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Abstract 29 

In real-world motor tasks, body movements unfold in a high-dimensional space, whereas task 30 

errors are defined in a lower-dimensional space. How such low-dimensional errors propagate 31 

across redundant motor degrees of freedom to generate rapid corrective responses remains 32 

poorly understood. To address this question, we developed a redundant bimanual task in which 33 

human participants (males and females) manipulated a virtual stick with both hands to move its 34 

tip to a visual target. By shifting the tip position (task-relevant perturbation) or rotating the stick 35 

with the tip position fixed (task-irrelevant perturbation), we separated task-space errors from 36 

redundant-dimension errors. Participants rapidly corrected both types of perturbations using 37 

highly stereotyped movement patterns. Corrections to task-relevant errors consistently involved 38 

coordinated changes across redundant dimensions, and even perturbations that did not affect 39 

task success elicited systematic corrective responses. Together, these results demonstrate that 40 

fast corrective responses in redundant motor control are shaped by intrinsic coordination 41 

constraints that govern how visual errors propagate through the motor system. 42 

 43 

Significance Statement 44 

The motor system can correct a movement error within 200 ms of its occurrence. However, the 45 

compensatory movement pattern is not uniquely determined because of the many degrees of 46 

freedom in the body. How does the motor system rapidly select and execute an appropriate 47 

corrective pattern? Our bimanual stick-tip reaching task, in which participants controlled a 48 

cursor located at the tip of a virtual stick, allowed us to dissociate tip-displacing errors from stick-49 

rotation errors. Tip displacements triggered fast corrections, but surprisingly, rotation-only 50 

perturbations also evoked rapid responses and biased the tip along its usual coordination 51 

between tip motion and stick tilt. Our findings show that fast corrections are constrained by 52 

intrinsic coordination patterns, limiting the ability to ignore goal-irrelevant perturbations. 53 
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Introduction 55 

Accurate control of limb end-effectors, such as the hand, is essential for interacting with the 56 

external environment and relies on multiple error correction processes operating at different 57 

timescales. One such process is rapid feedback control, which allows ongoing movements to be 58 

corrected in response to unexpected perturbations with latencies faster than voluntary reactions 59 

(Day & Lyon, 2000; Scott, 2016). Another process involves updating motor plans based on past 60 

errors, enabling feedforward compensation in subsequent movements and promoting motor 61 

learning (Shadmehr & Mussa-Ivaldi, 1994; Thoroughman & Shadmehr, 1999; Takiyama et al., 62 

2015). These error correction processes have been predominantly studied using unimanual 63 

reaching tasks that constrain movement to a two-dimensional plane and limit kinematic degrees 64 

of freedom to the shoulder and elbow (Morasso, 1981; Flash & Hogan, 1985; Gordon et al., 65 

1994). Importantly, these paradigms involve relatively limited kinematic redundancy, as the 66 

dimensionality of the control variables matches that of the task space. 67 

In contrast to these constrained paradigms, the motor system typically possesses more 68 

degrees of freedom than are strictly necessary to control an end-effector (Bernstein, 1996). In 69 

such redundant systems, multiple body configurations can produce the same end-effector 70 

outcome, giving rise to dimensions of movement that directly affect task success as well as 71 

dimensions that do not. A central challenge for motor control is therefore how task-relevant 72 

errors, defined in a low-dimensional task space, are distributed across high-dimensional motor 73 

degrees of freedom to achieve reliable control. One influential framework for addressing 74 

redundancy is optimal feedback control theory, which proposes that motor behavior follows a 75 

minimal intervention principle: variability is actively corrected in task-relevant dimensions while 76 

being tolerated in task-irrelevant dimensions (Todorov & Jordan, 2002; Todorov, 2004; Scott, 77 

2004). Diedrichsen (2007) provided empirical support for this framework by showing that 78 

feedback control and adaptation in a redundant bimanual task were flexibly adjusted according 79 
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to the task goal, and interpreting these task-dependent changes as consistent with optimal 80 

feedback control. 81 

To investigate how redundancy is resolved during movement, we previously developed a 82 

redundant bimanual task in which participants manipulated the endpoint of a virtual stick using 83 

both hands (Kobayashi & Nozaki, 2024). Although the same endpoint position could be 84 

achieved through multiple stick configurations, participants consistently adopted stereotyped 85 

movement patterns involving stick tilt, indicating intrinsic coordination constraints linking 86 

movement dimensions that directly affect the control of the end-effector with those that do not. 87 

Based on this background, we defined the terms ‘end-effector relevant’ and ‘end-effector 88 

irrelevant’, thereby distinguishing them from the commonly used terms ‘task-relevant’ and ‘task-89 

irrelevant’ (Kobayashi & Nozaki, 2024). The constraints between end-effector relevant and 90 

end-effector irrelevant movements appear to shape how adapted motor commands are 91 

organized during movement planning. However, it remains unknown how these coordination 92 

constraints influence the rapid propagation of end-effector relevant errors through redundant 93 

motor spaces during ongoing movement. The present study addresses this question by 94 

examining how the motor system rapidly reconfigures redundant effectors to correct movement 95 

errors via feedback control. 96 

 97 

Materials and Methods 98 

Participants 99 

A total of 65 healthy adults (33 females and 32 males, aged 25.2 ± 7.2 years old; mean ± SD) 100 

participated in the study. The participants were recruited at The University of Tokyo or by the 101 

online recruiting system (https://www.jikken-baito.com). All participants were right-handed 102 

according to the laterality score (84.0 ± 16.1; mean ± SD) obtained by the Edinburgh 103 
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Handedness Inventory (Oldfield, 1971). They gave written informed consent to an experimental 104 

protocol approved by the ethical committee of The University of Tokyo (#19-225). 105 

Experimental apparatus and task 106 

Participants performed a bimanual reaching task using a virtual stick displayed on a horizontal 107 

screen while manipulating two handles of a robotic manipulandum (KINARM End-Point Lab; 108 

Kinarm, Kingston, Canada) (Scott, 1999; Kobayashi & Nozaki, 2024) (Fig. 1a). The display 109 

occluded direct vision of the participants’ arms and the handles. Instead, it displayed a starting 110 

position, a target (1.4 cm in diameter), and a virtual stick (length: 40 cm; width: 0.5 cm). The 111 

two handles were linked by a stiff virtual spring generated by the manipulanda (spring constant: 112 

2000 N/m), thereby creating the virtual stick. Handle positions and velocities were digitized at 113 

1.129 kHz and recorded at 1 kHz for offline analysis. 114 

Depending on the experimental condition, participants controlled either the right tip or the 115 

left tip of the virtual stick. In the right-tip control condition, 21 participants held the left tip of the 116 

stick with the left hand and grasped a point 15 cm from the left tip with the right hand, thereby 117 

controlling the right tip of the stick (Fig. 1a). In the left-tip control condition, 20 participants 118 

performed the corresponding task in a left–right mirrored workspace and controlled the left tip of 119 

the stick (Fig. S1a). This task was kinematically redundant because identical tip trajectories 120 

could, in principle, be generated by many different combinations of hand movements. For 121 

example, participants could translate the stick by moving both hands in parallel without 122 

changing its orientation, or they could achieve the same tip displacement by tilting the stick (Fig. 123 

