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ABSTRACT Supernumerary effectors have been proposed to enable users to perform tasks alone that
normally require assistance from a partner. While various supernumerary robotic limbs have been developed
in the last decade, the capability of users to operate them effectively has not yet been proven. Here we tested
whether users (i) can complete a task that requires simultaneous and fine control of three effectors, and (ii)
can be trained to do so with similar or superior performance as through collaboration with a human partner.
As in previous studies, initial augmented capability was less than that of working with a partner. However,
one hour of dedicated solo trimanual training across three days significantly increased task performance, so
that participants became able to perform trimanual control alone as well as or better than they could with a
new partner. This shows the viability of augmentation systems for applications such as in robotic surgery or

Science

industrial assembly, which can be further validated on real tasks with physical systems.

INDEX TERMS Foot control, teleoperation, three-hand surgery, Tri-manipulation.

IMPACT STATEMENT With training, trimanual coordination with a foot interface can become as good as a

dyad working together.

I. INTRODUCTION

Degree of freedom (DoF) augmentation with supernumerary
effectors (SEs) aims to extend the DoFs available to a user for
a given task [1]. If effective, this could enable an individual
to carry out alone tasks requiring more than two hands, such
as fastening a board to an overhead assembly or stitching two
nerves together during surgical anastomosis. Despite various
robotic SEs having been developed [2] and shown suitable for
tasks such as industrial processes [3], assistive technology [4]
and robotic surgery [5], their usefulness and efficiency have
not yet been tested systematically. Furthermore, the tasks that
have been investigated typically could be performed with just
the two natural hands [6], [7]. To be adopted, augmentation

with a SE should (i) enable users to complete tasks that re-
quire more than two hands successfully, and (ii) do so with
similar or superior performance as through collaboration
with a human partner.

For the successful completion of tasks, trimanual coordi-
nation has been implemented using autonomous augmenta-
tion [3], [8] of the third limb or manual control [6], [7].
However, in unstructured and variable environments such as
in surgical applications, the responsibility for safety and ethics
will rest with the human operator. Furthermore, complex or
novel interventions will require direct control. Therefore, it is
important to continue developing better control strategies for
surgeons, such as possibly trimanipulation.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/
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FIGURE 1. Comparison of solo trimanual and dyad operation of a task requiring simultaneous fine control of three virtual hands (VHs). (a) Participants
had to bring the center of mass (CoM) of a triangle to the target by moving its vertices commanded by the hands and one foot while maintaining its
shape. (b) In solo mode, the participant controls the hands and foot interfaces simultaneously. (c) In dyad mode, the two participants are separated by a
curtain, one operating the hands interfaces and the other the foot interface. (d) The three-day experiment protocol consisting of four solo training

repetitions and two tests of both solo and dyad configurations.

When manual control has been considered, initial evalu-
ation of trimanual coordination with a SE has focused on
examining whether users can perform tasks with more than
two ‘hands’ using other body segments not required for the
task [5], [6], [7], [9]. Here, it has been shown that using an
additional ‘hand’ can be more efficient than using the two
natural hands for control [5], [6], [7], and that users can
extend from bimanual to trimanual tasks with limited loss
of performance [9]. However, in a recent single-day study
comparing solo trimanual operation to working with a human
partner, the solo operation was less preferred and had inferior
performance across tasks with different amounts of coupling
between the hands [10]. While these results may indicate that
augmentation cannot fulfil the above conditions, the observed
differences may rather reflect insufficient training in the con-
trol of SEs. Here, previous studies have not provided dedi-
cated training time as has been shown necessary for learning
new augmentation devices [11] or skills [12].

