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Abstract—The ANA Avatar XPRIZE was a four-year compe-
tition to develop a robotic ”avatar” system to allow a human
operator to sense, communicate, and act in a remote environ-
ment as though physically present. The competition featured
a unique requirement that judges would operate the avatars
after less than one hour of training on the human-machine
interfaces, and avatar systems were judged on both objective
and subjective scoring metrics. This paper presents a unified
summary and analysis of the competition from technical, judging,
and organizational perspectives. We study the use of telerobotics
technologies and innovations pursued by the competing teams in
their avatar systems, and correlate the use of these technologies
with judges’ task performance and subjective survey ratings.
It also summarizes perspectives from team leads, judges, and
organizers about the competition’s execution and impact to
inform the future development of telerobotics and telepresence.

Index Terms—Telepresence, Haptics, Teleoperation, Robotics.

I. INTRODUCTION

The ANA Avatar XPRIZE was an international competi-
tion held from 2018-2022 that challenged teams to build a

telerobotic “avatar” system that allows human operators to
transport their senses, actions, and presence across long dis-
tances. Avatars represent a next generation of telecommuting
devices that enable operators to not only communicate through
audio and video, but also navigate and manipulate objects in
the remote environment. The potential applications of such
technology are diverse and include telecommuting, emergency
response, service robots, healthcare in nursing and elder care,
teleoperated robots in space, and tele-tourism. Notably, this
competition forced teams to consider how teleoperation could
be made accessible to novice users rather than trained experts
by ensuring that only judges would operate the avatar system
during the competition. In September 2021, 38 teams from 16
countries competed in the XPRIZE Semifinals for a $2 million
Semifinals prize purse. 17 teams from 10 countries competed
in the Finals competition in November 2022 for the remaining
$8 Million Finals prize purse (Figure 1).

A robotic avatar is a remotely controlled robotic device ca-
pable of representing a person in a location where they are not



Fig. 1. Finalist avatar robots posed in front of the ANA Avatar XPRIZE finals course.

Fig. 2. Operator stations for the finalist teams, representing a variety of virtual reality, 3D motion controllers, and force feedback devices.

physically present. These systems typically involve robots that
are remotely-controlled by human operators via interfaces that
resemble advanced virtual reality devices or vehicle cockpits
(Figure 2). Operators can pilot the robots to gather sensed data
from and interact with remote environments. The robot can
also serve as a virtual physical representation of the human in
that environment in the service of telepresence applications.

Robotic avatar systems are equipped with a variety of
sensors and cameras to enable a remote operator to see, hear,
and possibly feel the robot’s environment. Manipulators or
other tools typically also allow the operator to interact with
their environment to some degree. Some robotic avatars are
designed to be adaptive to a variety of tasks and environments,
whilst others are specialized in specific tasks. Robotic avatars
are increasingly deployed in industrial and healthcare settings
to allow people to collaborate remotely. As these technologies
mature, and production costs reduce, further applications are

emerging, such as entertainment and business.
Telerobotics has a long history in robotics with numerous

real-world applications in robotic surgery, space exploration,
explosive ordnance disposal, search and rescue, and drone
operation [37]. Competitions like the DARPA Robotics Chal-
lenge have also allowed remote operators to control robots
to complete complex search and rescue tasks involving lo-
comotion and manipulation [29]. In recent years, telerobotics
has become more practical and accessible due to advances
in networking, video transmission, and reductions in robot
hardware costs. The ANA Avatar XPRIZE distinguishes it-
self from standard telerobotics because it emphasizes novice
human users operating a robot naturally enough for it to feel
like a replacement for the user’s own body. In other words,
the ultimate performance objective is for operators to complete
tasks as naturally and competently as being physically present
in the remote space. As a result, teams in the competition



explored approaches to maximize immersion and one-to-one
mapping between the human’s and robot’s senses, actions, and
communication capabilities. Virtual reality, full-body haptics,
anthropomorphic robotic grippers, and operator assistance
technologies were all employed by teams in an attempt to
accomplish competition goals. Technological advancements
in these areas have the potential to render telerobotics more
intuitive and accessible to laypersons, provide social functions
in addition to locomotion and manipulation, and enable teler-
obotics to be extended to new application domains.

In this paper, we describe the organization of the ANA
Avatar XPRIZE competition, the characteristics of avatar
technology pursued by teams, and lessons learned from the
competition. It collects varied assessments and perspectives
about the competition from organizers, team leads, and judges,
and analyzes the qualities of technologies that were beneficial
to competition outcomes and subjective measures of presence.

The remainder of this paper is organized as follows. Sec-
tion II provides background and related work in the field of
telerobotics and telepresence, and compares the ANA Avatar
XPRIZE against related robotics competitions. Section III
describes the organization of the competition, including rules,
timelines, and teams. Section IV describes the technologies
used by competition teams for avatar robots, human-machine
interfaces, and network communication. Section V presents
the results of the competition and analyzes factors influencing
competition results. In Section VI, we discuss qualitative
impressions and commentary from judges, and reflect on
the competition as a whole and its implications for future
telepresence research and technology development.

