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Abstract: This study investigated the explanatory power of a sensor fusion of two complementary
methods to explain performance and its underlying mechanisms in ski jumping. A differential Global
Navigation Satellite System (dGNSS) and a markerless video-based pose estimation system (PosEst)
were used to measure the kinematics and kinetics from the start of the in-run to the landing. The
study had two aims; firstly, the agreement between the two methods was assessed using 16 jumps
by athletes of national level from 5 m before the take-off to 20 m after, where the methods had
spatial overlap. The comparison revealed a good agreement from 5 m after the take-off, within the
uncertainty of the dGNSS (±0.05 m). The second part of the study served as a proof of concept of
the sensor fusion application, by showcasing the type of performance analysis the systems allows.
Two ski jumps by the same ski jumper, with comparable external conditions, were chosen for the
case study. The dGNSS was used to analyse the in-run and flight phase, while the PosEst system was
used to analyse the take-off and the early flight phase. The proof-of-concept study showed that the
methods are suitable to track the kinematic and kinetic characteristics that determine performance in
ski jumping and their usability in both research and practice.

Keywords: ski jumping; sensor fusion; dGNSS; pose estimation; machine learning

1. Introduction

Ski jumping performance has been a popular research topic over the last twenty
years, with some studies dating back as far as 1926 [1]. Performance in ski jumping
is quantified in terms of distance from take-off, adjusted for style, start gate and wind
conditions. The jump distance is influenced by a variety of factors, such as in-run speed,
vertical speed produced in the take-off, wind conditions and the aerodynamics during
the flight phase [2]. The current literature considers the take-off to be the most important
phase [1–3]. A ski jump is commonly analysed by relating the performance outcome
to in-run speed (measured with photocells before take-off) together with a qualitative
assessment of performance-determining factors during take-off and the early flight phase,
using video analysis. Video is typically captured by coaches and the analysis is of a
qualitative nature [4]. Typical areas of interest can be seen in Figure 1. As in every sport,

Sensors 2021, 21, 5318. https://doi.org/10.3390/s21165318 https://www.mdpi.com/journal/sensors

https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0002-1229-8508
https://orcid.org/0000-0002-3370-0957
https://orcid.org/0000-0003-0676-2324
https://orcid.org/0000-0002-2469-1809
https://orcid.org/0000-0002-5471-3722
https://orcid.org/0000-0003-2181-5922
https://doi.org/10.3390/s21165318
https://doi.org/10.3390/s21165318
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/s21165318
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s21165318?type=check_update&version=1


Sensors 2021, 21, 5318 2 of 21

the coaching process can be highly subjective [5] and demanding, as the take-off time is
approximately 0.3 s, with speeds exceeding 25 m s−1 [6,7]. To avoid the pitfalls of qualitative
analysis, the objective quantification of sport performance is of great interest [8]. To study
sport performance with high internal and external validity, first, the sport should be
assessed in competition or in competition-like situations, in the absence of instrumentation
that can hamper performance. Second, the performance level of athletes should represent
the population to be studied and the number of subjects should be sufficiently high to
allow for generalisation of the findings to the given population. Third, the measurement
equipment needs to be sufficiently accurate and precise despite the outdoor conditions [9].

Establishing valid measurements of the aspects that impact performance in ski jump-
ing from the start of the in-run to the landing is challenging, as athletes move through a
large space, at high speed, in outdoor conditions (variable weather conditions and sur-
roundings). Therefore, many scientific studies have focused on the take-off phase [1–3].
For that purpose force plates were mounted under the in-run track to measure the take-off
force and timing [10–12], and pressure insoles were used to measure force both at take-off
and landing [13–15]. A force plate has the advantage that it can be used without interfering
with the athlete. It can therefore be used in competition, but the data are limited to only
the last part of the in-run and the take-off (∼10 m) [1]. Pressure insoles, on the other hand,
cannot be used in competition but allow the extraction of data from the complete in-run
and take-off phase, including parameters such as flight time and data from the landing
phase [13]. To capture the effect of the work against the take-off platform on the initial
flight phase, measurements of forces were combined with measurement of the athletes’
kinematics during the early flight phase. This combination method allows correlation of
the effect of the take-off process with the jump length [10,16]. To quantify the athlete’s
motion during the early flight phase in a global metric frame, video-based photogrammetry
is applied [2,17–22]. Using video analysis, one can extract precise data from a competition
without influencing the athletes. As mentioned, cameras are already widely used in ski
jumping and no additional hardware is needed [4]. Two dimensional reconstruction of the
motion is often sufficient as the general movement is conducted in the sagittal plane [23].
The post-processing of video analysis is usually extremely time consuming, because for the
calibration and reconstruction of the athlete’s motion, manual annotation in the pictures is
needed [4]. The analysis is also restricted to the area the camera covers, usually take-off
and/or the early flight phase. A promising feature of this method is the use of machine
learning to train a markerless video-based pose estimation (PosEst) system to recognise
a ski jumpers movement and replace the process of manual annotation. This type of
technology has evolved considerably in recent years and will reduce the post-processing
time substantially [23]. Hence, this method may help to increase the sample size and
generalizability of such studies [9]. To date, this type of technology has only rarely been
used in ski jumping [24] and other winter sports such as alpine skiing [25].

Given the applicability, resources and effort needed for video and force measurements,
these are often limited to the take-off and early flight phase. Therefore, in recent years,
wearable sensors that allow coverage of the entire process from start of the in-run to the
landing have been used. Most commonly, inertial measurement units (IMUs) have been
used to measure both kinematics and kinetics with promising results [4,26–31]. The short-
coming with IMU measures is that accuracy can be questionable when estimating position
integrated from acceleration measures [8]. In addition, interpretation of the position data in
a global coordinate system is difficult without support from an additional technology [32].
A method that is better suited to providing global position accuracy is differential global
navigation satellite system (dGNSS). While this has only rarely been used in ski jump-
ing [33], dGNSS has been extensively used and validated in alpine skiing [34–38]. The use
of a dGNSS unit allows measurement of the flight path with±0.05 m position accuracy [39].
Once the ambiguities of the differential carrier phase solution are addressed [39], position
accuracy also allows the derivation of velocity, the total braking force during the in-run
and the aerodynamic forces during the flight phase, by calculation of these as time-position
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derivatives. Using this system, point mass kinematics and kinetics can be described for
the entire period from the start of the in-run to the landing with a single, wearable system.
GNSS signal reception through the GNSS antenna requires a direct line of sight to the
satellites and is therefore constrained to being mounted on the back or head of the ski
jumper, as shown in Figure 2. The antenna mounting point can be considered a reasonable
representation of the athlete as a point mass in the stable flight phase and in-run, but not in
the take-off, where athletes change body extension and orientation within a short period of
time. Thus, an insufficiently accurate representation of the centre of mass position (CoM)
occurs during this phase.

