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Skilled musicians can improvise with first-time partners. Thus, the question arises how the adapt-
ability to others can emerge through the mutual motor learning experience. We developed a two-person
cooperative visuomotor task; an object was connected through virtual springs with the cursors con-
trolled by the subjects. We instructed paired subjects to jointly control the object toward a specified
target under a virtual force field. Experimental results suggest that a novice subject who was trained
with a skill-level matched peer in the Learning phase showed significantly better adaptability to others
in the successive Evaluation phase. Variety of the cooperative experience with others in the visuomotor
task probably gave rise to high adaptability in the novice-to-novice group subjects, while the learning
experience with an expert did not. We conclude that the motor skills acquired during mutual inter-
actions with peers can lead to have an ability to tune the motor commands subject to the dynamics
of the external environment and the behavior of the partners.

Keywords: cooperative visuomotor task; cooperative motor learning; adaptability to others;

1. Introduction

For social animals, moving bodies together in harmony plays an important role in facilitating
social interactions. In humans, such coordinated actions are common from mutual interactions
to group activities such as playing music and dancing [1–4]. To coordinate one’s own motion
in harmony with a partner’s motion, anticipating the partner’s motion at the next moment is
crucial to overcome a substantial time delay between the perception and the actuation of the
coordinated body motion [5–7].
Since birth, we learn ways to control our body, using motor skills and embodying tools as if

there were a part of our body. Motor learning is defined as a set of internal processes within
the brain, leading to relatively permanent changes in the capability for new motor skills. Motor
learning has been studied mostly through adaptation in motor tasks by introducing perturbation
such as visuomotor transformations or virtual force fields in reaching tasks [8–11].
In the human motor learning context, transfer of a motor skill from an expert to a näıve person

plays an important role, for example, in teaching how to dance, much of knowledge transfer is
done implicitly through visual and haptic interactions rather than verbally. With the focus on
the ability of physically coupled subjects to adapt to cooperative visuomotor task, Mireles et
al. [12] investigated how training in pairs for a cooperative task (arm reaching task with left
or right hand) and their skill-level matching (novice-to-novice or novice-to-expert) a↵ect the
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development of individual motor skills (bimanual reaching task) for unknown environments, and
reported that the skill transfer from expert to novice is possible only when the novices have
a chance to perform the task first on their own. It suggests that solving the dual instability
problem, i.e., discriminating the unknown environmental dynamics [13] and the dynamics of
partner is important. Moreover, they suggests that cooperative motor learning with a novice
rather than an expert is promising for improving the individual motor performance. Ganesh et
al. [14] demonstrated that an implicit haptic intervention from the other subject who engaged in
the same task simultaneously has a positive e↵ect on the further individual motor performance
regardless of the partner’s skill level.
According to the background, the adaptation ability (hereafter adaptability) to others can be

considered as a key skill for improvising with others. In most motor learning literature, however,
the adaptability to others has not been investigated, because the validation of the motor skill
was evaluated with the learning partner or individual [12, 14], thus it is an open question
what kind of motor experience facilitates the adaptability. To study the problem, we executed
a motor learning experiment [15], where a participant executed a cooperative visuomotor task
with a human partner with di↵erent skill levels (novice or expert), and found that the motor
experience with a noivce partner (a peer of the participants) is superior to the experience with
an human expert (an experimenter who well understood the task) even in the cooperation with a
first-time partner. Our previous result suggested that variety of motor execution in cooperation
with novices is a significant factor for facilitating the adaptability to others, however, there
still remains the problems: the validity of the human expert, i.e., whether the experimenter
(human expert) has been a true expert of the task, and whether the expert had always been
able to interact with the participant in the same way, because human operation would have
variability in motor coordination. Due to this, we hypothesized that variety of motor execution
in cooperative motor learning promotes the adaptability to others. The aim of the present study
is to develop an artificial agent model which represents the guidance of a human expert and to
clarify the validity of the hypothesis.
In this study, we developed a cooperative visuomotor task only using visual feedback based on

the referenced paper by Mireles et al. [12], and investigate the adaptability of novice subjects to
unfamiliar partner after they experienced cooperative motor learning with a di↵erent skill level
partner.