II. BACKGROUND

The term “avatar” is believed to have originated in Hin-
duism, referring to an earthly manifestation of a numinous
being. The term avatar was later adopted by science fiction
writers. Notably, James Cameron’s 2009 movie Avatar ex-
plores the use of cybernetically controlled biological organ-
isms as a substrate of remote operation. Closer to the usage
in the XPRIZE competition, the term “surrogate” was used in
the 2009 movie Surrogates (based on an earlier comic series)
to refer to humanoid robots that act as one’s body teleoperated
through immersive brain-controlled interfaces. As a result of
science fiction, the term came to refer to digital representations
of people in virtual environments such as personifications in
online communities and video games. The use of avatars to
induce a sense of embodiment in VR settings has been shown
to have various effects on users’ immersiveness, physical
social interaction, and spatial cognition [43], [50].

More recently, the idea of using robots as avatars, or proxies,
for human users to interact with the physical world remotely
has been explored in various research projects. Robotic avatars
are distinct from telerobotics due to a greater emphasis on
cultivating a vicarious sense of presence for the operator, as
well as bystanders, so that the robotic system begins to feel
like an extension of the human body and its senses [6]. The
sense of embodiment can have powerful psychological effects,

and although researchers frequently pursue a direct connection
between a human’s sensorimotor system to similar systems
on the avatar, embodiment sensations may be induced by
approaches that are not so obvious. Studies in neuroplasticity
have found that even in congenitally deaf individuals, areas
of the temporal lobe associated with hearing are activated
when subjects are viewing sign-language [34]. Whether it is
a biological or technically driven cause, when one modality
is lacking, we compensate using input from another. For
example, a study in [7] reported that users can experience
haptic sensations even from a non-anthropomorphic embodied
limb/agent with visual feedback alone. The haptic sensation
was reported even though the setup did not include any
haptic or pseudo-haptic feedback device of any form. Such
findings have important implications for the understanding
of the cognitive processes governing mediated embodiment,
and the ANA Avatar XPRIZE has proven a strong motivator
for groups to explore and showcase diverse approaches for
embodiment.

A. Telepresence

Telerobotics, telepresence, and tele-existence are similar
concepts that were explored starting in the 1980’s [53]. Several
textbooks and reviews of telerobotics and tele-manipulation
demonstrate the high level of technology readiness and com-
mercial availability of systems for both remote task execution
(including for example for explosive ordnance disposal and
surgery; tEODor EVO® and Intuitive Surgical’s da Vinci
Surgical System®), and for remote social interaction [5], [28],
[33], [41].

A subset of these systems consider telepresence (the feeling
of being at another location than one’s physical body) in
their design, primarily focusing on vision and audition, for
instance by employing a Head Mounted Display (HMD) and
stereo headphones to display images from a remote platform
such as a wheeled system with a built-in display screen
(e.g., Suitable Technologies Beam®, and Double Robotics
Double 2®). For instance, Opiyo et al. reviewed telepresence
applications in dangerous environments and concluded that
telepresence through sufficient visual and force feedback has
positive effects on performance [39]. Hilty et al. looked at
applications in clinical care and concluded that technology
can significantly improve the quality of care, but also advised
that ethical issues should be better explored [26]. However,
Dino et al. added that current robotic systems are mainly
equipped with visual and auditory sensors and actuators—
if present—that only have a limited capability in performing
health assessments [17]. Although several systems can indeed
evoke a feeling of telepresence, transmitting only vision and
audition is not very immersive or realistic and may not lead to
social presence, defined as “sense of being with another in a
mediated environment” [10] or the sense that another person is
“real” and “there” when using a communication medium [38].
Tele-existence goes a step further and refers to conveying ma-
nipulation capabilities and touch sensation to the operator [52].
The XPRIZE competition challenged the competing teams



to develop systems with advanced tele-existence capabilities
to accomplish tasks and to socially interact in the remote
environment, integrating advanced multisensory technologies
to transmit bidirectional social cues. Van Erp et al. list the
following important (non-verbal) social cues and how systems
should implement them [55]:

� Eye contact: the cameras on the telepresence robot should
be close to the depicted eyes.

� Facial expression: the telepresence robot should provide
good representation and visibility of the areas around the
mouth and eyes.

� Non-verbal sounds: the system should be able to com-
municate non-verbal sounds in addition to speech.

� Eye gaze and blinks: the telepresence robot must accu-
rately display the gaze patterns and eye blinks in addition
to only eye contact.

� Gestures, movement, orientation, and posture: the telep-
resence robot must be able to replicate whole body signals
beyond head and arm movements, e.g. waving, nodding,
bowing, hand signals, inter feet distance, etc. [4].

� Touch: the telepresence robot should be able to provide
a social touch to the people in the remote environment
(e.g. handshake, hug, tap on the shoulder [56]), and to
receive social touches from them.

� Proximity, personal space: the perceived (bidirectional)
proximity using a telepresence robot should be identical
to that in real life.

B. Robotics Competitions

Benchmarking robotic systems is not easy. In research
labs, robots are often bespoke for a specific task environment
and tested in overly favorable conditions. To address these
issues, robot competitions and challenges have proven in the
last decades to be an effective way of establishing technical
milestones and advancing the robotics field [8], [35].