The stable flight phase is a commonly used term in ski jumping literature, referring
to the aerial phase where the ski jumper has reached a fairly constant flight position,
and which lasts until the landing starts. It is worth noting that the term ‘stable’ is misleading
since the state of stability is irrelevant. From a physics point of view, this phase should be
described as ‘isometric-static’; i.e., acceleration of some key parameter equals zero (some
forces seem in balance), and so is the velocity of these parameters. The use of the term
‘stable’ implies that other phases are ‘unstable’, meaning that some perturbation would
lead to disastrous changes of position. In the same sense, the term ‘flight’ is not entirely
appropriate; physically, ski-jumping resembles more a state between ‘falling’ and ‘gliding’.
However, since the results from this paper will be compared to studies referring to this as
the stable flight phase, the word ’flight phase’ will be used to avoid misunderstanding.

A better understanding of technique in ski jumping is needed to enhance perfor-
mance. The above description of the ski jumping methodologies shows that one method
alone cannot capture enough relevant data to describe performance and the underlying
parameters. We therefore proposed a combination of two methods that have to date not
been extensively tested in ski jumping research, which will allow measurement of the
kinematics and kinetics from start of the in-run to the landing, including the take-off and
early flight phase. A dGNSS is used to describe the kinematics and kinetics from start
of the in-run to the landing, while a PosEst system is used to describe kinematics and
kinetics of the take-off and early flight phase using a body segment model. Accordingly,
the aim of the study is twofold: firstly, we addressed the agreement between these two
methods in a region where both are assumed to be accurate. Secondly, we illustrated the
strength a combination of these two methods can provide in performance analysis. In Part
I, the two methods were applied to compare measured trajectories and estimated velocities
and accelerations in 16 ski jumps. The data sets were collected simultaneously, time syn-
chronized and the systems agreement was assessed during the early flight phase, where
the dGNSS is assumed to be valid. Part II served as a proof of concept of the sensor fusion
application by showcasing the type of performance analysis that can be conducted with
the systems. For that purpose two jumps, from the same ski jumper and with comparable
wind conditions, were chosen. The trajectories, their derived variables and performance
outcomes were evaluated against literature data.

2. Materials and Methods

The data collection was carried out in Midstubakken (Hill size 106 m) in Oslo, Norway.
Two juniors and three Continental Cup ski jumpers voluntarily participated in this study
(all males, age: 21.8 ± 1.8 year, height: 1.76 ± 0.05 m). The study was conducted in
accordance with the Declaration of Helsinki, approved by the Norwegian Centre for
Research Data and the ethical committee of the Norwegian School of Sport Sciences.
The study was conducted over a span of two days. Three ski jumpers were tested the
first day and two the next day. A total of sixteen jumps were used for the analysis.
The kinematics of the jumps were captured with a camera covering the take-off phase and
by a dGNSS. Wind and jump length were measured using the standard International Ski
Federation (FIS) competition measurement methodology, where the wind is measured at
five points from the in-run to the k-point and the different measurements are weighted to
improve fairness in the sport [40].
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2.1. Video Based PosEst Method

The PosEst system estimated the x and y coordinates of 16 body parts (i.e., head
top, upper neck, shoulders, elbows, wrists, upper chest, right/mid/left pelvis, knees,
and ankles) in the video frames in a frame-by-frame manner using a state-of-the-art
convolutional neural network (ConvNet) for high-precision pose estimation. For further
technical details about ConvNet, the reader is referred to [41]. To perform pose estimations
of the ski jumpers, the PosEst was trained, validated and tested on 5064 randomly selected
video frames (i.e., 3686 (73%) for training, 365 (7%) for validation, and 1013 (20%) for
testing) from an internal database of jumps recorded between January 2014 and June 2019.
All 5064 video frames were manually annotated by three experts to define the positions of
the body parts, and the PosEst was fine-tuned against these. The video data was captured
with one camera (Camera: Blackmagic Pocket Cinema Camera, Lens: Sigma 18–35 mm).
The camera was placed 7 m into the flight (relative to the in-run edge) and at a 28 m distance
away from the trajectory. The camera view is shown in Figure 1.

Figure 1. Camera view for the experiment together with examples of the cropped and tracked windows during the in-run,
take-off and flight phase.

The camera filmed in 4K (4096×2016 pixels) at 60 Hz with an electronic shutter speed
of 1000 s−1. The camera was horizontally levelled and slightly angled on the trajectory to
capture as much as possible of the flight and the take-off (6.5 m prior to take-off to 22 m
after). The image space was calibrated using the ski jumpers segment lengths, measured
with a measuring tape prior to testing. The image calibration was conducted by first
rotating the image plane in such way that the average segment length of the leg, thigh
and arm of the ski jumpers in the 16 jumps remained constant during the flight. Second,
calibration was achieved from the image space in pixels to the object space in meters using
the athletes’ segment lengths.

The PosEst system required the whole of the ski jumper to be visible in the picture.
Each video was trimmed to start at the first, and end at the last, picture where the complete
ski jumper was in the picture. A standardised function was created to automatically crop a
500×400 pixel frame around the ski jumper and move frame by frame with the ski jumper.
Both the size of the frame and the automatic cropping function were defined manually in
the post-processing and the same frame and function were used for all jumps. The camera
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view, together with examples of how the pictures were cropped and tracked in the in-run,
take-off and flight are shown in Figure 1. The area analysed for all jumpers was from −5 to
20 m relative to the jump edge. This experiment had the benefit of not having much human
interference in the camera view during the experiment. However, this will not always be
the case when filming and it can also be difficult to control. Even if the system is trained to
recognise the ski jumper, the appearance of other people or objects in the background can
compromise the intentional track. By cropping the picture before tracking one can ensure
that the ski jumper is the only human in the tracked picture, hence one will have a less
chance of losing data. As seen in Figure 1, another person is present in the lower part of the
camera view but is not visible in the cropped pictures and does not interfere in any way.
Even if the PosEst located the ski jumper as a 3D object in the picture, the landmarks on
the side furthest away had a higher uncertainty. Thus, this study only used the landmarks
on the right side for a 2D analysis. This was seen as sufficient, as the movement of the
ski jumper primarily occurred in the sagittal plane [23]. CoM was calculated from the
PosEst-based joint centre landmarks, the anthropocentric parameters were according to
Zatsiorsky with De Leva [42] adjustments, and they were adjusted for the mass of helmet,
boots and skis [43].

2.2. dGNSS Based Method

The athletes’ head trajectories were captured using a dGNSS with a receiver mounted
on the back and an antenna on the helmet, as shown in Figure 2, and a base station
positioned in the adjunct to the outrun of the hill. This setup allowed for a short baseline
dGNSS calculation. The GNSS antenna (G5Ant-2AT1, Antcom, Torrance, CA, USA) was
attached to the helmet of the athlete and connected to the GNSS receiver (Alpha-G3T, Javad,
California, USA). The GNSS base station was mounted on a tripod and equipped with an
antenna (GrAnt-G3T, Javad, San Jose, CA, USA) and a receiver (Alpha-G3T, Javad, San
Jose, CA, USA). The GNSS on the athlete and base station logged 50Hz, GPS/GLONASS
dual frequency (L1/L2) GNSS data starting from 30 min prior to the first jump. Raw GNSS
data was downloaded from the GNSS receivers and dGNSS solutions were calculated
in post-processing.