2. Materials and Methods

2.1 Subjects

Thirty-two human subjects (25 male and 7 female, average age 21.97±4.03 years) participated
in the experiment and provided written informed consent. Two male and one female were left-
handed and the rest were right-handed according to the Edinburgh Handedness Inventory [16].
All subjects used their dominant hand in this study. This experiment was approved by the ethical
committee of the Tokyo University of Agriculture and Technology (No.28-33).

2.2 Experimental paradigm

We developed a cooperative visuomotor task shown in Figure 1A, in which each of the paired
subjects was asked to operate the left cursor (yellow filled circle) or right cursor (red circle)
individually in order to bring a joint cursor (blue circle, hereafter dubbed as virtual object) to
a target (white circle). The virtual object was connected to both cursors with virtual elastic
springs. This figure indicates the initial configuration of the task. As shown in the figure, each
cursor was controlled by each subject via analogue joystick (TUFB-A01-1, Technotools Co.,
Japan). The roll and pitch angles of the joystick were linearly corresponded with the Cartesian
coordinates of the cursor position on the display, allowing the cursor to travel within a circular
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region, and to return to the central start position when the joystick was released. Note that these
joysticks have no mechanism for force feedback, thus there is no task-related haptic feedback
while the subjects are interacting with each other through the virtual springs. The platform of
the cooperative task was developed using MATLAB software (The MathWorks Inc., MA, USA).

Figure 1. (A) Appearance of a cooperative visuomotor task. Virtual object (blue filled circle) was connected to both left
and right cursors (yellow and red filled circles) with virtual elastic springs. The subjects were instructed to jointly move the
virtual object toward randomly emerging target (white filled circle) by operating their analogue joystick. (B) Virtual force
field assumed in the learning task condition. The virtual object receives an unfamiliar external force from the environment.
The virtual force can be visually perceived as the motion of the virtual object.

In the experiment, the target was randomly appeared at one of eight candidate locations which
were equally spaced at 45 degrees on a circumference around the start position, and also the
initial task configuration was rotated accordingly. The subjects were instructed to move the
virtual object to the target as fast as possible when the target appeared.
Additionally, to make it a motor learning task, we assumed a position-dependent force field

in the environment (Figure 1B), and that the unfamiliar external force a↵ects the motion of the
virtual object. The equation of the force field is as follows:

~Fe =


0 Ke

�Ke 0

�
~P , (1)

where ~P = [x, y]T corresponds to the position vector of the virtual object in the Cartesian
coordinates, ~Fe = [fx, fy]T is the external force vector applied to the virtual object, and Ke is a
sti↵ness constant. It was designed to generate a clockwise rotated elastic force field. As there was
no task-related haptic feedback, the subjects had to perceive and compensate for the disturbing
force based on the visual feedback through the relative motions between the virtual object and
two cursors on the display.
The dynamics of the virtual object can be described using the following equations of motion:

M
d2

dt2
~P +B

d

dt
~P = ~FL + ~FR + �~Fe, (2)

where M and B are the inertia and viscosity constants. ~FL and ~FR correspond to the acting
forces from the cursors calculated as,
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~FL = �Ks

⇣
~P � ~PL

⌘
, (3)

~FR = �Ks

⇣
~P � ~PR

⌘
, (4)

where ~PL and ~PR are the position vectors of the left and right cursors, and Ks is the sti↵ness
parameter of the virtual springs. These task parameters were experimentally determined (M = 1,
B = 100, Ks = 1000, and Ke = 2500) such that the task cannot be completed through the
operation of a single-side cursor alone. Moreover, � is a session mode selector (� = 0 in the
Familiarization session, while � = 1 in the Training session, explained later).

