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ABSTRACT 37 
 When coordinating two hands to achieve a common goal, the nervous system has to 38 

assign responsibility to each hand. Optimal control theory suggests that this problem is solved 39 

by minimizing costs such as the variability of movement and effort. However the natural 40 

tendency to produce similar movements during bimanual tasks has been somewhat ignored by 41 

this approach. Here we consider a task in which participants were asked to track a moving 42 

target by means of a single cursor controlled simultaneously by the two hands. Two types of 43 

hand-cursor mappings were tested: one in which the cursor position resulted from the average 44 

location of two hands (MEAN), and one in which horizontal and vertical positions of the 45 

cursor were driven separately by each hand (SPLIT). As expected, unimanual tracking 46 

performance was better with the dominant hand than with the more variable non-dominant 47 

hand. More interestingly, instead of exploiting this effect by increasing the use of the 48 

dominant hand, the contributions from both hands remained symmetrical during bimanual 49 

cooperative tasks. Indeed, for both mappings, and even after 6min of practice, the right and 50 

left hands remained strongly correlated, performing similar movements in extrinsic space. 51 

Persistence of this bimanual coupling demonstrates that participants prefer to maintain similar 52 

movements at the expense of unnecessary movements (in the SPLIT task), and of increased 53 

noise from the non-dominant hand (in the MEAN task). Altogether, the findings suggest that 54 

bimanual tracking exploits hand coordination in space rather than minimizing motor costs 55 

associated with variability and effort.   56 

 57 

NOTEWORTHY 58 

 When coordinating two hands to achieve a common goal, optimal control theory 59 

proposes that the brain assigns responsibility to each hand by minimizing movement 60 

variability and effort. Nevertheless, we show that participants perform bimanual tracking 61 

using similar contributions from the dominant and non-dominant hands, despite unnecessary 62 

movements and a less accurate non-dominant hand. Our findings suggest that bimanual 63 

tracking exploits hand coordination in space rather than minimizing motor costs associated 64 

with variability and effort.    65 
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INTRODUCTION 66 

In order to generate simple movements such as reaching or grasping, our body has 67 

more degrees of freedom than necessary. How brain solves this redundancy problem is a 68 

fundamental issue for the understanding of biological motion (Bernstein 1967, 1996; Guigon 69 

et al. 2007; Latash et al. 2001). The computational framework of optimal control theory 70 

suggests that when we perform hand movements, muscles and joints are coordinated so as to 71 

minimize costs such as effort and/or variability of movement (Harris and Wolpert 1998; 72 

Todorov and Jordan 2002; Scott 2004; Todorov 2004; Diedrichsen et al. 2010). Although 73 

evidence in favor of this optimization process was originally provided in the context of 74 

unimanual movements (Fagg et al. 2002; Harris and Wolpert 1998), the case of bimanual 75 

actions has only been recently explored (Córdova Bulens et al. 2018; Diedrichsen 2007; 76 

Galna and Sparrow 2006; O’Sullivan et al. 2009; Salimpour and Shadmehr 2014; White and 77 

Diedrichsen 2010). 78 

Although a wide variety of tasks has been developed to explore the control of 79 

bimanual movements (Maes et al. 2017), the optimality of bimanual movement has been 80 

investigated using essentially two types of task. In the first task type, participants are asked to 81 

control a given force that corresponds to the (vectorial) sum of the force produced by each 82 

effector (Córdova Bulens et al. 2018; O’Sullivan et al. 2009; Salimpour and Shadmehr 2014). 83 

The results of these isometric studies are consistent with the view that force sharing is 84 

assigned with respect to minimization of noise and effort, depending on the context. 85 

Salimpour and Shadmehr (2014) reported a greater contribution of the less noisy dominant 86 

limb in a multijoint, two-dimensional force-aiming task, whereas O’Sullivan and colleagues 87 

(2009) found that effort minimization was more highly weighted than minimization of noise 88 

in a unidimensional force matching task. In the other type of task, participants are asked to 89 

make reaching movements by moving a cursor presented at the spatial average location of the 90 
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two hands (Diedrichsen 2007; White and Diedrichsen 2010). Although this protocol elegantly 91 

showed that mechanical perturbation of one hand also triggers corrections in the non-92 

perturbed hand (Diedrichsen 2007), it did not address the following two issues. First, we 93 

know that one hand is typically more accurate than the other for reaching (Mieschke et al. 94 

2001; Roy and Elliott 1986; Schaffer and Sainburg 2017), and this asymmetry in performance 95 

has been shown to influence hand assignment (Córdova Bulens et al. 2018; Salimpour and 96 

Shadmehr 2014; White and Diedrichsen 2010). Second, Kelso and colleagues established that 97 

there is a strong natural coupling between hands when both are being moved simultaneously 98 

(Kelso et al. 1979). In particular there is known preference both to activate homologous 99 

muscles across limbs (i.e. to move in the same direction in intrinsic muscle space), and to 100 

move limbs in the same direction in extrinsic task space (Diedrichsen et al. 2004; Howard et 101 

al. 2009; Swinnen et al. 1997, 1998). The goal of this study was to investigate how this bias 102 

for moving hands in the same direction in space might influence the putative minimization of 103 

effort and variability during a visuomotor tracking task performed with a two-handed cursor. 104 

Our motivation for manual tracking lies in the fact that this task, in contrast to 105 

reaching a stationary target, requires constant adjustments of ongoing hand motor commands, 106 

thereby maximizing the contribution of online control. We reasoned that if optimal control 107 

can be considered a plausible, general theory of motor control, it should also account for 108 

bimanual visuomotor tracking. Here visuomotor tracking was tested under two types of hand-109 

cursor mapping. In the first mapping (MEAN), we took inspiration from Diedrichsen (2007) 110 

so that the cursor position corresponded to the average spatial location of the two hands. In 111 

the second mapping (SPLIT), we took inspiration from Neilson and Neilson (2002), and from 112 

