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Abstract

Augmented reality (AR) for enabling human-robot collaboration

with ROS robots

With current industrialization trends on the reintroduction of human into the
manufacturing process and development of augmented reality I propose the interface, which
uses Augmented reality to allow the operator to interact with robotic systems, such as
manipulators and mobile robots. 2 interfaces were created: one for manipulators and one for
mobile robots. Both of them are developed to work on Microsoft Hololens 2 augmented
reality glasses and robots, running ROS. Interface for manipulators allows user to control the
robot by sending end-effector goals and previewing the goal joint states of the manipulator.
Interface for mobile robots allows the user to send navigation goals and preview the robot’s
movement trajectory. Interfaces were developed using Unity game engine. Developed

interfaces were tested with URSe manipulator and Robotont mobile robot.

Keywords: human-robot interaction, augmented reality, Microsoft Hololens 2,

ROS, Unity 3D game engine

CERCS: TI120 - Systems engineering, computer technology, T125 - Automation,

robotics, control engineering

Lihikokkuvote

Liitreaalsus inimese ja roboti koostod voimaldamiseks ROS-i

robotitega

Seoses praeguste industrialiseerimise arengusuundadega, mis késitlevad liitreaalsuse
arendamist ja inimese tootmisprotsessi taastoomist, mina pakun vélja liidese, mis voimaldab
operaatoril vastastikku toimima robotsilisteemidega, nagu manipulaatorid ja mobiilsed
robotid, rakendades liitreaalsust. Loodi kaks liidest: iiks manipulaatorite ja liks mobiilsetele
robotite jaoks. Mdlemad on vilja tootatud jooksma Microsoft Hololens 2 liitreaalsusprillide
ja robotitega, mis kdivitavad ROS-i. Manipulaatorite liides vdimaldab kasutajal robotit

juhtida, saates lopp-efektori sihtmirke ja kuvades manipulaatori liigeste sihtmérgiolekutest



eelvadet. Mobiilsete robotite liides vOimaldab kasutajal saata navigeerimissihtmirke ja
vaadata roboti liikkumistrajektoori. Liidesed td6tati vélja Unity mdngumootori peal. Ilmunud
liideseid testiti URSe manipulaatori ja Robotont mobiilse robotiga.

Votmesonad: inimene ja roboti suhtlus, liitreaalsus, Microsoft Hololens 2, ROS,
Unity 3D mangumootori

CERCS: T120 - Siisteemitehnoloogia, arvutitehnoloogia, T125 - Automatiseerimine,

robootika, juhtimistehnika
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1. Abbreviations

AR - Augmented Reality

HMD - Head Mounted Display
IMU - Inertial Measurement Unit
ROS - Robot Operating System
HUD - Heads-Up Display

UAV - Unmanned Aerial Vehicle
HRI - Human-Robot Interaction
MR - Mobile Robot

XR - eXtended Reality

URDF - Universal Robot Description Format
MRTK - Mixed Reality ToolKit
UWP - Universal Windows Platform
QR code - Quick Response code

TCP - Transmission Control Protocol



2. Introduction

Currently industrialization going through a new phase, which is named Industry 5.0.
Previous phase, Industry 4.0, aimed at further automation of manufacturing through
cyber-physical systems, the Internet of Things, cloud computing and excluding people from
physical presence during the manufacturing process [1]. Industry 5.0 strives to shift focus
back to people and build manufacturing processes around human beings. This means that one
of the goals of Industry 5.0 is the development of human-machine interaction tools [2].

Another technological trend is Augmented Reality, which enhances the perception of
the physical world by introducing digital, usually visual, information, which is
perception-synchronized with physical objects and places around the user [3], [4].

In the context of these 2 trends, I propose an Augmented Reality interface, which
would allow the operator to interact with robotics systems and perceive relative information

about the robot.


https://www.zotero.org/google-docs/?lQFtFQ
https://www.zotero.org/google-docs/?K304NH
https://www.zotero.org/google-docs/?2sbHBL

3. Literature review

This chapter will cover the topics of augmented reality and devices, which can be used
to see it; how AR can be applied in the field of robotics and development tools, which can be

used to develop AR interfaces for robotics.