2.3 Experimental groups and protocols

To investigate the e↵ect of the skill level of the learning partner on the subsequent performance
of cooperative motor task, we designed an experimental protocol, and set up two groups as
shown in Table 1.

Groups Baseline phase Learning phase Evaluation phase
(6-FS, 1-TS) (3-FS, 20-TS) (3-FS, 6-TS)

NN SA - SB SA - SD SA - SB

(n=16) SC - SD SC - SB SC - SD
...

...
...

NE SI - SJ SI - A, A - SJ SI - SJ

(n=16) SK - SL SK - A, A - SL SK - SL
...

...
...

Table 1. Experimental phases and groups. In both Baseline and Evaluation phase, all the subjects were asked to
execute a cooperative visuomotor task with their pre-assigned human partner, while in the Learning phase they had to
perform the task with another novice subject in the same group (NN group) or with a programmed expert agent denoted
as A (NE group). In this manner of having training sessions with another partner, we could investigate “the adaptability to
others” and motor learning process of adapting to a new person with respect to the baseline performance measured in the
Baseline phase. For example, subject A (SA) executed the task with subject B (SB) in the Baseline and Evaluation phases,
but he/she performed the task with another subject, subject D (SD) in the Learning phase.

All subjects were novice and randomly assigned to one of two experimental groups: NN (Novice
and Novice) or NE (Novice and Expert). Throughout the experiment, half of the subjects in each
group played the role of the right cursor operator, while the rest were the left cursor operator.
The experiment consisted of three phases: Baseline, Learning, and Evaluation phases, and

each phase included two types of sessions: Familiarization session (hereinafter referred to as
FS) in which the subjects were familiarized with the experimental protocol without the e↵ect
of unknown external force field, and Training session (TS), where the subjects were trained in
the environment with the force field. In the Baseline phase, each pair executed 6 sets of FS,
and 1 set of TS. The performance measured in the TS of this phase can be considered as the
baseline performance of the pair. In the following Learning phase, 3 sets of FS and 20 sets of TS
were assigned. During the TS in the Learning phase, subjects in the NN group had to learn the
cooperative visuomotor task with another novice in the same group, while the subjects in the
NE group executed the task with a programmed expert agent. To investigate the adaptability
of the subjects, they performed 3 sets of FS and 6 sets of TS in the Evaluation phase.
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Note that the paired partners were swapped within the same experimental group during the
Learning phase, to evaluate individual adaptability in the Evaluation phase appropriately. For
example, subject A executed the cooperative task with subject D, instead of subject B in the
Learning phase (see Table 1).

2.4 Expert agent

In the Learning phase, the subjects in the NE group trained the cooperative visuomotor task
with a programmed expert agent. The agent was designed to behave optimally like a human
expert in [15], who well understood the dynamics of virtual force field. The following algorithm
was implemented.
The algorithm consists of two parts, update of the desired position for the agent’s cursor and

proportional control to update the current position. First, the desired position along the x-axis
for the agent cursor, Âx is given by (Âx + Px)/2 = Tx � ↵Fx where Px is a x component of the
partner’s cursor, Tx is a x component of the target position in the reaching task, and ↵Fx is a
x component of the displacement caused by the force field at the current position of the virtual
object, i.e., ↵ is a parameter for dimensional adjustment, which was set to 1.0 in the experiment.
The identical algorithm was applied for the y component of the agent cursor. Thus, the desired
position for the agent cursor was determined to jointly move the virtual object to the target,
compensating the current force field.
Second, the proportional control was applied to minimize the relative distance between the

desired and current positions of the agent cursor, Ax = Ax+�(Âx�Ax), with the gain parameter
� = 0.125. Note that when updating the desired position of the agent cursor, the time delay of
400 ms was introduced to simulate the visuomotor delay of humans, which was experimentally
determined based on the results of our previous study [15]. Therefore, the update of the current
position was based on the kinematic data of the partner’s motion at 400 ms in the past. Moreover,
a small Gaussian noise was added to the desired position of the expert agent, thus, avoiding the
possibility of the agent cursor’s movement being perceived as mechanical.

