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Flow field measurements around cross-country (XC) skiers are lacking in the
literature to date. The aim was therefore to investigate the possibility of
using particle tracking velocimetry for visualization and measurement of the
flow field around XC skiers roller skiing on a treadmill in a wind tunnel. The
airflow was seeded with neutrally buoyant helium-filled soap bubbles as
tracer particles, following the flow without affecting it. As illumination, two
different approaches were tested: first, a laser in the cameras’ line of sight
(sagittal plane), then a LED unit directed vertically in a narrow slice, clearly
limiting the depth of the measurement volume in the cameras’ line of sight.
The flow field was studied at various speeds (3-7 m/s) around a single skier
as well as around two skiers in line with the streaming airflow. It was found
that the experimental approach has the potential to provide detailed
insights, both qualitatively and quantitatively, into the flow field dynamics.
The main challenges regarding setup, illumination, seeding, and cameras
were identified, and possible improvements to streamline the experimental
methodology were discussed.
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Aerodynamics is the study of air flowing around solid
bodies, where the link between velocity and pressure
distribution and the resulting loads are of special
interest. When it comes to sports, aerodynamics plays
a crucial role since the drag force is one of the resistive
forces opposing the motion in several different dis-
ciplines, cross-country (XC) skiing being one of them
(Ainegren et al., 2022).

Research on XC skiing has mainly focused on the
resulting forces and the link to physiological and bio-
mechanical parameters, not on the flow field itself
(Ainegren et al., 2022; Ainegren & Jonsson, 2018;
Bilodeau et al., 1994a, 1994b; Brownlie, 2020; Fruh-
wirth & Ainegren, 2019; Leirdal et al., 2006; Spring
et al., 1988). Understanding the motion of air around
XC skiers would provide a deeper knowledge of how
the aerodynamic loads on the athletes are formed and
potentially help to minimize the negative effects of
these forces. However, there is still a lack of published
flow field results around XC skiers, possibly due to the
challenges connected to direct measurements.

When measuring the flow field, non-intrusive, optical
techniques are preferably used as long as there is
optical access and the fluid is transparent. The fluid
is seeded with particles following the flow without
affecting it, and the region of interest (ROI) is illumi-
nated using a light source, either in a thin plane or in
a volume. The particles reflect the light and the ROI
is imaged by one or several cameras depending on
the desired result (2D planar, 2D stereoscopic, or 3D
volumetric measurements). The acquired images are
processed, and either individual particles are tracked
(Particle Tracking Velocimetry, PTV) or particle patterns
are compared between subsequent images (Particle
Image Velocimetry, PIV) to determine the particle
translation. The end result is a vector field where the
flow velocity and other related parameters can be
determined.

For flow field measurements in the context of sports
aerodynamics, two different approaches are generally
used. The first approach is a multi-camera system inte-

grated into a compact housing with the laser light sup-
plied coaxially through a fiber optic cable. Everything
is mounted on a robotic arm to improve the degrees
of freedom to be able to easily scan the flow field
around the object. Assuming a stationary flow, sev-
eral measurement positions can then be merged into
a large field of view. It should though be noted that
the merged result is time averaged. This approach is
mainly used in wind tunnels with static models (Jux et
al., 2018; Terra et al., 2020) since it simplifies the mea-
surements.

When the flow field around moving athletes has been
studied, mainly another approach referred to as the
Ring of Fire (Sciacchitano et al., 2015; Spoelstra et al.,
2019), has been applied with separate cameras and
illumination. The results are direct large-scale PIV/
PTV measurements of the flow field. The Ring of Fire
approach relies on the object moving through the
measurement region containing stationary (relative to
the cameras) seeding particles, so it is not suitable
for confined wind tunnel testing. Instead, the mea-
surements have been performed on-site on training
tracks for cyclists and ice skaters providing more race-
like flow conditions. A disadvantage of this approach
is that it is difficult to study a continuous dynamic
process because the athlete quickly passes through
the measurement region and fully controlling the body
position during each passage is impossible.