Figure 2. Ski jumpers with the dGNSS antennae mounted on their helmets and the receivers in backpacks that were carried
under the ski jumping suit.

The GNSS base station was accurately positioned in an absolute global frame WGS 84
(Universal Transverse Mercator zone 32, Northern Hemisphere) by post-processing of its
dGNSS position with data from the DPOS base station, Opera, Oslo, Norway provided by
the Norwegian Mapping authorities (Hønefoss, Norway) and the geodetic post-processing
software Justin (Javad, San Jose, CA, USA). The GNSS antenna position was calculated
by use of the geodetic post-processing software Justin in double difference carrier phase
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mode. This was done to achieve accurate antenna positions from frequencies L1 or L1
and L2 and GPS and GLONASS satellite systems [39]. When the post-processing failed
to fix ambiguities (integer ambiguities), float ambiguities (real number ambiguities) were
calculated. The processed position data was transformed from the WGS 84 coordinate
system to a local coordinate system with the origin at the in-run edge and x along the
longitudinal axis of the jump and y along the gravity vector using a Helmert transformation.
This local coordinate system was used for the dGNSS and PosEst analysis.

2.3. Parameter Definition and Calculation

Performance parameters were calculated from raw position data for both measurement
systems (PosEst and dGNSS). Filtering and parameter calculations were conducted in the
same manner for both systems. The parameter definitions and calculations are addressed
in this section for the different phases of a ski jump. The forces acting on the ski jumper in
the in-run are illustrated in Figure 3.

mg

FD

Ff

FL

FN

ϕ

CoM

x

y

Figure 3. Gravitational (mg), normal (FN), friction (Ff ), drag (FD) and lift (FL) forces acting on a ski
jumper in an in-run, together with the coordinate system and angle of the hill (ϕ).

During the in-run, the normal force will have a substantial increase when the ski
jumper is entering the curved section due to the centrifugal force and the normal force can
be formulated as

FN = m(g cos(ϕ) +
v2

r
), (1)

where m is the skier’s mass, g the gravitational acceleration, v the relative velocity and r
the radius of the curve. The aerodynamic forces are defined as acting parallel (drag) and
perpendicular (lift) to the direction of relative motion [44], and are defined as

FD =
1
2

ρv2CD A (2)

and
FL =

1
2

ρv2CL A, (3)

where ρ is the air density, v the relative velocity, A the frontal area of the object and CD and
CL the drag and lift coefficients. The friction force will also act parallel to the motion and is
defined as

Ff = µFN , (4)
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where µ is the coefficient of friction. The total force acting parallel to the direction of motion,
i.e., braking the ski jumper, can be summed up as the braking force where Fb = FD + Ff .
In the same way, the total force acting perpendicular to the motion can be summed up
as Fp = FN + FL. Due to the nature of the ski jump, the direction of the ski jumper may
change rapidly at particular moments. The angle between the direction of motion and the
global coordinate system will be

ϕ = arctan
(

vy

vx

)
, (5)

where ϕ < 0. Hence, the local coordinate system of the ski jumper can be found by rotating
the coordinate system as follows[

x′

y′

]
=

[
cos(ϕ) sin(ϕ)
− sin(ϕ) cos(ϕ)

][
x
y

]
. (6)

In this local coordinate system, Fx′ = Fb and Fy′ = Fp. Thus, the braking and perpen-
dicular forces acting on the ski jumper can be found from

Fb = mẍ cos(ϕ) + m(ÿ + g) sin(ϕ) (7)

and
Fp = −mẍ sin(ϕ) + m(ÿ + g) cos(ϕ). (8)

The dGNSS cannot estimate Ff , FD, FN and FL separately but only as the sum of the
forces acting parallel and perpendicular to the ski jumper, hence Fb and Fp are analysed
in the in-run. The in-run in ski jumping has a low friction and a high speed, thus the
main component of Fb is assumed to be the drag force [6]. The main component of Fp is
assumed to be FN , both because this will increase through the curved section and because
FL is assumed to be small [45]. As soon as the ski jumper is air-borne both ski friction and
normal force vanish and Fb = FD and Fp = FL. Hence drag and lift are analysed for the
flight phase. The lift-to-drag (FL/FD) ratio is also presented as this is seen as an important
parameter to describe the quality of the flight phase [46,47]. The knee angle (θ), hip angle
(γ) and body angle of attack (ψ), defined in Figure 4, together with their angular velocities,
were derived from the PosEst systems landmarks of ankle, knee, hip and shoulder.

(a)

θ

γ

(b)

CoM
ψ

v
Fg

FL
FD

Figure 4. Definition of parameters calculated from the PosEst data: (a) shows the knee angle (θ) and the hip angle (γ).
(b) the centre of mass (CoM), gravitational force (Fg), drag force (FD), lift force (FL), body angle of attack (ψ) and the resultant
speed of the ski jumper (v).
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The body angle of attack was defined as the angle between the vector from ankle
to shoulder and the velocity vector. In recent literature, this parameter is considered
equal to the sum of the angle between the skis and the body, and the ski angle of attack
(ψ = β + α) [20–22]. For simplicity, a summary of the parameters and the phases in which
the parameters and methods were deployed is presented in Table 1.

Table 1. Overview of the performance parameters measured in the different phases of the ski jump and the method used for
the analysis. Dist. is the horizontal distance from the jump edge and Tr. the trajectory of the head for the dGNSS and CoM
for the PosEst.

Phase Dist. Method Tr. v vx vy Fb Fp FD FL FL/FD ψ θ γ vψ vθ vγ

[m][m][m] [m][m][m] [m s−1][m s−1][m s−1] [N][N][N] [][][] [rad][rad][rad] [rad s−1][rad s−1][rad s−1]

in-run −65–0 dGNSS X X X X X X
Take-off −5–20 PosEst X X X X X X X X X X X X X
Flight 0–90 dGNSS X X X X X X X

The raw positions data of the antenna/head position from both systems were smoothed
with a fourth-order digital zero phase Butterworth filter with a cut-off frequency of 5 Hz [48].
The same filter was applied both before derivation from position to speed and speed
to acceleration.

2.4. Part I: Comparison of PosEst and dGNSS Method

The dGNSS and the PosEst systems were compared for trajectory, speed and accelera-
tion, with the top head point as the reference, as this was the position of the dGNSS antenna.
The instantaneous position of the dGNSS antenna was outputted from the geodetic dGNSS
post-processing, and for the video method the top head position was annotated through
the PosEst system. The local coordinate system from the dGNSS measurement was applied
for both systems with the origin at the edge of the in-run, with xbeing the longitudinal
axis and y the vertical axis. The axis cross-track was neglected in the description of the
results. For comparison of the methods, both the average data of all 16 jumps and paired
differences are presented.