Swinnen and colleagues (Puttemans et al. 2005; Vangheluwe et al. 2005) so that the vertical 113 

and horizontal position of the cursor were controlled separately by the right and left hands. 114 

However, a key difference with earlier SPLIT studies was that non-relevant hand movements 115 

(i.e. movements that did not contribute to cursor motion) were permitted in our protocol, 116 
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thereby allowing us to probe the subjects’ behavior with respect to this redundant dimension. 117 

Finally, for control purposes, unimanual tracking under a conventional mapping was also 118 

investigated to characterize the tracking performance and variability associated with the 119 

dominant and non-dominant hands.  120 

The following hypotheses were formulated. Because tracking a moving target is 121 

typically more accurate with the dominant hand (Simon et al. 1952; Carey et al. 2003; Aoki et 122 

al. 2016 although see Wilson 1972; Moulton et al. 2017), we reasoned that, if minimizing 123 

noise is central, the dominant hand should contribute more to cursor motion during bimanual 124 

tracking under the MEAN mapping. In addition, if minimizing effort is critical, we predicted 125 

that irrelevant hand movements should be scarce under the SPLIT mapping. Alternatively, if 126 

the costs inherent to performing dissimilar hand movements outweigh the motor costs 127 

associated with variability and effort, we predicted similar contributions of each hand to 128 

cursor motion under the MEAN mapping, as well as a persistence of irrelevant hand 129 

movements under the SPLIT mapping. Because learning is an important consideration for the 130 

optimization of movement, these predictions were monitored during prolonged practice. As 131 

will be shown, our results suggest that the objective of maintaining similar hand movements 132 

for the two limbs in extrinsic space drives behavior to a greater extent than that of minimizing 133 

noise and effort.   134 

 135 

MATERIAL AND METHODS 136 

Participants 137 

Twenty healthy right-handed volunteers (age: 26.8 ± 5.5, hereinafter mean ± standard 138 

deviation, 12 female) were recruited. Handedness of participants was verified using the 139 

Oldfield Handedness Inventory (Oldfield 1971) with a mean group laterality index of 95 ± 12. 140 

All participants gave written consent prior to participation. The experimental paradigm (2016-141 

02-03-007) was approved by the local ethics committee of Aix-Marseille University and 142 
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complied with the Declaration of Helsinki. Each participant was compensated for his/her 143 

participation. 144 

 145 

Data Acquisition 146 

 Figure 1A shows the experimental set up. Participants were seated comfortably in a 147 

dark room facing a screen (BENQ, 1920×1080, 27”inch, 144Hz) positioned on the frontal 148 

plane 57 cm away from the participant's eye. Participants’ head movements were restrained 149 

by a chin rest and a padded forehead rest so that the eyes in primary position were directed 150 

toward the center of the screen. In order to block vision of their hands, a mask was positioned 151 

under the participants' chin. Depending on the conditions (see later) they were required to 152 

hold one or two joysticks (Serie 812, Megatron, France, with ± 25 degrees of inclination 153 

along X-Y axes) positioned horizontally on a table in front of the participant. Note that there 154 

was no restoring force to bring back the joystick at the central position. Moreover the 155 

joysticks were frictionless and used conductive plastic technology allowing quasi-infinite 156 

resolution. Both right and left forearms were resting on the table. The output of the joysticks 157 

was sent to a multi-channel signal conditioner (MSC12, Entran, Fairfield, NJ), and was 158 

sampled at 1000 Hz with a 16 bit resolution. 159 

(insert Figure 1 about here) 160 

Experimental Design 161 

During hand tracking (see Figure 1B), participants had to move the joystick(s) with 162 

their hand(s) so as to bring a cursor (red disk, 0.5° in diameter) as close as possible to a 163 

moving target (blue disk, 0.5° in diameter). The motion of the target resulted from the 164 

combination of several sinusoids: two along the frontal axis (one fundamental and a second or 165 

third harmonic), and two along the sagittal axis (same procedure). The following equations 166 

were used to construct target motion: 167 
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𝑥௧ = 𝐴ଵ௫𝑐𝑜𝑠𝜔𝑡 + 𝐴ଶ௫cos (ℎ௫𝜔𝑡 − 𝜑௫) 𝑦௧ = 𝐴ଵ௬𝑠𝑖𝑛𝜔𝑡 +  𝐴ଶ௬sin (ℎ௬𝜔𝑡 − 𝜑௬) 

This technique was used to generate a pseudo-random 2D pattern while preserving smooth 168 

changes in velocity and direction (Danion and Flanagan 2018; Mrotek and Soechting 2007; 169 

Soechting et al. 2010). A total of 5 different patterns were used throughout the experiment 170 

(see Table 1). The order of patterns was randomized across trials while making sure that each 171 

block of trials contained a similar number of each pattern. All trajectories had a period of 5 s 172 

(fundamental = 0.2 Hz). 173 

(insert Table 1 around here) 174 

A total of 3 hand-cursor mappings were tested. During unimanual trials, the relation 175 

between the joystick motion and its visual consequences on the screen was straightforward, 176 

mimicking the behavior of a computer mouse. During bimanual trials, the cursor position was 177 

driven by the motion of both joysticks. Two types of mapping could be employed. In the first 178 

mapping (MEAN), the XY position of the cursor resulted from the mean position of the right 179 

and left joysticks: X=(XR+ XL)/2 and Y=(YR+ YL)/2 (for a similar procedure see (Diedrichsen 180 

2007). In the second mapping (SPLIT), each coordinate of the cursor was driven by a distinct 181 

joystick: either X=XR and Y=YL or X=XL and Y=YR (for a similar procedure see (Neilson 182 

and Neilson 2002) although here movements of the joysticks along the non-relevant axis were 183 

still possible). The gain of the joysticks was similar for all mappings with 25° inclination 184 

representing 15 cm (or 15° of visual angle) of cursor displacement on the screen. Each trial 185 

had duration of 10s (i.e. two cycles of the same trajectory). Overall each participant 186 

performed 65 trials. Each experimental session took no more than 45 minutes.  187 

