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Abstract. Autonomous robots are capable of greatly assisting human-led 

processes and operations. These robots help by performing tasks, such as 

mapping, exploration, assembly assistance, and transporting goods, in 

complex environments in order to benefit the safety and effectiveness of the 

people involved [1]. While these robots have the ability to improve the 
conditions for people in many different applications, working and 

interacting with these robots is often complex and not easily adoptable. 

Therefore, accurate remote monitoring and user-friendly interaction of 

autonomous robots is achieved through the creation of a digital twin and user 

interface using Unity3D [2] and the robot operating system (ROS) [3].  

1 Introduction 

Autonomous robots are seeing increasing usage in environments where mapping and 

inspection can benefit and improve the work of human workers/operators. Environments 

such as warehouses [4], factories [5], and even subterranean caves [1] are making use of co-

bots and inspection robots to aid productivity and safety. The tools used by robotics engineers 

to interact with and work with these robots are seldom user friendly, and the users working 

with the robots often do not possess the programming and engineering skills required. Thus, 

there is room for more user-friendly robot monitoring and operation solutions. 

Robots in these scenarios are equipped with a large array of sensors, such as LiDAR’s 

and cameras, commonly used for simultaneous localisation and mapping (SLAM) as well as 

for autonomous navigation. Therefore, a large amount of data is available to be visualised. 

This can easily get overwhelming and be the opposite of informational. As such, an insightful 

display to provide context and use the data effectively can be developed from all the available 

data. Due to the plethora of available sensor data, such a solution can come in the shape of a 

digital twin, where a digital robot model is connected to the real-life robot and the sensor data 

used to provide real-time monitoring and context for the real robot. But, one needs to 

distinguish between just visualising the data, and thus creating a digital shadow, and creating 

a real-time, bi-directional connection between the robot and the software solution [6]. 

Software such as Unity3D [2] has been shown to improve user adoption of robot control 

and make the experience easier for users not familiar with robotics engineering tools and 
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robotic control [7]. Bi-directional communication is achieved by implementing a feature such 

as in [7] where the robot can both send mapping data to the virtual reality system, and the 

user can teleoperate the robot using the same connection.  

Technology such as virtual reality (VR) also helps to bridge the gap between the tools 

needed to use these robotic technologies and the users, facilitating the creation of a human-

machine interface (HMI) [8] [9]. Through making the experience seem more natural and 

immersive, the learning curve and ease of use of developed technologies can be greatly 

improved. Through the transmission of SLAM data (as opposed to camera feeds), a 

telepresence can instead be created and an immersive VR experience created for robot 

monitoring and control. While focusing mostly on head-mounted VR, [10] explains some of 

the benefits of telepresence technology. Simplifying the adoption of these teleoperation and 

monitoring technologies stands to benefit users of mobile robotics during rescue operations. 

The telepresence technologies also improve accuracy of desired movements when controlling 

the robots in these contexts. 

This paper details how a TCP/IP connection is made between an autonomous robot and a 

software solution developed using Unity3D, providing real-time data to a digital model of 

the robot and a bi-directional communication interface. SLAM algorithms were used and the 

outputs transmitted to the digital twin so that a 2D or 3D map can be visualised by the user. 

The user is also able to use a gamepad remote controller to teleoperate the robot (while not 

in autonomous mode), demonstrating bi-directional communication. Using software such as 

Unity3D [2], an intelligible user interface and standalone application can be created for the 

digital twin as well. 

2 Methodology and results  

The digital twin was created using Unity3D as the underlying engine for graphical display 

and physics simulation. The ROS TCP Unity package from Unity Robotics [11] was used to 

bridge the communication between the Unity3D application (digital twin), and the robot 

operating system (ROS) software running aboard the robot [3]. The ROS TCP Unity package 

allowed TCP/IP communication from the computer running the digital twin application. This 

communication occurs through the network running on the robot, to the robot computers 

themselves. Thus, the sensor data can be directly retrieved over Wi-Fi for real time operation 

of the twin, as seen in Fig. 1. The robot then publishes its sensor data retrieved from its 

onboard sensors onto ROS topics on the wired network from which the twin then subscribes 

to and reads wirelessly over the network and outputs to the user interface.  