3.1 Augmented reality (AR)

According to IEEE, augmented reality is the perception of digital, usually visual,
information, which is perception-synchronized with physical objects and places around the

user [3].

3.1.1 Types of AR

There are multiple ways to experience AR: by using head-mounted displays (HMDs),

handheld devices or projections on the physical objects.

HMDs [5]-[7] (Fig. 1) in most cases use transparent displays to overlay additional
information onto real objects and use integrated cameras, laserscans, and Inertial
Measurement Unit (IMU) to keep track of the physical environment [5], [6]. There are also
examples of VR devices, which can operate in AR mode [8] (Fig. 2).

Figure 1: Example of a user interacting with the virtual environment in the real
world.[9]


https://www.zotero.org/google-docs/?2oim6d
https://www.zotero.org/google-docs/?6fxsVR
https://www.zotero.org/google-docs/?pMFhY3
https://www.zotero.org/google-docs/?Qes5xZ
https://www.zotero.org/google-docs/?tIESS2

Figure 2: AR functionality of HTC Vive Pro VR headset. [8]

Being head-mounted, these types of devices allow users to always see digital

information in front of their eyes with a field of view up to 50° [6] and potentially interact
with the presented information. On the other hand, these solutions can be bulky and bigger in
size, compared to ordinary glasses. If HMD is not equipped with an onboard computer, these
devices will require a reliable connection to the computer, which limits the user's mobility.
Handheld devices, such as modern smartphones have enough performance to be used
for AR - one of the more famous examples is the Pokemon Go (Fig. 3) game which

introduced the concept of AR to the general audiences back in 2016 [10], [11].


https://www.zotero.org/google-docs/?teduvW
https://www.zotero.org/google-docs/?NNj4Ci
https://www.zotero.org/google-docs/?yVYs9Q
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Figure 3: Pokemon GO using the AR capability of the phone.[12]

AR apps on smartphones use the same type of sensors as in HMDs: cameras, lasers,
and IMU. This type of AR is the most accessible to ordinary people, thus leading to the
development of apps, which provide daily life use cases, such as AR rulers [13] or tools to
preview furniture in physical rooms [14], [15].

Projection-based AR, as the name suggests, uses projectors to overlay necessary
information onto real objects. It can be used in manufacturing to help workers [16] (Fig. 4) or

warn the people about potential dangers or intentions of other actors [17], [18].


https://www.zotero.org/google-docs/?fkUiHx
https://www.zotero.org/google-docs/?OtpIeO
https://www.zotero.org/google-docs/?eYCJOO
https://www.zotero.org/google-docs/?ZJIqfZ
https://www.zotero.org/google-docs/?GObV3B

Figure 4: Usage of projections in manufacturing. [16]


https://www.zotero.org/google-docs/?6SZURG

3.1.2 AR devices

Quite possibly the most well-known AR device is the Google Glass (Fig. 5 a). It comes
with a touchscreen, camera and a miniature display to overlay data [19]. The small form
factor results in only 2 ways to operate these glasses: voice commands and a touchscreen on
the side. The display itself doesn’t overlay data according to the real environment and acts
like a Heads-Up Display (HUD) which just overlays the information on the screen [20].
There are multiple similar portable AR glasses, with the same type of control and role of
glasses as HUD. Examples can be Evesight Raptor (Fig. 5 b) for cyclists [7], Epson Moverio
BT-300 (Fig. 5 c)for drone control [21]

(a) (b)

(©)

Figure 5 a: Google Glass Enterprise Edition 2 [22], b: Eversight Raptor [7], c: Epson
Moverio BT-300 [21].

Microsoft Hololens 2 (Fig. 6) is one of the more advanced AR devices, which uses a

combination of cameras and IMU to track its position in 3D space and map the environment.
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It can track hand movement and gestures, such as pinching, clicking, and changing the size of

an object. On-board computer allow these glasses to remain portable. [5]

Figure 6: Hololens 2

3.2 Application in robotics

AR 1is used to project digital data into a real environment. Robotics is a field, where an
operator is required to work on a lot of different information, such as maps, laserscans, and
robots state. Representing this information in a more localized way would allow decreasing
operators' mental work, as they would not need to connect the virtual and real environments
with each other.

