
 

How virtual and mechanical coupling 1 impact bimanual tracking 2 Nuria Peña-Pérez1,4, Jonathan Eden2,4, Ekaterina Ivanova4, 3 Ildar Farkhatdinov3,4 and Etienne Burdet4 4 
Abstract 5 Bilateral training systems look to promote the paretic hand´s use in individuals with hemiplegia. 6 While this is normally achieved using mechanical coupling (i.e., a physical connection between the 7 hands), a virtual reality system relying on virtual coupling (i.e., through a shared virtual object) 8 would be simpler to use and prevent slacking. However, it is not clear whether different coupling 9 modes differently impact task performance and effort distribution between the hands. We explored 10 how 18 healthy right-handed participants changed their motor behaviours in response to the 11 uninstructed addition of mechanical coupling, and virtual coupling using a shared cursor mapped to 12 the average hands’ position. In a second experiment, we then studied the impact of connection 13 stiffness on performance, perception, and effort imbalance. The results indicated that both coupling 14 types can induce the hands to actively contribute to the task. However, the task asymmetry 15 introduced by using a cursor mapped to either the left or right hand only modulated the hands’ 16 contribution when not mechanically coupled. The tracking performance was similar for all coupling 17 types, independent of the connection stiffness, although the mechanical coupling was preferred and 18 induced the hands to move with greater correlation. These findings suggest that virtual coupling can 19 induce the hands to actively contribute to a task in healthy participants without hindering their 20 performance. Further investigation on the coupling types’ impact on the performance and hands’ 21 effort distribution in patients with hemiplegia could allow for the design of simpler training systems 22 that promote the affected hand’s use. 23 
Keywords 24 Bimanual, redundancy, coupling, visuomotor tracking 25 
New and noteworthy 26 We showed that the uninstructed addition of a virtual and/or a mechanical coupling can induce 27 both hands to actively contribute in a continuous redundant bimanual tracking task without 28 impacting performance. Additionally, we showed that the task asymmetry can only alter the effort 29 distribution when the hands are not-connected, independent of the connection stiffness. Our findings 30 suggest that virtual coupling could be used in the development of simpler VR based training devices. 31 
1 Introduction 32 Many bimanual tasks, such as holding a tray or using a steering wheel, are redundant, where the 33 same outcome can be achieved with either hand or with the two hands using different coordination 34 and effort sharing strategies. During these tasks, cooperative action can benefit task performance. 35 For example, the two hands can compensate for each other’s errors [1] or, as exploited by 36 rehabilitation interfaces for hemiplegia [2, 3], one hand can take a higher share of effort. Such 37 redundancy can be introduced into bimanual tasks by defining a common goal for the hands [4], for 38 example by allowing them to act on the same object, which results in the hands being coupled. The 39                                                                    1 School of Electronic Engineering and Computer Science, Queen Mary University of London, London, UK. n.penaperez@qmul.ac.uk. 2  Mechanical Engineering Department, the University of Melbourne, Victoria, Australia. eden.j@unimelb.edu.au. 3 School of Engineering and Materials Science, Queen Mary University of London, London, UK. i.farkhatdinov@qmul.ac.uk. 4 The Department of Bioengineering, Imperial College of Science Technology and Medicine, London, UK. {e.ivanova17,e.burdet}@imperial.ac.uk. Correspondence: E. Burdet (e.burdet@imperial.ac.uk, 86 Wood Ln, London W12 0BZ, UK) 
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coupling can be mechanical (e.g., when manipulating a physical object with the two hands) and/or 40 
virtual (e.g., when manipulating a virtual object mapped to the hands’ average position on a monitor) 41 [5].  42 Activities of daily living (ADLs) typically involve mechanical coupling between the hands. While 43 some ADLs requiring mechanical coupling are not redundant since they limit possible coordination 44 strategies (e.g., holding a heavy box against gravity requires a minimum force in each hand) or pre-45 assign hand roles (e.g., slicing bread requires one hand to cut and one to hold), other tasks, such as 46 using a steering wheel, are fully redundant and can be performed with any effort sharing strategy 47 between the hands. This has been used in bilateral training devices, which can provide bimanual 48 assistance by allowing the non-affected hand to drive the affected [2, 3, 6], where haptic feedback 49 can facilitate performance [7]. However, motor learning may be hindered by the enforcement of 50 symmetric motions [8], or by overcompensation with the non-affected hand [9, 10].  51 Virtual coupling, relying on visual feedback, can be implemented on simple virtual reality (VR) 52 setups, and has thus been proposed for home-based rehabilitation systems [11, 12]. Therefore, when 53 developing training devices for patients with hemiplegia, an important question is whether 54 mechanical coupling is necessary or if a virtual coupling alone is sufficient. While a mechanical 55 connection can provide bimanual assistance, a VR system using virtual coupling would be simpler to 56 use and could prevent overcompensation with the non-affected hand. Additionally, it is important to 57 understand whether the coordinated behaviours that arise during these interactions derive from the 58 mechanical connection between the hands or are a mere result of the visualized common goal. To 59 address these questions, it is necessary to understand the fundamental differences between these 60 coupling modes and their impact on bimanual effort distribution and performance. 61 Both virtual and mechanical coupling provide information about the hands’ state that can be 62 integrated through interhemispheric communication [13]. Visual feedback of the shared object is 63 typically available during both mechanically and virtually coupled tasks. In the case of a mechanical 64 connection each hand additionally receives haptic feedback from the contralateral hand. The 65 addition of haptic feedback through a mechanical connection between the hands has been shown to 66 improve performance during non-redundant bimanual tasks such as virtual object holding [14] and 67 to vary with the interaction compliance [15–17]. While this has not been studied for redundant 68 bimanual tasks, studies on common tracking during human-human interaction have found that a 69 mechanical connection increased tracking accuracy as a result of improving sensory estimation via 70 the exchange of haptic information [18, 19], where stiffer connections further increased tracking 71 accuracy [20]. Moreover, sensory integration models have shown that the use of multiple sensory 72 modalities can improve performance [21]. 