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Abstract
Background

This study investigated whether ground surface and slope influence the push technique in bobsleigh on land versus ice.

Methods

Spatio-temporal parameters were collected from active national team bobsleigh athletes during land-based and ice-based pushing across the
start, acceleration, and high-velocity phases using a markerless three-dimensional motion capture system. Bayesian independent-samples
t-tests and paired-samples t-tests were used to compare parameters across positions and phases.

Results

The results showed that, in spatio-temporal gait parameters, the main differences across the pilot, pusher, and brakeman were a higher step
frequency and shorter stride duration, stance time, swing time, and flight time on ice, with the start phase showing the largest proportion of
differences across all positions. For centre-of-mass (COM) motion, vertical COM displacement (both maximum and mean) was smaller on ice
across all positions. Mean and maximum horizontal COM velocities were generally greater on ice than on land. Mean acceleration was greater
on ice during the start and acceleration phases but smaller during the high-velocity phase. Maximum acceleration was greater on ice during the
start phase but generally smaller during the acceleration and high-velocity phases. The unique ice surface altered the athletes' spatio-temporal
push performance, with the lower-limb push pattern adapting accordingly on ice.

Conclusions

Land-based training for the start and acceleration phases may carry a risk of negative transfer to ice pushing, while high-velocity phase training
on land may fail to provide the sport-specific stimulus required for ice pushing. Based on these findings, it is recommended that land-based
push training emphasise horizontal force application, moderately increase load to enhance step frequency and propulsive force, incorporate
overspeed running and downhill push drills to strengthen neuromuscular control during the high-velocity phase, and include additional
lower-limb eccentric and plyometric training.

Background

The final result in bobsleigh competition is determined by the total run time from the 15 m mark to the finish, with the fastest time winning. This
total time comprises the push phase and the subsequent glide phase. During the push phase, the crew must accelerate the sled from rest,
providing the sole source of propulsive energy before the sled enters the glide. Unlike other ice sports, bobsleigh and skeleton require athletes to
wear spiked ice shoes and perform a loaded sprint during the push phase. This unique sprinting environment, together with the sport-specific
demands, induces adaptive changes in the athletes' movement patterns.

Previous research on bobsleigh and skeleton has consistently shown that higher speed and shorter time during the start phase are
advantageous for final performance [1-5]. Furthermore, higher-level athletes exhibit a more stable relationship between push time and overall
race time. As sliding technique becomes increasingly refined, developing the athletes' push capability emerges as a key pathway to achieving
superior competitive outcomes [6]. Thus, high performance during the push phase is a critical factor for success in bobsleigh.

Over the course of a season, training for the push phase is generally divided into land-based training in summer and ice-based training in winter.
Land-based push training is typically performed individually on a standard synthetic track. This format offers high flexibility in training venue
selection. Athletes wear sprint spikes and complete a 30-m push effort. The load applied to the sled simulates the average per-person weight
during team pushing in competition, and can be adjusted according to different training objectives. Ice-based push training takes place on a
track made entirely of ice, primarily in a team format to simulate actual competition scenarios. Athletes wear spiked ice shoes during training,
and depending on position, the pushing distance increases from the pilot to the push athlete to the brakeman, with the shortest distance
exceeding 20 m.

The most significant difference between land-based and ice-based pushing lies in the surface characteristics. On a synthetic track, high friction
and high resilience are generally pursued to generate greater propulsive force, effective energy absorption and feedback, all of which facilitate
running. In contrast, ice surfaces exhibit a lower coefficient of friction due to the lubrication of a liquid water film and a transition layer
composed of ice crystals and liquid water [7]; ice hardness increases as temperature decreases, resulting in lower resistance on harder ice [8][9].
While conventional ice sports seek low friction for rapid gliding, bobsleigh requires the sled to move as smoothly as possible on ice to reduce

Page 2/16



push resistance and increase gliding speed [10], while simultaneously demanding greater friction between the spiked shoes and the ice to
effectively utilise ground reaction forces [11]. These conflicting demands make biomechanical analysis of bobsleigh particularly complex.

Studies on different sports surfaces have compared conditions such as synthetic tracks, concrete or asphalt, grass, and sand [12], as well as the
effects of adjustable surface hardness on running kinematics, kinetics, and energy metabolism [13-16]. Among spatio-temporal parameters, no
significant differences in ground contact time were found between harder surfaces and synthetic tracks, though contact time tended to be
slightly longer on harder surfaces [12]. However, surfaces with markedly different hardness produced significant differences in contact time,
step length, step frequency, and duty factor [14].