 
Fig. 1. The structure of the communication for the digital twin to the robot. 

The ROS TCP Unity package runs its own ROS node to facilitate communication between 

the digital twin Unity3D side and the ROS robot side. If connection is lost to the server from 

the twin, the twin will indicate an error and resume work once the connection is restored. 

However, if the server node on the robot crashes, it will need to be manually restarted. This 
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manual intervention can be achieved through SSH connection to the robot’s terminal, still 

achievable on the network by an off-board computer, limiting exposure to the actual robot 

even for connection error resolution. 

2.1 Mapping visualisation and teleoperation 

The robot computer used for testing of this work has on-board SLAM algorithms that produce 

2D and 3D maps of the surroundings of the robot. The 2D map is an occupancy grid 

represented numerically with the LiDAR as the sensory input. The numeric data describing 

this map is received on the appropriate ROS topic by the twin and a greyscale flat occupancy 

grid is displayed around the twin by using the message data to dynamically texture a Unity3D 

game object. 

 

 
Fig. 2. Screen capture of the visualisation of a 2-Dimensional map through the digital twin. 

 

Fig. 2 shows the results of plotting the occupancy grid results of the 2D SLAM algorithm 

running on the robot computers. The dark grey areas are navigable by the robot, and the light 

grey is unscanned territory. The white areas depict “walls” or boundaries detected by the 

LiDAR. The robot can then be navigated either autonomously or through teleoperation in this 

visualised map, moving the real robot in the same area. Fig. 3 shows a real-life comparison 

to the 2D map as well. 
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Fig. 3. Floor plan of the testing area, showing in the centre, the area that was mapped in 2D. 

 

 

 
Fig. 4. Diagram showing a snippet of the map data text and how the map data is translated to a 

visualisation in Unity3D. 

 

Fig. 4 shows how the map data for the occupancy grid is received in Unity3D and then 

translated to a visualisation by the dynamic texturing of a game object. The message data is 

a numeric array indicating occupancy of the area scanned, and thus using this numeric array, 

a colour code is formed. 

The 3D map is a point cloud reconstruction of the surrounding environment represented 

numerically with RGB-D cameras as the sensory input. Similar to the 2D map, the data for 

the 3D map is received on the appropriate ROS topic by the twin and a correctly coloured 

cloud of points is displayed around the digital twin. This is done by using the numeric data 

for the coordinates of each point and the colour data and dynamically texturing a Unity3D 

game object. 
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Fig. 5. Zoomed-out bird’s eye view of the 3D point cloud mapping. 

Fig. 5 show the results of visualising 3D point cloud mapping data from the SLAM 

algorithm running on the robot computers. The mapping was done in a hallway, hence the 

map resembling corridors (as can be compared with Fig. 6). The mapping data was more 

comprehensible when viewed using tools on the robot, indicating that the Unity3D 

visualisation of the 3D point cloud data was limited in quality. Visibly it seemed that the 

cloud of points was not being drawn densely enough, since as one zooms out the map 

becomes more comprehensible. 

 
Fig. 6. A comparison of the real-life room that was mapped in Figure 4. 
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Fig. 7. Another comparison of the same hallway as before. 

The two-way monitoring and influencing nature of digital twins is achieved in this case 

not only through reading data from robot sensors, but also through communication of 

teleoperation commands from the twin to the physical robot itself [6]. Therefore, using a 

gamepad controller and the robot’s network, simultaneous teleoperation of both the digital 

twin and the real twin is achieved in real time. Using the established TCP/IP connection to 

the real robot, the twin instead of subscribing to ROS topics, now publishes to the 

teleoperation topic of the robot's API. The data published to this topic is velocity commands 

calculated from scaling the user-selected speed mode (and thus maximum speed) with the 

gamepad analogue stick actuation amount. The user can select the speed mode using button 

presses between a fast and slow mode for the robot, where the speed modes limit the 

maximum speed commanded to the robot. 