Participants were split in two groups that both successively performed uni- and 188 

bimanual trials. The experimental session consisted in 3 phases (see Figure 2). During the 189 

initial phase, one group of participants (Group MEAN, N=10) performed first one block of 20 190 
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unimanual trials, alternating trials by the right and left hand. Subsequently this group 191 

performed one block of 45 bimanual trials. During the first 40 trials of this block, we 192 

employed the MEAN mapping. During the last 5 trials, the unimanual mapping (i.e. only one 193 

joystick driving the cursor) was unexpectedly restored. Five participants from this group 194 

performed those last five trials with the contribution of the left joystick unexpectedly removed 195 

(as in right unimanual trials), the other five with the contribution of the right joystick removed 196 

(as in left unimanual trials). The motivation for these catch-up trials was to assess whether the 197 

(eventual) coordination employed between hands in the bimanual task would be maintained 198 

even when it was no longer required.  199 

The second group of participants (Group SPLIT, N=10) followed a rather similar 200 

protocol with 20 unimanual trials (alternating right and left hands), followed by a block of 45 201 

bimanual trials. The first 40 trials of this block were performed under the SPLIT mapping, but 202 

during the last 5 trials the SPLIT mapping was unexpectedly reversed (i.e. the contribution of 203 

each joystick was suddenly flipped) in order to assess the presence of after-effects. Five 204 

participants of this group performed the first 40 bimanual trials with the left joystick 205 

controlling the X axis, and the right joystick controlling the Y axis; during the last 5 trials the 206 

left and right joystick controlled the Y and X axis respectively. The opposite protocol was 207 

used for the other 5 subjects.  208 

(insert Figure 2 around here) 209 

Just before participants performed bimanual trials, they were informed that the cursor 210 

motion would be driven by the combined action of the two joysticks, however they were 211 

never informed about the underlying mapping linking the motion of the two joysticks and the 212 

motion of the cursor.  213 

 214 

Control experiments 215 

Downloaded from www.physiology.org/journal/jn at Univ of Texas Dallas (129.110.242.050) on November 9, 2019.



9 
 

To provide further information about adaptation to the SPLIT mapping, we tested 216 

another group of 10 right handed participants (age: 26.1 ± 4.2, laterality index: 91.9 ± 10.5, 5 217 

female) under the same mapping but with different settings of the joysticks. Specifically these 218 

participants were asked to perform our bimanual SPLIT tracking task using joysticks that 219 

were mechanically restrained to a single axis (1D instead of 2D) by means of rails guiding the 220 

handle (for a similar procedure see Neilson and Neilson 2002). Additional measurements 221 

indicated that the stiffness of these rails was on the order of 3N/cm, meaning that if a 222 

participant applied 3N on the joystick’s lever perpendicularly to the rails, the cursor could still 223 

move by 1 cm on the screen. Such scaling allows us to quantify the effort produced by the 224 

participants along the non-relevant axes. As shown at the bottom of Figure 2, five participants 225 

experienced the SPLIT mapping with X-right and Y-left, and the remaining five with the 226 

opposite mapping. Each participant completed a total of 60 trials under the same mapping, 227 

starting in a block of 40 trials with the guiding rails (fixed joysticks), followed by a block of 228 

20 trials in which the rails were removed (free joysticks), allowing hand movements along the 229 

irrelevant axis for the task. The main motivation for this design was to investigate whether, 230 

after prolonged experience with the restrained joysticks, participants would be more effective 231 

at refraining from irrelevant movements when using the unrestrained joysticks. Moreover, for 232 

this group, bimanual trials were not preceded by unimanual trials that could possibly prime 233 

homologous hand movements in extrinsic space.   234 

As will be shown later, we observed that bimanual performance under MEAN could 235 

lead to better performance than left hand alone, and performance rather similar to right hand 236 

alone (if not better). Because in our previous protocol the bimanual condition was always 237 

performed after the two unimanual conditions, we have decided to test another group of 12 238 

right handed participants (age: 26.6 ± 4.4, laterality index: 90.0 ± 10.0, 5 female) while ruling 239 

out any possible bias due to order effects. To achieve this goal, each participant completed 1 240 
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block of 20 trials successively with the left hand, the right hand, or both (MEAN), but here 241 

the order of the 3 blocks was counterbalanced across participants (6 possible orders, 2 242 

subjects per order). 243 

 244 

Data Analysis  245 

To assess hand tracking performance, for each trial we measured the mean Euclidian 246 

distance between the cursor and the target. The temporal relationship between cursor and 247 

target was estimated by means of cross correlations that simultaneously took into account the 248 

vertical and horizontal axes. To simultaneously cross-correlate horizontal (X) and vertical (Y) 249 

position signals between effectors, we interleaved the X and Y signals, and always time 250 

shifted these interleaved signals by a multiple of two samples (Danion and Flanagan 2018; 251 

Flanagan et al. 2008). The time interval eliciting the highest correlation coefficient was kept 252 

as an index of the time lag between the signals. Some specific analyses were performed for 253 

bimanual tasks. First to evaluate the degree of coupling between the two joysticks, we 254 

computed the coefficient of correlation across joysticks, separately for the X and Y axes. 255 

Second, to investigate the contribution of each hand we computed the total distance covered 256 

by each joystick along the X and Y axes, as well as their associated SD, to provide an 257 

estimate of movement amplitude. Finally, to investigate if one hand was leading the other, we 258 

calculated the temporal lag between the two joysticks using the cross-correlation technique 259 

previously explained. For all of these analyses, the first second of each trial was discarded. 260 

To provide an estimate of effort when maneuvering the unrestrained joysticks, we 261 

computed the tangential acceleration of the hand (Acctan) by means of double differentiation 262 

of the signals provided by the frictionless joysticks. Averaged across trials and participants, 263 

mean absolute Acctan was on the order of 0.2 m/s². When multiplied by the mass of the hand 264 