When a pair performs a task they are able to draw upon
a lifetime of interactions working with other people. For aug-
mentation, there is typically no experience of controlling extra
DoFs and users must instead rely on the transfer of existing
natural skills [1]. It has been shown that bimanual behaviours
cannot necessarily be built from unimanual actions [13], [14].
Similarly, initial comparisons of trimanual performance may
suffer from participants lacking knowledge of how to perform
tasks trimanually and instead trying to build from unimanual
and bimanual behaviours. It is known that motor learning
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derived through dedicated training can improve user perfor-
mance in new skills [15] and enable the learning of modified
visuomotor mappings [16]. Motor learning has also been ob-
served in augmentation experiments [10], [11], [17].

Since solo trimanual coordination with a given system
needs to be trained only once, as opposed to learning to
work with a partner that needs to be repeated with each new
partner [18], we ask can solo trimanual performance become
as good or better than when working with a human partner
through training of trimanual coordination? To investigate
this question, we designed a paradigm in which participants
trained over three days in a robotic surgery inspired task
from [10] requiring fine, coordinated control of the three ef-
fectors, and analyzed the performance, perception and coordi-
nation changes.

Il. RESULTS

Three virtual hands (VHs) were controlled by two hand in-
terfaces and a foot interface, and connected to the respective
vertices of a virtual elastic triangle. The task required the
triangle’s center of mass (CoM) to reach a series of targets
without losing its shape (Fig. 1(a), see Materials and Meth-
ods). 16 participants performed the task in two configurations
(see Supplementary Materials, for example motion trajecto-
ries and speed profiles): solo, where they controlled the VHs
using all interfaces (Fig. 1(b)); or as a dyad, in which pairs
of participants separated by a curtain controlled the VHs,
one using the hand interfaces and the other the foot interface
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FIGURE 2. Change in solo performance for success rate (a) and completion time (b) for each participant with learning, where T1-T4 represent Training
Repetitions 1 to 4 as in the protocol shown in Fig. 1(d). Note that each dot represents a single participant and the black horizontal line denotes the

median of all participants.

with their preferred foot (Fig. 1(c)). The tracking performance
was initially tested in both configurations, then solo perfor-
mance was trained over three days consisting of one training
repetition on the first day, two on the second and a final
repetition on the third day (Fig. 1(d)). After training, an ad-
ditional test was conducted and comparison of solo and dyad
performance was undertaken through objective metrics and a
user questionnaire.

A. SOLO TRIMANUAL PERFORMANCE IMPROVED WITH
TRAINING

Performance was evaluated through the percentage of trials
for which the participants could reach the target before it
refreshed every 3 s (success rate) and the time that it took to
reach the target (completion time). All participants were able
to perform the task, with their success rate (Fig. 2(a), Fried-
man test: x2(3) =29, p < 0.0001) and the average comple-
tion time for reaching each target (Fig. 2(b), one-way repeated
measures Analysis of Variance (rmANOVA): F(3,45) =
37.58, p < 0.0001) changing with training. There was a clear
performance improvement over Training Repetitions 1 and
2 (success rate: Z = —3.2329, W = 5.5, p =0.0011; com-
pletion time: #(15) =5.127, p = 0.0002) and Repetitions
2 and 3 (success rate: Z = —3.0539, W =9, p =0.0019;
completion time: #(15) = 5.483, p = 0.0002). Performance
then stabilised between Repetitions 3 and 4 (success rate:
Z =0.0517, W = 69, p = 0.9699; completion time: #(15) =
0.517, p = 0.6125). These results indicate that participants
improved their ability for solo trimanual coordination and
learned to successfully incorporate the ‘third hand’. As the
performance stabilised by the final training repetition, the
subsequent analysis only compares the differences between
the trained behaviour (Testing Phase Day 3) and the initial
performance (Testing Phase Day 1).

