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During the last decades, there has been wide interest towards creating more agile and reconfigurable au- 

tomation systems. This includes the research interest towards human–robot collaboration (HRC) solutions, 

where semi or fully automated process could be combined with human dexterity and flexibility without 

complexity and inflexibility. However, the communication between the human and the robot is not intu- 

itive, fast or flexible yet. The emerging technologies such as Augmented Reality (AR), Virtual Reality (VR) 

and Mixed Reality (XR) are seen as good solution candidates for increasing the communication between 

human and the machine during the design, commission and operation phases. The design of the HRC sys- 

tem includes layout design evaluation, task scenario analysis, robot programming, cycle time calculations, 

and safety analysis. Virtual Reality and Augmented Reality technologies provide immersive experiences 

to visualize and analyze these procedures. This paper aims to review the current status of virtual and 

augmented reality solutions in HRC with meta-analysis and highlight missing elements. Finally, future 

research directions and requirements are presented. 
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. Introduction 

Traditionally manufacturing tasks have been performed by 

anual labor. Operators’ responsibilities increased simultaneously 

y high production rate demand; hence, multiple stations struc- 

ured to accelerate the process of component assembly. This leads 

o social cost and productivity loss, which are the outcome of 

hysical stress and ergonomic tensions ( Krüger et al., 2009 ). Indus- 

rial robots cater to manufacturing lines with faster and more pre- 

ise stations as well as aid mass production. Employing industrial 

obots raises the quality of the product and reduces the manufac- 

uring costs; however, they require big space with safety barriers 

o avoid accidents. Today the lot sizes have been reduced in West- 

rn countries. The manufacture and assembly of complex products 

ith small lot sizes would mean extra costs and decrease the flex- 

bility of the system if traditional automation solutions were used. 

s a result, the industrial need is to increase the use of robotics 

o ensure the production capacity and product quality, but at the 

ame time the system should be capable to produce small produc- 

ion volumes and handle product or product volume mixes. The 

ew norm of production requires both robots strength and ac- 

uracy and human flexibility, adaptability and dexterity. Human–
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obot interaction (HRI) and human–robot collaboration (HRC) have 

een emerged by researchers to address the issues ( Tsarouchi et al., 

016 ; Bauer et al., 2008 ). Utilizing human skills such as dexterity 

nd flexibility besides robot’s characteristics could enhance the to- 

al productivity and decrease the ergonomic stress. 

Emergence of new Information and Communication Technolo- 

ies (ICT), such as Virtual Reality (VR) and Augmented Reality (AR) 

nd Mixed Reality (XR), show promising opportunities for schol- 

rs and industries to explore new types of HRI and HRC. It worths 

o mention, there are multiple definition in this area, and XR for 

ixed Reality is used in this article. Virtual Reality provides an im- 

ersive environment where the objects are modeled by computer 

raphics. It creates a virtual environment for users to experience, 

bserve, and interact with virtual objects to perceive the real en- 

ironment. In contrast, Augmented Reality overlays a virtual envi- 

onment over the real world. AR features such as spatial mapping, 

udio, and visual feedback, enable us to simulate various realistic 

pplications ( Berg and Vance, 2017 ). In robotics, investigating con- 

epts would be time-consuming and costly. Therefore, researchers 

an use VR and AR technologies to study and prototype costly con- 

epts and evaluate their validity with much lower expenses in a 

afe user environment ( Duguleana et al., 2011 ). 

This paper aims to review existing solutions based on VR and 

R technologies in HRI and HRC. Afterward, challenges on current 

esearch topics would be explained, and ultimately, the future re- 

earch topic would be discussed. 
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. VR/AR solutions in human–robot collaboration 

This section proceeds to review the existing VR and AR solu- 

ions in Human–Robot Interaction and Collaboration among schol- 

rs. The solutions are presented in four main categories. The oper- 

tor support considers the communication and guidance between 

wo resources of humans and robots. The simulation category ex- 

lores solutions upon the utilization of simulation software to en- 

ance the users’ understandability of the working ambient. The ex- 

loitation of virtual and augmented environment assists users in 

ollowing up hierarchy of tasks with virtual instructions. Finally, 

he manipulation section aims to examine the existing solutions 

n how these techniques enable the operator to operate and ma- 

ipulate the robot remotely. 