Robot competitions provide task specifications, integration
scenarios, and performance metrics that allow for the direct
comparison of different approaches. They force participating
teams to operate their systems outside their own lab, at a pre-
defined time and under conditions controlled by the organizers.
This induces requirements for system reliability and robustness
to environmental influences. Moreover, competitions act as a
catalyst for innovative ideas to spread and mature, as success-
ful approaches are showcased amongst technical audiences,
policymakers, potential investors, and to the general public.

Notable competitions with commercial impact include the
DARPA Grand [49] and Urban [11] Challenges for self-driving
cars and the Amazon Robotics Challenge [13] for warehouse
pick-and-place. Similar to the ANA Avatar XPRIZE was
the DARPA Robotics Challenge [29], where human-operated
robots had to solve a series of locomotion and manipulation
tasks in a scenario inspired by a search and rescue mission. A
data connection to a control station was available, but most of
the tasks were severely limited in bandwidth, such that tele-
operation had to rely on very limited feedback. Teleoperation
is also the primary mode of control in RoboCup Rescue [54],

where robots explore a disaster scene and localize persons in
need of help. Other RoboCup leagues, such as Humanoid [22]
or RoboCup@Home [51] require autonomous robot behavior
for playing soccer, and domestic service tasks, respectively.

Some robot competitions like the DARPA Challenges and
the Mohamed Bin Zayed International Robotics Challenge
(MBZIRC) [9], [45] support selected teams to develop their
systems and also have a large prize purse. Such financial
support significantly increases the interest of top research
labs and leading companies to participate. While many robot
competitions address mobile ground and aerial robots, some
also focus on stationary manipulation tasks, e.g. the DARPA
Autonomous Robotic Manipulation (ARM) program [25] and
the Amazon Picking [13] and Robotics [46] Challenges.

Some robot competitions like RoboCup Rescue and the
DARPA Robotics Challenge also implicitly benchmark the
quality of the operator interfaces. Other competitions like
RoboCup@Home include subjective scoring criteria and self-
chosen tasks. One unique aspect of the ANA Avatar XPRIZE
competition was that the avatar systems had to be operated
not by their developers but by members of the international
judging panel, who could be trained only for 45–60 minutes.
Hence, the operator interfaces had to be intuitive. Also, the
evaluation criteria included highly subjective aspects, such
as the feeling of being present in the remote space and the
perception of presence of the remote operator.

When designing the scenarios, tasks, performance metrics,
and rules of a competition, the organizers must consider
multiple factors. The competition must specify a set of tasks
without already determining the solution. It must allow for a
fair comparison of different approaches, without favoring par-
ticular technologies. It is also not easy to determine the level
of difficulty. On the one hand, the tasks must be challenging
and interesting to potential participants. On the other hand, it
is important that they are also achievable by the best teams.
Successful competitions build a community and incorporate
feedback from many stakeholders to develop their rules and
raise the bar with appropriate speed.

III. ORGANIZATION OF COMPETITION

XPRIZE competitions are meant to stimulate breakthroughs
for “audacious yet achievable” technologies [40], and the goal
of the ANA Avatar XPRIZE was to shape the future of human
transportation and exploration with systems that would enable
a human operator to see, hear, feel, and interact at a distance.
Specifically, judges were asked to control a remote robotic
avatar to complete a number of tasks to illustrate human-robot
system abilities. Each challenge involved a combination of
technical requirements including locomotion, communication,
navigation, obstacle avoidance, fine manipulation, gripping,
and conveyance of haptic sensation tasks. Notably, the targeted
user group for this challenge was novice users, in contrast
to past competitions that relied on extensively trained expert
pilots or members of the teams that designed and worked
regularly with the robots.



This section describes the background, timeline, competi-
tion rules, participation, and engineering aspects of organizing
the competition.

A. Background

The ANA Avatar XPRIZE competition was launched at
South by Southwest (SXSW) in Austin, Texas, in 2018, and
initially registered 99 teams from across the globe. The goal of
the competition was described in the first guidelines distributed
in March 2018 as the following:

“The winning team will combine state-of-the-art technolo-
gies to demonstrate a robotic avatar that allows an untrained
operator to complete a diverse series of tasks, from simple to
complex, in a physical environment at least 100 km away.”

This was later adapted to focus more on the connection
being made between the person operating the Avatar and
the person on the receiving end. The competition organizers
removed the emphasis on latency due to distance since network
latency induced by 100km distance is minimal compared
to other sources of system latency such as WiFi and high
definition video streaming. Instead there was a desire to focus
entirely on presence. It was also considered that an entirely
naı̈ve user would be unlikely to be proficient at using a system
right away, the organizers decided to allow light amounts of
training. The final competition definition was revised to the
following:

“The winner of this XPRIZE will demonstrate a functional
Avatar System, which consists of a human Operator control-
ling a robotic Avatar (Operator) at a real and/or Simulated
Distance that allows the Operator to interact with another
human (Recipient), or the remote environment, receiving all
sensory information through the robotic Avatar. The ultimate
goal is for a person (the Operator) to feel as if they are truly
where the Avatar is, experiencing a sense of Presence through
the Avatar.”

