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 42 
ABSTRACT 43 

Humans can learn to maintain upright posture across a range of scenarios. For 44 
instance, when stepping from shore onto a stand-up paddle (SUP) board, humans 45 
adapt to a dynamic support surface that can move through both external factors (i.e., 46 
imposed forces from water) and self-generated actions (i.e., forces and torques 47 
delivered through the feet). Consequently, the brain must accommodate for the unique 48 
mechanical relationships between the body, board and water to stabilize upright whole-49 
body posture. In the present study, we examined how humans balanced on a SUP 50 
board in water by analyzing whole-body kinematics of: (1) novices (to aquatic board 51 
sports) who trained to balance on the board, and (2) experienced participants who stood 52 
at different stance orientations and widths. When on the SUP board, novice and 53 
experienced participants exhibited body segment movements that were highly coupled 54 
to board motion as well as whole-body movement variability that increased compared to 55 
standing on land. During training, however, novice participants progressively reduced 56 
the movement variability of their upper body (head and torso) while allowing the board 57 
variability to increase. This was accompanied by a reduction in coupling (i.e., cross-58 
correlation) between the body and board movements. When experienced participants 59 
stood with the body facing the board’s width (i.e., surfer stance), whole-body 60 
movements were more variable as compared to when they faced the board’s length 61 
(i.e., SUP stance). Surprisingly, however, wider stance widths were associated with 62 
greater movement variability. Our study demonstrates how human movement behavior 63 
is adapted for balancing atop a SUP board.  64 

 65 

  66 
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INTRODUCTION 67 

The healthy human balance system can readily adapt to changing environments, 68 
ensuring stable and efficient postural control throughout daily life. During bipedal 69 
activities, the nervous system maintains upright posture by monitoring whole-body 70 
orientation and generating the appropriate motor actions needed to resist destabilizing 71 
forces (i.e., gravity, unexpected perturbations). When standing on solid, fixed surfaces, 72 
the brain maintains upright balance by generating muscle activity that ultimately results 73 
in reaction forces and torques through the interaction of the feet with the ground. The 74 
demands for the neural control of balance, however, become more complicated when 75 
standing on unstable surfaces. For instance, certain support surfaces, like those on 76 
trains or boats can translate and/or tilt due to external influences beyond our own 77 
control; however, they often provide a relatively stable platform against which we can 78 
produce balance-restoring forces. In contrast, unstable surfaces such as balance 79 
boards or sand, can move or change shape based on our own actions, such that 80 
maintaining standing balance requires the nervous system to calibrate its control to both 81 
the consequences of voluntary actions and the mechanical properties of the external 82 
environment. 83 

Aquatic board sports, like stand-up paddling, are activities that involve maintaining 84 
standing balance on a dynamic support surface that can move through both external 85 
influences (i.e., imposed forces from water movement) and self-generated actions (i.e., 86 
forces and torques delivered through the feet). The increased popularity in stand-up 87 
paddle (SUP) boarding over the last two decades has led to research into its effects on 88 
physiology1,2, injury epidemiology3,4 and paddling motion kinematics5. However, little is 89 
known about how our nervous system adapts postural control to the unique mechanical 90 
relationships between the body, board and water in combination with the unpredictable 91 
balance perturbations imposed by water movement. In the present study, we examined 92 
the postural behavior of humans when they balanced on a SUP board on water. Our 93 
aims were to (1) establish how individuals adjust whole-body movements through 94 
training and (2) determine how the asymmetric dynamics of a SUP board influences 95 
postural behavior when standing at different stance orientations and stance widths. 96 

When a novice first steps onto a SUP board, they must quickly familiarize to the novel 97 
task dynamics to minimize postural instability and the risk of falling. What changes in 98 
movement behavior can be expected as novices learn to balance on the board? Since 99 
the support surface (i.e., board) is susceptible to unpredictable perturbations (from 100 
dynamic water movement), the sensory cues provided by lower limb somatosensors are 101 
prone to greater variability (or noise) relative to standing on a fixed support surface. 102 
Consequently, the nervous system may compensate by dampening upper body 103 
movement to minimize noise from other sensory channels, such as the visual and 104 
vestibular sensory systems. Indeed, when standing on alternative unstable support 105 
surfaces, such as externally perturbed oscillating platforms or balance boards, humans 106 
have been observed to limit body segment motion in a descending organization with 107 
head movements preferentially minimized, followed by the torso, and lower body6-9. 108 
Therefore, we first hypothesized that through learning to stand on the SUP board, 109 
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humans will minimize upper movement variability (i.e., head and torso) relative to lower 110 
body movements (i.e., pelvis).  111 

We further questioned if and how the relationship between board and body motion (i.e., 112 
coupling) would change through learning the dynamic balance task. As participants 113 
balance for prolonged periods on the SUP board, they will gain experience with (1) the 114 
stability of the board and its effects on upright posture, and (2) the manner in which self-115 
generated balance actions influence both the board and body motion. If the balance 116 
system equally prioritizes stabilizing the control of both the board and body, their 117 
kinematic coupling will be maintained or even increased during training. Alternatively, 118 
the balance system may prioritize the upright body over board stability, and 119 
consequently decrease board-body coupling with training. Irrespective of coupling 120 
between the board and body, we further expected that the coupling between body 121 
joint/segment angular movements would be enhanced when balancing on the SUP 122 
board relative to standing on land. This is because when standing on moving platforms, 123 
humans increase coupling (i.e., cross-correlation) between upper and lower body 124 
angular movements (i.e., stiffening of multi-segment linked bodies), potentially as a 125 
mechanism to generate the large forces and torques needed to stabilize the body7,8,10,11.  126 

Another important consideration for balancing on dynamic support surfaces is the 127 
influence of standing configuration (stance orientation and width) on whole-body 128 
behavior. Most often, paddlers adopt a “SUP stance” position to generate thrust in the 129 
water with a hand-held paddle, with the feet and body pointed along the board’s length 130 
(i.e., the long axis). Paddlers can switch to a “surfer stance” position, with the feet and 131 
body facing the board’s width (i.e., the short axis) when catching and riding a wave. 132 
Because of the board’s asymmetric dimensions, balancing motor actions will have 133 
differing consequences on body and board movement at these different standing 134 
orientations. For instance, balancing forces and torques applied to the board are 135 
expected to have a greater influence on the board’s roll as opposed to the board’s pitch. 136 
Given that anteroposterior whole-body motion is typically more variable than 137 
mediolateral motion when standing on land12-14, we expected that standing in a surfer 138 
stance on the SUP board (body anteroposterior direction facing the board’s width) will 139 
result in a more variable postural behavior. Furthermore, changes in stance width are 140 
expected to influence board and whole-body movement behavior because increasing 141 
stance width (1) widens the base of the support, (2) increases coupling between hip and 142 
ankle joint movements, and (3) increases hip leverage allowing for greater torque 143 
generation delivered at the feet12,15,16. Consequently, we hypothesized that participants 144 
would reduce movement variability and increase mediolateral kinematic coupling when 145 
standing at wider stance widths on the SUP board. 146 

   147 
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MATERIALS AND METHODS 148 

Participants 149 

A total of 17 healthy adult participants (9 females, 8 males; age: 26.2 ± 6.4, weight: 71.7 150 
± 11.2 kg, height: 173.9 ± 9.7 cm; mean ± standard deviation) with no known history of 151 
neurological and/or balance deficits participated in these experiments. Participants in 152 
Experiment 2 (learning to balance on a stand-up paddle board) had no prior experience 153 
in aquatic board sports (e.g., stand-up paddling, surfing, kiteboarding). Participants in 154 
Experiment 3 all had prior experience with recreational stand-up paddling and/or 155 
surfing. For all experiments, the protocol was verbally explained before the experiment 156 
and written informed consent was obtained. The experiments were approved by the 157 
Human Ethics Committee at the University of Otago and conformed to the Declaration 158 
of Helsinki with exception of registration to a database. 159 

