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A Study on Body Perception and Motor Control of an Extended Body Synchronized with the User's Body

Thesis Summary

When manipulating an extended body represented by wearable robotic limbs, integrating the extended
body into the user's body (embodiment) enables intuitive and efficient manipulation. This embodiment
affects the user's motions, so it is necessary to investigate the user's motor control and perception of the
extended body during the embodiment process. In this paper, we investigated the embodiment process
of the extended body using virtual wearable robotic limbs. Through this investigation, we clarified how
users integrate the extended body into their bodies and update their motor models.

In the beginning, we present the background and goal of the study in this paper and provide an overview
of related studies on extended bodies. Based on this, we discuss the requirements for users to integrate
the extended body into their own body, considering the foundational knowledge of extended bodies.

In the first part of the study, we investigated the effect of the reference frame that the extended body
refers to on the user's motor control. For the experiment, we implemented virtual wearable robotic limbs
following three typical reference frames: Space frame (spatially fixed type), Torso frame (torso motion
referred type), and Head frame (head motion referred type). We investigated whether each reference
frame affects the user's motor control and subjective sense of embodiment through motion analysis as
well as subjective evaluations. The results of the experiment showed that the participants manipulated
the robotic limbs as their bodies in the Torso frame condition. The analysis results also suggested the
need to investigate how the attribution of perception for the robotic limbs affects manipulation.

In the second part of the study, to investigate the effect of perceptual attribution of the extended body on
robotic limb manipulation, we implemented a robotic limb in a VR space that synchronized with the
average coordinates of the user's hand and foot. Additionally, hypothesizing that visual similarity
between the innate body and the robotic limb affects perceptual attribution, we implemented different
end-effectors with visual similarities: humanoid appearance and manipulator appearance. In the
experiment, we measured the user's proprioception and subjective sense of embodiment attributed to
the hand and foot through motor tasks, as well as the user's error correction. The results of the
experiment revealed a difference between the attribution of proprioception and the subjective sense of
embodiment for the hand and foot. Furthermore, the manipulator appearance induced inter-subject
biases in perceptual attribution, suggesting that visual similarity would be an explanatory variable for
perceptual attribution. On the other hand, there was no change in the user's error correction, indicating a
difference in the learning time required for perceptual attribution and user's motor model changes. These
results contribute to the understanding of the mapping between the user and the extended body and the

user's motor control for the extended body.
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In conclusion, this paper contributes to the embodiment and design development of extended bodies by

understanding how users integrate them into their bodies and update their motor models.
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