In [23] AR is used in combination with an industrial manipulator, to test how AR can
affect the workload of programmers, who teach the robot all necessary movements. In
particular, Sphero 2.0 robot ball was used in combination with handheld AR in a form of a
tablet to visualize and control Sphero’s movement (Fig. 7). While the results show that the

completion time of programmers' tasks is increased, the mental demand is decreased.

11
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I
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Tablet with AR interface

Sphero 2.0
robot ball

Figure 7: Setup, used test, how AR affects workload [23]

In [24] a combination of AR and Unmanned Aerial Vehicle (UAV) is used to enhance
3D scanning of environments. The paper proposes to use this solution in environments, where
some prior knowledge exists. User can preview in AR the 3D environment, which the UAV is
mapping. Based on the seen map user can help UAV by teleoperating it into areas not yet

mapped, by tilting the head towards different directions (Fig 8).
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Figure 8: Overview of AR interface, used for mapping the environments [24]

For teleoperation, [25] proposes the use of AR to increase operators' spatial awareness
by visualizing information, such as the robot state and the surrounding, visible by the camera,

mounted on the robot in relation to corresponding components, thus reducing mental demand
of the operator (Fig. 9).
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Figure 9: Proposed by [25] architecture for teleoperation using AR. (a) with real-life use

case; (b) robot visualization

One of the interesting solutions in the field is proposed by [26] in a form of an AR
system to help operators perform maintenance on the robot in case of any physical failures.
The proposed solution uses AR to display instructions on how to perform specific

maintenance on the robot (Fig. 10).
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Figure 10: Proposed by [26] Product Service System with the use of AR

One of the main points of AR is ensuring the safety of Human-Robot Interaction (HRI)
by having the operator work or interact with a virtual counterpart, rather than a real robot.
One of the solutions, currently being developed uses Unity engine and ROS to visualize robot

manipulator state and movement (Fig. 11) [27].

Figure 11: Demonstration of robot manipulator, used by Unity Technologies for ROS-Unity

integration showcase [28] and also as demo manipulator in [27]

Projection-based AR can also be used for such purposes, as [17] uses projections, to

display and warn operator about manipulator intentions (Fig. 12).
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Figure 12: Using projections to show the area where the robot is going to do its work. [17]

There are also papers, such as [29] in the case of UAV (Fig. 13b), where AR is used to
project the robot’s future trajectory, thus letting operators know, in which areas they should
be careful. In [18], [30] AR is used in combination with Mobile Robots (MR). In [30] AR
shows robot movement in the virtual environment, thus relying on the remote control (Fig.
13a). AR in [18] is using projections on the floor to display robots' movement intentions and

thus giving surrounding people the warning to be careful when moving in that direction (Fig.
13¢).
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(b) ()

Figure 13: Usage of AR for robot trajectory visualization. (a) AR is used to show the

position and trajectory of the mobile robot [30]; (b) AR is used to display the trajectory and
navigation goals of the drone [29]; (c) projecting robots movement orientation on the floor

[18]
3.3 Tools for integrating AR and robotics

3.3.1 ROS

Robot Operating System (ROS) is an open-source data distribution software framework
and a set of tools, which allows to make robotic applications and port them on any robot,
which uses ROS in its backend [31].

ROS Navigation and Movelt are two separate collections of software libraries and tools
that assist in developing autonomous behavior for mobile robots and manipulators,
respectively. ROS Navigation framework uses odometry and sensors, such as depth cameras,
lidars and laserscans to localize the robot. ROS Navigation can receive navigation goals and,

based on robot's localized position, generate velocity commands to reach it [32]. Moveit is a
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manipulator motion planning framework, which includes motion planners, kinematic solvers,

and other tools to deploy manipulators [33].

3.3.2 Unity

Unity is a game engine, being developed by Unity Technologies. Its monetization
model allows anyone to use it for free if their company has less than 100,000 $ of yearly
revenue [34]. Unity supports all major platforms, including PC in a form of Windows, Linux
and Mac, mobile in a form of iOS and Android, game consoles and XR in a form of both VR
and AR [35]. A combination of both of these aspects make Unity a popular choice for
developers [36].