Apart from differences in friction and hardness, land-based and ice-based pushing also differ in gradient during the late acceleration and
high-velocity phases. The push phase of the bobsleigh track is 65 m in length, with a 2% gradient for the first 15 m and 12% for the remaining
section [17]. Therefore, during ice-based pushing, athletes must sprint and maintain acceleration and maximal speed on a smooth, hard ice
surface with a substantial downhill gradient. In contrast, land-based training is conducted on a flat surface because of the absence of
specialised push tracks for summer training, and thus involves no gradient. Current research on different gradients has mainly compared uphill
and level running, whereas downhill running has received comparatively less attention, with running speeds typically set at moderate-intensity
jogging [18]. Studies examining spatiotemporal parameters under various downhill gradients have reported differences in step length [19] and
ground contact time [20][21] compared with uphill and level running, and an interaction between speed and gradient has also been observed
[22]. These findings suggest that the technical characteristics of high-speed downhill running may exhibit greater specificity. Consequently, the
effects of high-speed, resisted, and downhill conditions on the spatiotemporal characteristics of the push phase warrant investigation, which
also represents an important research direction for properly understanding bobsleigh pushing and for preventing athlete injuries.

Spatiotemporal parameters are the most direct indicators for characterising changes in a sport. The spatiotemporal variables of each gait cycle
during running collectively regulate and optimise the various sub-phases of the stride [23][24]. Appropriate combinations of these parameters
can optimise running kinetics and improve running economy [25], while spatiotemporal measures also serve as useful predictors of injury risk
[26][27]. Therefore, examining the spatiotemporal characteristics of the bobsleigh push phase provides an initial observational window to reveal
land-ice differences and serves as a logical starting point for further investigation of sport-specific technical features. A systematic comparison
of spatiotemporal variables helps to uncover the distinctions between land-based and ice-based bobsleigh pushing.

Methods
Participants

The present study involved 10 active male athletes from the national bobsleigh team. Spatiotemporal parameters were collected during land-
based and ice-based pushing across the start, acceleration, and high-velocity phases. All participants were international-level athletes with
extensive experience in four-man bobsleigh pushing and competition, and none reported any injury prior to testing. The athletes were assigned
to the following positions: pilot (n = 2), pusher (n = 4), and brakeman (n = 4).

Test Equipment and Field Setup

A Fastmove markerless automatic recognition motion capture system (RuiDong Technology, sampling frequency 100 Hz, Dalian, China) was
used to collect kinematic data during the start, acceleration, and high-velocity phases of four-man bobsleigh pushing. Due to environmental
constraints and safety considerations, cameras were positioned on both sides of the track for land-based testing, whereas for ice-based testing
cameras were placed on the left side of the track. A 50-m straight section of a standard athletic track was selected as the land-based push test
site. The first 30 m were designated as the push zone, and the remaining 20 m (30—50 m) served as a deceleration buffer safety zone. The
camera capture area was established at approximately 20 m from the start line, with the field of view covering at least one complete stride cycle
of the push. The start phase was defined within this capture area. The acceleration phase began 5 m from the start point, and the high-velocity
phase began 20 m from the start point. Video recordings were obtained separately for each phase (start, acceleration, and high-velocity) of the
push technique. The coordinate system was defined with the X-axis aligned with the pushing direction, the Y-axis horizontal to the left of the
athlete, and the Z-axis vertical (Fig. 1). For land-based pushing, a simple practice sled used by the national team was employed, with a total load
of 100 kg. For ice-based testing, a competition-specification four-man bobsleigh with a mass of 220 kg was used (Fig. 2).

Test Protocol

Prior to formal testing, all participants completed a full warm-up and the necessary preparatory procedures. After each land-based push trial,
athletes returned to the designated start position and awaited the next trial. For ice-based testing, athletes changed into sliding suits and spiked
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ice shoes before the test commenced. Push times were recorded using the track timing system. Athletes performed maximal-effort pushes
from their respective positions and transitioned into the glide phase; video recording continued until the sled had completely left the camera
field of view.

Data Processing

For analysis of the start, acceleration, and high-velocity phases, one complete stride cycle was selected from the push start, at 5m, and at 20 m,
respectively. A complete stride cycle consisted of the stance and swing phases of the same leg. Within the swing phase, the period from toe-off
to the instant when the knee reached its highest position was defined as the initial swing phase; the period from the highest knee position to
foot-strike was defined as the terminal swing phase. Kinematic data of the push technique were processed using Fastmove 3D Motion software
(RuiDong Technology, Dalian, China). Video sequences were automatically digitised based on the artificial-intelligence joint-recognition function,
followed by manual correction. The data were smoothed with a fourth-order Butterworth low-pass filter (cut-off frequency 10 Hz).
Three-dimensional coordinates were reconstructed using the DLT (direct linear transformation) method, yielding kinematic parameters for the
start, acceleration, and high-velocity phases of pushing. Given the limited sample size, Bayesian independent-samples tests were employed to
assess between-condition differences. A Bayes factor (BF10) greater than 3 was interpreted as moderate evidence in favour of the alternative
hypothesis[28], and a 95% credible interval for the posterior mean difference not containing zero was taken as further support for consistency in
the direction of the difference.