.1. Operator support 

Bolano et al. (2018) studied communication between the oper- 

tor and robot intention through visual and acoustic feedback. The 

uthors used 3D cameras for monitoring the robot, and GPU-Voxel 

ibrary to create a point cloud from 3D models to predict robot 

ollision. In this study, audio instruction was used to inform the 

ser regarding the robot’s next move. Moreover, robot trajectory 

nd swept volume visualization were created by the RViz tool to 

emonstrate the re-planning path and avoid the collision. Later on 

 Bolano et al., 2019 ), the mentioned 3D cameras, monitored parts’ 

osition and orientation in parallel to monitoring the robot itself. 

he detected parts are highlighted with color-coding around them, 

epresenting their status. Information about robots’ target and se- 

uence is projected onto the side of the table. Such information 

imed to notify users regarding robot movements and avoid med- 

ling in the workspace. As a result, user awareness has been in- 

reased by providing clear information such as the possible colli- 

ion, path re-planning, and dynamic robot workspace projection. 

Chadalavada et al. (2015) focused on freely navigating vehicles, 

hich duo to its unpredictable movement causes stress for the op- 

rator. To overcome this issue, a prototype is created consisting 

f fork-lift with an LED projector to augment the robot’s informa- 

ion and intention on the shop floor. Additionally, the forklift was 

quipped with two laser scanners to grant safety. Two scenarios 

ere designed, where the forklift follows a straight path or turns 

o the side. The experiments conclude significant rise in communi- 

ation, predictability, and transparency attributes. 

In Danielsson et al. (2017) , the authors addressed the assess- 

ent of instruction in AR for HRC assembly via demonstrator. 

vidia Shield tablet is used to capture images and virtual infor- 

ation. The AR interface is implemented by UNITY and ARToolKit. 

owever, the ARToolKit was replaced with Vuforia, and the oper- 

ting system changed to windows pc to conquer the battery life 

hortage. Employing multiple markers assist the robot in moving 

reely between markers and camera without tracking loss. The AR 

nterface includes a text box, demonstrating the instruction, high- 

ighted parts for specific tasks, and voice command instruction. Re- 

ults show that with growing complexity of tasks, the guidance 

eeds to be more precise. Finally, a modular test platform could 

e created by the demonstrator enable the user to experience a 

eal assembly process. 

Liu and Wang (2017 ) explored the potential of AR applica- 

ions in HRC manufacturing tasks. The architect of the AR-based 

orker Support System consists of an AR-based instruction sys- 

em, task sequence planning and re-planning system, worker mon- 

toring system, and industrial robot control system. Assembly in- 

ormation registrar is developed by the OpenCV library and UNITY 

ame engine. The virtual model of objects and tools are stored in 

 database. With each new frame from the camera, feature detec- 

ion, and extraction process are applied, and the processed frame 
408 
as matched with the database model. In case there are a match, 

 3D text or object would appear at a location. The user can follow 

he instruction with the help of the augmented text. 

Moniri et al. (2016 ) researched on a prototype to add an extra 

imension to existing human–robot interaction. The system con- 

ains two operators, one in a physical work cell, and the other 

onnected to VR to monitor the process of the physical workspace. 

sers head position, pose, and eye gaze are tracked by a sensor 

nstalled in front of them. These data merge with the 3D recon- 

truction of the environment and synchronized with the VR device. 

nteraction with VR can be accomplished by a user looking to the 

nvironment or control it with a 3D mouse. The operator with con- 

ectivity to the VR can use the red dot pointer to focus on a part

nd share the target with the physical operator. Another possibility 

s that the VR user selects the part by mouse and sends a message 

o the server and forwards it to the robot controller to command 

ew movement. 

In Palmarini et al. (2018 ), researchers designed an AR interface 

o assess human trust in the HRC application. Two scale rating ta- 

les are designed to weigh human trust. The voice of the users’ 

able is based on attributes such as performance, safety, digital 

nformation, and Voice of engineers is a matrix relationship be- 

ween trust-related theme and technical element of HRC. This case 

tudy is a robot arm attached to a turtle bot that performs main- 

enance operation. AR environment is created with UNITY and Vu- 

oria, which overlays the virtual animation of robot movements on 

he real arm. Movement information of real arm is captured us- 

ng the ROS program and further transferred to a tablet. This en- 

bled the ability to demonstrate virtual animation before actual ex- 

cution. Surveys conclude that the AR system implementation im- 

roves the trust of the operator in a collaborative task. 

