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ABSTRACT
Purpose. This study aimed to examine, in an exploratory secondary analysis, whether signed airflow was linearly associ-
ated with horizontal impulse balance in three trained middle-distance runners and whether the accompanying multivariate
movement-pattern responses were similarly organised.
Methods. Three trained male runners (22-28 years) completed one 3-min trial per condition in randomised athlete-specific
sequences. Thirteen completed athlete-condition records covered airflow velocities of -7, -5, 0, +3, and +5 m - st Twenty
consecutive valid steps from the final minute were averaged for each condition. A pooled within-athlete linear slope for the
propulsive-to-braking impulse ratio was tested with a conditional exact randomisation procedure.
Results. The impulse ratio decreased by 0.0665 per 1 m - s™ progression from headwind towards tailwind (95% conditional
randomisation interval: -0.0819 to -0.0517; exact p = 0.000014). Individual slopes were negative in all three athletes. Propulsive
impulse decreased and braking impulse increased, both associations persisting after Holm correction; temporal-spatial
outcomes showed no adjusted statistical association. The response-vector analysis was exploratory and hypothesis-generating.
Conclusions. Signed airflow was associated with a directionally consistent redistribution of horizontal impulse in the three
investigated athletes. These observations do not establish a population effect or a stable individual characteristic and require
confirmation with repeated trials and larger samples.
Key words: air movements, biomechanical phenomena, gait analysis, athletic performance, motor activity
Introduction high accuracy [3], while markedly different patterns may
produce comparable running economy at endurance

Running performance emerges from the interaction
between the athlete, the task, and the environment.
Within this interaction, the running movement pattern
can be understood as an individually organised com-
bination of spatiotemporal, kinematic, and kinetic char-
acteristics rather than as a single technical variable.
Contemporary syntheses indicate that runners use dis-
tinct coordination strategies and that no universally
optimal pattern can be prescribed independently of
speed, morphology, neuromuscular capacity, experi-
ence, and external conditions [1, 2]. Kinetic and kin-
ematic features can identify individual runners with

speeds [4]. Group summaries may therefore describe
a general tendency while concealing the athlete-spe-
cific strategies through which it is achieved.

Airflow provides a controlled external constraint
with which to examine such reorganisation. The aero-
dynamic force acting on a runner depends on the rela-
tive velocity between the body and the surrounding
air, body position, and effective frontal area. Even in
still air, overcoming aerodynamic resistance contrib-
utes to the mechanical demand of locomotion [5]. Clas-
sical wind-tunnel experiments quantified changes in
forward motion and energetic demand during head-
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wind and tailwind exposure [6, 7], and contemporary
drag simulations confirm that additional horizontal
resistance increases running demand [8]. The mechani-
cal response nevertheless depends on air speed, run-
ning speed, posture, and the experimental model.

Recent wind-tunnel studies have extended this line
of inquiry beyond energy expenditure. Yamashita et al.
[9] showed that air speed and direction modified physi-
ological and thermoregulatory responses during walk-
ing and running. Mesquita et al. [10] demonstrated
changes in posture and the balance between positive
and negative external work during headwind and tail-
wind exposure. In turn, Steele et al. [11] reported that
air resistance modified braking and propulsive ground-
reaction forces during treadmill running. Collectively,
these findings indicate that airflow is a mechanical
perturbation that must be accommodated within the
runner’s movement pattern, particularly through the
anterior-posterior component of the ground-reaction
force.

Horizontal impulse during stance directly reflects
this task requirement. Air resistance can modify the
braking and propulsive components of the ground-re-
action force [11], whereas running speed reflects the
interaction between ground-force magnitude and the
time available to apply that force [12]. When a runner
maintains position and speed relative to a treadmill,
the propulsive and braking phases must collectively
accommodate changes in external horizontal loading.
However, a similar impulse balance can be achieved
through different combinations of propulsive impulse,
braking impulse, contact time, flight time, step frequency,
and step length. A reproducible change in horizontal
impulse balance therefore need not imply a single uni-
form temporal organisation of the step cycle.

The present study examined airflow as a task con-
straint on the organisation of the running movement
pattern. The analysis focused on the structure of the
athletes’ responses across the airflow continuum. Spe-
cifically, it tested whether the balance between pro-
pulsive and braking impulses changes in a common
direction within athletes and whether that functional
response is achieved through a shared or athlete-spe-
cific multivariate configuration of temporal, spatial,
and kinetic variables. This distinction allows a task-
level mechanical response to be separated from the in-
dividual movement strategy used to produce it.