Experimental set-up and design 160 

Three experiments were conducted to study whole-body postural behavior while 161 
standing on solid ground and while standing on a stand-up paddle board floating on 162 
calm or rough water (see Figure 1). In Experiment 1, we characterized quiet standing 163 
behavior on solid ground (laboratory floor) at different stance widths. The aim of this 164 
experiment was to provide reference data of postural behavior of standing on land for 165 
comparison to behavior when standing on a SUP board in water. In Experiments 2 and 166 
3, we examined postural behavior from the dynamic balance task of standing on a 167 
stand-up paddle board in a water environment. The aim of Experiment 2 was to 168 
determine how whole-body behavior changes as novices learn to balance on the SUP 169 
board. The aim of Experiment 3 was to determine how postural behavior is influenced 170 
by different standing orientations (stance angle relative to the board and stance width). 171 
In Experiments 2 and 3, participants stood on a stand-up paddle board placed in a 172 
swimming flume (SteamLiNZ, Invercargill, New Zealand). The flume is a 10-m long × 173 
2.5-m wide channel through which the flow of water can be manipulated by three 174 
engines which drive turbines.  175 

In all experiments, whole-body kinematics were measured using a Vicon three-176 
dimensional motion tracking system (Oxford Metrics, Oxford, UK), composed of ten 177 
infrared cameras surrounding the participant. Reflective hemispherical markers (14 cm 178 
in diameter) were placed on different landmarks of the body to track 3D positional 179 
information. In Experiment 1 (standing on solid ground), adhesive markers were placed 180 
in accordance with the full-body plug-in-gait marker set (Oxford Metrics, Oxford, UK). 181 
Four markers were placed on the head (via Vicon head band with markers). Seven 182 
markers were placed on the torso at the C7 vertebral spinous process, T10 vertebral 183 
spinous process, sternal notch, xiphoid process of sternum, middle of the right scapula, 184 
and the acromion of each scapula. Five markers were also placed on each arm at the 185 
middle of upper arm, lateral epicondyle of the humerus, middle of the forearm, styloid 186 
process of the radius and ulna (wrist markers) and the dorsum of the hand. Four 187 
markers were placed on the pelvis, at both left and right anterior superior and posterior 188 
superior iliac spines. Four markers were placed on each leg at the thigh, lateral 189 
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epicondyle of the femur (knee joint marker) and shank of tibia and lateral malleolus of 190 
the fibula (ankle joint marker). Finally, two markers were placed on each foot at the 191 
second metatarsal head and on the calcaneous (heel). Experiments 2 and 3 used the 192 
same marker set with additional tracking markers added to the lower body. Four 193 
markers were added to each leg at the thigh, medial epicondyle of the femur (knee 194 
joint), shank of the tibia and medial malleolus of the fibula (ankle joint). Two markers 195 
were also added for each foot at the level of the metatarsals on the medial and lateral 196 
sides. In addition to body markers, six markers were placed on the stand-up paddle 197 
board to track its position (see Figure 1 and Experimental procedure). In all 198 
experiments, the lab coordinate system (XYZ) was set using stationary markers in the 199 
testing environment. In Experiments 2 and 3, the width of the board was aligned with X-200 
direction of the coordinate system and the length of board was aligned with Y-direction. 201 
Kinematic data was sampled at 200 Hz in all experiments.  202 

 203 

FIGURE 1. Experimental setup and example data. (A) Experiment 1 involved a group of 204 
participants (n = 8) standing quietly on land. Two of these volunteers participated in Experiment 205 
2 and six participated in Experiment 3. Experiment 2 involved a group of novice (i.e., no 206 
previous experience in aquatic board sports) participants (n = 9) training for 30 minutes to stand 207 
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on a SUP board in calm and rough water flow conditions. Novice participants stood in a SUP 208 
stance in a 32 cm stance width for all trials. Experiment 3 involved a group of experienced (i.e., 209 
familiar with aquatic board sports) participants (n = 8) standing on the SUP board in different 210 
standing configurations during rough water flow conditions. Experienced participants balanced 211 
while standing at different stance orientations (0° SUP stance and 90° surfer stance) and widths 212 
(16, 32 and 48 cm). Illustrations depict the lab and body coordinate systems for each 213 
experiment. (B) Photo of participant standing on SUP board with reflective markers attached in 214 
the rough water condition. (C) Representative data of a participant in Experiment 2 balancing in 215 
the pre-training (calm water), training (rough water) and post-training (calm water) conditions. 216 
Data are raw traces of translational velocity of different body segments and the board in the X 217 
direction.  218 

Experimental procedure 219 

Standing on land 220 

We first conducted a baseline experiment (Experiment 1) to characterize whole-body 221 
postural behavior while participants (n = 8) stood on a solid stationary surface. 222 
Participants performed two five-minute quiet standing trials with their eyes open. Trials 223 
were conducted with participants standing at two different stance widths: 16cm and 224 
32cm (measured distance between the medial borders of the feet). Trials were 225 
randomly ordered across participants. Participants were instructed to look straight 226 
ahead with their hands by their sides and stand relaxed. Two of these volunteers 227 
participated in Experiment 2 and six participated in Experiment 3.  228 

Stand-up paddle board experiments 229 

In Experiments 2 and 3, we were interested in characterizing whole-body postural 230 
behavior while participants stood on a stand-up paddle board in the water. We tested 231 
SUP postural behavior in both a baseline condition with calm (i.e., laminar) water flow 232 
and a condition similar to open water environments (i.e., rivers and oceans), where the 233 
water flow is rough (i.e., turbulent) and causes unpredictable board movements. To 234 
create a calm water flow condition, all three flume engines were engaged which results 235 
in a laminar flow of water with relatively little turbulence once a constant speed is 236 
reached. To create a rough water flow condition, we disengaged the middle engine 237 
which left the two lateral engines operating to produce turbulent water flow. During all 238 
trials, the flume operated with a water flow speed set to ~2.0 m/s.  239 

The SUP board was placed in the flume and tethered at its nose to the side walls of the 240 
flume using bungee cords. These restraints prevented the board from drifting to the 241 
back of the flume and allowed it to remain in a relatively consistent lateral position while 242 
water flowed through the flume. The board was 3 m in length and 0.85 m in width 243 
(measured at its widest point). Six reflective markers were placed on the board to track 244 
its motion during the experiments. The markers were placed to encircle the location the 245 
participants stood on. One marker was ~0.5 m anterior to the participant, one marker 246 
was ~0.5 m posterior to participant, two markers were ~0.3 m left of the participant and 247 
two markers ~0.3 m right of the participant. Tape markings were placed on the board to 248 
indicate stance positions for participants at the two standing orientations: 0° (feet 249 
oriented along the length of the board) and 90° (feet oriented along the width of the 250 
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board). Markings were also placed at three stance widths (16 cm, 32 cm, 48 cm) for 251 
these two angles.  252 

Depending on the experiment and condition (see below), participants were instructed to 253 
stand on the board at a defined stance orientation and width. They were asked to not 254 
shift their foot position during the trials but were permitted to move other parts of their 255 
body (i.e., tilt at the hips and torso, raise arms) to maintain balance. Safety foam was 256 
placed on the walls of the flume to protect the participant in case of a slip when getting 257 
on and off the board. A safety rope with a ring hand-holder was suspended from the 258 
ceiling. The rope was in reaching distance when the participants stood on the board, 259 
such that they could use it for external support between trials and during trials if they felt 260 
unstable. Participants were asked to only grab the safety rope during a recording trial if 261 
they felt extra support was needed to prevent them from falling, but this never occurred 262 
in any of the trials. To characterize how the SUP board moved in the flume in absence 263 
of any human control, we placed 70 kg of weights on the center of the board (where 264 
participants stood during balance trials) and recorded the motion of the board while the 265 
flume was running (for both calm water and turbulent water conditions). We present 266 
data from these board-only trials in Experiment 3 results. 267 