73 Studies on bimanual redundant tasks suggest that participants distribute effort across the hands, 74 where they typically act to maximize task performance with minimal effort [4, 22, 23]. Stochastic 75 optimal control has been proposed to explain this redundancy resolution [24], where a forward 76 model estimates the system state from noisy measurements and distributes the motor commands 77 among the available end-effectors to minimize error and effort [25]. This framework predicts the 78 CNS’s observed behaviour of minimizing task-relevant variability without unnecessarily exerting 79 effort when it is task-irrelevant. For bimanual coordination, this means that when a clear source of 80 task-relevant variability is introduced (e.g., by perturbing one hand), if the hands are coupled, either 81 virtually [4, 22, 26] or mechanically [27], they will both engage in ‘optimal’ corrective motions. This 82 however relies on the assumption that participants can recognize task relevant feedback modalities. 83 While initial findings suggest that a lack of explicit instructions does not prevent participants from 84 adapting differently to task relevant and irrelevant feedback (e.g., adapting to altered weightings of a 85 shared cursor during bimanual reaching [28]), it is unclear if such adaptation is possible during 86 continuous bimanual tasks. For instance, task irrelevant motions were not minimized in a planar 87 tracking task where the hands were split to control different degrees-of-freedom [29]. 88 Lateralization has been found to influence hand effort distribution during bimanual redundant 89 tasks. In virtually coupled isometric tasks, the non-dominant hand has been observed to contribute 90 less to the task than the dominant hand [30], supporting previous studies that showed that the 91 different contributions stem from the respective noise properties [25]. These contribution 92 asymmetries are however affected by factors such as movement direction and age [30], posture [31], 93 
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temporal demands [29] and the provided sensory feedback [32–34]. Instead, in mechanical coupling, 94 lateralization has been mostly studied in (right-handers for) non-redundant tasks, where rather than 95 effort distribution, differences in hand control properties were studied. Here, it has been suggested 96 that each hand specializes in different control aspects, where the dominant hand would perform 97 finer controlled motions while the non-dominant hand would provide stability against 98 environmental disturbances. This has been reported in asymmetric tasks [35] but has been shown to 99 depend on factors such as age [36] and symmetry requirements [37, 38]. 100 We conducted a study to explore if the type coupling impacts how humans distribute the effort 101 among their hands in a continuous redundant task, and how it affects their performance and 102 perception. Healthy right-handed participants controlled a single cursor in a one degree-of-freedom 103 tracking task by performing flexion/extension motions of the two wrists. We first explored how 18 104 participants changed their motor behaviours in response to the uninstructed addition of a medium-105 hard [39] virtual spring connecting the hands, a virtual coupling through shared visual feedback 106 (with equal cursor weighting reflecting the hands’ average position versus unequal weighting using 107 either the left or right hand position), and the combination of both. In a second experiment, we then 108 investigated whether the effort imbalance changes with the asymmetry introduced by unequal 109 weighting for different connection stiffness and their impact on performance. Here, four groups of 110 ten participants each performed the same tracking task with a different connection stiffness. 111 We hypothesized that participants would not use a hand if it does not impact the task (H1), using 112 both hands only when they are coupled (either virtually or mechanically). However, we expected 113 participants to use different effort contributions across the different conditions (H2). In particular, we 114 hypothesized that the contribution of the hands would not be balanced when they are virtually 115 coupled, where the addition of a mechanical connection would introduce reaction forces that could 116 result in balanced effort distributions. Moreover, we expected unequal cursor weightings to also lead 117 to unbalanced effort contributions, caused by either the higher reliability of one hand or its different 118 functional role. Furthermore, we hypothesized that the additional haptic feedback received during 119 
mechanical coupling would benefit tracking performance, where the tracking accuracy would improve 120 
with increasing connection stiffness (H3). 121 
2 Materials and methods 122 
2.1 Participants 123 The experiments were granted ethical approval by the Joint Research Compliance Office at 124 Imperial 125 College London (reference 15IC2470). Experiment 1 was carried out by 18 healthy participants (nine 126 female and nine male), aged 21-34 years (mean = 26.11, sd = 3.32). Experiment 2 analyzed data from 127 a total of 40 participants (15 female and 25 male), aged 20-46 (mean = 25.02, sd = 4.72), who were 128 allocated across four groups of ten participants each. For this experiment, data from Experiment 1 129 was split into two equal groups of nine based on the participant’s sequence. Additionally, data from 130 22 new participants was collected, including two participants to complete the groups of nine and 20 131 for the two additional groups (Fig.1e). All participants were naïve about the experimental conditions 132 and gave their written informed consent prior to starting the experiment. The handedness of each 133 participant was determined using the Edinburgh Handedness Inventory [40] and their Laterality 134 
Quotient (LQ) was calculated (where LQ = -100 is extreme left-handedness and LQ = 100 extreme 135 right-handedness). All participants were right-handed with LQ > 70 (Experiment 1: mean = 98.5, sd = 136 6.36, Experiment 2: mean = 97.72, sd = 6.34). 137 
2.2 Experimental setup 138 A tracking experiment was conducted using the Hi5 dual robotic interface [41] illustrated in Fig.1a. 139 This one degree-of-freedom robotic interface enables the study of coordinated flexion/extension 140 movements of two wrists by measuring the angle, torque and activity of flexor and extensor muscles. 141 Hi5’s handles can be mechanically coupled through a physical rigid bar or via a virtual spring 142 generated using computer-controlled torque on each wrist. The interface was controlled at 1000 Hz, 143 while wrist angle data was recorded at 100 Hz. Surface electromyography (EMG) from the wrist 144 flexor carpi radialis (FCR) and extensor carpi radialis longus (ECRL) muscles in the left and the right 145 wrists were recorded at 1000 Hz using the g.GAMMASYS system (g.tec). 146 