1b). An additional 24 participants performed non-redundant single-hand control tasks, the 124 

details of which are described below. 125 

All experimental conditions comprised a baseline phase (280 trials) (Fig. 1c), which was 126 

common to all conditions, followed by a perturbation phase (stick-tip shift condition: 360 trials, or 127 

stick-angle shift condition: 160 trials) (Figs. 1d, 1e). 128 

Baseline phase 129 
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The baseline phase was performed to investigate the basic strategy of how the participants 130 

moved the stick to reach the targets with the controlled tip. At the beginning of each trial, the 131 

participants were asked to move the stick to its home position (hands and stick in Fig. 1c). After 132 

maintaining the home position for 0.5–1 s, a gray target was pseudo-randomly chosen from 133 

seven possible targets (0°: horizontal direction, ±30°, ±60°, ±90°; Fig. 1c) appearing 15 cm 134 

away from the initial right (or left) tip position of the stick. After waiting for another 0.5–1 s, the 135 

color of the target changed to pink, indicating that they should immediately start moving the tip 136 

to the target. The participants were instructed to maintain the peak velocities of the tip as 137 

constant as possible across the trials. When the tip reached the target, a feedback message, 138 

“FAST” or “SLOW,” was presented on the monitor if the peak speed was higher or lower than 139 

the range of 400–550 mm/s, respectively. After maintaining the tip at the target for 0.5 s, the 140 

visual feedback of the stick and target disappeared. Then, the handles automatically returned to 141 

their home position, and the next trial began. 142 

Perturbation phase 143 

During the subsequent perturbation phase, the target was presented only in the 0° direction, 144 

and visual perturbations were introduced. The home positions, visual feedback, target size, 145 

inter-trial interval, and criteria for the velocity feedback were the same as those used in the 146 

baseline phase. The controlled tip side remained unchanged through the experiment. 147 

Nineteen participants (right-tip control: N = 10, left-tip control: N = 9) performed the end-148 

effector relevant stick-tip shift condition (360 trials; Fig. 1d). Participants experienced four 149 

perturbation types (Fig. 1d), each presented in two opposite directions, resulting in eight 150 

perturbation conditions. Perturbations were introduced pseudo-randomly every three trials 151 

(15 repetitions per perturbation condition). The four perturbation types were as follows: (1) the 152 

entire stick was displaced perpendicularly to the target direction (normal shift); (2) the stick was 153 

shifted and disappeared except for the controlled tip (disappearing shift); (3) the stick was 154 

shifted and rotated in the inner direction by 6° (inner shift); and (4) the stick was shifted and 155 
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rotated in the outer direction by 6° (outer shift). In all four perturbation types, the controlled tip 156 

was displaced by 3 or -3 cm when it had moved 1 cm from the home position. 157 

Twenty-two participants (right-tip control: N = 11, left-tip control: N = 11) performed 158 

the end-effector irrelevant stick-angle shift condition (160 trials) (Fig. 1e). The stick was rotated 159 

about the controlled tip without changing its position. Participants experienced two perturbation 160 

conditions, namely clockwise (-6°) and counterclockwise (+6°) rotations. As in the stick-tip shift 161 

perturbations, these perturbations were introduced when the controlled tip had moved 1 cm 162 

from the home position. Perturbations were presented pseudo-randomly every four trials (20 163 

repetitions per perturbation direction). 164 

To test learning effects of these perturbations, we examined trial-by-trial aftereffects 165 

following perturbation trials, using a single-trial perturbation paradigm similar to that employed in 166 

previous studies of trial-by-trial motor learning (Diedrichsen et al., 2005; Wei & Körding, 2009, 167 

2010; Fine & Thoroughman, 2006; Albert & Shadmehr, 2016; Kim et al., 2022; Hayashi et al., 168 

2020; Makino et al., 2023; Makino et al., 2026). The trials following a perturbation were normal 169 

trials without any visual perturbation. 170 

Single-hand control task 171 

Twenty-four participants performed the single-hand control task (left-hand task: N =12; right-172 

hand task: N = 12) (Fig. 1f). The home position, target configuration, visual feedback, target 173 

size, inter-trial interval, and velocity-feedback criteria were identical to those used in the 174 

bimanual task. Each experiment consisted of a baseline phase (280 trials) followed by a 175 

perturbation phase (160 trials). In the left-hand task, participants held the left tip of the virtual 176 

stick with the left hand (Fig. 1f, left). In the right-hand task, participants grasped a point 15 cm 177 

from the left tip of the virtual stick with the right hand (Fig. 1f, right). In both tasks, participants 178 

controlled the position of the right tip of the virtual stick. Because stick orientation was not under 179 

participants’ control, the stick remained horizontal throughout the experiment except during the 180 

stick-angle perturbation trials. 181 
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During the perturbation phase, clockwise and counterclockwise 6° stick-angle 182 

perturbations around the control tip were introduced pseudo-randomly every four trials (20 183 

repetitions per perturbation direction). The perturbation was imposed when the controlled tip 184 

had moved 1 cm from the home position, producing a dissociation between the visually 185 

displayed stick orientation and the actual hand position without changing the position of the 186 

controlled tip (Fig. 1g). 187 

Data analysis 188 

Data analyses were performed using MATLAB R2025a (Mathworks, Natick, Massachusetts). 189 

Before analysis, the kinematic data were low-pass filtered (10 Hz, fourth-order Butterworth). No 190 

participant was rejected from the analyses. 191 

Movement onset was detected as a time point when the tip velocity exceeded 1% of the 192 

peak velocity for at least 0.1 s. Similarly, movement offset was defined as a time when the tip 193 

velocity fell below the same criteria. With respect to the feedback response, we quantified the 194 

response at the movement endpoint, where the response to the perturbation had fully 195 

accumulated. In contrast, with respect to the learning response, we quantified the response at 196 

peak velocity rather than at the endpoint to avoid contamination by online corrective 197 

components during the movement. When calculating feedback responses and their aftereffects, 198 

to correct for participant-specific movement biases, we subtracted the mean data of the pre-199 

perturbation null trials from the perturbation and aftereffect trials for each participant.  200 

Latency of the corrective responses to the visual perturbations was defined as the time 201 

point at which responses to opposite perturbations split, and was estimated using a receiver-202 

operator characteristic (ROC) knee method (Pruszynski et al., 2008; Yang et al., 2011; 203 