Nowadays, however, there exist wind tunnels with a
moving ground plane, which provides realistic and
controllable conditions for testing athletes in motion,
in this study specifically XC skiers during dynamic
roller skiing. These types of facilities enable contin-
uous visualization and measurement of a dynamic
process where the flow field is more realistic compared
to the flow field around stationary objects. The aim of
this study was to explore the possibilities and chal-
lenges associated with visualizing and measuring the
flow field, using PTV, around XC skiers roller skiing in
a unique climatic wind tunnel with a moving ground
(Ainegren et al., 2019). Such measurements will pro-
vide a quantitative visualization of the flow field,
where flow features can be related to measured aero-
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dynamic loads (Sciacchitano et al., 2015). In this work,
the focus is on the time-averaged wake forming
behind the skier. In all applications where drag plays a
major role, the wake is of special interest. The charac-
teristics of the wake – flow, size, pressure, etc. – affect
the total amount of drag generated. The drag acting
on an object can be obtained from the mean velocity
deficit in the wake (Anderson, 2017).

Two male XC skiers competing at a high national level
participated in the experiments. The skiers were
dressed in tight clothing normally worn during XC ski-
ing, a face mask covering the mouth and nose, protec-
tive goggles, roller skis, and regular racing boots and
poles. Before the experiments started, the skiers gave
their written consent to participate in the study, which
was approved by the Swedish Ethical Review Authority
(No. 2022-01049-01).

The experiments were carried out with the skiers roller
skiing using the double poling technique on a tread-
mill in a climatic wind tunnel (Ainegren et al., 2019).

The flow field at various speeds (3-7 m/s) around a sin-
gle skier as well as around two skiers in line with the
streaming airflow was studied to investigate the flow
field interaction in a drafting situation. The distance
between the skiers was approximately 2 m, which is a
general length of cross-country skis and hence a typi-
cal distance during competition. As visual support for
the skiers to keep the distance and their positions on
the treadmill, a wide colored tape was used and stuck
on the side of the treadmill next to the leading skier.

The airflow was seeded with neutrally buoyant
helium-filled soap bubbles (HFSB) as tracer particles
(300 µm in diameter), following the flow without
affecting it. The seeding system (LaVision GmbH) con-
sisted of four aerodynamic rakes with a total of 80 noz-
zles over an area (height x width) of 1 x 0.25 m2. The
flow field was initially visualized and recorded in the
sagittal plane (using an iPhone 13 Pro 4K resolution at
60 fps), and then processed in Matlab. Continuous LED
light fixtures mounted in the ceiling provided illumi-
nation. Figure 1 shows images from the visualization.

Figure 1 Images from the flow field visualization.

Methods

Participants

Experimental setup
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The flow measurements were carried out using PTV,
which is a non-intrusive optical experimental tech-
nique for measurements of velocity fields, as described
in the introduction (Dabiri & Pecora, 2019; Jux et al.,
2018; Schanz et al., 2016; Sciacchitano et al., 2015;
Spoelstra et al., 2019; Terra et al., 2020). In these types
of dynamic applications where the flow field is (at
least locally) highly three-dimensional, volume illumi-
nation is preferable to avoid decorrelation in the parti-
cle images due to large out-of-plane velocities.

The measurement system is a commercially available
3D system from LaVision GmbH, consisting of a Min-
ishaker Aero (four CMOS cameras in an aerodynamic
casing, 2.5 MP, 10 bit, 4.8 x 4.8 µm pixel size, 8 mm
f/11 lenses), mounted on a robotic arm (UR5e, six
degrees of freedom, Universal Robots A/S) which trans-
lates and rotates the optical probe. The probe has a
working distance of approximately 40 cm.

Regarding illumination, two different approaches were
tested. First, a laser (Nd-YAG, 532 nm, 100 Hz, 50 mJ
from Litron Lasers Ltd) was used as light source, pro-
viding coaxial illumination in the cameras’ line of sight
(sagittal plane), see Figure 2. The resulting measure-
ment volume was conically shaped with a diameter
increasing from 250 to 330 mm over a depth of 80 mm.

