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Abstract 11 

 12 

Motor adaptation describes the ability of the motor system to counteract repeated 13 

perturbations in order to reduce movement errors. Most research in the field investigated 14 

adaptation in response to perturbations affecting the moving hand. Fewer studies looked 15 

at the effect of a perturbation applied to the movement target, however they used 16 

simplistic visual stimuli. In this study, we examined motor adaptation to perturbations 17 

affecting the motion of dynamic targets. In addition, we asked whether external visual 18 

cues in the environment could facilitate this process. To do so, participants were asked to 19 

play an online version of the Pong game in which they intercepted a ball bouncing off a 20 

wall using a paddle. A perturbation was applied to alter the post-bounce trajectory of the 21 

ball and the wall orientation was manipulated to be consistent or not with the ball 22 

trajectory. The “trained tilt” group (n = 34) adapted to the consistent condition and the 23 

“trained horizontal” group (n = 36) adapted to the inconsistent condition. In case 24 

participants optimally integrate external visual cues, the “trained tilt” group is expected 25 

to exhibit faster and/or more complete adaptation than the “trained horizontal” group. 26 

We found that the perturbation reduced interception accuracy. Participants showed large 27 

interception errors when the perturbation was introduced, followed by rapid error 28 

decrease and aftereffects (errors in the opposite direction) once the perturbation was 29 

removed. Although both experimental groups showed these typical markers of motor 30 

adaptation, we did not find differences in interception success rates or errors between 31 

the “trained tilt” and “trained horizontal” groups. Our results demonstrate that 32 

participants quickly adapted to the dynamics of the pong ball. However, the visual tilt of 33 

the bouncing surface did not enhance their performance. The present study highlights the 34 

ability of the motor system to adapt to external perturbations applied to a moving target 35 

in a more dynamical environment and in online settings. These findings underline the 36 

prospects of further research on sensorimotor adaptation to unexpected changes in the 37 

environment using more naturalistic and complex real-world or virtual reality tasks as well 38 

as gamified paradigms. 39 
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 43 

Introduction 44 

 45 

Our motor system is incredibly efficient at generating precise motor actions, yet it 46 

also must retain some flexibility to adapt to various changing conditions. Motor 47 

adaptation refers to gradual adjustments of motor behavior in response to changes in 48 

task requirements or perturbations in the environment (Martin et al., 1996). During this 49 

process, the brain uses error signals in order to improve the accuracy of subsequent 50 

movements (Shadmehr et al., 2010; Wolpert et al., 2011). 51 

Some of the most commonly used paradigms to study motor adaptation are force 52 

field and visuomotor rotation tasks. In force field adaptation, participants reach towards 53 

targets while their hand trajectory is deviated from the intended path by a robotic device 54 

that applies perturbing forces to the arm (Lackner & Dizio, 1994; Shadmehr & Mussa-55 

Ivaldi, 1994). During visuomotor rotation, the cursor representing the visual feedback of 56 

the hand is rotated as participants are reaching to targets (Cunningham, 1989; Krakauer 57 

et al., 2000). Hence, adaptation to both force field and visuomotor rotation is driven by 58 

errors resulting from perturbations applied to the moving hand. In real life however, it 59 

seems more likely to face changes coming from the external environment rather than 60 

from our own body and effectors. 61 

Interestingly, other types of experiments have allowed researchers to investigate 62 

how the motor system responds to perturbations affecting the target rather than the 63 

motor effector. Double-step, or “target jump”, tasks were initially used to study saccadic 64 

adaptation but have also been transposed to arm movements (Day & Lyon, 2000; Goodale 65 

et al., 1986). In double-step paradigms, participants are presented with a visual target 66 

which is displaced to another location at or after movement onset. Previous studies 67 

showed that, in response to target jumps, participants progressively reduced reach errors 68 



and showed aftereffects (i.e., reach errors in the opposite direction) once the 69 

perturbation was removed (Cameron et al., 2010; Laurent et al., 2011; Magescas & 70 

