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Abstract: This deliverable presents a mobile interface to teach robot paths with variations. 

Robot programming methods for industrial robots are time-consuming and often require 

operators to have knowledge in robotics and programming. To reduce costs associated with 

reprogramming, various interfaces using augmented reality have recently been proposed to 

provide users with more intuitive means of controlling robots in real-time and programming 

them without having to code. We developed a novel augmented reality interface, that can be 

used with smartphones and tablets, providing the operators with the ability to monitor and 

program robot tasks onsite, as well as to create a virtual representation of the workspace 

which can be saved and reused to program new tasks or adapt old ones without having to be 

co-located with the real robot.  
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EXECUTIVE SUMMARY 

The present document is a deliverable of the CoLLaboratE project, funded by the European 

Commission’s Directorate-General for Research and Innovation (DG RTD), under its Horizon 2020 

Research and innovation program (H2020). This deliverable will present a mobile interface to 

teach robot paths with variations. Augmented Reality (AR), specifically open-source ARCore 

toolkit, was used to develop an application on Android OS that includes various functionalities 

such as the selection and positioning of frames of references and object primitives, and the 

visualization of trajectories learned by demonstration. 

In programming and teaching of industrial robots, we differentiate two methods by the 

requirement of the presence of a real robot: online and offline. For online programming, the control 

of a robot via a teaching pendant often requires the robot in question to be removed from 

production during programming or, under certain circumstances, a shutdown of the production 

line [1]. In the case of offline programming, the reconstruction of the robot's workspace in a 

virtual environment can be time consuming and the transfer of the encoding of paths may be 

difficult. CoLLaboratE provides a solution to these challenges by proposing an intuitive, easy-to-

use, augmented-reality-based interface that allows the user to exploit the benefits of both 

programming methods. 

The developed software has various software and hardware requirements to be applied on a real 

robot programming with human collaboration. The software can be run on smartphones and 

tablets that are compatible with the ARCore toolkit from Google. The interaction with the device 

is mainly done by interacting with different virtual and augmented reality elements by clicking 

and dragging the screen of the device. The interface can be used to perform various tasks and 

motions with variations along the path and is compatible with robots that can be connected to 

ROS and has a URDF model of the robot kinematic parameters. As the communication with ROS 

and the description of robot kinematics and visualization with URDF format are very common, 

these requirements make the interface applicable to many scenarios with different robotic 

platforms. 

In this deliverable, we present an augmented reality interface enabling users to teach robots 

combining offline and online programming techniques. Typically, in the offline approach, 

operators recreate a virtual model of the robot workspace by means of virtual object/obstacle 

primitives, as well as a virtual robot model. Online programming methodologies, such as teaching 

pendants, require the presence of the real, physical robot. The proposed interface aims to provide 

operators programming industrial robots with an alternative for which the presence of a real 

robot is not required, and pre-stored workspaces and trajectories can be adapted to re-program 

a robot. The developed interface is equipped with weighted inverse kinematics for the end-

effector control, joint space control and guided control via translational and rotational axes. It is 

then easy to control the robot in real-time using augmented reality. The user can also define via-

points for the end-effector in the workspace of the robot with the help of virtual elements which 

are then fed into a path planner to automatically calculate a feasible trajectory, by taking into 

account the specified variations of the via-points in the form of ellipsoids that are defined by the 

operator, representing variations as Gaussian distributions. The visualization of the planned path 

allows operators to monitor the safety of the motion on the workspace before it is executed on 

the real robot in the real environment. 
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1 INTRODUCTION 

1.1 MOTIVATION 
Industrial robots play a vital role in manufacturing tasks such as welding and assembly due to 

their ability to perform these tasks with a high degree of precision and reliability. Nevertheless, 

despite their importance in manufacturing, the programming of such robots remains a costly and 

time-consuming task often requiring operators to have a certain degree of knowledge of robotics 

and programming [1], [2], [3], [4], [5], [6]. 

The most popular methods for programming industrial robots are referred to as online and offline 

(see Figure 1). The online method requires the use of real, physical robots and consists of 

recording the path designed by an operator by controlling the joints of the robot via a teaching 

pendant with a joystick and/or keypad. The offline method on the other hand does not require the 

actual robot and consists of constructing a virtual representation of the robot and its workspace 

to simulate tasks prior to controlling the real robots [7], [8]. Various simulators and 3D engines 

have recently been extended to support robotics platforms, making the offline programming of 

robots possible.  