To implement the competition, technically-knowledgeable
but naı̈ve users (the ANA Avatar XPRIZE Judges) were
required to learn the systems and operate them to perform
the tasks. As part of testing runs, each team was allotted one
hour to train an operator in piloting their system. During com-
petition runs, the team could only observe without interjecting.

B. Competition Phases

The competition consisted of 5 phases: Team Registration,
Team Qualification, Semifinals Qualification and Verification,
Semifinals Competition, Finals Competition. This section sum-
marizes the phases up to Semifinals Qualification and Veri-
fication. The Competition phases are detailed in subsequent
sections.

1) Team Registration: Team recruitment was an early pri-
ority for XPRIZE and targeted plans were put into place with
recruitment trips coordinated throughout the US, Europe, and
Asia. Select conferences in addition to company and university
visits were leveraged and later followed by team-focused
webinars and workshops. The competition received interest
from over 500 groups and officially registered 99 teams from

Fig. 3. Timeline of the phases of the competition by which teams participated
and were down-selected.

20 countries and 5 continents at the close of registration in
September 2019.

2) Team Qualification: The Qualifying Submission process
served as the first team technical submission, which provided
the judging panel with the necessary information to evaluate
the capabilities, technical maturity and potential for success of
the Registered Teams. The submission consisted of questions
that outlined each team’s expertise, capabilities, and plans for
developing a functional Avatar System.

In reviewing the submissions it was clear that teams were
taking varied technical approaches in developing their avatar
systems, as well as building for a variety of potential appli-
cations. Some competitors outfitted their systems for specific
uses such as space teleoperation and medical examinations,
while others developed general-purpose systems that could be
applied in a range of more common situations.

A total of 83 team submitted Qualifying Submissions were
evaluated by the competition Judging Panel. After review and
discussion, the Panel selected 77 Teams to advance in January
2020. Qualified teams came from 19 countries: Australia,
Brazil, Canada, Colombia, Czech Republic, Finland, France,
Germany, India, Italy, Japan, Jordan, Mexico, Netherlands,
Russia, South Korea, Switzerland, Thailand, United Kingdom
and the United States.

3) Semifinalist Selection: Semifinalist Selection was the
second round of technical submissions required by Teams.
Qualified Teams were required to demonstrate they were
sufficiently advanced to progress in the Competition as a
Semifinalist Team. The initial due date of the Semifinalist
Selection submission was extended by 3 months to account
for team impacts caused by the coronavirus pandemic and to
provide XPRIZE with the necessary timetable to prepare for
in-person Semifinals testing. Team submissions were evaluated
by the Judging Panel who were asked to account for the
technical maturity, safety, and the ability of the team to meet
the competition requirements.

The Semifinalist Selection submission deadline of February
2, 2021 consisted of both written and video documentation
including:

� A detailed written update to the originally submitted
Qualifying Submission that outlines the Team’s progress
since that time.



� A written description of a Team selected sample scenario
consisting of six tasks. The tasks were required to demon-
strate specific capabilities of the Avatar System that might
not otherwise be showcased within the XPRIZE testing
scenarios.

� A Video of the Avatar System demonstrating the six tasks
described in the written portion of the submission from
the perspectives of the Operator as well as that of the
Recipient.

In total, 48 Qualified Teams submitted proposals for reviews
of which the Judges selected 38 Semifinalist Teams from 16
countries to advance.

4) Semifinalist Verification: Teams passing the Semifinalist
Selection process were permitted to proceed to Semifinalist
Verification in June 2021. The verification process was es-
tablished to ensure teams’ physical readiness to proceed to
Semifinals Testing in September 2021. It also served as an
opportunity for the competition organizers to fully understand
and prepare to accommodate team systems at testing.

Semifinalist Verification Submissions included:
� Technical Enrollment: detailing weight and size, operat-

ing equipment, power requirements, network and robot
diagrams, emergency shutdown procedures.

� Personnel Enrollment: indicated the team members who
would be in attendance

� Semifinals Team Video and Documentation: demonstrat-
ing a team-devised sample scenario consisting of six tasks
that best showcase system capabilities. The Scenario tasks
were permitted to be the same as those devised for the
Semifinalist Selection video, however it was required to
be updated to show technical progress since that time.
The video was later used as a portion of a Team’s
Semifinals score and was devised to allow teams to
demonstrate the full capability of their systems outside
of the competition’s testing parameters.

37 of the 38 Semifinalist teams submitted and passed the
Semifinalist Verification process.

C. Semifinals Competition

Semifinals testing required each system to attempt three
interactive Scenarios: completing a puzzle, conducting a busi-
ness meeting, and exploring a museum. As in Finals, teams
had to train Judges to operate their systems during testing, and
the operator used the Avatar system to interact with another
judge in the remote location. During test runs, teams were
not allowed to interact with the system until the testing was
completed.

1) Testing Procedures: Teams were required to split their
system in two locations that were separated by 300 meters and
spread across different floors of the test facility. The operator
system was located in a 4 m � 4 m room located on the
ground floor referred to as the Operator room. Each team was
provided an Operator room for the four day duration on-site
and the teams set up all the equipment that was required
to control their Avatar. This was also where most of the
computing resources for the system were located that weren’t

on the Avatar itself. The Operator room was connected via a
local Avatar network to the Scenario Room. Located in the
Scenario room was the Avatar itself and the Recipient Judge
who interacted with the Operator Judge during the testing. The
scenario rooms were approximately 3 m � 4 m and were only
available to the teams for the two hour duration of their Test
Slot.

