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Abstract— Supernumerary limbs promise to allow users to
perform complex tasks that would otherwise require the actions
of teams. However, how the user’s capability for multimanual
coordination compares to bimanual coordination, and how
the motor system decides to configure its limb contributions
given task redundancy is unclear. We conducted bimanual and
trimanual (with the foot as a third-hand controller) virtual re-
ality visuomotor tracking experiments to study how 32 healthy
participants changed their limb coordination in response to
uninstructed cursor mapping changes. This used a shared
cursor mapped to the average limbs’ position for different limb
combinations. The results show that most participants correctly
identified the different mappings during bimanual tracking, and
accordingly minimized task-irrelevant motion. Instead during
trimanual coordination, participants consistently moved all
three limbs concurrently, showing weaker ipsilateral hand-foot
coordination. These findings show how redundancy resolution
and the resulting coordination patterns differ between similar
bimanual and trimanual tasks. Further research is needed to
consider the effect of learning on coordination behaviour.

I. INTRODUCTION

Most bimanual actions possess redundancy, such that
multiple coordination strategies can achieve the same per-
formance. For example, when moving a tray, the two hands
could be used symmetrically or one hand could apply greater
forces while the other passively follows. As some tasks
require more than two limbs (such as in industrial assembly
or laparascopic surgery), robotic supernumerary limbs have
been proposed to augment human abilities [1]. However, their
use requires coordination with the natural limbs. How does
the Central Nervous System (CNS) naturally coordinate the
limbs when performing a redundant task? And, how does this
differ between bimanual and multimanual tasks?

Redundancy resolution during bimanual tasks has typically
been explored using a virtual-coupling consisting of a
shared cursor mapped to the two hands’ average posi-
tion/force [2], [3], [4], [5], [6]. Here, humans tend to solve for
redundancy by minimising effort while maximising perfor-
mance [3]. One theory proposed to explain this is stochastic
optimal control, which predicts that humans use a model
to estimate their state and then distribute their actions to
only minimize task-relevant variability without unnecessarily
exerting effort when it is task-irrelevant [7]. This adaptation
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has been observed in continuous 1 degree-of-freedom (DoF)
[8] virtually coupled bimanual tasks, where participants used
their hands only when task-relevant. However, more complex
mappings have resulted in participants failing to minimize
task-irrelevant motions [6], such that it is unclear whether
this adaptation occurs in more complex tasks.

During redundant virtually-coupled tasks, different relative
non-dominant and dominant hand contributions have been
observed [9] (possibly to favour the more skilled hand [10]).
Moreover, hand functional “specializations” [11] have been
reported, supporting the idea that each brain hemisphere
specialises in different control aspects [12]. However, these
results are highly task-dependent, varying with posture [13],
temporal requirements [6], [8] and task congruency [14].

Besides bimanual tasks, other combinations for interlimb
coordination have also been explored showing contrasting
patterns. For example, while opposite directional movements
tend to be accurate and stable during contralateral limb
coordination (e.g., bimanual or right hand-left foot), they be-
come unstable during ipsilateral limb coordination (e.g., right
hand-right foot) [15], [16]. For multimanual tasks, where the
use of foot-controlled additional DoFs has been investigated
[17], [18], [19], [20], [21], these differences in coordination
requirements likely impact the resulting motor behaviours
and task performance. Indeed, while the underlying motor
behaviours are still unclear, performance has been found to
be compromised in tasks requiring trimanual coordination
when compared to bimanual coordination [20] or dyads [21].

In this work, we studied the limbs’ coordination and
performance in a bimanual and a trimanual (with a foot-
controlled third limb) virtually-coupled redundant tracking
task, where the cursor mapping was altered to represent
different limb coordination in a three-dimensional (3D) Vir-
tual Reality (VR) environment. We hypothesized that our
healthy participants would identify the task-relevant limbs
in the bimanual task, and that both hands would contribute
similarly and move in a coupled manner when influencing
the shared cursor. For the trimanual task, it was unclear if
the task-relevant limbs’ identification would be constrained
by the more complex mapping. We expected the hands to
be strongly coupled and to contribute more than the foot,
but for the foot’s contribution to increase for one hand-foot
cursor mappings, where the type of coordination involved
(i.e., ipsilateral vs contralateral) could affect performance.