2.5 Performance index

As the criterion for evaluating the performance of cooperative motor task, we defined the com-
bined index (CI), which is the product of the total time required to achieve the task (time-to-
target index) and the total traveling distance of the virtual object (distance index). Analysis
of the result from a pilot study indicated that the CI immediately decreases across the trials,
revealing that it forms a log-normal distribution. Thus we decided to use the logarithm of CI
(i.e., logCI) in the statistical analysis.

3. Results

Figure 2 demonstrates the transitions of combined index (logCI) averaged within each group,
measured in TS of the Baseline, Learning, and Evaluation phases. Note that each pair in both
Baseline and Evaluation phases is identical, but the pairs during the Learning phase were
swapped within the same group (see Table 1).
As shown in the Baseline phase of the figure, both groups showed almost same performance

in average, however we can see that the pairs in the NN group indicated better averaged perfor-
mance compared with the NE group in the Evaluation phase. On the other hand, we can confirm
that the pairs in the NE group demonstrated superior performance in the Learning phase.
In order to investigate the e↵ect of skill-level matching during cooperative visuomotor learning

in the Learning phase, we statistically evaluated the performance of the cooperative visuomotor
task at two distinct ROI (region of interest) time-points: i.e., TS in the Baseline phase and
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Figure 2. Transitions of combined index (logCI) measured in the Training Session of the Baseline, Learning, and Evaluation
phases. Each marker represents the median within the group.

the first TS in the Evaluation phase. A 2 ⇥ 2 repeated-measures ANOVA (groups ⇥ phases)
was applied to the logCI, and significant interaction e↵ect (F (1, 14) = 8.89, p < 0.01) was
confirmed. Thus, we firstly tested simple main e↵ect on phases in each group using paired t-
test, and confirmed significant di↵erences in both groups (p < 0.01 for both). In addition, we
performed further analysis on the di↵erence of experimental groups regarding each phase using
Weltch’s t-test.
As shown in Figure 3, no significant di↵erence between the groups was confirmed in the

Baseline phase (p = 0.355). This indicates that the task performance of the individual pairs
in both NN and NE groups was more or less at the same level in the first encounter. In the
first TS of the Evaluation phase, on the other hand, each subject was paired with the partner
in the Baseline phase, who can be considered as a di↵erent partner of cooperative visuomotor
learning, we found a significant di↵erence between the NN and NE groups (p < 0.01). This result
indicates that the subjects in the NN group showed superior performance with a novel partner
in the cooperative task rather than the those in the NE group.
Moreover, to be clear the e↵ect of training group on the Evaluation phase, we executed ad-

ditional 2 ⇥ 6 repeated-measures ANOVA (groups ⇥ trials) with respect to the performance
indexes in the phase. It revealed no interaction e↵ect (F (5, 70) = 1.067, p = 0.386), but main
e↵ects for groups (F (1, 14) = 7.384, p = 0.0167) and trials (F (5, 70) = 5.873, p = 0.000138).
This implies that the experience in the Learning phase has di↵erent e↵ect among the groups,
i.e., cooperative motor learning experience with novice peer is superior to the experience with
the expert agent, in the future adaptability. Thus, we could verify our hypothesis that training
with the novice subject helped to demonstrate adaptability to others, whereas pairing with the
expert agent did not have the skill transfer e↵ect.