In Experiment 2, novice participants (n = 9) stood on the SUP board in the flume in a 268 
traditional stand-up paddle posture (0°, body anteroposterior direction facing the length 269 
of the board) with a stance width of 32 cm. Trials were performed with the eyes open 270 
and participants were instructed to remain upright while standing on the SUP board. 271 
Participants first performed a pre-training trial, where they stood on the SUP board 272 
under calm water conditions (i.e., ~2.0 m/s with three flume engines engaged) for two 273 
minutes. Six five-minute training trials were then performed with participants balancing 274 
on the SUP board under rough water conditions (~2.0 m/s with two flume engines 275 
engaged), providing thirty total minutes of training. After every two training trials, 276 
participants stepped off the board and sat in a chair for a five-minute break. Once the 277 
six training trials were completed, participants performed a post-training trial that was 278 
identical to the pre-training trial (i.e., two minutes in calm water condition). After the 279 
experiment was completed, we conducted a short debrief session to obtain qualitative 280 
information regarding their experience balancing on the SUP board. First, we asked 281 
participants to describe their experience (i.e., how stable or unstable did you feel?) 282 
when performing the first trials on the stand-up paddle board, both in calm and rough 283 
water conditions. We then asked them to describe if they perceived changes in their 284 
behavior and confidence as they trained to balance in the rough water conditions.  285 

In Experiment 3, six trials were conducted while experienced participants (n = 8) stood 286 
on the SUP board at two different stance orientations (0° and 90°) and three different 287 
stance widths (16, 32 and 48cm). Trials were randomly ordered across participants. At a 288 
standing orientation of 0°, the feet were parallel with the length of the board (i.e., 289 
traditional posture when paddling a stand-up paddle board as in Experiment 2), and at 290 
90°, the feet were perpendicular with the length of the board (similar to a surfer stance). 291 
In board sports, people have different preferences with which foot goes to the front of 292 
the board and which goes behind when the body is facing perpendicular to the board’s 293 
length. Some individuals prefer having the right foot behind and left foot in front (known 294 



Manuscript 
 

9 
 

as regular foot stance) while others prefer the reverse (known as goofy foot stance). 295 
Here, participants were permitted to adopt whichever stance was most comfortable but 296 
had to use this stance for all 90° trials. Five participants stood with a regular stance and 297 
the other three stood in a goofy stance. Each trial lasted five minutes with participants 298 
balancing on the SUP board under rough water conditions. Participants kept their eyes 299 
open and were asked to maintain a stable standing posture on the board. They were 300 
instructed to direct their head in the direction that their body was oriented but were 301 
permitted to intermittently turn their head if they wanted to view the nose of the board 302 
during the trial.  303 

Data analysis  304 

The 3D positions of the reflective markers were reconstructed offline using VICON 305 
processing software (VICON Nexus 2.9, Oxford Metrics, Oxford, UK). Missing data 306 
points (marker gaps) were interpolated using built-in Nexus functions. The 3D 307 
coordinates of markers were then exported for further analyses. Additional data analysis 308 
was performed using custom-designed routines on Matlab software (2022a version, 309 
Mathworks, Natick, MA, USA). To calculate body joint/segment angles, we used built-in 310 
Nexus functions. 311 

Translational movement variability 312 

Whole-body postural behavior in all experiments was characterized using exported 313 
marker trajectories. We first estimated translational motion (position and velocity) of the 314 
head, torso, pelvis and board. Marker position trajectories were low-pass filtered at 10 315 
Hz. Head position was estimated by averaging the coordinates of the four head 316 
markers, torso position was estimated from averaging the coordinates from the C7 and 317 
sternal notch markers, pelvis position was estimated by averaging the coordinates from 318 
the four pelvis markers, and board position was estimated by averaging the coordinates 319 
from six board markers. Translational velocity was calculated by taking the time 320 
derivative of these head, torso, pelvis and board positions. We then calculated three 321 
kinematic variables using each of these time-varying segment translational velocity 322 
signals. The mean of the resultant XYZ velocities (i.e., speed) provided a metric of body 323 
movement magnitude independent of direction12. In addition, we calculated the 324 
variability of motion for each segment as the standard deviation of the translational 325 
velocity in the X- and Y-directions. For these measures, we refer to motion in the global 326 
(i.e., lab) coordinate system (X and Y), but we also describe movement in relation to the 327 
standing body direction (i.e., mediolateral or anteroposterior). Note that because the 328 
board can partially rotate relative to the global coordinate system, translational 329 
movements in the global coordinate system are not always purely mediolateral or 330 
anteroposterior with respect to the body.  331 

In Experiment 1 (land) and Experiment 3 (SUP standing orientations), we calculated 332 
these mean speed and velocity SD measures over the entire trial (300 s). In pre- and 333 
post-training trials of Experiment 2 (SUP balance learning), we computed these 334 
measures over the entire 120 s trials. For the training trials of Experiment 2, we 335 
segmented the data into 1-minute intervals to provide a minute-by-minute tracking of 336 
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postural behavior (i.e., mean speed and mean velocity SD) over the training period 337 
(total training time of 30 minutes).  338 

Cross-correlation of board and body segments  339 

We were interested in the level of coupling between the motion of the board and body, 340 
and how this coupling may be influenced by (1) training and (2) standing orientation. 341 
Therefore, we assessed the cross-correlation between the translational position of the 342 
board and different body segments (pelvis, torso and head). We used a Fourier-based 343 
analysis to estimate cross-correlations. For each trial of interest, data were cut into 344 
segments of 2048 data points (~10 seconds) providing a frequency resolution of ~0.098 345 
Hz. For a given board-body segment pair (e.g., board-pelvis), the cross-spectra 346 
between segment positions were computed. Cross-correlations were then calculated by 347 
taking the inverse Fourier transform of the cross-spectra and normalizing it by the 348 
product of vector norms of the two signals (e.g., ankle and hip)17. This bounds the 349 
correlation estimate between -1 and 1, where -1 indicates a perfect negative correlation, 350 
1 indicates a perfect positive correlation, and 0 indicates no correlation. To assess the 351 
level of coupling between board and body movements (independent of one segment 352 
leading the other in phase) we used the absolute value of cross-correlation estimates. 353 
Cross-correlations analyses were performed for board-pelvis, board-torso and board-354 
head segment variables in both the X- and Y-directions. For Experiment 2, board-body 355 
segment cross-correlations were calculated using the entire trial length, including the 356 
pre- and post-training trials (120 s each) as well as the six training trials (300 s each). 357 
Similarly, Experiment 3 board-body segment cross-correlations were calculated using 358 
the full 300 s trials. 359 

Joint and segment angle cross-correlations  360 

Additionally, we were interested in how the coordination of body movements (i.e., 361 
coupling between joint and segment angular positions) differed from standing on land to 362 
balancing on the SUP board, and between different balance trials on the SUP. 363 
Therefore, in all experiments, we calculated angular kinematics throughout the upright 364 
body, including the ankle joints, knee joints, hip joints, torso segment and head segment 365 
angles using built-in routines in VICON software (Nexus 2.9, Oxford Metrics, Oxford, 366 
UK). All joint and segment definitions are described in Table 1. Using these angular 367 
position signals, cross-correlations were calculated between select pairs of signals (see 368 
below) in the pre- and post-training trials (120 s) as well as the first and final training 369 
trials (300 s). Angular position cross-correlations were computed using the same 370 
Fourier-based analysis as described for board-body segment cross-correlations. 371 

Table 1: Definitions of estimated body joint and board angles 372 
Body joint angle label Definition 
Ankle anteroposterior Ankle dorsiflexion/plantarflexion 
Ankle mediolateral Ankle inversion/eversion 
Knee anteroposterior Knee flexion/extension 
Knee mediolateral Knee adduction/abduction 
Hip anteroposterior Hip flexion/extension 
Hip mediolateral Hip adduction/abduction 
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Segment angle label  Definition 
X pelvis  Pelvis tilt in X-direction calculated about the 

laboratory transverse axis 
Y pelvis  Pelvis tilt in Y-direction calculated about the 

laboratory transverse axis 
X torso Torso tilt in X-direction calculated about the 

laboratory transverse axis 
Y torso Torso tilt in Y-direction calculated about the 

laboratory transverse axis  
X head Head tilt in X-direction calculated about the 

laboratory transverse axis 
Y head Head tilt in Y-direction calculated about the 

laboratory transverse axis 
 373 

Statistical analyses 374 

The effects of stance width on body movements and joint motion couplings while 375 
standing quietly on land have been reported elsewhere12,18-22. Here, we were interested 376 
in using data from Experiment 1 (standing on land) to compare with data from 377 
Experiment 2 and 3 (standing on SUP board). Therefore, for selected variables, we 378 
performed pairwise comparisons (i.e., two-tailed t-tests) to assess whether postural 379 
behavior from standing on land differed to standing on the SUP board while controlling 380 
for stance width. When comparing land trials to calm water trials (i.e., pre- and post-381 
training in Experiment 2), we used the first 120 seconds of land trial data so that it was 382 
of equal length as the calm water trials. On the other hand, because land trials and 383 
rough water trials (from Experiments 2 and 3) were both 300 seconds in length, we 384 
used the entire length of the trials for these comparisons.  385 