Crevecoeur et al., 2012). To increase detection sensitivity, latency was derived from the time 204 

derivatives of the tip position or stick-tilt angle profiles. The area under the ROC curve (AUC) for 205 

each time step was generated to calculate the probability that two responses to the distinct 206 

perturbations could be distinguished. A discrimination time point was defined as the first time 207 
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point when the AUCs were < 0.25 or > 0.75 for five consecutive samples. We then calculated 208 

the fitting line to 30 samples (30 ms) of the AUCs, centered on the discrimination time point. 209 

Latency was defined as a time point when the fitting line intersected with the chance level (AUC 210 

= 0.5) line. 211 

Statistical analysis 212 

To statistically evaluate the behavioral data, we conducted ANOVAs, t-tests, and a linear mixed-213 

effects model using MATLAB. A mixed-design ANOVA applied to the baseline stick-tilt angles 214 

revealed no significant difference in the movement patterns between the left-tip and right-tip 215 

control groups (Fig. S1f). For statistical analyses, the two groups were treated separately using 216 

mixed-design ANOVAs. For visualization, however, the kinematic data from the left-tip control 217 

group were left–right mirrored and pooled with those from the right-tip control group because no 218 

significant main effects of controlled tip side were found. 219 

Paired t-tests were used to test whether the perturbations induced significant feedback 220 

responses and aftereffects. If no perturbation-evoked response occurred, there should be no 221 

difference between the responses to the two opposing perturbations (e.g., changes in the stick-222 

tilt angle in response to +3 cm and -3 cm stick shifts); conversely, a significant difference 223 

would indicate the presence of a perturbation-specific response. 224 

For inner/outer shift perturbations, to test whether the direction of the stick-angle 225 

perturbation 226 JN
eurosci

 Acce
pted M

an
uscr

ipt



systematically modulated the peak correction velocity of the tip, we fitted a linear mixed-effects 227 

model with perturbation condition, controlled tip side, and their interaction as fixed effects, with 228 

participant included as a random intercept. Perturbation condition was coded as a linear 229 

contrast: inner shift = -1, normal shift = 0, and outer shift = 1. A linear mixed-effects model was 230 

also applied when testing how the different discrepancy between the hand and stick affected the 231 

hand compensative response. 232 

 233 

Results 234 

Stereotyped movement patterns manipulating a stick with both hands 235 

During the baseline phase, 21 participants moved the right tip of the stick from a starting point to 236 

a target located in one of seven directions. Despite the availability of multiple movement 237 

solutions, participants exhibited highly consistent movement patterns. The trajectories of the tip 238 

and both hands were approximately straight, and the right hand was consistently moved farther 239 

than the left hand (Fig. 2a). Notably, participants rarely translated the stick by moving both 240 

hands in parallel, except when aiming at the 0° target. Instead, they systematically tilted the 241 

stick during movement execution, with stick tilt gradually increasing from movement onset (Fig. 242 

2b). This tilting strategy was present from the very first trial, and the amplitude of the stick-tilt 243 

angle was clearly greater than zero for all non-zero target directions (Fig. 2c). The stick-tilt angle 244 

was strongly modulated by target direction, increasing monotonically with the angular deviation 245 

of the target from the horizontal (Fig. 2d). 246 

These stereotyped movement patterns may simply reflect a strategy of reducing reliance 247 

on the non-dominant hand while relying on the dominant hand. To examine this possibility, 248 

20 different right-handed participants performed a similar task in which they controlled the left 249 

tip of the stick (Fig. S1a). If participants relied primarily on the dominant hand while 250 

minimizing movements of the non-dominant hand, they would be expected to control the left 251 
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tip by rotating the stick around the left hand. In that case, the resulting movement patterns 252 

should be asymmetric relative to those observed when controlling the right tip. However, the 253 

participants exhibited movement patterns that were kinematically symmetric to those observed 254 

in the right-tip control condition (Fig. S1b). They moved the tip while systematically tilting the 255 

stick according to the target direction (Figs. S1c–e), and there was no significant main effect of 256 

controlled tip side (mixed-design ANOVA, F(1, 39) = 0.005, p = 0.945), and no target direction × 257 

controlled tip side interaction (F(1.10, 42.78) = 0.91, p = 0.355) (Fig. S1f). These results suggest 258 

that the stereotyped stick-tilt pattern did not simply reflect a strategy of relying on the dominant 259 

hand, but rather that the hand closer to the controlled tip was consistently moved farther than 260 

the other hand. 261 

Thus, although the task allowed many equivalent solutions in terms of end-effector 262 

kinematics, participants consistently adopted a specific coordination pattern linking end-effector 263 

displacement to systematic changes in an end-effector irrelevant dimension. These stereotyped 264 

movement patterns indicate the presence of intrinsic coordination constraints between end-265 

effector relevant and irrelevant dimensions. Consistent with previous work, this baseline 266 

coordination structure likely reflects minimization of overall hand movement distance (Kobayashi 267 

& Nozaki, 2024). 268 

 269 

Rapid corrective responses to end-effector perturbations 270 

During the second half of the task, visual perturbations were introduced while participants 271 

reached a target located at 0°. Nineteen participants (right-tip control: N = 10; left-tip control: N 272 

= 9) performed perturbation trials in which the position of the stick-tip was unexpectedly shifted 273 

by ±3 cm during movement execution (normal shift: Fig. 1d). Participants can correct the error 274 

using various movement patterns. Because movements toward the 0° target were typically 275 

performed without stick tilt during baseline, participants could correct the perturbation by 276 

translating the stick in parallel (Fig. 3a, left). Alternatively, if feedback corrections were 277 
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constrained by the baseline coordination structure, correcting the tip position error would 278 

necessarily involve systematic changes in stick tilt (Fig. 3a, right). 279 

Participants initiated corrective responses to the stick-tip shifts with a latency of 136 ms 280 

(Figs. 3b, 3c), consistent with rapid visuomotor feedback control (Day & Lyon, 2000; Scott, 281 

2016). Importantly, these corrective responses were accompanied by systematic rotations of the 282 

stick. Upward corrections of the tip position were consistently associated with counterclockwise 283 

stick rotation, whereas downward corrections were accompanied by clockwise rotation (Fig. 3d). 284 