Prablanc, 2006; Westendorff et al., 2015). These findings demonstrate that we can adapt 71 

to visual perturbations applied to objects in our environment. 72 

Nevertheless, these sensorimotor adaptation studies are often conducted in highly 73 

controlled laboratory settings using simplistic, isolated, and mostly static stimuli. In more 74 

naturalistic conditions, we would expect dynamic moving targets and possibly additional 75 

external cues to help infer their movement. One might then wonder what motor 76 

adaptation looks like when a perturbation is applied to a moving object that we interact 77 

with. More specifically, does the nervous system take into consideration visual cues in the 78 

surrounding environment to reduce movement errors and correct subsequent motor 79 

commands? 80 

To investigate this question, we used an online version of the Pong game in which 81 

participants had to intercept a bouncing ball using a paddle controlled by their cursor. The 82 

Pong task is easy to implement and straightforward for participants to perform. 83 

Moreover, it has previously been used as a tool to study sensorimotor adaptation by 84 

altering the mapping between the hand and the paddle displayed on the screen. This was 85 

done by either introducing a delay (Avraham et al., 2017, 2019) or applying a rotation to 86 

the paddle relative to the hand position (Reichenthal et al., 2016). However, to our 87 

knowledge no studies have yet looked at the effect of a visual perturbation applied to the 88 

target (i.e., the moving ball) on the control of hand movements while playing Pong. 89 

In the present study, the path of the pong ball was modified after it bounced off the 90 

upper wall (i.e., bouncing wall) so that participants would miss it. In addition, we 91 

manipulated the orientation of the bouncing wall to be congruent or not with the post-92 

bounce ball trajectory. If participants effectively use visual cues of the surrounding 93 

environment, we should expect faster and/or greater sensorimotor adaptation when the 94 

tilt of the bouncing wall is consistent with the ball trajectory, as opposed to when the wall 95 

remains horizontal. 96 

 97 



 98 

Methods 99 

 100 

Participants 101 

In total, 75 participants completed the experiment but 5 of them were excluded 102 

due to inconsistencies in the timing of stimulus presentation. For those 5 participants, the 103 

pong ball reached its bounce location more than 100 ms earlier (or later) than the median 104 

time, which might have made the task more (or less) difficult for them. For the other 105 

participants, the within-subject variability in bounce timings was on average 14 ms which 106 

is faster than the duration of one frame at 60 frames per second. Therefore, data of 70 107 

participants was kept for analyses (mean age ± SD = 21.0 ± 4.3, range = 17–40; 12 males, 108 

55 females, 2 identified as other, and 1 preferred not to say). Sixty-six participants self-109 

identified as right-handed, 2 as left-handed, and 2 as ambidextrous. All participants 110 

reported having normal vision or being able to see their screen clearly. 111 

Participants were university students recruited through the Undergraduate 112 

Research Participant Pool at York University, and they received credits as compensation 113 

for their participation. All of them gave informed electronic consent prior to participating. 114 

All procedures were in accordance with institutional and international guidelines, and 115 

were approved by York University’s Human Participants Review Committee. 116 

 117 

Apparatus 118 

Participants accessed the study through the online survey platform Qualtrics 119 

(https://www.qualtrics.com) and they first answered questions about their 120 

demographics, health, and lifestyle. Then, participants were directed to Pavlovia where 121 

the task was hosted (demo version here: https://run.pavlovia.org/smcl/DemoPongTask). 122 

The experiment was created using PsychoPy3 Experiment Builder version 2021.1.4 (Peirce 123 

et al., 2019). PsychoPy has been shown to achieve good timing precision for visual 124 

stimulus presentation in online studies using different browser/operating system 125 

combinations (Bridges et al., 2020). Participants used their own computer to do the 126 



experiment. To move their cursor, 48 participants used a trackpad, 21 used a computer 127 

mouse, and one participant used a touchscreen. The display refresh rate was set to 60 Hz 128 

as it is the standard for most laptop and desktop monitors. The experiment was run in a 129 

web browser window in full screen mode. 130 

The positions of visual stimuli were defined in a Cartesian coordinate system with 131 

the origin (0,0) at the center of the screen. Negative values represent down/left while 132 

positive values represent up/right. To accommodate for different screen resolutions, we 133 

used “height units” in PsychoPy (hereafter called arbitrary units a.u.) that scale visual 134 

stimuli relative to the height of the screen. In this system, the upper and lower edges of 135 

the screen always correspond to +0.5 and -0.5 a.u., respectively. Since the position of the 136 

left and right edges of the screen would vary depending on the aspect ratio of the monitor 137 