Statistical tests were also performed to assess the effect of training in Experiment 2 and 386 
the effects of stance orientation and stance width in Experiment 3. For Experiment 2, we 387 
used two-tailed paired t-tests to compare how body segment motion (mean speed, 388 
mediolateral velocity SD, anteroposterior velocity SD) changed from pre- to post-training 389 
in calm water conditions. We further investigated how board and body motion changed 390 
in rough water training by using two-tailed paired t-tests to compare the first minute of 391 
training to the final (30th) minute of training. To evaluate how board-body segment 392 
coupling changed from pre- to post-training, we compared cross-correlations using 393 
paired t-tests. We further used paired t-tests to compare board-body segment cross 394 
correlations from the first to the last training trial. If data was not normally distributed 395 
(tested using a Shapiro-Wilk test), pairwise comparisons were made using Wilcoxon 396 
signed-rank tests. In Experiment 3, we ran two-way repeated measures ANOVA’s 397 
(independent variables: stance orientation × stance width) for mean speed, X velocity 398 
SD and Y velocity SD of each segment (i.e., board, pelvis, torso, head). We ran 399 
equivalent tests on board-body segment cross correlations (e.g., board-pelvis) and 400 
joint/segment angular cross correlations (e.g., ankle-hip). When using a two-way 401 
repeated measures ANOVA, a Greenhouse-Geisser correction was used for cases 402 
where sphericity was violated (Mauchly’s test). Statistical tests were performed using 403 
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SPSS22 software (IBM) and the significance level was set at 0.05. Group data in text, 404 
tables and figures are presented as mean ± s.e.m. unless otherwise specified.  405 

RESULTS  406 

Experiment 1: Standing behavior on land 407 

All participants who completed the quiet standing trials on land (Experiment 1) easily 408 
maintained a stable upright posture with limited postural sway (Figure 2A). Because this 409 
data serves as reference standing behavior for our SUP experiments, we present 410 
relevant results from Experiment 1 alongside the results of Experiments 2 and 3 in the 411 
sections below. 412 

Experiment 2: Changes in postural behavior during balancing and training on 413 
SUP board 414 

When participants inexperienced in aquatic board sports first stood on the SUP board in 415 
calm water conditions (Experiment 2), they typically described being cautious with their 416 
movements and concerned with the stability of the board, particularly in early trials. 417 
Indeed, their qualitative statements were accompanied by greater movement variability 418 
(i.e., mean speed, X and Y velocity) of all body segments (head, torso and pelvis) when 419 
standing on the SUP board relative to standing on land (Figure 2A, all P > 0.05). As 420 
expected, the variability of these kinematic measures increased further when 421 
participants began training in rough water conditions.  422 

Over the training period in rough water conditions, all participants described feeling 423 
gradually more comfortable and confident at maintaining balance on the SUP board. 424 
This was accompanied by a progressive increase in movement variability of the SUP 425 
board. The mean speed of the board increased from 54.7 ± 2.7 mm/s in the first minute 426 
of training to 60.6 ± 2.5 mm/s by the final minute (t(8) = -1.87, P < 0.05). This increase in 427 
speed was primarily due to increased movement variability in the X-direction, as board 428 
X velocity SD increased from 47.7 ± 3.7 mm/s in the first minute of training to 57.0 ± 3.1 429 
mm/s by the final minute of training (t(8) = -1.99, P < 0.05). No significant changes were 430 
observed in the board Y velocity SD (37.3 ± 1.7 mm/s vs 37.9 ± 1.8 mm/s; P > 0.05), 431 
which was not surprising since the board was relatively fixed in that direction via the 432 
tether. In contrast to the board, body segment movements decreased over training; 433 
mean speed decreased from the first minute to the last minute of training for the head 434 
(47.3 ± 2.4 mm/s vs 41.6 ± 2.1 mm/s, t(8) = 2.52, P < 0.05) and torso (43.0 ± 2.4 mm/s 435 
vs 38.3 ± 1.4 mm/s, t(8) = 2.81, P < 0.05). Similar to the board, these changes in speed 436 
were primarily due to change in movement variability in the X-direction (i.e., 437 
mediolaterally; see Figure 2 training, X-velocity SD) when comparing the first and final 438 
minute of training for both the head (37.4 ± 2.2 mm/s vs 31.6 ± 1.5 mm/s, t(8) = 2.47, P < 439 
0.05) and torso (33.6 ± 2.1 mm/s vs 29.0 ± 0.7 mm/s, t(8) = 2.40, P < 0.05) segments. In 440 
contrast, pelvis X velocity variability marginally decreased by the end of training but this 441 
was not significant (32.5 ± 2.2 mm/s vs 31.9 ± 1.1 mm/s, t(8) = 0.49, P = 0.64). Finally, 442 
for all body segments, there was no change in Y velocity variability when comparing the 443 
first and final minutes (all P > 0.05).  444 
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The changes in board and body movement variability observed over training were 445 
accompanied by a decrease in the coupling between the board and body segments. 446 
Specifically, there was a progressive decrease in cross-correlations between the board 447 
and all body segments in the X-direction (Figure 3). From the first to the final training 448 
trial, X-direction cross-correlations decreased for the board-pelvis by ~14% (0.86 ± 0.01 449 
to 0.75 ± 0.02, t(8) = 5.38, P < 0.001), for the board-torso by ~22% (0.76 ± 0.02 to 0.59 ± 450 
0.02, t(8) = 6.90, P < 0.001) and for the board-head by ~26% (0.72 ± 0.02 to 0.53 ± 0.03, 451 
t(8) = 5.92, P < 0.001). Similar to movement variability of the board and body segments 452 
in the Y-direction, there were no changes in board-body cross-correlations in this 453 
direction over the training trials (P > 0.05). Overall, training in the rough water condition 454 
resulted in a decrease in both upper body movement variability and board-body 455 
coupling in the X-direction, though board movement variability increased. This suggests 456 
that participants reduced their body-on-board motion during the rough water training 457 
period.  458 
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 459 

FIGURE 2. Translational motion variables (speed, velocity SD) of board and body segments on 460 
land (Experiment 1, n = 8) and SUP training (Experiment 2, n = 9). Land data is from the 32 cm 461 
standing trial (same stance width as Experiment 2 SUP trials). SUP data is from the pre-training 462 
(calm water), training (rough water) and post-training (calm water) conditions that were 463 
performed in a single session. Top panel presents mean speed, the middle panel presents X 464 
velocity standard deviations and the bottom panel presents Y velocity standard deviations. 465 
Training data is presented on a minute-by-minute basis over the 30-minute period of training. All 466 
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data is presented as means ± s.e.m. Shaded boxes are to indicate calm (pre- and post-training) 467 
and rough (training) water trials. 468 

When returning to the calm water condition after the training period (i.e., post-training 469 
trials), body and board movement variability was greater as compared to the pre-470 
training calm water trial (Figure 2). Mean speed increased from pre- to post-training for 471 
the torso (10.4 ± 1.2 mm/s vs 13.0 ± 0.8, t(8) = -2.41, P < 0.05), pelvis (8.1 ± 1.0 mm/s vs 472 
10.6 ± 0.7, t(8) = -2.43, P < 0.05) and marginally increased for the head (13.6 ± 1.7 mm/s 473 
vs 16.5 ± 1.0, t(8) = -2.20, P = 0.051) and board segments (11.4 ± 1.6 mm/s vs 13.7 ± 474 
1.3, t(8) = -2.34, P = 0.051). Although several segments showed slightly increased 475 
velocity SD in the X- and Y-directions from pre- to post-training (Figure 2), these were 476 
only significant for the board in the Y-direction (t(8) = -2.69, P < 0.05). Similar to the 477 
increased movement variability, there were marginal increases in body-board segment 478 
coupling from pre- to post-training calm water trials in both the X- and Y-directions 479 
(Figure 3), but none of these changes were statistically significant (all P > 0.05).  480 

