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Abstract

This study was conducted to clarify the aerodynamic characteristics of representative trials selected
from movement-strategy clusters during the early flight phase of ski jumping, as identified in recent work
by the author and others. An earlier study identified three movement-strategy clusters based on trunk,
hip, and knee joint coordination patterns. For the present study, after one representative trial was
selected from each cluster, it was analysed using unsteady computational fluid dynamics. The selected
trials were designated as Jumper A (Cluster 1), Jumper B (Cluster 2), and Jumper C (Cluster 3). All trials
exceeded the hill's construction point (K-point, K =90 m). Despite achieving high-level performance, the
representative trials exhibited distinct aerodynamic profiles. Jumper A showed a drag-reduction profile
characterised by low drag, a more attached flow field, and the highest lift-to-drag ratio during late early
flight. Jumper B showed a lift-oriented profile characterised by rapid lift acquisition and greater wake
development. Jumper C showed a balanced profile characterised by gradual aerodynamic-force
development and moderate wake formation. These findings suggest that different early flight movement
strategies might correspond to distinct aerodynamic solutions. This study provides preliminary CFD
analysis-based evidence linking movement strategies and aerodynamic characteristics during the early
flight phase.

Introduction

For biomechanical analyses, a ski jump is typically divided into six phases: in-run, take-off, early flight,
stable flight, landing preparation, and landing [1-3]. The early flight phase extends from leaving the take-
off table until the lift-to-drag ratio (L/D) reaches a steady state [2, 4]. During this phase, the jumper must
achieve stable flight as quickly as possible [1, 2]. Previous studies have examined early flight posture
changes primarily from either kinematic [2, 5-10] or aerodynamic perspectives [3, 11-14].

From a kinematic perspective, coordination of the trunk, hip, and knee joints plays an important role in
early flight posture formation and might influence both jump distance and aerodynamic characteristics
[2]. However, previous studies have often relied on group-based comparisons, such as skill level or age,
potentially overlooking diverse movement strategies among jumpers with similar performance levels [6,
15]. To address this limitation, Ueno et al. [2] applied principal component analysis to time-series
waveforms of trunk, hip, and knee joint angles and subsequently classified the resulting principal
component scores. They identified three distinct movement strategies based on joint-coordination
patterns. Although all analysed trials achieved high-level performance (= K-point, K =90 m), the
strategies differed significantly in their kinematic characteristics. However, because these strategies
were identified solely from kinematic data, their aerodynamic characteristics remain unknown.

From an aerodynamic perspective, computational fluid dynamics (CFD) studies have demonstrated that
posture strongly influences aerodynamic forces during early flight. Gardan et al. [12] showed that
variations in angle of attack affect the lift and drag acting on a ski jumper, although their analysis was
limited to steady-state postures. Using unsteady CFD, Yamamoto et al. [3] demonstrated that lift and
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drag increase rapidly immediately after take-off, followed by a reduction in drag as the jumper transitions
to stable flight, with corresponding changes in wake development. They also reported that expert
jumpers transitioned more rapidly to aerodynamically advantageous postures and exhibited higher L/D
values during early flight. Other studies suggest that successful flight might be achieved through
multiple aerodynamic solutions. Ski jumpers must balance force generation to reduce vertical descent
velocity against drag reduction to preserve horizontal velocity [4], while postures that maximise peak lift
do not necessarily maximise L/D [16]. Furthermore, elite jumpers achieving similar distances might
employ different aerodynamic strategies [17]. Nevertheless, previous aerodynamic studies have focused
mainly on skill-level comparisons or isolated postural characteristics and have not established whether
kinematically identified movement strategies correspond to distinct aerodynamic mechanisms.

This study investigated the aerodynamic characteristics associated with different movement strategies
during the early flight phase of ski jumping. Exploratory CFD analyses were conducted on representative
trials selected from the movement-strategy clusters identified by Ueno et al. [2]. We hypothesised that
trials representing different clusters would exhibit distinct aerodynamic profiles despite all achieving
high-level performance. By extending the kinematic findings of Ueno et al. [2] into the aerodynamic
domain, this study provides preliminary insight into how different movement strategies might be
associated with aerodynamic performance and offers practical implications for coaches and jumpers
during the transition from take-off to stable flight.