Each Team was given two testing slots over the course of
the two consecutive testing days. Each Slot was two hours
in duration with one hour for equipment setup and Operator
Judge training and one hour for the Scored Trial. Two Judges
were used for each evaluation, one judge as an operator of
the avatar system, while another judge acted as the recipient.
This was a critical component of the competition as they had
to interact through the avatar system in real time. In addition
to task completion points, both judges scored on evaluation
criteria based on their experience communicating through the
system.

2) Scoring Rubric: Teams were scored out of 100 points.
Each of the three Scenarios were worth up to 30 points while
the Video submission from Semifinals Verification was worth
up to 10 points. The 30 points consisted of objective and
subjective criteria that the Judges evaluated after each scenario.
The 20 subjective points consisted of 12 questions of the
Operator and 8 questions of the Recipient, with the rubric of
Never (0 points); Rarely (.25 points); Sometimes (.5 points);
Mostly (.75 points); and Always (1 points). The 10 objective
points consisted of Avatar Ability and Overall System and
each was scored Pass/Fail, with 1 point for each Pass and 0
points for each Fail. The teams were evaluated on the scenarios
twice over the two slots and the best score for the individual
scenario was taken for the team total.

3) Logistics and Outcomes: In response to growing con-
cern over the Coronavirus pandemic, Semifinalist Teams were
evaluated in two groups, Plan 1, in-person in Miami, Florida
in September 2021 and Plan 2, on-site testing at the team’s
facilities in March/April of 2022. However, only teams that
participated in Plan 1 testing were eligible for equally sharing a
Semifinals milestone prize purse of $2M. Plan 2 teams testing
in Spring of 2022, were required to freeze their designs and
not advance their systems after September of 2021 to keep
the evaluations level. Of the 37 Semifinalist teams, 29 teams
selected Plan 1 testing and were able to travel to participate
in-person. 6 teams selected Plan 2 testing and hosted testing
in their labs in Spring 2022. 2 teams withdrew from the
competition prior to testing.

Semifinals Plan 1 testing took place at the James L. Knight
Center in Miami, FL as a closed private event. This was the
first opportunity for competition organizers and the expert
panel of judges to meet the teams and physically evaluate
their systems. In order to safely and effectively accommodate
29 teams from 11 countries participating at in-person testing,
teams were split into two groupings of four days each. Teams
used the first two days to move into their spaces and prepare
their systems which was then followed by two days of testing.

Semifinals Plan 2 testing evaluated the remaining 6 Semifi-



Fig. 4. Schematic of the finals course as provided by XPRIZE.

nalist teams that were unable to travel to in-person testing in
September 2021. Competition organizers and Judges traveled
to 6 team-selected locations in 4 countries to evaluate their
systems. Teams were required to set up their own network
to a configuration provided by XPRIZE in advance and to
provide two different test rooms that were separated from each
other to ensure there was no communication between the two
rooms other than through the avatar system. As in Plan 1,
each team had one hour to train the Operator Judge on their
system followed by the Scored Trial. However, instead of a
day between Test Slots, the Judges would switch roles after
the Scored Trial and immediately conduct the 2nd Test slot.

In May 2022 with Semifinal Testing completed, XPRIZE
announced the 20 teams advancing to Finals. 15 teams came
from Plan 1 testing, with the remaining 5 teams coming from
Plan 2 testing. All advancing teams earned a score of 80 pts
or higher.

D. Finals Competition

After analyzing the results of Semifinals, it was learned
that the teams moving on to Finals clearly demonstrated the
ability to create a combined experience between Operator and
Recipient Judges. So in order to create a test that would
showcase diverse capabilities and the future potential of avatar
systems, the emphasis on the remote experience decreased in
the evaluation criteria. The result was a 40 meter long test
course that simulated a mission on the surface of an unnamed
planet focusing on the avatars ability to complete a series of
challenge tasks (Fig. 4).

1) Tasks and Scoring Rubric: Ten tasks were designed to
test the avatar’s ability as listed in Table I, with the intention
that tasks increase in difficulty as the avatar progresses across
the course. If the avatar was not able to complete the task, the
run was terminated. A 25 minute time limit was also imposed
on each run. Each task was scored Pass/Fail, with 1 point for
each Pass and 0 points for each Fail.

Additionally, Operator and Recipient judges scored their
experience of feeling present in the remote space and of
perceiving the presence of the remote operator, respectively.

The Operator Experience category was evaluated based on the
following criteria (up to 3 points):

� The Avatar System enabled the Operator Judge to feel
present in the remote space and conveyed appropriate
sensory information.

� The Avatar System enabled the Operator Judge to clearly
understand (both see and hear) the Recipient.

