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Abstract

In laboratory settings, human locomotion encounters minimal opposition from air resistance. However, moving in nature often
requires overcoming airflow. Here, the drag force exerted on the body by different headwind or tailwind speeds (between 0 and
15 m·s�1) was measured during walking at 1.5 m·s�1 and running at 4 m·s�1. To our knowledge, the biomechanical effect of drag
in human locomotion has only been evaluated by simulations. Data were collected on eight male subjects using an instrumented
treadmill placed in a wind tunnel. From the ground reaction forces, the drag and external work done to overcome wind resist-
ance and to sustain the motion of the center of mass of the body were measured. Drag increased with wind speed: a 15 m·s�1

headwind exerted a drag of �60 N in walking and �50 N in running. The same tailwind exerted �55 N of drag in both gaits. At
this wind speed, the work done to overcome the airflow represented �80% of the external work in walking and �50% in run-
ning. Furthermore, in the presence of fast wind speeds, subjects altered their drag area (CdA) by adapting their posture to limit
the increase in air friction. Moving in the wind modified the ratio between positive and negative external work performed. The
modifications observed when moving with a head- or tailwind have been compared with moving uphill or downhill. The present
findings may have implications for optimizing aerodynamic performance in competitive running, whether in sprints or marathons.

NEW & NOTEWORTHY This is the first study to assess the biomechanical adaptations to a wide range of wind speeds inside a
wind tunnel. Humans increase their mechanical work and alter their drag area (CdA) by adapting their posture when walking and
running against increasing head and tailwinds. The observed drag force applied to the subject is different between walking and
running at similar headwind speeds.

aerodynamics; external work; locomotion; wind tunnel

INTRODUCTION

Locomotion enables living beings to move from one point
to another traversing a medium that typically offers resist-
ance to their forward motion: bacteria travel through extrac-
ellular fluid, fish through water, birds through air, etc. (1).
When moving on land, most animals use their limbs to sup-
port their weight, propel themselves forward and exert force
to overcome inertia and counter air resistance. In this
case, external work (Wext) is done 1) against air resistance
and 2) during interaction of the body with the ground (2).
Additionally, because in legged locomotion the limbs must
constantly be “reset: for the following step, internal work
(Wint) is also required to move the limbs relative to the center
ofmass (CoM; see GLOSSARY for abbreviations) (3).

Air resistance, or drag, is an external force against which
the muscle-tendon units (MTUs) do work. Its magnitude is
directly related to the drag area (CdA), i.e., the projected

frontal area facing the airflow (A) multiplied by the drag
coefficient (Cd) and by the dynamic pressure generated by
the air moving around the body at a certain speed (4). In
turn, the product of the drag and the distance covered repre-
sents Wdrag, the work required to overcome the resistance of
the medium. Secondly, the interaction of the body with the
ground is responsible for the remaining portion of external
work. If the feet are not skidding, no work is done against
frictional forces on the ground. Therefore, the ground
reaction force (GRF) is responsible for the kinetic and
potential energy changes of the CoM during each step (2).
Consequently, the MTUs mainly perform work to sustain
the movements of the CoM relative to the surroundings
(Wcom) (2).

When moving in still air, the speed of the relative airflow
generated is equal to the subject’s moving speed. In human
locomotion, this speed is generally low i.e., less than 25
km·h�1, equating to negligible drag: e.g., at 21 km·h�1, the
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magnitude of air resistance represents �6 N (5–9). As a
result, the work done to sustain the movements of the
CoM against drag (Wdrag) represents only a small fraction
of the total positive work (Wtot ¼ Wext þ Wint) done dur-
ing locomotion: <3% in walking and <10% in running
(10). Consequently, as a first approximation, Wdrag is neg-
ligible in still air, except at high running speeds (8, 11).
However, in the presence of a faster head- or tailwind, the
additional external force generated by the airflow will
hinder/aid the progression of the person and will most
likely also alter the walking and running gait mechanics.

The first goal of our study was to quantify the drag exerted
on the subject at different wind speeds (ranging from �15 to
þ 15 m·s�1) while walking at 1.5 m·s�1 and running at 4
m·s�1. To our knowledge, air resistance in human locomo-
tion has only been evaluated using simulations such as com-
putational fluid dynamics (CFD) models or manikins that
simulate the human body (9, 12–16) or investigated via ex-
perimental studies, e.g., by using external tractive devices to
pull on the subject and thus hindering or aiding progression
(17–20). Regarding human locomotion, CFD simulations
have, among others, studied the drag applied on the body
and their respective segments (9, 12) and the effect of multi-
ple runner formations on running performance (13, 14, 16,
18, 21, 22). However, little full-scale experimental data have
been collected in a wind tunnel (5, 7, 8). Moreover, to the
best of our knowledge, there have been no studies investigat-
ing the biomechanical adjustments of locomotion when
moving against the wind.

Here, in a novel approach, the aerodynamic drag of
humans walking and running on a treadmill in a wind tun-
nel was measured via the ground reaction forces (6). This
investigation is of current relevance (13, 14, 16), especially in
the field of sports science where the official marathon world
record is on the brink of passing below the 2-h mark (23). We
anticipated that as an adaption to the increased resistive
force, subjects would adjust their posture, and consequently
their CdA, to reduce air resistance. This phenomenon is com-
monly observed in various organisms experiencing flow
influences (24).

The second goal of the present study was to analyze the
effect of drag on the pendular mechanism of walking and
the bouncing mechanism of running. When moving in
still air, since Wdrag � 0, one can state that the positive
(W þ

ext) and negative (W�
ext) work done are about equal (25).