4. Discussion

In the case of physical human–human interaction, the sensory feedback exchanged among one
another can become a channel for the mutual sharing of intentions, and plays a primary role in
the construction of a shared motor plan in order to achieve a task together. A recent study showed
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Figure 3. Statistical comparison of logCI between the Training Session of the Baseline phase and the first Training Session
of the Evaluation phase.

that the skill transfer from the expert to novice subject through visual and haptic interactions is
possible [12]. However, the focus has been only on the improved performance of the individual,
i.e., the nature of the mutual interactions between the expert and novice, e.g., adaptability to
others, has not been explored.
When cooperating with others, predicting the motion of the partner at the next step is critical

as feedback control adjusting motion is subject to the time delay [17]. Here, for such prediction,
an internal model of the partner is necessary to simulate the motion of the partner in response
to which one can perform an action.
Through iterative active-perception of how the other partner moves in response to one’s own

motion, we consider that one can develop the plastic internal model, which can be used to predict
the next motion of the partner. If one can build up the plastic internal model that can simulate
the dynamics of others, one can adapt to a new partner and cooperate with him/her quickly to
achieve a cooperative task. On the other hand, interacting with the expert would prevent the
development of the plastic internal model of the partner as the interaction with the expert tends
to be one directional, given the lack of real-time action-perception loops, though the subjects
could learn the integrated dynamics of the expert agent and environment.
Now, let us take a close look at the internal model developed in the Learning phase. As shown

in Figure 2, the novice participants in the NE group showed a better motor performance than
those in the NN group in the Learning phase. Thus, the programmed expert agent could play a
certain role in guiding the participants through the unknown environmental dynamics.
From the motor performance of the novice participants in the Learning phase, we can assume

that they could acquire the integrated internal model to cope with the dual instability, i.e.,
the partner dynamics and environmental dynamics. However, if the partner is the expert agent,
the integrated internal model cannot produce appropriate motor commands to immediately
cooperate with another new partner, thus, ‘adaptability’ to a new partner should be realized by
immediate tuning of the motor commands would play a critical role for immediate cooperation,
and it is needless to say that the real-time adaptation should be based on the real-time feedback
loops and sensory input.
On contrary, as shown in Figure 3, we found that the novice participants who were trained with

another novice in the Learning phase could gain this adaptability for the immediate tuning. This
is because the participants in the NN group can experience a wide range of motor coordination
together while exploring the unknown external force field, leading to higher adaptability to a
new partner in the Evaluation phase.
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Note here that in this study, motor learning paradigm is limited to the visual feedback for
investigating the sensory feedback e↵ect independently, in order to clarify if somatosensory
feedback is absolutely necessary for learning the cooperative task in the similar paradigm. As a
result, we could show that participants can learn the cooperative task only through the visual
feedback loops.
This study has some potential limitations. The results reported here might be linked to the

specificity of the cooperative motor task used in this study. And the adaptability we considered
here is limited to the other partners, not to other tasks. Most significant limitation is that we
adopted a human partner in the Learning phase of the NN group as opposed to the expert
agent in the NE group. Although we consider that the adaptability to others is endowed by the
variety of interaction, we cannot discard the possibility that it depends on human intervention. In
addition, there is another possibility regarding the skill level of the partner, i.e., mutual learning
on the peer-to-peer basis, rather than just facing a variety of motor coordination patterns. This
point will be persuaded in the future study by developing the novice agent.
Our results are informative for training in team sports. We suggest that having the novice-to-

novice sessions in the team sports would promote the adaptability to other players and reform
their actions [18]. This finding would be useful for motor learning not only through human–
human interaction [19], but also human–robot interaction such as robot-assisted human motor
learning [11, 20] and physical therapy [21].

5. Conclusion

In this study, we investigated the hypothesis that the cooperative motor experience with novices
is superior to the experience with an expert agent algorithm in terms of promoting adaptability
to others. The experimental result suggests that poor adaptability of the participants who were
trained with an expert agent is not due to a particular human experimenter and less variability,
but a fixed strategy designed to behave optimally.

Funding

This research was supported by JSPS KAKENHI, Grant numbers JP20H02111, JP19H05727,
JP18K19732, and JP17KK0064.

Conflict of Interest Statement

The authors declare no conflict of interest.

References

[1] Wing AM, Endo S, Bradbury A, Vorberg D. Optimal feedback correction in string quartet synchro-
nization. J R Soc Interface. 2014 Apr;11(93):20131125.

