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Abstract

Immersive robotic avatars have the potential to aid and replace humans in a variety of appli-
cations such as telemedicine and search-and-rescue operations, reducing the need for travel and
the risk to people working in dangerous environments. Many challenges, such as kinematic dif-
ferences between people and robots, reduced perceptual feedback, and communication latency,
currently limit how well robot avatars can achieve full immersion. This paper presents AVA-
TRINA, a teleoperated robot designed to address some of these concerns and maximize the
operator’s capabilities while using a commodity light-weight human-machine interface. Team AVA-
TRINA took 4th place at the recent $10 million ANA Avatar XPRIZE competition, which required
contestants to design avatar systems that could be controlled by novice operators to complete
various manipulation, navigation, and social interaction tasks. This paper details the components
of AVATRINA and the design process that contributed to our success at the competition. We
highlight a novel study on one of these components, namely the effects of baseline-interpupillary
distance matching and head mobility for immersive stereo vision and hand-eye coordination.
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1 Introduction

Telepresence [12], or telexistence [64], aims to
enable a human operator to feel as though they are
actually present in a remote robot’s environment
through immersive vision and rich haptic feed-
back. Teleoperation of mobile manipulators has
the potential to aid a wide variety of applications
including telemedicine [40, 50, 74|, search-and-
rescue operations [23, 24|, and remote environ-
ment exploration [9, 32, 41], by leveraging the
perception and planning capabilities of humans.
However, telepresence can be hindered by multi-
ple factors such as kinematic differences between
the robot and operator [3], reduced perceptual
feedback, and network latency [44]. In addition,
the cost of the robot and teleoperation hard-
ware limits the accessibility of telepresence robots.
Exoskeletons, which are commonly used operator
hardware for teleoperation [73] in research labs
and industrial settings [68, 71|, are not only costly
but also require careful setup and calibration to
use.

This paper presents AVATRINA (AVAtar
Tele-Robotic Intelligent Nursing Assistant),
shown in Fig. 1, an immersive avatar robot oper-
ated with low-cost commodity hardware. We
describe the design of the system, including its
optimized kinematics, sensing and perception
systems, and user interfaces, which creates an
immersive telepresence experience. The main
contributions of this work are:

® An immersive, novice-friendly teleoperation

system with human-like manipulation, com-
munication, and sensing capabilities, con-
trolled by lightweight commodity operator
hardware.

¢ Human subjects studies to validate the design

of our perception system. We examine the
effect of: (1) matching the distance between
the robot’s eye cameras to the operator’s
interpupillary distance and (2) providing
more degrees of freedom to move the robot’s
head, and show weak evidence that these
methods improve the operator’s depth per-
ception.

® A set of task-oriented metrics for optimiz-

ing robot hardware design for immersive
teleoperation, complementary to traditional
workspace analysis.

Team AVATRINA, a collaboration between
the University of Illinois and vRotors?, built AVA-
TRINA to compete in the ANA Avatar XPRIZE
competition? finals. This competition aimed to
accelerate the development of robot avatar tech-
nologies, improving the quality and variety of
haptic sensing and rendering devices, and promot-
ing fundamental research in system integration,
networking, and virtual reality to create respon-
sive, immersive, and intuitive telepresence sys-
tems. Our team achieved 4th place and was among
the 4 teams that completed all 10 tasks at the com-
petition®. In this paper, we also share the insights
and experience gained from participating in the
ANA Avatar XPRIZE competition and on how to
design an immersive Avatar system.

This paper is organized as follows. In Sec. 2,
we review related literature. In Sec. 3, we describe
the system design goals and the overall system
components. In Secs. 4-9, we describe the major
components of the proposed avatar system, includ-
ing the manipulators, locomotion, vision, hands,
and software architecture. Finally, we present our
participation and evaluation in the ANA Avatar
XPRIZE in Sec. 10, and offer discussions and our
lessons learned in Sec. 11.

2 Related Work

Avatar embodiments can take many forms
depending on their intended applications. Many
of the avatars presented during the DARPA
robotics challenge [27] opted for humanoid bipedal
robots with an alternative wheeled locomotion
mode for faster traversal of flat ground and
more stable environmental interaction. Two exam-
ples are team IHMC’s entry [20] and KAIST’s
DRC-HUBO-+ [33]. Other notable designs include
RoboSimian’s quadruped design [21] and Team
NimbRo’s wheeled centaur-like platform Momaro
[57].