 

Figure 1: Examples of online and offline  robot programming methods. (a) Teaching pendants are 
often used to move the robot to complete a task in the real world, where joint and/or end-effector 
poses are stored and replayed later. (b) Simulators such as pybullet, in the image, are an offline 

(a) 

(b) 
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alternative that does not require physical access to the real system, but requires to model the 
robot’s workspace, including the objects and tools it needs to manipulate. 

The standard online and offline methods present multiple disadvantages. For online programming, 

the control of a robot via a teaching pendant often requires the robot to be removed from 

production during programming or, under certain circumstances, a shutdown of the production 

line [1]. In the case of offline programming, the reconstruction of the robot's workspace in a 

virtual environment can be time consuming. Furthermore, the transition from the simulation to 

the execution on the real robot may suffer from inaccuracies, with additional costs required to 

overcome them [7]. Moreover, offline methods require a certain degree of familiarity with 

programming and simulators. 

The significance of these disadvantages increases when robots need to be reprogrammed 

frequently. This is especially true in High-Mix Low-Volume (HMLV) manufacturing, where there 

is a large variety of items to be produced in small quantities [7]. 

As such, research has been conducted to design intuitive and efficient programming interfaces for 

users with little to no experience in the fields of robotics or programming [2]. To suit these needs, 

Augmented Reality (AR) technology has been proposed as a solution due to its ability to 

superimpose information in various forms onto the real world. 

Indeed, AR has been growing increasingly popular in recent years and has been used in various 

fields such as architecture, construction, education, manufacturing and engineering [9]. More 

specifically, in the field of robotics, AR interfaces provide a new medium for interaction with the 

robot and enable the exchange of information during tasks [10] in addition to providing users 

with the ability to preview a robot's intended actions. 

As such, several augmented or mixed reality interfaces have been proposed to enable users not 

only to control a robot [5] but also to program it by defining trajectories and tasks via the 

manipulation of a virtual robot in the interface [6], [8], [11], [12], [13]. 

These interfaces provide the operators with an intuitive way of programming the robot without 

an extensive knowledge about programming and combine some of the advantages of current 

online and offline methods by enabling users to simulate a task directly in the robot's workspace, 

making the transition from simulation to real execution easier. However, the proposed solutions 

require the users to share the same workspace as the robot, which cannot be used for production 

during the programming process. 

 

Figure 2. Proposed AR solution to program and monitor robot motions from smartphones and 
tablets. 

To address the aforementioned challenges, CoLLaboratE proposed the task T4.3: Mobile 

interface to teach robot paths with variations to explore the use of AR on smartphones within 
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HRC in industry (Figure 2). Variations are naturally present in human motion and are important 

in robotics to provide robots with multiple solutions to a given task [14]. The objective is to 

develop a mobile application that is as intuitive as possible, so that non-specialized operators can 

control the robot, teach movements to perform tasks, visualize trajectories learned with the 

virtual robot performing them, before even executing on the real robot. This deliverable reports 

the CoLLaboratE solution of such an interface with the descriptions of the hardware and software 

requirements, methodologies behind the presented functionalities and their evaluations. 

 

1.2 CONTRIBUTIONS 
The CoLLaboratE solution for the task T4.3: Mobile interface to teach robot paths with 

variations combines the advantages of offline and online programming while offering the 
possibility of using these modalities separately which does not exist in the recent AR applications 

for robotics. To further reduce the time during which the robots are unavailable for production, 

CoLLaboratE proposes an AR interface to program the robot from a virtual representation of the 

workspace which can be built and saved by the user such that tasks can be programmed from 

different locations, as depicted in Figure 3. Adjustments to the trajectory, if necessary, could then 

be made by displaying the designed task in the real robot's workspace resulting in less time during 

which the robot would be unavailable for production. 

CoLLaboratE developed this interface, available for smartphones and tablets, allowing users to 

not only control and program a robot in its workspace but also model the workspace via virtual 

objects. This provides the advantage of programming robot tasks from different locations and 

adapt previously saved tasks to new situations, environments, tools, or robots. 