These feedback-induced changes in stick tilt closely matched the direction-dependent 285 

coordination patterns observed during unperturbed baseline movements (Fig. 2d). Thus, 286 

although the perturbation affected only the end-effector position, corrective responses 287 

propagated into the redundant stick-tilt dimension in a highly stereotyped manner. At the end of 288 

the movement, the stick remained significantly tilted in the direction induced during the 289 

corrective response (Fig. 3e). A mixed-design ANOVA revealed a significant main effect of 290 

perturbation (Table S1a; F(1, 17) = 3221.30, p < 0.001, partial η² = 0.995). Neither the main 291 

effect of controlled tip position (F(1, 17) = 1.93, p = 0.183, partial η² = 0.102) nor the 292 

perturbation × controlled tip position interaction (F(1, 17) = 0.02, p = 0.899, partial η² = 0.001) 293 

was significant, indicating that the observed movement patterns did not depend on the laterality 294 

of the controlled tip position. 295 

The results demonstrate that rapid corrective responses to end-effector relevant 296 

perturbations are shaped by intrinsic coordination constraints and thus are accompanied by 297 

end-effector irrelevant errors. To further examine this speculation, we performed an additional 298 

analysis to test whether the feedback response pattern followed the relationship between tip 299 

movement and stick angle in the baseline phase. The accompanying changes in tip position and 300 

stick-tilt angle during the feedback response were aligned with the baseline relationship 301 

between these two dimensions (Fig. 3f; Figs. S2a, S2b). 302 
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An important question is how such corrective responses influence subsequent motor 303 

learning. Specifically, with respect to the secondary deviations which were resulted from 304 

feedback correction to a perturbation, does the motor system attempt to compensate for the 305 

deviations in the following trial, or are they left uncorrected? Participants showed aftereffects 306 

biased the initial tip position downward (upward), consistent with predictive compensation for the 307 

perturbation (Fig. 3g). A mixed-design ANOVA revealed a significant main effect of preceding 308 

perturbation (Table S1b; F(1, 17) = 40.53, p < 0.001, partial η² = 0.705). They also showed 309 

systematic aftereffects of the stick angle that matched the direction of the corrective response 310 

expressed in the preceding trial, rather than counteracting it (Fig. 3h). A mixed-design ANOVA 311 

revealed a significant main effect of preceding perturbation (Table S1c; F(1, 17) = 12.27, p = 312 

0.003, partial η² = 0.419). Similar to the feedback response, these movement biases followed 313 

the baseline relationship (Fig. 3f; Figs. S2a, S2b). Additionally, participants who rotated the stick 314 

more during the corrective response exhibited larger stick-tilt aftereffects (Fig. S2c; r = 0.725, p 315 

< 0.001), suggesting that the feedback response affected the subsequent learning. 316 

Finally, we examined whether visual information about stick-tilt was necessary for these 317 

corrective responses by introducing a perturbation in which the stick disappeared except for the 318 

controlled tip (disappearing shift: Fig. 1d). Despite the absence of visual information about stick 319 

orientation, feedback corrections exhibited the same systematic coupling between tip correction 320 

and stick tilt as observed when the full stick was visible (Figs. 4a–c; Table S1d). Moreover, 321 

aftereffects in both tip position and stick angle were indistinguishable from those observed in the 322 

normal shift (Figs. 4d, 4e; Tables S1e, S1f). These results indicate that the propagation of end-323 

effector errors into stick-tilt does not depend on explicit visual feedback about the end-effector 324 

irrelevant dimension. 325 

 326 

Rapid corrective responses to the end-effector irrelevant perturbation 327 
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To examine whether the motor system maintains an implicit goal for stick tilt and, if so, how this 328 

goal is expressed, we introduced perturbations in an end-effector irrelevant dimension. Twenty-329 

two participants (right-tip control: N = 11; left-tip control: N = 11) performed a perturbation phase 330 

including trials in which the stick angle around the controlled tip was unexpectedly rotated by 331 

±6° during movement execution (stick-angle shift: Fig. 1e). Importantly, these perturbations 332 

altered the stick-tilt without directly affecting the tip position. According to the minimal 333 

intervention principle, such end-effector irrelevant perturbations might be ignored, as they do 334 

not affect achievement of the task goal (Fig. 5a, left). Alternatively, the stereotyped baseline 335 

relationship between tip motion and stick tilt may provide an implicit reference angle for stick tilt, 336 

even though stick orientation was not explicitly specified as a task goal. A deviation from this 337 

reference would constitute a stick-tilt error. If correction of this error follows the baseline 338 

coordination pattern, it may systematically induce changes in tip position (Fig. 5a, right). 339 

Participants initiated corrective responses to the stick-tilt perturbation with a latency of 340 

125 ms (Figs. 5b, 5c). The peak magnitude of the correction during the reaching movement was 341 

-1.90 ± 0.14° and 1.79 ± 0.13° (mean ± SEM) for the +6° and -6° perturbations, respectively. 342 

Although the perturbation did not affect the tip position, corrective responses to the stick-tilt error 343 

were accompanied by systematic deviations of the tip trajectory (Fig. 5d). Specifically, 344 

counterclockwise corrections of the stick angle were associated with upward deviations of the tip 345 

(0.9 ± 0.1 cm, when the correction of the angle was peak), whereas clockwise corrections were 346 

associated with downward tip deviations (-0.9 ± 0.1 cm, when the correction of the angle was 347 

peak). These coordination patterns closely matched those observed during baseline 348 

movements, indicating that corrective responses followed the same intrinsic relationship 349 

between stick tilt and tip position. Both the perturbation-evoked changes in stick-tilt angle and 350 

tip position persisted until the movement endpoint (Fig. 5e). With respect to the stick-tilt angle, a 351 

mixed-design ANOVA revealed a significant main effect of perturbation (F(1, 20) = 40.55, p < 352 

0.001, partial η² = 0.670) and a significant perturbation × controlled tip position interaction 353 

(Table S1g; F(1, 20) = 14.26, p = 0.001, partial η² = 0.416). The main effect of controlled tip 354 
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position was not significant (F(1, 20) = 3.52, p = 0.075, partial η² = 0.150). Bonferroni-corrected 355 

post hoc comparisons showed the significant difference between perturbations in the right-tip 356 

control condition (p < 0.001), whereas the change was not significant in the left-tip control 357 

condition (p = 0.082). With respect to the tip position, a mixed-design ANOVA revealed a 358 

significant main effect of perturbation (Table S1h; F(1, 20) = 11.01, p = 0.003, partial η² = 359 

0.355). Neither the main effect of controlled tip position (F(1, 20) = 3.50, p = 0.076, partial 360 

η² = 0.149) nor the perturbation × controlled tip position interaction (F(1, 20) = 3.53, p = 361 

0.075, partial η² = 0.150) was significant. 362 

Plotting the corrective movement patterns on the plane representing the relationship 363 

between the tip position and the stick-tilt angle revealed that they were still biased toward the 364 

baseline relationship (Fig. 5f; Figs. S3a and S3b). The stick-tilt correction was significantly and 365 

positively correlated with the accompanying deviation of the tip position (Fig. S3c; r = 0.855, p < 366 

0.001). These results suggest that end-effector control is partly constrained by sensory 367 

information in the end-effector irrelevant dimension. 368 

In trials after the perturbation, participants exhibited aftereffects in stick angle, consistent 369 

with predictive compensation for the preceding perturbation (Fig. 5g). A mixed-design ANOVA 370 

revealed a significant main effect of perturbation (Table S1i; F(1, 20) = 17.40, p < 0.001, partial 371 

η² = 0.465). Neither the main effect of controlled tip position (F(1, 20) = 0.31, p = 0.583, partial 372 