When wind speed increases, the Wext should increase. In
the case of headwind, Wdrag is positive and slows the CoM.
Consequently,W þ

ext > W�
ext, meaning thatMTUs domore posi-

tive than negative work to maintain a constant average speed
of progression. In the opposite situation (i.e., tailwind), the
flowing air does work on the subject and W�

ext > W þ
ext; mean-

ing that MTUs do more negative than positive work. This hy-
pothesis is based on what occurs when moving against a
hindering/aiding tractive force pulling on the CoM (17, 26).
One may expect that the deviation from a 1.0 ratio between
positive and negative work will affect the pendulum-like
mechanism of walking and bouncing mechanism of running
(25). Indeed, these models are characterized by a phase lag
between the kinetic energy of the CoM due to its fore-aft
motion (Ekf) and the energy due to its vertical motion (Ev) (2).
When moving in still air on a flat terrain, the time course of

Ekf and Ev are out of phase during walking and in phase dur-
ing running. In the presence of linear head- or tailwind, Ev

will most likely not change, as the external force is applied in
the fore-aft direction. On the contrary, the amplitude of posi-
tive work to accelerate the CoM will be greater/smaller than
the negative work to decelerate the CoM. This situation may
be similar to walking/running on a slope (27–30), when the
ratio between negative and positive work changes, their
respective durations are also modified, inducing a change
in the phase shift between Ev and Ekf. Therefore we
hypothesized that, as in walking/running against an
external tractive force or on a slope (17, 18, 26, 29, 30), the
phase relationship will change and modify the energy
transduction between kinetic and potential energy (31).

To achieve these goals, we evaluated eight subjects walk-
ing at 1.5 m·s�1 and running at 4 m·s�1 on an instrumented
treadmill in a wind tunnel against different head- and tail-
wind blowing at different speeds. The GRF was recorded,
and the mechanics of the CoM applied against head- and
tailwind forces were analyzed.

METHODS

Experimental Setup

The experimental setup described here was also used in
the context of a recently published study (6). An instru-
mented treadmill (Stellar, h/p/Cosmos, Nussdorf, Germany;
Arsalis, Genappe,Belgium) with a belt surface of 1.6 � 0.65
m was fixed in the center of a 4 m wide � 6 m long �3.84 m
high wind tunnel at the GVPM, Politecnico di Milano (Italy).
The wind tunnel free stream turbulent level was less than
0.1%. The treadmill was aligned so that its long axis was par-
allel to the direction of the wind. To ensure a smooth (more
laminar) flow around the athlete, a wooden floor structure
was built around the treadmill and was oriented so that the
wind first touched the subject before reaching the treadmill
motor. In this way, the motor wake did not affect the test
(Fig. 1 and Supplemental Fig. S1). The flow disturbances
introduced by the test rig were checked before athlete test-
ing. In summary, the unavoidable turbulent boundary layer
over the floor affected a region of less than 20 cm over the
ground, and these differences in the local dynamic pressures
(in respect to the reference value taken at 1 m over the floor)
were sufficiently small to allow for an estimation of a maxi-
mum error of 3% on the body total drag due to the wind
nonuniformity.

Four strain-gauge force transducers placed under the body
of the treadmill measured the three components of the GRF.
The force transducers were shielded by a thin aluminumplate
to prevent wind from directly applying a force to the sensors.
Before the data collection, the strain gauges were calibrated
and the cross talk between vertical Fz and fore-aft Ff compo-
nents of the GRF components were evaluated and remained
on average below 0.5% (32). Furthermore, before each record-
ing, the force offset was removed from the signal. The trans-
ducer’s analog signals were amplified, low-pass filtered (4-
pole Bessel filter with a �3-dB cut-off frequency at 200 Hz) to
avoid an aliasing effect during digitization, and recorded with
a sampling rate of 1 kHz (33). After digitization, the GRF sig-
nals were filtered by a two-way eighth-order Bessel filter with
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a lowpass cut-off frequency at 10 Hz for the lateral Fx, 20 Hz
for Fy, and 30 Hz for Fz (34). A typical trace of the vertical and
fore-aft components of the GRF is shown during walking (Fig.
2A) and during running (Fig. 3A).

The electrical motor of the belt was also instrumented
with an optical angle encoder (Nussdorf, Germany; Arsalis,
Genappe,Belgium) to measure the instantaneous velocity of
the belt (vbelt). When the participants walked or ran on the
treadmill, the recorded average velocity of the belt over a
stride (Vavg) differed by 2.8± 1.4% from the chosen speed and
the instantaneous vbelt did not change by more than 6% of
Vavg.

Bilateral, full-body three-dimensional kinematics were
recorded at 250 Hz by means of a VICON system (Oxford,
UK) with eight cameras (6 MX-13 and 2 T20-S) placed around
the treadmill. Participants were equipped with 18 retroreflec-
tive markers glued onto the skin. In the context of this study,
only the markers glued on the zygomatic arch, shoulder, and
greater trochanter were used to measure the angle between
the long axis of the trunk and the horizontal. Kinematic data
were then oversampled at 1 kHz using a linear interpolation
function in LABVIEW. The kinematic data were filtered by
the same lowpass filter as the ground reaction forces (cut-off
frequency at 30 Hz). An oversampling of the kinematic data
was chosen rather than a downsampling of the kinetic data
to ensure that the force signal characteristics were not lost
during data processing. Subjects also wore a face mask to-
gether with a portable gas analyzer on their back (K5,
COSMED, Rome, Italy). The metabolic data will be a part of a
forthcoming study.

Participants and Experimental Procedure

Eight professional or semiprofessional male runners
(height: 1.77±0.05 m, mass: 66±7 kg, age: 31.2 ±6.2 yr;
Personal Best 10,000 m: 31 ft. 20 in. ± 1 ft. 12 in.; means ± SD)
participated in the study. The number of subjects chosen
was based on an a priori statistical power analysis using
G�Power (35) from the results of a previous study that
focused on similar variables (17). Informed written consent
of each subject was obtained, and the study followed the
guidelines of the Declaration of Helsinki. Subjects consented
to having their photos published. All procedures were
approved by the local ethics committee (Politecnico di
Milano No. 16/2022).