� The Avatar System was easy and comfortable to use.
The Recipient Experience category was evaluated based on

the following criteria (up to 2 points):
� The Avatar Robot enabled the Recipient Judge to feel as

though the remote Operator was present in the space.
� The Avatar Robot enabled the Recipient Judge to clearly

understand (both see and hear) the Operator.
Each subjective question was worth up to 1 point and was

scored in 0.5 point increments according to the rubric “Never /
Poor” (0 points), “Sometimes / Fair” (0.5 points), and “Always
/ Good” (1 point).

Each team was allotted a testing run on each of 2 testing
days, and the best score was recorded as the team’s final score.
In order to qualify for the top prize, a team was required to
complete the entire 10 task course. Point total ties were broken
by time of the last completed task, which meant that speed was
indeed an important factor in ranking the top-scoring teams.

2) Logistics: In June 2022, teams were provided parameters
of the finals course and logistics, including tasks, scoring
criteria, and sample objects to be manipulated. It should be
noted that 5 months were allotted for teams to modify their
entries to complete the tasks on the sample objects, which were
indeed very similar to the objects used in the Finals course.

The Avatar XPRIZE Finals were held in November 2022 in
Long Beach, California in the arena shown in Figure 1. 17 of
the 20 Finalists teams participated in the event (which included
the merger of two teams). Finals testing was open to the public
and was broadcast via live video stream. This was the first
publicly attended testing event conducted by XPRIZE since
the Ansari XPRIZE in 2004. Around 2500 people attended
in person across the two days of the competition, and almost
10,000 unique viewers watched online.

Similar to Semifinals, teams were provided a garage space
and two days to prepare their systems. These garages also
doubled as demo spaces for the public who were able to
observe the teams preparing in their garages. The biggest
physical difference to Semifinals testing was that the Operator
Rooms at Finals were only available to teams approximately
90 minutes before their test runs. In this configuration, teams
had to adapt their systems to be moved and set up quickly to
allow enough time for operator training before their test run
began. Because testing was conducted in front of a live audi-
ence, XPRIZE pushed teams to keep to the overall program
schedule. However, due to the lack of options for Operator
rooms and the unique requirements of each team’s system,
doing this efficiently proved to be a logistical challenge for
both the Teams and XPRIZE. Ultimately, teams managed
to be flexible and creative and all teams were able to test
accordingly.



Task Name Description Capability Scoring Rubric (1 point)

1 Initiation An Operator remotely connects to the
Avatar robot, and maneuvers to the
mission control desk

Basic mobility Was the Avatar able to move to the
designated area?

2 Mission
communication

The Avatar reports to the Mission
Commander and introduces themself

Audio and
video

Did the Avatar introduce themself to the
mission commander?

3 Mission
communication

The avatar receives the mission details and
con�rms them with the Mission
Commander

Audio and
video

Was the Avatar able to con�rm (repeat
back) the mission goals?

4 Station hatch
door switch

The avatar activates a switch which opens
the station door

Grasping Was the Avatar able to activate the switch?

5 Planet crossing The avatar exits the mission control room
through the door and travels across the
planet to the next task

Advanced
mobility over
distance

Was the Avatar able to move to the next
designated area?

6 Battery canister The avatar must identify the full battery
canisters that are amongst empty canister

Ability to
identify weight

Was the Avatar able to identify the heavy
canister?

7 Canister
plug-in

The avatar places the correct canister into
the designated slot which triggers the
lighting of the next task zone

Manipulation Was the Avatar able to lift up and place
the heavy canister into the designated slot?

8 Close
navigation

The avatar navigates along the planet's
surface to arrive at the next task

Navigation and
mobility

Was the Avatar able to navigate through a
narrow pathway to get to the designated
area?

9 Drill The avatar must use the drill to remove the
door

Advanced
manipulation

Was the Avatar able to utilize a drill
within the domain area?

10 Planet rock
collect

The avatar must reach through the barrier
to identify the rough textured rock and
retrieve it

Haptics Was the Avatar able to feel the texture of
the object without seeing it, and retrieve
the requested one?

TABLE I
FINALS TASK DESCRIPTION AND RUBRIC. IF AN AVATAR IS UNABLE TO COMPLETE A TASK, THE RUN IS TERMINATED.

The only communication allowed between the Operator
Room and the Avatar robot on the course was provided via
the Avatar network. The Avatar network was a connection
XPRIZE provided from each team's Operator room through
the building and connected wirelessly to the Avatar robot on
the course. In addition to being free from network cables while
on course, teams also had to be power independent and run
on batteries only during their test runs.

In order to familiarize teams with the course and the
network, each team was provided a qualifying run on the
course. As long as the team received a minimum score of
4 points they received a test slot for Day 1 testing. All 17
competing teams passed the minimum quali�cation score and
advanced. Even though Qualifying scores didn't count for
overall scores, Day 1 test runs were ordered in the rank of their
Qualifying run score with the highest scoring team running
last. However, one of the 17 teams' robots was damaged during
their Qualifying round and wasn't able to run during Day 1.
The other 16 teams did run on the course with the top 12
teams advancing to Day 2 testing. The best score on either of
the scored days was used as the team's �nal score.