.2. Simulation 

De Giorgio et al. (2017) outlined the main steps to utilize the 

daptive simulation method for HRC with the support of VR. To 

emonstrate the advantage of game engine tools as simulation 

oftware for industry application, an Industrial robot (ABB IRB 120) 

s modeled in UNITY. The operator can observe the simulated envi- 

onment with VR Head Mounted Display (HMD) and interact with 

 virtual robot by VR controllers. Users can program the robot 

y teaching targets using VR controller trigger buttons and walk 

round to explore robot movements. For evaluating the reachabil- 

ty of the robot corresponds to the user command, a tactile feed 

s vibration would be sent to VR controllers in case of an unreach- 

ble pose. Authors developed the kinematic calculations scripts in 

NITY, which aids simulation to avoid robot singularities. The user 

nteracts with the virtual robot via the VR controller in 3 steps: 

osing, recording, and playing. Implementation such a case could 

anage the different degrees of freedom between robot and hu- 

an arm movements. 

Gammieri et al. (2017 ), designed a system for coupling bidirec- 

ional between an industrial robot and VR in HRC. For this purpose, 

orward and inverse kinematic is modeled. The coupling between 

R and robot controller provide various data such as joint posi- 

ion and joint torques. For implementing the VR environment, two 

ystems are used; Instant Player framework by Fraunhofer and Ex- 

ernal Authoring Interface. Instant Player interface provides the in- 

egration of new devices into their framework. The interaction of 

R with real robots requires joint angles computing based on the 

nverse kinematics algorithm. The robot manipulator is simulated 

n the graphical interface of VR and enable the user for jogging 

eal robot. Furthermore, collision detection is monitored in VR and 

emonstrated by red color between different parts. This framework 

ims to create a clear and precise workflow and remove unneces- 
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ary code translations and the following tests regarding the various 

latforms. 

Matsas et al. (2012) studied human acceptability in HRC 

orkspace. Rhioceros and 3d max are used to model the envi- 

onment, and assembly and visual effects are created in the Unity 

ame engine. Navigating and tracking the user in the VR environ- 

ent is performed by the Kinect sensor and HMD. OpenNI frame- 

ork is utilized to build communication between Unity and Kinect. 

ser questionnaires show that most users felt involved in the vir- 

ual environment, concentrate on the tasks, and follow the se- 

uence. However, the user may violate the danger zone and enter 

he robot workspace developed by graphical and audio effects. 

A novel virtual environment developed by Matsas et al. (2016 ) 

ttempts to build an industrial use case in HRC used HMD to in- 

eract with virtual objects and perform the collaborative task. The 

ask is done in a shared workspace; therefore, the user perceives 

obot movements inside the workspace and hierarchy of tasks. The 

cenario consists of handling, manipulation, removal, placement, 

here the user is guided by a virtual assistant named follow-my- 

and methods. Test users claimed that the virtual environment as- 

isted them in task progress awareness, eased the control process, 

nd improved the efficiency and acceptance of presence. Mean- 

hile, some drawbacks are observed in the study, such as hand 

racking inconsistencies. 

Vogel et al. (2013 ) utilized the projector-based method in HRC 

xperience. He used four cameras to capture images of movements, 

nd a projector mounted vertically to project the safety space area 

n the workbench surface. To demonstrate the safety workspace 

round the robot, the internal representation of the robot, such 

s shape, size, and kinematic information, is considered. The joint 

ngles and velocities values are imported from the controller and 

ontinuously updated in order to generate projector images and 

ompute virtual reference images. Afterward, images are projected 

n the workbench in 2D images format. Later, Vogel et al. (2017 )

xpands the system and dynamically update safety spaces by us- 

ng speed and separation monitoring level from ISO/TS -150 6 6. 

n addition, the system utilizes virtual buttons for interaction be- 

ween humans and robots in the assembly tasks. Information such 

s robot status, safety concerns, and visualization of system faults 

nd their solution are projected on a workbench. 