 481 

FIGURE 3. Cross-correlations between board and body (board-pelvis, board-torso, board-head) 482 
segment translational positions during SUP training (Experiment 2). Cross-correlations were 483 
computed from the full trial lengths (120 s for pre- and post-training, 300 s for training trials). 484 
Shaded boxes are to indicate calm water (pre- and post-training) and rough water (training) 485 
trials. All data are presented as means ± s.e.m. 486 
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Throughout these trials we also investigated how body joint/segment angular couplings 487 
varied (Figure 4). First, the estimated cross-correlation was larger on the SUP board 488 
than on land for several mediolateral (i.e., X-direction) angle pairs. Notably, mediolateral 489 
cross correlations were greater in the pre-training SUP trials compared to the land trial 490 
for the ankle-hip (~2× greater), ankle-torso (~2× greater), and ankle-head (~1.7× 491 
greater) (see Figure 3A and Table 3). This indicates that balancing on the SUP is 492 
associated with greater coupling between joint/segment angular movements in the 493 
direction of larger movement variability (i.e., width of the board). We further compared 494 
how angular coupling in calm water conditions changed after novices trained to balance 495 
on the SUP board. Only one difference in estimated inter-joint/segment cross-496 
correlations was observed between pre- and post-training trials (ankle-torso AP motion) 497 
and between the first and final five-minute training trials (ankle-hip AP motion; see 498 
Figure 4 and Table 2). These results indicate that the learning that occurred in the rough 499 
water training protocol, which led to decreased body-board coupling, did not broadly 500 
influence coupling between body joint/segment angular movements.  501 

 502 

FIGURE 4. Cross-correlation values between angular measures in land trials (Experiment 1) 503 
and SUP balance trials (Experiment 2). Cross-correlations were estimated over the entire trial 504 
lengths. Mediolateral and anteroposterior coupling between body joint/segment angles from 505 
land, pre-training, first and last training and post-training trials are shown in the left column. Data 506 
is presented as means ± s.e.m. 507 

 508 
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Table 2: Summary of Experiment 2 body angular coupling statistical tests (p-509 
values) 510 
Variable 
 

Ankle-
Knee 

Ankle-
Hip 

Knee-
Hip 

Ankle-
Torso 

Ankle-
Head 

land vs pre-training       
ML cross-correlation 0.515 0.004* 0.490 0.006* 0.005* 
AP cross-correlation 0.010* 0.071 0.446 0.063 0.663 

pre-training vs post-
training  

     

ML cross-correlation 0.774 0.228 0.341 0.741 0.365 
AP cross-correlation 0.800 0.363 0.743 0.037* 0.135 

training-1 vs training-6      
ML cross-correlation 0.162 0.100 0.399 0.329 0.909 
AP cross-correlation 0.236 0.022* 0.083 0.581 0.171 
Pre and post-training trials were performed in calm water conditions. Training trials were 
performed in rough water conditions. 

 511 

Experiment 3: Effects of standing orientation and width on postural behavior  512 

All participants who had previous experience in aquatic board sports (i.e., Experiment 3) 513 
were able to maintain balance on the SUP board in the rough water condition while 514 
standing at different stance orientations and stance widths. Neither stance orientation 515 
nor stance width had any significant influence on the board’s mean speed, X velocity 516 
variability or Y velocity variability (Figure 5B, all P > 0.05). We also measured board 517 
movement variability during passive trials (dotted lines in Figure 5B) where 70 kg of 518 
weights were placed on the board (no participant). When comparing the group average 519 
of participant standing balance trials to the passive weight trials, there were increases in 520 
mean speed (~19%) and X velocity variability (~56%) (Figure 5B, participant group data 521 
compared to dotted lines). This demonstrates that the board moved with greater 522 
variability in the rough water condition when participants actively balanced on the board. 523 

In contrast to board motion, body movements were influenced by changing stance 524 
orientation and width (see Figures 5C, 6, 7B, and Table 3 for statistical summary). 525 
When standing at 90° (i.e., surfer stance), body segment movement (mean speed and 526 
velocity variability in both directions) was generally more variable compared to standing 527 
at 0° (i.e., main effect of stance orientation; Figure 5C). Mean speed increased when 528 
participants stood at 90° relative to 0° for the pelvis (34.3 ± 1.1 mm/s vs 40.2 ± 1.0 529 
mm/s, F(1,7) = 18.46, P < 0.01, ηp2 = 0.725) and torso segments (35.9 ± 1.0 mm/s vs 530 
39.1 ± 0.9 mm/s, F(1,7) = 6.44, P < 0.05, ηp2 = 0.479). These changes were primarily 531 
associated with increased variability in the Y-direction as the Y velocity SD also 532 
increased when standing at 90° relative to 0° for the pelvis (26.7 ± 0.8 mm/s vs 30.4 ± 533 
0.7 mm/s, F(1,7) = 9.42, P < 0.05, ηp2 = 0.574) and torso (26.4 ± 0.6 mm/s vs 31.2 ± 1.0, 534 
F(1,7) = 17.69; P < 0.01, ηp2 = 0.716). Although X velocity SD slightly increased when 535 
standing at 90°, these changes were not significant (P > 0.05).  536 
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Changing stance orientation also influenced the coupling between board and body 537 
segment (pelvis, torso, torso) positions but only in the Y-direction (Figure 6 and Table 538 
3); board-body coupling was larger in the 90° stance orientation relative to the 0° stance 539 
for the board-pelvis (0.98 ± 0.01 vs 0.88 ± 0.02, F(1,7) = 12.44, p < 0.05, ηp2 = 0.640), 540 
board-torso (0.97 ± 0.01 vs 0.83 ± 0.02, F(1,7) = 25.37, p < 0.01, ηp2 = 0.784) and board-541 
head (0.94 ± 0.01 vs 0.75 ± 0.03, F(1,7) = 25.07, p < 0.01, ηp2 = 0.782) combinations. 542 
This indicates that there is greater board-body coupling in the direction of the board’s 543 
long axis when the body’s mediolateral direction is aligned with the board’s length. 544 
Finally, there was a trend for greater coupling between inter-joint/segment angles (i.e., 545 
higher cross-correlation) in the direction of the body that was aligned with the board’s 546 
width (Figure 7B). Consequently, mediolateral body joint/segment angle coupling was 547 
generally larger in the 0° stance angle, but this was only significant for the ankle-head 548 
coupling (F(1,7) = 8.34, p < 0.05, ηp2 = 0.544). Similarly, anteroposterior angular coupling 549 
was generally greater in the 90° stance orientation, and this was significant for the 550 
ankle-hip (F(1,7) = 9.50, p < 0.05, ηp2 = 0.576) and ankle-torso (F(1,7) = 34.62, p < 0.001, 551 
ηp2 = 0.832). Collectively, standing in the 90° (i.e., surfer stance) orientation was 552 
associated with increased body movement variability, board-body coupling, and inter-553 
joint/segment angle coupling, as compared to the 0° SUP orientation. 554 

Table 3: Summary of Experiment 3 statistical results (p-values). Statistical tests 555 
comparing the effects of stance orientation and width on movement variability 556 
and movement coupling. 557 
Variable Stance orientation Stance width Stance orientation × 

stance width 
interaction 

 F p F p F p 
Mean speed SD       

Pelvis 18.46 0.004* 4.44 0.032* 3.31 0.067 
Torso 6.44 0.039* 2.53 0.326 1.21 0.326 
Head 4.17 0.080 1.10 0.359 0.983 0.399 

X velocity SD        
Pelvis 5.20 0.057 2.35 0.132 2.68 0.103 
Torso 0.250 0.633 0.296 0.748 0.942 0.413 
Head 1.72 0.231 0.01 0.990 0.757 0.488 

Y velocity SD       
Pelvis 9.42 0.018* 4.42 0.032* 2.00 0.173 
Torso 17.69 0.004* 7.05 0.008* 1.32 0.298 
Head 0.07 0.0796 4.75 0.027* 0.33 0.728 

X board-body cross 
correlations 

      

Board-Pelvis 0.896 0.375 1.52 0.252 0.340 0.718 
Board-Torso 0.874 0.381 0.213 0.810 0.086 0.918 
Board-Head 0.964 0.359 0.322 0.730 0.166 0.849 