B. SOLO TRIMANUAL PERFORMANCE WAS AS GOOD AS IN
DYADS AFTER TRAINING

In the initial test on Day 1, the dyad configuration pos-
sessed a higher success rate (Fig. 3(a), Z = 2.7416, W =
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96, p =0.0128) and a shorter completion time (Fig. 3(b),
1(45) = 4.140, p = 0.0003) than the solo trimanual config-
uration. However, by the test on Day 3, participants exhib-
ited similar performance in the solo and dyad configurations
(Z =0.2206, W =56, p =0.8379), where in both cases
they were able to successfully complete the task more than
80% of the time, and had a similar completion time (¢(45) =
—0.924, p = 0.3603). This indicates that with solo configu-
ration training, solo trimanual reaching becomes as good as
when working as a dyad. Interestingly, despite only training
in the solo configuration, the dyad configuration performance
also improved for each of the task performance metrics from
Day 1 to Day 3 (success rate: Z = —2.497, W =10, p =
0.020; completion time: 7(45) = 4.466, p = 0.0002).

The participants’ ability to preserve the triangular shape
was evaluated through the average summed deviation
of the triangle side lengths (shape index), where the
individual spring deviations are depicted in Fig. 3(c).
Participants showed no difference between configura-
tion for the shape index (configuration main effect:
F((1,45) = 1.9425, p =0.170, configuration-test interac-
tion: F((1,45) = 1.9326, p = 0.171), however, there was an
effect of the session (F((1,45) = 48.0459, p < 0.0001) in
which the shape index decreased from Day 1 to Day 3. This
shows that while training improved the participant’s ability
to preserve the shape, this improvement occurred for both
configurations.

C. COORDINATION EVOLVED DIFFERENTLY FOR DIFFERENT
CONFIGURATIONS

The participants’ level of coordination throughout the
reaching motion was evaluated through the percentage
of time in which different combinations of the two
VHs moved concurrently (coordination rate). The differ-
ence in coordination between tests depended on the con-
figuration (Fig. 3(f), two-way Aligned Rank Transform
(ART) rmANOVA: F(1,75) = 21.5135, p < 0.0001), hand
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FIGURE 3. Performance in dyad vs. solo trimanipulation. The panels show the success rate (a), completion time (b), time to peak (d), and motion
efficiency ratio (e) for different days, as well as the shape index (c) and coordination rate (f) for different hand combinations, where D1 and D3 are short
for Day 1 and Day 3. Note that each dot represents a single participant and/or dyad configuration and the black horizontal line denotes the median of all

participants.

combination (F(2,75) = 6.4089, p = 0.0027) and their in-
teraction (F(2,75) =4.0685, p = 0.0210). The dyad con-
figuration showed uniform improvement for all hand com-
binations (LF-RF: Z = —0.5171, W = 58, p = 1.0; LF-LR:
Z =0.8791, W =85, p=1.0; RF-LR: Z=0.8273, W =
84, p = 1.0). In contrast, the trimanual configuration showed
greater improvement in combinations involving the foot-
controlled hand compared to the dyad (LF — solo vs. dyad:
Z =2.2235, W =111, p=0.1248; RF —solo vs. dyad: Z =
2.9474, W =125, p =0.0134; RL - solo vs. dyad: Z =
1.3444, W =94, p = 0.7712). This resulted in differences
in the improvement across hand combinations, where the
LF combination improved more than the LR combination
(Z =2.5854, W =118, p = 0.0534) as well as the RF com-
bination improved more than the LF (Z = —2.4303, W =
21, p=0.0786) and LR combinations (Z = 3.5162, W =
136, p = 0.0003). These results indicate that while coordi-
nation improved across both configurations, the largest im-
provement derived from the solo configuration foot-hand
coordination.

