the IMU while attached to a skier
performing freestyle jumps.

Figure D.2: The stick that was used to validate the orientation estimation of the IMUs.

D.2. Peak normal acceleration

With the orientation of the IMUs known, the component of acceleration normal to the landing surface
can be calculated. In Figure D.3, an overview of the relevant coordinate systems is given. Equation D.5
describes the relation between these coordinate systems.

1
[ ] [O cos((pl - 9) sm(q)l - 9)] [ ] (D.5)
0 —sin(p; — cos(p; —

So the normal component of acceleration in terms of the local accelerations measured by the IMUs
van be written as:

Cay, = cos(p, — 0) * Bay, + sin(p, — 6) * Ba, (D.6)

To find the peak normal acceleration, a period of ~0.5 seconds after the flight phase is evaluated
to find the highest value of the normal acceleration. Consequently, this number is divided by g, which
results in the peak GRF in terms of the skiers body weight.
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(Plandin

Figure D.3: The reference frame of the IMU in pink and the reference frame of the slope in green; the orientation of the IMU, 6
and the slope angle, ®ianging-

D.2.1. Validation test

Prior to the experiment, a test is con-
ducted to see if the method described
above yields realistic values for the
peak GRF. Two load cells are mounted
on a plate (Figure D.4). Heavy, known
weights are put on them to find the
weight-voltage curve. This ‘force plate’
was then used to perform a series of
jumps while wearing the IMUs on four
different positions on the body: the
chest, the upper back, and on both the
front and backside of the waist. The
GRF was calculated by the method de-
scribed above and compared to the
readings of the force plate. Results of
this test were that the chest and upper
back are appropriate locations to place
the IMUs because, although not per-
fect, the results were comparable with
the force plate readings.

Figure D.4: The force plate that was created to validate the methodology of
estimating the GRF by using IMUs. Two load cells are mounted on a wooden
plate, which is kept at its place by heavy weights.



Relevant parameters table

In the table below an overview of all jumps with their relevant metrics is given. These metrics are EFH,
landing velocity (v;), skier angle (¢siier), slope angle (Psiope): GRF-pest, and GRFy gy,

line run jump Vi @Pskier  Psiope EFH GRFepest  GRFpqck
Kronplatz run_1 jump1 13.72 0.89 0.51 1.30 5.25 3.35
Kronplatz run_1 jump2 16.43 0.93 0.58 1.66 6.75 4.26
Kronplatz run_1  jump3 12.66 0.71 0.40 0.75 3.90 2.57
Kronplatz run_2  jump1 13.59 0.82 0.51 0.87 4.26 2.73
Kronplatz run_2  jump2 15.92 0.91 0.57 1.46 6.87 3.86
Kronplatz run_2  jump3 12.65 0.69 0.42 0.59 2.63 1.81
Kronplatz run_3 jump1l 13.14 0.81 0.50 0.81 3.67 217
Kronplatz run_3 jump2 15.69 0.86 0.57 1.08 5.04 3.64
Kronplatz run_3  jump3 13.98 0.79 0.50 0.84 4.30 2.59
Kronplatz run_4 jump1l 14.69 0.80 0.51 0.88 5.28 3.54
Kronplatz run_4  jump2 16.84 0.92 0.59 1.54 6.02 3.75
Kronplatz run_4  jump3 13.88 0.78 0.50 0.77 5.24 3.23
Kronplatz run.5 jump1 13.50 0.80 0.50 0.82 6.22 3.59
Kronplatz run_5 jump2 15.68 0.89 0.57 1.28 7.06 3.41
Kronplatz run_5 jump3 13.12 0.75 0.47 0.68 2.89 1.74
Kronplatz run_6  jump1l 14.13 0.85 0.51 1.1 5.67 3.88
Kronplatz run_6  jump2 15.91 0.90 0.57 1.39 5.57 2.95
Kronplatz run_6  jump3 14.39 0.78 0.50 0.83 5.18 2.82
Kronplatz run_7  jump1l 13.89 0.81 0.50 0.90 4.01 2.03
Kronplatz run_8 jump1l 12.32 0.83 0.47 0.97 5.85 3.39
Kronplatz run_8 jump2 15.84 0.90 0.57 1.36 5.63 3.49
Kronplatz run_8 jump3 15.95 0.84 0.52 1.28 6.81 3.55
Kronplatz run_9  jump1l 13.68 0.82 0.50 0.96 5.75 3.37
Kronplatz run_9  jump2 15.89 0.87 0.57 114 6.05 3.37
Kronplatz run_9  jump3 14.79 0.85 0.50 1.32 5.99 3.36
Kronplatz run_10 jump1 14.71 0.80 0.52 0.81 5.87 3.27
Kronplatz run_10 jump2 17.38 0.90 0.58 1.51 7.13 4.02
Kronplatz run_10 jump3 14.94 0.81 0.50 1.03 5.75 3.28
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E. Relevant parameters table