While Unity has support for the Universal Windows Platform (UWP) app format,
developed by Microsoft to run apps on Windows 10 and 11 machines, including Hololens 2,
it does not support AR development by default. For that purpose, Microsoft developed Mixed
Reality Toolkit (MRTK), which allows Unity developers to write apps that will work with
Microsoft’s lineup of VR and AR devices, including the Hololens 2. MRTK provides all the
necessary scripts and events to allow developers to process all input types, supported by

Hololens, and write and deploy apps [37].

3.3.3 ROS-Unity communication

By default Unity and ROS cannot exchange data. There are 3 major solutions

developed to overcome this issue: ROS#, MirrorLabs, and Unity-Robotics-Hub.

ROS# (ros-sharp)

The ros-sharp, developed by Siemens [38] uses the ros_bridge package from ROS and
websocket in Unity to establish communication and allow ROS and Unity to exchange ROS
messages. It has a set of default ROS message types built-in, but developers can import new
and custom message types. It also allows importing ROS robot models described in the
Universal Robot Description Format (URDF). The downside is that it does not with UWP
apps, which is a requirement for developing for Hololens 2. Even though a git fork with UWP
support has been created from the ros-sharp source code, the latest update outside the
readme-file is from June 9th, 2021 [39] and does not work out-of-box with the current
long-term Unity 2019 version, 2019.4.39f1. The original ros-sharp repository continues to be
regularly updated [38].
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MirrorLabs

MirrorLabs is an EIT Manufacturing activity that developed software and educational
content for combining AR/VR with existing robotic infrastructure [40]. During the
MirrorLabs project, the framework for ROS-Unity app development was created [41], [42]. It
consists of a modified version of ros-sharp and a version of MRTK, which works on Unity
2019.4.18f1, used in this framework. This removes the necessity to install MRTK and
ros-sharp manually. Same as in ros-sharp, it can import ROS robot models into Unity scene
from a URDF description file. The downside is that there is no support for importing new

ROS message types, which limits the communication to built-in message types.

Unity-Robotics-Hub

In recent years Unity Technologies have grown interested in ROS and, as a result,
developed their own solution for ROS-Unity communication [28]. It supports UWP apps as
well as importing URDF and custom message types [43]. Furthermore, there is support for
ROS2 and the source code repository is being actively updated [44]. The current goal of
Unity Technologies is to allow the Unity engine to work as a physical simulation, similar to
the Gazebo simulator [45], which ROS uses by default. Implementation of all sensors and
actuators is still a work in progress, meaning it is still cannot be fully used as a robotic
simulator [44].

Table 1 shows the summary of the most important points about each solution. Whether
it supports Hololens so that a user interface created with this solution will work on AR
headsets. If any ROS message type can be imported, allowing the developer to use data from
sensors, such as laserscan or topics, such as map, message types for which are not installed in
any of them by default. The last one is whether or not the solution comes with a

pre-configured setup of Unity, where both MRTK and the solution itself are installed.

Solution name Support for Hololens Import any ROS Preconfigured Unity
message to Unity setup

ROS# v

MirrorLabs v v

Unity-Robotics-Hub v v

Table 1: Checklist with the functionality of each ROS-Unity communication solution.

19


https://www.zotero.org/google-docs/?ymncmR
https://www.zotero.org/google-docs/?Z2ZDbE
https://www.zotero.org/google-docs/?dMRwDo
https://www.zotero.org/google-docs/?zO75VA
https://www.zotero.org/google-docs/?JqbqY3
https://www.zotero.org/google-docs/?5Dc3Wk
https://www.zotero.org/google-docs/?hqscP7

4. Technical requirements

The goal of the thesis is to construct an AR interface, which would allow the user to

interact with robotic systems, such as manipulators or mobile robots (MR).

4.1. Functional requirements

1. A user can designate the goal location for a mobile robot relative to the physical
location of the MR. The goal marker is visualized on the display of the AR headset.

2. The motion plan generated by the ROS move base controller is visualized relative to
the physical robot on the display of the AR headset.

3. A user can use their hand to designate the target state for a manipulator robot relative
to the physical manipulator robot.

4. The motion plan generated by ROS Movelt is visualized relative to the physical
manipulator on the display of the AR headset.