II. METHODS

A. Participants and experimental setup

The Imperial College London Research Ethics Committee
granted ethical approval and all 32 naive healthy participants
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(16 per experiment), aged 26.4 ± 5.3, gave their informed
consent prior to starting the experiment. The Edinburgh
Handedness Inventory [22] was used to determine the hand-
edness of each participant, with all laterality quotients > 40.

All experiments were conducted using the HTC Vive Pro
headset and controllers (Fig. 1a). Participants were always
seated and could freely move their hands and foot. For the
trimanual experiment, a 6 DoF electromagnetic (Polhemus
Liberty) tracker was attached to the participant’s right foot.
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Fig. 1. Experiment setup and design. a) Participants were seated and set up
with the VR headset, hand controllers and (for the trimanual experiment) an
electromagnetic tracker attached to their right foot. b) The visual feedback
consisted of a coin (cursor) and a treasure chest (target) and of a fire flame
(cursor) and a hot air balloon (target) for the bimanual (top) and trimanual
(bottom) experiments, respectively. c) The experimental conditions altered
the cursor’s visuomotor mapping, such that it could represent the position
of the left hand (L), right hand (R), foot (F) or of all their combinations.
The coloured arrows represent the limbs involved in each condition, as per
the testing blocks in the d) experimental protocol. Participants gave their
Informed Consent (IC) and filled a Handedness Questionnaire (HQ). They
then performed the training and testing phases, where questionnaires (Q)
were asked between blocks.

B. Tracking task
Participants had to follow a moving target as accurately

as possible. The position of the hand controllers and/or foot

sensor was linearly mapped into virtual world positions.
These were not shown to participants during the trials, and
instead a single cursor was displayed. Participants had to
control the error in every translational dimension. For the
bimanual experiment, a 1D x-axis (Fig. 1b, top) tracking task
was used, to be consistent with [8], with reference trajectory

x∗(t) = −0.4 sin(1.3t∗) + 0.4 sin(1.7t∗)

+ 0.8 sin(2.58t∗)− 0.2 sin(3.1t∗) (1)
t∗ = t+ t0, 0 ≤ t ≤ 25s

For the trimanual study, the z-axis (Fig. 1b, bottom) was
used instead of the x-axis to facilitate more comfortable
foot motions via knee flexion/extension. This reference was
chosen after a bimanual pilot study confirmed no differences
in redundancy resolution for different motion directions, and
used trajectory

z∗(t) = −0.25 sin(1.7t∗) + 0.2 sin(2.7t∗)

+ 0.4 sin(2.68t∗)− 0.15 sin(3.5t∗) (2)
t∗ = t+ t0, 0 ≤ t ≤ 20s

All trials started from a random time t0 (constrained to be a
reference trajectory zero) to reduce trajectory learning.

C. Experimental protocol

The protocols (Fig. 1d) started with a training phase that
was intended to familiarize participants with the task. This
required them to perform the task unimanually with each of
the different limbs involved in each study. Participants were
explicitly instructed about which limb to use.

Participants then completed a testing phase, where dif-
ferent conditions altered the limbs’ task influence through
different cursor mappings. During the bimanual study, par-
ticipants performed three cursor conditions (Fig. 1c): i) left
hand; ii) right hand; and iii) center of mass of both hands.
These conditions were tested in blocks of ten trials each,
where the block order was randomly chosen from a sub-
set of possible combinations. In the trimanual study, they
performed four cursor conditions, each with the center of
mass of the i) right hand and right foot (R&F); ii) left
hand and right foot (L&R), iii) upper limbs (L&R), iv)
all limbs (ALL). Each condition was tested in randomly
ordered blocks of seven trials. Participants were not given
explicit instructions on which limb to use, and were told they
could use either limb individually or in any combination, as
long as they were comfortable and tracking accurately. After
each block, participants were asked about their perceived
influence of each limb on the cursor during the condition.
They were also presented with several questions after each
block regarding their perception of effort and agency over
the cursor.