(about 0.5 kg; de Leva 1996), this acceleration leads to estimated forces of about 0.1 N.       265 
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   266 

Statistics 267 

Repeated measure ANOVAs were used to assess the possible effects of HAND 268 

(right/left), MAPPING (SPLIT/MEAN) and TRIALS (first 3/last 3). The Newman-Keuls 269 

technique was used for post-hoc tests in order to correct for multiple comparisons. A 270 

logarithmic (z score) transformation was used to normalize the distribution of R values. A 271 

0.05 significance threshold was used for all analyses. Because the lack of significant 272 

differences across groups is not a validation of the null hypothesis, on a few occasions, we 273 

have used Bayesian statistics with the JASP free software (https://jasp-stats.org) to quantify 274 

how true the null hypothesis was, and report BF10 scores. 275 

 276 

RESULTS 277 

Unimanual tasks 278 

 279 

(insert Figure 3 about here) 280 

Figure 3 plots two representative trials performed by the same participant when 281 

tracking the visual target with the right (dominant) or the left (non-dominant) hand. As 282 

expected, manual tracking performance was more accurate when using the right hand. 283 

Analyses of mean group cursor-target distance and cursor-target lag presented in Figure 4 284 

confirmed this trend. Indeed two-way ANOVA (HAND by GROUP) showed a main effect of 285 

HAND (F(1,18)=53.12, p<0.001), with mean Euclidian distance between cursor and target 286 

being 20% greater when using the left hand as compared to using the right hand (2.22 vs. 1.84 287 

cm; see Fig. 4A). However this ANOVA showed no significant differences across the two 288 

groups of participants (F(1,18)=0.17, p=0.68, BF10= 0.46), nor was there a HAND by GROUP 289 

interaction (F(1,18)=1.81, p=0.19). Regarding the temporal relationship between cursor and 290 
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target (see Fig. 4B), we found that the lag was larger for the left hand than the right hand (90 291 

vs. 80 ms; F(1,18)=6.59, p<0.05), but there was no significant effect of GROUP 292 

(F(1,18)=0.07, p=0.80) nor an interaction (F(1,18)=0.12, p=0.73). Overall, these analyses 293 

confirm an effect of hand dominance (right hand tracking is more accurate), as well as the 294 

homogeneity of our groups. The presence of homogeneity facilitates the interpretation of 295 

possible group differences as a consequence of manipulations of the hand-cursor mapping 296 

during the bimanual trials.  297 

(insert Figure 4 about here) 298 

Bimanual MEAN mapping 299 

Assuming that motor noise increases linearly with motor command intensity (Harris 300 

and Wolpert 1998), and that, as revealed by our unimanual tasks, motor noise is 1.2 times 301 

greater for the left hand than the right hand (as revealed by tracking error), we predicted that 302 

the contribution of the right hand should be 1.44 times greater than the contribution of the left 303 

hand when the cursor was controlled bimanually under the MEAN mapping. This prediction 304 

follows from a minimization of the sum of squared errors (O’Sullivan et al. 2009, equation 2). 305 

In contrast to Salimpour and Shadmehr (2014), we did not investigate possible directional 306 

effect in the performance of each hand as here the target was constantly changing direction 307 

(and velocity).   308 

Figure 5 plots one representative bimanual trial under the MEAN mapping. As can be 309 

seen, movements of the right and left hands were very similar, with minimal distance between 310 

the two joysticks. 311 

(insert Figure 5 about here) 312 

Figure 6 plots the average tracking performance as function of trial rank. For 313 

comparison purposes, average unimanual performance is provided on the left side of the 314 

graph. Averaged across the 40 trials, tracking performance under the MEAN mapping (1.78 315 
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cm) was comparable to performance by the right hand alone (1.84 cm; F(1,9)=1.43, p=0.26; 316 

BF10= 0.61), and thus smaller than the left hand alone (2.29 cm; F(1,9)=29.24, p<0.001). 317 

Although tracking tended to improve across trials, with cursor-target distance decreasing from 318 

1.91 to 1.75 cm between early trials (first three) and late trials (last three), the effect of 319 

TRIAL did not reach significance (F(1,9)=2.60, p=0.14; BF10= 0.85). A similar pattern of 320 

results was observed when examining the cursor-target lag. Indeed, there was no significant 321 

difference between the lag under the MEAN mapping and the lag when using the right hand 322 

alone (78 vs. 80 ms; F(1,9)=0.20, p=0.66, BF10= 0.41). However, the lag under the MEAN 323 

mapping was marginally smaller than when using the left hand alone (78 vs. 90 ms; 324 

F(1,9)=4.33, p=0.06). 325 

(insert Figure 6 about here) 326 
 327 

Regarding bimanual coordination, analyses showed that motion of the two joysticks 328 

was strongly correlated both in time and in extrinsic space. Indeed, averaged across trials, the 329 

correlation coefficient between the joysticks was 0.84 and 0.90 respectively for the X and Y 330 

components (p<0.001). Analysis of the temporal lag between the two joysticks revealed that 331 

neither the right nor the left hand was leading the other, because this lag was not significantly 332 

different from 0 (t(9)=0.63, p=0.54; mean 4.8 ± 7.6 ms). When comparing the total distance 333 

covered by each joystick, no significant difference was found between the right and the left 334 

hands, either for movements along the X (104.6 vs. 108.9 cm; F(1,9)=0.56, p=0.47; BF10= 335 

0.52) or the Y axis (112.1 vs. 110 cm; F(1,9)=0.11, p=0.74, BF10= 0.43). Taken together, 336 

these observations are not consistent with a greater involvement of the right hand than the left, 337 

as would be predicted if participants were attempting to minimize motor noise.    338 