Participants walked at 1.5 m·s�1 and ran at 4 m·s�1 on the
instrumented treadmill, wearing a bathing suit and their
usual, conventional running shoes (Figs. 2C and 3C). The
subjects walked and ran in still air and against 10 different
headwind (denominated as þ ) and tailwind (�) velocities of
0, ±5, ±7.5, ±10, ±12.5, and ±15 m·s�1.

The experimental protocol involved participants walking
and running in both wind directions at a given wind speed
before switching to the next randomly chosen wind speed.

Data Processing

Data processing was performed via custom-made pro-
grams written with LABVIEW (National Instruments 2019,
Austin, TX). In both gait patterns, strides were defined as a
succession of a right followed by a left step. A step started at
foot contact, determined at the threshold when Fz > 30 N,

Figure 1. Illustration of the direction of the speed belt and of the forces applied to the subject when moving either with a head- or tailwind. In either wind
direction, the wind first touched the subject before touching the motor, as such the motor wake did not affect the test conditions.
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and ended when the contralateral foot touched the ground
(the instant before Fz > 30N) (18, 36).

Acceleration, velocity, and vertical displacement of the
CoM.
Calculations for the acceleration, velocity, and displacement
of the CoMwere done as in Gosseye et al. (37), Mesquita et al.
(17), and Dewolf et al. (26) and will, therefore only be briefly
explained here. The lateral component of the GRF was not
considered since its contribution to the external work is neg-
ligible (2, 38).

When moving in the wind on the level, the following
forces were applied to the body: the body weight (BW), the
GRF (F), and the drag (Fd). In this case, over an integral
number of strides, the average fore-aft GRF (Fy) was equal
and opposite to Fd and the average vertical GRF (Fz) was
equal to BW.

The acceleration of the CoM in the fore aft (ay) and vertical
(az) directions relative to a fixed reference frame attached to

the wind tunnel was given as: ay ¼ Fy�F y

m ; and az ¼ Fz �F z
m ,

where m is the body mass. A time-integration of the ay and
az curves by the trapezoidal method gave the fore-aft and

vertical velocity changes of the CoM plus their respective
integration constants (34, 39).

To be included in the study, the strides had to fulfill the
two following criteria, as in Dewolf et al. (27): 1) the average
vertical force during a complete stride (Fz) had to be within
10% of BW; and (2) the sum of the increments and sum of the
decrements of the instantaneous CoM fore-aft velocity had
to differ less than 25%. In total, between 13 and 84 strides
were analyzed per condition and per subject. A total of 8,850
strides were analyzed (5,443 strides for the running trials
and 3,307 strides for the walking trials, i.e., 1,111 ± 68 strides
per subject, mean ± SD).

External mechanical work.
The external power ( _W ext) developed during each step by the
forces applied to the body was computed as the algebraic
sum of the power developed by the GRF ( _W com), plus the
power developed to counter the drag ( _Wdrag). From these,
the time integral of _W com and _Wdrag give, respectively, the
work done to sustain the movements of the CoM (Wcom) and
work done against the drag (Wdrag). The sum of Wcom and
Wdrag gives the external work, Wext, similar to the methods
proposed in Ref. 17.
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Figure 2. A: typical traces of the vertical (Fz) and fore-aft (Fy)
component of the GRF as a function of time (in %stride pe-
riod) of 1 subject (mass: 64 kg; height: 1.75 m) walking at 1.5
m·s�1 with a tailwind speed of �15 m·s�1, without a wind
force, and with a headwind speed of 15 m·s�1. The gray
traces represent all strides recorded during 1 trial normal-
ized in %stride, and the red line represents the average of
all strides. When the subject is not on the treadmill, Fz and
Fy ¼ 0 (dotted line). The dashed horizontal lines represent
the average ground reaction forces when the subject walks
or runs on the treadmill: in the vertical direction, this line cor-
responds to the subject’s body weight (BW), whereas in the
fore-aft direction the dashed line (F y) corresponds to the op-
posite of the drag force (F d). B: mechanical energy of the
center of mass (CoM; in J) from the same traces as in A.
From top to bottom: Ev, is the energy due to the vertical
movements of the CoM, Ekf is the energy due to the
changes in its fore-aft velocity, Wdrag is the work done by
the subject against the wind, Wf is the work done to sustain
the fore-aft movements of the CoM (Wf ¼ Ekf þ Wdrag), and
Wext is the work done to sustain the progression of the CoM
in the wind (Wext ¼ Ev þ Wf ). C: picture of a subject walking
in the wind tunnel (here without wind) on the instrumented
treadmill setup designed to reduce turbulence around the
runner.
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The two first curves of Figs. 2B and 3B represent typical
traces of the energy done to sustain the fore-aft and vertical
movements of the CoM, respectively, Ekf and Ev, during one
stride of walking and one stride of running, computed as in
Refs. 2, 40. The middle curves of Figs. 2B and 3B represent
Wdrag, the work done by the subject on the wind:

Wdrag ¼
ðt2
t1

Fyvbelt dt: ð1Þ

When moving against a wind force, the work (Wf) was
done during the contact phase to sustain the kinetic energy
changes of the CoM but also to counteract the drag:

Wf ¼ Ekf þ Wdrag: ð2Þ

The bottom curve represents the external energy of the
CoM, which was computed as the sum of the Ev and Ekf

curves plus the curveWdrag.