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2.3 Tracking task 147 Participants were asked to control a single cursor on a monitor using their wrist flexion/extension 148 and to track a moving target “as accurately as possible”. In this way, their visual display was always 149 that of Fig.1a, such that their right-wrist flexion or their left-wrist extension would move the 150 controlled cursor in the anti-clockwise direction. Depending on the experimental condition (Fig.1b), 151 the cursor’s position (q) was controlled with a direct mapping of the left-wrist position (left 152 weighting: q = ql), the right-wrist position (right weighting: q = qr), or with their average position 153 (centre weighting: q = (qr + ql)/2). In this way, the centre condition used equal hand weighting, while 154 the right and left conditions used unequal weighting. 155 The target trajectory (in degrees) was given by the following multisine function: 156 
q∗(t)= −7.8sin(0.48t∗) + 1.6sin(1.12t∗) + 9.4sin(1.48t∗) − 10.6sin(2.56t∗), t∗= t+t0, 0 ≤ t ≤ 25s 157 Each trial started from a randomly selected starting time {t0 ∈ [0,25]s|q∗(t0) ≡ 0} to minimize 158 learning of the trajectory. 159 During Experiment 1, the hands were either not-connected or mechanically connected through a 160 virtual spring of medium-hard stiffness (2.86Nm/rad), chosen based on previous human interaction 161 work which found that this stiffness can be clearly perceived by participants while still allowing for 162 some flexibility [39]. During Experiment 2, the hands could also be connected by a compliant virtual 163 spring (0.63 Nm/rad) [39] or a physical rigid bar. 164 

2.4 Experimental protocol 165 The experimental protocols are depicted in Fig.1c,d. Each participant started with a training phase 166 in which they had to track the moving target first with their right hand and then with their left hand, 167 for ten trials each, while the cursor was set to show the relevant hand’s position. 168 Two factors were explored in both experiments. The first factor was the cursor weighting, with 169 three within-subject levels: the equal weighting condition, which introduced the virtual coupling, 170 and the right and left unequal weighting conditions introducing task asymmetry. The second factor 171 was the connection which had two within subject levels for Experiment 1 and four between-subject 172 levels for Experiment 2. This resulted in six experimental conditions for Experiment 1 (Fig.1c) and 173 three for each participant in Experiment 2 (Fig.1d). During a testing phase, the corresponding 174 experimental conditions were presented in blocks of ten trials each. Participants were told that they 175 could choose to use their hands individually or concurrently, but they were not given any other 176 instructions. After each block, a short series of questions was presented to the participants (see 177 questionnaire in Supplementary Section 3.1, all Supplementary materials are available at 178 
https://doi.org/10.6084/m9.figshare.21370950). During Experiment 1, the sequence of the 179 connected/non-connected blocks was counterbalanced among participants, with a pseudo-random 180 order of the cursor conditions in both experiments. 181 
2.5 Data analysis 182 EMG activity was high-pass filtered with a 20Hz cutoff frequency, rectified and then low-pass 183 filtered with a 5Hz cutoff frequency (all second-order Butterworth filters). The activity of the wrists’ 184 flexor and extensor muscles, measured in volts, was calibrated by linearly regressing the activity of 185 each muscle with the torque (in Nm) produced by the muscle during isometric contraction [41]. 186 To assess whether participants used their hands in a task relevant way (Hypothesis H1), we 187 examined how much they moved each wrist compared to the target’s motion. The normalized arc-188 
length (NAL) was computed for each trial as the arc-length of the wrist’s trajectory (ql or qr) divided 189 by that of the target’s trajectory (q∗), such that values higher than 1 would imply that in that trial the 190 wrist moved more than the target, while values lower than 1 would mean that the wrist moved less 191 than required. 192 To evaluate whether the hands contributed differently across conditions, and whether both hands 193 contributed equally in each condition (Hypothesis H2), two metrics were calculated from the torque 194 normalized EMG. Firstly, effort contributing to motion was calculated for each wrist as the absolute 195 
reciprocal flexor and extensor activation (RA), where ura(t) ≡ max{|τf(t)|,|τe(t)|} − min{|τf(t)|,|τe(t)|}. 196 Secondly, the co-contraction (CC) of each wrist was computed as the minimum overlapping flexor 197 and extensor torque (ucc(t) ≡ min{|τf(t)|,|τe(t)|}). Furthermore, to explore whether the difference in 198 the two hands’ contributions was impacted by the asymmetry introduced by unequal cursor 199 
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weightings, we calculated the NAL, RA and CC imbalance (as the difference between the left and right 200 hand’s value for each trial). 201 Finally, to evaluate whether the connection stiffness influenced the performance (Hypothesis H3), 202 the tracking error was computed as the root mean squared (RMS) error between the controlled 203 cursor’s motion and the target. In addition, we evaluated how participants perceived the physical 204 connection (question Q5, see Supplementary Section 3.1) and whether the hands were consistently 205 moving together in each trial through the Spearman correlation between the wrists’ positions (due to 206 the non-normality of the wrist position data). 207 After pre-processing in MATLAB, data was analyzed using RStudio. To focus on the tracking 208 behaviour, data in the first second of every trial was removed to account for different reaction times. 209 To determine if participants adjusted their performance within each block, the tracking error 210 tendency along the first five and the last five trials of each condition was explored using linear mixed 211 effects (LME) analysis via restricted maximum likelihood (RML), with the trial number as a fixed 212 slope (s) and a random intercept for each grouping factor (subject ID). The Satterthwaite method 213 was used to calculate an approximation for the degrees of freedom. The performance during the last 214 five trials of each experimental condition was found to no longer be significantly decreasing, as 215 indicated by non-significant slopes (all p > .08). For this reason and to focus on steady-state 216 behaviours, for the statistical analysis we used only the data averaged for each participant across the 217 last five trials of each block (further information in the Supplementary Section 2.2). 218 