To further understand the participant behaviour, the time
to peak speed was also computed across the testing phase
(Fig. 3(d)). Interestingly, while there was no clear differ-
ence between the solo and dyad configurations for Day
1 (Z=-2.1201, W =27, p=10.1006) or Day 3 (Z =
0.56899, W =179, p = 1.0), improvement across tests was
only observed in the solo configuration (Z = 3.1806, W =
129.5, p =0.0018).
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D. TRAINING RESULTED IN SIMILAR TASK PERCEPTION
The participant’s perception of workload and their relative
preference and difficulty was evaluated after each test phase
through the raw NASA Task Load Index (TLX) [19] and by
ranking the preference/difficulty for each role that the partic-
ipant could be assigned {dyad configuration controlling the
foot, dyad configuration controlling the hands, solo config-
uration}. The workload perception (Fig. 4(a)) changed be-
tween tests (Two-way rmANOVA: F (1, 15) =23.1092, p =
0.0002) and the interaction between the test and condition
(F(2,30) =4.2270, p = 0.0241). Similar to the task perfor-
mance, there was initially a difference between the perceived
workload in the solo and two hands dyad conditions (#(15) =
3.907, p = 0.0112). However, training reduced the perceived
solo workload (¢(15) = 4.849, p = 0.0019), so that there was
no longer any clear difference by the Day 3 test (#(15) =
0.959, p = 0.7383).

The ranked difficulty (Fig. 4(b)) and preference (Fig. 4(c))
showed similar trends, in which the ranking was on Day
1 impacted by the configuration (Friedman test: x2(2) =
6.125, p = 0.0468 and X2(2) = 6.125, p = 0.0468, respec-
tively) before no difference in the ranking was observed on
Day 3 (x2(2) = 0.125, p =0.9394 and x2(2) = 3.125, p =
0.2096). While post-hoc analysis did not reveal a clear pref-
erence for any condition, the trend suggested that the solo
configuration was initially perceived as the most difficult and
least preferred before the perceived difficulty became equiva-
lent and the solo configuration was preferred after training.
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FIGURE 4. Perception of workload for the different configurations. (a) Workload (NASA TLX score). How operators perceived the (b) “difficulty” and
(c) “preference” to carry out trimanipulation “solo” or by operating the foot interface “F” or the two hand interfaces “H” in the dyad configuration. Note
that (b) and (c) depict discrete violin plots in which the bar width represents the percentage of participants for a given response.

These results suggest that analogous to task performance,
training reduced the perceived workload associated with solo
trimanual operation, such that it became similarly perceived
to that of the dyad.

1il. DISCUSSION

Can solo trimanual performance become as good or better
than when working with a human partner through training of
trimanual coordination? Our results show that despite dyads
initially outperforming solo trimanual operation, as in the cou-
pled task first used in [10], one hour of solo trimanual training
over three days is sufficient to reach a similar performance
level. While working with a partner enables the potential for
parallel planning and action, it also introduces uncertainty,
whereby the operator must understand their partner’s inten-
tions and co-adapt in the event that this changes for either
member of the partnership [20]. For the tested task which
requires the continuous sharing of information between the
hands, the results indicate that training is sufficient to reduce
the negative effect of the increased workload while benefiting
from the user having complete knowledge of each ‘hand’s’
actions. Continuous information sharing is however not com-
mon to all trimanual scenarios such that further testing in other
tasks is needed.

How did participants appreciably increase their perfor-
mance during solo trimanipulation training? To understand
how this improvement could be explained by altered move-
ment behaviour, we analysed motion efficiency through the
ratio of the CoM optimal travel distance against the actual
travelled distance (Fig. 3(e)). This metric increased across the
days (two-way ART rmANOVA: F(1,45) =30.2341, p <
0.0001), suggesting that the participants changed their be-
haviour to plan more direct CoM motion. However simi-
lar to the shape index and time to peak, the motion ef-
ficiency was not affected by the configuration (main ef-
fect of condition: F(1,45) = 0.8843, p = 0.3520, interac-
tion between condition and day: F(1,45) = 0.8838, p =
0.3522). Therefore while some improvement in task
performance can be derived from a more efficient motion
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control of the CoM, the greater improvement in the solo
configuration cannot be ascribed only to altered movement
characteristics.