The previous report from this experiment primarily
described the wind-tunnel apparatus and descriptive
biomechanical responses [13]. The present secondary
analysis addressed a distinct question by applying ath-
lete-centred slopes, conditional exact randomisation

tests, log-ratio and leave-one-athlete-out sensitivity
analyses, and multivariate response vectors to the ar-
chived condition-level records. Its purpose was to de-
termine whether signed airflow was associated with
a pooled within-athlete linear change in horizontal im-
pulse balance and whether movement-pattern responses
were similarly organised across the three athletes. The
propulsive-to-braking impulse ratio was designated as
the primary outcome before the present statistical analy-
ses began, although it was not prespecified in the origi-
nal data-collection protocol. We hypothesised a nega-
tive, approximately linear association from headwind
towards tailwind. Monotonic ordering was assessed
descriptively, and all multivariate analyses were con-
sidered exploratory and hypothesis-generating.

Material and methods
Study design and data provenance

This study was an exploratory replicated-case analy-
sis of biomechanical records from a controlled wind-
tunnel experiment described previously [13]. The analy-
sis was organised around athlete-specific responses:
the primary estimand was a pooled within-athlete
slope, and no population-average effect was assumed
or inferred from the three cases.

Five airflow levels were planned: -7 and -5m - s™
(headwind), 0 m - s (still air), and +3 and +5m - s™
(tailwind). Before testing, the five conditions were ran-
domised separately for each athlete. Athletes completed
one 3-min trial per condition in rotation. Each athlete
then received approximately 6 min of passive recovery
while the other two athletes completed their trials,
and the next trial began after the athlete confirmed
readiness. Athlete 1 completed all five conditions. Ath-
letes 2 and 3 declined the fifth trial because of concur-
rent training demands; these were the final conditions

Table 1. Randomised airflow sequences and
completed trials

Participant Trial 1 Trial 2 Trial 3 Trial 4 Trial 5
Athlete 1 0 -7 +5 -5 +3
Athlete 2 +3 0 -5 +5 -7

not completed
Athlete 3 -5 +3 -7 0 +5

not completed

Values are signed airflow velocities inm - s7.

Negative values denote headwind, and positive values denote
tailwind. The fifth scheduled condition was not completed
by Athletes 2 and 3.
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in their previously randomised sequences. Discontinu-
ation was unrelated to interim biomechanical results.
The dataset therefore comprised 13 completed athlete-
condition records. Because each condition was meas-
ured once, trial-to-trial reproducibility and residual
order or fatigue effects could not be estimated. The ran-
domised sequences and completed trials are presented
in Table 1.

Participants and ethics

Three male middle-distance runners participated.
They were aged 22-28 years, and their 1500-m per-
sonal bests were closely matched (3:58.75-3:59.00).
Their performance can be described as sub-elite with-
in the Participant Classification Framework [14], al-
though the more conservative term ‘trained’ is used
in the title.

All participants were adults competing in the sen-
ior/open category. Athlete 2 was 22 years old and also
fell within the under-23 age category; Athletes 1 and 3
were 26 and 28 years old, respectively. No participant
reported a current musculoskeletal injury. The pro-
cedures and potential risks were explained before writ-
ten informed consent was obtained. Participant char-
acteristics and performance levels are presented in
Table 2.

Table 2. Participant characteristics and descriptive
competitive level

. Age Age Height Mass 1500-m
Participant personal
(years) category (cm) (kg)
best
Athlete 1 26  senior/open 171 58 3:59.00
Athlete 2 22 U23/open 186 72 3:58.75
Athlete 3 28 senior/open 183 74  3:58.80

Wind tunnel and airflow control

Testing was performed in the horizontal section of
the closed-circuit wind tunnel at the Planica Nordic
Centre, Slovenia. The horizontal section had a cross-
sectional area of 10.5 m? and a nominal volume flow
rate of 124 m® - s' [13]. Local airflow velocity was
measured with a Schiltknecht MiniAir 20 anemom-
eter (Schiltknecht Messtechnik AG, Gossau, Switzer-
land), positioned 1 m upstream of the treadmill entry
in the airflow direction and on the longitudinal axis
of the treadmill. The reported uncertainty between
measured and nominal velocity was within approxi-
mately = 2%.
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An Assault AirRunner non-motorised curved tread-
mill (Assault Fitness, Carlsbad, CA, USA) was installed
in the test section. The treadmill could be rotated by
180° about its vertical axis, allowing the runner to be
exposed to airflow from the front or rear while retain-
ing the same wind-tunnel flow direction. The analysed
conditions were -7, -5, 0, +3, and +5m - s

Before experimental testing, each athlete completed
a separate treadmill-familiarisation session lasting at
least 15 min. During experimental trials, the athletes
were instructed to maintain the displayed target velocity
while using their natural running posture; posture
was not externally constrained. Airflow and treadmill
orientation remained fixed throughout each 3-min
trial.