Figure 3. Illustration of the ability to program the robot offline either (a) directly in the real robot’s 
workspace or (b) in a virtual workspace by defining keypoints (displayed as transparent end-
effectors) and visualizing the resulting trajectory 

(a) (b) 



D4.6 – Mobile interface to teach robot paths with variations  

Version: 1.0 

 

The proposed interface has been designed to be used either as a complement or as a replacement 

of kinesthetic teaching, as this teaching mode is not available in all industrial robots. The proposed 

interface can thus be run on a wider range of robots, in particular velocity/position controlled 

robots (without gravity compensation). In kinesthetic teaching, it can sometimes be difficult to 

provide multiple demonstrations that would sufficiently cover the possible variations of a task. 

The interface proposed in this deliverable reduces the difficulties encountered in kinesthetic 

teaching by letting the user specify waypoints on the workspace of the robot along with their 
precisions represented by Gaussian distributions. It provides a general way to teach paths with 

variations, by defining the static aspects of the task through waypoints, and by letting an optimal 

control algorithm determine the dynamic aspects of the task, by autonomously assessing when 

and how to pass through these waypoints in a smooth manner. Alternatively, the interface can be 

used to demonstrate regions of interest (in the form a Gaussian distributions) that are used 

together with an ergodic control strategy to explore the demonstrated region of interest. 

The mobile interface essentially targets an intuitive creation of trajectories through waypoints in 

the task-space of the robot, which relies on an optimization process to rebuild a complete 

trajectory, by considering the dynamical aspects of the movement as part of the cost. For this, we 

use an optimal control strategy to construct the trajectory in the joint space of the robot, based on 

the via-points defined in task space. We also provide an option for the user to control different 

points along the robot body (i.e., not only the end-effector), which allows the user to define robot 

configurations in a facilitated manner (e.g., by displacing the robot elbow to a desired pose). 

Moreover, the developed interface is robot-agnostic and can be used with any robot platform with 

an available URDF. This is illustrated in Figure 4, with the Yaskawa robotic platform (Figure 4a) 

and a riveting float (Figure 4b) used in the CoLLaboratE use case T6.6: Challenge 4:  

Collaborative riveting for aircraft parts assembly. The URDF of the robotic platform in Figure 

4a, which is still under development, describes the Yaskawa robot, an elevator link (red) and an 

illustrative automated guided vehicle (AGV) (green). One of the main contributions in this setup 

is the visualization of trajectories for the reaching phase of riveting, to check for collisions before 

planning a trajectory. Additionally, the proposed interface was designed to be modular, so that it 

can be accessed through the interface developed in task T5.1: Advanced HRI inspired by 

Human-In-The-Loop (HITL) Experimentation, which is described in deliverable D5.2. 

 

Figure 4. Examples of platforms used in the proposed AR interface. (a) AGV with elevating base and 
a Yaskawa manipulator. (b) riveting float. The collaborative riveting use case in CoLLaboratE 
directly benefits from the development of the AR interface. 

(a) (b) 



D4.6 – Mobile interface to teach robot paths with variations  

Version: 1.0 

 

The results of the work described in this deliverable have been submitted for publication at the 

IEEE Robotics and Automation Magazine and are currently under review. A pre-print and a video 

can be found at: https://sites.google.com/view/idiap-ar-robot-interface/. 

1.3 RELATED WORK 
Augmented reality has been used in combination with robotics for various use cases allowing 

users to not only interact with or control the robot and visualize their intentions but also program 

the robot by defining target points in the actual workspace that the robot should reach. This 

enables operator with little to no programming skills to design complex robot operations and 

ensure that the trajectory to be taken by the real robot is collision free [1]. Various AR interfaces 

displayed either via a Head Mounted Device (HMD), smartphone, tablet or screen have been 

proposed in recent years for industrial settings as well as for collaborative tasks where the user 

can perform the task alongside the operator. 

For instance, in [8], [11], [12] and [13], mixed reality interfaces with a Microsoft HoloLens are 

presented to program tasks by defining waypoints directly in the robot's workspace and 

previewing the trajectory via a virtual robot before sending the commands to a real robot. To place 

the waypoints and interact, the interfaces employ additional software features available on the 

HoloLens, namely gesture recognition as well as speech recognition and head pose in some cases 

[11]. The main drawbacks of such interfaces are that the selection and dragging features in the 

HoloLens may not always be reliable due to imperfect hand tracking [13] such that the trajectory 

may not be optimal, and it may be difficult to perform tasks that demand a high degree of 

precision. To overcome this issue, in [8], the authors present an interface providing users with the 

ability to scale the path for a more accurate planning during such tasks, as well as the selection of 
the method by which the trajectory between waypoints should be interpolated (line, arc, etc.). 