line run jump Vi @Pskier  Pslope EFH GRFepest  GRFpqcx
Madonna_M run_1 jump1  11.71 0.71 0.48 0.33 4.75 2.92
Madonna_M run_1 jump2 13.64 0.77 0.50 0.72 5.47 3.41
Madonna_M run_1  jump3 13.65 0.78 0.51 0.7 4.57 2.84
Madonna_M run_2  jump1l 11.92 0.79 0.49 0.65 5.67 3.48
Madonna_M run_2  jump2 13.08 0.81 0.48 0.89 5.43 3.50
Madonna_M run_2  jump3 13.34 0.79 0.51 0.7 4.07 3.12
Madonna_ M run_3  jump1 11.40 0.77 0.48 0.53 5.00 3.25
Madonna_M run_3 jump2 13.79 0.83 0.49 1.07 7.14 3.89
Madonna_M run_4  jump1l 12.20 0.82 0.50 0.78 4.82 3.36
Madonna_M run_4  jump2 13.51 0.85 0.50 1.13 6.1 3.89
Madonna_M run_4  jump3 13.14 0.7 0.49 040 3.86 2.91
Madonna_M run_5 jump1 11.33 0.74 0.48 0.43 5.49 3.37
Madonna_M run_5 jump2 12.06 0.68 047 0.32 3.76 2.40
Madonna_ M run_5 jump3 15.18 0.82 0.50 1.19 6.43 3.44
Madonna_M run_6  jump1l 10.61 0.70 0.44 0.39 4.51 2.92
Madonna M run 6  jump2 12.85 0.71 0.48 0.46 3.31 2.57
Madonna_M run_6  jump3 13.68 0.81 0.50 0.92 3.63 3.05
Madonna_L run_7  jump1 13.12 0.90 0.55 1.07 6.33 4.30
Madonna_L run_7  jump2 13.92 0.74 0.48 0.70 4.92 3.24
Madonna L  run_7  jump3 14.69 0.77 0.47 0.98 2.43 1.80
Madonna_L run_8  jump1 13.52 0.93 0.55 1.25 5.84 3.47
Madonna_L run_9 jump1l 14.26 0.90 0.55 1.21 6.57 3.73
Madonna_L run_9  jump2 14.92 0.86 0.57 0.94 6.13 412
Madonna_ L run_ 9  jump3 17.06 0.78 0.58 0.62 5.95 3.59
Madonna_L run_10 jump1 13.49 0.80 0.55 0.55 5.22 2.98
Madonna_L run_10 jump2 14.13 0.75 0.53 048 4.46 2.71
Madonna_ L  run_10 jump3 14.92 0.74 0.54 043 1.65 1.27
Madonna_L run_11 jump1l 12.94 0.79 0.55 0.48 5.38 3.34
Madonna_L  run_11 jump3 14.39 0.75 0.52 0.57 2.10 1.63
Obereggen run_2 jump2 12.98 0.83 045 117 6.02 3.37
Obereggen run_3 jump1 10.61 0.73 045 044 4.07 2.30
Obereggen  run_4  jump1 11.90 0.80 0.49 0.67 5.62 3.33
Obereggen run_5 jump1 11.06 0.77 0.47 0.55 3.66 2.84
Obereggen run_6  jump1 10.37 0.68 0.45 0.28 6.54 3.01
Obereggen run_6  jump2 12.36 0.76 0.46 0.68 5.65 3.10
Obereggen  run_7  jump1 10.32 0.66 0.46 0.23 4.78 2.57
Obereggen run_7 jump2 13.75 0.82 0.51 091 4.77 2.55
Obereggen run_8 jump1 11.36 0.79 0.48 0.62 5.91 2.84
Obereggen run_9  jump1 10.78 0.77 0.48 0.50 4.14 2.28
Obereggen  run_10 jump1 10.12 0.63 0.39 0.29 3.92 1.98
Obereggen  run_10 jump2 13.47 0.78 0.51 0.65 5.64 2.90
Obereggen  run_11  jump1 9.41 0.57 0.31 0.29 3.44 1.52
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line run jump Vi QPskier Psiope EFH GRFopest  GRFpack
Seiser run_1 jump1 15.14 0.85 0.58 0.83 6.21 3.83
Seiser run_1 jump2 16.81 0.90 0.58 1.41 7.60 3.35
Seiser run_2  jump1l 13.76 0.86 0.52 1.07 6.16 3.29
Seiser run_2  jump2 15.35 0.96 0.58 1.66 6.36 3.45
Seiser run_3 jump1 12.84 0.89 045 1.53 5.33 3.34
Seiser run_3 jump2 15.07 0.81 0.57 0.64 3.52 1.90
Seiser run_4  jump1 13.65 0.89 0.53 1.18 3.54 2.88
Seiser run_4  jump2 15.58 0.87 0.57 1.10 5.74 3.41
Seiser run_5 jump1l 13.80 0.84 0.51 1.05 6.19 2.92
Seiser run_5 jump2 14.93 0.85 0.56 0.89 6.47 3.34
Seiser run_7  jump1l 1291 0.86 047 1.22 4.80 2.97
Seiser run_7  jump2 14.91 0.90 0.56 1.27 5.50 3.44
Seiser run_8  jump1l 13.88 0.86 0.52 1.07 6.55 3.58
Seiser run_8 jump2 13.71 0.75 0.39 1.20 3.92 2.35
Seiser run_9  jump1 12.83 0.87 0.46 1.36 5.08 2.84
Seiser run_9  jump2 15.50 0.92 0.58 1.35 713 3.25
Seiser run_10 jump1 13.71 0.87 0.51 1.16 4.95 2.75
Seiser run_10 jump2 14.08 0.81 047 1.10 3.62 2.04
Seiser run_11 jump1 13.28 0.85 0.50 1.05 5.10 2.56
Seiser run_11 jump2 14.91 0.87 0.56 1.07 6.93 2.74
Seiser run_12 jump1 13.85 0.90 0.53 1.29 4.72 3.26
Seiser run_12 jump2 14.93 0.89 0.57 113 519 2.72
Seiser run_13 jump1 13.71 0.89 0.52 1.27 5.90 3.07
Seiser run_13 jump2 14.29 0.83 0.52 1.01 5.49 3.34
Seiser run_14 jump1 14.65 0.87 0.57 0.97 7.41 3.01
Seiser run_14 jump2 15.68 0.88 0.57 1.10 7.56 4.08
Seiser run_15 jump1 13.92 0.89 0.51 1.38 7.91 3.98
Seiser run_15 jump2 15.55 0.91 0.57 1.35 712 3.90
Seiser run_16 jump1 13.83 0.80 0.53 0.72 3.98 247
Seiser run_16 jump2 15.70 0.79 0.57 0.56 6.99 3.08
Seiser run_17 jump1 14.39 0.79 0.54 0.67 4.81 2.71
Seiser run_17 jump2 15.72 0.87 0.58 1.08 6.75 3.30
Seiser run_18 jump1 13.91 0.83 0.52 0.94 5.17 3.10
Seiser run_18 jump2 16.72 0.91 0.58 1.47 5.38 4.27