Methods
Kinematic dataset

The kinematic data used for this study were obtained from a dataset published earlier [2], for which early
flight postures in ski jumping were classified into distinct movement strategy clusters. For the present
study, the authors utilised both the kinematic dataset and the corresponding clustering results for
subsequent CFD analysis. Detailed descriptions of participant characteristics, data acquisition, signal
processing, and statistical analysis procedures were provided earlier by Ueno et al. [2]. The relevant
institutional ethics committee (HOKUSHO-UNIV: 2024-013) reviewed and approved the study protocol.

Selection of representative trials from each cluster

One representative expert jumper was selected from each of the three movement-strategy clusters
identified by Ueno et al. [2] for exploratory CFD analysis. Cluster 1 exhibited trunk and knee joint
kinematics similar to those of Cluster 2, but a distinct hip-joint trajectory that began in an intermediate
flexed position and gradually converged toward the Cluster 3 posture during the latter part of early flight.
Cluster 2 was characterised by a relatively upright trunk and rapid hip and knee extension immediately
after take-off, whereas Cluster 3 exhibited a flatter trunk and greater hip and knee flexion, followed by
more gradual extension. The selected athletes were designated Jumper A (Cluster 1), Jumper B (Cluster
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2), and Jumper C (Cluster 3). All were members of the Japanese national ski jumping team, competed at
the 2026 Milano—Cortina Winter Olympic Games, and exceeded the K-point in the selected trials. Their
characteristics at data collection were Jumper A, 167.0 cm, 57.6 kg, 22 years, male; Jumper B, 174.0 cm,
62.0 kg, 27 years, male; and Jumper C, 161.0 cm, 47.8 kg, 29 years, female.

CFD workflow

A posture-variant CFD workflow based on Yamamoto et al. [3] integrated markerless motion-capture
data with a three-dimensional geometric model of a ski jumper. A whole-body model was constructed
from surface-geometry data, and the same scaled body-surface model was used for all jumpers, with
only joint kinematics differing among jumpers. Kinematic data from each representative trial were
mapped onto the model to reproduce jumper-specific posture changes throughout early flight. The
resulting posture-variant models were incorporated into unsteady CFD simulations to quantify temporal
changes in aerodynamic forces and flow fields. This approach combined a scaled generic body
geometry with jumper-specific kinematics to investigate the aerodynamic consequences of different
movement strategies.

CFD framework and computational setup

The early flight phase comprised the 0.2 s immediately following take-off [2], during which prescribed
postural changes were reproduced. To reduce the computational cost associated with the jumper’s
approximately 4 m displacement, the flow was solved in a non-inertial frame translating with the jumper,
assuming rigid-body translation without rotation. The incompressible Navier—Stokes and continuity
equations were coupled to prescribed deformation using an immersed-boundary formulation. Time
integration used a fractional-step method [18] with Crank—Nicolson discretisation. QUICK and second-
order central-difference schemes were applied to advection and diffusion, respectively; QUICK
dissipation provided implicit large-eddy modelling [19, 20]. The CFD simulations were performed using
the in-house massively parallel flow solver CUBE [18], employing the building cube method for Cartesian
grid generation [21] and an immersed-boundary method for representing complex geometries [22, 23].
The numerical methodology and computational setup were adapted from Yamamoto et al. [3]. In that
study, although the CFD framework underestimated the absolute magnitudes of lift and drag, it
reproduced their temporal trends and the L/D obtained from Global Navigation Satellite System (GNSS)-
based estimates, supporting its application to comparative aerodynamic analyses. All simulations
shared the domain and boundary conditions, with trial-specific grid refinement. The domain maintained a
blockage ratio below 2%, with the jumper positioned centrally. Prescribed postural motion was
reproduced, whereas translation was represented by an inflow vector (Ux, 0, Uz). Further details are
provided in Supplementary Information S1-S3.

Aerodynamic variables

Page 4/14



Aerodynamic performance was evaluated using lift, drag, and the L/D. These variables were obtained by
integrating the pressure and viscous (shear) stresses over the body surface, as defined below. Time-
series changes in aerodynamic forces during the early flight phase were analysed.