Another example using HoloLens is [15] where it shown that by providing force feedback through 

AR, performance is improved in force-based tasks. Despite allowing users to be hands-free, the 

HoloLens may be cumbersome to wear, less intuitive than a 2D interface, and HMDs are not 

necessarily applicable to industrial scenarios. Additionally, it has been reported that such devices 

may cause discomfort and sickness which may be affecting their industrial acceptance [16]. 

In recent years, various platforms and toolkits such as ARCore, ARToolKit and Mixed Reality Toolkit 

(MRTK) have been introduced allowing users to develop augmented or mixed reality applications 

for certain smartphones and tablets making the technology more accessible. Such toolkits have 

been used to develop interfaces enabling users to perform pick-and-place tasks in collaboration 

with a robot [16], define waypoints on a 2D surface for a tool to pass through [6] as well as control 

the joints of the robot via the interface and visualize a trajectory demonstrated to the robot via 

kinesthetic teaching [4]. 

However, in the case of [16], [6], the interfaces do not provide a visualization of the whole robot 

which is crucial in our applications, as operators need to check if the taught motion is feasible and 

efficient, as well as to monitor eventual collisions. In addition to some of the drawbacks mentioned 

above, most of the interfaces presented in this section require the operators to employ the 

interface whilst being next to the robot's workspace, where the operators can interact directly 

with the physical objects present in the environment. Due to safety issues, similarly to teaching a 

robot a task via a pendant, this would require shutting down the robots in the production line. 

Instead, the proposed AR interface not only allows an operator to control and program a robot in 

its workspace but also model the workspace via virtual objects. This provides the advantage of 

being able to use the interface to program robot tasks from different locations and adapt 

previously saved tasks to new situations, environments, tools, or robots. 
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1.4 OUTLINE 
This deliverable presents an intuitive mobile interface to teach robot paths with variations, as a 

complementary approach to the learning from demonstration modalities developed in 

CoLLaboratE, for example in T4.2: Teaching by kinesthetic guidance. This deliverable presents 

the developed interface in several sections. In Section 2, the hardware and software requirements 

of the interface are given. This is followed by a description of our proposed AR interface and its 

components in Section 3. In Section 4, we describe the experiments conducted to evaluate our 

interface. In Section 5, we present and give a brief discussion on the results of our experiments. 

Finally, we conclude the deliverable in Section 6 with discussions on further work. 
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2 REQUIREMENTS 

2.1 SOFTWARE 
The interface is based on the ARCore1 software development kit (SDK) released on 1st of March 

2018 by Google, which allows augmented reality applications to be built on smartphones and 

tablets. Although ARCore can be used on all devices listed in the compatible device list4 (including 

iOS), the interface in this deliverable has been developed and tested on Android 7.0 operating 

systems. It uses three main functions to integrate virtual content into the real world, via the 

phone’s camera: 

• Motion tracking, which allows the phone to estimate its position relatively to the world. 

• Environmental understanding, that allows the phone to detect the size and the location of 

horizontal, vertical and inclined surfaces such as the ground, a table, or walls. 

• Light estimation, for the phone to estimate the environment’s current lighting conditions 

and the location of light sources. 

When analyzing the environment, ARCore detects salient visual features and tracks their position 

over time. ARCore uses concurrent odometry and mapping (COM), a method to continuously 

estimate the pose (position and orientation) of the smartphone with respect to the fixed world 

coordinate system. Two sources of information are combined for the highest accuracy possible of 

the estimation: the visual information given by the camera, which evaluates the displacement of 

the tracked features over time, and the inertial information given by the phone’s inertial 

measurement unit (IMU).  If several features are detected on a same horizontal or vertical surface, 

ARCore recognizes this surface as a plane. It is important to notice that, as ARCore uses features 

to detect planes, a flat surface without texture, for example a plain white wall, may not be detected 

properly.  

Visualization of the robot requires ROS, a widely used open-source robotics middleware that 

enables effective communication of the controller with the robot. ROS should either be installed 

on the robot or on the computer controlling the robot. Specifically, rosjava2 was used as client 

library to integrate ROS with ARCore. 