Wext ¼ Ev þ Ekf þ Wdrag: ð3Þ

Positive (W þ
f , W þ

v , and W þ
ext) and negative (W�

f , W
�
v , and

W�
ext) work were computed by respectively summing the

increments and the absolute value of the decrements of the
Wf, Ev, and Wext curves, respectively. An in-depth description
of themethod is available in the supplementarymaterials.

Aerodynamic parameters.
The drag applied to a subject, Fd, is dependent on the drag
area, CdA, i.e., the projected frontal area of the subject (A)
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Figure 3. A: typical traces of the vertical (Fz) and fore-aft (Fy)
forces of 1 subject (mass: 64 kg; height: 1.75 m) running at
4.5 m·s�1 without a wind force and with tail and headwind
speeds of ±15 m·s�1 (tail: –; head: þ ). The gray traces repre-
sent all strides recorded during 1 trial normalized in %stride,
and the red line represents the average of all strides. When
the subject is not on the treadmill, Fz and Fy ¼ 0 (dotted
line). The dashed horizontal lines represent the average
ground reaction forces when the subject walks or runs on
the treadmill: in the vertical direction, this line corresponds
to the subject’s body weight (BW), whereas in the fore-aft
direction the dashed line (F y) corresponds to the opposite
of the drag force (Fd). B: mechanical energy of the center of
mass (CoM; in J) from the same traces as in A. From top to
bottom: Ev, is the energy due to the vertical movements of
the CoM, Ekf is the energy due to the changes in its fore-aft
velocity, Wdrag is the work done by the subject against the
wind,Wf is the work done to sustain the fore-aft movements
of the CoM (Wf ¼ Ekf þ Wdrag), and Wext is the work done
to sustain the progression of the CoM in the wind
(Wext ¼ Ev þ Wf ). C: picture of a subject running in the wind
tunnel against a headwind.
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multiplied by the drag coefficient (Cd) and by the dynamic
air pressure of the moving air stream (q) (4, 5, 7, 8). As the
subject moved at constant speed, the magnitude of the aver-
age fore-aft ground reaction force (Fy) computed over an in-
tegral number of strides was equal to jFd j . Consequently, the
CdA of the subject was given as:

CdA ¼ Fy

q
: ð4Þ

In turn, q could be evaluated as the kinetic energy per unit
volume of a moving solid body q ¼ 0.5 r u2, where r was the
air density and u the wind speed. In turn, the air density r
was computed by p

RT, where p is the static air pressure, R is
the gas constant, and T is the air temperature. The instanta-
neous values of these variables (u, q, p, and T) were recorded
at 1 kHz during trials. Wind speed, u, deviated from the nom-
inal wind speed on average by 2±0.4% over all trials. The av-
erage wind speed, U, was similar between walking and
running (F ¼ 1.14, P < 0.344), air density was on average at
1.137 ±0.005 kg·m�3, and the average temperature was
28.3± 1.3�C (301.54�K) over all trials.

Percent recovery, drag ratio, and phase lag.
Energy transduction between the Wf and Ev curves in both
walking and running were assessed by the percent recovery
(%recovery) as in Ref. 31. The drag ratio (Dr) was obtained by
dividing the work done to overcome drag (Wdrag) by the
external work (Wext).

Dr ¼
w

þ =�
drag

W
þ =�
ext

; ð5Þ

In the case of headwind, the Dr was the ratio between the
sum of the positive increments whereas in the case of tail-
wind, the negative increments were used.

The phase /, expressed in degrees, evaluated the lag
between the maximum of Wf(tf) and the minimum of Ev(tv)
in walking and between theminimum ofWf(tf) and themini-
mum of Ev(tv) in running:

f ¼ 360
tf � tv
ST

: ð6Þ

where ST is the step period.

Statistics

For each participant, the different variables were first
averaged across the right and left steps for each stride then
averaged per stride. Descriptive statistical analyses were
performed. First, a Shapiro-Wilk test was performed to ver-
ify normality. Then, a linear mixed effect model assessed
the effect of wind speed on the calculated variables.
Depending on the lowest Akaike Information Criterion ei-
ther U or U2 was used for the wind effect. For each compar-
ison, the F and P values for the fixed effect are reported. To
analyze eventual differences in the aerodynamic variables
between walking and running, all data were pooled to-
gether and the effect of wind, walking/running speed, and
their interaction were analyzed. Statistical tests were run
on IBM SPSS Statistics (PASW Statistic 27). The results of
the statistical tests were considered significant for a P
value <0.05.