Results

Comparison of Spatiotemporal Gait Parameters Between Land-Based and
Ice-Based Pushing
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Table 1
Gait Cycle Spatiotemporal Parameters: Land vs. Ice Comparison by Position and Phase in Bobsleigh Push (X + S)

Stride Step Stride Double Single Swing Flight
length (m) Ereq)uency duration (s) ?u)pport time ?u)pport time  time time
Hz 5 S
(s) (s)
Pilot Strat land  1.501+ 1.417 £ 1.413 + 0.853 ¢ 0.230+0.012 0.334%+ 0.092 +
0.031 0.071* 0.071* 0.062* 0.006* 0.012
ice 1.446 + 1.992+0.035 1.005% 0.486+0.074 0.229+0.035 0.290+ 0.065 +
0.183 0.018 0.021 0.021
Acceleration land 2.144 % 3.84+0.083 0.521 + —— 0.173+0.014 0.348+ 0.188 +
0.185 0.011* 0.027 0.029*
ice 2.048 £ 4.035+0.138 0.496 ¢+ — 0.188+0.012 0.309 0.121 ¢
0.040 0.017 0.029 0.023
High- land 2.838% 3.868 £ 0.517 ¢ - 0.14+0.003* 0.377% 0.236
velocity 0.091 0.000* 0.000* 0.003* 0.002*
ice 2774+ 4.594+0.097 0.436% — 0.125+0.006 0.311% 0.190 £
0.023 0.009 0.015 0.021
Pusher Strat land 1.606+ 1.259 ¢ 1.603 = 1.007 £ 0.263 £ 0.332¢ 0.051 %
0.259 0.130* 0.171* 0.190* 0.015*% 0.038 0.045
ice 1.743 £ 1.875+0.108 1.069% 0.583+0.052 0.188+0.026 0.299+ 0.047 +
0.081 0.059 0.012 0.015
Acceleration land 2.268 % 3.669+0.092 0.545+ —— 0.210+0.015 0.337+ 0.144 +
0.090 0.013 0.012 0.021
ice 2292 + 3.845+0.518 0.525% —— 0.206+0.033 0.317% 0.136
0.173 0.071 0.041 0.026
High- land 2.852% 3.978+0.202 0.504 — 0.150 £ 0.355¢ 0.213 ¢
velocity 0.146 0.025 0.013* 0.017 0.013
ice 3.081 ¢ 4279+0.349 0.469¢ - 0.117+0.000 0.352% 0.240 £
0.171 0.038 0.038 0.026
Brakeman  Strat land 1.619% 1.297 1.556 1.029+0.165 0.175+0.034 0.352% 0.077 £
0.152 0.134* 0.167 0.024* 0.026*
ice 1.456 1.681+0.369 1.529% 1.023+0.140 0.212+0.030 0.294% 0.039 ¢
0.129 0.121 0.017 0.004
Acceleration land 2.272% 3.758+0.143 0.533% —— 0.190+0.014 0.344%+ 0.162 +
0.045* 0.020 0.015 0.016
ice 2115+ 3.69+0.000 0.542 + —— 0.209+0.018 0.334+ 0.167 +
0.176 0.000 0.018 0.029
High- land 2.869 + 3.936+0.248 0.510% —— 0.138+0.012 0.372t 0.235+
velocity 0.111* 0.034 0.024 0.019
ice 3.115+ 4211+0.050 0.475% — 0.132+0.015 0.344 0.221 ¢
0.021 0.006 0.008 0.018

Note. * indicates BF10 > 3 and the credible interval excludes zero. Same notation is used in subsequent tables.

Spatiotemporal gait parameters showed systematic differences between land-based and ice-based pushing across positions and phases

(Table 1). Overall, compared with ice-based pushing, land-based pushing exhibited longer stride duration, longer stance time, longer swing time,
and lower step frequency, with these characteristics being more pronounced at the pilot and pusher positions. Statistical results indicated that
during the start phase, land-based pushing showed lower step frequency, longer stride duration, and longer swing time than ice-based pushing
across all positions. During the high-velocity phase, the brakeman position showed shorter stride length in land-based than in ice-based pushing,
while the pilot and pusher positions showed longer stance time and longer swing time in land-based pushing. In the remaining comparisons,
although no statistically significant differences were observed, the data still suggested a trend of separation between land-based and ice-based
conditions, with land-based pushing generally showing longer durations and lower frequency for most parameters compared with ice-based
pushing.
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Comparison of Centre of Mass Displacement Parameters Between Land-Based and Ice-Based
Pushing
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Table 2

Comparison of Vertical and Horizontal COM Displacement Parameter(s by P(;Sition and Phase between Land-Based and Ice-Based Bobsleigh
Push (IX+S