2.6 Statistical analysis 219 Normality was checked by performing Shapiro-Wilk tests. Given that not-normally distributed 220 conditions were found in all metrics, non-parametric analysis was used on the data. 221 The influence of the two factors (i.e., cursor weighting and connection) on the tracking error 222 during the test phase, the correlation between the hands and the subjective assessment on the 223 perception of the physical connection were explored using 2-way Aligned Rank Transformed (ART) 224 ANOVA [42], repeated measures for Experiment 1 and mixed for Experiment 2. Here, Hypothesis H3 225 could be confirmed by either a main effect of the connection or a significant interaction, with better 226 performance for stronger connection stiffness for at least the centre cursor condition. Additionally, 227 to assess the initial unimanual skill level, the performance during the left and right training blocks 228 was explored through a Wilcoxon paired test. 229 In Experiment 1, the NAL, RA and CC were explored through repeated measures 3-way ART 230 ANOVA with the “hand” as an additional factor. Hypothesis H1 could be confirmed by a significant 231 interaction of the three factors in the NAL, where differences between the hands would only be 232 found in the uncoupled cases, and where the “non-relevant” hand would move less in the uncoupled 233 conditions compared to the coupled. A 3-way interaction in the RA and CC analysis, with differences 234 between hands during virtual coupling and not during mechanical coupling, could confirm 235 Hypothesis H2. 236 Moreover, to explore whether the effort imbalance depends on the asymmetry introduced by 237 unequal cursor weightings for different values of connection stiffness, the NAL, RA and CC 238 imbalances were explored through LME analysis via RML in Experiment 2. Here, we used a random 239 intercept for each grouping factor (subject ID) and the cursor weighting as a fixed slope (s), such that 240 the centre condition was considered to be zero, and the right was considered positive (with a value 241 of one). Here, as per Hypothesis H2, a significant slope would suggest that the effort imbalance 242 depends on the cursor weighting. 243 Post-hoc analysis was conducted by performing a series of tailored pairwise comparisons: (i) 244 within-subject differences among cursor weighting levels for each connection level; (ii) within- or 245 between-subject differences across connection levels for each cursor weighting level and (iii) left 246 versus right hand comparisons for each of the six combinations of cursor weighting and connection 247 levels (whenever the “hand” factor was used). Wilcoxon paired tests were used for comparisons 248 within subjects and Mann-Whitney tests for comparisons between subjects. 249 P-values were adjusted using the Hommel or the Benjamini-Hochberg correction (when the 250 number of comparisons was higher than 24) to control for type I error in multiple comparisons. The 251 level of significance was set at α = .05 and any p-values smaller than 0.001 are reported as p < .001. 252 
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The presented figures show all the observed significant differences, while the most relevant results 253 are reported in the text. It should be noted that main effects are only reported whenever a significant 254 interaction was not observed. 255 
3 Results 256 
3.1 Experiment 1: Does the coupling type impact the effort distribution, performance 257 
and perception? 258 
3.1.1 When virtually or mechanically coupled, the hands contributed similarly to the task  259 

Most participants used their hands in a task relevant way (H1). The normalized arc-length (NAL) 260 showed a significant interaction of the cursor weighting, connection and hand (F(2,34) = 81.37, p < 261 .001). Despite the lack of explicit instructions, most participants moved both hands for all coupled 262 conditions, but only the task-relevant hand in the uncoupled conditions (Fig.2a). 263 In this way, the right hand moved less than the left hand during the not-connected-left condition 264 (W = 171, Z = −3.76, p < .001) and showed less motion than in the not-connected-centre (W = 3, Z = 265 −3.35, p < .001), not-connected-right (W = 0, Z = −3.76, p < .001) and connected-left (W = 0, Z = 266 −3.76, p < .001) conditions. Similarly, the left hand moved less than the right during the not-267 connected-right condition (W = 10, Z = −2.81, p = .005) and showed less motion than in the not-268 connected-centre (W = 161, Z = −2.81, p = .005), not-connected-left (W = 162, Z = −2.87, p = .004) 269 and connected-right (W = 11, Z = −2.73, p = .006) conditions. This suggests that most participants 270 identified differences in the feedback received and changed their motor behaviour consequently. 271 However, it can be observed that a subset of four participants (who will be referred as “atypical” 272 participants) did move their left hand during the not-connected-right condition, with three of them 273 also moving their right hand in the not-connected-left condition (Fig.2a). Note that given they were 274 not outliers in any other condition nor showed a qualitatively different performance (Fig.3a,b), all 275 participant data was included in the analysis. These differences are consistent with the intra-trial 276 tendencies observed in Supplementary Fig.S3, where 14 out of the 18 participants moved both hands 277 when they were virtually and/or mechanically coupled and used only the relevant hand when the 278 coupling was removed. In contrast, these 4/18 participants exhibited an “atypical” behaviour, 279 simultaneously moving both hands in the not-connected-left and the not-connected-right blocks. 280 When the hands were mechanically connected, the amount of motion of the left hand was closer to 281 the target’s during the left cursor condition compared to the centre (W = 18, Z = −2.23, p = .026), with 282 no differences being observed for either hand for the remaining conditions (all p > .05). Interestingly, 283 the amount of motion of the left hand was consistently higher than the right hand’s for all of the 284 mechanically connected conditions (connected-left: W = 157, Z = −2.52, p = .012; connected-centre: 285 
W = 164, Z = −3.03, p = .002; connected-right: W = 159, Z = −2.67, p = .007), but no difference 286 between the hands was found during the virtual coupling (W = 137, Z = −1.56, p = .12). 287 