η² = 0.015) nor the perturbation × controlled tip position interaction (F(1, 20) = 0.40, p = 0.536, 373 

partial η² = 0.019) was significant. Additionally, the aftereffect in tip position did not act to 374 

counteract the tip deviation accompanied by the feedback correction. Instead, tip position was 375 

biased in the same direction as the deviation in the previous trial (Fig. 5h). A mixed-design 376 

ANOVA revealed a significant main effect of perturbation (Table S1j; F(1, 20) = 14.61, p = 377 

0.001, partial η² = 0.422). Neither the main effect of controlled tip position (F(1, 20) = 0.06, p = 378 

0.804, partial η² = 0.003) nor the perturbation × controlled tip position interaction (F(1, 20) = 379 

0.25, p = 0.624, partial η² = 0.012) was significant. Again, the biases in movement patterns 380 
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observed as aftereffects were consistent with the baseline relationship (Fig. 5f; Figs. S3a and 381 

S3b); however, contrary to the results of the stick-tip shift perturbation, the feedback correction 382 

was not correlated with the aftereffect observed in the subsequent trial (Fig. S3d; r = -0.030, p = 383 

0.895). Thus, even when the perturbation acted solely on an end-effector irrelevant dimension, 384 

the resulting learning did not compensate for end-effector deviations generated during feedback 385 

correction. 386 

Together, these results demonstrate that even errors that are irrelevant to task success 387 

evoke rapid and systematic corrective responses. Importantly, these responses propagate into 388 

end-effector relevant dimensions according to the same coordination constraints observed 389 

during unperturbed movements, indicating that fast feedback control in redundant motor 390 

systems is governed by intrinsic movement coordination structure rather than by selective 391 

correction of end-effector relevant errors alone. 392 

 393 

Dissociation between the stick and hand position alone does not elicit corrective 394 

responses 395 

One possible alternative explanation for the corrective responses to stick-angle perturbations 396 

observed in the bimanual task is that they were driven not by errors in stick-tilt per se, but by a 397 

positional discrepancy between the hand and the visually displayed stick. To test this possibility, 398 

we conducted control experiments using single-hand stick manipulation tasks (Fig. 1f). Twenty-399 

four naïve participants performed either a left-hand task or a right-hand task (N = 12 each), 400 

following the same protocol as the bimanual task (baseline phase: 280 trials; perturbation 401 

phase: 160 trials). Crucially, in the single-hand tasks, participants could not control the stick 402 

orientation: the stick angle remained fixed at zero except during perturbation trials. During the 403 

perturbation phase, we applied the same stick-angle shifts (±6°) as in the bimanual task, which 404 

introduced a dissociation between the visual stick-tilt and the actual hand position without 405 

affecting the tip position (Fig. 1g). 406 
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If the positional discrepancy between the hand and the stick were sufficient to induce 407 

corrective responses, participants should have exhibited compensatory changes in movement 408 

even in the single-hand condition (Fig. 6a). However, no such corrective responses were 409 

observed: The time course of tip position showed no systematic deviation following the 410 

perturbation (Fig. 6b), and there was no significant difference in tip position at movement end 411 

for either perturbation direction (Fig. 6c; paired t-tests; left-hand task: t(11) = 1.318, p = 412 

0.214; right-hand task: t(11) = -1.103, p = 0.294). One possible explanation for the absence of 413 

corrective responses is that participants gradually learned that stick orientation was 414 

uncontrollable and therefore suppressed unnecessary corrective responses. However, the 415 

magnitude of the compensatory response did not differ significantly between the first and 416 

second halves of the perturbation phase, suggesting that the present data do not support this 417 

possibility (Fig. S4). 418 

Together, these results indicate that a dissociation between the hand position and the 419 

visual representation of the stick alone is insufficient to elicit corrective responses. Instead, the 420 

corrective responses observed in the bimanual task likely depend on the ability to actively 421 

control and predict stick orientation. This supports the interpretation that corrective responses to 422 

stick-angle perturbations arise from intrinsic coordination between end-effector relevant and 423 

end-effector irrelevant dimensions, rather than from positional discrepancies at the level of the 424 

hand. 425 

 426 

End-effector irrelevant perturbations modulate corrective responses to end-effector errors 427 

To further examine whether perturbations in end-effector irrelevant dimensions influence the 428 

correction of end-effector errors, we simultaneously applied a stick-tip perturbation and a stick-429 

angle perturbation (inner/outer shift: Figs. 1d, 7a). According to the minimal intervention 430 

principle, corrective responses should primarily target the tip position error while ignoring the 431 

stick-angle perturbation, as the latter does not directly affect task success. Under this 432 
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account, corrective responses should be similar across conditions. In contrast, if intrinsic 433 

coordination constraints couple end-effector relevant and end-effector irrelevant dimensions, the 434 

structure of the corrective response should depend on the relationship between the two 435 

perturbations. Specifically, in the inner-shift condition, the stick-angle correction biases the tip 436 

movement toward the target, potentially facilitating tip correction. Conversely, in the outer-shift 437 

condition, the stick-angle correction biases the tip movement away from the target, potentially 438 

slowing the correction. 439 

Participants rapidly corrected the perturbed tip position in both conditions and appeared 440 

to largely ignore the stick-angle perturbation at the level of task outcome (Figs. 7b, 7c). 441 

Consistent with this, the latency of the corrective response to the tip position error did not differ 442 

between the inner- and outer-shift conditions (Fig. 7d). Despite similar response latencies, the 443 

kinematic structure of the corrective movements differed between conditions (Figs. 7d, 7e). 444 

These differences were reflected in the velocity profile of the tip correction (Fig. 7f). Actually, the 445 

direction of the stick-angle perturbation systematically modulated the peak correction velocity 446 

(Fig. 7g). We fitted a linear mixed-effects model with perturbation condition, controlled tip side, 447 

and their interaction as fixed effects, with participant included as a random intercept. 448 

Perturbation condition was coded as a linear contrast: inner shift = -1, normal shift = 0, and 449 

outer shift = 1. This analysis revealed a significant main effect of perturbation condition (F(1, 36) 450 

= 61.45, p < 0.001), indicating that peak correction velocity decreased systematically from the 451 

inner-shift condition to the outer-shift condition. The main effect of controlled tip side was not 452 

significant (F(1, 17) = 0.73, p = 0.404), and neither was the perturbation condition × controlled 453 

tip side interaction (F(1, 36) = 1.62, p = 0.211). Thus, stick-angle perturbations systematically 454 

modulated the velocity profile of the tip-position correction regardless of the controlled tip side. 455 