Y board-body cross 
correlations 

      

Board-Pelvis 12.44 0.010* 4.84 0.025* 4.10 0.080 
Board-Torso 25.37 0.002* 8.20 0.004* 3.21 0.071 
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Board-Head 25.07 0.002* 4.68 0.003* 0.371 0.697 

ML inter-joint/segment 
cross correlations 

      

Ankle-Knee 1.84  0.217 1.18 0.337 0.75 0.492 
Ankle-Hip 3.78  0.093 1.38 0.284 1.83 0.197 
Knee-Hip 0.070  0.799 0.55  0.591 0.92  0.422 
Ankle-Torso 1.48  0.267 1.89 0.188 0.88  0.435 
Ankle-Head 8.34  0.023* 1.10  0.362 0.33 0.725 

AP inter-joint/segment 
cross correlations 

      

Ankle-Knee 0.47  0.517 0.83  0.455 0.42 0.664 
Ankle-Hip 9.50 0.018* 1.78  0.206 0.07 0.931 
Knee-Hip 0.13 0.725 0.06 0.947 2.60 0.110 
Ankle-Torso 34.62  <0.001* 1.86  0.192 0.15 0.861 
Ankle-Head 1.40  0.275 1.39 0.281 0.29 0.755 

 558 

 559 

FIGURE 5. Translational motion behavior (speed and velocity variability) at different stance 560 
configurations on land (Experiment 1) and the SUP board (Experiment 3). (A) Effect of stance 561 
width on translational motion behavior for different body segments when standing on land 562 
(Experiment 1). (B) Effect of stance orientation and stance width on translational motion 563 
variables of board (X-direction is short axis, Y-direction is long axis of board) in Experiment 3. 564 
Circles and triangles represent 0° and 90° stance orientations, respectively. The dotted black 565 
lines represent translational motion variables for the board when 70kg of weights were placed 566 
on it (no participant). (C) Effect of stance orientation and stance width on translational motion 567 
variables of body segments in Experiment 3. Circles and triangles represent 0° and 90° stance 568 
orientations, respectively. All data are presented as means ± s.e.m. Grey vertical line is to 569 
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emphasize (A) data is from land trials, whereas (B) and (C) data are from rough water SUP 570 
trials.  571 

In contrast to our expectation, increasing stance width on the SUP board was generally 572 
associated with increased body movement for both stance orientations (i.e., main effect 573 
of stance width; see Figure 5C). Mean speed increased with increasing stance width for 574 
the pelvis (16cm: 35.9 ± 1.5 mm/s vs 48cm: 38.7 ± 1.4 mm/s, F(1,7) = 4.44; p < 0.05, ηp2 575 
= 0.388) and for the velocity SD in the Y-direction for the pelvis (16cm: 27.1 ± 1.1 mm/s 576 
vs 48cm: 29.7 ± 1.0 mm/s, F(1,7) = 4.42, P < 0.05, ηp2 = 0.387), torso (16cm: 26.7 ± 0.9 577 
mm/s vs 48cm: 31.0 ± 1.6 mm/s, F(1,7) = 7.05, P < 0.01, ηp2 = 0.502) and head segments 578 
(16cm: 30.6 ± 1.1 mm/s vs 48cm: 33.8 ± 1.4 mm/s, F(1,7) = 4.75, P < 0.05, ηp2 = 0.404). 579 
Increasing stance width also resulted in increased board-body segment coupling (see 580 
Figure 6 and Table 3) in the Y-direction for the board-pelvis (16cm: 0.92 ± 0.02 vs 581 
48cm: 0.95 ± 0.01 mm/s, F(1,7) = 4.84, P < 0.05, ηp2 = 0.409), board-torso (16cm: 0.88 ± 582 
0.02 vs 48cm: 0.93 ± 0.02 mm/s, F(1,7) = 8.20, P < 0.01, ηp2 = 0.539) and board-head 583 
(16cm: 0.82 ± 0.04 vs 48cm: 0.87 ± 0.03 mm/s, F(1,7) = 4.68, P < 0.05, ηp2 = 0.401). 584 
Cross-correlations between inter-joint/segment angular movements, in contrast, were 585 
not influenced by stance width (see Figure 7 and Table 3). Finally, despite the 586 
significant main effects of stance orientation and width on several of the movement 587 
metrics, there were no significant interactions between these two variables on any 588 
measure. Taken together, standing movements on the SUP board are most variable 589 
when standing in a surfer stance at wider stance widths, and the coupling between the 590 
board and body is greatest when the body’s mediolateral direction is aligned with the 591 
board’s length (i.e., surfer stance). 592 

 593 

FIGURE 6. Cross-correlations between board and body (pelvis, torso or head) segments at 594 
different stance orientations and stance widths on the SUP board (Experiment 3). Top row 595 
presents data in the X-direction and bottom row presents data in the Y-direction. Circles and 596 
triangles represent 0° and 90° stance orientations, respectively. All data are presented as 597 
means ± s.e.m. 598 

 599 
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 600 

FIGURE 7. Cross-correlations between different joint and segment angles at different stance 601 
configurations on land (Experiment 1) and on the SUP board (Experiment 3). (A) Cross 602 
correlations between joint/segment angles when standing on land at different stance widths 603 
(Experiment 1). (B) Angle cross-correlations when standing on SUP board at different stance 604 
orientations and widths (Experiment 3). All data are presented as means ± s.e.m. Circles and 605 
triangles represent 0° and 90° stance orientations, respectively. Grey vertical line is to 606 
emphasize (A) data is from land trials, whereas (B) and (C) data are from rough water SUP 607 
trials. 608 

 609 

DISCUSSION 610 

These experiments investigated whole-body movement behavior when humans 611 
maintain standing balance on a SUP board floating on water. Due to the unique 612 
dynamics and task goals associated with balancing on the SUP board, we were 613 
interested in how postural behavior: (1) differs between standing on land and balancing 614 
on the board, (2) changes as novices learn this novel whole-body motor task, and (3) 615 
varies with stance orientation and stance width while on the board.  616 

Comparison of postural behavior on land and water 617 

When participants stood on the SUP board in both calm and rough water conditions, 618 
postural behavior was more variable compared to standing on land. Additionally, 619 
balancing on the board was associated with increased coupling between several body 620 
joint/segment angular movements in both the mediolateral (i.e., X) and anteroposterior 621 
(i.e., Y) directions. During unperturbed standing on a stable support surface, whole-622 
body balance control arises through torques and rotations generated around the ankle 623 
and hip joints. When standing on dynamic support surfaces (i.e., balance board) and/or 624 
being exposed to external perturbations (i.e., oscillating platform), the center of mass is 625 
prone to larger and faster motion, forcing the nervous system to adjust the coordination 626 
of control over multiple body segments maintaining balance. Specifically, under these 627 
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conditions balance control involves increased joint movements, greater coupling 628 
between joints and body segments, and the generation of larger motor actions (i.e., 629 
forces and torque) to control the center of mass position23-25. Indeed, when standing on 630 
the SUP board, we observed increased postural movements and greater coupling 631 
between body joint/segment angular movements. These results are consistent with 632 
previous findings of increased postural movement variability and joint/segment angular 633 
couplings when humans perform dynamic balance tasks that are more challenging than 634 
quiet standing on land7,8,10,11,26. Increased coupling between joints increases passive 635 
stiffness12 and may be required to generate the forces and torques to keep the body 636 
upright when balancing on a dynamic support surface.  637 

Learning to balance on a stand-up paddle board 638 

Throughout training in the rough water condition, the variability of the board’s 639 
translational movement in the X-direction progressively increased. In contrast, variability 640 
of the torso and head in the X-direction (i.e., mediolateral) progressively decreased in 641 
the X-direction (i.e., mediolateral; note, the pelvis exhibited little change). These inverse 642 
changes in board and body movement variability were accompanied by a gradual 643 
reduction in the coupling between the board and body segments (pelvis, torso, head) 644 
over the course of training. The reduction of upper body segment motion variability, 645 
particularly of the head, aligns with previously reported coordination of body movements 646 
as humans adapt control during dynamic balance tasks7-9. 647 

