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In this project we aimed to understand the key requirements for enabling a
human brain to learn and use an artificial robot limb as naturally as one’ s own limb? For this
purpose: 1)We utilized psychophysical experiments to understand what characteristics of an
artificial entity would make our brain feel as the entity is part of our self. 2)We developed a
robotic extra (sixth) finger/ feedback system that can be controlled using neural si?nals and
utilized it in experiments to test results in (1). 3)We developed a technique to isolate and verify
the * free neural activity’ in the brain, that can be used to control artificial limbs. 5)Finally,
though not initially in the project, we extended the results in (1) to define, for the first time,
* embodiment’ by robots, and enable human-like tool cognition in robots.
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The ultimate brain machine interface (BMI)
will be one that enables an individua to use
amachine/robot, like say a prosthetic device,
as if it were his own limb, with minimal
attention and without requiring to imagine or
behave in odd trained ways to do so.
However, while our brain can readily learn
to control new actions with our available
effectors/limbs, the same cannot be said
about learning of new limbs using BMI.
While discrete BMI control of plans or tasks
has been possible, online control has been
very difficult and shown only for very slow
movements. In this project we amed to
understand what these interfaces additionally
require so that they can enable a human
brain to learn and use an artificia robot limb
as naturally as their own limb?

We hypothesized that there are two key
requirements to enable an artificia limb to
be learnt and used as one’s own limb by
humans. First, ‘embodiment’ of the limb is
crucial: The limb movement should be
controlled seamlessly using a neural signal
form the human body/brain, and crucially,
the movements should be associated with not
only a visual, but also a
proprioceptive/haptic feedback. Second, the
limb needs to be controlled by a neural
activity (from a user’s body or brain) that is
‘free’ (we call this free neural activity, or
FNA)and is not involved in the control of
any other limb.
With these two hypothesis, we divided the
research purpose into the following:
1) Understanding limb embodiment:
examining how our brain defines our
‘self” and what physical/functional
characteristics of an artificial entity
would make our brain feel as the
entity is part of our self.
2) Developing a suitable additional
limb (finger) and feedback system

method developed in (4) and have not yet
reached to the last stage 5.

However, though not part of the project, we
could utilize the result of the project for the
development of Al in robotics. The results in
(1) enabled us to define and develop, for the
first time, the ability of embodiment in
robots that enabled human-like tool
cognition in robots (see research resukts for
details).

1) Understanding limb embodiment:
was developed using a series of
psychophysical experiments using
the rubber hand illusion, and also
using artificial (robot) limbs and
body.

2) Developing a suitable extra limb
(finger) and feedback system was

achieved as a Masters student
project.
3) Utilize the finger system in

experiments: We developed the first
embodiment experiments with our
sixth finger system.

4) FNA isolation: The FNA isolation
was the most challenging problem of
this project. The isolation and
critically proving of the presence of
FNA is a difficult mathematical
problem. We utilized functional
Magnetic ~ Resonance  imaging
(fMRI), and starting with experiment
to determine FNA in the visual
cortex (as visual experiments are
logistically easier to develop and
control) we utilized machine
learning to get the first estimates of
the FNA in our brain.

1)Under standing limb embodiment

that we can control from neural
signals and use to provide
appropriate feedback to users

3) Utilize the finger system in
experiments with users to test
findings of (1)

4) FNA isolation: Develop a technique
to isolate the FNA in the brain

5) Develop an artificial limb system:
Utilize results of (1-4) to develop a
artificial finger that users can use as
their own.

In the project, in the available time we could
achieve 1, 2, 3 and 4. We are still testing the

With a post doctorate colleague, we
performed a series of experiments to
understand what features are key for the
embodiment of artificial limbs by a human
(brain). We started with experiments using
the famous rubber hand illusion and later
used robots to understand the embododiment
of robotic(mechanical looking) limbs and
bodies. These results were published as 5
international journal articles. Two key results
of these experiments were 1) the discovery
of the fact that the ‘functionality’ represented
by a limb, rather than its physical features is
key determinant of whether it can be
embodied



Fig. 1. an e(perimt testing bodiment
of arobot limb by a human.

By a human.2) Our clarification of how
embodiment effect the motor-sensory
mappings in the human body, such that users
perceive sensory feedback variations form a
embodied limb depending on whether they
make the sensory stimulation or not.

2)Devdopment of the additional (sixth)
finger and feedback system

Fig. 2: top pand: the design of our ssth
finger system. Bottom panels. the sixth
finger device fixed on a users hand, with
and with gloves.

With a Master’s student of Dr. Yoichi
Miyawaki, who is the collaborator in this
project, we developed the design of a finger
system that can be attached to a user’s hand.
The system can provide haptic feedback
related to the movement to the side of the
hand. We developed an actuation interface
for this finger using electromyography
(EMG) which enables a user to operate this
finger independent of the other fingers, and
without disturbing his other fingers.

J)Utilizing  the
experiments

finger sysem in

Utilizing the finger system driven by EMG,
we developed the first experiments to test
how the presence of ‘agency’, the ability to
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Fig 3: the subjective scores on different
questions in the presence of agency and
feedback (blue) and in their absence (red).

control the finger, and feedback affects the
feeling that the artificial finger is part of
one’s own body. These results were
presented in a local conference this year.

4)FNA isolation

This part of the project is still ongoing. We
utilized fMRI experiments and examined the
brain activations during the viewing of a
video by participants to isolate brain regions
that may represent the FNA. We have now
developed a procedure to check the validity
of the FNA isolation and are continuing
experiments on this at the moment.

5)Extension to Rabotic

Fig.4: A video grab of our experiment in
which we used the results of our
embodiment experiment to enable robots
to ‘embody’ and use tools.

We were also able to extend the results of
our embodiment studies with humans to
address an important issue in robotics- that
of enabling tool use by robots. Tool use by
humans is considered to be possible to their
ability to embody tools. Our results last year
gave new details about the embodiment
abilities of humans, and specifically the
relation between the functionality and
embodiment. This enabled us to develop an
algorithm that enables robots to recognize
previously unseen objects as tools and use



them immediately for tasks, without
requiring any learning. This result was
published in the largest Robotics conference
(ICRA) in 2018.
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