(e.g., ±0.8 for 16:10), we also scaled the cursor movements in the horizontal axis so that 138 

the far most left and the far most right positions correspond to -0.5 and +0.5 a.u., 139 

respectively. Hence, the experimental task was displayed in the central portion of the 140 

screen (size 1x1 a.u.). 141 

 142 

Pong task 143 

Participants had to intercept a ball bouncing off a wall using a paddle. They used 144 

their cursor to move the paddle horizontally across the screen while the paddle’s vertical 145 

position remained unchanged. The goal of participants was to earn as many points as 146 

possible: They were instructed that they will get the most points if they intercept the ball 147 

using the central part of the paddle. Participants were free to use their preferred hand to 148 

complete the task and no viewing distance was imposed. 149 

To start each trial, participants positioned their paddle (length = 0.1 a.u.) on one 150 

side of the screen, which was indicated by an arrow. Half of the trials started from the left 151 

and the other half from the right. Then, the pong ball (diameter = 0.025 a.u.) appeared at 152 

the same height and on the same side of the screen as the paddle. From this start position 153 

the ball moved upwards at a launching angle of 70°, 75°, 80°, or 85° to the horizontal. The 154 

X starting position of the ball was calculated so that the ball would always contact the 155 



horizontal wall in its center. Afterwards, the ball bounced back off the wall downwards 156 

and participants had to catch the ball with the paddle before it moved out of bounds. 157 

Participants got 10 points if the ball contacted the middle half of the paddle (0.05 a.u. = 158 

twice the size of the ball), 5 points if the ball contacted the paddle elsewhere, and 0 points 159 

if they missed the ball (see Figure 1A). At the end of each trial, participants received 160 

feedback on their performance and a score counter was displayed on the screen. 161 

 162 

Experimental procedure 163 

The bounce angle of the ball on the wall is the sum of the incident angle (between 164 

the upcoming ball and the perpendicular to the wall) and the reflected angle (between 165 

the departing ball and the perpendicular to the wall). Under the “no perturbation” 166 

condition, the reflected angle was equal to the incident angle. Therefore, the bounce 167 

angle bisector aligned with the perpendicular to the wall and the ball final positions were 168 

the mirror image of the ball start positions (Figure 1A). 169 

In the “perturbation” condition, an angle of 9° was added to both the incident and 170 

reflected angles. This manipulation modified the ball trajectory only after contacting the 171 

wall. As a result, the final positions of the ball were displaced laterally by 0.25, 0.23, 0.21, 172 

and 0.20 a.u. for the 70°, 75°, 80°, and 85° launching angles respectively. Along with the 173 

perturbation, the orientation of the wall could be either tilted or stay horizontal. When 174 

the wall was tilted, the bounce angle bisector was aligned with the perpendicular to the 175 

wall. Therefore, the orientation of the wall was consistent with the trajectory of the ball 176 

(Figure 1B). If the wall was horizontal, that same ball trajectory became inconsistent with 177 

the visual scene, which should make the task more difficult for participants (Figure 1C). 178 

 179 



 180 
Figure 1: Experimental conditions. A. Trials without perturbation. The bounce angle 181 

bisector is aligned with the perpendicular to the wall and the ball final positions are the 182 

mirror of the start positions. During interception, participants get the maximum points if 183 

the ball contacts the grey area of the paddle (not visible to participants). B. Trials with 184 

perturbation and tilted wall. The wall is tilted by 9° and the bounce angle bisector stays 185 

aligned with the perpendicular to the wall. The ball final positions are further away from 186 

the paddle, but they are consistent with the wall orientation. C. Trials with perturbation 187 

and horizontal wall. Everything is the same as in the previous condition except that the 188 

wall is horizontal. Thus, the ball final positions are no longer consistent with the 189 

orientation of the wall. Dimensions in all figures are to scale. 190 

 191 



The experiment was divided into two sessions separated by at least 12 hours. During 192 

the first session, participants completed 4 blocks of trials without perturbation followed 193 

by 4 blocks of trials with perturbation. Participants in the “trained horizontal” group (n = 194 