5. The interface can also be used on simulated robots.

4.2. Non-functional requirements

6. Microsoft Hololens 2
7. ROS Noetic

8. Unity 2020 LTS

9.

The system should be universal so that it can be deployed on robots from different

manufacturers.
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5. Design

During the thesis, 2 solutions were developed. The first one is for manipulators as part
of the MirrorLabs project. It consists of 2 repositories: the first one contains the Unity project
[46] and the second one contains the ROS package, required for the interface to work [47].
The second one is for control and interaction with mobile robots. It consists of the repository

with the Unity project [48].

5.1 AR interface for commanding robot manipulators

The idea is to replicate the user experience of operating a manipulator through the
Movelt GUI. It means that, in AR, the user sees 2 manipulators of different colours. The first
one is of the same colour, as a real manipulator and is responsible for visualizing a real robot
joint state. If a real or simulated robot will move, this one will move as well. The second
robot is of different colour, which is by default orange and also has a green virtual ball in the
place of the robot's end-effector (eef). The user can grab the ball and move and rotate it in
space, thus setting the eef position, to which the robot will need to go in the future. During
the process of setting eef position, the orange manipulator will change its joint state to
accommodate the desired eef pose, thus allowing the user to preview a future robot state.
After the user is satisfied with the pose, the virtual ball can be released from the hand and the
real robot will start moving to achieve the same joint state as the orange one, also meaning

the same eef position. System design can be seen in Fig. 14.
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Figure 14. Design of the AR interface for manipulator control.

The interface was originally created as a test of what can be done, using the framework,
developed in MirrorLabs. Manipulator, used for this application is URS from Universal
Robots.

The unity-based user interface consists of 4 main components:

1) operator, who is interacting with the scene,

2) manipulator model visualizing the position of the real robot,

3) second manipulator model with intractable eef, which previews the goal state of the
manipulator,

4) and websocket, which manages communication between ROS and Unity.

The system is designed so that the operator is able to move the whole scene around
and interact with an object, representing eef position in cartesian space. These eef positions
are sent to the ROS side through websocket. ROS side computes the inverse kinematics and
sends corresponding joint states to Unity to update the preview manipulator. A pose is
deemed acceptable after the operator releases the eef virtual marker. Then ROS side uses
Movelt MoveGroup C++ Interface to generate a motion plan between the current and
preview states as well as executes the movements of the real robot (Fig. 14).

ROS side consists of 2 parts: Movelt and ROS command node. Command node

receives the eef position from Unity/Hololens and computes Inverse Kinematics (IK) of
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preview manipulator and sends it back on the corresponding topic. After information about
stopping interaction with the ball is received, the node requests Movelt to compute the
trajectory for the real manipulator to move to a new state and after that requests to execute it
(Fig. 15). Movelt is responsible for publishing the real robot joint state on the corresponding
topic, communicating with the real robot and executing requests from the ROS command

node.

eef position new_position(new_message) #called every time new position is sent by Unity

{

return new_message.position

while (roscore running)
{
joint_state = moveit_compute [K(eef position)
publish(joint_state)
if (new_message.user_satisfied == 1)
{
plan = make plan to(joint_state)
execute(plan)

}

}

Figure 15: Working principle of ROS manipulator command node

5.2 AR interface for commanding mobile robots

Goal of the interface is to provide the user with the ability to send navigation goals,
which are relative to the real robot’s position and display additional information, such as

robot’s movement trajectory. Fig. 16 depicts the idea of how the interface is intended to be

used.
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Trajectory
visualization in AR

Real Robot

Figure 16: Graphics depicting the user experience of AR interface for commanding MR.
The operator can grab the corresponding object to set a goal for the real robot and see the
real robot's planned trajectory visualized in AR.

For this interface, Unity-Robotics-Hub was chosen for communication between ROS
and Unity. The reason is that the MirrorLabs framework concentrates on the manipulators and
does not support the importing of new messages, such as trajectory messages or map. On the
other hand, Unity’s solution works also with custom ROS messages and supports UWP out of
the box, which makes it the only working option at the moment (Table 1).

The ROS part of the application consists of the ROS Navigation, TCP endpoint, which
is part of the Unity-Robotics-Hub and is used to connect ROS to Unity, and static transform
publisher between the robot’s map and real-life QR code.