Vertical COM Horizontal COM
Maximum Mean Displacement  Mean Mean Maximum  Maximum
displacement displacement amplitude velocity  acceleration  velocity acceleration
(m/s) (m/s?) (m/s) (m/s?)
pilot start land 0.405+0.012 0.362+0.010 0.081+0.004 1.243 2.043 + 3.050 8.882+
+ 0.006* 0.053* 0.224
0.027*
ice 0.395+0.013 0.354+0.001 0.085+0.024 1.820 3.074 + 3.403 + 10.441 +
+0.134 0.239 0.042 2.441
Acceleration land 0.418+0.0172 0.408+0.009 0.022+ 4.486 -0.341 + 4.747 + 13.119 +
0.003* + 0.767* 0.243* 4.785
0.172*
ice 0.403+0.018 0.387+0.016 0.030+0.003  3.891 1419+ 4325+ 7.817
+0.065 0.148 0.177 0.419
High- land 0.442+0.001 0431+ 0.021+0.002 5.661 -2.521¢+ 6.541 % 18.234 +
velocity 0.000* + 0.169* 0.437 4.653
0.194*
ice 0.434+0.010 0.423+0.004 0.023%0.01 6.687 -0.730 + 6.810 13.224 +
+0.019 1.198 0.015 1.46
pusher start land 0.414+ 0.343+0.010 0.154 % 1.310 1.436 2.703 + 7.47 +
0.036* 0.051* + 0.302* 0.141* 0.712*
0.263*
ice 0.373+0.014 0.331+0.016 0.088+0.005 1.734 3.305¢+ 3.661+ 9.944 +
+0.177 0.220 0.286 1.398
Acceleration land  0.406 + 0.387 + 0.035+0.011  4.030 -0.497 + 4.471 + 18.769 +
0.005* 0.007* + 0.889 0.120* 7.436
0.137*
ice 0.390+0.000 0.368+0.006 0.035+0.009 4.332 0.889 + 4.799 + 12.992 +
+0.112  0.611 0.139 8.717
High- land 0.446+0.020 0.424+0.005 0.041+0.027 5.483 0.315+ 5872t 23.993
velocity + 1.543* 0.076* 10.97
0.196*
ice 0.432+0.000 0.417+0.003 0.026+0.006 7.353 -7.955+ 7.353 + 23.209
+0.120 2.333 0.120 15.767
brakeman  start land  0.400+ 0.356 + 0.108 + 1.044 1.705+ 2.819+ 9.824 +
0.016* 0.009* 0.023* +0.095 0.166* 0.101* 2.485
ice 0.376 +0.009 0.344+0.004 0.070x0.014 1.044 2.050 + 3.294 + 13.397 +
+0.096 0.151 0.133 3.709
Acceleration land 0.410+0.012 0.397+0.014 0.027+0.005 4.284 0.127 + 5715+ 18.987 +
+0.151  1.579 2.348 2.681*
ice 0.406+0.011 0.390+0.012 0.033+0.002 4.003 1916+ 4.756 + 12.846 +
+0.371 1.007 0.004 5.156
High- land 0.440+ 0.428 + 0.028 + 5.666 0.316 6.089 + 21.977+
velocity 0.003* 0.003* 0.004* + 2.233* 0.384* 16.237
0.249*
ice 0.414+0.007 0.394+0.011 0.039x0.011 7.271 -5.452 + 7.270 + 29.979+
+0.072 2.306 0.072 2.3627

Note. COM: centre of mass. Vertical centre of mass displacement data were normalized by stature: normalized value = raw value / stature.
Mean velocity and mean acceleration values were calculated over the entire stride cycle for each phase.

Overall, compared with ice-based pushing, land-based pushing exhibited a trend of greater vertical centre of mass (COM) displacement and
lower horizontal velocity and acceleration(Table 2). For vertical COM displacement, the pusher and brakeman positions showed greater
maximum displacement, mean displacement, and amplitude in land-based pushing during the start and acceleration phases for most
comparisons; the pilot position showed greater mean displacement in land-based pushing during the high-velocity phase but smaller amplitude
during the acceleration phase. For horizontal COM displacement, land-based pushing showed significantly lower mean and maximum velocities
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than ice-based pushing at the pusher position across all phases, at the brakeman position during the start and high-velocity phases, and at the
pilot position during the acceleration and high-velocity phases. Land-based mean acceleration was also generally lower across most phases and
positions, except that the brakeman position showed greater maximum velocity during the acceleration phase in land-based pushing.

The temporal changes in vertical centre of mass (COM) displacement during land-based and ice-based pushing are shown in Fig. 3 (Fig. 3).
Overall, compared with ice-based pushing, land-based pushing showed greater vertical oscillation and higher peaks during the stance phase
across all positions in the start and acceleration phases, whereas ice-based pushing exhibited a smoother trajectory. During the high-velocity
phase, the vertical COM displacement patterns for the pilot and brakeman positions tended to converge between land-based and ice-based
conditions, although the brakeman position showed a relatively large discrepancy in the displacement curve. For the pusher position, land-based
pushing showed markedly higher COM displacement during the terminal swing phase compared with the flatter trajectory observed in ice-based
pushing. Across the acceleration and high-velocity phases, the overall trend of vertical COM displacement was similar between land-based and
ice-based pushing for all positions, but land-based values remained almost consistently higher than those on ice.