D. Data analysis

To account for the cursor mapping learning, the first
three trials of all conditions were discarded and the data
was averaged for each metric over the remaining trials.
The performance was evaluated by computing the tracking



error as the Root Mean Squared Error (RMSE), across all
dimensions, between the target and the visualized cursor.

To assess the limbs’ contributions through their amount
of motion in the direction of interest, the normalized arc
length (nAL) was calculated by dividing the limbs’ trajectory
arc length over the target trajectory arc length. Therefore, the
nAL equaled 1 when the limb moved as much as the target,
was less than 1 when it moved less and was more than 1
when it moved more.

Finally, the Spearman correlation between the limbs tra-
jectories was computed to assess interlimb coordination and
the subjective assessment’s question “could you influence the
cursor with your right/left/foot hand/limb” was analyzed.

Normality was checked using Shapiro-Wilk tests. Since
some conditions were not normally distributed for all metrics,
non-parametric tests were conducted. To explore the effect
of one factor, a Friedman test was conducted, i.e. effect of
cursor condition (testing phase) and limb (training phase) on
performance. To explore the effect of more than one factor,
a repeated measures Aligned Rank Transformed ANOVA
(ART ANOVA) was computed (limb and cursor on the
nAL and response to subjective questionnaires). When an
interaction was observed, post-hoc analysis was conducted
by performing a series of tailored pairwise comparisons using
paired Wilcoxon tests. To control for type I error in multiple
comparisons, the p-values were adjusted using the Bonferroni
corrections when there were 6 or less comparisons, the
Benjamini and Hochberg correction when there were 30 or
more comparisons and the Hommel correction for all other
cases. The main effects are only reported in the text whenever
an interaction was not found.

III. RESULTS

A. Bimanual experiment

Participants had a similar tracking accuracy when tracking
with either hand during the training (V = 60, p > .05)
and during all cursor conditions during the testing phase
(χ2(2) = 0.875, p > .05).

The interaction between hand and cursor impacted the
normalized arc length (nAL) (F (2, 30) = 46.98, p < .001).
As hypothesized, participants moved both hands when they
were virtually-coupled (V = 38, p > .1), with both hands
having a nAL (Fig. 2b) close to 1. Instead, whenever the
hands were not coupled, the hand that could not impact
the cursor had a lower nAL (left hand during right cursor:
V = 3, p < .001, right hand during left cursor: V = 133, p <
.001). Additionally, the cursor condition also impacted the
correlation between the hands (χ2(2) = 15.9, p < .001),
leading to less correlated motions during the left (V = 1, p <
.001) and right (V = 6, p < .01) conditions compared to
when virtually-coupled (Fig. 2c).

These changes in hand contribution were perceived by
participants (Fig. 2d), as indicated by the interaction between
the hand and cursor factors on the responses to the question
“Could you influence the cursor with the right/left hand as
you intended?” (F (2, 30) = 63.58). Participants perceived a

greater influence of their right hand in the right cursor condi-
tion than in the left cursor condition (V = 135, p < .01), but
a similar contribution than in the virtually-coupled condition
(V = 47.5, p > .05). In addition, a greater influence of the
left hand was perceived in the left cursor condition when
compared to both the right (V = 8.5, p < .01) and virtually-
coupled conditions (V = 92, p < .05).

B. Trimanual experiment

During the training phase, the limb being trained affected
the tracking accuracy (χ2(2) = 24.5, p < .001). The foot
was less accurate than both the right (V = 0, p < .001) and
left (V = 0, p < .001) hands, while no clear difference was
observed between the right and left hands (V = 26, p > .05).
During the testing phase, the cursor mapping impacted the
tracking accuracy (χ2(3) = 21.8, p < .001, Fig. 2e). Here,
the R&F condition had a higher tracking error than both the
ALL (V = 7, p < .005) and the L&R (V = 134, p < .001)
conditions. Interestingly, while the L&F condition had a
higher tracking error than the L&R condition (V = 120, p <
.05), no difference was found when comparing it to the ALL
(V = 80, p > .05) condition.

The interaction between limb and cursor was observed to
impact the nAL (F (90, 6) = 6.1597, p < .001, Fig. 2f). Post-
hoc analysis showed that the left hand contributed more than
the right hand in the ALL (V = 120, p < .05) and L&F
(V = 132, p < .01) conditions. In addition, it contributed
less than the foot in the R&F condition (V = 18, p < .05).