36, 21.3 ± 4.4 years old) saw the horizontal wall during perturbation blocks while 195 

participants in the “trained tilt” group (n = 34, 20.7 ± 4.3 years old) saw the tilted wall 196 

(Figure 2). 197 

The second session started with 2 blocks of the trained perturbation (the same 198 

perturbation condition as in the previous session). During block 3, we presented 199 

participants with the untrained perturbation condition: the “trained horizontal” group 200 

saw the tilted wall whereas the “trained tilt” group saw the horizontal wall. In block 4, the 201 

perturbation was removed for both groups and the orientation of the wall was horizontal. 202 

There were overall fewer participants (n = 46) who completed the second session 203 

(“trained horizontal” group: n = 25, 20.6 ± 3.8 years old; “trained tilt” group: n = 21, 20.5 204 

± 5.0 years old). 205 

Participants were never informed that a perturbation was applied to the pong ball 206 

trajectory. Each block was composed of 50 trials in which the ball starting positions (left 207 

or right) and launch angles (70°, 75°, 80°, or 85°) were intermixed. The speed of the ball 208 

was set so that the time of arrival at the final location was constant, irrespective of the 209 

launching angle and the perturbation. During the first block of session 1, the pong ball 210 

reached the bounce location in 548 ms and the final location 567 ms later. In all the other 211 

blocks, the ball arrived at the bounce location in 399 ms and reached the final location 212 

417 ms later. 213 

 214 



 215 
Figure 2: Experimental protocol. Session 1 consists of 4 blocks without perturbation and 216 

4 blocks of trained perturbation (horizontal wall for the “trained horizontal” group and 217 

tilted wall for the “trained tilt” group). Session 2 includes 2 blocks of trained perturbation, 218 

followed by 1 block of untrained perturbation (tilted wall for the “trained horizontal” 219 

group and horizontal wall for the “trained tilt” group) and 1 block without perturbation. 220 

Each block comprises 50 trials. 221 

 222 

Data analyses 223 

The interception success rate was computed for each participant as the proportion 224 

of trials in which the paddle contacted the ball with respect to the total number of trials 225 

in each block. The differences between conditions were assessed using two-way mixed 226 

ANOVA with group (“trained horizontal” or “trained tilt”) as a between-subject factor and 227 

block order as a within-subject factor. Bonferroni-corrected planned contrasts were used 228 

to compare interception success rates between specific blocks. During session 1, we 229 

specifically looked at the last block without perturbation (block 4), the first block of 230 

trained perturbation (block 5), and the last block of trained perturbation (block 8). During 231 

session 2, we were interested in the last block of trained perturbation (block 2), the block 232 

of untrained perturbation (block 3), and the block with no perturbation (block 4). 233 

For each trial, the interception error was calculated as the difference between the 234 

ball final position and the center of the paddle, at the time the ball crossed the paddle 235 

plane. Interception errors were expressed in a.u., negative values indicate that the paddle 236 

did not move far enough (i.e., the position of the ball was underestimated) and positive 237 



values indicate that the paddle moved too far (i.e., the position of the ball was 238 

overestimated). For statistical analyses we only considered a subset of trials in each 239 

session. In session 1, we looked at the last trial without perturbation (trial 200), the first 240 

trial of trained perturbation (trial 201), and the 50th trial of trained perturbation (trial 241 

250). In session 2, we were interested in the first and last trials of trained perturbation 242 

(trials 1 and 100), untrained perturbation (trials 101 and 150), and without perturbation 243 

(trials 151 and 200). The differences between conditions were assessed using two-way 244 

mixed ANOVA with group as a between-subject factor and trial as a within-subject factor. 245 

Bonferroni-corrected planned contrasts were used for follow-up post-hoc comparisons. 246 