.3. Instruction 

Hietanen et al. (2018) investigated the use of depth sensor on 

 projector-based concept and integrated it with the safety model 

or HRC. The robot, danger, and human zones are monitored dy- 

amically with a depth sensor and user notification and instruc- 

ion are visualized with a projector on to the table. The captured 

mages by the depth sensor differentiate the changes by pixel dif- 

erence; thus, three scenarios could be extracted: change of pix- 

ls in the danger zone, robot workspace, and human zone. Robot 

peed adjust based on safety guidelines on a different scenario. 

he research continued in Hietanen et al. (2019) , where AR HMD 

s utilized to enhance the user interaction in the system. User 

nterface consists of 1) danger zone 2) illustration of change in 

he human zone by highlighting the areas 3) buttons for a start 

nd stop 4) confirm button for changing and adding regions to 

he current model 5) enabling button in a scenario where the 

ser needs to confirm the next task or reactivate 6) a display 

ox showing instruction and robot status. Additionally, in the AR 

MD case, Microsoft Hololens presents a safety area by a fence 

hat rendered semi-transparent around the robot. Communication 

f Hololens with the robot is established with ROS. Quantitative 

esults demonstrate that both AR-based systems can operate faster 

egarding total execution time and robot idle time. 
409 
Huy et al. (2017 ) reported that solutions of augmented informa- 

ion for mobile robots using camera and projector contain limita- 

ions such as outdoor usage, meddling, and controlling a robot us- 

ng traditional inputs. In this research, a laser projector, augmented 

eality goggle, and a multimodal handheld device are used. The 

ead-mounted goggle provides secure communication between the 

obile robot and the operator. The handheld device develops mul- 

iple inputs for different commands to control robot movements. 

omputer images are created and transferred to the laser con- 

roller board and converted to RGB laser modulation and gal- 

anometer orientation. AR goggle detects the marker on the mo- 

ile robot and overlays the instruction for the operator. Addition- 

lly, the handheld device consists of hand gesture mapping, hap- 

ics button and laser pointer which would aid in completing the 

asks in semi-autonomous tasks. In the user experience scenario, 

he mobile robot MAVEN demonstrates the robot’s next movement 

ith the laser projector. Users in manual scenarios receive de- 

ailed instructions regarding choosing and controlling the task. In 

he semi-autonomous experience, the operator is guided to the 

ext movement of the robot by laser pointer, and laser projector 

rojects the robots target. 

Kousi et al. (2019 ) proposed an AR-based framework of HRI, 

here the mobile robot can assist the operator and increase sys- 

em flexibility and reconfigurability of the production system. This 

ramework aids the operator to control the robot in case of unex- 

ected errors and to reprogram the production environment, pro- 

ide information between robot and operator tasks, and demon- 

trate real-time execution status feedback. Microsoft HoloLens is 

tilized to experiment with the implementing of markless based 

isualization of the object. To address issues such as reprogram- 

ing robot and changes in production layout, two functions are 

reated, direct robot navigation instructions and robot position 

orrection-teleoperation. Four virtual buttons are implemented to 

nitiate movements such as move forward and backward and rotate 

eft and right. Afterwards, the assembly tasks are started and exe- 

uted, and the operator could request information about the active 

asks in all workstations. This information can be demonstrated on 

R UI for the user. Consequently, after tasks are assigned to the 

perator, information and instruction of assembly tasks would be 

eceived by the user. The framework permits the operator to visu- 

lize a digital model of the robot and interacts with teaching new 

ositions as well as obtaining information from the active task of 

he robot or the operator. The study argues that the markless AR 

lasses approach provides significantly higher stability and raises 

ser feeling and experience. 

.4. Manipulation 

Bambušsek et al. (2019) investigated operator robot program- 

ing with Interactive Spatial Augmented Reality (ISAR) and HMD. 

he general approach to robot programming uses kinesthetic 

eaching while the user teaches the target points, and the robot 

ontroller calculates the kinematics of trajectory. The idea is to in- 

egrate HMD with ISAR so the user can teach the target points for 

ick and place. In this scenario, HMD utilizes user-defined position, 

bject type and place position by hand gestures. All the objects in 

 system are detected by the Kinect sensor and color-coded. A vir- 

ual gripper would be rendered while the user gazes at the de- 

ected object with audio feedback for possible warnings and noti- 

cations. Additionally, the Collision of the virtual object could be 

emonstrated with the help of the spatial mapping of AR HMD. 

uch a solution can be beneficial in the workspace where the sta- 

ion frequently experiences changes. Overview of user feedbacks 

emonstrates that the touch table is not reliable due to issues with 

alse touches and double click. Programming without the actual 

obot avoids production stopping time. 
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Table 1 

Summary of existing VR/AR solution in HRC. 