The digital robot model mimics the movement of the real robot. This mimicry is achieved 

by reading a coordinate transform from the ROS transform created by the SLAM algorithms 

between the map and the robot’s pose and updating the digital twin’s position in the displayed 

map. The digital twin’s position relative to the map is given the same coordinate 

transformation translated into Unity3D’s coordinate system. 
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Fig. 8. Screen capture of outdoor test results showing a debug interface. 

Fig. 8 shows a version of the user interface of the digital twin wherein debug data is 

shown to the user. Data such as camera feeds, as well as map data from the ROS topic (text 

data before visualisation) is shown to demonstrate functionality and help debug robot and 

system operation. 

2.2 User interface 

The user interface allows the functionality of the digital twin to be easily accessible and 

understandable. The elements of the user interface focus on ease of use and simplicity, with 

displays aiming to be understandable and clear. The application consists of a dashboard 

startup screen, as well as a 3rd person view of the robot for operation, be it observation or 

teleoperation. During operation, the user can make use of a “pause” menu to adjust 

visualisation and manipulation settings such as what map is being displayed, and whether the 

robot is in autonomous or teleoperation mode. 

 

 

Fig. 9. Screen capture of the main menu screen of the digital twin application. 
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Fig 9 shows the opening screen, which is a dashboard view of the robot and some sensor 

data. The screen features a user-friendly user interface wherein the user can transition to a 

screen for more information and instructions on the use of the app (“Help”), a button to exit 

the whole application (“Quit to Desktop”), and finally a button to transition to the main scene 

wherein the maps can be visualised (“Start”). The user can use the gamepad to select an 

option. The screen also features a static model of the robot. 

 

Fig. 10. Screen capture of the main operation screen, with labels indicating each UI element. 

Fig. 10 shows the screen transitioned to once “Start” is selected. The screen features the 

same digital robot model, but now no longer static. The top left corner shows the status of 

the TCP/IP ROS connection between the digital twin and the robot’s computers. The sensor 

data initially displayed before a mapping mode is selected, is the battery level, the speed of 

the robot, as well as the status of the emergency stop circuit. The speed display works in the 

same way as a speedometer, wherein the needle moves once a non-zero speed is received. 

The emergency stop indicator changes colour to a red when the circuit is engaged. 

 

Fig. 11. Screen capture of the “pause” menu showing options to customise the visualisations and 

operation modes. 
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Fig. 11 demonstrates the customisation capabilities of the digital twin application. As 

long as both 2D and 3D SLAM algorithms are running on the robot computers, the mapping 

mode can be freely switched between the two visualisations. The menu also offers 

customisation options for robot control, wherein autonomous observation mode, keyboard 

teleoperation, or gamepad teleoperation can be selected. During autonomous observation 

mode, unlike the teleoperation modes, the digital twin is moved (located in the visualised 

map) by the autonomous navigation algorithms running on the robot computers. 

3 Conclusion 

Through the use of a digital twin and user interface created in Unity3D, remote monitoring 

and optional control of an autonomous inspection robot was achieved. Data about the robot 

itself as well as its surroundings was displayed, giving a more natural and effective view 

when compared to camera feeds alone [7]. Despite this, options to view the camera feeds are 

still provided for a complete monitoring experience including debugging functionality. The 

digital twin system provides a more user-friendly experience of robotics interaction aimed at 

assisting the effectiveness of the adoption of autonomous robotics, in the interests of 

promoting safety. 

A limitation identified was the quality of the 3D map and thus the impact on user 

experience and smoothness. The data being transmitted is displayed comprehensibly on the 

robot computers; therefore, future work involves improving the visualisation algorithm on 

the Unity3D side such that a more comprehensible map is visualised on the digital twin side. 

This will also improve navigation via teleoperation, since the user can better comprehend 

their surroundings. Further future work includes extending the functionality of the digital 

twin interface to integrate the sending of terminal commands to the on-board robot 

computers, potentially through facilitating a secure shell (SSH) connection. Future work also 

includes thorough latency testing to investigate to what degree the system can provide real-

time feedback, and how it can be improved. 
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