 456 
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Discussion 457 

The present study addressed a fundamental challenge in motor control posed by kinematic 458 

redundancy: how low-dimensional sensory errors are translated into coordinated changes 459 

across high-dimensional motor degrees of freedom. Traditional arm-reaching paradigms provide 460 

limited access to this problem because end-effector position is tightly constrained by limb 461 

posture. Using a redundant bimanual task that dissociated end-effector relevant and irrelevant 462 

dimensions, we showed that visual errors propagated through the motor system in stereotyped 463 

patterns shaped by intrinsic coordination constraints. This propagation occurred not only when 464 

perturbations directly affected task success but also when they acted solely on end-effector 465 

irrelevant dimensions. Aftereffects in the subsequent trial also reflected the coordination 466 

structure expressed during the preceding corrective response. 467 

 468 

Kinematic symmetry for the laterality of stick-tip manipulation 469 

In the present stick-manipulation task, participants consistently adopted a stereotyped strategy 470 

involving stick tilt despite the availability of multiple movement solutions (Figs. 1b, 2c, 2d), 471 

consistent with our previous finding that this pattern minimizes the combined movement 472 

distance of both hands (Kobayashi & Nozaki, 2024). Although all participants were right-473 

handed, those controlling the left tip exhibited the mirror-symmetric coordination pattern (Fig. 474 

S1), indicating that the baseline coordination structure depended on the controlled end-effector 475 

rather than hand dominance. This symmetry is notable given previous evidence for lateralized 476 

roles of the two arms during bimanual motor learning (Yokoi et al., 2014; Schaffer & Sainburg, 477 

2021). At the same time, it is consistent with work showing that functional roles can be flexibly 478 

exchanged between the two hands according to task demands in redundant bimanual tasks 479 

(Johansson et al., 2006). 480 

 481 
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Rapid corrections to end-effector relevant perturbations in a redundant motor system 482 

When the stick was suddenly shifted, participants rapidly corrected the resulting tip error by 483 

tilting the stick (Fig. 3). The short corrective latency of approximately 140 ms indicates that this 484 

correction pattern was not the result of an explicit strategy, but rather an automatic feedback 485 

process (Scott, 2016). Specifically, tip-position corrections were accompanied by stick rotations 486 

that preserved the baseline relationship between tip movement direction and stick-tilt angle 487 

(Figs. 3f and 5f), suggesting that rapid feedback corrections recruit pre-existing coordination 488 

patterns established during unperturbed movements. 489 

Our previous work proposed that baseline coordination patterns serve as a scaffold that 490 

implicitly guides how corrective commands are distributed across redundant degrees of freedom 491 

during motor adaptation (Kobayashi & Nozaki, 2024). The present findings extend this principle 492 

to rapid feedback correction and trial-by-trial learning. This interpretation is consistent with 493 

Hayashi et al. (2016), who showed that experimentally altering the visuomotor mapping 494 

between target direction and movement direction systematically enhanced or reduced both 495 

motor adaptation and rapid feedback correction. Importantly, our findings suggest that pre-496 

existing coordination structures, analogous to the visuomotor mapping in a standard reaching 497 

task, constrain how corrective commands propagate through redundant motor systems. 498 

 499 

Why end-effector irrelevant perturbations cannot be ignored in redundant motor control 500 

We introduced an end-effector irrelevant perturbation by rotating the stick around the controlled 501 

tip, leaving end-effector position unchanged (Fig. 5a). Such perturbations could be ignored 502 

without compromising task performance. According to the minimal intervention principle, the 503 

motor system should therefore be indifferent to errors confined to task-irrelevant dimensions. 504 

However, the stereotyped relationship between tip motion and stick tilt observed during baseline 505 

movements may provide an implicit reference for stick tilt, even though stick orientation was not 506 
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explicitly specified as a task goal. The stick-angle perturbation therefore allowed us to test 507 

whether such an implicit stick-tilt goal exists and, if so, how correction toward that goal is 508 

expressed. Participants rapidly corrected the deviation in stick tilt during movement (Figs. 5b, 509 

5c, and 5e). Although this correction was partial, reaching approximately one-third of the 510 

imposed perturbation, the presence of a clear corrective response indicates that the 511 

perturbation was not completely ignored. Relatedly, corrective responses to visual perturbations 512 

have been reported even when the perturbation could be tolerated without compromising target 513 

attainment because of goal redundancy. Veyrat-Masson et al. (2010) observed substantial 514 

corrections to cursor perturbations even when a large target made correction unnecessary, 515 

whereas Cross et al. (2019) found attenuated but persistent early feedback responses when a 516 

wide target reduced the need for correction. 517 

Previous work has shown that visual feedback corrections during tool use can 518 

incorporate the kinematic mapping between hand motion and tool-endpoint motion, enabling 519 

task-appropriate online corrections (Baugh et al., 2012). One possible explanation is that the 520 

corrective response was driven by a discrepancy between visual information about stick 521 

orientation and proprioceptive information about hand position. More broadly, tool use can 522 

modify representations of the manipulated object and body-object relationship (Iriki et al., 1996; 523 

Ganesh et al., 2014), consistent with a sense of agency over self-generated object motion 524 

(Haggard, 2017). Perturbations to stick orientation may therefore generate sensory prediction 525 

errors known to drive both visuomotor adaptation (Wolpert et al., 1995; Flanagan & Rao, 1995; 526 

Mazzoni & Krakauer, 2006; Schaefer et al., 2012; Kim et al., 2019) and rapid feedback 527 

responses (Nashed et al., 2012; Franklin et al., 2016). 528 

However, our results did not support the hypothesis that visuo-proprioceptive 529 

mismatch was a primary driver of the observed responses. If such local mismatch were the 530 

main cause, larger positional dissociations should have elicited larger corrective responses. 531 

However, corrective responses did not scale consistently with the local dissociation of each 532 
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hand (Fig. S5). In addition, in the single-hand stick manipulation task, a comparable dissociation 533 

between visual stick orientation and hand position was introduced, yet participants showed no 534 

clear corrective responses (Fig. 6).  535 

A related possibility is that the corrective responses arose from uncertainty in state 536 

estimation. The motor system estimates the state of the body and environment by integrating 537 

sensory signals according to their reliability (van Beers et al., 1999; Körding & Wolpert, 2004). In 538 

our task, stick orientation and tip position were strongly coupled throughout baseline movements 539 

(Fig. 2d), such that stick orientation provided information about the likely state of the controlled 540 

tip. An unexpected perturbation to stick orientation may therefore have transiently biased the 541 

estimated state of the controlled tip, even though its actual position remained unchanged. Under 542 

this interpretation, corrective responses to stick-tilt perturbations may have arisen from altered 543 

end-effector state estimation rather than from explicit correction of stick orientation itself. 544 

 545 

Interaction between end-effector relevant and end-effector irrelevant error corrections 546 