E. Judging

Judges needed to be knowledgeable in a range of technical
areas, as well as able to reliably act in a fair and impartial
manner. Judging roles included:

Operator. Operates the Avatar System in a remote Operator
Room during test runs (Figure 5). Responsibility to actively
listen and comprehend the explanations provided by team

Fig. 5. An Operator judge controls the Team SNU avatar robot using a
head-mounted display (HMD), force feedback arms, and haptic gloves during
Finals.

members and to subsequently operate the robots effectively.
This necessitated a condensed one hour training period to
acquire an understanding of the robot's capabilities and how
to navigate it through the course. Additionally, the Operator
had to adapt to the differences between physical actions and
their execution through the robot's interface. revisionDue to
the common use of VR equipment amongst teams, operator
judges were required to identify themselves as being not prone
to VR sickness.

Mission Commander (Recipient). Responsibility is to
communicate to the operator judge through the avatar robot



Fig. 6. A Mission Commander judge corresponding with the Operator through
the iCub avatar robot during Finals.

and to ensure that audio and visual communications were
functioning properly (Figure 6) . Additionally, commanders
were responsible for a subjective judgment about whether the
robot's visual and audio capabilities supported communication
of instructions, and whether the remote human operator was
perceived as “present” in the test environment.

Scoring. Responsibility for monitoring and overseeing the
live video feeds from the operators, the robot, and the cameras
in the arena. This role included ensuring that tasks were com-
pleted in accordance with the established rules and regulations,
and subsequently updating the of�cial score and arena graphics
by verifying and calling “Point.”

Staging.Responsibility to prioritize safety by ensuring that
all necessary emergency stop measures were in place and that
there were no potential hazards such as tangled or loose cables.
Additionally tasked with guiding the team and their avatar to
the designated start position in a fair and orderly manner and
to con�rm that the course was clear and that the operator was
prepared for the test run to begin.

Course Manager. Responsibilities included ensuring that
all test elements of the course were properly positioned before
a team could begin their run and monitoring the course and
related machinery for any abnormalities or deviations that may

warrant an emergency stop. These tasks were crucial to the
smooth and safe operation of the course.

Addressing the Subjectivity of Judging. One of the
biggest challenges for the organizers of the Avatar XPRIZE
was the balance of evaluating subjective and objective criteria
and enforcing fairness of subjective evaluations during testing
events. Avatars are unique from other robots in that it is
important to understand the sense of presence or connection
between the Operator and the environment they are interacting
with, including other humans within the remote environment.
Although subjective evaluations of performance are routinely
evaluated in human-robot interaction (HRI) studies, XPRIZE
was not able to �nd prior examples of a robotics competition
that blended evaluation of objective and subjective elements.
Moreover, because it would be impractical for a single judging
panel to evaluate every avatar system due to fatigue over
the long duration of competition events, it was logistically
necessary for each system be evaluated by a different set
of Judges. Since each trial presented a unique experience
for the Operator Judge, it was important to consider fairness
and consistency between runs across dozens of teams. Inter-
operator variability, in terms of preexisting operator skill,
experience with similar systems, ergonomics, and fatigue,
indeed affect the variability in performance of a judge op-
erating an avatar system. Some variability was considered to
be helpful, in that teams were forced to consider variability
in operator populations to develop robust, intuitive interfaces
and training regimes. Moreover, results from the semi�nals
competition were used to help estimate judge pro�ciency,
and these estimates were used to construct a balanced judge
assignment for the �nal competition so that each team was
assigned two operator judges whose average pro�ciency was
roughly consistent.

F. Engineering and Safety

Consistency of connectivity can become an issue for com-
petitions involving communication over wired and wireless
networks. To achieve tight control over network conditions,
XPRIZE built and maintained a competition network to host
all team network communications during both Semi�nals and
Finals testing events. Communications between the Operator
and the Avatar were only permitted through the Network
to ensure a fair and controlled testing environment. Each
team's Avatar System was required to communicate over the
Competition Network between two locations: the Operator
Control Room and Test Room (Semi�nals)/ the Test Course
(Finals). These two locations were separated by a signi�cant
distance within the same building but were connected by
a wired network. Internet access was provided through the
Competition Network. Furthermore, the Competition Network
was available for the use of teams for the duration of their
time on site at Semi�nals and Finals.

Although the Semi�nals allowed the Avatar robot to be
connected to the network with a wired connection, robots were
required to be tetherless in the Finals. Future avatars will need



communications to be highly robust and well-tested in a range
of environments.

In order to facilitate safe testing, wireless E-Stops were
required for operation at Semi�nals and Finals. Moreover,
teams needed to provide control functionality to the Operator
to place the Avatar robot in a safe mode via the XPRIZE
Competition Network. During all testing, the E-stop and the
safe operation of the Avatar was monitored by a designated
Team member, who was stationed within line of sight of the
robot at all times. Moreover, the Finals course was designed in
a way to safeguard any humans from avatar robot malfunction.

G. Teams

The teams that participated in the Avatar XPRIZE ranged
in nature and composition and included university groups,
commercial companies, leading research labs and unaf�liated
individuals. Nearly 100 teams were involved from 5 continents
and over 20 countries. Teams ranged in size from a single
member to groups consisting of over 50 personnel and in
age from current high school students to teams consisting
of retired scientists. Table II shows the breakdown of team
distribution and sizes. It is evident that teams at semi�nals
were signi�cantly larger than at earlier phases, and this could
be either due to smaller teams dropping out, teams merging,
or teams recruiting new members.