The effort distribution was balanced between the two hands in all coupled conditions (H2). A 288 significant interaction of the cursor weighting, connection and hand was found for the RA (F(2,34) = 289 29.72, p < .001) and the CC (F(2,34) = 40.32, p < .001). In this way, although the left hand tended to 290 spend more effort (higher RA) and the right hand tended to be more co-contracted (Fig.2b,c), 291 unbalanced effort distributions were only observed when the hands were uncoupled. 292 The balanced effort contributions were confirmed by the lack of differences between the hands 293 once they were coupled (all p > .1). Instead, if a hand could not impact the cursor its contribution was 294 lower than that of the other hand: the right hand’s was lower during the not-connected-left condition 295 (RA: W = 166, Z = −3.15, p = .002, CC: W = 155, Z = −2.29, p = .022) and the left hand’s was lower 296 during the not-connected-right condition (RA: W = 14, Z = −2.45, p = .014, CC: W = 1, Z = −3.58, p < 297 
.001). 298 In line with the NAL (Fig.2a) and the intra-trial trajectories (Fig.S3), during the not-connected 299 conditions, any increase in the cursor weighting contribution of a hand increased its effort, both in 300 terms of the RA and the CC. This was confirmed by (i) the lower effort of the right hand in the not-301 connected-left when compared to the virtual coupling (RA: W = 0, Z = −3.74, p < .001 and CC: W = 3, Z 302 = −3.35, p < .001) and the not-connected-right (RA: W = 1, Z = −3.57, p < .001, CC: W = 5, Z = −3.17, p = 303 
.002) and (ii) the lower effort of the left hand in the not-connected-right when compared to the not-304 connected-left (RA: W = 158, Z = −2.53, p = .011, CC: W = 170, Z = −3.58, p < .001) and the virtual 305 coupling (RA: W = 159, Z = −2.61, p = .009, CC: W = 171, Z = −3.75, p < .001). However, once the hands 306 
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were mechanically coupled, introducing asymmetry by changing the cursor weighting did not have 307 any effect on either the RA (all p > .1) or the CC (all p > .6). 308 Similar to the virtual coupling, the mechanical connection also induced the left hand to actively 309 participate in the task, however, the virtual coupling may have been more efficient at increasing its 310 CC. The mechanical connection increased the RA of the left hand with the right cursor weighting (W = 311 9, Z = −2.82, p = .005), but this increase in motion related effort was not accompanied by an increase 312 in CC (W = 38, Z = −0.94, p = .35). Moreover, during the centre condition, the left hand was less co-313 contracted when mechanically coupled than when virtually coupled to the right hand (W = 152, Z = 314 −2.06, p = .04). Instead, the effort of the right hand with the left cursor weighting, was increased by 315 mechanically connecting the hands both in terms of the RA (W = 3, Z = −3.34, p < .001) and CC (W = 316 19, Z = −2.06, p = .04). 317 
3.1.2 The coupling types did not affect tracking performance, but were perceived differently and 318 
induced different behaviours 319 

Participants could track the target equally well in all coupled conditions (H3). While the interaction 320 between the cursor weighting and connection was found to impact the tracking accuracy (F(2,34) = 321 7.75, p = .002), the addition of a mechanical connection to a virtual coupling did not improve 322 performance (Fig.3b). Moreover, once the hands were mechanically coupled the tracking accuracy 323 was not altered by changes in the cursor weighting. 324 In this way, the tracking accuracy was similar in all coupled conditions (all p > .07). The tracking 325 error was however lower in the not-connected-right condition compared to the not-connected-left 326 (W = 153, Z = −2.61, p = .009) and the connected-right (W = 19, Z = −2.5, p = .019), with participants 327 also tracking more accurately during the right hand’s training than during the left’s (W = 140, Z = 328 −2.41, p = .016, see Fig.3a). This indicates that while participants tracked more accurately when 329 performing dominant unimanual motions compared to non-dominant ones, their performance was 330 unchanged once the hands were coupled. 331 
Participants solved the task differently under different coupling types, with more correlated motions 332 during the mechanical coupling. The interaction of the cursor weighting and connection significantly 333 impacted the correlation between the hands (F(2,34) = 75.69, p < 0.001) with the mechanical 334 connection improving the correlation between the hands for all cursor weightings (all p < .001), 335 including when compared to the virtual coupling. The virtual coupling did however improve the 336 correlation between the hands compared to the not-connected-left (W = 3, Z = −3.69, p < .001) and 337 not-connected-right (W = 164, Z = −3.38, p < .001) conditions. 338 While these results indicate that both mechanical and virtual coupling can each alter correlation, 339 the cursor weighting did not have any effect on the correlation between the hands (all p > .3, Fig.3c) 340 while they were mechanically connected. This suggests that once the mechanical connection is 341 present, an equal cursor weighting does not further improve the correlation. 342 
The mechanical connection was clearly perceived. Responses to “both of my hands were physically 343 connected” (Fig.3d) exhibited a significant interaction of the cursor weighting and connection 344 (F(2,34) = 8.63, p < .001). Participants had a stronger perception of a physical connection between 345 their hands when they were mechanically connected, for all cursor weightings (left: W = 0, Z = −3.33, 346 

p < .001; centre: W = 11.5, Z = −2.45, p = .014; right: W = 2, Z = −3.19, p = .001). Interestingly, 347 participants had a stronger sense of connection when the hands were virtually coupled compared to 348 the not-connected-left condition (W = 0, Z = −1.98, p = .048). 349 
3.2 Experiment 2: How does the connection stiffness affect the effort imbalance and 350 
performance? 351 
3.2.1 The effort imbalance was unaltered by the cursor weighting for all connection stiffness levels 352 

Unequal cursor weightings only modulated the effort imbalance when the hands were not 353 
mechanically connected (H2). This was revealed by a significant negative slope for the not-connected 354 group (RA imbalance: s = −0.15, t(19) = −4.00, p < .001, CC imbalance: s = −0.12, t(19) = −4.42, p < 355 
.001) and non-significant slopes for all mechanically connected groups (all p > .37). The same result 356 was found for the amount of motion of each hand (NAL imbalance: s = −0.68, t(28) = −6.10, p < .001). 357 

The hands contributed differently when compliantly connected. As expected from the findings of 358 Experiment 1, the effort imbalance of the virtually coupled and medium-hard connection groups was 359 close to zero, with non-significant intercepts (all p > .08), suggesting similar hands’ contributions 360 
Downloaded from journals.physiology.org/journal/jn at Imperial Col London (081.078.087.149) on December 8, 2022.