QR code is needed to correctly place all visualized information in space. Because of the
Navigation toolkit in ROS, the robot knows its state in the mapped environment. The idea is
to place the QR code in the predefined location in real life and specify the corresponding pose
in the ROS coordinate frame transformation tree, which describes the poses of all objects
relative to each other.

Hololens can read the QR code in a real environment and by using the transformation
tree, place all virtual objects in the correct positions.

The Unity side includes an operator, interacting with the scene, QR code reader, which
parses the location of QR code and the stored name of ROS transformation frame, robot,

displayed according to odom topic of ROS and having on the option to be turned oft, local

24



and global trajectories, which are displayed during robots autonomous movement, map and
navigation goal, which operator sends to robots navigation.

Fig. 17 depicts the working principle of the AR interface for MR, including both ROS
and Unity sides of things. Communication is done by TCP connectors, both sides of which

are created by Unity Technologies [43].

M~ e =T s === ====== |

 ROS environment

! . i : g-. ‘ OO :
P | e |
I I e i A i T
: 4 1 AR i
: - | : :
| | | |
I I : :
; ] :
! l ' Unity :
I I I I
: o0 Navigation : | / |
I l : QR code Goal object, | | !
: [ : : object trajectories | | !
| Nav goal . |

' Tf o | | ] '
i publisher R(_Jbot position, | | Nav goal :
| trajectory, tf tree : | trajectory, i
! : | map(opt) |
I I : | L] :
: QR code tf | TCP endpoint [* : : > TCP-connector :
I I i I
I I

Figure 17: AR interface schematic of both ROS and Unity sides.

By relying on the ROS Navigation for motion planning, the robot which is used and
visualized can be easily changed, by importing a new URDF model in Unity.
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6. Results

6.1 Manipulator application

To run the interface on Hololens, the user must build it into the UWP app and deploy it
onto Hololens. Before building the Unity project, the user will define the IP of the ROS
machine, which controls the manipulator. After deploying it, and making sure that both the
Hololens and the ROS computer are in the same network, the operator can launch the Movelt
interface on the computer and start the deployed application on Hololens. During the
interaction, orange URS will preview the future robot manipulator position, the same way it is
done in Movelt. Upon releasing the eef, the robot will start moving to the position, that the

user made (Fig. 19).

(a) (b)

Figure 19: Interaction of operator with virtual URS (a) while defining the goal with arm
preview and (b) during robot movement to newly defined location

6.2 Mobile robot application

To run the interface on Hololens, the user must build it into the UWP app and deploy it
onto Hololens. Before building the project, the operator can change which robot model is
going to be used. It is done by importing a new URDF model and assigning it to the script,
responsible for odom data. If the interface is planned to be used with a real robot, model
visualization can be turned off. The operator can also decide, if map visualization is

necessary or not, depending on whether network bandwidth is fast enough.
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Upon starting the deployed application and setting up the robot or simulation, the
operator can launch the application from Hololens. After launching the application and
finding the QR code, it will be possible to send a navigation goal. After sending such a goal,
the robot will start moving toward it and Hololens will display the robot's global trajectory in

yellow dots and local trajectory in green (Fig. 20).

(a) (b)

Figure 20: Unity application to control MR (a) before sending the command with goal
object and QR code visible and (b) during movement with global trajectory (yellow) and
local trajectory (green) visualized
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7. Summary

Outcome of the thesis is 2 Unity AR applications for HRI. The first application is
constructed to send the end-effector goal to the manipulator and preview its position.

The second application is designed to control any mobile robot, which uses ROS
Navigation. The AR interface of this application can be used in co-location with the real

robot in the same environment and in stand-alone for remote control of the robot.
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10. Appendices

Supplementary archive with unity project

Description

The accompanying archive contains Unity Project with AR interface for manipulators.

Filename

MirrorLabs HL2-main.zip
Supplementary archive with catkin package

Description

The accompanying archive contains a catkin package, meant to be used on ROS

machine in combination with AR interface for manipulators

Filename

hl ur5_ik-main.zip
Supplementary archive with unity project

Description

The accompanying archive contains Unity Project with AR interface for MRs.

Filename

unity ros navigation demo-igor-devel.zip
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