Calculation of aerodynamic forces

The total aerodynamic force acting on the jumper, F, is obtained by integrating the surface traction over
the body surface S as

F=¢80-ndS=¢S(-pn+71-n)dS#(1)

where n denotes the outward unit normal on the body surface, 6 = -p | + T is the stress tensor, and T =
p(Vu+ (Vu)T) is the viscous stress tensor for an incompressible Newtonian fluid. The integral is
evaluated as a discrete sum of the pressure and viscous-stress contributions over the surface elements.

Lift and drag are defined relative to the prescribed inflow (relative-wind) direction. With the inflow velocity
vector Uin = (Ux, 0, Uz), the drag and lift unit vectors are eD = Uin / |Uin| (parallel to the inflow) and eL
(perpendicular to Uin in the vertical plane). Drag and lift are the corresponding components of F.

D =F-eD, L = F-eL#(2)

Also, the lift-to-drag ratio is given by L/D.

Results

Validation of representative trials for CFD analysis

To verify that the selected trials represented their respective movement strategies, their trunk, hip, and
knee joint principal component (PC) scores were mapped onto the cluster distributions reported by Ueno
et al. [2]. All representative trials were within the interquartile ranges of their respective clusters and were
not outliers, supporting their suitability for exploratory aerodynamic evaluation. Figure 1a presents
temporal changes in lift, drag, and L/D, whereas Fig. 1b shows the corresponding airflow visualisations.
Although all selected trials exceeded the K-point, they exhibited distinctly different aerodynamic
characteristics.

Aerodynamic profile of Jumper A

Jumper A exhibited the lowest lift values throughout the analysed period. Lift increased gradually from

approximately 40 N at take-off to approximately 80 N at 0.2 s after take-off, but it remained lower than

that observed for either Jumper B or Jumper C throughout the early flight phase (Fig. 1a, top). Drag also

remained consistently lower than that observed for either Jumper B or Jumper C, ranging between

approximately 60 N and 80 N from take-off to 0.2 s after take-off (Fig. 1a, middle). Consequently, the L/D

of Jumper A increased progressively after take-off and became the highest among the three jumpers at
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approximately 0.15 s after take-off (Fig. 1a, bottom). The streamline visualizations in Fig. 1b (top)
revealed a smooth airflow pattern around the jumper throughout the early flight phase. Immediately after
take-off, streamlines remained largely attached to the body and ski surfaces. Only a small wake region
was observed behind the athlete. At 0.1 s after take-off, wake development remained limited, with only a
narrow region of disturbed streamlines visible behind the jumper. By 0.2 s after take-off, the wake region
had increased slightly. However, it remained smaller than that observed for either Jumper B or Jumper C.
Compared with Jumpers B and C, the flow field behind the jumper exhibited a smaller region of disturbed
streamlines and less apparent flow separation throughout the analysed period. Furthermore, only limited
evidence of recirculating flow was observed immediately behind the body, reflecting a stable wake
structure. Taken together, these aerodynamic characteristics suggest that Jumper A exhibited a drag-
reduction-oriented aerodynamic profile during the early flight phase.

Aerodynamic profile of Jumper B

Jumper B exhibited the highest lift values throughout the analysed period. Lift increased from
approximately 50 N at take-off to approximately 100 N at 0.2 s after take-off. Thereafter, lift remained
greater than that observed for either Jumper A or Jumper C during most of the early flight phase (Fig. 1a,
top). Drag, which was approximately 100 N immediately after take-off, increased gradually during the
first 0.1 s of flight. After reaching its peak at approximately 0.1 s after take-off, drag decreased and
remained between the values observed for Jumpers A and C during the remainder of the analysed period
(Fig. 1a, middle). Consequently, the L/D increased progressively from approximately 0.5 at take-off to
approximately 0.8 at 0.2 s after take-off (Fig. 1a, bottom). The streamline visualizations in Fig. 1b
(middle) revealed a large wake region behind the jumper throughout the early flight phase. This wake
region, which was already evident immediately after take-off, expanded further between 0.1 and 0.2 s
after take-off. Compared with Jumpers A and C, the flow field behind the jumper exhibited a broader
region of disturbed streamlines and more pronounced flow separation. Furthermore, regions of
recirculating flow were observed immediately behind the body, indicating a complex wake structure
throughout the analysed period. Taken together, these aerodynamic characteristics suggest that Jumper
B exhibited a lift-acquisition-oriented aerodynamic profile during the early flight phase.

