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Abstract—Robotic embodiment and virtual embodiment have
been proposed as methods for conveying nonverbal expressions.
Despite their potential, methods using physical robots often
encounter high implementation costs, while AR devices face
limitations due to their restricted field of view (FoV), which
results in the loss of peripheral information. This study introduces
a hybrid robot system integrating physical robotic parts with
optical see-through AR devices for AR-based presentations. The
research defines extended nonverbal expressions to overcome
robots’ physical limitations, aiming to establish design guidelines
for hybrid robots in remote communication. The study proposes
a design space organizing hybrid robots’ configurations and
expressive capabilities based on communication purposes. A
prototype system was developed to demonstrate the feasibility
of incorporating extended nonverbal expressions into hybrid
robot designs, showcasing potential real-world applications. This
approach offers a promising solution to enhance nonverbal
communication in remote settings, bridging the gap between
physical and virtual interactions.

Index Terms—component, formatting, style, styling, insert

I. INTRODUCTION

In face-to-face interactions, nonverbal information plays a
crucial role in enabling smooth and meaningful communi-
cation. For example, gaze direction strongly influences the
flow of conversation and turn-taking [1]–[3]. Likewise, ges-
tures such as pointing are essential for establishing shared
understanding when communication involves joint attention to
physical objects [4]. However, conveying nonverbal informa-
tion through 2D video is challenging. For instance, 2D video
displays can lead to spatial misinterpretations, hindering the
accurate transmission of nonverbal cues [5], [6]. Furthermore,
screens reduce the richness of interpersonal awareness, making
it more difficult to perceive subtle nonverbal signals [7].

To address these challenges, the use of physical robots,
referred to as Robotic Embodiment, has been proposed as
a potential solution [8]. For example, methods have been
developed to convey the gaze and body orientation of remote
users through the rotation or movement of displays [9]–
[11]. Additionally, robots equipped with human-like phys-
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Fig. 1. Concept of the Hybrid Robot System. (a) Within the field of
view (FOV) of AR devices, the physical robot’s representation is augmented
through AR display. (b) Outside the FOV of AR devices, the physical robot
remains constantly visible to compensate for information loss in the peripheral
vision.

ical features such as heads and arms can use these body
parts to convey more sophisticated nonverbal cues [12]–[14].
However, implementing the physical components necessary
for transmitting the desired nonverbal information involves
significant costs in terms of system design, implementation,
and maintenance.

As an alternative, methods using Augmented Reality (AR)
devices like the Hololens to present nonverbal information
through CG avatars, known as Virtual Embodiment, have
also been proposed [15]–[17]. Unlike robots, CG-based non-
verbal information presentation is not subject to physical con-
straints, allowing for relatively cost-effective implementation
of advanced expressions. Furthermore, AR enables expressive
extensions that transcend physical limitations, such as stretch-
ing an arm [18] or indicating gaze directions with arrows or
bubbles [19]. However, current AR headsets are limited by
their restricted field of view (FOV) [20], which can result in
missing information in the peripheral vision.

This study addresses the trade-offs between robotic em-
bodiment and virtual embodiment by integrating optical see-
through AR devices, which preserve peripheral vision, with
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Fig. 2. Approaches for Extended Nonverbal expressions in Hybrid Robots.
(a) Augment the physical robot through AR to replicate nonverbal cues. (b)
Utilize AR to create enhanced expressions of nonverbal information.

physical robots. We define this integration for nonverbal com-
munication as Hybrid Embodiment and propose a hybrid
robot leveraging this concept (Fig. 1). Within the AR device’s
FOV, AR extends the physical robot’s expressive capabilities
(Fig. 1-a). Beyond the AR device’s view, the physical robot’s
persistent presence compensates for peripheral vision limita-
tions (Fig. 1-b).

With the hybrid configuration, it is also possible to extend
the robot’s expressive capabilities. We refer to this as Ex-
tended Nonverbal Expression. We propose two approaches.
The first approach supplements nonverbal cues that are dif-
ficult or expensive to implement physically, such as facial
expressions or hand gestures, using AR (Fig. 2-a). The second
approach surpasses physical constraints by enhancing nonver-
bal communication, such as extending arms during pointing
gestures, visualizing gaze with rays, or displaying emotions
through special effects (Fig. 2-b).