As a second approach, to avoid issues with out-of-
focus particles close to the cameras (which will be fur-
ther discussed in the next section), a pulsed LED unit
(LED-Flashlight 300 blue, LaVision GmbH) was used
as light source directed vertically downwards from the
ceiling, from a position superior and posterior to the
skiers and in line with their median plane, which
clearly limited the depth of the measurement volume
in the cameras’ line of sight. The LED consisted of 72
individual high-power, high-efficiency LEDs arranged
in an array of size 300 x 100 mm.

Images were taken at 343 Hz for 15 seconds (sensor
size 1,184 x 748 px), and a total of 5,000 images were
captured in each measuring position. The size of the
measurement volume was approximately 240 x 160 x
95 mm (width x height x depth). The focus was on the
flow in the wake behind the torso of the (leading) skier,
where the probe was moved both horizontally and ver-

Figure 2 Image from the measurements with the Min-
ishaker Aero (blue probe) with coaxial laser illumina-
tion (green light) mounted on the robotic arm. The
seeding rakes with the nozzles producing the helium-
filled soap bubbles can be seen in front of the skiers.

tically to measure in six different positions. The results
were merged into two separate measurement regions
(three vertical measurements in two horizontal posi-
tions), each spanning 240 x 480 x 95 mm.

The illumination and the cameras were synchronized
using a timing unit, and the system was controlled
from a computer using Davis 10 software (LaVision
GmbH).

A calibration was performed where a mapping function
between image and physical volume coordinates was
obtained. A volume self-calibration procedure
(Wieneke, 2008) was then applied to correct and
improve the mapping. This was followed by determin-
ing the optical transfer function (OTF) which was nec-
essary for the Lagrangian particle tracking using the
Shake-the-Box algorithm (Schanz et al., 2016).

The acquired images were preprocessed using a com-
bination of time and spatial filters to remove back-
ground and image noise. The particle intensity was
normalized to the first frame and locally smoothed.
The Shake-the-Box particle tracking algorithm in Davis
10 returned the particle translations and the flow field
information.

Data processing
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The datasets were merged into one volume spanning
approximately 240 x 445 x 95 mm, and a spatial
median filter was applied before the particle tracks
were converted to a Cartesian grid, resulting in a time-
averaged velocity field.

The visualizations directly provided an overview of
the transient flow field, see Figure 3. The helium-

filled soap bubbles were excellent seeding particles,
showing where separation occurs and vortices are gen-
erated. From the visualizations, it was also possible
to determine suitable areas for quantitative measure-
ments where the skiers did not block the cameras’
views with parts of their bodies.

Figure 3 Instantaneous results from visualization of the flow field around a single and leading and drafting
skier at 5 m/s. The figures show a complete double poling motion cycle.

To enhance the visualizations, the contrast between
seeding particles and the background needs to be
improved through better illumination, preferably
focused in a thinner light sheet. Further, the frame
rate of the camera should be increased to better cap-

ture details of the flow, at least doubled or preferably
more. Also, the number of seeding nozzles and the
position of the seeding rakes can be further optimized
for the intended setup. There were some disturbances
noted in the flow in front of the leading skier, possibly

Results and discussion
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depending on the flow around the seeding system
itself and differences in the velocity of the seeding
particles out of the nozzles versus the velocity of the
airflow.

Moreover, a disadvantage for the skiers is the need to
use both a face mask and goggles to protect the air-
ways and eyes from the helium-filled soap bubbles.
However, for the skiers who participated in this study,
no adverse effects were noted in the respiratory tract
or eyes either acutely or in the days following the com-
pletion of the experiments.

The region of interest in these measurements was the
flow field in the sagittal plane behind a single skier
and between a leading and a drafting skier, as can
be seen in the visualization images. Due to the short
working distance of the optical probe, the probe
needed to be quite close to the skiers. One of the draw-
backs of coaxial illumination is that the volume illu-
minated is not limited in depth. Most of the cameras’
line of sight is hence illuminated (see Figure 2), mean-
ing that large, out-of-focus particles can block part of
the view of the measurement volume. This happened
in these experiments as the seeding particles were
deflected by the leading skier and pushed closer to the
optical probe, see Figure 4. This had a very detrimen-
tal effect on the measurement result.