The competition faced similar gender diversity challenges
as other competitions in the robotics �eld, with approximately
10% of team members being female throughout all phases of
the competition. Fewer than half the teams at Semi�nals and
Finals included female participation.

IV. AVATAR SYSTEMS

A. Challenge Requirements

Guidelines of the competition de�ned an avatar system as
consisting of an avatar robot and operator station, connected
by a communication network, that allows a human operator
to sense, act, and communicate in the avatar's environment.
Moreover, the operator should have a sense of immersion in
the remote environment, and learning to operate the system
should not require an extended training period. Notably, the
avatar robot needs sensors to replicate much of the human
sensory system and actuators to replicate many of the human
musculoskeletal system; the operator station needs to present
a human-machine interface that renders remote sensing data
to the operator and transfers the operator's commands to the
remote robot in an interpretable and intuitive fashion; and
the communication network and infrastructure should support
reliable and low-latency transfer of data between the two
endpoints. Avatar systems should also facilitate social capa-
bilities for communication, interaction, and social connection
between operators and “recipients” – humans interacting with
the operator but with the robot as intermediary. We note that
these social capabilities were stated in the original goals for
the competition but were de-emphasized by XPRIZE during
the Finals, for reasons later discussed in Section V-B.
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Fig. 7. Taxonomy of the avatar locomotion types used during Finals.

B. Avatar Robot Technologies

We begin by discussing the technologies that comprise
avatar robots used by XPRIZE �nalist teams, focusing on the
navigation, manipulation, vision, sensing, and actuation as-
pects (Table III). Avatar robots were required to be mobile and
operate in human environments, which necessitated human-
like size, sensing, and actuation characteristics. XPRIZE re-
quired robots to weigh no more than 160 kg and stand no more
than 180 cm in height, and during �nals had to operate under
battery power for at least the 25 minutes designated for the
test run

1) Navigation: Navigation is a fundamental ability of
avatar robots, and the 17 Finalist teams provided their avatars
with the ability to navigate in different ways. Figure 7 provides
a taxonomy of the adopted locomotion types. In particular,
15 teams adopted wheeled locomotion, 12 of which used
omnidirectional bases with at least three Mecanum wheels,
thus providing the Avatar the capability to move forward,
backward, laterally, and rotate freely. The other three teams us-
ing wheeled locomotion, namely AlterEgo, Avatar-Hubo, and
i-Botics, implemented differential drive locomotion, with only
two actuated wheels placed with a parallel axis of rotation.
Compared to the omni-directional solution, differential drive
locomotion does not allow for instantaneous lateral motion.
The remaining teams, iCub and Janus, exploited bipedal
locomotion that can potentially provide the same �exibility
of omni-directional wheeled systems by using moving limbs
in contact with the environment. Nonetheless, only the iCub
avatar managed to effectively use such a locomotion type
during the scored trial.

One of the main challenges of bipedal locomotion is fall
risk. Walking is less stable, and asperities on the ground or
accidental collisions may lead to a fall and damage to the
avatar system. During the quali�cation day, the Janus avatar
fell due to a malfunction, preventing the team from participat-
ing in the scored trials. During the �rst scored trial, the iCub
avatar fell after hitting a pillar on the test course, hindering its



TABLE II
SUMMARY OF TEAM ENROLLMENTS.

TABLE III
BREAKDOWN OF ROBOT TECHNOLOGIES USED BY TEAMS

possibilities to get in the top 12 positions allowed for a second
trial. Interestingly, during the Finals, the INBIODROID robot
also fell, after a malfunction on the control of its wheeled base
that caused a collision with one obstacle on the course.

Fall risk was a concern for other teams as well. Team SNU's
avatar is a bipedal robot, but for the sake of the competition
it was placed on an omni-directional wheeled base. Similarly,
team Avatar-Hubo's avatar is a bipedal robot, but it stood on
its legs only when still, while it used a set of wheels on its
knees to move. Team i-Botics used a slender differential drive
wheeled robot, and during its �rst scored trial, it was secured
to an external gantry to prevent it from tipping over.

2) Manipulation: Providing the ability to manipulate ob-
jects through the avatars was a primary challenge of the com-
petition. During the Finals competition, avatars were expected
to lift up to 2.5 kg and have the precision and dexterity to

operate a drill to unscrew an M12 bolt (Figure 8).
Robot arms are used to control end effector motion and

require 6 or more degrees of freedom (DoF) to achieve
adequate position and orientation control with 0.5–1.5 m reach
and sub-centimeter precision. Teams adopted one of two
approaches: either using commercially availablecobot arms
or developing custom actuators for the avatar. Commercially
available manipulator arms have been used extensively in
factory automation and are known for their excellent preci-
sion, durability, and integration readiness. Cobot (collaborative
robot) arms are very similar in form except are certi�ed
to include safety features like collision detection and torque
control that greatly reduce the risk of injury to humans that
operate in the robot workspace. These arms are designed to be
�xed on horizontal surfaces, but doing so for an avatar robot
would appear unnatural. Hence, many teams have designed
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