One possible explanation for the different improvements
across configurations comes from the coordination rate. As
expected participants moved their two natural hands with a
high degree of coordination, which remained high and similar
throughout. In contrast, in the solo configuration, the coordi-
nation between either the natural hand and the foot-controlled
hand initially had a lower coordination rate before a large
improvement between the two testing periods. This suggests
that while participants might have moved their limbs equally
efficiently in the solo or dyad configuration, the training im-
proved the solo participant’s ability to coordinate their foot’s
movement with the other limbs such that they could execute
the task more effectively. This indicates that most perfor-
mance increase stemmed from improved foot-hands coordi-
nation acquired with training. It has been previously observed
that ipsilateral hand-foot coordination can be worse than that
of the contralateral case during anti-phase motion [21]. Our
findings suggest a similar result for in phase motion that
might have acted as a limit to previous trimanual coordination
studies [10], that training was able to improve.

Interestingly, training of the task in the solo configuration
also resulted in improved performance for participants when
working in the dyad configuration. While this improvement
may partially result from the learning that took place from the
dyad’s previous testing phase working together, and suggests
some potential interference that may have occurred due to the
participants seeing both configurations in the initial test, it
does indicate that some of the improvement may be derived
from transferable skills such as the planning of the CoM’s
motion or the coordination between the limbs. This indicates
that some skills necessary for working in a team, such as in the
collaboration between a surgeon and their assistant, might be
trained alone. It also suggests the potential for further dyadic
improvement with additional training such that our results
may change when compared to long-term (trained) working
relationships. However, while an individual would only need
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to learn to perform three-handed tasks once, they would need
to learn each new working relationship (as is known from
teamwork in surgery [18]), thereby limiting potential effi-
ciency.

IV. CONCLUSION

Successful augmentation with a SE should allow users to
complete tasks that require more than two hands with simi-
lar or superior performance as when working with a human
partner. While autonomous SE operation can reduce the oper-
ator workload when completing a task, for safety and ethical
reasons the operation of a human is still essential. Therefore,
it is important to continue developing better control strategies
for surgeons, such as trimanipulation.

Here we tested the difference in performance and per-
ception between individuals manually operating trimanually
and them working with a fixed partner both before and af-
ter dedicated solo trimanual training. Similar to previous
findings [10], the participants of our experiments initially pre-
ferred carrying out trimanipulation in a dyad and exhibited
better performance in this configuration. However, this dras-
tically changed with dedicated trimanual training in the solo
configuration. In four 15-minute repetitions across three days,
the participants increased task performance relative to their
initial solo and dyad levels. After this training, all perception
and performance measures became similar between the dyad
and solo configurations.

The results of this study extend previous results that showed
that trimanual performance can exceed bimanual performance
in independent tasks [6], [7], showing for the first time that
training alone is sufficient to remove the initially observed
differences between dyadic and solo performance [10]. This
suggests that trimanipulation with a SE fulfils the basic re-
quirements for augmentation adoption, although this needs to
be validated on real world task with a physical SE.

V. MATERIALS AND METHODS

A. PARTICIPANTS

The experiment was approved by the Research Governance
and Integrity Team at Imperial College London (Reference:
211C6935). 16 participants (six female, ten male) without
known motor impairment aged 27.6 + 4.4 years participated
in the experiment. 14 participants were right-handed (Edin-
burgh handedness inventory score > 60) with the remaining
two were inconsistent handers favouring their right hand [22],
while 15 participants were right-footed according to the ball-
kick dominant leg test [23]. All participants provided their
written informed consent before starting the experiment.

B. EXPERIMENTAL DESIGN

The experimental task was designed to simulate everyday
activities in which continuous knowledge of the three ‘hand’s’
position is required to physically coordinate their motion, e.g.
holding a tray or operating on a common tissue in surgi-
cal anastomosis, and considered the same ‘3-coupled’ task
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as [10]. It was conducted in virtual reality to control for the
effect of different visualisations and to ensure consistency
with [6], [9]. The participant/s controlled the vertices of an
elastic triangle and were asked to reach for a target with the
triangle’s CoM, while preserving its initial equilateral shape
and size (Fig. 1(a)). The target’s position was updated to
randomly move by a fixed distance in one of eight set target
directions on the screen every three seconds.