Figure 4 Particle image illustrating the large, out-of-
focus particles disturbing the measurements. The
green, dashed circle shows a region with good-sized
particles in focus while the red, solid circle shows a re-
gion with too large, out-of-focus particles.

Figure 5 Time-averaged velocity measurement results
from a part of the wake behind a single skier at 7 m/
s. The results are superimposed on the corresponding
visualization of the flow field.

To be able to obtain some quantitative data, another
approach was therefore tested using pulsed LED illu-
mination. Since the cameras and the LED were not
moving together, the position of the measurement vol-
ume in the streamwise direction was not so flexible
and also hard to maintain relative to the skiers when
they were moving. They accelerate during the push-off
phase and decelerate during the rolling phase, which
causes them to move 0.1-0.2 m forwards and back-
wards on the treadmill for each motion cycle. This was
a drawback, and the resulting data can therefore only
be used to show trends in a limited part of the ROI,
see Figure 5. The positions were chosen based on the
visualizations – as close to the skiers as possible with-
out anything blocking the view in the measurement
region, and the same measurement positions for both
a single skier and two skiers in line. Due to the reasons
mentioned above, it should be noted that the position
of the measurement volumes in relation to the skiers
is approximate. As can be seen in Figure 3, the upper
body of the skiers also moves up and down during each
motion cycle, this affects the extent and position of
the wake. Figure 5 therefore highlights that the veloc-
ity measurement results are time-averaged over sev-
eral motion cycles through the visualization image in
the background.

Looking closer at the full measurement volume imme-
diately behind the leading skier (Figure 6) it can be
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Figure 6 Velocity streamlines in the volume closest be-
hind the leading skier at 7 m/s, a) part of the wake be-
hind the leading skier skiing alone, and b) the same
position behind the leading skier with the drafting ski-
er skiing approximately 2 m behind.

seen that there is a slight mean velocity difference
when comparing a single skier (Figure 6a) with two
skiers in line (Figure 6b). Figure 7 shows the velocity
difference in a plane in the middle of the measurement
volume for easier comparison. When the drafting skier
is present, the mean velocity in the measured wake
region increases. This implies a lower velocity deficit
(oncoming freestream velocity minus wake velocity)
and a resulting decrease in drag for the leading skier.
However, measurements of the entire wake are
required to quantitatively confirm this observation.

Measurements around moving objects are connected
to several challenges regarding the optical access for
both cameras and illumination, as was noted in the
experiments. It was clear that coaxial illumination is
not suitable in this particular case and hence the illu-
mination needs to be separated from the camera
probe. Since the measurements involved people, the
safety aspects were of utmost importance. A trade-off
needed to be accepted between correctly measuring
the ROI and not disturbing the skiers and being in their
way while they were moving. The use of the multi-sen-
sor system can therefore be questioned in this type of
measurement.

Figure 7 Velocity difference between the two cases
shown in Figure 6. The result is shown in a plane in
the middle of the measurement volume.

One way to instead enable direct large-scale measure-
ments of the flow field to better investigate instan-
taneous and time-averaged dynamics is to use large-
scale PIV/PTV with fixed, separate cameras and illumi-
nation rather than a moving multi-sensor system. The
entire field of view is illuminated and imaged directly
and can hence be increased as long as there is enough
light, but the optical access issues still remain. In con-
trast to the Ring of Fire approach where the athletes
move through the measurement region, the athletes in
the wind tunnel are moving but stay in the same posi-
tion due to the moving ground. This allows for contin-
uous measurements with the possibility to record sev-
eral motion cycles in succession to follow how the flow
field is affected by body position. Careful experimental
setup is though required so that the entire region of
interest can be clearly viewed by all cameras without
the moving object shadowing it. The added complex-
ity of several separate cameras regarding setup, view-
ing angles, and calibration also needs to be taken into
consideration.