When the MEAN mapping was unexpectedly removed so that only one hand was now 339 

in control of the cursor, we observed an overall increase in tracking error. This increase 340 

follows from the fact that half of the participants controlled the cursor with the right hand, 341 
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whereas the other half used the left hand. Indeed mean tracking performance during catch 342 

trials (2.03 cm) was not different from the average tracking performance when all unimanual 343 

trials involving either right or left hands alone were pooled (2.06 cm). Moreover, despite the 344 

fact that only one hand became useful to move the cursor, participants persisted in making 345 

similar movements in extrinsic space with both hands. Indeed, the correlation between 346 

joysticks was 0.82 and 0.85 respectively for the X and Y components during the catch trials 347 

(p<0.001). 348 

Because we were intrigued that bimanual performance under MEAN could lead to 349 

performance rather similar to right hand alone (if not better), we run a control experiment in 350 

which the order of the conditions was counterbalanced. Although this new dataset confirmed 351 

that the right hand was more accurate than the left hand (1.59 vs. 1.96 cm; F(1,11)=36.91, 352 

p<0.001), it appears that the benefit provided by the bimanual condition was smaller than 353 

initially observed. Indeed, here bimanual performance (1.67 cm) was somewhat intermediate, 354 

meaning that it was better than the left hand alone (F(1,11)=35.28, p<0.001), but worse than 355 

the right hand alone (F(1,11)=9.83, p<0.01). Overall, it appears that bimanual tracking may 356 

have benefited from earlier practice under the unimanual conditions in our former experiment. 357 

 358 

Bimanual SPLIT mapping 359 

Assuming that effort increases with the distance covered by each joystick, and that 360 

participants attempt to minimize effort when controlling the cursor bimanually, we predicted 361 

that under the SPLIT mapping, hand movements that do not contribute to cursor motion 362 

should be scarce, or at least smaller than movements that do contribute to cursor motion.  363 

(insert Figure 7 about here) 364 
 365 

As can be seen on the typical SPLIT trial displayed in Figure 7, despite the fact that 366 

the right hand had no influence over the X cursor position, and that the left hand had no 367 
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influence over the Y cursor position, both right and left hands performed irrelevant 368 

movements along these axes, while remaining strongly coupled. Figure 8 plots the average 369 

tracking performance, with unimanual performance on the left side for comparison purposes. 370 

Mean SPLIT performance (2.00 cm) was marginally worse than unimanual performance with 371 

the right hand (1.85 cm; F(1,9)=3.92, p=0.07), but better than unimanual performance with 372 

the left hand (2.15 cm; F(1,9)=7.77, p<0.05). Altogether SPLIT performance was equivalent 373 

to average performance of pooled unimanual control tasks involving only right hand or left 374 

hand movements (2.00 cm). We also noticed a marginal effect of TRIAL (F(1,39)=1.4, 375 

p=0.06), suggesting improvements in tracking performance between early and late trials. A 376 

similar pattern of results was observed when examining the cursor-target lag. Indeed we 377 

found that the temporal lag under SPLIT (82ms) was comparable to the average lag observed 378 

when using the right and left hand in isolation (respectively 78 and 86 ms). 379 

 Despite the fact that tracking under SPLIT could encourage dissociated hand 380 

movements, the motion of the right and left joysticks remained strongly correlated throughout 381 

the 40 trials, demonstrating that participants failed to assign a separate contribution to each 382 

hand. Indeed, averaged across trials, the mean coefficient correlations between joysticks were 383 

0.85 and 0.89 respectively for the X and Y components (p<0.001). Regarding the temporal lag 384 

between the two joysticks, neither the right nor the left hand led the other; this lag was not 385 

significantly different from 0 (t(9)=1.23, p=0.25; mean 8.5 ± 6.9 ms). Analyses of the total 386 

distance covered along the relevant and irrelevant axes showed no significant difference. 387 

Indeed, the total distance covered along the X axis was similar whether joystick movement 388 

was relevant or not (108.7 vs. 104.7 cm; F(1,9)=0.97, p=0.35; BF10=0.61). A similar 389 

observation was made when comparing relevant and irrelevant distances covered along the Y 390 

axis (112.6 vs. 110.6 cm; F(1,9)=0.133, p=0.72 BF10= 0.41). Overall, participants failed to 391 

suppress irrelevant hand movements under SPLIT, and performed the task while maintaining 392 
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similar hand movements in extrinsic space, an observation that does not support a scheme of 393 

effort minimization in this task.    394 

When the SPLIT mapping was unexpectedly changed so that right and left hand 395 

assignments for X and Y axes were switched, we observed an increase in tracking error.  This 396 

increase was on the order of 20% when comparing the last 3 SPLIT trials and the first 3 catch 397 

trials (1.90 vs. 2.27 cm; F(1,9)=7.28; p<0.05). Nevertheless this alteration is much smaller 398 

than what would have been expected if participants had assigned a separate axis to each hand. 399 

Further analyses of the catch trials confirmed that participants persisted in making similar 400 

hand movements in extrinsic space, as evidenced by high correlations across joysticks, with 401 

0.81 and 0.90 respectively for the X and Y components (p<0.001). 402 

(insert Figure 9 about here) 403 
 404 

 To assess whether the production of irrelevant movements would be reduced after 405 

prior training with restrained (unidirectional) joysticks, we tested another group of 406 

participants (control group). Figure 10A shows the time course of tracking accuracy when 407 

these participants used restrained, and then unrestrained joysticks. For comparison purposes, 408 

the tracking accuracy of participants who only practiced with the unrestrained joysticks 409 

(GROUP SPLIT) was added. As can be seen, the initial tracking performance of the control 410 

group was worse than performance of GROUP SPLIT, thereby suggesting that the task 411 

became more difficult under dissociated movements. During the first three trials, the 412 

Euclidian distance between cursor and target was respectively 3.22 and 2.19 cm for the 413 

control group and GROUP SPLIT, an almost 50% difference (F(1,18)=6.21, p<0.05). 414 