When initially standing on the SUP board, the mobility of the support surface ensures 648 
high variability (i.e., noise) in the somatosensory information derived from the lower 649 
limbs. To accommodate for increased variability of somatosensory cues during training, 650 
participants may adapt control by limiting noise from other balance-relevant sensory 651 
cues. For example, noise on visual and vestibular signals can be minimized by limiting 652 
the movement of the upper-body and head. This descending control hierarchy ensures 653 
that movements of the head and trunk are minimized throughout training to a greater 654 
extent than those of the hips and lower limbs6,9,27. Our results suggest that to stabilize 655 
the head and upper body, participants progressively decouple their body movements 656 
from board motion. When first standing on the board, participants are unfamiliar with (1) 657 
the stability of the board and its effects on upright stance, and (2) how self-generated 658 
balance actions influence both the board and body motion. Through practice, they 659 
experience how the rough water influences board motion, how the impact of their 660 
balancing motor actions on board and body movement, and what acceptable range of 661 
movements and forces will allow them to maintain an upright posture during the task. 662 
After prolonged experience in these conditions, participants appear to establish a 663 
strategy in which they minimize head and upper body movements by partially 664 
decoupling body movement from the board.  665 

Despite the changes in movement variability and board-body coupling that occurred 666 
through training, coupling between body joint/segment angular movements did not 667 
change between the start and end of training (rough water trials), or between pre-668 
training and post-training (calm water trials). This was contrary to our hypothesis and 669 
contrasts with other findings of inter- joint/segment coupling reducing as participants 670 
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learn novel motor tasks11,26,28-30. Our results may be a consequence of the coordination 671 
requirements when balancing on the SUP board (either before, during or after training), 672 
where increased coupling in body joint/segment angular movements are needed to 673 
adequately control the larger center of mass movements while standing on the SUP 674 
board, as compared to standing on land. 675 

Stance configuration on SUP board influences whole-body movements  676 

We further found that changing stance configuration while balancing in the rough water 677 
condition on the SUP board influenced whole-body movement behavior. Standing in a 678 
surfer (90°) stance was associated with greater body movement variability and 679 
enhanced board-body coupling relative to a SUP (0°) stance, specifically in the direction 680 
of the body aligned with the board’s length (i.e., Y-direction). Changes in standing 681 
orientation also influenced the coordination of body joint/segment angular movements, 682 
as coupling between different joint/segment angular positions (specifically ankle-hip and 683 
ankle-torso) increased in the direction of the body that was aligned with the width of the 684 
board (i.e., X-direction). Increasing stance width, on the other hand, resulted in greater 685 
body movement variability and board-body coupling, particularly in the direction of the 686 
board’s length (Y-direction). There were no clear interactions of stance orientation and 687 
stance width on any of the dependent variables. 688 

Due to the board’s long length and shorter width, both the board and body are more 689 
susceptible to translations and rotations in the direction aligned with the board’s width. 690 
When standing in a SUP (0°) position (body facing long axis), the balance system’s 691 
control over board motion in its width (X-direction) is primarily achieved by modulating 692 
the load between the two legs through lateral torso tilt, hip adduction/abduction and 693 
adjusting inversion/eversion torques at the ankles. In contrast, when standing in a surfer 694 
stance (90°) position (body facing along board’s width), controlling the board motion in 695 
the short direction is achieved by balancing actions in the body anteroposterior direction 696 
(i.e., hip flexion/extension and ankle dorsiflexion/plantarflexion). Our findings that body 697 
movement variability is greater in the surfer stance suggest that balancing on the board 698 
in this postural configuration is more challenging for the balance system. Although this 699 
instability may be primarily associated with controlling the board’s short direction with 700 
muscles acting in the body’s anteroposterior direction, the effects can cross over to the 701 
body’s mediolateral direction due biomechanical interactions. For instance, because 702 
various muscles can generate balancing torques in both the anteroposterior and 703 
mediolateral body directions31-34, instabilities in one direction can be reflected in the 704 
other.  705 

Contrary to our expectation, increasing stance width on the SUP board resulted in 706 
greater variability in body movements. This may have been a consequence of the 707 
neuromechanical changes associated with wider stance widths and their interaction with 708 
the balancing on the board. At wider stance widths, hip leverage increases such that a 709 
given hip-generated torque will result in greater torques delivered through the feet to the 710 
support surface15,35. Consequently, at wide stance widths hip muscle actions should 711 
result in greater body center of mass movement, which can also occur over a greater 712 
range since the mediolateral base of support is widened. When balancing in the rough 713 
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water condition, the nervous system must consistently respond to support surfaces 714 
perturbations (i.e., board motion from water movement). The enhanced mechanical gain 715 
that are inevitable at wider stances may therefore result in greater body motion through 716 
perturbation-evoked balance responses. This may result in greater motion in both the 717 
mediolateral and anteroposterior directions of the body, given the aforementioned 718 
biomechanical interactions between directions of standing balance31-33,36.  719 

Limitations 720 

A limitation of this work is that the SUP board was tethered at the front (to prevent the 721 
board from hitting the sides and ends of the flume pool), which partially constrained its 722 
motion in the direction of the long axis. Therefore, our experiment is not an exact 723 
representation of open water SUP environments where the board is unattached to any 724 
external support. Nevertheless, our study provides insight into how postural behavior 725 
(i.e., movement variability, body-board coupling and inter-joint/segment coupling) 726 
changes between standing on land and balancing on a SUP board in different water 727 
conditions. 728 

Future directions 729 

Aquatic board sports – like stand-up paddling and surfing – have experienced a boom in 730 
popularity over the last two decades3,4, with research studies focusing on their fitness 731 
and health benefits1,2,5,37-39. Our findings characterize whole-body kinematic behaviors 732 
of balancing on an SUP board (contrasting them with movements on land) and 733 
demonstrate how learning this unique task involves a reduction of upper body 734 
movement variability and reduction of the coupling between board and body 735 
movements. We further demonstrate how changes in standing configuration on the SUP 736 
board affects postural behavior and discuss the complex interactions between 737 
biomechanics, board stability, and the neural control of balance. Future research should 738 
consider how different sensory cues are relied upon to maintain and adapt upright 739 
balance during aquatic board sports. Notably, the trend to stabilize the head when 740 
balancing on the SUP board may suggest that the brain increases its dependence on 741 
vestibular and visual signals to control balance atop the board. Applying vestibular (e.g., 742 
electrical vestibular stimulation) and/or visual (e.g., moving visual scene) perturbations 743 
while participants balance on the SUP board may provide insight into how the sensory 744 
contributions to balance are modified when standing in these unique environments. 745 

  746 



Manuscript 
 

25 
 

REFERENCES 747 

1. Schram B, Hing W, Climstein M. The physiological, musculoskeletal and 748 
psychological effects of stand up paddle boarding. BMC sports science, medicine 749 
& rehabilitation. 2016;8:32. 750 
 751 

2. Schram B, Hing W, Climstein M. Profiling the sport of stand-up paddle boarding. 752 
Journal of sports sciences. 2016;34(10):937-944. 753 
 754 

3. Furness J, Olorunnife O, Schram B, Climstein M, Hing W. Epidemiology of 755 
Injuries in Stand-Up Paddle Boarding. Orthopaedic journal of sports medicine. 756 
2017;5(6):2325967117710759. 757 
 758 

4. Waydia SE, Woodacre T. Paddle-boarding: Fun, New Sport or an Accident 759 
Waiting to Happen? Trauma monthly. 2016;21(3):e19299. 760 
 761 

5. Schram B, Furness J, Kemp-Smith K, et al. A biomechanical analysis of the 762 
stand-up paddle board stroke: a comparative study. PeerJ. 2019;7:e8006. 763 
 764 

6. Assaiante C, Amblard B. An ontogenetic model for the sensorimotor organization 765 
of balance control in humans. Human movement science. 1995;14(1):13-43. 766 
 767 

7. Corna S, Tarantola J, Nardone A, Giordano A, Schieppati M. Standing on a 768 
continuously moving platform: is body inertia counteracted or exploited? 769 
Experimental brain research. 1999;124(3):331-341. 770 
 771 