Discussion
Comparison of Spatiotemporal Gait Parameters
Start Phase

In the comparison of spatiotemporal gait parameters, the higher step frequency and shorter swing and flight times during the start phase may
be related to the harder and more slippery ice surface. This starting pattern may be more beneficial for maintaining stability on ice, thereby
allowing athletes to obtain ground reaction forces more effectively during pushing. Research on ice-surface running is limited; among similar
sports, only skeleton involves a similar ice-based push start. Although no comparative studies of spatiotemporal parameters between
land-based and ice-based skeleton pushing were identified, kinematic research on ice-based skeleton pushing has reported that higher-level
athletes adopt a relatively shorter step length and higher step frequency during the early acceleration phase[29].

The differences in spatiotemporal parameters across positions between land-based and ice-based starts indicate that the gait pattern during the
ice-based start is more compact, with more active leg swing and earlier ground contact, thereby shortening the entire stride cycle. The shorter
double support time also suggests a more active start pattern for the pilot and pusher positions on ice. These changes may be related to
adaptation to team coordination during the ice-based start. In land-based pushing, due to equipment limitations, only one athlete can train at a
time and the starting rhythm is self-controlled, whereas team pushing on ice requires faster starts and accelerations, forcing athletes to adjust
their starting rhythm to the group. The slightly shorter step length and higher step frequency on ice are also advantageous for accelerating the
heavy sled, and may be more energy-efficient to some extent. However, the shorter double support time may reduce some starting explosive
power and increase the risk of unstable centre-of-mass transfer, yet the shortened double support phase accelerates the turnover rate of the
movement cycle, resulting in a higher initial step frequency.

In sprint start research, it has been suggested that high-level athletes lift the swing leg more quickly, shortening flight time, which helps to direct
the ground reaction force more horizontally during the first stance and promotes earlier entry into the second propulsive phase[30][31].
Therefore, the shorter flight time during the ice-based start may allow the lower limbs to adopt a more horizontally-oriented push-off pattern
more rapidly. For the brakeman position, the longer single-support time on ice than on land suggests that the brakeman contributes propulsive
force with one leg for a longer duration during the start. A longer single-support time alone may reduce step frequency, but the subsequent
active swing and early ground contact after support termination compensate for this effect.

Acceleration Phase

During the acceleration phase, the push movement pattern begins to enter a regular ground-contact—-support—swing cycle. The more apparent

differences in spatiotemporal gait parameters were observed in the brakeman's step length, the pilot's stride duration, and the pilot's flight time.
However, closer inspection revealed a general trend across all positions in ice-based pushing compared with land-based pushing: smaller step

length, higher step frequency, shorter stride duration, longer stance time, and shorter swing and flight times.

During the acceleration phase on ice, the higher hardness of the ice surface generates greater ground reaction forces during the push run.
According to Newton's third law, and in the absence of other factors, a harder ice surface would theoretically produce ground reaction forces
equivalent to the athlete's push-off effort. However, the poor elastic deformation of ice may lead to excessive loading on the lower limbs from
these ground reaction forces, prompting the athlete to automatically adjust lower-limb stiffness to accommodate the forces and provide
self-protection[32]. At the same time, the harder ice surface prevents the lower limbs from utilising greater stretch-reflex and tendon elastic
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energy during impact absorption, as occurs in land-based pushing; instead, the "hard" and "slippery" surface favours a more concentric-dominant
contraction pattern. Furthermore, ice-based push athletes need to actively push downward to engage the spikes with the ice, generating
sustained horizontal propulsive forces, which contributes to the increased stance time. Studies on different surfaces have found that contact
time is longer on harder surfaces[12], although the body's active adjustments during locomotion on harder surfaces can partially reduce
differences in step frequency, stance time, and peak ground reaction forces compared with other surfaces[12].

The lower friction on ice requires athletes to actively "grip" the ice with their spikes. A shorter step length also facilitates spike penetration into
the ice without slipping or "scratching” the surface. At the same time, a shorter step length implies a larger ground contact angle, and an
appropriate ground contact angle can positively influence step frequency by affecting braking time[33]. Athletes more actively push the swing
leg downward to produce an active pawing action. A longer step length, by contrast, reduces the ground contact angle, increases braking forces,
and decreases horizontal velocity[34]. Therefore, during the acceleration phase, the relatively shorter step length in ice-based pushing may not
only facilitate "gripping" the ice but also help reduce horizontal braking forces on the harder ice surface—a finding also observed in the
acceleration phase of skeleton pushing[29]. The shorter swing and flight times reflect the athlete's active downward leg action after the swing in
ice-based pushing, while also increasing step frequency to compensate for any potential negative effects of the shorter step length.