For each participant, trials in which the pong ball reached its bounce location more 247 

than 100 ms earlier or later than the median time were excluded (0.22% of trials 248 

removed). Trials in which the absolute value of interception errors was greater than 0.5 249 

were excluded as well (1.10% of trials removed). Those were trials in which the paddle 250 

did not move or started to move very late relative to trial start. Data processing and 251 

statistical analyses were performed in R version 4.0.3 (R Core Team, 2020). For all 252 

statistical tests, the alpha level was set to 0.05. Departures from sphericity were adjusted 253 

using Greenhouse-Geisser corrections. Effect sizes for the ANOVAs are reported as partial 254 

eta-squared (η2
p). 255 

 256 

 257 

Results 258 

 259 

Interception success rates 260 

The success rates of participants during session 1 is depicted in Figure 3A. Note that 261 

the small dip in performance observed on block 2 is explained by the ball speed being 262 

faster than during block 1 (see the Methods section). Statistically there was no significant 263 

difference between the “trained horizontal” and the “trained tilt” groups (F(1,68) = 2.37, p 264 

= 0.129), and no interaction between block order and group (F(7,476) = 2.08, p = 0.052). 265 

However, we found a significant effect of block order (F(7,476) = 136.24, p < 0.001, η2
p = 266 



0.667). As shown by post-hoc comparisons, the overall success rate of participants was 267 

76.4% during the last block without perturbation and it decreased when the trained 268 

perturbation was first introduced (53.4%; t(68) = 16.05, p < 0.001, d = 2.97). By the last 269 

block of trained perturbation, the interception success rate increased to 60.8% (t(68) = 270 

11.89, p < 0.001, d = 2.02) but still remained lower than without perturbation (t(68) = 6.10, 271 

p < 0.001, d = 0.95). This demonstrates that, irrespective of the groups, the bounce ball 272 

perturbation decreased interception performance. Furthermore, although participants 273 

improved over time, their performance did not return to baseline levels by the end of 274 

session 1. 275 

In session 2 (Figure 3B), we found neither an effect of group (F(1,44) = 1.07, p = 0.307), 276 

nor an interaction between block order and group (F(3,132) = 0.18, p = 0.898). In contrast, 277 

there was a significant effect of block order on interception success rates (F(3,132) = 41.11, 278 

p < 0.001, η2
p = 0.483). More specifically, success rates did not change when participants 279 

switched from the trained perturbation (63.0%) to the untrained perturbation (63.0%; 280 

t(44) = 0.002, p = 1.00). Once the perturbation was removed, the interception success rate 281 

increased to 74.3%, which was significantly higher than success rates in both the 282 

untrained perturbation block (t(44) = 8.04, p < 0.001, d = 1.47) and the second block of 283 

trained perturbation (t(44) = 8.11, p < 0.001, d = 1.47). These results suggest that switching 284 

perturbations between both groups did not affect interception performance. However, 285 

participants’ performance improved when the bounce ball perturbation was removed. 286 

 287 

Proportion of points earned 288 

The proportions of points earned by participants in each block are shown in Figures 289 

3C and 3D. Participants earned 10 points when intercepting the ball using the middle half 290 

of the paddle, 5 points when using the sides of the paddle, and no points when they 291 

missed the ball. In session 1, Figure 3C shows that after the introduction of the 292 

perturbation (blocks 5 to 8), the decrease in overall success rate was associated with less 293 

trials in which the ball contacted the middle part of the paddle (10-point trials). Whereas 294 

the proportion of trials in which the ball contacted the sides of the paddle (5-point trials) 295 



stayed constant throughout the blocks. This was true for both the “trained horizontal” 296 

and the “trained tilt” groups. During session 2 (Figure 3D), the proportion of 10-point trials 297 

was similar in the trained and untrained perturbation conditions (blocks 1 to 3) and 298 

slightly increased when the perturbation was removed (block 4). In contrast, the 299 

proportion of 5-point trials overall remained the same across the four blocks. These 300 

observations suggest that the ball perturbation mainly affected interception accuracy as 301 

participants were less able to bring the center of the paddle to the ball final position. 302 

 303 

 304 
Figure 3A and 3B: Interception success rates. Proportion of trials in which participants 305 

intercepted the ball. Error bars correspond to ± 1 SD. ***p < 0.001, n.s.: non-significant. 306 