Aerodynamic profile of Jumper C

Jumper C exhibited lift values that were generally intermediate between those observed for Jumpers A
and B throughout the analysed period. Lift increased from approximately 30 N at take-off to
approximately 100 N at 0.2 s after take-off and remained greater than that observed for Jumper A but
lower than that observed for Jumper B during most of the early flight phase (Fig. 1a, top). Drag increased
rapidly during the 0.1 s after take-off and subsequently remained stable at approximately 120 N
throughout the remainder of the analysed period (Fig. 1a, middle). Consequently, the L/D increased
progressively from approximately 0.3 at take-off to approximately 0.7 at 0.2 s after take-off (Fig. 1a,
bottom). Although the L/D remained lower than that observed for Jumpers A and B during the early flight
phase, the differences among the jumpers became smaller toward the end of the analysed period. The
streamline visualizations in Fig. 1b (bottom) revealed a wake region behind the jumper that was larger
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than that observed for Jumper A but generally smaller than that observed for Jumper B. Immediately
after take-off, a moderate wake region was already visible behind the body. Between 0.05s and 0.15 s
after take-off, the wake expanded gradually, accompanied by an increasing region of disturbed
streamlines behind the jumper. By 0.2 s after take-off, the wake structure had become more pronounced.
However, the extent of flow disturbance remained less than that observed for Jumper B. Compared with
Jumper B, the flow field behind the jumper exhibited less apparent flow separation and a smaller region
of recirculating flow throughout the analysed period. These observations indicate that Jumper C
generated aerodynamic forces without exhibiting the extensive wake development observed for Jumper
B. Taken together, these aerodynamic characteristics suggest that Jumper C exhibited a balanced
aerodynamic profile during the early flight phase, characterised by moderate lift generation and
moderate drag production.

Discussion

This study using unsteady CFD analysis was undertaken primarily to clarify aerodynamic characteristics
associated with the three effective movement strategies during the early flight phase of ski jumping,
which were identified previously by Ueno et al. [2]. The results demonstrated that the three jumpers, all
achieving high-level performance, reached these outcomes through distinctly different aerodynamic
characteristics. Specifically, the three jumpers exhibited a drag-reduction profile (Jumper A), a lift-
oriented profile (Jumper B), and a balanced profile (Jumper C).

Aerodynamic interpretation of Jumper A

Ueno et al. [2] reported that jumpers classified into Cluster 1 exhibited trunk and knee movement
patterns that closely resembled those observed in Cluster 2, whereas hip-joint movements followed a
distinct trajectory. Specifically, the hip joint started from an intermediate flexed position and converged
gradually toward the posture observed in Cluster 3 during the latter part of the early flight phase. The
flow visualisations revealed limited wake development and less pronounced flow separation than those
observed for Jumper B. Jumper A maintained a compact wake region and exhibited a smaller area of
disturbed streamlines behind the body and skis, which might have contributed to the lower drag
observed throughout the early flight phase while allowing lift to increase progressively over time. Among
the three kinematic variables examined by Ueno et al. [2], hip-joint movement was identified as the
primary characteristic distinguishing Cluster 1 from Cluster 2. The contrasting aerodynamic profiles
therefore raise the possibility that hip-joint movement influences wake development and drag regulation.
Although causal relations cannot be established from the present data, the findings suggest that subtle
differences in movement coordination are associated with meaningful differences in the surrounding
flow field. Previous studies have associated posture-dependent changes in wake formation, flow
separation, and drag with preservation of horizontal velocity and favourable aerodynamic performance
[7,12, 14, 16]. Consistent with the different aerodynamic strategies proposed by Jglstad et al. [17],
Jumper A might represent an aerodynamic pathway characterised by low drag and a high L/D, potentially
facilitating the preservation of horizontal velocity during the early flight phase.
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Aerodynamic interpretation of Jumper B