The setup consisted of visual displays, two hand interfaces
with gravity compensation (Omega7, Force Dimension), and
one custom-built foot interface which provided continuous
support to minimise fatigue [24] (Fig. 1(b), (c)). Participants
were instructed to face their respective (horizontally placed)
monitor which displayed visual feedback of their perfor-
mance. Three virtual hands (VHs) were displayed (Fig. 1(a)),
where the blue VH1 was controlled by the left hand, the
red VH2 by the right hand and the green VH3 by the foot
interface. The horizontal planar movement of each interface
was then recorded and mapped to the horizontal planar screen
position of the respective virtual hand at 30 Hz frequency.

Participants performed the task in two different configura-
tions. In the solo configuration (Fig. 1(b)), one operator con-
trolled the two hand interfaces and the one foot interface. In
the dyad configuration (Fig. 1(c)), two operators collaborated
to perform the task, where the hand interfaces were controlled
by one operator and the foot interface by the other.

Participants received visual feedback if they successfully
reached the target by its color changing from black to green.
Additionally, consistent with [9], [10] they received feedback
of their preservation of the reference shape through visual
feedback. When the distance between any two VHs was too
large (i.e. more than 20% larger than the original length),
the triangle edge connecting these two VHs thinned. With
further increases this thinning continued until the edge ulti-
mately disappeared if the distance became more than 30%
larger than the original length (suggesting that the elastic
had been broken); when the distance of two VHs was too
close (i.e. more than 20% smaller than its original length),
the edge widened and would ultimately show a collision mark
if the distance became smaller than the original length by
more than 30% (suggesting that the triangle collapsed). A
video of the experiment is attached with a single participant
in the solo configuration (https://youtu.be/z79_UQnD-ag). No
haptic feedback was provided by the interfaces.

C. PROTOCOL

The three-day experiment took place over consecutive days
and combined the familiarization, testing and training phases
(Fig. 1(d)). On Day 1, the participants first conducted the fa-
miliarization phase to gain experience using the interfaces and
understand the mapping between the interface position and
monitor coordinates. They then conducted baseline testing of
their abilities in both the dyad and solo configurations before
finishing the Day 1 session by carrying out the first repetition
of the solo training phase. On Day 2, the participants contin-
ued training with two further repetitions of the solo training
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phase with a short break between the two repetitions. On Day
3 they carried out a fourth training phase repetition, followed
by a final testing phase (with the same partner) to assess their
dyadic and solo trimanual capability.

In the familiarization phase, the participant/s used their
respective interface to control each VH in a reaching task. As
in the main task, a single target was shown on the screen and
its position was updated every 3 s. Each participant was asked
to reach for the randomly appearing target with the indicated
VH for 32 targets per VH.

In the festing phase, the participant’s ability to perform
the main task was assessed in both the solo trimanipulation
and dyad configurations, where participants remained in the
same dyad for both testing phases. The participants conducted
blocks of 32 reaching trials for each configuration. In the
solo configuration, only one block was performed for each
test, while in the dyad configuration participants took the two
possible roles and therefore conducted two blocks. The order
of blocks was randomised such that half of the participants
started in the solo configuration and the other half in the
dyad configuration. In addition, the testing phase considered a
bimanual model (which was not otherwise used in the study).
Here, the participants performed three blocks of the exper-
imental task controlling only two VHs (each block using a
different active VH combination) while the third VH was set
to preserve the shape of the triangle in response to the motion
of the other two VHs.

In the training phase, the participants were trained only in
the solo configuration by conducting the main trimanual ex-
periment mode. Each 15-minute repetition consisted of seven
blocks of 32 trials (such that there were 224 trials in each
training phase and 896 across the experiment). Between each
block, the participants were given a 30 s break and on Day 2
there was a five-minute rest allocated between the two training
phase repetitions.