For statistical analysis, t-tests for the time series of the paired difference of each jump
were performed using statistical parametric mapping (SPM) with the open-source software
package SPM-1D (1-dimensional SPM, www.spm1d.org (accessed on 8 March 2021); ©T.C.
Pataky). In this method, a t-test is computed for every time point and Random Field
Theory [49] is used to compute a threshold test-value (based on the significance level
and smoothness of data) and an overall p-value for supra-threshold clusters, instead of
calculating a p-value for every point. SPM is a relatively new statistical technique in
biomechanics, which allows presentation of the time series and statistics graphically, easing
the interpretation of the data [50]. The statistical analyses were performed in Matlab
R2019b and the level of significance set to α = 0.05. In addition, mean absolute error (MAE)
between the paired difference of the jumps and zero difference between the methods (i.e.,
the assumption of the data being identical as they are from the same source) were calculated
for each stretch of 5 m along the trajectory to assess how the error between the methods
developed throughout the area under analysis.

2.5. Part II: Case Study

As an illustration of this sensor fusion used to assess performance, two jumps by
the same athlete and during the same training session were compared in a case study.
The jumps were chosen on the basis of similarities in wind conditions, as wind is an
important performance-determining parameter in ski jumping [40]. By using the same
athlete for both jumps, the effect of body weight can be neglected, which is, together with
potential equipment variations between athletes, also an important performance variable
in ski jumping [19,51].

www.spm1d.org
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The analyses are presented in chronological order, following the two jumps through
the in-run, take-off and flight phase to highlight the differences and similarities that lead
to a performance difference. The data from dGNSS were used to analyse the in-run and
flight phase. During the take-off section the CoM data calculated from the PosEst system
was used since the head position (dGNSS) is assumed to be an inaccurate representation of
CoM in the section where the ski jumper moves from the in-run position to the constant
flight position. Table 1 shows an overview over the performance parameters measured in
the different phases and the methods that were used for the analysis. No statistical analysis
was performed as this part only consisted of two jumps.

3. Results and Discussion
3.1. Part I: Comparison of PosEst and dGNSS Data

Figure 5a shows the average trajectory, vertical and horizontal components of ve-
locity and acceleration, together with the SPM analysis. The average paired difference
between each of the 16 jumps measured with the PosEst and dGNSS, together with the
SPM analysis are presented in Figure 5b. The SPM t-test plots for all variables can be
found in Appendix A. Mean absolute error was calculated for phases of 5 m for a better
understanding of the magnitude of the difference, presented in Table 2.

(a) (b)

Figure 5. Comparison of data of the PosEst system and the dGNSS. (a) show the average trajectory (a1), vertical and
horizontal velocity (a2) and acceleration (a3). The shaded error bands indicate the standard deviation with n = 16. PosEst
data are indicated in red and dGNSS in blue. (b) shows the average paired difference of the same variables between
the systems. The shaded error bands indicate the standard deviation with n = 16 and the dashed line zero difference.
The paired differences in the x-direction are indicated in red and in the y-direction in blue. The SPM statistical information
is represented by the horizontal bars for the paired difference. The black bar represents the statistical difference between the
paired difference and zero in (b1). In (b2,b3), the light gray color represents statistical difference in the x-direction, dark
gray in the y-direction and black in both directions, where ** denotes p < 0.001.
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Table 2. Mean absolute error (MAE) for phases of 5 m between the paired difference and zero
difference (Figure 5b).

Phase [m]Phase [m]Phase [m] −5–0−5–0−5–0 0–50–50–5 5–105–105–10 10–1510–1510–15 15–2015–2015–20

Tr [m] 0.10 0.04 0.02 0.03 0.03
vx [m s−1] 0.49 0.15 0.41 0.34 0.15
vy [m s−1] 0.41 0.10 0.08 0.13 0.15
ax [m s−2] 2.45 2.19 0.43 1.44 1.56
ay [m s−2] 1.44 1.89 0.57 0.97 0.92

A significant difference between the methods was observed for all variables from
−5–0 m, with an MAE of around twice the accuracy of the dGNSS (±0.05 m). Regions of
significant trajectory difference from zero between the two methods were also observed
after 0 m; however, MAE was smaller than 0.05 m, i.e., within the expected accuracy for
the dGNSS [39]. As for the trajectory, the MAEs of both the velocity and acceleration
components were large for the first phase and seen to decrease. Regions where the paired
difference deviated from zero in the vertical direction were observed in the flight phase,
with an MAE of ±0.15 m s−1 and ±0.97 m s−2 as a maximum for the velocity and accelera-
tion respectively. The largest difference was observed in the horizontal direction, with an
MAE of ±0.41 m s−1 and ±1.56 m s−2 as a maximum for the region 5–20 m. Altogether,
the uncertainty in the measurements was high the first 5 m and deviated from the edge
of the in-run. All measurements showed good agreement from 5 m after the in-run. The
consistency and agreement 5 m indicates that these methods are reliable for use in such
analyses.

3.2. Part II: Case Study
3.2.1. External Data

The two jumps in the case study were chosen on the basis that they were performed
by the same athlete, with the same equipment and similar wind conditions. Gate, wind
conditions and jump distances are presented in Table 3.

Table 3. External data for the two jumps chosen for the case study. Distance points and wind points showing the length and
wind compensation points in an FIS competition.

Gate Distance Total Wind Score Wind Measurements at [m s−1][m s−1][m s−1]
[#][#][#] [m][m][m] Points [m s−1][m s−1][m s−1] Points 10 m 38 m 57 m 76 m 95 m

Jump 1 15 96 62 0.40 −3.2 1.63 0.80 0.71 0.52 0.29
Jump 2 12 91 52 0.46 −3.7 1.44 0.94 0.50 0.78 0.92

All wind measurements are shown, to highlight the similar wind conditions during
the complete jump. With the given wind compensation, the difference in points between
these two jumps would have been 0.9 points (10.5 points initially, minus 9.6 points in gate
compensation) in competition. As the jumps were performed by the same athlete during
one training session, the body mass and equipment of the ski jumper did not influence
the comparison. The difference in in-run speed expected when switching from Gate 15 to
12 on this hill was simulated to be 0.33 m s−1. For more information about the simulation,
the reader is referred to [6].

3.2.2. In-Run

The analysis started with dGNSS measurements of the ski jumper leaving the start
gate to the take-off (i.e., the in-run phase). The trajectories of the jumps in the in-run are not
presented, since no spatial difference was observed between the two jumps in this phase.
The last 15 m is greyed out in the plots to symbolise the take-off phase , i.e., the region
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where the dGNSS outcome cannot be assumed a valid measure for the CoM trajectory. The
resultant, horizontal and vertical velocities from the dGNSS are shown in Figure 6.

Figure 6. Velocity components of the in-run phase for the two jumps in the case analysis. (a) shows the resultant velocity v,
(b) the horizontal velocity vx and (c) the vertical velocity vy. The horizontal length from the in-run edge is shown on the
x-axis and velocity is shown on the y-axis.