For simulating physics, JBullet is used, which is a Java port of the Bullet physics library. Bullet is 

an open-source collision detection, rigid body and soft body dynamics library, which is often used 

as the physics engine in complex 3D games or animations. The main task of a physics engine is to 

perform collision detection, resolve collisions and other constraints, and update the states for all 

the objects, in real-time or not. In the developed interface, the collision detection and rigid body 

dynamics will be used in real-time. 

Finally, the KDL kinematics and dynamics library 3  is used for kinematics and dynamics 

computations associated with robot motion. 

 
1 https://developers.google.com/ar 

2 http://wiki.ros.org/rosjava 

3 https://orocos.org/wiki/orocos/kdl-wiki.html 
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2.2 HARDWARE 
The hardware requirements for the interface are designed to be minimalistic. This software is 

developed to work on any device listed in the ARCore compatible device list4.  It can be used with 

any robot that is compatible with ROS, by providing the robot parameters in a URDF file format. 

  

 
4 https://developers.google.com/ar/devices 
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3 METHODS 

The interface proposed in this work was coded with Android Studio. The main functionality of the 

interface is that it provides operators with an offline programming solution by means of a virtual 

robot in a simulation environment, as well as an online programming solution by controlling the 

real robot with the provided augmented reality tools. 

The virtual robot can be placed at a desired location within the environment and can then be 

connected to the real one to visualize what has been programmed offline or to directly control the 

robot online. We implemented several mechanisms to control the robot to achieve tasks in end-

effector space. Additionally, the interface provides various options for the user to add/modify 

objects, obstacles and ellipsoids (representing Gaussian distributions), which can be moved, 

rotated, and scaled in the workspace of the robot. The workspace created virtually can also be 

saved for later programming without requiring the real robot to be operated at the same time. 

Videos of the AR interface and the experiments described in Section 4 are available at 

https://sites.google.com/view/idiap-ar-robot-interface/. 

3.1 SIMULATION OF A ROBOT VIA ARCORE 
We first describe the procedure to create a virtual robot in the desired workspace by explaining 

the connection to the real robot along with the calibration and communication. Upon launch, 

ARCore detects surfaces and planes which allow the users to interact with the virtual objects 

placed in the environment. The virtual robot is created by following the same approach as KDL5. 

It uses the description of a robot in a URDF format to transform it into a visual kinematic chain 

representing the real robot. 

3.1.1 Positioning of the robot into the ARCore workspace 

The interface provides two methods that can be used to place the robot in the workspace: the 

manual method and the marker calibration method. The manual method lets the user select a 

location on a plane detected by ARCore upon which to place the virtual robot (Figure 5a). The 

robot's orientation and position can then be adjusted with the constraint of moving on the plane 

upon which the robot is placed with the help of the blue and red translation axes and the green 

rotation ring as seen in Figure 5a. The marker calibration method exploits ARCore's Augmented 

Images APIs6 to superimpose the virtual robot onto the real robot as illustrated in Figure 5b. It 

first detects the pose of a previously placed 2D image in the workspace with respect to the ARCore 

coordinate system. Using the homogeneous transformation between the image and the base of 

the robot coordinate system, the pose of the robot base with respect to ARCore is determined and 

is used to place the virtual robot. 

 
5 https://www.orocos.org/kdl.html 

6 https://developers.google.com/ar/develop/java/augmented-images 
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3.1.2 Communication between the simulated robot and the real robot 

The virtual robot is connected to the real robot via ROS7. As ROS is already available for most 

industrial and collaborative robots, it provides a generic interface that can work with any robot 

and that enables the use of multiple sources of sensory information to work with. Our interface 

thus allows the ARCore device to communicate with the server via ROS (the robot can be the 

server), as illustrated in the left side of Figure 6. The robot is controlled via ROS through a server 

computer enabling its real-time communication with the robot motors using the robot's API 

provided by the manufacturer of the robot, as illustrated in the right side of Figure 6. As the 

implementation of our interface is built on top of ROS and not on a specific robot's API, it is robot-

agnostic. We currently provide six different robotic platforms with the app including Franka 

Emika Panda, Yaskawa MOTOMAN HC10, Robotnik AGVS, and Softbank Robotics Pepper. 