3C and 3D: Proportions of points earned. Participants got 10 points when they 307 

intercepted the ball using the middle half of the paddle, 5 points when using the sides of 308 

the paddle, and 0 points if they missed the ball. 309 



 310 

Interception errors 311 

Average interception errors on each individual trial are depicted in Figure 4. During 312 

the first session (Figure 4A), participants in both the “trained horizontal” and “trained tilt” 313 

groups initially exhibited small interception errors on the very first few trials of block 1. 314 

As the no perturbation trials progressed, average errors became smaller than the length 315 

of the paddle. On the first trial of trained perturbation, participants showed large 316 

interception errors about half the size of the perturbation displacement. The errors were 317 

negative, indicating that participants did not move their paddle far enough to intercept 318 

the moving ball. Then, interception errors reduced within 10 to 15 trials and remained 319 

stable until the end of the session. When conducting a mixed ANOVA with group and trial 320 

(trials 200, 201, and 250) as factors, we found a significant effect of trial (F(2,132) = 43.13, 321 

p < 0.001, η2
p = 0.395) but no significant effect of group (F(1,66) = 0.78, p = 0.379), and no 322 

interaction between group and trial (F(2,132) = 0.14, p = 0.857). 323 

Post-hoc comparisons (Figure 4C) showed a significant increase in interception error 324 

between the last trial with no perturbation and the first trial in which the perturbation 325 

was introduced (trials 200 vs. 201; t(66) = 7.76, p < 0.001, d = 1.43). By the end of the first 326 

block of trained perturbation, errors were significantly reduced (trials 201 vs. 250; t(66) = 327 

7.45, p < 0.001, d = 1.33) and were not different from interception errors in the last trial 328 

without perturbation (trials 200 vs. 250; t(66) = 0.63, p = 1.00). 329 

During the second session (Figure 4B) participants in the “trained horizontal” and 330 

“trained tilt” groups showed large errors on the first trial of trained perturbation followed 331 

by a quick error reduction, similar to what we observed in session 1. Switching from the 332 

trained to the untrained perturbation did not seem to affect interception errors, 333 

irrespective of the group. Finally, participants exhibited large positive errors when the 334 

perturbation was removed, indicating that they moved the paddle too far relative to the 335 

ball final position. These errors in the opposite direction than initial errors are known as 336 

aftereffects and are characteristic of motor adaptation. Aftereffects then quickly decayed 337 

with a rate similar to that of the initial adaptation errors. A mixed ANOVA with group and 338 



trial (trials 1, 100, 101, 150, 151, and 200) as factors showed a significant effect of trial 339 

(F(5,200) = 41.66, p < 0.001, η2
p = 0.510) but no significant effect of group (F(1,40) = 2.03, p = 340 

0.162), and no interaction between group and trial (F(5,200) = 1.34, p = 0.261). 341 

As shown by post-hoc comparisons (Figure 4D), interception errors in the first trial 342 

of trained perturbation were significantly reduced by the end of the second block of 343 

trained perturbation (trials 1 vs. 100; t(66) = 7.24, p < 0.001, d = 1.77). These errors were 344 

not modulated by the introduction of the untrained perturbation (trials 100 vs. 101; t(66) 345 

= 2.32, p = 0.127). There was no significant change in interception error between the 346 

beginning and the end of the untrained perturbation block (trials 101 vs. 150; t(66) = 2.20, 347 

p = 0.168). Finally when the perturbation was removed, participants made positive 348 

interception errors that were larger than those observed after they adapted to the trained 349 

perturbation (trials 151 vs. 100; t(66) = 6.06, p < 0.001, d = 1.33). The aftereffects then 350 

decreased close to 0 on the last trial without perturbation (trials 151 vs. 200; t(66) = 6.89, 351 

p < 0.001, d = 1.38). 352 

Additionally, we looked at savings which corresponds to faster adaptation when 353 

reexposed to a previous perturbation. Thus, we tested whether initial errors to the 354 

trained perturbation were smaller in session 2 than in session 1 (session 1 trial 210 vs. 355 

session 2 trial 1). The analysis was made using only participants who completed both 356 

sessions. The mixed ANOVA with group and session as factors showed no main effects of 357 

group (F(1,40) = 0.13, p = 0.721) or session (F(1,40) = 0.37, p = 0.545), and no interaction effect 358 