Instrumented treadmill and force acquisition

The treadmill was coupled to a custom two-axis
force-measurement system. Four XNQ Electric load
cells with a 60-kg capacity measured the vertical com-
ponent, and two 100-kg load cells measured the fore-
aft horizontal component; all sensors were specified as
C2/C3 accuracy class. Before testing, the horizontal
channels underwent multipoint calibration with several
known loads applied in both horizontal directions.
After the treadmill was rotated by 180°, the system
was recalibrated and zeroed. Before every airflow con-
dition, an unloaded wind-on baseline was recorded and
subtracted from the horizontal-force signal to account
for direct aerodynamic loading of the apparatus. Sig-
nals were acquired simultaneously at 1200 Hz and
processed in LabVIEW [13].

The resultant vertical force was calculated as the
sum of the four vertical channels, and the resultant
horizontal force as the sum of the two horizontal chan-
nels. Vertical impulse was the time integral of vertical
force over stance. Braking and propulsive impulses
were obtained by integrating the magnitude of the neg-
ative and positive portions, respectively, of the fore-aft
force signal over their corresponding stance phases. The
present study used condition-level summaries gener-
ated with the established processing workflow [13].

Kinematic measurements

Treadmill-belt velocity was determined from mark-
ers fixed to the belt and recorded at 60 Hz with a Nikon
D3000 camera (Nikon Corporation, Tokyo, Japan).
A Photron mini UX100 high-speed camera (Photron,
West Wycombe, UK) recorded the runner at 1000 Hz
and was synchronised with force acquisition to visualise
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foot contact [13]. The target belt velocity was 5.0 m - s
in every condition. Athletes viewed the velocity contin-
uously and adjusted their pace towards an approxi-
mate target range of 5.0 = 0.2 m - s during the ana-
lysed segment. Actual condition means ranged from
4.793 to 5.262 m - s™' and are reported with within-
condition standard deviations in Table 3. Step length
was derived from belt velocity and step frequency.

Data reduction

For each completed condition, the last 20 consec-
utive valid steps were selected from the final minute of
the 3-min trial. Selection required stable belt velocity
around the approximate 5.0 = 0.2 m - s™' target, a com-
plete contact-flight cycle, and clearly identifiable brak-
ing and propulsive portions of the horizontal-force
signal. Steps with abrupt velocity changes, signal arte-
facts, incomplete contact records, or ambiguous phase
boundaries were excluded.

Table 3. Individual athlete-condition biomechanical values

Panel A. Horizontal impulses and belt velocity

. Braking impulse Propulsive impulse Belt velocity
Athlete (?;rﬂgy;; (N - s) (N -s) Irr;zg(l)se (m - s
mean = SD mean = SD mean = SD

Athlete 1 -7 16.665 + 2.429 29.370 = 2.205 1.762 4.924 + 0.218
Athlete 1 -5 15.523 = 2911 26.829 + 2.255 1.728 4.793 = 0.204
Athlete 1 0 19.911 + 3.233 29.721 + 4.553 1.493 5.164 = 0.336
Athlete 1 +3 20.449 + 2.554 23.309 = 2.050 1.140 4.961 + 0.208
Athlete 1 +5 20.575 £ 4.488 20.517 = 3.590 0.997 4931 £ 0.139
Athlete 2 -5 19.872 = 3.494 31.057 + 3.124 1.563 5.137 £ 0.272
Athlete 2 0 20.560 + 7.509 25.758 + 8.246 1.253 5.049 * 0.594
Athlete 2 +3 20.347 = 10.397 19.787 = 13.095 0.972 5.071 £ 0.199
Athlete 2 +5 20.062 = 11.894 14.493 = 16.062 0.722 5.102 = 0.217
Athlete 3 -7 23.100 = 1.856 35.818 = 1.767 1.551 5.262 + 0.137
Athlete 3 -5 27.570 + 2481 38.924 + 2.241 1412 5.068 = 0.182
Athlete 3 0 29.154 = 4.757 38.664 + 6.478 1.326 5.105 = 0.325
Athlete 3 +3 30.152 = 2.609 28.034 = 2.174 0.930 5.221 £ 0.250
Panel B. Temporal variables