However, following 40 trials of practice, participants of the control group improved their 415 

tracking skill such that their performance (last three trials) became closer to GROUP SPLIT 416 

participants (2.16 vs. 1.90 cm; F(1,18)=1.19, p=0.29; BF10=0.60). Moreover further 417 

improvement was observed when participants switched from restrained to free joysticks. 418 
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Indeed when comparing the first three and last three trials with the free joysticks, the 419 

Euclidian distance decreased from 2.27 to 2.01 (F(1,9)=6.92, p<0.05). Thanks to those extra 420 

20 trials with the free joysticks, tracking performance of the control group became even more 421 

similar to GROUP SPLIT (2.01 vs. 1.90; F(1,18)=0.38, p=0.54 BF10= 0.46).  422 

(insert Figure 10 about here) 423 

An important issue is whether extended practice with the restrained joysticks favors 424 

the suppression of irrelevant hand movements when subsequently using the free joysticks. In 425 

Figure 10B, we present the time course of irrelevant hand movements as measured by the SD 426 

of the joysticks along the irrelevant axis. As can be seen, during the session with the 427 

restrained joysticks, the SD remained close to 1 cm. Thanks to our estimation of the rail’s 428 

stiffness, this SD suggests contact forces of about 3N, a value substantially higher than the 429 

force typically employed to maneuver the unrestrained joysticks (about 0.1N). As soon as the 430 

joysticks were freed, irrelevant hand movements strongly increased, and kept growing with 431 

further practice. When comparing the first three and the last three trials with the free joysticks, 432 

SD increased from 2.91 to 3.34 cm (F(1,9)=6.92, p<0.05); for comparison purposes, the SD 433 

for relevant (red hollow circles) and irrelevant (red filled circles) movement of GROUP 434 

SPLIT were respectively 4.55 and 4.63 cm. Finally a significant negative correlation between 435 

Euclidian error and irrelevant SD was found across the 20 trials with the free joysticks (R=-436 

0.58; p<0.01), suggesting that irrelevant hand movements facilitated hand tracking. 437 

Altogether, these results show that, despite prolonged practice promoting dissociated hand 438 

movements, participants were still unable to suppress irrelevant hand movements when 439 

subsequently using unrestrained joysticks. Moreover, the production of irrelevant movements 440 

was associated with better tracking performance. Overall the analyses of irrelevant hand 441 

movements, both with the restrained and unrestrained joysticks, do not support a 442 

minimization of effort in our bimanual task.     443 
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 444 

DISCUSSION 445 

 Our main objective was to investigate the combined effects of motor costs associated 446 

with variability and effort and the natural coupling between hands when tracking a moving 447 

target with a two-handed cursor. Our results illustrate the following key findings in right-hand 448 

handed people. First, as expected, we observed an effect of hand dominance such that 449 

unimanual tracking with the right hand was 20% more accurate than with the left hand. 450 

Second, despite this effect of handedness, when participants performed bimanual tracking 451 

under the MEAN mapping, the right and left hands contributed equally to cursor motion and 452 

were tightly coupled in time and (extrinsic) space. Third, when performing bimanual tracking 453 

under the SPLIT mapping, participants failed to suppress irrelevant hand movements, but 454 

rather produced coupled hand movements in extrinsic space. In a control experiment, we 455 

showed that prior training enforcing dissociated hand movements (by preventing movements 456 

along irrelevant dimensions), was not effective in preventing participants from producing 457 

coupled, bimanual hand movements whenever permitted. These results suggest that bimanual 458 

tracking exploits a preference for coupled hand movements in space rather than resulting from 459 

a minimization of movement variability or effort.  460 

 461 

Failure to assign separate hand contributions under MEAN 462 

 In agreement with earlier studies, we found that unimanual tracking was more accurate 463 

with the dominant hand (Simon et al. 1952; Carey et al. 2003; Aoki et al. 2016). Moreover the 464 

asymmetry in manual dexterity observed in our study (+20% error in the left hand when 465 

compared to the right hand) fits rather well with previous studies investigating the optimality 466 

of bimanual behavior using isometric tasks that require either to reach a given force level with 467 

the fingers pressing on transducers (+23-35% in O’Sullivan et al. 2009), or to generate a force 468 
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vector with the arms using handles (+18% for Salimpour and Shadmehr 2014). Assuming that 469 

optimal performance is reflected by the minimal sum of squared errors, we predicted that the 470 

contribution of the right hand should be 44% greater than the contribution of the left hand, an 471 

asymmetry that would be consistent with earlier studies (O’Sullivan et al. 2009; Salimpour 472 

and Shadmehr 2014). However our observations failed to support this scheme and participants 473 

performed the task with both hands contributing equally to target motion. Moreover, 474 

kinematic analyses revealed that hand motions were tightly coupled in time and space, with 475 

both hands making similar and synchronous movements in extrinsic space. Overall, our 476 

results do not support the view of a greater contribution by the less noisy hand. What can be 477 

the reason(s) leading to different effects of handedness in our task and in earlier studies?  We 478 

see two options that relate to the motoric aspects of the task. First in the studies of O’Sullivan 479 

et al. (2009) and Salimpour and Shadmehr (2014), participants had to produce isometric 480 

forces with the fingers or the arms, whereas our study required actual movements of the hands 481 

to manoeuver the joysticks. However it remains unclear why minimizing variability would be 482 

more critical for isometric than for isotonic tasks. Perhaps the mapping between force and 483 

cursor feels more arbitrary (and hand specific) than the mapping between position and cursor. 484 

Another difference relates to the continuous/discrete nature of the tasks involved. In the 485 

studies of O’Sullivan et al. (2009) and Salimpour and Shadmehr (2014), participants had to 486 

produce discrete reaching movements (<1s), which contrast with the longer continuous 487 

tracking movements required in our study (10s). It is possible that different involvements of 488 

feedforward and/or planning mechanisms, as well as constant online adjustments associated 489 

with tracking an unpredictable stimulus, might have limited the expression of optimization 490 

processes. 491 

Failure to suppress irrelevant hand movements under SPLIT 492 
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To assess whether the minimization of effort was crucial for bimanual coordination, 493 

we investigated how participants tracked a target with two joysticks, each one controlling the 494 

cursor along a single axis. Based on earlier reports supporting the minimization of effort 495 