An instant velocity difference of 1 m s−1 was observed, with the difference in the
velocity components being 0.86 m s−1 and 0.60 m s−1 in vx and vy, respectively. During the
in-run, the difference in vy diminished to zero and vx to approximately half, and thus
the difference in v was 0.43 m s−1 approaching the edge of the in-run. About 0.3 m s−1 of
the speed difference was expected due to the lower start gate in Jump 2 [6], but 0.1 m s−1

(0.36 km h−1, equivalent to the effect of 1 gate) cannot be explained by the gate difference.
In other words, Jump 1 showed a 0.1 m s−1 better performance regarding in-run speed.
This is a substantial difference, since a difference in in-run speed at take-off of ∼0.3 m s−1

can increase the jump distance by 3.8–10.1 m approximately, depending on hill size and
wind conditions [51,52].

The measured Fp from the dGNSS is shown in Figure 7.

Figure 7. Perpendicular force action on the ski jumper during the in-run. The horizontal length from
the in-run edge is shown on the x-axis and velocity is shown on the y-axis.

The measured force curves were within the range of recent wind tunnel data [45].
In both jumps, the Fp showed a steady increase through the curved section of the in-run
and was observed to increasing more rapidly from −15 m. This force enhancement was
due to the athlete’s head no longer following the in-run trajectory, i.e., the take-off action
had commenced, around 15 m (around 0.6 s) before the in-run edge. This is almost twice
the length and time that the current literature has stated for the take-off [1,2,7]. This may
be because of the discrepancy between dynamics and resulting kinematics; the noticeable
onset of motion is delayed compared to the onset of forces driving this motion. Thus, a ski
jumper may start the take-off action earlier than has been recently assumed.

The total force parallel to the direction of motion, i.e., the braking force is shown in
Figure 8.



Sensors 2021, 21, 5318 12 of 21

Figure 8. Braking force acting on the ski jumper during the in-run phase measured with the dGNSS.
The horizontal length from the in-run edge is shown on the x-axis and velocity is shown on the y-axis.

By neglecting ski friction, one can use Equation (2) to estimate the drag area (CD A
value) of the in-run position. By assuming an air density of ρ = 1.225 kg m−3 (101.325 kPa
at 15 ◦C), the CD A values of both jumps decreased from around 0.25 to 0.15 m2 throughout
the in-run. Here, friction is neglected, thus the actual CD A is expected to be somewhat
lower. Nevertheless, this is within the range that Elfmark and Ettema [6] measured for ski
jumpers’ in-run positions in a wind tunnel. Hence, the measurements of both the normal
force and the braking force were within the range of what has been measured in separate
investigations performed in wind tunnels.

The difference in in-run speed is small in the first 25 m of the in-run (Figure 6a).
A small velocity difference is expected when starting from different gates as the force
producing velocity (gravitation) is constant and the main force resisting (or reducing speed)
is drag, which increases with speed squared and hence is small when speed is low at the
beginning of the in-run. The estimated forces in the first part of the in-run are quite similar.
Even if the speed in Jump 2 is lower, the braking force after entering the curved section of
the in-run is higher, which could explain the part of the speed difference that cannot be
explained by the different start gates. The grayed area will not be discussed in this section
as the head position cannot be assumed to be a valid representation of the CoM during the
take-off phase but will be addressed with the PosEst method in the following section.

3.2.3. Take-Off and Early Flight Phase

The PosEst system was used for the analysis of take-off and the early flight phase.
The trajectories of the CoM of the two jumps for that section are shown in Figure 9.

Figure 9. CoM trajectory during the take-off and early flight phase for the two jumps in the case
analysis. The horizontal and vertical distance from the in-run edge are shown on the x-axis and
y-axis, respectively.

A difference in vertical position between the jumps started to emerge around 10 m
after the in-run edge, increasing to∼0.17 m. The resultant, horizontal and vertical velocities
of the CoM are shown in Figure 10.
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Figure 10. Velocity components of the CoM in the take-off and early flight phase for the jumps in the case study. (a) shows
the resultant velocity v, (b) the horizontal velocity vx and (c) the vertical velocity vy. The horizontal length from the
in-run edge is shown on the x-axis and velocity is shown on the y-axis. A negative sign on the x-axis indicates the area
before take-off.

Similar velocity trends were observed to those seen by both Arndt et al. and Vir-
mavirta et al. [17,22]. The initial speed difference from the in-run is withheld during this
phase. Virmavirta et al. [22] found a correlation between the horizontal speed and the
jump length. A similar relationship was found in our comparison. Figure 11 shows the
lift-to-drag ratio, the aerodynamic lift and the aerodynamic drag during the early flight
phase. The forces are shown from +2 m after the in-run edge to ensure that the skis have
left the in-run.

Figure 11. External forces acting on the ski jumper during the early flight phase for the jumps in the case study. (a) shows
the lift-to-drag ratio (FL/FD), (b) the aerodynamic lift (FL) and (c) the aerodynamic drag (FD). The horizontal length from
the in-run edge is shown on the x-axis. On the vertical axis the unit less ratio is shown in (a) and the force [N] in (b,c).

The negative drag at onset of the flight phase (i.e., propulsion rather than resistance)
cannot be explained. During take-off, a small component of the push-off force will appear
as negative ’drag’ according to Equation (7). This was indeed the case for the signal before
+2 m (not shown). Thus the brief continuation of the negative value may be an outcome of
inaccuracy of the PosEst measure. Due to rapid changes in FL and FD in this early flight
phase the FL/FD ratio was unstable but increased during the last 5 m (15–20 m). The ratios
of FL/FD for the jumps are in the range of what has been previously reported by Schmölzer
and Müller [19,20].

Figure 12 shows the calculated angles and the angular velocity for the two jumps.
For the knee abduction, in Figure 12a, Jump 1 had a steeper increase. The knee angle

(θ) was also kept at a larger angle in Jump 1 during the early flight phase. The evolution of
the hip angle (γ) for the two jumps seems to be similar. The body angle of attack (ψ) was
introduced for the early flight phase in accordance with earlier studies [20–22], and also
plotted for the take-off phase for comparison (noting its interpretation is different than
for the flight phase). Whilst ψ was of a similar value at the in-run edge immediately
after take-off, a difference in ψ emerged, which remained constant after ∼10 m, where
Jump 1 had a lower ψ. Earlier studies have found that a low ψ is beneficial for flight
performance [18,21,22,46]. An explanation for why Jump 2 has a higher FL/FD ratio in
the last part of this phase may involve the orientation of the skis, which was not included
in the PosEst, but influences the aerodynamic forces in a flight [53]. Even if the angular
results show that the athlete reaches a stable position in this phase, the FL/FD ratio varies
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considerably for the complete phase, which will be addressed in Section 3.3. The angular
velocities presented in Figure 12b are in the range of earlier lab and field studies [2,54].
Virmavirta et al. [2] found a correlation between the angular velocity of the hip at the
release instant and the jump distance. In this case, the angular velocities of the hip showed
similar trends between the two jumps, but the jumps differed in peak velocity of the knee.

Figure 12. Knee angle (θ), hip angle (γ) and body angle of attack (ψ) measured during the take-off phase for the jumps in
the case analysis. (a) shows the angles and (b) the respective angular velocity. The horizontal length from the in-run edge is
shown on the x-axis, angles in rad on the vertical axis in (a) and angular velocity in rad s−1 in (b).