Airflow Contact time Flight time Step frequency
Athlete (m - ) (ms) (ms) (Hz)

mean + SD mean + SD mean + SD

Athlete 1 -7 182.218 + 5.666 133.529 + 6.396 3.168 + 0.061
Athlete 1 -5 186.798 + 7.419 133.947 + 7.705 3.119 + 0.060
Athlete 1 0 176.600 + 8.692 133.403 + 9.670 3.229 + 0.096
Athlete 1 +3 183.407 + 5.493 130.692 + 9.984 3.187 = 0.091
Athlete 1 +5 181.924 + 10.294 131.473 + 11.799 3.192 + 0.071
Athlete 2 -5 178.109 + 12.611 166.365 + 13.434 2.905 + 0.077
Athlete 2 0 212.270 = 32.022 142.758 + 29.017 2.820 = 0.101
Athlete 2 +3 187.768 + 48.427 158.159 + 48.825 2.893 = 0.074
Athlete 2 +5 183.345 + 56.143 163.819 + 56.181 2.883 + 0.086
Athlete 3 -7 215.298 + 9.207 119.243 + 8.627 2.990 + 0.057
Athlete 3 -5 203.900 = 10.395 126.917 + 11.391 3.024 = 0.060
Athlete 3 0 203.110 = 16.081 124.364 + 15.680 3.058 = 0.111
Athlete 3 +3 215.089 = 8.170 113.533 + 12.146 3.047 £ 0.117

Values are condition-level mean * within-condition SD across the 20 accepted steps, except the impulse ratio, which was
calculated from the condition-level propulsive and braking impulse means.
Negative airflow denotes headwind and positive airflow tailwind. Impulses are positive magnitudes; the ratio equals

propulsive impulse divided by braking impulse.
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Biomechanical variables were calculated for each
accepted step and then averaged across the 20 steps to
obtain one condition-level value for each athlete. The
accompanying standard deviations described with-
in-condition step variability. Individual steps were
used to derive these summaries and were not treated
as independent units in inferential analyses; the an-
alytical unit was the completed athlete-condition re-
cord.

Outcome definitions and movement-pattern
representation

The propulsive-to-braking horizontal impulse ratio
was designated as the primary outcome before statis-
tical analysis of the present secondary study, but it was
not prespecified in the original data-collection protocol.
It was calculated from positive impulse magnitudes as:

Horizontal impulse ratio = propulsive impulse /
braking impulse.

Values above 1 indicate that the measured propul-
sive impulse exceeded the braking impulse magnitude
within the summarised observation, whereas a reduc-
tion in the ratio indicates a shift towards a more bal-
anced or relatively braking-dominant horizontal im-
pulse profile. The ratio was chosen because it captures
the functional redistribution between acceleration and
deceleration phases while remaining interpretable across
athletes with different absolute force magnitudes.

As a scale-robust sensitivity outcome, the natural
logarithm of the impulse ratio was calculated as
In(propulsive impulse/braking impulse). On this scale,
a slope can be exponentiated to express the multipli-
cative change in the impulse ratio per 1 m - s™ increase
in signed airflow.

Secondary movement outcomes were propulsive im-
pulse, braking impulse, contact time, flight time, step
frequency, duty factor, step length, and belt velocity.
Duty factor was derived as 100 X contact time/(con-
tact time + flight time). Step length was derived as belt
velocity/step frequency. For an exploratory multivari-
ate representation of the movement pattern, five com-
plementary features were selected: duty factor, step
frequency, step length, braking impulse, and propul-
sive impulse. The first three describe temporal-spatial
organisation and the last two describe anterior-pos-
terior force regulation.