[2] Codrons E, Bernardi NF, Vandoni M, Bernardi L. Spontaneous group synchronization of movements
and respiratory rhythms. PLoS ONE. 2014;9(9):e107538.

[3] Gallagher S. How the body shapes the mind. New York: Clarendon Press. 2005.
[4] Hayashi Y, Kondo T. Mechanism for synchronized motion between two humans in mutual tapping

experiments: transition from alternative mode to synchronization mode. Phys Rev E Stat Nonlin
Soft Matter Phys. 2013 Aug;88(2):022715.

[5] Ishida F SY. Human hand moves proactively to the external stimulus: an evolutional strategy for
minimizing transient error. Physical review letters. 2004 Oct;93:168105.

8



March 22, 2021 Advanced Robotics output

[6] Henry Eberle SJN, Hayashi Y. Anticipation from sensation: using anticipating synchronization to
stabilize a system with inherent sensory delay. Royal Society Open science. 2018 Oct;5(3).

[7] Thorne N, Honisch JJ, Kondo T, Nasuto S, Hayashi Y. Temporal Structure in Haptic Signaling
Under a Cooperative Task. Front Hum Neurosci. 2019;13:372.

[8] Shadmehr R, Brashers-Krug T. Functional stages in the formation of human long-term motor mem-
ory. J Neurosci. 1997 Jan;17(1):409–419.

[9] Krakauer JW, Ghilardi MF, Ghez C. Independent learning of internal models for kinematic and
dynamic control of reaching. Nat Neurosci. 1999 Nov;2(11):1026–1031.

[10] Imamizu H, Miyauchi S, Tamada T, Sasaki Y, Takino R, Putz B, Yoshioka T, Kawato M. Human cere-
bellar activity reflecting an acquired internal model of a new tool. Nature. 2000 Jan;403(6766):192–
195.

[11] Sakamoto T, Kondo T. Visuomotor learning by passive motor experience. Front Hum Neurosci. 2015;
9:279.

[12] Avila Mireles EJ, Zenzeri J, Squeri V, Morasso P, De Santis D. Skill Learning and Skill Trans-
fer Mediated by Cooperative Haptic Interaction. IEEE Trans Neural Syst Rehabil Eng. 2017 07;
25(7):832–843.

[13] Zenzeri J, De Santis D, Morasso P. Strategy switching in the stabilization of unstable dynamics.
PLoS ONE. 2014;9(6):e99087.

[14] Ganesh G, Takagi A, Osu R, Yoshioka T, Kawato M, Burdet E. Two is better than one: physical
interactions improve motor performance in humans. Sci Rep. 2014 Jan;4:3824.

[15] Nishimura K, Hayashi Y, Yano S, Kondo T. Motor learning through cooperative motor experience.
In: Proceedings of the 2018 international symposium on micro-nanomechatronics and human science
(mhs). 2018. p. 1–4.

[16] Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia.
1971 Mar;9(1):97–113.

[17] McNamee D, Wolpert DM. Internal Models in Biological Control. Annual Review of Control,
Robotics, and Autonomous Systems. 2019 June;2:339–364.

[18] Gesbert V, Durny A, Hauw D. How do soccer players adjust their activity in team coordination? An
enactive phenomenological analysis. Front Psychol. 2017 May;8.

[19] McNevin NH, Wulf G, Carlson C. E↵ects of attentional focus, self-control, and dyad training on
motor learning: implications for physical rehabilitation. Phys Ther. 2000 Apr;80(4):373–385.

[20] Reinkensmeyer DJ, Patton JL. Can robots help the learning of skilled actions? Exerc Sport Sci Rev.
2009 Jan;37(1):43–51.

[21] Sawers A, Ting LH. Perspectives on human-human sensorimotor interactions for the design of reha-
bilitation robots. J Neuroeng Rehabil. 2014 Oct;11:142.

9