For the correlation, a limb combination main effect was
found (F (30, 2) = 14.0072, p < .001, Fig. 2g). In general,
the upper limbs were more correlated than the foot with the
right (V = 1863, p < .001) or left hand (V = 1724, p <
.001). Moreover, the foot and left hand were more correlated
than the foot and right hand (V = 579, p < .01).

Although the interaction between limb and cursor was
found to impact the responses to “Could you influence the
cursor with the right-hand/left-hand/right-foot?” (F (90, 6) =
4.65, p < 0.001), post-hoc analysis showed no differences
among the different conditions (Fig. 2h, all p > .05).

IV. DISCUSSION

We investigated the coordination of healthy right-handed
participants during the continuous bimanual and trimanual
visuomotor tracking of a 1 DoF target in a 3D VR envi-
ronment. As hypothesised, our bimanual results showed that
most participants correctly identified the task requirements
and adjusted their hand contributions accordingly, displaying
similar contributions and strong correlation patterns only
when they could impact a shared cursor. In contrast, our
trimanual results suggested that participants were less capa-
ble of understanding the cursor mapping when the foot was
involved in the task, and had a preference to use the three
limbs together in all conditions.

The bimanual results are consistent with findings in a
simpler 1 DoF robotic interface setup using a similar cursor
mapping [8]. This shows that in a 3D VR environment most
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participants could also (without explicit instruction) recog-
nize the cursor mappings and subsequently tended to avoid
using a hand if it was not task-relevant (Figs. 2b,d). This is
in contrast to previous findings during 2D (planar) motions
[6], where task-irrelevant motions were observed using a
more complex cursor mapping (i.e., each hand controlled
an independent cursor direction). This could indicate that
the ability to recognise task-relevance (and to accordingly
prevent effort in task-irrelevant motions [7], [10]) is mapping
dependent rather than motion dependent. However, it is
noted that in our experiment and that of [8] a minority of
participants always used both hands across all conditions,
despite correctly recognising which hand was task-relevant.
This suggests that the correct identification of the mapping
is not the only factor in the suppression of task-irrelevant
motion. Here, the constant adjustments required by tracking
tasks may lead some participants to prefer strongly coupled
hand motions [23].

Our trimanual results differ to the bimanual in that partic-
ipants struggled to identify the task relevant limbs (Fig. 2h)
and showed a preference to always use all limbs (Fig. 2f).
The addition of the foot therefore appears to have made
our mappings more difficult to understand and adapt to,
possibly due to it being too difficult to separate the effect
of each limb in real-time (like in [6]) or due to the foot-
cursor relationship being less intuitive. Moreover, the lower
tracking accuracy during the foot training and generally
larger foot’s normalized arc length are likely influenced
by differences in the foot and hand’s fine motor control
abilities. These results highlight the need to consider the
differing biomechanical properties of supernumerary limbs
when evaluating multimanual coordination.

Interestingly, despite using a more complex mapping that
involved the less accurate limb (i.e., the foot), the addition
of the foot to a bimanual mapping (ALL compared to
L&R) did not impact performance(Fig. 2e), suggesting that
participants were still able to use the available redundancy
within the task. Consistent with previous findings [15], [16],
we did however observe a generally lower correlation of
the ipsilateral hand-foot pair (Fig. 2g), which may explain
the worse performance during the R&F condition, compared
to the ALL and L&R conditions. This implies a potential
limitation in concurrent trimanual manipulation that could
impose limits in performance for tasks that are more complex
than our tracking task.

Our findings therefore suggest that while virtual coupling
through cursor mappings can induce changes in hand contri-
butions for bimanual tasks, this does not appear to work for
trimanual activities using the foot as an additional cursor. The
trimanual results show possible limitations in the exploitation
of foot-control interfaces for human augmentation. This
suggests that special care should be taken to account for
the difficulties that participants possess in recognising the
foot’s contribution to coupled activities and the constraints
that ipsilateral hand-foot coordination imposes. Additional
research is required to explore the effect of learning on the
resulting coordination patterns.
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