3.2 MOTION CONTROL AND PLANNING  
We present here the methods available to control the robot's joints and end-effector as well as to 

plan trajectories. As opposed to joystick or teaching-pendant-based methodologies of 

programming robots, we provide more diverse options to move the robot. 

End-effector control: Users are able to reposition the robot's end-effector using the translation 

axes shown in Figure 7a and orient it using rotational rings, each describing the rotation around 

three translation axes, as shown in Figure 7b. These changes in the task space are applied to the 

joint space through a weighted inverse kinematics algorithm. Internally, a joint impedance 

controller was used to reach new joint space targets.  

 
7 https://www.ros.org/ 

Figure 5. Illustration of the methods to place a robot in the 
scene: (a) manual and (b) marker calibration (here, with 
a picture of Earth). 

(a) (b) 
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Figure 6. Communication diagram of the application. 

(a) (b) (c) 

Figure 7. Fully virtual workspace with objects and obstacles (in red) and end-effector control of 
the robot using translational and rotational axes. (a) control of the end-effector position, (b) 
control of the end-effector orientation, (c) control of the end-effector along a plane. 
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The third option enables the user to move the end-effector constrained on a 2D plane defined by 

the device's orientation, as seen in Figure 7c. This option provides a more intuitive way to interact 

with the robot from the perspective of the user who may also be moving. 

Configuration space control: Another option is the direct control of the joints that are 

highlighted in the interface, such as the elbow joint (Figure 8). We implemented as an example 

the control of the highlighted joints in Figure 8, which can be adapted easily according to the user 

and task requirements. The joint position and velocity constraints are handled automatically 
within the interface. Similarly to the end-effector control mode, joint motions are tracked using a 

joint impedance controller. The configuration space control mode can be beneficial to the user 

during programming since it allows moving individual joints which may help, for example, 

prevent collisions of the kinematic chain with the environment.  

Trajectory planning with variations:  The application also provides the user with the tools to 

create, save, load and replay end-effector trajectories on the device. To define a trajectory, the 

user can place keypoints in the workspace by controlling the robot via the techniques described 

above. Figure 9a shows four of these workspace keypoints depicted by partially transparent robot 

grippers. These locations are then sequentially connected by an iterative linear quadratic 

regulator (iLQR) [17] used as a trajectory planner, which determines the corresponding joint 

trajectory from the task space locations. From this trajectory, an equivalent task space trajectory 

is computed, depicted with a yellow curve in Figure 9a. Additionally, the interface provides the 

ability to replace the keypoints with multivariate Gaussian distributions which are represented 

by ellipsoids in the scene, as depicted in Figure 9b. This enables the user to specify the precision 

and coordination required at each point by rotating the ellipsoid and modifying the scale 

(described in the following section) along each axis resulting in a smoother and more efficient 

trajectory, by exploiting the possible variations offered by the task within a minimal intervention 

control principle [18]. As all these techniques can be performed solely on the virtual robot or by 

Figure 8. Configuration space control of the robot depicted by the rotational axe at the elbow joint 
in an environment with obstacles (in red) and objects (in black). 
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directly controlling the real robot, the proposed interface is compatible for online and offline 

programming. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3 SIMULATION OF THE WORKSPACE 

3.3.1 Simulation of objects and obstacles 

In offline programming, the user employs a simulator to visualize a virtual robot and define its 

motions to achieve a task. Industrial robotics tasks are often defined by the workspace where the 

robot is located and by the objects and tools that it can interact with. To this end, we propose to 

simulate, via the AR interface, workspaces with all their objects/tools available, without requiring 

the control and/or presence of the real robot. 

Consider the experimental setup with a Panda robot and a peg-in-hole task with the NIST 

benchmark task board [19] depicted in Figure 10a. With the developed interface, one can easily 

transfer the objects and the robot in the workspace using virtual elements, as shown in Figure 

10b. The proposed solution for offline programming provides operators with the ability to design 

trajectories in a virtual workspace without the need to occupy the real workspace. During the 

testing phase, adjustments, if required, can further be performed in the real robot workspace by 

using the marker calibration method to superimpose the virtual robot onto the real one, and 

loading the saved trajectories. 