The multi-sensor system used in this study offered
a quite straightforward way to investigate the chal-
lenges of flow field measurements around XC skiers in
motion. It was therefore chosen instead of large-scale
PIV/PTV as a first step due to the relatively quick and
easy setup of the system as the access to the wind
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tunnel and especially the athletes was very limited in
time.

The study showed that the tested experimental
approach has the potential to provide detailed
insights, both qualitatively and quantitatively, into the
flow field dynamics and the connection to drag. The
main improvements required to streamline the experi-
mental methodology were identified and discussed.

No measurement or estimation was performed to
quantify the aerodynamic interference of the seeding
system, robotic arm, LED unit, and optical probe. This
needs to be done in future studies to know how much
the measurement equipment affects the flow and
where it is possible to measure with minimal distur-
bance.

Finally, setting up and testing large-scale PIV/PTV to
directly obtain large field of view flow field measure-
ment results would also be interesting future work to
fully utilize the potential of the wind tunnel. These
types of measurements can be seen as a quantitative
visualization that provides both a visual, detailed
overview of the flow field as well as quantitative data
on key flow-related parameters. When measuring a
larger flow field directly, it will also be possible to
average the results over a longer period of time as
there is no need to measure in several positions to get
the full information. The quality of the mean data and
consequently the drag prediction will hence improve.
Accurate measurement of the flow velocity around the
skier will enable estimation of the drag generated,
making it possible to translate the results to skiing
practice for performance optimization.

Ainegren, M., & Jonsson, P. (2018). Drag area, frontal
area and drag coefficient in cross-country skiing
techniques. 12th Conference of the International
Sports Engineering Association. https://doi.org/
10.3390/proceedings2060313

Ainegren, M., Linnamo, V., & Lindinger, S. (2022). Effects
of aerodynamic drag and drafting on propulsive
force and oxygen consumption in double poling
cross-country skiing. Medicine & Science in
Sports & Exercise, 54(7), 1058–1065.
https://doi.org/10.1249/
MSS.0000000000002885

Ainegren, M., Tuplin, S., Carlsson, P., & Render, P. (2019).
Design and development of a climatic wind tun-
nel for physiological sports experimentation.
Proceedings of the Institution of Mechanical Engi-
neers, Part P: Journal of Sports Engineering and
Technology, 233(1), 86–100. https://doi.org/
10.1177/1754337118801729

Anderson, J. D. (2017). Fundamentals of aerodynamics (6th
ed. International). McGraw-Hill Education.

Bilodeau, B., Roy, B., & Boulay, M. R. (1994a). Effect of
drafting on heart rate in cross-country skiing.
Medicine & Science in Sports & Exercise, 26(5),
637–641.

Bilodeau, B., Roy, B., & Boulay, M. R. (1994b). Effect of
drafting on work intensity in classical cross-
country skiing. International Journal of Sports
Medicine, 16(3), 190–195. https://doi.org/
10.1055/s-2007-972990

Brownlie, L. (2020). Aerodynamic drag reduction in win-
ter sports: The quest for “free speed”. Proceed-
ings of the Institution of Mechanical Engineers,
Part P: Journal of Sports Engineering and Technol-
ogy, 235(4), 365–404. https://doi.org/10.1177/
1754337120921091

Dabiri, D., & Pecora, C. (2019). Particle tracking velocime-
try. IOP Publishing. https://doi.org/10.1088/
978-0-7503-2203-4

Fruhwirth, C., & Ainegren, M. (2019). Frontal area detec-
tion during sportive motion with the use of a 3D
camera. In Congress booklet of the 8th interna-
tional congress on science and skiing.