Page 8 of 16 

(see Fig.4b,c). However, while similar results were found for the rigid group (p > .15 for both the RA 361 and the CC), participants with a compliant connection were found to co-contract their right hand 362 more than their left (negative significant intercept: b = −0.09, t(9) = −6.07, p < .001), while keeping a 363 balanced RA (b = 0.006, t(9) = 0.11, p = .92). 364 As found in Experiment 1, analysis of the NAL imbalance showed that participants who had their 365 hands mechanically connected moved their left hand more than the right (Fig.4a). This was 366 independent of the connection stiffness (positive significant intercepts, compliant: b = 0.16, t(9) = 367 2.90, p = .018, medium-hard: b = 0.08, t(8.99) = 3.27, p = .010, rigid: b = 0.01, t(8.99) = 3.93, p = .004) 368 and not observed during the virtual coupling (non-significant intercept: b = 0.17, t(28) = 1.87, p = 369 
.07). 370 
3.2.2 Connection stiffness did not alter the tracking error, but affected the behaviour and perception 371 

The tracking did not improve with larger stiffness (H3). Tracking error analysis (Fig.5a) did not 372 reveal a main effect of the connection (F(3,36) = 0.95, p = .43) nor a significant interaction (F(6,72) = 373 1.18, p = .33). A main effect was only observed for the cursor weighting (F(2,72) = 4.71, p = .012), 374 where participants were more accurate when the cursor was only influenced by their dominant right 375 hand compared to the left (W = 632, Z = −2.74, p = .006). 376 
Participants displayed varied behaviours with a compliant connection, where the correlation 377 between the hands did not significantly differ from participants using a virtual coupling with the 378 centre cursor (U = 32, Z = −1.16, p = .25) and with the correlation increasing with stiffer connections 379 (Fig.5b, all p < .001). This suggests that the motor behaviour may not change with the presence of a 380 mechanical connection, but instead with its strength. However, the not-connected was the only 381 group that showed different behaviours for different cursor conditions (centre versus left: W = 0, Z = 382 −2.93, p = .003; centre vs right: W = 51, Z = −2.29, p = .02). 383 
The virtual coupling was only clearly perceived as no connection with unequal cursor weighting. 384 Instead, with the centre cursor it was not perceived as being different from any of the mechanical 385 connections (all p > .6). While most connected conditions were clearly perceived as having a 386 connection (Fig.5c), this was not the case for the compliant group under the right cursor, which was 387 less clearly perceived as a connection than the medium-hard group (U = 14, Z = −2.33, p = .02) and 388 not different from the virtual coupling group (U = 20, Z = −1.88, p = .06). 389 

4 Discussion 390 We investigated how healthy right-handed participants coordinate their hands in a redundant 391 bimanual continuous tracking task, and how this coordination is affected by virtual and mechanical 392 coupling. The results of our experiments indicate that both a virtual coupling (via a shared single 393 cursor) and a mechanical connection between the hands can induce participants to move their two 394 hands simultaneously to track a moving target. Participants achieved a performance that did not 395 depend on the coupling type (Fig.3b) or on the stiffness of a mechanical connection (Fig.5a). The 396 effort tended to be balanced among the hands, where only a compliant mechanical connection led to 397 unbalanced contributions, in favour of a more co-contracted right hand (Fig.4c). Interestingly, the 398 effort distribution only changed with the task asymmetry when the hands were not mechanically 399 connected (Fig.4a,b,c). 400 
Most participants used their hands in a task relevant manner (H1) 401 Despite the participants not being informed of the cursor weighting for the different conditions, 402 both coupling types resulted in them using both hands (Fig.2a). Therefore, most participants only 403 used the hands when they were relevant to the task. They recognized when some movement did not 404 impact the cursor, identified task relevant feedback and produced only task relevant commands. It 405 has been shown that when individuals identify visuomotor discrepancies, which can occur during 406 the integration of their cursor’s visual feedback and their hand’s proprioception [43], the CNS can 407 adapt its response depending on the task relevance [44]. In our task, when the cursor weighting 408 changed so that one hand became task irrelevant, some participants showed exploratory motions 409 (see Supplementary Section 1), which may have been a consequence of them identifying and trying 410 to adapt to the visuomotor discrepancies. 411 These results are consistent with Hypothesis H1 and align with stochastic optimal control models 412 [24] that predict that the CNS would distribute work between the hands to minimize error and effort, 413 such that a hand would only be used if it contributes to the task [4, 22]. Previous work in continuous 414 
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tasks (i.e., planar tracking) [29] observed participants continuing to produce task-irrelevant motion, 415 possibly because they could not identify the feedback or could not adapt to the given mapping. Our 416 findings contrast with these observations and suggest that the minimization of task irrelevant 417 motions can still be found in tasks requiring constant hand adjustments. 418 However, 5/19 participants (see Fig.5) moved both hands when they were uncoupled. In this case 419 the “unnecessary” movements of one hand were correlated with those of the hand controlling the 420 cursor (Fig.3c). What could explain this behaviour? First, these participants may have missed the 421 sensory cues or failed to reduce task irrelevant commands. For example, participant ID6 moved the 422 left hand more in the not-connected-right condition while reporting that “more contribution of the 423 right hand” was needed compared to the virtual coupling (Supplementary Figs.S1 and S7). However, 424 an incorrect interpretation of sensory feedback could not explain the behaviour of some “atypical” 425 participants, who showed exploratory movements (Supplementary Fig.S2) but reported preferring 426 coordinated motions: “The cursor’s control was easier when I used two hands, I tried using one and 427 it was not as easy” (ID16, not-connected-left, Supplementary Fig.S7). Alternatively, these behaviours 428 could reflect the consideration of bimanual coupling related constraints [45, 46]. Synchronized 429 symmetric motions (which exploit intrinsic neural coupling via inter-hemispheric connections [47]) 430 are known to be accurate and stable during bimanual coordination [48, 49]. 431 