Method Reference Application Tools Sensors Device Robot type 

Transparent robot behavior Bolano et al. (2018) , 

Bolano et al. (2019) 

Collaborative 

assembly 

GPU-Voxel library, 

Rviz library 

Camera, 3D 

camera 

Projector, Screen Collaborative Robot 

Robot to human intention 

communication projection on 

the shop floor 

Chadalavada et al. (2015) Mobile robot 

navigation 

GLUT framework, 

OpenGL framework 

Safety laser 

scanner, 

Projector Prototype fork-lift 

Instruction in AR for HRC by 

using a demonstrator 

Danielsson et al. (2017) Collaborative 

assembly 

Unity, ARToolKit Tablet camera Screen, Tablet Collaborative Robot 

AR-based worker support Liu and Wang (2017) Collaborative 

assembly 

OpenCV, Unity Camera Screen Collaborative Robot 

Human gaze and focus of 

attention in dual reality 

Moniri et al. (2016) Pick & Place Vuforia Camera, 

EyesVIUS 

VR HMD, Screen Collaborative Robot 

Design an AR interface to 

improve trust 

Palmarini et al. (2018) Pick & Place Unity, Vuforia, ROS Tablet camera Screen, tablet Turtlebot 

VR simulation for adaptive 

production 

De Giorgio et al. (2017) Manipulating Unity – VR HMD Industrial Robot 

Coupling of a redundant 

manipulator with a VR 

Gammieri et al. (2017) Manipulating Instant player 

Interface 

– VR HMD Collaborative Robot 

Interactive and immersive VR 

training/modeling HRC in VR 

Matsas et al. (2012 , 2016) Training, 

Manufacturing 

Unity, 3dMax, 

Rhinoceros 

Kinect VR HMD Industrial Robot 

Projection and a camera-based 

sensor for safe HRC 

Vogel et al. (2013 , 2017) Collaborative 

assembly 

– Camera Projector Collaborative Robot 

Depth sensor and 

projector-based, AR-based 

interaction for safe HRC 

Hietanen et al. (2018) , 

Hietanen et al. (2019) 

Collaborative 

assembly 

ROS, Unity Kinect Projector, AR 

HMD 

Collaborative Robot 

Spatial augmented reality for 

HRI 

Huy et al. (2017) Navigation – HMD camera, Projector, AR 

HMD 

Mobile Robot 

Flexible robotic assembly Kousi et al. (2019) Manufacturing 

assembly, 

collaborative 

assembly 

ROS, Robot 

planner, unity, 

microsoft mixed 

reality toolkit 

HMD camera, 

Safety laser 

scanner, Kinect 

AR HMD, Screen Mobile robot, Dual 

arm robot 

Combining interactive spatial 

AR with HMD for robot 

programming 

Bambušsek et al. (2019) Collaborative 

assembly 

ROS Indigo, 

rosbridge API, 

ARCOR 

Kinect, Intel NUC AR HMD Collaborative robot 

Mixed-reality with tablets for 

object manipulation tasks 

Frank et al. (2016) Manipulating OpenCV, OpenGL, 

TCP/IP 

communication 

Tablet camera Tablet Dual-arm robot 

Evaluating the AR in HRC 

system 

Green et al. (2010) Navigation ARToolKit Camera AR HMD Mobile robot 

VR in HRC welding Wang et al. (2019) Welding – Industrial camera VR HMD Collaborative robot 
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Frank et al. (2016 ) studied AR integration as a tool for object 

anipulation via a tablet. Tablet utilizes its own camera for detect- 

ng robot and workpiece by markers and overlays virtual objects 

n the screen. Users can use gestures on the app to manipulate 

he object on virtual and send commands to the robot for moving 

bjects. The tabletäs app process three tasks: capture images from 

arkers, and estimate location in the real world, overlay virtual 

bject to improve operator awareness and map user gesture inter- 

ction to direct required command to robot. The camera captured 

ll markers and stored them as an image. Moreover, 3D poses of 

he robot, table and objects are based on their location as well as 

rientation are estimated and compared to the relative coordinate 

rame of the tablet camera. The result of user experience shows 

hat designing proper gestures in the app would be more benefi- 

ial in interacting with the robot. 