Jux, C., Sciacchitano, A., Schneiders, J. F. G., & Scarano, F.
(2018). Robotic volumetric PIV of a full-scale cy-
clists. Experiments in Fluids, 59, Article 74.
https://doi.org/10.1007/s00348-018-2524-1

Conclusions and future work

References

I. Larsson et al. Towards flow field measurements around dynamic cross-country skiers

CISS 9(3), 2024 Article 006 | 8

https://doi.org/10.3390/proceedings2060313
https://doi.org/10.3390/proceedings2060313
https://doi.org/10.1249/MSS.0000000000002885
https://doi.org/10.1249/MSS.0000000000002885
https://doi.org/10.1177/1754337118801729
https://doi.org/10.1177/1754337118801729
https://doi.org/10.1055/s-2007-972990
https://doi.org/10.1055/s-2007-972990
https://doi.org/10.1177/1754337120921091
https://doi.org/10.1177/1754337120921091
https://doi.org/10.1088/978-0-7503-2203-4
https://doi.org/10.1088/978-0-7503-2203-4
https://doi.org/10.1007/s00348-018-2524-1


Leirdal, S., Saetran, L., Roeleveld, K., Vereijken, B.,
Bråten, S., Løset, S., Holermann, A., & Ettema,
G. (2006). Effects of body position on slide
boarding performance by cross-country. Medi-
cine & Science in Sports & Exercise, 38(8),
1462–1469. https://doi.org/10.1249/
01.mss.0000227536.13175.52

Schanz, D., Gesemann, S., & Schröder, A. (2016). Shake-
the-box: Lagrangian particle tracking at high
particle image densities. Experiments in Fluids,
57, Article 70. https://doi.org/10.1007/
s00348-016-2157-1

Sciacchitano, A., Caridi, G. C. A., & Scarano, F. (2015). A
quantitative flow visualization technique for on-
site sport aerodynamics optimization. Procedia
Engineering, 112, 412–417. https://doi.org/
10.1016/j.proeng.2015.07.217

Spoelstra, A., Martino Norante, L. de, Terra, W., Sciacchi-
tano, A., & Scarano, F. (2019). On-site cycling
drag analysis with the ring of fire. Experiments in
Fluids, 60, Article 90. https://doi.org/10.1007/
s00348-019-2737-y

Spring, E., Savolainen, S., Erkkilä, J., Hämäläinen, T., &
Pihkala, P. (1988). Drag area of a cross-country
skier. Journal of Applied Biomechanics, 4(2),
103–113. https://doi.org/10.1123/ijsb.4.2.103

Terra, W., Sciacchitano, A., & Scarano, F. (2020). Cyclist
reynolds number effects and drag crisis distribu-
tion. Journal of Wind Engineering and Industrial
Aerodynamics, 200, Article 104143.
https://doi.org/10.1016/j.jweia.2020.104143

Wieneke, B. (2008). Volume self-calibration for 3D parti-
cle image velocimetry. Experiments in Fluids, 45,
549–556. https://doi.org/10.1007/
s00348-008-0521-5

The authors would like to thank the participating athletes.

The study was conducted with financial support from the EU Regional Development Fund and Swedish Agency
for Economic and Regional Growth, Grant No. 20202610.

The authors have declared that no competing interests exist.

All relevant data are within the paper.

Acknowledgements

Funding

Competing interests

Data availability statement

I. Larsson et al. Towards flow field measurements around dynamic cross-country skiers

CISS 9(3), 2024 Article 006 | 9

https://doi.org/10.1249/01.mss.0000227536.13175.52
https://doi.org/10.1249/01.mss.0000227536.13175.52
https://doi.org/10.1007/s00348-016-2157-1
https://doi.org/10.1007/s00348-016-2157-1
https://doi.org/10.1016/j.proeng.2015.07.217
https://doi.org/10.1016/j.proeng.2015.07.217
https://doi.org/10.1007/s00348-019-2737-y
https://doi.org/10.1007/s00348-019-2737-y
https://doi.org/10.1123/ijsb.4.2.103
https://doi.org/10.1016/j.jweia.2020.104143
https://doi.org/10.1007/s00348-008-0521-5
https://doi.org/10.1007/s00348-008-0521-5

	Towards flow field measurements around dynamic cross-country skiers
	Original Article
	Abstract
	Keywords
	Introduction
	Methods
	Participants
	Experimental setup
	Data processing

	Results and discussion
	Conclusions and future work
	References
	Acknowledgements
	Funding
	Competing interests
	Data availability statement