Rapid stick-tilt corrections were accompanied by systematic tip-position deviations that followed 547 

the baseline relationship between stick tilt and tip position (Fig. 5f), consistent with our previous 548 

finding for adaptive corrections (Kobayashi & Nozaki, 2024). Thus, a common coordination 549 

structure may constrain corrective responses across end-effector relevant and irrelevant 550 

dimensions. 551 

Notably, under this coordination constraint, correcting a stick-tilt error would itself 552 

generate a task-relevant tip-position error (Figs. 5d, 5e). Thus, the partial correction of the stick-553 

tilt perturbation (Figs. 5b, 5c) may reflect not only prioritization of task-relevant tip position, but 554 

also partial cancellation by subsequent corrective responses that reduce the induced tip-555 

position error and oppose ongoing stick-tilt correction. Consequently, the net stick-tilt 556 
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correction may underestimate the corrective response to the stick-tilt error, helping explain why 557 

it remained smaller than the imposed perturbation. 558 

To directly examine how corrections in the two dimensions interact, we simultaneously 559 

perturbed tip position and stick tilt (Fig. 7a). Participants rapidly corrected the tip-position error, 560 

consistent with the minimal intervention principle, which predicts prioritization of end-effector 561 

errors (Fig. 7d). However, stick-tilt corrections occurred concurrently (Fig. 7e), and the resulting 562 

movement patterns followed the baseline coordination structure. Although response latency was 563 

unchanged, the velocity profile of tip correction was significantly modulated depending on 564 

whether stick rotation facilitated or opposed the correction (Figs. 7f, 7g). These findings suggest 565 

that end-effector errors determine when corrections are initiated, whereas intrinsic coordination 566 

constraints shape how they are distributed across redundant degrees of freedom. 567 

 568 

Visuomotor mapping-dependent error correction 569 

The single-hand stick manipulation task showed that a positional discrepancy between the hand 570 

and stick alone was insufficient to elicit corrective responses (Fig. 6). Because stick orientation 571 

remained fixed regardless of hand movement, participants lacked a visuomotor mapping 572 

between their movements and stick rotation. This suggests that visual errors evoke corrective 573 

responses only when an appropriate action–outcome mapping has been established (Schmidt, 574 

1975; Hayashi et al., 2016). 575 

The present findings also indicate that visuomotor mappings contribute to both within-trial 576 

feedback correction and across-trial motor learning. According to the feedback error learning 577 

hypothesis, feedback corrections serve as teaching signals for subsequent movements (Kawato 578 

et al., 1987). Consistent with previous studies showing that feedback-related motor output is 579 

reflected in the subsequent trial (Albert & Shadmehr, 2016; Fine & Thoroughman, 2006; Makino 580 
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et al., 2026), the corrective patterns of tip position and stick angle were reflected as aftereffects 581 

in the following trial (Figs. 3f–h and 5f–h). 582 

 583 

In summary, our findings suggest that the motor system exploits a baseline coordination 584 

structure to propagate low-dimensional visual errors across high-dimensional movement 585 

degrees of freedom, thereby generating rapid corrective responses. This coordination 586 

structure couples end-effector relevant and end-effector irrelevant dimensions and shapes 587 

both within-trial feedback correction and across-trial motor learning. 588 

 589 
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Figures 708 

Figure 1. Experimental protocols. (a) Participants held handles with both hands 709 

and moved the tip of a virtual stick on the screen. (b) They can reach a visual target 710 

by moving both hands parallel (top) or tilting the stick (bottom). (c) During the 711 

baseline phase, participants were instructed to move the tip from a home position to 712 

a target that appeared in one of seven directions. (d) The perturbation phase 713 

followed the baseline phase. For participants who received the stick-tip shift 714 

perturbation, the perturbation phase consisted of repeated cycles of two null trials 715 

and one visual perturbation trial. Participants in this group experienced eight types of 716 

perturbations (four shift types × two shift directions of ±3 cm), with 15 trials for each 717 

type. First, the entire stick was displaced perpendicularly to the target direction 718 

(normal shift). Second, the stick was shifted and disappeared except for the tip 719 

(disappearing shift). Third, the stick was shifted and rotated in the inner direction by 720 

6° (inner shift). Fourth, the stick was shifted and rotated in the outer direction by 6° 721 

(outer shift). In the perturbation trial, one of these was applied when the tip position 722 

was 1 cm away from the starting point. (e) For participants who received the stick-723 

angle shift perturbation, the perturbation phase consisted of repeated cycles of three 724 

null trials and one visual perturbation trial. Participants in this group experienced two 725 

types of perturbations (shift directions of ±6°), with 20 trials for each type. In the 726 

perturbation trial, the stick suddenly rotated around the tip by 6° when the tip position 727 

was 1 cm away from the starting point. (f, g) To investigate whether dissociation of 728 

the stick and holding position induced the responses to the stick-angle shift, we 729 

conducted single-hand stick manipulation tasks and introduced the stick-angle shift. 730 

Participants in the left-hand task held the left tip of the stick with a left hand, 731 

whereas participants in the right-hand task held a position 15 cm away from the left 732 

tip with a right hand. 733 
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Figure 2. Kinematics to move the right tip of the stick with both hands. (a) 735 

Movement trajectories of the left hand, right hand, and tip were drawn over the home 736 

position of the stick (averaged across participants). (b) The time-course of the stick-737 

tilt angle during the reaching movements. They achieved the task while tilting the 738 

stick. Each color represents the direction of the target, as shown in a. The shaded 739 

areas indicate SEM. (c) Trial-to-trial changes in the stick-tilt angle at the movement 740 

end. They adopted the strategy of tilting the stick from the beginning of the 741 

experiment. The shaded areas indicate SEM. (d) The stick-tilt angle at the movement 742 

end differs compared to that when aiming at a horizontal target. Gray plots indicate 743 

individual data. The error bars mean SD. 744 

 745 

Figure 3. Corrective rapid response to the end-effector relevant perturbation. 746 

(a) The movement pattern for correcting the tip error is not uniquely determined. 747 

Participants could correct the error by translating both hands in parallel (left). 748 

Alternatively, they could correct the error by tilting the stick (right). (b–h) For clarity of 749 

presentation, data from the right- and left-tip control conditions were combined by 750 

left-right mirroring the left-tip data, because mixed-design ANOVAs revealed no 751 

significant main effect of controlled tip side or interaction involving controlled tip side 752 

(Tables S1a–c). (b) The time-course changes in the tip position orthogonal to the 753 

target direction. The red (blue) plot shows average data when the stick was shifted 754 

by 3 cm (-3 cm). The shaded areas indicate the SD. (c) Changes in the correction 755 

amount of the tip position error. The participants rapidly corrected errors with a 756 

latency of 136 ms. Latency was derived from the time derivative of the position 757 

profiles (i.e., the velocity profiles). (d) Changes in the stick-tilt angle show that the 758 

correction of the tip position was accompanied by a stick rotation. Insets depict the 759 

stick on the monitor, exaggeratedly drawn for clarity. (e) Changes in the stick-tilt 760 
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angle at the movement end show that the stick rotation significantly accompanied 761 

the correction of the tip position. A mixed-design ANOVA revealed a significant 762 

main effect of perturbation (F(1, 17) = 3221.30, p < 0.001). The error bars indicate the 763 