EFH vs. peak GRF plots

In this appendix, the peak GRF vs. EFH plots are provided. First the plot for all jumps. Then, the plots
for different ski resorts.

EFH vs. peak GRF
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F. EFH vs. peak GRF plots

Peak GRF (BW)

Peak GRF (BW)

EFH vs. peak GRF - Kronplatz

—— Chest IMU Regression line: peak GRF = 3.0¥EFH + 2.2

7 4 —— Back IMU Regression line: peak GRF = 1.6*EFH + 1.5 L] hd
RZyes: 0.55 L4 .
RZacc: 0.52
6.
5.
4.
3-
A
2 A
A A
1.
0.6 0.8 1.0 12 14 16
EFH (m)
EFH vs. peak GRF - Madonna_M

—— Chest IMU Regression line: peak GRF = 2.4*EFH + 3.3 °

7 17— Back IMU Regression line: peak GRF = 1.1*EFH + 2.5
RZ,est: 0.4
RZ.c: 0.54 °
6 .
5 -
4 .
3 .
A
A

2 .

0.2 0.4 0.6 0.8 1.0 1.2

EFH (m)




37

Peak GRF (BW)

Peak GRF (BW)

EFH vs. peak GRF - Madonna_L
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F. EFH vs. peak GRF plots
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Flight curves
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G. Flight curves
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G. Flight curves
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G. Flight curves
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G. Flight curves
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G. Flight curves
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G. Flight curves
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G. Flight curves
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H. GRF plots
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H. GRF plots
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H. GRF plots
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H. GRF plots
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H. GRF plots

Acceleration (m/s”~2)

Acceleration (m/s”~2)

Acceleration (m/s”~2)

Acceleration (m/s”~2)

Madonna_M run_3 jump2 - chest

100 - 100
: —-—- Peak normal acceleration
: Time of touchdown
80 1 ! Total acce\eratlorj 80 1
Normal acceleration
~
60 < 601
E
c
o
40 A T 401
°
[
o
v
<
204

Madonna_M run_3 jump2 - back

i ——- Peak normal acceleration
: Time of touchdown

I Total acceleration

i - Normal acceleration
1

1

1

1

1

1

1

0.05 0.10 0.15 0.20

0.10 0.15 0.20

Time (s)