RESULTS

Drag as a Function of Wind Speed

As wind speed increases, the magnitude of the drag jFdj
increased (Fig. 4A) both in walking (F ¼ 1195.02, P < 0.001)
and in running (F ¼ 1317.03, P < 0.001). However, at a given
wind speed, the drag jFdj was greater in walking than in run-
ning (F ¼ 92.56, P < 0.001), and this difference was marked
at the fastest wind speeds (regression curve of jFdj as a func-
tion of the instantaneous wind speed u, for running: jFdj ¼
0.85 � 0.108 u þ 0.239 u2, r2 ¼ 0.986 and for walking: jFdj ¼
0.635 þ 0.055 u þ 0.265 u2, r2 ¼ 0.986) (95% confidence
intervals show difference between walking and running for
headwinds 	10 m·s�1). Note also that similar trends were
observed for the Fd versus U relation for both head- and tail-
winds (Supplemental Table S1).
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Figure 4. Aerodynamic variables in walking (red circles) and running (blue
squares) as a function of wind speed (U in m·s�1). A: magnitude of drag (in N)
in both walking and running. B: drag area (CdA) is computed from Eq. 4. No
values are expressed when wind speed is nil, since in Eq. 4, the wind speed
U is part of the denominator and CdA mathematically tends toward infinity
when the wind speed tends to zero. C: trunk angle (expressed in degrees) in
walking and running. InA–C, the points are the average of the datameasured
on all steps of all subjects. The vertical bars indicate the standard deviation of
the mean and are drawn when they exceed the size of the symbol. Filled and
dashed lines are spline functions with 4 notches from all data points. These
data are plotted via Graphpad Prism 10 (GraphPad Software, Boston, MA).
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The dynamic air pressure (q) increased with the square of
wind speed andwas not different between head- and tailwinds
(post hoc test always equal P ¼ 1 between equivalent head-
and tailwind speeds; regression curve for running: q¼ �0.03 –
6.9610�4 u þ 0.578 u2, r2¼ 0.999 and for walking: q¼ �0.03 –
4.45 10�5 u þ 0.578 u2, r2 ¼ 0.999). The CdA decreased as a
function of increasing wind speed (Fig. 4B) both in walking
(F ¼ 6.25, P < 0.001) and in running (F ¼ 23.89, P < 0.001).
With headwind, CdA was greater in walking than in run-
ning (post hoc effect between þ 5 and þ 15 m·s�1, P <
0.001). On the contrary with tailwinds faster than �5
m·s�1, there was no significant difference between the two
gaits (post hoc between �7.5 and �10, �12.5, and �15, P ¼
1). Without wind, the trunk was vertical during walking
and slightly leaned forwards (5�) during running (Fig. 4C).
Both in walking and in running, the trunk tilted forward
(�11� for both) with headwind and backward (�5� for both)
with tailwind (F ¼ 112.77, P < 0.001 for running and F ¼
217.61, P < 0.001 for walking).

Step Length and External Work While Walking and
Running in the Wind

Wind speed had a significant effect on the step length
(Supplemental Fig. S2) both in walking (F ¼ 8.13, P < 0.001)
and in running (F¼ 14.98, P< 0.001). In walking, step length

decreased by �5% when comparing no wind and �15 m·s�1

(post hoc P < 0.001). Conversely, in running step length
decreased with increasing headwind (P < 0.001 between 15
m·s�1 and no wind).

The magnitude of the work done to overcome wind resist-
ance (jWdragj) is presented in Fig. 5C. The muscle-tendon units
did positive work against headwind and negative work against
tailwind. In both directions, jWdragj increased with wind speed
(F¼ 4134.44 in walking and F¼ 1360.72 in running, P< 0.001).
Note also that when normalized by distance traveled,Wdrag was
slightly greater in walking than in running (F¼ 3.01, P< 0.001).

When walking or running in the wind, since the subject is
moving on level ground, W þ

v � W�
v (Figs. 2, 3, and 5A).

However, in walking both W þ
v and W�

v increased as wind
speed increased (W�

v : F ¼ 35.32, P < 0.001; W þ
v : F ¼ 35.32,

P < 0.001), whereas the effect of wind on either variable was
much smaller in running (W�

v : F ¼ 8.85, P < 0.001; W þ
v : F ¼

8.88, P< 0.001).
In both gaits, head- and tailwind speed influenced the pos-

itive (W þ
f ) and negative (W�

f ) work done to move the CoM
forwards (for W þ

f : F ¼ 867.45 in walking and F ¼ 1034.28 in
running, P < 0.001 and for W�

f : F ¼ 1643.28 in walking and
F ¼ 1005.77 in running, P < 0.001). As compared to walking
and running with no wind, when headwind increased, W�

f

decreased, while W þ
f increased (Fig. 5B). Conversely, with a
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tailwind, W�
f increased with wind speed whereas W þ

f
decreased. In both gaits, the net increase in Wf (i.e.,
jW þ

f � jW�
f jj) was about equal to jWdragj (Fig. 5C).

In walking as in running, the effect of wind on W þ
ext and

W�
ext was similar to the one observed on W þ

f and W�
f (Figs. 2,

3, and 5D), meaning that W þ
ext increased with faster head-

winds and decreased with faster tailwinds (F ¼ 388.01.45, P <
0.001), whereas W�

ext decreased with increasing headwinds
and increased with increasing tailwind (F¼ 547.11, P< 0.001).
Note that in both gaits, the duration of the positive work
phases (tpush) increased when the headwind speed increased
and decreased when tailwind speed increased. Inversely, the
duration of the negative work phases decreased when the
headwind speed increased and increased when tailwind
speed increased (see Supplemental Fig. S3).

%Recovery, Drag Ratio and Phase Shift betweenWf

and Ev

The drag ratio (Dr ¼ Wdrag

Wext
) increased as a function of wind

speed in both walking and running (in walking: F ¼ 536.03,
P < 0.001, in running: F ¼ 1148.70, P < 0.001). This increase
was greater in walking than in running as evidenced by the
interaction effect observed between wind speed and moving
speed (F¼ 26.74, P< 0.001) (Fig. 6A).

In both gaits, wind had a significant effect on the phase shift
(/) between the minimum of Wf and the maximum of Ev in
walking (F ¼ 97.95, P < 0.001) and the minima of both Wf and
Ev in running (F¼ 434.78, P< 0.001) (Fig. 6B). Without wind, /
was close to 0� when walking (phase opposition) at 1.5 m·s�1

and when running at 4 m·s�1 (in phase). In walking, theWf and
Ev curves were perfectly out of phase (/ ¼ 0�) with a tailwind of
�5 m·s�1. When the tailwind decreased and became a head-
wind, the lag between the twominima increased.When the tail-
wind became greater than �5 m·s�1, the lag between the two
minimawas reduced.

In running, the Wf and Ev curves were perfectly in phase
(i.e., / ¼ 0�) with a headwind of �10 m·s�1. When the head-
wind increased, the minimum of Ev occurred later than the
minimum of Wf. On the contrary, if the headwind slowed or
if the tailwind got faster, the minimum of Ev occurred before
theminimum ofWf.