The interface allows users to place virtual objects and obstacles in the shape of prisms, spheres, 

and cylinders of modifiable sizes (see Figure 8). The difference between an obstacle (in red in 

Figure 9. Trajectory planning with (a) key points illustrated by transparent end-effectors and (b) 
Gaussians (green ellipsoids) where their scale represents the (co)variations allowed along each axis, 
which are then converted to full precision matrices within the iLQR optimal control technique 
employed for planning. 

(b) (a) 
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Figure 8) and an object (in black in Figure 8) is that the former is mainly defined for the user to 

plan a collision-free trajectory for the robot. This means that whereas the robot can apply actions 

on the objects using the physics engine of the interface, we preferred to exclude these interactions 

on the obstacles to facilitate programming. Note that here, the collision-free trajectory is defined 

by the user interaction with the interface and the implementation of an obstacle avoidance 

planner is left as future work. An example of how to create objects via the proposed interface is 

shown in Figure 11, where the user can create virtual objects through the interface in the 

workspace of a robot without the need of the real robot to be present in the environment. 

 

 

The objects, obstacles and distributions can be moved using the translational and rotational axes, 

as described in the previous section for the control the robot end-effector. The scale along each 

axis can be modified using a similar representation to the one used to translate the end-effector 

Figure 10. (a) Experimental setup with a  Franka Emika Panda robot,  
a NIST board, calibration marker and disposal box, (b) virtual 
representation of the workspace for this experimental setup. 

(b) (a) 

Figure 11. Creating virtual objects through the interface on the workspace of a robot without the need 
of the presence of the real robot in the environment.  
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(see Figure 12). The creation of such objects and obstacles allows the user to define a virtual 

workspace that best matches the real environment. Trajectories can then also be planned in this 

virtual workspace (as in Figure 9a) using the functionalities described in the previous section. 

Finally, all the virtual components within the scene (i.e., workspace, objects, obstacles and 

trajectories) can be saved in a file on the device so that they can be reused/adapted for future 

tasks.  

 

3.3.2 Manipulation of objects for task monitoring 

We investigated approaches to visualize a task requiring interactions with the objects in the 

workspace. This visualization, in return, requires a physics engine to compute the dynamical 

interactions between the objects, which are assigned some dynamical properties (e.g., inertia), in 

addition to kinematic properties (e.g., joint velocity limits). Even though the physics engine of the 

interface (JBullet) allows us to visualize and control the kinematic components of the robots and 

the objects, the dynamic properties are not sufficient to be used directly within the simulation 

engine. This problem is illustrated in Figure 13 with a trial of the Panda robot grasping a can. 

These snapshots show the instability of grasping because of the inaccurate representation of the 

dynamics within JBullet. We explored a solution to kinematically mimic these interactions without 

relying on the physics engine’s expensive computations of dynamics when the robot manipulates 

objects (expensive at least on smartphones). This solution is showcased with the implementation 

of a pick-and-place task as common manipulation task.  

Figure 12. Definition of an obstacle by scaling and positioning a 
red virtual box to encompass an object. 
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The interface creates the objects with dynamical properties and the robots with only kinematic 

properties. Just before grasping an object, the interface automatically switches to only kinematic 

interactions with the objects, bypassing the difficult task of dynamic grasping. According to the 

size of the object, the gripper of the robot opens, its orientation is matched to that of the objects 

and the object can then be grasped by the gripper of the robot by kinematic simulation. The robot 

can then move the grasped object in its gripper and the user can do the offline and online 

programming as usual. As soon as the robot is commanded to release the object, the interface 

switches back to dynamic interactions to allow the realistic interactions of the object with the 

environment (e.g., free falling). 

To facilitate the (re)programming of such a task, we integrated this functionality in the interface 

with compact and easy-to-use augmented reality methods. There are three main applications of 

the proposed solution. These are the visualization of grasping an object, placing the object on a 

different position, and stacking objects on top of each other. An example of such application is 

illustrated with a pick-and-place for stacking task with the virtual Panda robot grasping an object, 

moving it on top of another object and then stacking the two objects. The user starts by creating 

objects as previously seen in Figure 11. Then, the pick-and-place functionality allows the user to 

select the object to pick and the location to place as seen in the first two snapshots of Figure 14. 