High-Velocity Phase

Comparisons of parameters during the high-velocity phase revealed that ice-based pushing generally showed higher step frequency and shorter
phase durations across all positions, except for the pusher position, where both step length and flight time increased simultaneously. During the
high-velocity phase, apart from surface differences, the most substantial difference between land-based and ice-based pushing is the presence
of an approximately 12% downbhill gradient on the ice track during this phase[17], whereas land-based pushing remains on a level surface
throughout.

A systematic review of studies on graded running analysed spatiotemporal parameters under different speeds and gradients. Based on 15
included studies, the review concluded that significant differences in spatiotemporal parameters were primarily observed in uphill running[35]
[36][37], whereas changes in spatiotemporal parameters during downhill running showed no consistent pattern[18]. Nevertheless, individual
studies have reported that downhill running tends to increase stride length, decrease step frequency, reduce swing time, increase flight time, and
increase contact time as gradient decreases[21]. These findings collectively suggest that level and downhill running may differ in spatiotemporal
parameters, although the running speeds in these studies were limited[18].

In the present study, the primary gradient change occurs during the high-velocity phase. Unlike previous studies, during bobsleigh pushing the
sled accelerates under gravity, forcing athletes to adjust their running pattern to keep up with the sled and provide maximal additional
acceleration. This task-environment coupling may be the direct cause of the differences between land-based and ice-based pushing in the
high-velocity phase. Therefore, compared with the general trends reported in previous downhill running studies, ice-based pushing in the present
study showed an increased step frequency relative to land-based pushing, with the pusher and brakeman positions maintaining increased step
length, while stance time decreased across all positions and flight time tended to decrease.

Comparison of Centre of Mass Motion
Start Phase

During the start phase, the vertical and horizontal centre of mass (COM) displacement reflect the athlete's ability to generate forward velocity
rapidly. It is generally recognised that in sprint-type movements, the start should aim for greater horizontal COM displacement and as small a
vertical COM displacement as possible[38]. Horizontal displacement influences forward acceleration, while vertical displacement is negatively
associated with performance [39], and an optimal balance between the two is required for an economical and efficient starting technique[40].

Compared with land-based pushing, the pilot position showed no statistically significant differences in vertical parameters during the start, but
the vertical COM displacement during the stance phase on ice was noticeably smaller and smoother. Similarly, for the pusher and brakeman
positions, vertical COM displacement was smaller and smoother on ice, and for the brakeman, all indices were lower on ice than on land, with
the stance-phase vertical COM displacement being smaller on ice. These findings indicate that during the ice-based start, athletes across all
positions reduced vertical motion and directed more effort horizontally, thereby shortening start time and improving overall start efficiency.

Several factors may explain the differences in vertical COM displacement during the start between land-based and ice-based pushing. First,
land-based pushing is performed individually: during the start, the pilot and pusher athletes rely more on their body weight to overcome inertia,
generating a forward-tilting gravitational moment that converts some vertical gravitational potential energy into a horizontal component. This
results in greater vertical COM oscillations during the stance phase, as athletes attempt to use body-weight impact to reduce lower-limb
push-off loads. However, this is a relatively inefficient start strategy, leading to insufficient horizontal impulse, increased overall start time, and
energy waste. In actual competition, because the sled differs from the training sled, continuing to use a "dive" start would cause the upper body
to lean over the handle, increasing the downward force component, shortening the lower-limb moment arm, reducing forward propulsion,
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prolonging start time, and attenuating initial acceleration. Second, the handle height of the land-based training sled is higher than that of the
competition sled used on ice; therefore, during land training the handle height is greater, and the vertical COM displacement during the start
increases accordingly to maintain balance and optimal force-generating posture.

From the horizontal displacement indices during the start, the pilot and pusher positions generally showed greater horizontal COM displacement
values on ice than on land for most variables, which is consistent with the view that excessive vertical COM changes on land negatively affect
horizontal velocity. For the brakeman, the mean velocity was nearly identical between conditions, but the mean acceleration and maximum
velocity on ice were greater than on land, further indicating that smaller and smoother vertical COM displacement on ice still positively
contributes to horizontal velocity.

Acceleration Phase

During the acceleration phase, vertical COM displacement across all positions tended to stabilise. The pusher position showed smaller
maximum and mean vertical COM displacement on ice than on land, whereas the pilot position showed greater vertical amplitude on ice.
Although no statistically significant differences were observed for the remaining indices, overall vertical COM displacement on ice tended to be
smaller than on land. As the push enters the acceleration phase, the push pattern gradually becomes periodic and steady on both surfaces, with
the upper body posture largely fixed and the lower limbs alternating support and swing phases; thus, large differences in vertical COM
displacement between land and ice are not expected.