In walking, when wind speed increased the %recovery
decreased (F ¼ 26.02, P < 0.001) (Fig. 6C). The %recovery
was at its peak at 0 m·s�1 and followed a curvilinear
decrease with both head- and tailwinds. In running, %re-
covery increased with increasing wind speed (F ¼ 65.05,
P < 0.001) principally with tailwinds (post hoc between 0
wind and all tailwind speeds P < 0.001). Against head-
winds, the %recovery at 0 wind significantly differed only
at þ 15 m·s�1 (post hoc P < 0.001) (Fig. 6D).

DISCUSSION

In the present study, we analyzed the effects of wind
(ranging from �15 to þ 15 m·s�1) on the external work (Wext)
and on the mechanics of locomotion when walking at 1.5
m·s�1 and running at 4m·s�1. In this section, wewill first dis-
cuss how aerodynamic variables change during human loco-
motion against head- and tailwinds. We will then analyze
how the ratio between negative and positive work, the drag
ratio, and the phase lag change with increasing wind. Then,
we will consider practical implications of our results and
compare these to two situations where the ratio between
negative and positive work is imbalanced: moving against
tractive forces andmoving on a slope.

Aerodynamics of Walking and Running in the Wind

While the study of locomotion against wind forces is not
novel (5, 7, 11, 15), the directmeasurement of drag via the GRF is
innovative. This method was based on the following principle:
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when the average speed of progression does not change over an
integral number of strides, the average fore-aft acceleration of
the CoM is nil and themagnitude of the average fore-aft compo-
nent of the GRF is equal to the drag force.

In the present study, we assumed that the drag remained
constant during the stride. In other words, we considered
that themovements of the limbs during the stride (the turbu-
lence of which is often referred as “Active Drag”) do not sig-
nificantly change the projected frontal area of the subject.
This assumption was also made by Pugh (8) and Davies (5).
In fact, the positioning of the limbs generates little variation
of CdA (9, 16). Similar observations were made in cycling
where the pedaling motion of the lower limbs has negligible
effect on the CdA (41).

With increasing wind speeds, the drag force exhibits a
quadratic rise, reaching �50–60 N at the highest wind
speeds (Fig. 4). These results are similar to the CFD simula-
tions of Schickhofer and Hanson (9), who obtain a drag
force of 18.45 N at 10 m·s�1, compared to our experimental
result of 22.4 N. When wind speed increases further, i.e., at
15 m·s�1, slight differences appear in Fd between walking
and running. Furthermore, when applying Davies’ equa-
tion to estimate the projected area, our results for Cd vary
between 0.89 and 1.05 similar to previously documented
values (5, 8, 21).

Given the similar average wind speed and consistent air
density of 1.137 kg·m�3 ± 0.005 kg·m�3 across all trials, the
observed difference in Fd can be attributed solely to a change
in CdA, which decreases more with increasing wind veloc-
ities in running than in walking (Fig. 4 and Supplemental
Table S1). In turn, this difference in CdA between the two
gaits may be attributed, at least partially, to the more for-
ward-leaning posture of the trunk, which reduces the pro-
jected frontal area of the runner. Furthermore, this increased
trunk flexion, associated with shorter steps and higher step
frequency (Supplemental Fig. S2), is a trait generally associ-
ated with initial CoM acceleration (42), decreased push aver-
aged power (34, 43) and is related to running economy and
performance (44–47). Van Oeveren et al. (47) explained that
a greater trunk lean likely increases propulsion, tilts the GRF
vector further, and shifts the center of mass forward.
Nonetheless, running performance is typically associated
with a more upright trunk posture, whereas novice runners,
especially when fatigued, tend to lean their trunks more.
Furthermore, increased trunk lean, due to its role on the pel-
vis, is linked with several running injuries (48, 49).

Improving aerodynamics during walking and running has
received little attention in sports science, as it would not
lead to major improvements in performance. However, aero-
dynamics are rather important in sports such as speed skat-
ing and cycling where speeds, and hence drag forces, are
greater (10). However, when the limits of performance are
nearly reached, even small changes can improve running
time (50). Indeed, in the past 20 years, the marathon record
has improved by 3.6% between Paul Tergat’s 2:04:55 and
Kelvin Kiptum’s 2:00:35. For example, although hypotheti-
cal, decreasing drag by drafting behind another athlete
decreases the drag coefficient (Cd) by 9.7%, potentially sav-
ing up to 535 s over an entire marathon run at 4.7 m·s�1 (21).
Note that this improvement will be speed and distance
between runner dependent (8, 9, 13, 16, 22). In light of this,

we would argue that before modifying one’s gait, elite ath-
letes should look at improving their drafting technique [e.g.,
by improving racing strategy (51) and adapted clothing (52)].

Positive and Negative External Work, Drag Ratio, and
Phase LagWhile Walking and Running in the Wind

Headwinds impede forward progression. Therefore, to
maintain the average speed of progression constant from
one stride to the next, W þ

f > W�
f and W þ

ext > W�
ext (Figs. 2,

3, and 5). Conversely, tailwinds aid forward progression
and W�

ext > W þ
ext. Additionally, in walking when head- or

tailwind increases, Wv increases. This could be explained
by the drag generating a lift force accelerating the CoM
upwards, at certain moments of the stride, and thus
increasing the vertical motion of the CoM (5). In running,
the vertical movements of the CoM are slightly reduced at
the fastest headwind speed as compared to running with-
out wind. When running against fast headwinds, Davies
(5) reports that subjects “lean” on the wind flow and tuck
their head in, reducing the vertical movement of the CoM.
Consistently, our measurements show a �12% increase in
the forward trunk inclination at the fastest wind speed.