The hands’ effort distribution was mostly balanced and was only altered by the cursor 432 
weighting without a mechanical connection (H2) 433 Contrary to Hypothesis H2, the contributions of (virtually or mechanically) coupled hands were 434 balanced (Fig.2b,c), except for a higher right-hand CC in participants with a compliant mechanical 435 connection (Fig.4b,c). While previous works on virtually coupled isometric tasks [30] would predict 436 a lower contribution of the left/noisier hand [25], our results align with previous findings in virtually 437 coupled planar tracking [29] where the hands’ contributions to a shared cursor’s motion were 438 balanced. Interestingly, during all mechanically connected conditions the left hand had a higher 439 amount of motion than the right, where its higher intrinsic noise may have caused it to move with 440 less fine control (Fig.2a). 441 Furthermore, introducing asymmetry by changing the cursor weighting did not affect the effort 442 distribution for any of our mechanically connected conditions, contrary to our expectation. This lack 443 of asymmetry may be caused by participants not being able to identify which hand has the more 444 reliable feedback, which could be due to the hands being too restricted (even for our compliant 445 connection). Alternatively, participants may be less aware of how much motion/effort they are using 446 in each hand. 447 Overall, we only observed a clear influence of lateralization in the CC imbalance with the compliant 448 connection (Fig.4c). Here, participants may have felt delayed reaction forces and increased their 449 dominant hand’s CC to either rely on the less noisy dominant hand, or to stabilize the cursor 450 movement. This increased CC in the dominant hand has been observed in response to instability for 451 some symmetric (non-redundant) bimanual tasks [37]. However, [35, 36] reported a stabilizing 452 advantage of the non-dominant hand in non-redundant tasks where asymmetry was introduced by 453 giving specific hand instructions (i.e., one hand to reach and the other to stabilize). This differs from 454 our still redundant asymmetric conditions. 455 
The coupling type did not impact task performance (H3) 456 Against Hypothesis H3, the addition of a mechanical connection did not improve tracking accuracy, 457 independently of its stiffness. Therefore, our results differ from findings in non-redundant tasks such 458 as object holding, where haptic feedback improved performance [14]. This could be caused by the 459 participants being unaware of the connection, not using the additional feedback or finding that the 460 additional feedback was not beneficial for task performance. 461 Whenever their hands were mechanically connected, participants felt like their “hands were 462 physically connected” (Fig.3d) and reported “forces” that were perceived as “assistive” 463 (Supplementary Fig.S5). This suggests that they were aware of the connection and considered the 464 feedback to be useful. This was supported by some questionnaire responses (e.g., “I flexed both 465 hands because I think squeezing helped me control better the motion”, ID12 during connected 466 centre, Supplementary Fig.S8). 467 
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Therefore, it is likely that the additional haptic feedback did not improve performance as it was not 468 task relevant. This is different from non-redundant bimanual tasks like object holding, where 469 smoothly modulating the distance between the hands directly benefits performance. This also differs 470 to human-human studies in which participants improved their individual performance when 471 mechanically connected to a partner in a common tracking task [18], where the tracking accuracy 472 also increased with the connection stiffness [20]. While in these cases the mechanical connection 473 allowed for the exchange of information in addition to force transfer, the natural interhemispheric 474 connection present in bimanual interaction may already facilitate that exchange. 475 Despite not affecting performance, additional haptic feedback was preferred (Supplementary 476 Fig.S5) and led to more tightly coupled hand motions, where the stiffer mechanical connections 477 improved the correlation between the hands (Fig.5b). The virtual coupling and the compliant 478 connection led instead to lower correlation values (Fig.3c), which may stem from the variability 479 between the hands’ less constrained motion (as minimizing it would incur additional effort [50]). In 480 turn, there was a larger variability between participants, who likely used different control strategies. 481 This aligns with findings in both discrete (i.e., reaching [1, 51]) and continuous (i.e., path following 482 [52]) virtually coupled tasks where task-irrelevant variability did not hinder task performance. 483 In accordance with previous studies, our results show better dominant unimanual tracking [29, 484 53] (Fig.3b). This was despite the right-hand training being carried out first and given that motor 485 skills learnt by the dominant arm can be transferred to the non-dominant [54, 55]. This may have 486 impacted Experiment 1’s performance in the connected-right condition, which was worse than in the 487 not-connected-right. While this reduced performance may have derived from the added inertia of the 488 mechanically connected non-dominant hand, no differences were observed in Experiment 2, 489 suggesting that the reduced tracking accuracy is not necessarily a result of the mechanical coupling. 490 