The greater vertical amplitude at the pilot position on ice during the acceleration phase indicates a gradual elevation of the COM, while
land-based pushing remained more stable; the pusher showed similar amplitudes on both surfaces, and the brakeman's larger amplitude on ice
also reflected a tendency for COM elevation. The gradual rise in COM during the acceleration phase is a natural consequence of movement, and
maintaining a stable vertical COM does not substantially affect horizontal velocity development.

For horizontal COM displacement, the pilot position showed significantly lower mean and maximum velocities on ice than on land, but higher
mean acceleration. At the pilot position in land-based pushing, a clear negative acceleration was observed at the beginning of the stance phase,
indicating a transient decrease in horizontal COM velocity, most likely due to notable braking forces upon ground contact. Classic sprint studies
have reported a mean braking force of - 153 + 67 N during the braking phase, with a ~ 4.8% + 2.9% decrease in horizontal COM velocity over a
duration of only 0.022 + 0.005 s[41]. In the present study, the decrease in horizontal COM velocity during the acceleration phase for the pilot on
land lasted approximately 5% of the stride cycle, about 0.026 s, which closely matches the literature values. Thus, it is plausible that the pilot
experienced substantial braking during this phase on land, affecting overall mean acceleration. On ice, no marked negative acceleration was
observed during the stance phase; only a slight reduction occurred, indicating a slower increase in horizontal velocity. Therefore, during the
ice-based acceleration phase, the pilot's horizontal COM velocity was affected at the start of stance, but to a lesser extent than on land.
Combined with the spatiotemporal gait parameters, the shorter step length on ice may be the primary factor reducing horizontal braking forces.

For the pusher and brakeman positions, the land-based mean acceleration may also be influenced by early-stance braking, but the pusher's
overall velocity on ice was greater and showed less fluctuation than on land. Although the brakeman and pilot showed stable velocity on ice,
both were lower than on land, suggesting that factors beyond braking—possibly other mechanical constraints—influence the acceleration phase
on ice, warranting further investigation.

High-Velocity Phase

During the high-velocity phase, vertical COM displacement became more stable across all positions. The pilot showed smaller mean vertical
COM displacement on ice than on land; the pusher showed no significant differences; and the brakeman showed smaller maximum and mean
displacement but greater amplitude on ice than on land. In this phase, the downhill gradient and the athletes' preparation for jumping onto the
sled also influence vertical COM displacement on ice. Studies on downhill running have reported that as gradient increases, runners tend to lean
backward[42], and the COM performs mainly negative work during downhill running[43]. Additionally, vertical COM displacement decreases in
downhill running, possibly to reduce impact forces and injury risk[44][45]. In the high-velocity phase of ice-based bobsleigh pushing, the pilot,
pusher, and brakeman all showed smaller vertical and mean COM displacements than on land, and the presence of the sled in front provides
support against downhill inertia, while the higher step frequency in this phase also helps maintain a relatively low COM.

For horizontal COM displacement, mean and maximum velocities on ice were greater than on land across all positions. Mean acceleration was
lower on ice than on land for all positions except the pilot, and maximum acceleration was greater on ice only for the brakeman. Overall, velocity
was higher on ice, but acceleration decay was greater for the pusher and brakeman during the high-velocity phase; the pilot also showed
acceleration decay but to a lesser extent than on land.

The primary cause of reduced mean acceleration appears to be the larger braking forces during the early stance phase on ice. Compared with
level and uphill running, downhill running impact forces increase with gradient[46], and peak braking force increases while peak propulsive force
decreases[35], which may lead to acceleration reduction during stance. The ice surface itself is harder than land; studies have shown that
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reducing surface hardness during downhill running can decrease the anterior-posterior ground reaction force by 56% [47], indirectly supporting
the notion that horizontal posterior ground reaction forces are higher during the stance phase on ice at high speed. However, the pilot showed
less horizontal acceleration decay at the beginning of stance on ice than on land, suggesting that despite various unfavourable conditions, the
pilot adjusted step length, step frequency, and flight time to minimise horizontal braking and vertical impact. Although braking magnitude was
reduced, the deceleration duration during stance was proportionally longer on ice (about 10% of the stride cycle) than on land (about 5%), which
also hindered velocity improvement.

For the pusher and brakeman, the lower mean acceleration was mainly due to a pronounced decrease in acceleration during the swing phase.
Overall acceleration profiles during the high-velocity phase showed that the pusher and brakeman could maintain velocity only during the stance
and early initial swing phases, after which acceleration began to decline continuously. Given the practical context of ice-based pushing at high
speed, this acceleration decay suggests a possible velocity mismatch between the athletes and the sled. Considering that the pilot and pusher
may prepare to jump onto the sled, it cannot be ruled out that unintentional backward pulling of the sled occurs, which would cause acceleration
to drop. However, this hypothesis requires more detailed measurements of forces and velocity changes of both the sled and the athletes to
confirm.