(O’Sullivan et al. 2009), we predicted that participants would refrain from movements that do 496 

not contribute to the cursor motion. However, even after 6min practice, our results contrast 497 

markedly with this scheme. Indeed, the amount of movement was similar along relevant and 498 

irrelevant axes of the joysticks. More specifically we observed that participants consistently 499 

performed movements with both hands that were similar to each other in extrinsic space. 500 

Because one may argue that the amount of practice was not sufficient to observe the 501 

suppression of hand movements along irrelevant task dimensions, we tested another group of 502 

participants that received prior training with dissociated hand movements enforced by 503 

mechanical restriction. However, our results show that this procedure was ineffective in the 504 

sense that substantial irrelevant movements appeared as soon as the mechanical constraints 505 

were released (as illustrated in Figure 10). Moreover, when using the restrained joysticks, the 506 

force applied by the participants along the irrelevant axis was approximately 30 times greater 507 

than the force employed to move the unrestrained joysticks.  508 

Taken together our observations obtained with the SPLIT mapping and free joysticks, 509 

as well as during and after practice with the restrained joysticks, suggest that minimizing 510 

effort was not a key factor in determining the pattern of bimanual coordination selected by 511 

participants. What could be the reason(s) leading to these counter-intuitive observations? One 512 

possibility is that the energetic cost of wrist movements associated with manipulating our 513 

frictionless  joysticks might be marginal, especially when compared to the energetic cost 514 

associated with full arm reaching movements (Córdova Bulens et al. 2018; Diedrichsen 2007; 515 

Salimpour and Shadmehr 2014). As a result, one could argue that minimization of effort did 516 

not operate in our task because there was virtually no effort involved. Although this argument 517 
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may hold for the persistence of irrelevant movements with free joysticks (force ≈ 0.1N), it is 518 

less obvious why, when using the restrained joysticks, participants applied much stronger 519 

forces for irrelevant movements (≈ 3N) than relevant ones, especially considering that the 520 

minimization of effort has been found to operate for comparable finger forces (O’Sullivan et 521 

al. 2009). Alternatively, it is possible that, in the absence of hand movements, forces applied 522 

against the rails provided somatosensory feedback facilitating bimanual coordination. Future 523 

experiments using joysticks with haptic feedback may be helpful in clarifying whether 524 

increasing the load associated with the motion of the joysticks promotes the minimization of 525 

effort. Finally, as previously proposed for the minimization of variability, it is possible that 526 

the minimization of effort was more challenging when constant adjustments of hand 527 

movements were required in our bimanual tracking task. 528 

 529 

On optimality and the natural tendency to coordinate both hands in space 530 

So far our results provide little evidence that effort and variability, two quantities 531 

repeatedly reported to be optimized during unimanual as well as bimanual reaching (Emken et 532 

al. 2007; Franklin et al. 2008; Gaveau et al. 2013; Mistry et al. 2013; O’Sullivan et al. 2009; 533 

Salimpour and Shadmehr 2014), are optimized during bimanual tracking. These results are 534 

consistent with some reaching studies showing that subjects maintain suboptimal behavior 535 

under altered mechanical contexts, even after prior experience of the optimal solution (Ganesh 536 

et al. 2010; Kistemaker et al. 2010). Indeed, despite having learned to perform the task with 537 

dissociated hand movements in our SPLIT control condition, unnecessary movements (i.e. 538 

along the irrelevant dimension) emerged as soon as the mechanical constraints preventing 539 

those movements were released. Instead of optimizing behavior for every set of novel task 540 

constraints, the nervous system might therefore take advantage of its existing behavioral 541 

repertoire (Loeb 2012; de Rugy et al. 2012). In this context, it is important to note that 542 
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although performance with restrained joysticks approached performance with unrestrained 543 

joysticks, they still did not quite equate. This observation is consistent with an additional cost 544 

inherent to the production of dissociated hand movements, and fits well with a brain imaging 545 

study showing increased activity for dissociated than for coupled right-left finger movements 546 

(Meister et al. 2010). Moreover the correlation found between performance improvement and 547 

the amount of irrelevant hand movements upon release of the mechanical constraint reflects a 548 

benefit associated with the natural tendency to coordinate hands in space. In the context of 549 

rhythmic bimanual movements, natural coordination patterns are known to depend upon a 550 

coalition of both intrinsic and extrinsic constraints, whereby coordination that involves 551 

synchronous muscle contractions and/or synchronous movements in space is more stable 552 

(Salesse et al. 2005). In the context of reaching adaptation, there is also evidence for 553 

simultaneous representation of sensorimotor transformation for both hands in intrinsic as well 554 

as extrinsic coordinate systems. Indeed, interlimb transfer following sensorimotor adaptation 555 

in one limb was immediate and maximized when intrinsic and extrinsic reference frames were 556 

aligned for the two limbs (Carroll et al. 2014, 2016). The natural tendency to couple the two 557 

hands in space is therefore likely to have constrained our bimanual tracking tasks, such that 558 

the benefits of exploiting this natural tendency outweighed the motor costs associated with 559 

unnecessary movements along irrelevant dimensions, and the preferential use of the more 560 

accurate dominant hand.  561 

Limitation 562 

Here we tested the adequacy of optimal control theory for bimanual tracking on the 563 

basis of minimizing the sum of squared errors, using an equation provided by O’Sullivan et al. 564 

(2009) in the context of a task in which participants had to press against a one dimensional 565 

load cell. As a result one may wonder to what extent this equation applies to our two 566 

dimensional tracking task in which motor noise may exhibit different dynamics depending on 567 
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hand movement direction. Although models can be adjusted to account for directional 568 

anisotropies of motor noise when reaching static targets (see equation 8 in Salimpour and 569 