0.25

Madonna_M run_4 jumpl - back
1

—-- Peak normal acceleration
—==- Time of touchdown
Total acceleration
Normal acceleration

0.10 015 0.20

Time (s)

0.05 0.25

Madonna_M run_4 jump?2 - back

—-- Peak normal acceleration
—==- Time of touchdown
Total acceleration
Normal acceleration

]
]
]
1
]
]
]
]
]
1
]
':
.0

0.10 0.15 0.20

Time (s)

5 0.25

Madonna_M run_4 jump3 - back

-0.05 0.00 0.25 —0.05 0.00
Time (s)
Madonna_M run_4 jumpl - chest
100 : 100
! —-- Peak normal acceleration
! —=- Time of touchdown
80 - ! < Total acce\eratlorj 80 -
1 Normal acceleration
i
1 N
60 4 1 M
E
c
2
40 ®
| <
|
| <
20 1 H
1
i
i
4 1
0 1
1
1 T T T T
-0.05 0.00 0.05 0.10 0.15 0.20 0.25 —-0.05 0.00
Time (s)
Madonna_M run_4 jump?2 - chest
100 : 100
! —-- Peak normal acceleration
! —=- Time of touchdown
80 1 ! Total acceleration 80 1
1 Normal acceleration
1
~
60 A & 60
E
c
o
40 4 © 40
[
o
¥
<
201 201
04
—0.05 0.05 0.10 0.15 0.20 0.25 —0.05 0.00
Time (s)
Madonna_M run_4 jump3 - chest
100 100
—--- Peak normal acceleration
—=-- Time of touchdown
801 Total acce\eratlor‘l 80 1
Normal acceleration
~
60 1 E 60 1
E
c
°
40 A ® 401
a
[
¥
<
201

0.00

—-- Peak normal acceleration
—==- Time of touchdown
Total acceleration
Normal acceleration

0.10 0.15 0.20

Time (s)

0.05 0.25

0.00

0.10 0.15 0.20

Time (s)

0.05 0.25



75

Madonna_M run_5 jumpl - chest

100 -
! ——- Peak normal acceleration
! - Time of touchdown
80 1 ! Total acceleration
1 Normal acceleration
1
1
8 i
% 60 1
£
c
o
=3
® 401
Q
]
v
o
<
—0.05 0.00 0.05 0.10 0.15 0.20 0.25
Time (s)
100 Madonna_M run_5 jump2 - chest
—-- Peak normal acceleration
—=- Time of touchdown
80 1 Total acceleration
Normal acceleration
~
(& 60 1
£
c
2
® 401
[
K9l
S :
v} :
< ¥
20 1
04
—0.05 0.00 0.05 0.10 0.15 0.20 0.25
Time (s)
Madonna_M run_5 jump3 - chest
100 :
—-- Peak normal acceleration
—=- Time of touchdown
80 1 Total acceleration
Normal acceleration
~
% 60
E
<
°
® 401
[
©
o
v}
<
201
—0.05 0.00 0.10 0.15 0.20 0.25
Time (s)
100 Madonna_M run_6 jumpl - chest
1
—-- Peak normal acceleration
—==- Time of touchdown
80 1 Total acceleration
Normal acceleration
g
w 60 1
E
c
°
g
o
[
S
v}
<

0.00

0.10 0.15 0.20

Time (s)

0.05 0.25

Acceleration (m/s”~2)

Acceleration (m/s”~2)

Madonna_M run_5 jumpl - back

100 -
! ——- Peak normal acceleration
! - Time of touchdown
80 4 ! Total acceleration
1 Normal acceleration
1
1
8 i
& 60 !
£ I
= 1
s i
© 401 t
()
]
v}
< 1
i
1
1
1
1
1
1
T : T T T
—0.05 0.00 0.05 0.10 0.15 0.20 0.25
Time (s)
100 Madonna_M run_5 jump2 - back
1
! —-- Peak normal acceleration
! —==- Time of touchdown
80 4 1 Total acceleration
: Normal acceleration
i
8 i
i 60 1 :
£ 1
s i
=]
ag; 40 :
o
¥
v}
<
20 1
04
—-0.05 0.00 0.05 0.10 0.15 0.20 0.25
Time (s)

Madonna_M run_5 jump3 - back

—-- Peak normal acceleration
—==- Time of touchdown
Total acceleration
Normal acceleration

0.05 0.10 0.15 0.20

—0.05 0.00 0.25
Time (s)

100 Madonna_M run_6 jumpl - back
T
! —-- Peak normal acceleration
! —==- Time of touchdown

80 - 1 Total acceleration
: Normal acceleration
1
i

60 i
1
1
1
1
1

40 A t
1
1

20 -

0.00

0.10 0.15 0.20

Time (s)

0.05 0.25



76

H. GRF plots
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H. GRF plots
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