Ueno et al. [2] reported that jumpers classified into Cluster 2 generally exhibited a rising trunk posture
combined with rapid extension of the hip and knee joints, leading to an earlier transition toward a more
extended whole-body configuration. Results of CFD analysis revealed rapid increases in both lift and
drag immediately after take-off and demonstrated the greatest lift generation among the three jumpers.
Flow visualisations revealed a large wake region, pronounced flow separation, and recirculating flow
immediately downstream of the body. Although the present analysis accommodates no direct inference
related to all jumpers within Cluster 2, these characteristics appear to be broadly compatible with the
movement strategy reported by Ueno et al. [2]. The earlier transition toward an extended whole-body
posture might increase the effective area exposed to the airflow, thereby promoting rapid lift generation
while simultaneously increasing pressure drag. Earlier CFD studies have suggested that body extension
during take-off influences aerodynamic force generation and the surrounding flow field [24]. Thus,
Jumper B might reflect an aerodynamic trade-off by which rapid lift acquisition is achieved at the cost of
increased wake formation, momentum loss, and aerodynamic losses. This interpretation is consistent
with Yamamoto et al. [3], who demonstrated that rapid adoption of an extended posture led to sharp
increases in both lift and drag and a rapid rise in L/D. Because strong aerodynamic forces might help
reduce vertical descent velocity [4, 17], Jumper B might represent an aerodynamic solution that
prioritizes early aerodynamic force production despite the associated increase in wake development and
aerodynamic losses.

Aerodynamic interpretation of Jumper C

Ueno et al. [2] reported that jumpers classified into Cluster 3 exhibited a flatter trunk posture and more
gradual extension of the hip and knee joints, maintaining a more flexed lower-limb posture immediately
after take-off. Results of CFD analysis demonstrated gradual increases in both lift and drag, without the
pronounced force peaks and extensive wake development observed for Jumper B or the marked drag
reduction observed for Jumper A. Flow visualisations revealed moderate wake development, with flow
disturbances that were less pronounced than those observed for Jumper B but more evident than those
observed for Jumper A. Consequently, Jumper C appeared to occupy an intermediate aerodynamic state
between the lift-oriented profile of Jumper B and the drag-reduction-oriented profile of Jumper A.
Previous studies have suggested that a compact flight posture contributes to the development of
favourable aerodynamic conditions [8, 9], whereas flow separation and wake development contribute to
increased drag [12]. The absence of abrupt posture changes in Jumper C might therefore have limited
excessive wake growth and contributed to the gradual and stable development of aerodynamic forces.
Taken together, Jumper C might illustrate an aerodynamic pathway characterised by a gradual balance
between lift generation and drag suppression. Taken together, the distinct aerodynamic profiles of
Jumpers A-C suggest that successful early flight performance might be achieved through different
solutions to the trade-off between force generation and drag suppression. Thus, the movement-strategy
diversity identified by Ueno et al. [2] might reflect not only kinematic variation but also different
approaches to managing the aerodynamic demands of early flight.
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Several limitations must be acknowledged. First, because of the considerable computational cost
associated with unsteady CFD simulations, only one representative trial from each cluster was analysed.
Consequently, this study was inadequate for comprehensive evaluation of the influences of confounding
factors such as inter-individual differences in body morphology, sex, equipment characteristics, and
subtle variations in kinematics within each cluster. Furthermore, statistical comparisons of aerodynamic
characteristics between clusters could not be performed. Therefore, the distinct aerodynamic profiles
identified in this study should be interpreted as exploratory observations derived from representative
elite-level trials rather than as characteristics generalisable to all jumpers within each cluster. Second,
although the representative postures were obtained from three elite jumpers, all simulations were
performed using a single body-scan model that was scaled to approximate their anthropometric
dimensions [3]. Consequently, individual differences in body shape, segment proportions, body-surface
geometry, and equipment fit were not reproduced. Because aerodynamic characteristics are influenced
by both posture and morphology, some observed differences might reflect limitations associated with
the generic body model rather than the true subject-specific aerodynamic characteristics of each athlete.
Third, the present study evaluated aerodynamic forces acting on the athlete’s body but not those acting
on the skis. Although ski geometry was incorporated into the computational model to reproduce realistic
flight postures, lift and drag acting on the skis were not quantified. Consequently, the present findings
should be interpreted as body-based aerodynamic characteristics rather than as a comprehensive
aerodynamic assessment of the entire skier—ski system. Because ski-related factors, including the ski
angle of attack, ski-opening angle, and body—ski configuration, strongly influence aerodynamic
performance [25-28], the aerodynamic mechanisms identified in this study likely represent only part of
the overall aerodynamic characteristics during ski-jumping flight. Fourth, several simplifications were
adopted for the CFD framework. The translational motion of the jumper was represented through inflow
boundary conditions within a non-inertial reference frame fixed to the athlete, and the coupling between
body motion and airflow was unidirectional. Consequently, posture changes influenced the surrounding
airflow and aerodynamic-force calculations, whereas aerodynamic forces did not affect body motion
during the simulations. In addition, simplifications of the computational domain and boundary
conditions might have altered local flow structures relative to actual flight conditions. Therefore, the
present simulations should be regarded as an approximation of the aerodynamic environment
experienced during the early flight phase. Finally, although the CFD framework was based on that
developed and validated by Yamamoto et al. [3], the accuracy of the calculated aerodynamic forces
remains influenced by grid resolution, body-surface representation, and boundary-layer modelling. A
formal grid-sensitivity analysis was not performed because of the considerable computational cost, and
grid independence was therefore not established. Consequently, the absolute magnitudes of lift and drag
should be interpreted with caution. Rather than providing exact predictions of aerodynamic forces, the
primary value of the present analysis lies in the relative comparison of aerodynamic characteristics
among representative movement strategies. Future studies incorporating larger sample sizes, subject-
specific body geometries, detailed ski-kinematic analyses, systematic grid-sensitivity analyses with finer
spatial resolution, aerodynamic validation experiments, and wind-tunnel measurements are expected to
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improve our understanding of how individualised movement strategies influence aerodynamic
performance during the early flight phase.