When walking in the presence of increasing headwind,
due to Wdrag, the angle / becomes greater than 0�, showing
that the minimum of Wf occurs later in the step than the
minimum of Ev. As a result, the periods during which theWf

and Ev curves increase together becomes longer and the per-
centage of energy transduction (%recovery) between energy
Wf and Ev, decreases from 65% to 55% (Fig. 6, C and D). In
the presence of increasing tailwind, the angle / decreases
and becomes smaller than 0�, demonstrating that the mini-
mum of Wf occurs earlier in the step than the minimum of
Ev. As a result, the periods during which theWf and Ev curves
decrease together becomes longer and the %recovery
decreases from 65% to 55% (Fig. 6, C and D). When running
in presence of increasing headwind, the angle / decreases
and becomes smaller than 0�, showing that the periods
during which the Wf curve increases while the Ev curve
decreases and gets longer, allowing energy transduction
between the two curves. In the presence of increasing
headwind, the angle / becomes greater than 0�, showing
that the periods during which the Wf curve decreases
while the Ev curve increases, allowing for energy transduc-
tion between the two curves. Therefore, when / deviates
from 0� (in both directions), the %recovery increases
slightly (Fig. 6, C and D).

Effect of the Wind on the Drag Ratio

When walking or running on a treadmill, humans move
through still air, which offers negligible resistance to their
forwardmotion. Consequently, the product of the drag times
the distance covered is small as compared to the total mus-
cular work done to move the body, and the drag ratio,
Dr ¼ Wdrag

Wext
; is close to zero (Fig. 6A). On the contrary, in fast

winds, the drag ratio, increases up to �80% of Wext in walk-
ing and �50% in running (Fig. 6A), suggesting that the frac-
tion of work done against the environment increases if the
medium crossed offers a greater resistance/assistance to for-
wardmotion. However, with increasing wind speed, the ratio
between jW�

extj and W þ
ext deviates from 1.0, and with it, a
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reduction of the energy-saving pendularmechanism of walk-
ing and bouncing mechanism of running is observed (Fig. 6,
C and D). This has been observed in other situations (5, 25,
53). We also observed that both in walking and in running, the
duration of the push phase (tpush, i.e., the duration of the posi-
tive work production) increases when the headwind speed
increases whereas the duration of the brake phase (tbrake)
increases when the tailwind speed increases (Supplemental
Fig. S3). This increase in tpush when running against the wind
and of tbrake when running with the wind reduces the average
positive power developed during the positive/negative work
phase, respectively.

Furthermore, an increase in Dr together with the imbal-
ance in the positive/negative external work couldmodify the
overall efficiency of locomotion (25, 54). Indeed, against
drag forces generated by wind, the “apparent” efficiency
decreases toward efficiencies observed in slope running (5).
Note that this last study, based on three subjects, showed
considerable variability in their data, mostly due to subject
heterogeneity and to the small sample size. Also, those
results are affected by the included determinants of the total
mechanical work and its apparent nature due to elastic con-
tribution of tendons, which is small in walking but consider-
able in running (3, 29, 30, 55–57). The effect of Dr on the
efficiency of locomotion could be tested by 1) measuring the
internal and thus the total muscular work done during loco-
motion in the wind, and 2) evaluating the energy expendi-
ture during walking and running with head and tail winds
blowing at the same speed.

Practical Considerations about the Mechanics of Wind
Locomotion

Transposing locomotion in the wind tunnel to
overground locomotion.
Note that when walking or running on the ground instead of a
treadmill, the “apparent wind” speed, as known in sailing (58)
should be corrected to the “true wind” speed; the wind that
the subject experiences while moving. For example, running
on the treadmill at 4 m·s�1 with a headwind of 15 m·s�1 corre-
sponds to running on the ground at 4 m·s�1 with a true wind
of 11 m·s�1. Moreover, running on the ground at 4 m·s�1 with
a tailwind of 4 m·s�1 corresponds to running on the treadmill
with no wind. When simulating overground locomotion,
using a treadmill in a wind tunnel, both with head- and tail-
winds, the speed of the belt should be subtracted from the
wind speed to match ecological conditions. This concept
should be acknowledged when transposing our findings to
field tests, such as drag formations (13, 14, 16, 18, 21, 22).

Comparison to locomotion on a slope.
Previous studies have shown, both in walking (26) and in
running (17), that the Wext while moving on a slope of n%
(0%< n< 15%) (27, 28) is equivalent toWext while moving on
the level with a horizontal tractive force representing n% of
BW. From a metabolic standpoint, similarities have been
documented between walking-running with head and tail-
wind and walking-running uphill and downhill (5); however,
no consensus exists (8). When moving in the wind, if the
drag is expressed as a percentage of BW or as a function of
squared wind speed, we observe similarities between the

magnitude of the drag and both the equivalent slope (27, 28)
and the magnitude of tractive force (17, 26) in both types of
locomotive strategies. For an in-depth discussion on the
matter, the reader is invited to consult the supplementary
materials (Supplemental Figs. S4 and S5).

Inclining the treadmill by 1% compensates for the lack of
air resistance.
Jones and Doust (59) proposed that to (metabolically) com-
pensate for the lack of air resistance during treadmill running,
researchers should incline a treadmill by 1% to be able to com-
pare their results to overground running. Despite the paper’s
popularity, systematic reviews like those of Miller et al. (60)
and Van Hooren et al. (61), have shown that during efforts
below 18 km·h�1, no difference in oxygen consumption is
observed between level treadmill and overground running.
The last authors explain that as air resistance increases with
the square of wind speed, when running at high speeds the
overground _VO2 more closely matches treadmill running with
a 1% incline. Based on the regression curve for jFdj presented
in our results, at the speeds covered in Jones and Doust (59), a
66-kg person (the average subject mass in the present study)
running at 2.92 m·s�1 would experience a “true” drag force of
2.36 N, corresponding to an incline 0.36% (62, 63). At 5 m·s�1

the drag is at 6.07 N (corresponding to 0.93% incline).
Supplemental Figure S6 shows the increase in drag, expressed
in%BW, as a function of running speed.