112

Statistical analysis

Given the three-athlete sample and the athlete-spe-
cific condition coverage, conventional large-sample
repeated-measures models were not used. The primary
inferential analysis estimated a pooled within-athlete
linear slope relating signed airflow velocity to each out-
come after athlete-specific centring. For athlete i in con-
dition j, the slope was calculated as:

B= zizj (xij - 9_Ci)(yij - yz) / Zizj (xij - D_Ci)z

where: x is signed airflow velocity, y is the outcome,
and X; and ¥; are the corresponding athlete-specific
means. Centring removed between-athlete level differ-
ences. Accordingly, B quantified the pooled change
across the observed within-athlete contrasts per 1 m - s™
progression from headwind towards tailwind. It was not
interpreted as evidence of a common population slope.

Association was evaluated with a conditional exact
randomisation test [15]. Airflow order had been ran-
domised separately for each athlete before testing.
The two uncompleted trials were the final scheduled
conditions and were omitted because the athletes de-
clined further loading, not because of observed out-
comes. Inference was therefore conditioned on each
athlete’s completed condition set: airflow labels were
permuted only among that athlete’s observed records
while outcomes and condition counts were fixed. This
approach requires exchangeability of labels within the
completed set under the sharp null of no airflow asso-
ciation. All 5! x 4! x 4! = 69,120 allocations were enu-
merated, and the two-sided p value was the proportion
for which [Bperm| > [Bobserved|. The test assesses asso-
ciation in these observed athletes and does not estab-
lish population generalisability.

The horizontal impulse ratio was the single pri-
mary outcome and was not adjusted for multiplicity.
The eight secondary movement outcomes were eval-
uated with the same exact test, and their two-sided p
values were adjusted together with the Holm procedure
[16]. Effect estimates and athlete-specific trajectories
were emphasised over dichotomous significance de-
cisions. Individual ordinary least-square slopes and
Spearman rank correlations were calculated descrip-
tively. For the primary outcome, Spearman correlations
served as a sensitivity assessment of monotonic order-
ing and were not treated as independent population-
level tests.

Three robustness analyses were applied to the pri-
mary result. First, the analysis was repeated for the
natural logarithm of the impulse ratio. Second, raw-
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and log-ratio analyses were repeated while omitting
one athlete at a time. Third, a 95% conditional ran-
domisation interval was obtained by inverting two-sided
exact tests under a constant additive-slope model. This
interval assumes an approximately linear, constant
additive change in the centred outcome per 1 m - s™
across the observed airflow range, with no airflow-by-
order interaction. It describes design-based uncertainty
for these records and is not a population confidence
interval.

The movement-pattern response-vector analysis was
exploratory and hypothesis-generating. Duty factor,
step frequency, step length, braking impulse, and pro-
pulsive impulse were standardised within athlete, and
their standardised slopes were combined into five-di-
mensional vectors. Mean pairwise cosine similarity
quantified directional agreement and was compared
with the conditional randomisation distribution from
the same 69,120 allocations. Parallel analyses used
a three-feature temporal-spatial vector and a two-fea-
ture horizontal-impulse vector; their three upper-tail
p values were adjusted together with the Holm proce-
dure. With only three athlete vectors, these analyses
describe the observed cases and do not estimate a sta-
ble population structure.

Analyses were performed in Python 3.12.14 with
NumPy 2.3.5, pandas 2.2.3, and SciPy 1.17.0.

Results

Thirteen athlete-condition records were analysed:
two at -7 m - s, three at -5 m - s, three in still air,

1.8

—&— Athlete 1

= = =
N I o
) L )

Propulsive-to-braking impulse ratio
=
=}

0.8 A

~ll— Athlete 2

three at +3 m - s, and two at +5 m - s™. Individual
athlete-condition means and within-condition stand-
ard deviations for the main biomechanical variables
are reported in Table 3. All inferential estimates refer
to associations within these three observed athletes.

Primary outcome: horizontal impulse balance

The pooled within-athlete slope for the propulsive-
to-braking impulse ratio was -0.0665 per 1 m - s of
signed airflow (95% conditional randomisation inter-
val: —0.0819 to -0.0517; exact two-sided p = 0.000014).
Across the observed conditions, progression from head-
wind towards tailwind was therefore associated with
a lower impulse ratio. The interval quantifies uncer-
tainty under the conditional randomisation model for
these athletes and is not a population confidence in-
terval.

Individual slopes were -0.0656, —-0.0822, and
-0.0539 per 1 m - s for Athletes 1, 2, and 3, respec-
tively. The observed condition ordering was monotonic
within every athlete (Spearman p = -1.00 for each ath-
lete). These descriptive results show directional repli-
cation across the three cases, but they do not establish
the frequency or magnitude of the response in a wider
runner population. Individual athlete trajectories are
shown in Figure 1.