Previous research has suggested that the velocity during the bobsleigh push phase accumulates gradually, with acceleration generated entirely
by the athletes on the level section, and that the athletes' contribution to velocity decreases rapidly once the downhill section begins[48].
Therefore, if one team member experiences a speed mismatch, the overall push velocity of the team is affected. From the mean acceleration
data and practical observations, the pilot is already preparing to jump onto the sled during the high-velocity phase and may complete the jump
within the next stride cycle; this may lead to unintentional sled-pulling earlier in the high-velocity phase, contributing to the deceleration observed
in the pusher and brakeman. Alternatively, it is also possible that the pusher and brakeman begin to decelerate on their own during this phase.
Some evidence suggests that the brakeman may be the strongest pusher in the team[49], making it less likely that the brakeman would fail to
keep up with the sled immediately after the pilot mounts. However, because the present study did not measure sled velocity or acceleration, and
the complex cooperative effects in four-man pushing cannot be fully captured with a limited number of trials and simplified models, the
possibility that the brakeman exerts a backward pulling force on the sled during the high-velocity phase cannot be excluded.

Conclusions

Overall, ice-based pushing exhibited a spatiotemporal pattern characterised by higher step frequency, a more compact stride cycle, and more
stable centre-of-mass (COM) displacement. During the start and acceleration phases, the shorter step length and higher step frequency
represent a functional adaptation to the low-friction, high-hardness ice surface, facilitating stable ground reaction force application and rapid
sled acceleration on the slippery surface; team coordination also contributed to the observed differences. The shorter swing and flight times
reflected more active leg swing and downward pawing, which likely increased shoe-ice friction. The relatively longer stance time may be an
adaptive response to the greater ice hardness; the combined effect of longer stance time and shorter step length may support sustained
horizontal propulsive force production. During the high-velocity phase, the concurrent increases in step length and step frequency, together with
reductions in stance, swing, and flight times, arose from the combined demands of maintaining sled propulsion and accommodating the
downhill gradient; high neuromuscular control and coordination ensured stability during high-speed downhill pushing.

Land-based training for the start and acceleration phases may carry a risk of negative transfer to ice-based pushing. In the start phase,
land-based pushing showed greater vertical COM displacement and lower horizontal velocity, suggesting lower starting efficiency, possibly
related to differences in push-bar height between the training sled and the competition sled. In the acceleration phase, the pilot showed lower
horizontal acceleration in land-based pushing, most likely associated with higher braking forces at ground contact, whereas the shorter step
length on ice may have reduced braking. High-velocity phase training on land may fail to provide the sport-specific stimulus required for
ice-based pushing; the combination of downhill gradient and harder ice surface increases braking forces during stance, which appears to be an
important factor limiting horizontal COM velocity, and indirectly suggests that athletes may face difficulty in continuously matching sled velocity
during the high-speed downhill section.

Training Recommendations

During land-based push training, the start habits of the pilot and pusher positions—characterised by excessive vertical COM oscillation—should
be modified. Training should emphasise a horizontally-oriented push-off pattern to improve start efficiency, and the land-based start rhythm
should be accelerated to better match the ice-based start. Moderate increases in push load during the start and acceleration phases of
land-based training are recommended to enhance step frequency and propulsive force. Incorporation of overspeed running drills may reduce
acceleration decay and improve neuromuscular control at high velocities. Creating downhill conditions for land-based push training could help
establish training consistency between land and ice during the high-velocity phase. Additional lower-limb eccentric and plyometric training
should be implemented to prepare athletes for the high impact forces encountered during ice-based pushing, together with enhanced monitoring
and recovery strategies during ice-based training periods.
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Limitations and Future Directions

The study was limited to male national-team bobsleigh athletes, and the relatively small sample size warrants caution in generalising the
findings. Sled horizontal velocity was not measured or analysed, and lower-limb kinetic data were not collected during ice-based pushing due to
safety concerns; consequently, some observations could only be interpreted speculatively. The complex interplay between environmental and
task constraints during the high-velocity phase on ice further complicated the analysis, and the effects of surface and gradient on gait were not
quantitatively examined.

Future studies should recruit a larger number of eligible participants to verify the generalisability of the findings. Whenever technically feasible
and safe, lower-limb kinetic measurements during ice-based pushing should be incorporated, and additional testing modalities for the
high-velocity phase should be developed to enable deeper biomechanical characterisation of ice-based bobsleigh pushing.
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Figure 1

Schematic diagram of the test setup on land and ice track.

(a): Land push. The grey area indicates the capture zone. The arrow indicates the direction of pushing. The solid line represents the push track.
Line A marks the start position for the start phase; Line B marks the start position for the acceleration phase; Line C marks the start position for
the high-velocity phase. (b): Ice push. The 0 m line marks the start point for the ice-based push.

Figure 2

Schematic of the land and ice bobsleigh push setups
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Figure 3

Vertical COM displacement: land vs. ice across phases and positions.

a—c = stance, initial swing, and terminal swing phases of the stride cycle (land); a'-c' = same phases (ice).
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