D. ASSESSMENT

Participant performance was analyzed in all training and test-

ing phases, where the comparison between configurations was

performed using the testing phase data. Since the participants

were instructed to “reach for the target with the triangle’s cen-

ter of mass while preserving its shape”, their task performance

was evaluated in terms of the following tracking performance

and coordination metrics:

® The success rate was computed as the number of trials
where the target was reached divided by the total number
of trials in each block. Let i-th target position be denoted
as ‘xy, the CoM position be given by Xc,ys and the left,
right and foot-controlled VH be given by X, Xg, Xr,
respectively. Trial i was considered successful if the par-
ticipant was able to for 0.1 s hold the tracking distance
l'x7 — Xcom || < 0.75 cm while maintaining all triangle
lengths ||x; — Xg|l, Xz —XF|| and ||xg — XF| within
30% of the initial length.
® The completion time t; which represented the difference

of time from the target first being shown on the screen to
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the time that the triangle’s CoM reached the target. If the
target was not successfully reached, the update time was
taken as the completion time.

® The shape index was computed as the average of the total

deviation of the triangle from its initial length divided by
the total time taken across the trial.

® The coordination rate which measured the percentage of

time in which two hands were concurrently moving and
keeping the edge of the triangle within 30% of the initial
length in one trial.

® The time to peak t, represented the difference of time

from the target first being shown on the screen to the
time that the triangle’s CoM reached its peak speed.

The participant’s underlying motion characteristics were
also evaluated to determine if those characteristics differed
between the different configurations and as a result of their
training. In particular, we evaluated the motion efficiency n
from the ratio between the shortest distance from the CoM to
the target (0 < n < 1) and the actual travel distance.

E. QUESTIONNAIRES

Two questionnaires were also provided to evaluate the solo
and dyad hands/foot control modes on the first and third
days after each experimental condition: (i) The raw NASA
TLX [19] was used to evaluate the perceived mental load
including the aspects of mental, physical, temporal demands,
performance, effort and frustration; (ii) The participants’
ranked the tasks with respect to difficulty and their preference
in a questionnaire at the end of the test on Days 1 and 3.

F. STATISTICAL ANALYSIS

The Shapiro-Wilk test was applied to examine the normality
of the data for each experimental condition. This found that
the data was normally distributed only for the raw NASA
TLX and the completion time, while all other data was found
to be not-normally distributed. The training data was eval-
uated as a function of the training repetition, where a one-
way rmANOVA was employed to investigate completion time,
and the not-normally distributed success rate and motion effi-
ciency were analysed using a Friedman test.

All comparisons considered the same participant or part-
ner configuration as repeated measures across the two dif-
ferent tests. The completion time between the dyad and solo
configurations on Day 1 and Day 3 were compared using a
two-way rmANOVA. When analysing the not-normally dis-
tributed performance data we used a non-parametric two-
way repeated measures ART rmANOVA with two factors,
day {Day 1, Day 3} and the configuration condition {solo,
dyad two hands, dyad foot}. Coordination improvement was
assessed with ART rmANOVA with two factors, configura-
tion and hand combination {left & right hand, left hand &
foot, right hand & foot}. For rmANOVA, Maulchy’s test was
conducted to examine the assumption of sphericity. In case
of violation of this assumption, the p-values were corrected
with the Greenhouse-Geisser correction. For analysis of the
ranking data (preference and difficulty), we used a Friedman
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test for each day separately. When the influence of the factors
or their interaction had a significant effect on the partici-
pants’ subjective response, we conducted post-hoc analysis
with tailored comparisons. For comparisons between single
conditions for the not-normally distributed metrics, post-hoc
paired Wilcoxon sign-rank tests were employed, and for the
normally distributed data, we conducted t-test contrasts. The
Holm-Bonferroni adjustment was used to control the family-
wise error rate for all conducted tests of each metric.

SUPPLEMENTARY MATERIAL

Supplementary materials show the change in the coordination
and efficiency metrics over the training repetitions as well as
example motion trajectories and speed profiles. As an addi-
tional metric of the participants’ motion characteristics, we
also investigated the portion of time in which the participants
moved all virtual hands concurrently in a common direction
(parallelization rate).
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