These robots were designed to operate in chal-
lenging locomotion scenarios and were primarily
focused on efficient task completion under adver-
sarial networking and environmental conditions.
As such, their Ul was focused on redundancy
and robustness, with some interfaces requiring

Lhttps://www.vrotors.com/
Zhttps://www.xprize.org/prizes/avatar
Shttps://youtu.be/10NV1G0o60p0?t=28364
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Fig. 1: An overview of the AVATRINA robot and operator station. The robot is configured at the “home”

configuration. [Best viewed in color.]

up to seven operators to man a single robot
[57]. Furthermore, these robots fulfilled no social
function and thus lacked expressive features for
communication with remote individuals.

Avatars are not restricted to enabling humans
to perform remote or dangerous activities. They
can also be used to help people with disabilities
expand their independence in performing activ-
ities of daily living and working [43, 67]. Being
designed for indoor use, however, imposes other
important constraints on these robots, such as
maximum size, weight and cost, and introduces
different manipulation requirements [22].

Yet other platforms focus on operator immer-
sion and on the avatar’s socially expressive capa-
bilities. The TELESAR VI platform [65], for
instance, follows a legged humanoid design with
human proportions, but forgoes practical arm pay-
loads and robot mobility in favor of enabling
expressive arm, torso, finger and hand motion. Its
interface also prioritizes immersion, using a VR
Head Mounted Display (HMD) and haptic gloves
which render finger forces, vibrations, and tem-
peratures sensed from embedded sensors in the
anthropomorphic avatar hand.

The ANA Avatar XPRIZE finals was a culmi-
nation of efforts to unify these research directions

into socially capable, task efficient, and immer-
sive robot avatars. Since the competition did not
require challenging environment traversal, most
teams opted for wheeled robot bases [35, 38, 58].
Indeed, as noted by Luo et al. [35], avatar embod-
iments that relied solely on legged locomotion all
irrecoverably fell during the competition. Further-
more, as social tasks were an integral part of
this competition, most embodiments paid special
attention to properly rendering the operator’s face
and voice.

Out of the 4 teams that completed all 10 tasks
in the competition, 3 used VR headsets for immer-
sive operation (NimbRo [58], Pollen Robotics and
AVATRINA [38]), while Team Northeastern’s [35]
system used an ultra-widescreen monitor for visu-
alization. The teams that used VR employed
different strategies to reconstruct the operator’s
face without the headset on the robot, while
Team Northeastern did not have to address this
problem.

The user interfaces of the top 3 teams all used
some form of exoskeleton for force haptic trans-
mission to the arms and fingers. NimbRo’s con-
sisted of a rig with additional robot manipulators
mounted to the operator’s arms to render force,
Team Northeastern leveraged mirrored hydraulic
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mechanisms between operator and avatar for ren-
dering arm and finger forces, and Pollen Robotics
used a 1 DoF elbow mounted exoskeleton to pro-
vide arm force feedback. AVATRINA was the
only team to exclusively use vibratory and visual
cues for rendering arm forces to the operator and
complete the full course.

Furthermore, these systems used different
methods for remote texture sensing - Pollen
Robotics and NimbRo used acoustic based sen-
sors [48], while Team Northeastern leveraged both
contact acoustics and sensed vibrations and forces
on the hydraulic actuators for identifying sur-
faces [35]. Our system captured a high-resolution
heightmap of surfaces and used it to render dis-
tinct vibratory and auditory cues for each surface
without requiring direct contact.

3 System Overview

This section describes overall design goals for
the system and an overview of the major compo-
nents. Individual components will be described in
following sections.

3.1 System Design Goals

AVATRINA is designed to be a socially-
capable robot that can be controlled by a human
operator to navigate and manipulate objects in
remote environments designed for humans. The
social capabilities should enable the operator to
interact naturally with other human recipients
in the remote environment. It should be easy
to operate for novice users, accessible to a wide
number of operators, and ergonomic enough for
long-term usage. We emphasize that ergonomic
and lightweight user interfaces are necessary to
enable longer-term applications of teleoperation,
such as tele-work and data gathering for imita-
tion learning. Lightweight user interfaces improve
scalability to many users and the likelihood of
adoption. Moreover, AVATRINA should be a sta-
ble, maintainable platform to enable reproducible
research in tele-nursing, telerobotics, and mobile
manipulation for many years.

Our system design goals include:

1. The robot should have similar manipula-
tion capabilities to humans, with human-like
kinematics and load capabilities.

2. The operator station should be comfortable,
ergonomic, and lightweight, requiring mini-
mal setup.

3. The operator interface should be intuitive
and immersive.

4. Recipients in the remote environment should
feel the operator’s presence.

5. The robot should use as many off-the-shelf
parts as possible for ease of construction,
maintenance, and reproduction.

6. The robot should have easily reconfigurable
end-effectors and sensors to support different
applications.

3.2 Overall System Components

The overall system consists of the AVATRINA
robot and the operator station, summarized in
Fig. 1.