The robustness analyses produced the same direc-
tional interpretation. For the log-transformed ratio, the
pooled within-athlete slope was -0.05336 per 1 m - s
(95% conditional randomisation interval: —-0.06986
to -0.03831; exact p = 0.000043), corresponding to an

—— Athlete 3

Figure 1. Individual
propulsive-to-braking
horizontal impulse ratios
across airflow conditions
Negative airflow values
indicate headwind and
positive values indicate
tailwind. The vertical line
denotes still air; the
horizontal dotted line
denotes equal propulsive

=l =0 0

Signed airflow velocity (m-s—1)

and braking impulse
magnitudes.
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estimated 5.20% multiplicative decrease per 1 m - s
In the leave-one-athlete-out analyses, raw-ratio slopes
ranged from -0.0715 to -0.0612 and log-ratio slopes
from —-0.0582 to -0.0465; all remained negative.

Horizontal impulse components and
secondary outcomes

The component impulses changed in complemen-
tary directions. Propulsive impulse had a pooled with-
in-athlete slope of -0.884 N - s per 1 m - s (exact p =
0.0048; Holm-adjusted p = 0.0335), whereas braking
impulse magnitude had a slope of +0.375 N - s per
1m - s (exact p = 0.0020; Holm-adjusted p = 0.0161).
These association tests concern the observed ran-

A Braking impulse

domised condition assignments and should not be read
as population-effect estimates. Individual braking and
propulsive impulse responses are shown in Figure 2.

None of the temporal-spatial secondary outcomes
showed an adjusted statistical association in the pooled
within-athlete analysis. Contact time had a pooled slope
of 0.001 ms per 1 m - s, and all Holm-adjusted p val-
ues for contact time, flight time, step frequency, duty
factor, step length, and belt velocity were 1.000. Given
the three-athlete sample and one trial per condition,
these results do not demonstrate the absence of an air-
flow effect or prove distinct movement strategies; they
indicate only that no adjusted association was detected
in the available records. Complete outcome-level re-
sults are presented in Table 4.

B Propulsive impulse

30 e— A =8— Athlete 1
/ ~#—- Athlete 2
—&— Athlete 3
28 A 35 4
= m
¥ 26 A =
Z ~
; B 30 A
v 24 4 >
2 2
E )
> 221 g 25+
£ K7
-~ =]
g 20 e
& 20 .
18 A
16 15 A
-7 -5 0 3 -7 -5 0 3 5

Signed airflow velocity (m-s—1)

Signed airflow velocity (m-s?)

Impulse values are reported as positive magnitudes. Negative airflow values indicate headwind and positive values indicate tailwind,;

vertical lines denote still air.

Figure 2. Individual braking (A) and propulsive (B) impulses across airflow conditions

Table 4. Conditional exact randomisation tests for movement outcomes

Outcome Pooled slope per 1 m - s Exact p Holm-adjusted p Status
Impulse ratio -0.0665 0.000014 - primary
Propulsive impulse (N - s) -0.8837 0.005 0.034 Holm p < 0.05
Braking impulse (N - s) 0.3752 0.002 0.016 Holm p < 0.05
Contact time (ms) 0.0012 0.999 1.000 Holm p > 0.05
Flight time (ms) -0.3375 0.463 1.000 Holm p 2 0.05
Step frequency (Hz) 0.0034 0.176 1.000 Holm p 20.05
Duty factor (pp) 0.0631 0.696 1.000 Holm p > 0.05
Step length (m) -0.0009 0.665 1.000 Holm p > 0.05
Belt velocity (m - s™) 0.0029 0.730 1.000 Holm p > 0.05

The impulse ratio was the primary outcome and was not adjusted for multiplicity. Holm correction was applied jointly to the
eight secondary outcomes. Tests were conditional on each athlete’s completed condition set and enumerated all 69,120 within-
athlete label allocations. These tests assess association in the observed athletes, not population generalisability.
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Multivariate movement-pattern analysis

The five-feature response vectors were directionally
aligned in the observed cases (mean pairwise cosine
similarity = 0.727; exploratory exact upper-tail p =
0.0063; Holm-adjusted p = 0.0190), with pairwise
angles of 25.5°-54.2°. The horizontal-impulse vectors
had a mean cosine similarity of 0.888 (exact p = 0.0372;
Holm-adjusted p = 0.0744), whereas the temporal-
spatial vectors had a mean cosine similarity of 0.129
(exact and Holm-adjusted p = 0.356). With only three
vectors, these results are hypothesis-generating descrip-
tions of the sampled athletes rather than evidence of
a stable population pattern. The athlete-specific stand-
ardised response vectors are presented in Figure 3.