To summarise, a difference in the CoM trajectory emerged from ∼10 m after the in-run
edge with Jump 1 being at a higher altitude. The main explanation for this divergence in
vertical position is the higher horizontal speed in Jump 1, mainly caused by a higher start
gate. The peak force normal to the take-off platform is explained by a higher angular veloc-
ity of the knee angle, together with a higher ψ in the take-off, resulting in a more upright
position, which might cause a higher take-off force in the vertical direction. Interestingly,
the FL/FD ratio varied during the first 20 m of the flight phase, even though the athlete
seemed to reach a constant position around 5 to 10 m after the take-off.

3.2.4. Flight Phase

As soon as a ski jumper has reached a constant flight position, the head point will
again be a valid representation of the skiers flight path as a point mass. Considering the
angular data from 5–10 m after the take-off in Figure 12, the trajectories of the dGNSS in
the flight phase of the two jumps are shown in Figure 13, where the early flight phase and
landing are gray shaded. The take-off phase has been addressed earlier and the definition
of where the landing started will be addressed below.

Figure 13. Trajectory from the dGNSS in the flight phase for the two jumps. The gray shaded areas
highlight the take-off and landing phases. The horizontal and vertical distances from the in-run edge
are shown on the x-axis and y-axis, respectively.

The difference in the trajectories between the jumps at 20 m was 0.1 m, almost half of
the difference measured with the CoM (PosEst) and head (dGNSS) at this point. In Jump 2,
the athlete had a larger body angle of attack in the second part of the early flight phase,
i.e., a more upright flight position. Hence, the position of the head was higher relative to
the CoM for Jump 2, which might explain this difference. The resultant, horizontal and
vertical velocities are shown in Figure 14.
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Figure 14. Velocity components in the flight phase for the jumps in the case study. The gray shaded areas highlight the
take-off and landing phases: (a) shows the resultant velocity v, (b) the horizontal velocity vx and (c) the vertical velocity vy.
The horizontal length from the in-run edge is shown on the x-axis and velocity is shown on the y-axis.

The landings of the two jumps were at 80 m and 76 m for Jump 1 and Jump 2, re-
spectively. Here, both the horizontal and vertical velocity start to decrease. The jump
distance is measured along the hill profile, so a 4 m horizontal distance corresponds to a
total difference of 5 m, as shown in Table 3. Both Figures 13 and 14 show similar trends to
another of the rare studies using dGNSS in ski jumping Blumenbach [33]. The resultant
speed (Figure 14a) slightly decreased during the early flight phase, as already shown with
the PosEst system, and started to increase after 20 m. The increase in resultant speed was
caused by the increase in vertical velocity as a result of gravity acting on the ski jumper over
time. The increase in the resultant speed was almost linear from 30 m until the ski jumper
initiated the landing. The difference in resultant velocity between the jumps remained
at 0.4 m s−1 for most of the flight phase, emphasising the importance of the in-run speed.
A sudden drop in horizontal velocity was seen right before the landing, assumed to be the
ski jumper opening up his position to prepare for landing. Figure 15 shows the FL/FD ratio,
FL and the FD of the flight phase. The FL/FD ratios are relatively constant from around
20 m and 24 m for Jump 1 and Jump 2, respectively, i.e., reaching a constant ratio after
∼1 s. This is in accordance with simulations performed by Schmölzer et al. [19]. The ski
jumper maintains a ratio of 1.3-1.5, in the constant phase, which corresponds well to earlier
simulations and experiments [18–20,46,47]. Jump 1 had a longer phase with a constant
lift-to-drag ratio and a somewhat higher average for the lift-to-drag ratio. The overall
trends of the lift and drag force of the two jumps were similar.

Figure 15. Forces acting on the ski jumper in the flight phase. (a) shows the lift-to-drag ratio (FL/FD), (b) the aerodynamic
lift (FL) and (c) the aerodynamic drag (FD). The horizontal length from the in-run edge is shown on the x-axis with a unit less
ratio in (a) and the forces [N] in (b,c) on the vertical axis. The gray shaded areas highlight the take-off and landing phases.

In summary, the differences in speed and technique that were observed in the in-run,
take-off and early flight phase led to differences in the flight kinetics during the flight
phase. The main effect of the differences in drag and lift forces between the jumps was
on the vertical position of the trajectory in the last part of the flight. Due to the squared
lift-velocity relationship, the higher speed in Jump 1 led to more lift and consequently a
higher vertical position and better performance. Only small differences in drag and lift
were detected between the jumps for the main part of the flight, but the velocity differences
were systematic. Hence, the ski jumper must have had smaller values of CD A and CL A
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(see Equations (2) and (3)) in Jump 1, which may have come from the lower body angle of
attack (ψ) observed during the early flight phase.

3.3. Possibilities and Limitations

This study has introduced the combination of two promising methods (dGNSS and
PosEst) for performance analysis in ski jumping, which have not been extensively used in
recent ski jumping research. The good agreement between the methods for take-off and the
early flight phase, and the analytic possibilities that this sensor fusion can provide, have
been presented. The major strength of using dGNSS in ski jumping is the ability to measure
the kinematic variables (and their kinetic derivations) from start of the in-run to the landing
in a consistent and relatively resource-conservative manner, possibly with better accuracy
than, for example, IMU-based estimations of the trajectory [4,26,27,29–31]. Since the dGNSS
method allows estimation of the external forces, velocity and position instantaneously from
start of the in-run to the landing, with good global accuracy, the method can offer a holistic
assessment of performance and its underlying factors. Instantaneous tracking of velocity
and forces allows not only description of how these parameters develop over time but also
an explanation of how these interact and affect performance, albeit with limited validity
during the take-off phase. Hence, the dGNSS method alone could help an individual or
coach to better understand the reasons behind a given performance. A limitation to this
method is that it cannot be used in competition, as the dGNSS has to be mounted on the
ski jumper. It is also important to notice that the antenna of this dGNSS was placed on
the helmet and is used as a point mass representation of the athlete, which is a reasonable
assumption in the in-run and flight phase, but during take-off and early flight phase the
head motion substantially deviates from the CoM motion. Mounting of the dGNSS system
closer to the pelvic region may partly solve this issue. A complementary method should be
used to accurately assess the CoM motion to provide data from what is to date considered
to be the most important phase of ski jumping.

The usage of video to analyse the take-off is not new [2,17–22], but no research
published to date has used a markerless, video-based pose estimation using computer
vision. Usage of a PosEst method can reduce the biggest limitation of video analysis, i.e., the
time used on data processing. The PosEst was used to assess the take-off and early flight
phase from one camera and it was demonstrated that the PosEst method can reconstruct
the segment motion of the athlete in the sagittal plane along with CoM position, velocity
and estimations of the external forces. This can be done without interfering with the athlete
and is thus well suited to competition analysis. The camera-based PosEst method can be
applied at any point along the trajectory but may be most important in the take-off phase,
which is considered to be the most important phase of ski jumping [1–3]. This method also
becomes more and more promising as camera technology develops, enabling filming in
high resolution with a simultaneous high frame rate. Such a system could also further be
improved by an automatic object detection and crop procedure. Covering a larger part
of the in-run, jump, flight phase and landing could be achieved by synchronizing several
cameras. Calibration of the 3-D space covered by multiple cameras is another important
but solvable challenge.