In this paper, we first review related research on robotic
embodiment, virtual embodiment, and hybrid embodiment.
Next, we explore the design space of hybrid robots, or-
ganizing potential configurations and expressions based on
usage objectives. Finally, we describe a prototype system
implementing part of the proposed design space and conclude
with a discussion of future directions.

II. RELATED WORK

A. Robotic Embodiment

As a method for non-verbal communication using robots,
telepresence robots such as Kubi [21] enable remote par-
ticipants to direct their gaze toward specific directions on-
site by rotating a display equipped with a camera. This
allows remote participants to convey references to local par-
ticipants effectively. Such display rotation techniques can
be combined with video feeds and are widely adopted in
numerous systems [9]–[11], [22]–[25]. Research has shown
that transmitting such references contributes to enhancing
the sense of presence of remote participants and facilitates
smoother conversations [10], [11]. However, challenges such
as misinterpretation of gaze direction have been reported when
rotating displays showing facial images [5], [6]. An alternative
approach involves systems that utilize human-like body parts,
such as heads or arms, to enhance communication [12], [13].

However, employing physical body parts entails high costs
for system design, implementation, and maintenance. In this
study, we explore the potential of hybrid robots, which could
mitigate such costs while retaining effective communication
capabilities.

B. Virtual Embodiment

In the context of non-verbal communication using Aug-
mented Reality (AR), several approaches have been proposed.
These include methods that present simplified representations
of body parts such as the head or hands [26] and methods
employing full-body CG avatars that replicate human ap-
pearances [17]. Additionally, rather than using pre-rendered
CG avatars, techniques utilizing point clouds captured by
depth cameras to convey the real-time appearance of users
have also been explored [15], [16]. Despite these advances,
the head-mounted displays (HMDs) commonly used in such
systems have limitations, particularly in their field of view
(FOV), which makes it challenging to fully replicate human
vision [20]. To address these FOV constraints, methods such
as representing avatars as smaller, scaled-down figures to
fit within the user’s view have been proposed [27], [28].
Moreover, compared to physical objects in real space, AR rep-
resentations are also constrained by brightness and resolution.
This study aims to mitigate these limitations of AR systems by
integrating physical robots with AR, leveraging the strengths
of both to enhance the embodiment experience. Some of the
aforementioned systems [16], [17] combine physical robots
with AR. However, in these systems, the embodiment is fully
realized within AR. Therefore, we distinguish these systems
from hybrid embodiment that combines both physical bodies
and AR to enable the embodiment.

C. Hybrid Embodiment

Research on hybrid embodiment has explored various meth-
ods to enhance robotic expressiveness by combining physical
and AR-based elements. For example, Groechel et al. proposed
a technique to enhance the expressiveness of social robots
without physical arms by adding AR-rendered arms [29]. Han
et al. compared the effectiveness of deictic gestures performed
by physical arms and AR-rendered arms in robots with mobile
platforms [30]. Kawaguchi et al. developed a robot capable
of switching between physical and AR representations for its
head and arms [31].

While these studies demonstrated the potential of hybrid
robots, they were limited in the scope of AR-presented in-
formation and did not explore extended forms of expression,
as illustrated in Fig. 2-b. To address these limitations, this
study investigates the design space of hybrid robots. We
systematically organize potential configurations and expres-
sive capabilities tailored to various use cases and present a
prototype system implementing part of these configurations to
showcase their feasibility.



III. PROPOSED SYSTEM

A. Design Space

The design space for the proposed hybrid robot in this study
is shown in Fig. 3. The vertical axis of the figure represents
key aspects of nonverbal information presentation by the robot:
reference, which is crucial for interactions with people and
objects in the physical space; appearance and expressions,
which play a significant role in conveying social presence
and emotions; and other considerations. The horizontal axis
represents the types of AR-based information presentation:
information augmentation, information refinement, and
enhanced expression.