SD. (f) A plane representing the relationship between the tip position and the stick-tilt 764 

angle. The tip Y position denotes the Y-coordinate relative to the starting position, 765 

that is the deviation orthogonal to the target direction. The bold gray line indicates the 766 

relationship in the baseline phase. The red (blue) filled circles and red (blue) open 767 

circles represent the feedback responses at the movement end and aftereffects at 768 

the peak velocity, respectively. The red (blue) small dots in the inset represent 769 

trajectories from perturbation onset to movement end at 50 ms intervals. All plots 770 

show data averaged across participants. (g, h) In trials following the perturbation 771 

trials, biases of the tip position and stick-tilt angle were observed as aftereffects of 772 

the perturbations. (insets: mixed-design ANOVA; a significant main effect of 773 

perturbation, tip position: F(1, 17) = 40.53, p < 0.001, stick-tilt angle: F(1, 17) = 12.27, 774 

p = 0.003). **: p < 0.01. ***: p < 0.001. 775 

 776 

Figure 4. Corrective rapid response to the end-effector relevant perturbation in 777 

which the stick disappeared except for the right tip. (a–d) The left-tip data were 778 

left–right mirrored and combined with the right-tip data as described in Fig. 3 (see 779 

Tables Sd–f for statistical results). (a) Changes in the correction amount of the tip 780 

position error. The red (blue) plot shows average data when the stick was shifted by 781 

3 cm (-3 cm). The participants rapidly corrected errors with a latency of 152 ms. 782 

Latency was derived from the time derivative of the position profiles. The shaded 783 

areas indicate the SD. (b) Changes in the hands-tilt angle show that the correction 784 

of the tip position was accompanied by a hands rotation. Insets depict the state of the 785 

hands, exaggeratedly drawn for clarity. (c) Changes in the hands-tilt angle at the 786 

JN
eurosci

 Acce
pted M

an
uscr

ipt



movement end show that the hands rotation significantly accompanied the correction 787 

of the tip position. A mixed-design ANOVA revealed a significant main effect of 788 

perturbation (F(1, 17) = 2461.40, p < 0.001). The error bars indicate the SD. (d, e) In 789 

trials following the perturbation trials, biases of the tip position and stick-tilt angle 790 

were observed as aftereffects of the perturbations (insets: mixed-design ANOVA; a 791 

significant main effect of perturbation, tip position: F(1, 17) = 31.80, p < 0.001, stick-792 

tilt angle: F(1, 17) = 15.99, p < 0.001). ***: p < 0.001. 793 

 794 

Figure 5. Corrective rapid response to the end-effector irrelevant perturbation. 795 

(a) Participants may not change the movement pattern because the perturbation did 796 

not affect the tip position (left). Alternatively, if corrective responses are constrained 797 

by intrinsic coordination between end-effector relevant and end-effector irrelevant 798 

dimensions, correcting the stick-tilt error may systematically induce changes in tip 799 

position (right). (b–h) The left-tip data were left–right mirrored and combined with the 800 

right-tip data (see Tables S1g–j for statistical results). (b) The time-course changes in 801 

the stick-tilt angle. The red (blue) plot shows average data when the stick was 802 

rotated by 6° (-6°). The shaded areas indicate the SD. (c) Changes in the correction 803 

amount of the stick-tilt error. The participants rapidly corrected errors with a latency of 804 

125 ms. Latency was derived from the time derivative of the angle profiles. (d) 805 

Changes in the tip position orthogonal to the target direction show that the correction 806 

of the stick-tilt angle was accompanied by a deviation of the tip during the reaching 807 

movement. Insets depict the stick on the monitor, exaggeratedly drawn for 808 

clarity. (e) Changes in the stick-tilt angle (left) and the deviation of the tip (right) at 809 

the movement end show that the tip position error significantly accompanied the 810 

compensative stick rotation. The error bars indicate the SD. (f) A plane representing 811 

the relationship between the tip position and the stick-tilt angle. The formats are the 812 
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same as Fig. 3f. The plots of the aftereffects are shown only in the inset. (g, h) In 813 

trials following the perturbation trials, biases of the stick-tilt angle and tip position 814 

were observed as aftereffects of the perturbations. *: p < 0.05, ***: p < 0.001. 815 

 816 

Figure 6. Single-hand stick manipulation task. (a) A total of 24 right-handers 817 

participated in the single-hand stick manipulation tasks. Twelve participants 818 

performed the left-hand task, whereas the rest twelve participants performed the 819 

right-hand task. During the perturbation phase, the stick-angle shift was introduced. 820 

Because the counterclockwise (clockwise) perturbation generates a backward 821 

(forward) error between the actual hand position and the grasped stick position, it 822 

may induce a corrective response by moving a hand forward (backward). (b) 823 

Changes in the tip position orthogonal to the target direction did not show such 824 

corrective responses depending on the perturbation direction. The red (blue) plots 825 

show average data when the stick was rotated by 6° (-6°). (c) There was no 826 

significant difference in the tip position at the movement end (paired t-test, left-hand 827 

task: t(11) = 1.318, p = 0.214, right-hand task: t(11) = -1.103, p = 0.294). 828 

 829 

Figure 7. Effects of the end-effector irrelevant perturbation on the correction of 830 

the end-effector relevant error. (a) In the stick-tip shift conditions, we sometimes 831 

imposed the stick-angle shift at the same as the stick-tip shift. Left: the combination 832 

of ±3 cm stick-tip shift and ±6° stick-angle shift (inner shift). Middle: the 833 

combination of ±3 cm stick-tip shift and ∓6° stick-angle shift (outer shift). Right: 834 

normal shift same as Fig. 3a (control). (b–g) The left-tip data were left–right 835 

mirrored and combined with the right-tip data. (b) The time-course changes in 836 

the tip position orthogonal to the target direction. The solid (dashed) plot shows 837 

averaged data when the stick was shifted by 3 cm (-3 cm), and the red (blue) plot 838 
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shows averaged data of the inner shift (outer shift). The shaded areas indicate the 839 

SD. (c) The time-course changes in the stick-tilt angle. (d) Changes in the correction 840 

amount of the tip position error. Regardless of the direction of the stick-angle shift, 841 

the participants rapidly corrected the tip position error with a latency of 166 ms (inner 842 

shift) or 151 ms (outer shift). Latency was derived from the velocity profiles. (e) 843 

Changes in the correction amount of the stick-tilt angle. (f) The correction velocity of 844 

the tip position was drawn by the derivative of the plots in d. Arrows in the figure 845 

indicate a peak of each velocity profile. The red, blue, and black plots indicate the 846 

result when the inner shift, outer shift, and normal shift were imposed, respectively. 847 

(g) The magnitude of peak velocity of the tip position correction varied depending on 848 

the direction of the stick-angle shift. A linear mixed-effects model applied to the 849 

combined data from the right-tip and left-tip control conditions revealed a significant 850 

main effect of perturbation condition (F(1, 36) = 61.45, p < 0.001). 851 
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