Each cell shows the within-athlete standardised
slope for one feature per 1 m - s™ progression from head-
wind towards tailwind. Positive values indicate an in-
crease, negative values a decrease, and values near zero
little linear change; cell shading follows the signed grey-
scale key. The first three columns describe temporal-
spatial organisation; the last two describe horizontal
impulse. Features were standardised within athlete
before slope estimation; hence, values represent direc-
tion and relative magnitude rather than original meas-
urement units.

Discussion
Principal findings

In these three runners, signed airflow was most
consistently associated with the balance of horizontal

impulses rather than with a uniform temporal-spatial
change. The pooled impulse-ratio slope was negative,
its conditional randomisation interval excluded zero,
and all individual slopes had the same direction. Pro-
pulsive impulse decreased and braking impulse in-
creased after Holm correction. The exploratory response
vectors suggested integrated directional alignment, but
the sample of three athletes is insufficient to establish
a stable multivariate structure or a population effect.

The observed profiles are compatible with a two-
level working hypothesis. At the task level, the athletes
displayed similar directional redistribution of ante-
rior-posterior impulse. At the coordination level, they
used non-identical configurations of contact time, flight
time, step frequency, step length, and force variables.
The findings therefore do not identify one universal
running technique; they identify a candidate func-
tional response that may be supported by more than
one movement solution [1-4].

Horizontal impulse balance as a replicated
within-athlete response

The clearest result concerned horizontal impulse
redistribution. Wind changes the external force that
must be accommodated during locomotion [5-11, 17-
20], and recent treadmill evidence specifically shows
modulation of horizontal ground-reaction forces by air
resistance [11, 20]. It is therefore mechanically plau-
sible that progression from headwind towards tailwind
was associated with a reduced relative propulsive con-
tribution and a greater braking contribution. The pre-
sent data add directional replication across three ath-

Standardised slope per 1 m-s-* increase in signed airflow

-0.2 -0.1

Temporal-spatial organisation

Athlete 1 +0.029 +0.111
Athlete 2 +0.022 -0.026
Athlete 3 +0.069
Duty Step
factor frequency

0.0 0.1 0.2

Horizontal impulse

-0.052 +0.079
Step Braking Propulsive
length impulse impulse

Figure 3. Athlete-specific standardised movement-pattern response vectors across signed airflow conditions
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letes, but not an estimate of how common or large this
response is among trained runners.

The impulse ratio should not be interpreted as a con-
text-free score of technical quality. Braking and propul-
sion are coupled phases of the same step, and their
values depend on belt mechanics, running speed, pos-
ture, and foot placement. In the present curved non-
motorised treadmill setting, athletes regulated their
position and belt speed while responding to airflow.
The ratio is therefore a functional descriptor of the hori-
zontal-force solution used in this apparatus rather than
a target to maximise or minimise [1, 12, 21, 22].

The individual slopes differed in magnitude, with
the steepest estimate in Athlete 2 and the shallowest
in Athlete 3. These differences cannot be classified as
stable responder types. Establishing an athlete-specific
airflow-response characteristic would require repeated
test days and explicit separation of true interindividual
variation from measurement error [3, 4, 23, 24]. The
log-ratio and leave-one-athlete-out analyses show that
the observed association was not dependent on one
scale or one athlete, but they do not add independent
participants or improve population generalisability.

Observed task-level agreement and individual
movement-pattern organisation

The temporal-spatial outcomes did not show adjust-
ed statistical associations in these records. This should
not be interpreted as evidence of no airflow effect or as
proof that the athletes used distinct strategies. Rather,
the small sample and single trial per condition leave
several explanations open, including heterogeneous
adjustments, limited sensitivity, and measurement var-
iability. This pattern is also compatible with identifi-
able individual running signatures [3] and with evi-
dence that no single temporal characteristic defines
a universally superior technique [1, 4, 21, 22, 25].

The response-vector analysis offers a compact de-
scription but must remain secondary. Only three ath-
lete vectors contributed to the cosine statistic. More-
over, braking and propulsive impulses are the same
components used to construct the primary impulse
ratio; their inclusion can therefore contribute to the
observed five-feature alignment and does not consti-
tute independent confirmation of a broader movement-
pattern response. The vector findings are candidate
patterns for prospective testing.