Information augmentation aims to add information that does
not physically exist by leveraging AR. Examples include
adding a head or arms to displays that lack physical body
parts to facilitate reference (Fig. 3-i) or enhancing simple
robot designs by adding specific facial features (e.g., mouth
or eyebrows) or fingers for expression (Fig. 3-ii). Informa-
tion refinement focuses on improving the detail and realism
of the presented information, bringing it closer to human-
like representations. This could involve overlaying holograms
using point clouds or pre-rendered realistic avatars (Fig. 3-
iii). Enhanced expression takes advantage of AR’s ability to
transcend physical constraints, enabling unique visual repre-
sentations. Examples include projecting rays along gaze or
pointing directions, or simulating extended arms to indicate
references (Fig. 3-iv), using effects like color-changing lights
to convey emotions (Fig. 3-v), or displaying textual informa-
tion or related images alongside conversational content (Fig. 3-
vi). To comprehensively realize the capabilities suggested in
this design space, we implemented a prototype system.

B. Prototype System

In this study, we implemented a prototype system by extend-
ing a previously developed system [31]. The configuration of
the prototype system is shown in Fig. 4.

The system implemented in this study consists of a robot,
HoloLens 2, an AR control PC, and a remote control PC. The
external appearance of the robot is shown in Fig. 4-B. The
robot comprises a head with two degrees of freedom (pan-
tilt), arms with three degrees of freedom at the shoulder and
one at the elbow per arm, and a base with a single degree
of freedom (pan). Both the head and arms are detachable.
Each joint is actuated by servo motors, which are controlled
via serial communication from a Surface Go 3 (10.5-inch,
Intel Core i3, 8GB RAM) mounted on the robot’s body. The
angles of the joints are updated based on data received from
the remote control PC via UDP communication. The control
program, written in Python, handles both the communication
with the remote control PC and the serial communication with
the motors and runs on the Surface Go 3. When operating the
robot, the Surface Go 3 also runs a video calling application
(e.g., Microsoft Teams 1) for audio communication.

HoloLens 2 is used to overlay AR information onto the
robot. The AR content is controlled by an AR control program
running on the AR control PC and rendered on HoloLens 2
using Microsoft’s Holographic Remoting Player.

On the remote control PC, a posture acquisition program
and a facial expression acquisition program are executed to
operate the robot remotely. Control information obtained by
these programs is transmitted to the robot and the AR control
PC via UDP communication. The posture acquisition program
uses MediaPipe 2 to capture upper-body posture data and
employs Final IK 3 to calculate joint angles for the robot’s
arms. The head posture and facial expression acquisition
program uses Dlib 4 to extract head orientation and facial
landmark information.

On the AR control PC, an AR control program interprets the
control information received via UDP from the remote control
PC and performs the rendering and control of AR elements,

1https://www.microsoft.com/en-us/microsoft-teams/group-chat-software
2https://github.com/google/mediapipe
3https://assetstore.unity.com/packages/tools/animation/final-ik-14290
4https://github.com/davisking/dlib
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Fig. 3. Design space of the extended nonverbal expressions.
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Fig. 4. System configuration. (A) Block diagram of our system, (B) Appear-
ance of our robot.

including the robot’s body parts and extended expressions.
Currently, the system supports adding arms and a head to
the robot, adding facial expressions and fingers, visualizing
rays for pointing directions, and displaying emotion-related
effects (Fig. 5). For AR-based augmentation of the robot’s
body parts, CG models of the robot’s body parts are animated
based on the posture information received from the remote
control PC (Fig. 5-A). For visualizing rays pointing in specific
directions, Unity’s LineRenderer component is used to display
rays emanating from the robot’s fingertips (Fig. 5-B). To aug-
ment facial expressions, the curvature of a Unity cube object
representing a mouth is adjusted based on the received control
data (Fig. 5-C). Emotion-related effects are implemented using
Unity’s Particle System component to display light effects that
represent emotions like ‘happy’ (Fig. 5-D). While the system
plans to incorporate automatic emotion recognition from facial
expressions in the future, currently, the emotions displayed are
manually controlled via keyboard input.

IV. CONCLUSION AND FUTURE WORK

In this paper, we proposed extended nonverbal expressions
for a hybrid robot that combines physical and AR-based pre-
sentations. We described the design space for these expressions
as well as the current prototype system. As future work, we
plan to implement features that have not yet been realized
within the design space, such as holographic presentations
using point clouds and the ability to display text or image
information based on conversational context. Subsequently, we
aim to evaluate the effectiveness of the proposed extended non-
verbal expressions by conducting comparative experiments.
These experiments will compare the hybrid approach to con-
ditions where all information is presented via AR or where
only the physical robot is used.
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