8. De Nunzio AM, Nardone A, Schieppati M. Head stabilization on a continuously 772 
oscillating platform: the effect of a proprioceptive disturbance on the balancing 773 
strategy. Experimental brain research. 2005;165(2):261-272. 774 
 775 

9. Pozzo T, Levik Y, Berthoz A. Head and trunk movements in the frontal plane 776 
during complex dynamic equilibrium tasks in humans. Experimental brain 777 
research. 1995;106(2):327-338. 778 
 779 

10. Nardone A, Grasso M, Tarantola J, Corna S, Schieppati M. Postural coordination 780 
in elderly subjects standing on a periodically moving platform. Arch Phys Med 781 
Rehabil. 2000;81(9):1217-1223. 782 
 783 

11. Vereijken B, Emmerik REAv, Whiting HTA, Newell KM. Free(z)ing Degrees of 784 
Freedom in Skill Acquisition. Journal of Motor Behavior. 1992;24(1):133-142. 785 
 786 

12. Day BL, Steiger MJ, Thompson PD, Marsden CD. Effect of vision and stance 787 
width on human body motion when standing: implications for afferent control of 788 
lateral sway. The Journal of physiology. 1993;469:479-499. 789 
 790 



Manuscript 
 

26 
 

13. van der Kooij H, Peterka RJ. Non-linear stimulus-response behavior of the 791 
human stance control system is predicted by optimization of a system with 792 
sensory and motor noise. Journal of computational neuroscience. 793 
2011;30(3):759-778. 794 
 795 

14. Winter DA, Prince F, Frank JS, Powell C, Zabjek KF. Unified theory regarding 796 
A/P and M/L balance in quiet stance. Journal of neurophysiology. 797 
1996;75(6):2334-2343. 798 
 799 

15. Bingham JT, Choi JT, Ting LH. Stability in a frontal plane model of balance 800 
requires coupled changes to postural configuration and neural feedback control. 801 
Journal of neurophysiology. 2011;106(1):437-448. 802 
 803 

16. Goodworth AD, Peterka RJ. Influence of stance width on frontal plane postural 804 
dynamics and coordination in human balance control. Journal of 805 
neurophysiology. 2010;104(2):1103-1118. 806 
 807 

17. Dakin CJ, Luu BL, van den Doel K, Inglis JT, Blouin JS. Frequency-specific 808 
modulation of vestibular-evoked sway responses in humans. Journal of 809 
neurophysiology. 2010;103(2):1048-1056. 810 
 811 

18. Freitas SM, Duarte M. Joint coordination in young and older adults during quiet 812 
stance: effect of visual feedback of the center of pressure. Gait & posture. 813 
2012;35(1):83-87. 814 
 815 

19. Gage WH, Winter DA, Frank JS, Adkin AL. Kinematic and kinetic validity of the 816 
inverted pendulum model in quiet standing. Gait & posture. 2004;19(2):124-132. 817 
 818 

20. Hsu WL, Scholz JP, Schoner G, Jeka JJ, Kiemel T. Control and estimation of 819 
posture during quiet stance depends on multijoint coordination. Journal of 820 
neurophysiology. 2007;97(4):3024-3035. 821 
 822 

21. Krishnamoorthy V, Yang JF, Scholz JP. Joint coordination during quiet stance: 823 
effects of vision. Experimental brain research. 2005;164(1):1-17. 824 
 825 

22. Winter DA, Patla AE, Ishac M, Gage WH. Motor mechanisms of balance during 826 
quiet standing. J Electromyogr Kinesiol. 2003;13(1):49-56. 827 
 828 

23. Boonstra TA, Schouten AC, van der Kooij H. Identification of the contribution of 829 
the ankle and hip joints to multi-segmental balance control. Journal of 830 
neuroengineering and rehabilitation. 2013;10:23. 831 
 832 

24. Horak FB, Nashner LM. Central programming of postural movements: adaptation 833 
to altered support-surface configurations. Journal of neurophysiology. 834 
1986;55(6):1369-1381. 835 



Manuscript 
 

27 
 

25. Runge CF, Shupert CL, Horak FB, Zajac FE. Ankle and hip postural strategies 836 
defined by joint torques. Gait & posture. 1999;10(2):161-170. 837 
 838 

26. Hong SL, Newell KM. Practice effects on local and global dynamics of the ski-839 
simulator task. Experimental brain research. 2006;169(3):350-360. 840 
 841 

27. Assaiante C, Amblard B. Ontogenesis of head stabilization in space during 842 
locomotion in children: influence of visual cues. Experimental brain research. 843 
1993;93(3):499-515. 844 
 845 

28. Guimarães AN, Ugrinowitsch H, Dascal JB, Porto AB, Okazaki VHA. Freezing 846 
Degrees of Freedom During Motor Learning: A Systematic Review. Motor 847 
control. 2020;24(3):457-471. 848 
 849 

29. Hong SL, Newell KM. Change in the organization of degrees of freedom with 850 
learning. J Mot Behav. 2006;38(2):88-100. 851 
 852 

30. Verrel J, Pologe S, Manselle W, Lindenberger U, Woollacott M. Coordination of 853 
degrees of freedom and stabilization of task variables in a complex motor skill: 854 
expertise-related differences in cello bowing. Experimental brain research. 855 
2013;224(3):323-334. 856 
 857 

31. Allen JL, Ting LH. Why Is Neuromechanical Modeling of Balance and 858 
Locomotion So Hard? In: Prilutsky BI, Edwards DH, eds. Neuromechanical 859 
Modeling of Posture and Locomotion. New York, NY: Springer New York; 860 
2016:197-223. 861 
 862 

32. Héroux ME, Dakin CJ, Luu BL, Inglis JT, Blouin JS. Absence of lateral 863 
gastrocnemius activity and differential motor unit behavior in soleus and medial 864 
gastrocnemius during standing balance. Journal of applied physiology (Bethesda, 865 
Md : 1985). 2014;116(2):140-148. 866 
 867 

33. Ting LH, Chiel HJ, Trumbower RD, et al. Neuromechanical principles underlying 868 
movement modularity and their implications for rehabilitation. Neuron. 869 
2015;86(1):38-54. 870 
 871 

34. Vieira TM, Minetto MA, Hodson-Tole EF, Botter A. How much does the human 872 
medial gastrocnemius muscle contribute to ankle torques outside the sagittal 873 
plane? Human movement science. 2013;32(4):753-767. 874 
 875 

35. Goodworth AD, Peterka RJ. Sensorimotor integration for multisegmental frontal 876 
plane balance control in humans. Journal of neurophysiology. 2012;107(1):12-28. 877 
 878 

36. Torres-Oviedo G, Ting LH. Subject-specific muscle synergies in human balance 879 
control are consistent across different biomechanical contexts. Journal of 880 
neurophysiology. 2010;103(6):3084-3098. 881 



Manuscript 
 

28 
 

37. Castañeda Babarro A, Viribay Morales A, León Guereño P, Mielgo-Ayuso J, 882 
Urdampilleta A, Coca Núñez A. Anthropometric profile, body composition, and 883 
somatotype in stand-up paddle (SUP) boarding international athletes: a cross-884 
sectional study. Nutr Hosp. 2020;37(5):958-963. 885 
 886 

38. Osti FR, de Souza CR, Teixeira LA. Improvement of Balance Stability in Older 887 
Individuals by On-Water Training. Journal of aging and physical activity. 888 
2018;26(2):222-226. 889 
 890 

39. Willmott AGB, Sayers B, Brickley G. The physiological and perceptual responses 891 
of stand-up paddle board exercise in a laboratory- and field-setting. Eur J Sport 892 
Sci. 2020;20(8):1023-1033. 893 

 894 

 895 


	ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Experimental set-up and design
	Experimental procedure
	Standing on land
	Stand-up paddle board experiments

	Data analysis
	Translational movement variability
	Cross-correlation of board and body segments
	Joint and segment angle cross-correlations

	Statistical analyses

	RESULTS
	Experiment 1: Standing behavior on land
	Experiment 2: Changes in postural behavior during balancing and training on SUP board
	Experiment 3: Effects of standing orientation and width on postural behavior

	DISCUSSION
	Comparison of postural behavior on land and water
	Learning to balance on a stand-up paddle board
	Stance configuration on SUP board influences whole-body movements
	Limitations
	Future directions

	References