The movement-pattern perspective also cautions
against treating variability or asymmetry as inherently
dysfunctional. Their functional meaning depends on
the task, performance level, and outcome being exam-
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ined [26-28]. In airflow running, variability may reflect
adaptable coordination, measurement error, or reduced
control. The present records identify candidate response
variables but do not justify labelling any athlete’s pat-
tern as optimal or pathological.

Practical implications

The present observations identify the horizontal im-
pulse ratio as a candidate variable for future within-
athlete monitoring, not as a validated monitoring tool.
Before practical use, a protocol should standardise fa-
miliarisation, footwear, posture instructions, air speed,
exposure duration, and trial order; include repeated
trials and test days; and establish measurement reli-
ability. Only then could changes in an athlete’s impulse-
ratio slope or accompanying movement pattern be in-
terpreted as meaningful.

The findings do not support prescribing one uni-
versal change in contact time, step frequency, or step
length. These variables should be interpreted jointly
and relative to the athlete’s own baseline. Body orien-
tation and other aerodynamic factors may modify the
external demand [17-20, 29], but their relationship
with the movement pattern should be measured rather
than assumed.

Strengths and limitations

A strength of the study is the alignment between the
randomised athlete-specific condition sequences and
the conditional exact randomisation analysis. The
pooled slope removed between-athlete level differences,
while individual trajectories, log-ratio analysis, leave-
one-athlete-out checks, and a conditional randomisa-
tion interval tested the dependence of the conclusion on
scale and case composition. Table 3 reports the individ-
ual condition values and within-condition variability.

The principal limitation is the number of inde-
pendent participants: three athletes and 13 completed
athlete-condition records cannot support population-
level claims about trained or sub-elite runners. Statis-
tical evidence against the conditional randomisation
null is distinct from external validity. One trial was
completed per condition, and the 20 steps within a trial
were averaged rather than treated as independent rep-
licates; consequently, day-to-day and trial-to-trial reli-
ability could not be estimated. Athletes 2 and 3 stopped
after four trials to limit training interference; these
decisions were made independently of the interim bio-
mechanical results, and the uncompleted airflow val-
ues were the final conditions in their previously ran-
domised sequences.
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The curved non-motorised treadmill limits transfer
to overground running because belt acceleration and
position regulation may contribute to the measured
horizontal-force pattern [30]. The selected temporal-
spatial and ground-reaction-force variables capture
only part of the movement pattern; segment and joint
kinematics, muscle activation, centre-of-mass motion,
posture, and direct drag were not included. The re-
sponse-vector analysis is exploratory relative to the
sample size, and the narrowly matched adult male sam-
ple prevents assessment of sex, age, competitive level,
morphology, or event specialisation as moderators.

Directions for future research

Future studies should retain randomised or coun-
terbalanced airflow sequences while adding repeated
trials and repeated test days. Hierarchical models could
then estimate a population-average response, athlete-
specific deviations, nonlinear effects, and residual vari-
ability while accounting for steps nested within trials
and athletes. Reliability data are required before an
individual slope can be interpreted as a stable move-
ment-pattern characteristic [3, 4]. Larger samples should
be stratified prospectively by sex, age category, event
specialisation, and performance calibre [14].

Future measurement models should synchronise
three-dimensional kinematics, ground-reaction forces,
electromyography, belt dynamics, and air speed. Direct
estimates of drag and frontal area would clarify whether
athletes with different morphology or posture experi-
ence comparable aerodynamic demands [5, 18, 19, 29].
Such studies could test the hypothesis generated here:
signed airflow may be associated with a reproducible
horizontal impulse response while the supporting co-
ordination pattern remains individually organised.

Conclusions

In the three investigated trained adult male middle-
distance runners, progression from headwind towards
tailwind was associated with a decrease in the propul-
sive-to-braking impulse ratio. Negative slopes were ob-
served in all three cases and remained negative in the
log-ratio and leave-one-athlete-out analyses. Temporal-
spatial outcomes showed no adjusted statistical asso-
ciation, and the multivariate findings remain hypoth-
esis-generating. The profiles cannot be considered stable
individual characteristics without repeated trials and
reliability assessment, and the study does not establish
a population effect or one universal movement strategy.
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