Green et al. (2010 ) investigated three interactions for navigating 

 simulated mobile robot. The user experience operates this navi- 

ation in 3 levels: Immersive Test, Speech and Gesture no Planning 

SGnoP), and Speech and Gesture with Planning, and Review and 

odification (SGwPRM). The difference between these conditions 

omes from the ability of the user for operation. In the first level, 

he user can teleoperate the robot with a single view of the robot. 

n the second level, the user can navigate the robot through the AR 

nterface and utilize speech and gestures. Finally, the user has the 

apability to create and review a plan before starting the process. 

he result of the study depicts that in an immersive test, the user 

ould complete the process faster but less accurate, where SGnoP 

nd SGwPRM take longer time to complete due to integration of 

w

410 
perator with speech command and AR interface instructions. Ac- 

ordingly, AR-based levels demonstrate significant improvement on 

 close call. Ultimately, the SGwPRM supplies the operator with a 

ood level of situational awareness. 

Wang et al. (2019) investigated a method to perform a welding 

rocess. This process is accomplished by integrating the VR HMD 

nterface to update the status of welding arc status, arc length, 

elding current, and control the path of welding through manip- 

lating by HMD controller. A 3D model of the environment is cre- 

ted; the operator observes the status of the torch and controls the 

ravel speed. The robot receives a command from the computer 

nd calculates the required pose and moves. Needed information 

s updated on the HMD screen so that the user could supervise 

nd adjust the welding process. IHRC improved the accuracy and 

epeatability during the process compared to the manual method 

nd enhanced the consistency of the welding width. 

The findings are summarized in Table 1 to facilitate the com- 

arison of different applications and tools. 

. Challenges of VR/AR solution in HRC 

Based on the reviewed and analyzed researches, the following 

hallenges of VR/AR solution for HRC are found. The battery short- 

ge is the main issue for mobile app platforms such as tablets 

hich require to capture images continuously to augment the vir- 

ual objects. In order to locate the objects in the real environment, 

arkers are employed, but this could lead to loss of track of robot 

hile robot is moving between camera and marker. One way to 
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vercome this issue is to use multiple markers, but it may not 

e applicable when using multiple robots at the same time. On 

he projector-based system, reflective and transparent objects can 

ead to signal interruption. Furthermore, strong vibration changes 

he projector and camera calibration. More importantly, alterna- 

ion in environmental light and illumination intensity affect the 

amera image processing. 2D camera for detecting the objects in 

uch systems is sufficient but dust and light can corrupt the image 

rocessing. Researchers suggest selecting cameras with appropriate 

ain, brightness and exposure. Moreover, creating the virtual envi- 

onment of real cells with current gaming engines and the limita- 

ion of commercial products is vastly time-consuming. Accordingly, 

oftware updates lead to considerable rework and adjustments. AR 

oggles face the field of view limitation, and based on the operator 

ovements such as bending, creates dizziness. Finally, the main is- 

ue of VR goggles is the interruption of controller connection and 

imitation of working space because of cables attachment to the 

omputer. 

. Conclusion and future directions 

This paper summarized the existing VR and AR solution for 

uman–Robot Interaction or Collaboration cases. The focus was on 

he method of implementation, technology, and tools used in dif- 

erent scenarios. A brief discussion about current challenges con- 

ludes this work. It is notable that most of the application con- 

ucted with collaborative robots have inherently safe design and 

ow payload limit. Besides, case studies relatively focused on the 

mprovement of operator awareness as support. 

Advancement in VR and AR technology could be employed for 

ctual and industrial cases and provide a more realistic environ- 

ent for the user to perceive instructions and ambient conditions. 

uture directions could be focusing on acknowledging the users for 

afety consideration. Additionally, interaction with heavier robots 

eeds to be investigated in different manufacturing tasks. 
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