Conclusions

This study was conducted using unsteady CFD analysis to investigate the characteristics of
aerodynamics acting on an athlete's body in association with the three effective movement strategies
used during the early flight phase of ski jumping identified by Ueno et al. [2]. The analyses yielded the
following key insights.

» Distinct aerodynamic profiles were observed among representative trials selected from the three
kinematically defined movement-strategy clusters. The representative trials exhibited different
temporal patterns of lift, drag, L/D, and wake development during the early flight phase. Specifically,
Jumper A exhibited a drag-reduction profile. Jumper B exhibited a lift-oriented profile. Jumper C
exhibited a balanced aerodynamic profile.

e Multiple aerodynamic solutions may contribute to successful early flight performance. Although all
representative trials achieved high-level performance, they exhibited markedly different aerodynamic
characteristics. These findings suggest that jumpers might achieve successful early flight
performance through different aerodynamic pathways, such as prioritising drag suppression, rapid
aerodynamic-force generation, and stable aerodynamic development.

* The combined use of kinematic classification and unsteady CFD analysis provides a useful
framework for investigating the relation between movement strategy and aerodynamic
performance. By extending the kinematic classification proposed by Ueno et al. [2] into the
aerodynamic domain, the present study provides preliminary CFD analysis-based evidence
indicating that different early flight movement strategies might be associated with distinct
aerodynamic profiles.

Although the present findings should be interpreted cautiously because the analysis was limited to one
representative trial per cluster and because the analysis addressed only those aerodynamic
characteristics acting on the athlete's body, this study provides preliminary biomechanical insight into
how different movement strategies might influence aerodynamic performance during the early flight
phase of ski jumping.
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Fig. 1 a Temporal variations in lift (top), drag (middle), and lift-to-drag ratio (L/D; bottom) during the early flight phase (0-0.2 s
after take-off) for Jumpers A, B and C. Solid, dashed, and dotted lines respectively show data for Jumpers A, B, and C

b Representative flow-field visualizations for Jumpers A, B, and C at 0, 0.05, 0.10, 0.15, and 0.20 s after take-off. Streamlines
illustrate the airflow patterns around the jumpers during the early flight phase
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