Used together, these two methods cover most of the motion analysis features of ski
jumping, except for the ski motion data which are difficult to obtain in the sagittal plane
but are nonetheless important in ski jumping [53]. A possible way to capture both the pitch,
roll and yaw of the skis could be to place an IMU on each ski and time-synchronise these
with the dGNSS and video. IMUs may also be valuable for obtaining kinetic parameters
like angular velocities and acceleration of limb segments for the complete ski jump [28].
An interesting feature that could be assessed using the presented sensor fusion is the onset
of the constant flight phase. In recent literature, the constant flight phase is assumed to be
reached when the ski jumper has a constant flight position [1,20,22]. In this study it was
found that the angles and angular velocity, measured at the take-off (Figure 12) started
to stabilise between 5 and 10 m, while aerodynamic analysis based on the same data set
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suggested a constant flight period started at about 20 m. Such discrepancies may provide
fruitful insights into the definition and role of the early flight phase and how and when
that leads into the constant flight phase.

3.4. Summary

This study investigated two methods, not previously used, for performance analysis
in ski jumping, which will allow measurement of the kinematics and kinetics from the
start of the in-run to the landing. The dGNSS was used to describe the kinematics and
kinetics for the in-run and early flight phase to the landing, whilst the PosEst system was
used to describe kinematics and kinetics of the take-off and early flight phase, using a body
segment model. The study was separated into two parts, where the first part compared the
agreement of the systems from 5 m before take-off to 20 m into the flight. Trajectory, velocity
and acceleration components were compared between the systems for 16 jumps. Good
agreement, within the uncertainty of the dGNSS, was found between the two methods
from 5 and 20 m after take-off, indicating that the methods agree well in the flight phase,
while PosEst performed better in the analysis of the take-off phase. The second part of the
study served as a proof of concept of the sensor fusion application, showcasing the types
of performance analysis that can be conducted with this system combination. For that
purpose data from two jumps were extracted and used to illustrate how start gate, drag
and lift influence the instantaneous velocity vector, altitude above ground and finally jump
length. The study showed the complementary nature and validity of the methods and their
usability in both research and practice.
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Abbreviations
The following abbreviations are used in this manuscript:

CoM Center of Mass
ConvNet Convolutional Neural Network
dGNSS differential Global Navigation Satellite System
Fb Braking force
FD Drag force
Ff Friction force
FL Lift force
FL/FD-ratio Lift-to-drag ratio
FN Normal force
Fp Perpendicular force
FIS International Ski Federation
IMU Inertial Measurement Units
MAE Mean Absolute Error
PosEst Markerless Video-based Pose Estimation
SPM Statistical Parametric Mapping

Appendix A. Statistical Parametric Mapping Analysis

Figure A1 shows the separate results of the SPM t-test of trajectory and the horizontal
and vertical components of velocity and acceleration for the paired difference, compared
to zero difference between the methods (presented in Figure 5). The significance level was
set to α = 0.05 for all test. The horizontal lines indicate the threshold t∗ test-values and the
t∗ are reported in each plot, together with the p-values. The significant supra-threshold
clusters are marked in the plots with a grey shade.

(a) Paired difference trajectory

(b) Paired difference vx

Figure A1. Cont.
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(c) Paired difference vy

(d) Paired difference ax

(e) Paired difference ay

Figure A1. Statistical parametric mapping t-test analysis of the paired difference between the methods
compared to zero difference of trajectory (a), horizontal and vertical velocity (b,c) and acceleration
(d,e) (n = 16). The red, dashed, horizontal lines indicate the threshold t∗ test-values and the values
are reported in each plot. Significant supra-threshold clusters are marked with a grey shade, together
with their corresponding p-values.
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28. Glowinski, S.; ; Łosiński, K.; Kowiański, P.; Waśkow, M.; Bryndal, A.; Grochulska, A. Inertial sensors as a tool for diagnosing
discopathy lumbosacral pathologic gait: A preliminary research. Diagnostics 2020, 10, 342. [CrossRef]

29. Groh, B.H.; Warschun, F.; Deininger, M.; Kautz, T.; Martindale, C.; Eskofier, B.M. Automated ski velocity and jump length
determination in ski jumping based on unobtrusive and wearable sensors. Proc. ACM Interact. Mobile Wearable Ubiquitous Technol.
2017, 1, 1–17. [CrossRef]

30. Logar, G.; Munih, M. Estimation of joint forces and moments for the inrun and take-off in ski jumping based on measurements
with wearable inertial sensors. Sensors 2015, 15, 11258–11276. [CrossRef]

31. Ohgi, Y.; Hirai, N.; Murakami, M.; Seo, K. Aerodynamic study of ski jumping flight based on inertia sensors (171). In The
Engineering of Sport 7; Springer: Paris, France, 2008; pp. 157–164.

http://dx.doi.org/10.1080/02640414.2011.624538
http://dx.doi.org/10.1080/1357332052000308792
http://dx.doi.org/10.1080/14763141.2020.1871503
http://www.ncbi.nlm.nih.gov/pubmed/33533308
http://dx.doi.org/10.2165/00007256-200939020-00001
http://www.ncbi.nlm.nih.gov/pubmed/19203132
http://dx.doi.org/10.3390/s19071597
http://www.ncbi.nlm.nih.gov/pubmed/30987014
http://dx.doi.org/10.1080/026404101317015447
http://dx.doi.org/10.1080/14763141.2017.1383506
http://dx.doi.org/10.1111/j.1600-0838.1993.tb00387.x
http://dx.doi.org/10.1111/j.1600-0838.1993.tb00388.x
http://dx.doi.org/10.3390/s19092011
http://www.ncbi.nlm.nih.gov/pubmed/31035683
http://dx.doi.org/10.3390/proceedings2060311
http://dx.doi.org/10.1123/jab.16.3.320
http://dx.doi.org/10.1519/JSC.0000000000001166
http://dx.doi.org/10.1123/jab.11.2.224
http://dx.doi.org/10.1016/0021-9290(95)00169-7
http://dx.doi.org/10.1016/S0021-9290(02)00066-0
http://dx.doi.org/10.1016/j.jbiomech.2004.05.038
http://dx.doi.org/10.1016/j.jbiomech.2004.10.004
http://www.ncbi.nlm.nih.gov/pubmed/16154402
http://dx.doi.org/10.1186/s40798-018-0139-y
http://www.ncbi.nlm.nih.gov/pubmed/29869300
http://dx.doi.org/10.1016/j.jbiomech.2012.10.005
http://www.ncbi.nlm.nih.gov/pubmed/23123073
http://dx.doi.org/10.1080/02640414.2013.845679
http://www.ncbi.nlm.nih.gov/pubmed/24117224
http://dx.doi.org/10.3390/diagnostics10060342
http://dx.doi.org/10.1145/3130918
http://dx.doi.org/10.3390/s150511258


Sensors 2021, 21, 5318 21 of 21

32. Brodie, M.; Walmsley, A.; Page, W. Fusion motion capture: A prototype system using inertial measurement units and GPS for the
biomechanical analysis of ski racing. Sport. Technol. 2008, 1, 17–28. [CrossRef]

33. Blumenbach, T. High precision kinematic GPS positioning of ski jumpers. In Proceedings of the 17th International Technical
Meeting of the Satellite Division of The Institute of Navigation (ION GNSS 2004), Long Beach, CA, USA, 21–24 September 2004;
pp. 761–765.