Running records in sprint races are not considered with
wind speeds above 2m·s21.
Based on the quadratic nature of wind and drag, winds of �2
m·s�1 would have little impact on road races; however, when
running speed is much higher (�10 m·s�1 for an elite sprinter
compared to 5.8 m·s�1 for an elite marathoner) even small
changes in wind speed have an important effect on the drag
as is the case in faster sports such as cycling or speed skating.

Per World Athletics Competition Rule 31.14.3 (64): “For per-
formances made outdoors up to and including 200 m [. . .] if
the wind velocity, measured in the direction of running, aver-
ages more than 2 meters per second, the performance will not
be ratified.” When we apply our findings to Usain Bolt’s re-
cord average speed of 10.43 m·s�1 (65), the drag force in a sys-
tem with no wind would be �25.5 N, �2.7% of Bolt’s 94 kg
(Bolt’s projected frontal area is not considered). Supposing
that Bolt had run with an added 2 m·s�1 tailwind to the
system, his drag would have been of 16.7 N (1.8% of BW)
for a resultant wind speed of 8.43 m·s�1. Assuming Bolt
maintains the same total mechanical power (�50 W·kg�1)
(66), we can approximate an increase of 1.9% in running
speed (Supplemental Eq. Se3).

Perspective for future research based on comparable
methods.
Wind tunnel studies are rather useful in understanding the
relationship between the drag force applied to a runner and
wind speed, based on the biomechanical adjustments of the
drag area. However, wind tunnel testing requires substantial
time and resources, and therefore, cost-effective alternatives
have been used to advance research without necessarily rely-
ing on the former, such as computational fluid dynamics
(CFD) simulations or tractive devices that hinder/aid
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progression. For example, in the study of Da Silva et al. (18),
the gross metabolic power was calculated when running
against tractive forces ranging from 0 to 8 N, which simu-
lated running against impeding air resistance. The authors
justified this range based on several CFD studies, which esti-
mated that drag forces on elite marathoners were between
6.6 and 7.94 N (9, 13, 22). Based on our results, elite mara-
thoners running at the official marathon record speed of 5.83
m·s�1 experience a drag of �8.1 N (�1.4% of BW for Eliud
Kipchoge’s 58 kg), a comparable result. Therefore, even if the
kinematic intricacies of locomotion in the wind are difficult
to capture using such cost-effective alternatives, they pro-
vide results that may be of interest to sports scientists.

Limitations

As the time required to match the nominal wind speed
once changed was long, trials were only randomized by
wind speed. This experimental protocol may have incurred
fatigue and habituation bias to our results. Furthermore,
although our sample size was decided based on a power
analysis, timing, and funding constraints, it nevertheless
remains small and composed of only male subjects.
Thirdly, the subjects in our study are all professional or
semiprofessional athletes, which is interesting when com-
paring our results to those of Pugh (7) and Davies (5) who
both had experienced runners in their studies. However, in
the studies of mechanical changes in slope locomotion (27,
28) and against tractive forces (17, 26) the subjects recorded
were recreational runners making direct comparisons more
difficult. Finally, the method used here does not allow us to
measure the individual limb GRFs during walking’s double
contact phase, which is possible, among others with a split-
belt treadmill. Therefore, one cannot directly calculate the
simultaneous work done by each limb during the walking
step-to-step transition (67).

Conclusions

In conclusion, our findings expand our understanding
of the interaction between wind and the biomechanics of
human locomotion. Wind increases external work, alters
the balance of positive/negative work, and adjusts the
subject’s CdA. Locomotion in the wind shares similarities
with walking and running on slopes or with a tractive
force, albeit with the external force distributed across the
frontal area of the body. This study offers insights for
optimizing performance, particularly in running, poten-
tially aiding in breaking the official 2-h marathon barrier.
Moreover, understanding how gait is modified against
external forces furthers our understanding of how one
adapts the two fundamental locomotion mechanisms and
provides part of the puzzle for understanding locomotor
efficiency changes.

GLOSSARY

A Projected frontal area facing the airflow
ay, az Fore-aft and vertical components of the accelera-

tion of the CoM

BW Body weight
Cd Drag coefficient
CdA Drag area: drag coefficient multiplied by the pro-

jected frontal area facing airflow
CoM Body center of mass
Dr Work done to overcome the drag over the exter-

nal work done
Ekf Kinetic energy done to sustain the fore-aft motion

of the center of mass
Ev Energy due to the vertical motion of the center of

mass
F GRF vector
Fd Aerodynamic drag force
Fx, Fy, Fz Lateral, fore-aft, and vertical ground reaction

forces
Fy Fz Average fore-aft and vertical ground reaction

forces
GRF Ground reaction force
MTU Muscle-tendon unit
q Dynamic air pressure
u Instantaneous wind speed
U Average wind speed
Wcom, _W com Work and power done to sustain the movements

of the CoM
Wdrag Work required to overcome the resistance of the

medium
Wext, _Wext External work and power done to sustain the

movements of the center of mass and do work
against the environment

Wf Work done by the muscle-tendon units to sustain
the kinetic energy changes of the CoM and coun-
teract the drag

W þ
f ,W þ

v ,W þ
ext Positive work values done by summing the incre-

ments of each respective variable
W�

f ,W
�
v ,W

�
ext Negative work values done by summing the

absolute value decrements of each respective
variable

Wint Work done to move the upper and lower limbs
relative to the CoM

Wtot Total mechanical work done (Wtot¼Wext þ Wint)
r Air density, proportion of static air pressure over

the gas constant (R) multiplied by the air tempera-
ture (T)

/ Phase lag between theWf and Ev curves
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