(F(1,40) = 0.72, p = 0.400). Theses result suggest that there was no savings in neither of the 359 

experimental groups. 360 

 361 



 362 
Figure 4A and 4B: Interception errors across individual trials. Distance (in a.u.) between 363 

the center of the paddle and the final position of the ball. Values are negative when 364 

participants did not move the paddle far enough and positive when they moved the 365 

paddle too far. Circles correspond to the interception errors averaged across participants. 366 

The colored lines are the regression lines fitted to each group and each block of 50 trials. 367 

Dotted lines depict the length of the paddle, and the grey area represents the size of the 368 

perturbation. 4C and 4D: Statistical analyses. Interception errors during trials of interest. 369 

White squares represent the mean interception error across participants in each group 370 

and error bars correspond to ± 1 SD. ***p < 0.001, n.s.: non-significant. 371 

 372 

 373 



Discussion 374 

 375 

In the present study, participants played an online Pong game where they had to 376 

intercept a moving ball using a paddle controlled by their cursor. A fixed rotation was 377 

applied to the pong ball trajectory after it contacted the bouncing wall, and the tilt of the 378 

wall was modified to be consistent (tilted wall) or inconsistent (horizontal wall) with the 379 

post-bounce path of the ball. We hypothesized that, if visual cues in the surrounding 380 

environment are integrated by the nervous system, motor adaptation should be 381 

enhanced when the bouncing wall is tilted and congruent with the ball trajectory. To test 382 

this, we had two groups adapting to either the consistent (“trained tilt” group) or the 383 

inconsistent condition (“horizontal tilt” group) on a first session. During the subsequent 384 

session, we assessed motor adaptation savings, transfer when switching to the other 385 

(untrained) perturbation, as well as aftereffects when perturbations were removed. 386 

Both the “trained horizontal” and “trained tilt” groups in our experiment showed 387 

clear markers of sensorimotor adaptation. When the pong ball perturbation was 388 

introduced, participants first made large errors which then gradually decreased with time. 389 

In addition, participants showed strong aftereffects (i.e., errors in the direction opposite 390 

to the disturbance) after the perturbation was removed (Kluzik et al., 2008; Lackner & 391 

Dizio, 1994; Martin et al., 1996). Savings on the other hand refers to faster sensorimotor 392 

adaptation, and sometimes smaller initial errors, following reexposure to a previously 393 

experienced perturbation. In this study, we did not observe savings between the first and 394 

the second sessions, which is in contrast with previous findings (Klassen et al., 2005; 395 

Krakauer et al., 2005). Our results nevertheless suggest some short-term retention 396 

(Figures 4A and 4B). Indeed, within the same session, there was no increase in initial 397 

interception errors between successive blocks of trained perturbation. 398 

We found that the perturbation we applied to the ball trajectory affected mainly 399 

the ability of participants to intercept the ball with the central part of the paddle (i.e., 400 

higher interception accuracy). This observation is probably related to the fact that 401 

participants did not make ballistic movements and were able to make online corrections 402 



when moving the paddle using their cursor. That might explain the fast adaptation rate 403 

to the pong ball’s dynamics and how interception errors were reduced within 10 to 15 404 

trials. In addition to online error corrections, a few studies have reported within-trial 405 

adaptation to visuomotor rotations (Braun et al., 2009) and force field (Crevecoeur et al., 406 

2020). Because our measure of interception errors is related to the final position of the 407 

paddle, it is likely to reflect a combination of trial-by-trial adaptation, online feedback 408 

correction, and perhaps within-trial adaptation. However, we argue that such a 409 

continuous control process is closer to what happens in more ecological conditions. 410 

Lastly, since our experiment was not designed to dissociate implicit and explicit 411 

components of adaptation, we cannot rule out the possibility that participants relied on 412 

more cognitive strategies to complete the task. Nevertheless, the aftereffects present in 413 

this study indicate a role of implicit adaptation and rather suggest a combination of both 414 

implicit and explicit processes. 415 

It has been proposed that sensorimotor adaptation is related to an internal forward 416 

model, generated by the nervous system, which predicts the sensory consequences of 417 

motor commands. In case of a perturbation, sensory prediction errors (mismatch 418 

between expected and actual sensory feedback) are used to update this internal model 419 

and reduce movement errors (Izawa & Shadmehr, 2011; Shadmehr & Mussa-Ivaldi, 1994; 420 