34. Gilgien, M.; Kröll, J.; Spörri, J.; Crivelli, P.; Müller, E. Application of dGNSS in alpine ski racing: Basis for evaluating physical
demands and safety. Front. Physiol. 2018, 9, 145. [CrossRef]

35. Gilgien, M.; Spörri, J.; Chardonnens, J.; Kröll, J.; Müller, E. Determination of external forces in alpine skiing using a differential
global navigation satellite system. Sensors 2013, 13, 9821–9835. [CrossRef]

36. Gilgien, M.; Spörri, J.; Chardonnens, J.; Kröll, J.; Limpach, P.; Müller, E. Determination of the centre of mass kinematics in alpine
skiing using differential global navigation satellite systems. J. Sport. Sci. 2015, 33, 960–969. [CrossRef]

37. Supej, M. D measurements of alpine skiing with an inertial sensor motion capture suit and GNSS RTK system. J. Sport. Sci. 2010,
28, 759–769. [CrossRef]

38. Supej, M.; Holmberg, H.C. A new time measurement method using a high-end global navigation satellite system to analyze
alpine skiing. Res. Q. Exerc. Sport 2011, 82, 400–411. [CrossRef]

39. Gilgien, M.; Spörri, J.; Limpach, P.; Geiger, A.; Müller, E. The effect of different global navigation satellite system methods on
positioning accuracy in elite alpine skiing. Sensors 2014, 14, 18433–18453. [CrossRef]

40. Virmavirta, M.; Kivekäs, J. The effect of wind on jumping distance in ski jumping–fairness assessed. Sport. Biomech. 2012, 11,
358–369. [CrossRef]

41. Groos, D.; Ramampiaro, H.; Ihlen, E.A. EfficientPose: Scalable single-person pose estimation. Applied Intell. 2020, 51, 2518–2533.
[CrossRef]

42. De Leva, P. Adjustments to Zatsiorsky-Seluyanov’s segment inertia parameters. J. Biomech. 1996, 29, 1223–1230. [CrossRef]
43. Ettema, G.J.; Bråten, S.; Bobbert, M.F. Dynamics of the inrun in ski jumping: A simulation study. J. Appl. Biomech. 2005, 21,

247–259. [CrossRef]
44. Barelle, C.; Ruby, A.; Tavernier, M. Experimental model of the aerodynamic drag coefficient in alpine skiing. J. Appl. Biomech.

2004, 20, 167–176. [CrossRef]
45. Virmavirta, M.; Kivekäs, J.; Komi, P. Ski jumping takeoff in a wind tunnel with skis. J. Appl. Biomech. 2011, 27, 375–379. [CrossRef]

[PubMed]
46. Gardan, N.; Schneider, A.; Polidori, G.; Trenchard, H.; Seigneur, J.M.; Beaumont, F.; Fourchet, F.; Taiar, R. Numerical investigation

of the early flight phase in ski-jumping. J. Biomech. 2017, 59, 29–34. [CrossRef]
47. Lee, K.D.; Park, M.J.; Kim, K.Y. Optimization of ski jumper’s posture considering lift-to-drag ratio and stability. J. Biomech. 2012,

45, 2125–2132. [CrossRef]
48. Crenna, F.; Rossi, G.B.; Belotti, V.; Palazzo, A. Filtering signals for movement analysis in biomechanics. In Proceedings of the XXI

IMEKO World Congress, Prague, Czech Republic, 30 August–4 September 2015.
49. Adler, R.J. The Geometry of Random Fields; Society for Industrial and Applied Mathematics: Philadelphia, PA, USA, 2010.
50. Serrien, B.; Ooijen, J.; Goossens, M.; Baeyens, J.P. A motion analysis in the volleyball spike—Part 1: Three dimensional kinematics

and performance. Int. J. Hum. Mov. Sport. Sci. 2016, 4, 70–82. [CrossRef]
51. Virmavirta, M.; Kivekäs, J. Is it still important to be light in ski jumping? Sports Biomech. 2019, 20, 407–418. [CrossRef]
52. Virmavirta, M. Aerodynamics of ski jumping. In The Engineering Approach to Winter Sports; Springer: New York, NY, USA, 2016;

pp. 153–181.
53. Virmavirta, M.; Kivekäs, J. Aerodynamics of an isolated ski jumping ski. Sport. Eng. 2019, 22, 1–6. [CrossRef]
54. Ettema, G.; Hooiveld, J.; Braaten, S.; Bobbert, M. How do elite ski jumpers handle the dynamic conditions in imitation jumps? J.

Sport. Sci. 2016, 34, 1081–1087. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/19346182.2008.9648447
http://dx.doi.org/10.3389/fphys.2018.00145
http://dx.doi.org/10.3390/s130809821
http://dx.doi.org/10.1080/02640414.2014.977934
http://dx.doi.org/10.1080/02640411003716934
http://dx.doi.org/10.1080/02701367.2011.10599772
http://dx.doi.org/10.3390/s141018433
http://dx.doi.org/10.1080/14763141.2011.637119
http://dx.doi.org/10.1007/s10489-020-01918-7
http://dx.doi.org/10.1016/0021-9290(95)00178-6
http://dx.doi.org/10.1123/jab.21.3.247
http://dx.doi.org/10.1123/jab.20.2.167
http://dx.doi.org/10.1123/jab.27.4.375
http://www.ncbi.nlm.nih.gov/pubmed/21896946
http://dx.doi.org/10.1016/j.jbiomech.2017.05.013
http://dx.doi.org/10.1016/j.jbiomech.2012.05.036
http://dx.doi.org/10.13189/saj.2016.040403
http://dx.doi.org/10.1080/14763141.2018.1556326
http://dx.doi.org/10.1007/s12283-019-0298-1
http://dx.doi.org/10.1080/02640414.2015.1088660
http://www.ncbi.nlm.nih.gov/pubmed/26368027

	Introduction
	Materials and Methods
	Video Based PosEst Method
	dGNSS Based Method
	Parameter Definition and Calculation
	Part I: Comparison of PosEst and dGNSS Method
	Part II: Case Study

	Results and Discussion
	Part I: Comparison of PosEst and dGNSS Data
	Part II: Case Study
	External Data
	In-Run
	Take-Off and Early Flight Phase
	Flight Phase

	Possibilities and Limitations
	Summary

	Statistical Parametric Mapping Analysis
	References