Application considerations 491 In summary, both virtual and mechanical coupling induced the two hands to contribute to the task. 492 However, task asymmetry only modulated effort distribution when the hands were not mechanically 493 connected. Interestingly, the performance was similar across all coupling levels, although the 494 mechanical coupling was preferred and could induce the hands to move more tightly together. 495 These findings suggest that a virtual coupling can induce active contributions from both hands 496 without impacting performance. Could this be used to develop simpler training devices to promote 497 the affected hand’s use in individuals with hemiplegia? To answer this, further considerations need 498 to be taken. For example, patients with severe impairments may still require mechanical assistance, 499 such that initially relying on a rigid mechanical connection may be advantageous. However, given 500 rigid modes that constrain the use of redundant solutions may be detrimental to motor learning [8], 501 using more compliant modes could be beneficial in later training stages. Moreover, impaired sensing 502 may prevent the correct identification of the visuomotor mapping, thus resulting in behaviours like 503 those of our atypical subjects. Here, alternative methods to alter effort distribution could be 504 explored, such as vibratory feedback or visual perturbations, which biased muscle use and motor 505 behaviours during virtual coupling [33, 56], or force cues, which reduced non-affected hand 506 compensation during mechanical coupling [6]. 507 Finally, we would expect stroke survivors to show different lateralized behaviours to controls [57] 508 and to observe lesion-dependent differences in their capabilities to use the task redundancy without 509 impacting their performance [51]. Therefore, the above results need to be tested on the relevant 510 population before deciding on a design for rehabilitation devices for bimanual neurorehabilitation.511 
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 690  691 
Figure captions 692 

Figure 1: Experiment setup, task conditions and protocols. a) Participants sat in front of a 693 monitor visualizing a single (5 × 95 pixel rectangle) cursor and the (14 pixel diameter circle) 694 target and held one handle of a dual robotic interface with each hand. Since the cursor and 695 target motion was constrained to a 1700 pixel arc, the target diameter was equivalent to 1◦ of 696 motion, and the cursor’s width covered one third of it. The visualised trajectory of the target 697 was constrained to lie on that arc in the angular range [−28.2, 25.7]◦. b) The cursor’s motion 698 was mapped to either their left wrist position, the right or their average (centre) depending on 699 the experimental block while their hands could be either not-connected or connected through 700 a mechanical connection of stiffness K. Protocols for c) Experiment 1, where all 18 participants 701 tried the three cursor weightings with the hands not-connected and connected through a 702 medium-hard virtual spring (K = 2.86 Nm/rad) in either of two sequences and d) Experiment 703 2, where the 40 participants were split in four groups of ten, each performing the three cursor 704 weightings with a connection level: not-connected, compliant (0.63 Nm/rad), medium-hard 705 (2.86 Nm/rad) or connected through a rigid bar. The cursor weighting order was always 706 pseudo-randomised. Participants started with the training phase and between experimental 707 blocks, they answered a series of questions (Q). e) Experiment 1 data (from experimental 708 blocks 1-3) was split into two groups of nine based on the participant’s sequence. Additionally, 709 data from 22 new participants was collected, two participants to complete the groups of nine 710 and 20 for the two new groups. 711  712 
Figure 2: Experiment 1: a) normalized arc-length, b) effort spent in motion and c) co-713 contraction for each experimental condition where each dot is the mean across the last five 714 trials per participant. Squared-crossed markers represent participants from the “atypical” 715 subset. ∗: p < .05, ∗∗: p < .01, ∗∗∗: p < .001. Comparisons not shown are not significant. 716  717 
Figure 3: Experiment 1: Tracking error for a) the training and b) test phases and c) correlation 718 between the hands for each experimental condition (where each dot is the mean across the 719 last five trials per participant). d) Perception of the connection. Squared-crossed markers 720 (a,b,c) and black dots (d) represent participants from the “atypical” subset. ∗: p < .05, ∗∗: p < 721 .01, ∗∗∗: p < .001. Comparisons not shown are not significant. 722  723 
Figure 4: Effort imbalance in Experiment 2, where positive values correspond to a higher 724 contribution of the left hand, and negative values correspond to a higher right hand’s 725 contribution. Linear mixed effect models were fit to the a) normalized arc-length imbalance, b) 726 reciprocal activation imbalance and the c) co-contraction imbalance to explore the effect of the 727 changing cursor weighting on the imbalance. The hands had a shared (zero) influence on the 728 cursor during the centre condition. Significant slopes are displayed with horizontal markers 729 and significant intercepts are displayed with vertical markers. ∗: p < .05, ∗∗: p < .01, ∗∗∗: p < 730 .001. 731  732 
Figure 5: Experiment 2: a) tracking error and b) correlation between the hands’ positions for 733 each experimental condition where each dot is the mean across the last five trials per 734 participant. c) Perception of a physical connection. Squared-crossed markers (a,b) and black 735 dots (c) represent participants from the “atypical” subset. It is noted that three of these 736 participants belonged to the “atypical” subset from Experiment 1 (as they belonged to 737 sequence A) and the fourth participant belongs to the data additionally connected for 738 Experiment 2. In this way, a total of 5/19 participants who tried the not-connected condition 739 
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across both Experiments displayed “atypical” behaviours. ∗: p < .05, ∗∗: p < .01, ∗∗∗: p < .001. 740 Only significant comparisons are displayed. 741  742 
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How virtual and mechanical coupling impact bimanual tracking

in a redundant tracking task:
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