Tseng et al., 2007; Wolpert & Miall, 1996). It has first been argued that motor adaptation 421 

is mostly driven by sensory prediction errors whereas target errors (discrepancy between 422 

the target and the movement feedback) have little to no involvement in this process 423 

(Diedrichsen et al., 2005; Mazzoni & Krakauer, 2006; Taylor & Ivry, 2011). This view was 424 

challenged by several target jump studies demonstrating reach adaptation in response to 425 

visual target displacements (Cameron et al., 2011; Laurent et al., 2011; Magescas et al., 426 

2009; Magescas & Prablanc, 2006). Though it was pointed out that, when noticed by 427 

participants, target jumps fail to induce adaptation and rather lead to re-aiming strategies 428 

(Cameron et al., 2010; Westendorff et al., 2015). Thus, methodological differences might 429 

explain apparently conflicting results obtained in previous studies discarding the role of 430 

target errors in adaptation. 431 



The results from our study further support the evidence that adaptation of internal 432 

models is also sensitive to target errors (Reichenthal et al., 2016). As opposed to most 433 

previous studies with targets jumping from one location to another, we used continuously 434 

moving targets that participants had to intercept. In this particular condition, successful 435 

interceptions rely on the ability of internal models to predict the target’s dynamics. This 436 

claim is supported by a previous study investigating eye movements in a virtual-reality 437 

interception task (Diaz et al., 2013). The authors found that participants accurately 438 

predicted the position of the bouncing balls even though their post-bounce trajectories 439 

were altered by changes in ball elasticity. They concluded that the control of eye 440 

movements depends not only on currently available visual information but also on 441 

experience-based models of dynamical properties of the moving object. Our results 442 

suggest a similar process in which participants use an internal model of the dynamics of 443 

the bouncing ball that is updated based on prior knowledge, as it has already been 444 

proposed for the interception of objects falling under gravity (Zago et al., 2009). 445 

Despite indications of adaptation, we found no evidence supporting our hypothesis 446 

that external visual cues enhance motor adaptation to perturbations of moving targets. 447 

Throughout the experiment, the two groups performed similarly; there was no significant 448 

difference in the speed or magnitude of adaptation. Also contrary to our predictions, the 449 

“trained tilt” group which first adapted to the consistent condition did not show any 450 

benefits when switching to the inconsistent condition and savings was not larger on the 451 

second session. Altogether these findings suggest that participants adapted to the 452 

dynamical properties of the pong ball, but that the visual tilt of the bouncing surface did 453 

not improve their performance. The control of interceptive actions seems to rely on an 454 

internal model of the dynamics of the target itself, irrespective of the surrounding 455 

environment. This could be explained by the visual information being processed through 456 

two major pathways: the ventral stream more involved in perception and the dorsal 457 

stream more involved in action (Goodale & Milner, 1992). For instance, participants have 458 

been asked to intercept a moving disc at its bounce location using a paddle. While the 459 

interceptive movements of participants were accurate, their perceptual judgments about 460 



the bounce location were consistently biased (Marinovic et al., 2012). Alternatively, the 461 

visual tilt of the wall may have been deemed irrelevant for this specific task. It would be 462 

interesting to see if different results are obtained when participants need to interact with 463 

the wall. For example, if they are asked to choose where to bounce the ball on the wall 464 

so that it reaches a particular location on the opposite side.  465 

In conclusion, the results from this study show that sensorimotor adaptation to 466 

target errors is possible in an online Pong game. It supports the findings of previous 467 

studies demonstrating that online experimentation can be as informative if not more than 468 

traditional laboratory experiments (Kim et al., 2021; Tsay et al., 2021). The Pong task is 469 

less restrictive than the ones that have been used in past lab-based studies. Participants 470 

are able to move more freely (although in our version, motion was restricted to one 471 

dimension) and they have to figure out where and when to move to achieve their goal. 472 

Our findings encourage for further investigation on sensorimotor adaptation in more 473 

naturalistic and dynamic environments, as well as the use of more gamified tasks for 474 

research purposes. 475 

 476 

 477 
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