The robot is a bimanual mobile manipula-
tor consisting of two robot arms (Franka Emika
Panda), an omnidirectional mobile base (Way-
point Vector), and a custom 3 DoF anthropo-
morphic head with a custom adjustable base-
line stereo camera. Other system specifications
are listed in Table 1. We support different end-
effectors, including the 6 DoF anthropomorphic
Psyonic Ability hand, the Robotiq 2F-140 and 2F-
85 parallel jaw grippers, the Franka hand, and
the Righthand Reflex 3-fingered hand. The default
configuration has the Psyonic hand on the left arm
and a 2F-140 Robotiq gripper on the right arm.
The robot is similar in size to an adult, standing at
1.85m tall and 0.7 m wide, and has a forward reach
of 0.5 m. Four ultrasonic rangefinders around the
perimeter of the robot provide enhanced situ-
ational awareness. In the default configuration,
there is an RGB-D sensor mounted at the wrist of
the right arm for close-range inspection and tex-
ture sensing. AVATRINA can operate for about 2
hours on its onboard battery. The robot is con-
nected to the Internet via WiFi and can connect
to an operator station via a handshake configured
through designated servers.

The operator station is designed to consist
of commodity hardware, so that the robot can
potentially be connected to any operator with
Internet access. It consists of an desktop PC, a
VR head-mounted display (HMD) and controllers,
foot pedals, and the SenseGlove haptic gloves
(whose specifications are noted in Table 1). We
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support various commercial VR products such as
the Valve Index, HTC Vive Pro, and Meta Quest
2. The poses of the HMD, controllers, and gloves
are tracked by Vive Trackers system. In the default
setup (Fig. 1), the operator wears the Valve Index
headset, a SenseGlove on their left hand, and holds
a Valve Index controller with their right hand.
All of these components could be readily pur-
chased at the time of the competition for under
USD 8000.00, with the following cost breakdown:
e Operator PC  $3000.00
SenseGlove - $3000.00
Valve Index and Base Stations - $1000.00
Vive Trackers  $200.00
Pedals  $150
Fig. 2 shows how these devices are mapped
to AVATRINA’s different components to give the
operator control over AVATRINA’s motion.
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Fig. 2: Mapping between operator control devices
and AVATRINA’s movement. AVATRINA’s head
tracks the VR headset and provides stereo cam-
era feedback. The right VR controller controls the
right gripper, and the right joystick commands the
base translation and rotation. The left anthropo-
morphic Psyonic gripper tracks the SenseGlove.
The foot pedals enable the movements of the end-
effectors. The right controller can also bring up
a menu of different semi-autonomous functionali-
ties. [Best viewed in color.]

4 Manipulators and
Locomotion

AVATRINA both interacts with and is con-
trolled by people, so the design criteria for its

Table 1: AVATRINA Canonical Specifications.

Overall
Length x Width x Height 1.0 m x 0.68m x 1.75m

Weight 157 kg

Manipulation and Locomotion

Payload 3 kg (including gripper)
Forward Reach 0.5m

Max Speed 0.2m/s

Sensors

RGB-D Sensors Configurable, default: 1
Stereo Camera 1

Ultrasonic Rangefinders 3

Miscellaneous

Estimated Battery Life 2hrs

Battery Capacity 1534 Wh

Onboard Compute

Main Computer
CPU AMD Ryzen 9 5900X
GPU NVIDIA RTX 3060 12GB
RAM 64 GB DDR4 3200 MT/s
oS Ubuntu 20.04

Control Computer
CPU AMD Ryzen 7 5800U
RAM 16 GB DDR4 3200 MT/s
oS Ubuntu 20.04 (PREEMPT_RT)

Operator Station Compute

CPU AMD Ryzen 9 5900X

GPU NVIDIA RTX 3090

RAM 32GB DDR4 3200 MT/s

os Windows 11

Operator Station Hardware

Head-Mounted Display Valve Index Headset

Right Hand Tracking Valve Index Controller

Left Hand Tracking Vive Tracker and SenseGlove
Arm Activation Thrustmaster F430 Pedals
Facial Rendering Camera ELP-USBFHDO01M-L170

manipulators differ substantially from typical cri-
teria for industrial robots. The operator is primar-
ily concerned with the visibility of AVATRINA’s
hands and the intuitiveness of the arm control,
while the recipient desires a compliant and pre-
dictable robot with which they can safely interact.
This section describes how we designed the robot’s
hardware and control software to meet these cri-
teria.

4.1 Kinematic Design Optimization

In designing AVATRINA’s manipulation capa-
bilities, we considered several criteria related to
the mounting of the arms to the torso, including:

® The arms should have a large dexterous
workspace, and be able to track the operator
smoothly through that workspace.
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