Shadmehr, 2014), this is less obvious in our task in which the target was constantly changing 570 

direction and speed. Moreover, even if we had conducted a separate experiment to properly 571 

assess how tracking performance might vary along each individual direction and speed, it 572 

would still remain unclear how this behavior applies to the context where both parameters are 573 

constantly changing. Although possible directional asymmetries in hand tracking need to be 574 

explored, further data processing in our study already reveals that the right hand advantage is 575 

similar along the horizontal and vertical axis, suggesting that the right-left hand asymmetry is 576 

rather direction insensitive. Overall the contribution of the current study is clearly not on the 577 

modeling aspect, but in making the general point that bimanual tracking involves additional 578 

constraints of hand coordination in space rather than the mere minimization of variability and 579 

effort.  580 

 581 

Conclusion    582 

 Using a simple model, the current study tested the optimality of bimanual coordination 583 

with regard to minimization of effort and variability (O’Sullivan et al. 2009; Salimpour and 584 

Shadmehr 2014) in the context of bimanual tracking. The fact that our participants failed to 585 

assign different movement contributions to the right and left hand, and were unable to 586 

suppress irrelevant hand movements, speak against the minimization of effort and variability. 587 

The persistence of similar movements in extrinsic space in both versions of our bimanual task 588 

suggests that when tracking a continuously moving target, the cost inherent to the production 589 

of dissociated hand movements, and/or the benefits associated with the production of similar 590 

hand movements, overrules the minimization of effort and variability.  591 

  592 
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FIGURE CAPTIONS 700 

Figure 1. Apparatus and experimental task. A. Top view of a participant sitting in the 701 

experimental setup. B. Schematic view of the screen during hand tracking. The target path 702 

was not displayed on the screen (see Material and Methods for further information). 703 

 704 

Figure 2. Experimental design (see Material and Methods for further information). 705 

 706 

Figure 3. Typical hand tracking trials performed by the same participant under the same 707 

target trajectory. Left and right columns display cursor and target position when moving the 708 

joystick respectively with the left and right hand. Upper and middle rows display respectively 709 

the horizontal (X) and vertical (Y) components of hand (cursor) and target motion. Lower row 710 

displays the corresponding XY trajectories of cursor and target. Note the greater accuracy of 711 

hand tracking when using the right dominant hand.  712 

 713 

Figure 4. Comparison between right and left hand performance during unimanual tracking. A. 714 

Euclidian distance between cursor and target. B. Temporal lag between cursor and target. 715 

Error bars represent the standard error of the mean (SEM). Note how tracking performance is 716 

consistently better for both groups when using the right (dominant) hand as compared to the 717 

left (non-dominant) hand.  718 

 719 

Figure 5. Typical bimanual trial under the MEAN hand-cursor mapping. Left and central 720 

graphs display respectively the horizontal(X) and vertical (Y) components of each hand, 721 

cursor and target movement. Right graph displays the corresponding XY trajectories of cursor 722 

and target. Signals that were not displayed on the screen are represented by dashed lines. Note 723 

how similar are right and left hand motions. 724 

 725 

Figure 6. Mean tracking performance under the MEAN bimanual condition as a function of 726 

trial number. Error bars represent SEM.   727 

 728 

Figure 7. Typical bimanual trial under the SPLIT hand-cursor mapping. Left and central 729 

graphs display respectively the horizontal (X) and vertical (Y) components of each hand, 730 

cursor and target movement. Right graph displays the corresponding XY trajectories of cursor 731 

Downloaded from www.physiology.org/journal/jn at Univ of Texas Dallas (129.110.242.050) on November 9, 2019.



28 
 

and target. Signals that were not displayed on the screen are represented by dashed lines. Note 732 

how similar are the right and left hand motions.    733 

 734 

Figure 8. Mean tracking performance under the bimanual SPLIT condition as a function of 735 

trial number. Error bars represent SEM.   736 

 737 

Figure 9. Typical SPLIT bimanual trials during the control experiment. The left column 738 

displays one trial performed when using the restrained joysticks (i.e. that could only move 739 

along one axis). The right column displays one follow up trial when the same participant 740 

employs the unrestrained joysticks (i.e. free to move in 2D). Upper and lower rows display 741 

respectively the horizontal and vertical components of each hand, cursor and target 742 

movement. Signals that were not displayed on the screen are represented by dashed lines. 743 

Note the presence of irrelevant hand motion when using the unrestrained joysticks.   744 

 745 

Figure 10. Comparison between tracking performance with and without the rails on the 746 

joysticks. A. Euclidian error as a function of trial number in Group 2 and in the control group. 747 

B. Same as A for the SD of hand movements along the irrelevant axis. For comparison 748 

purposes, SD of hand movements along the relevant axis are presented as hollow red circles 749 

for Group SPLIT. The red dotted lines provide an extension of Group SPLIT computed over 750 

the last trial. Note how irrelevant hand movements built up immediately after the removal of 751 

the rails in the control group. Error bars represent SEM. 752 

  753 
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 754 

TABLE 755 

 756 

Trajectory A1x (cm) A2x (cm) Harmonic x Phase x (°) A1y (cm) A2y (cm) Harmonic y Phase y (°) 

1 5 5 2 45 5 5 3 -135 
2 4 5 2 -60 3 5 3 -135 
3 4 5.1 3 -60 4 5.2 2 -135 
4 5 5 3 90 3.4 5 2 45 
5 5.1 5.2 2 -90 4 5 3 22.5 

  757 

Table 1. Target trajectory parameters. 758 

 759 

 760 
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Trajectory A1x (cm) A2x (cm) Harmonic x Phase x (°) A1y (cm) A2y (cm) Harmonic y Phase y (°) 

1 5 5 2 45 5 5 3 -135
2 4 5 2 -60 3 5 3 -135
3 4 5.1 3 -60 4 5.2 2 -135
4 5 5 3 90 3.4 5 2 45
5 5.1 5.2 2 -90 4 5 3 22.5
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