The placing location can be either on one of the ARCore planes or the top of other objects for 

stacking tasks. The selection of the initial and final positions for the gripper automatically creates 

a trajectory with waypoints for the robot to follow, as illustrated by the final snapshot of the Figure 

14. The actions automatized for the process are reaching above the object, opening the gripper, 

reaching the middle of the object and grasping it, then reaching above the placing position, moving 

along vertical direction downwards and placing the object. For this reason, 4 waypoints are 

automatically produced and are shown by blue transparent gripper locations. Figure 15 shows 

these steps one-by-one for the proposed automatic pick-and-place with stacking functionality. 

Note that these tasks can be taught to the robot with variations using Gaussian ellipsoids, as 

described in Section 3.2 even without the presence of the real robot.  

Figure 13. Snapshots of Panda robot grasping a can with the JBullet available dynamics 
functionalities. As the dynamical properties are not well represented, the challenge here is to correctly 
visualize the task requiring object manipulation. In this example, the can cannot be grasped as the 
forces applied by the gripper are not correctly calculated.  
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Figure 14. After creating the virtual objects, the pick-and-place functionality allows the user to select 
the object to pick and the location to place. The placing location can be either on one of the ARCore 
planes or the top of other objects for stacking tasks. The selection of the initial and final positions for 
the gripper automatically creates a trajectory with via-points for the robot to follow.  

 

Reaching 1st via-point  Closing the gripper Opening the gripper Reaching 2nd via-point  

Go above the object Reaching 3rd via-point  Reaching 4th via-point  Releasing the object 

Figure 15. Snapshots of the proposed automatic pick-and-place with stacking functionality. 
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4 EXPERIMENTAL EVALUATIONS 

To evaluate the intuitiveness of the proposed interface and the programming of a robot purely 

within a smartphone-based AR setup, we conducted a study where 18 participants programmed 

a peg disassembly task. 

This study was approved by Idiap Research Institute’s Data and Research Ethics Committee. 

 

4.1 EXPERIMENTAL SETUP 
The participants programmed a 7-axis Franka Emika Panda robot manipulator, to perform a peg 

disassembly task using the National Institute of Standards and Technology (NIST) task board 1 

[19], see Figure 16. For the AR interface, we used an Android 7.0 smartphone (6.39-inch 

touchscreen display with a resolution of 1080x2340 pixels). The participants of our study (age 

range 20-35) had varying knowledge of robotics systems but little to no experience of virtual, 

augmented, and mixed reality.  

4.2 CONDITIONS AND PROTOCOL 
The participants were asked to perform the disassembly of a cylindrical peg from the NIST task 

board and place it into a disposal box, as shown in Figure 16. Two conditions were tested in the 

study: the online and the offline programming of the disassembly task.  

In the online condition, the participants directly controlled the real robot's motions from the AR 

interface and their inputs were immediately translated into robot motions. Prior to the task, the 

virtual robot was aligned with the real one based on the marker calibration method described in 

Section 3.1.1 and the interface was connected to the robot, as illustrated in Figure 5b. 
Furthermore, the real and virtual robots were first set to a default joint configuration after which 

participants could then start the experiment by displacing the virtual end-effector via the options 

Figure 16. Experimental setup with Franka Emika Panda, NIST board, 
calibration marker and disposal box. 
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described in Section 3.2. The task was considered successfully completed when the peg was 

correctly disposed inside of the box. A failure was recorded when the peg was either incorrectly 

disposed, dropped or an action performed by the user resulted in the robot's safety stop. 

In the offline condition, participants instead controlled, via the AR interface, a virtual robot acting 

on a pre-stored virtual copy of the workspace of the online condition. In particular, the 

participants first placed the virtual workspace on a table different from the one of the real robot 

(as in Figure 10) and programmed the disassembly of the same cylindrical peg from the board and 

its placement into a yellow box. The participants were given 5 minutes to define a robot trajectory 

by means of waypoints, as shown in Figure 9a. The robot trajectory was then sent to the real robot 

and enacted on the real workspace. If the peg was correctly disposed, the task was considered as 

successfully completed. In case of failure, the participants were given one extra minute to perform 

adjustments to the programmed trajectory in the virtual workspace, according to the visual 

feedback they observed from the real robot. This decision was made to provide a fair comparison 

with respect to the online condition where participants experienced real-time feedback while 

controlling the robot. 

We adopted a within-subjects study design, with each participant operating the robot in both the 

online and the offline conditions. The order of the conditions was counterbalanced. 

Prior to the experiment, the participants were provided with instructions and were given 1-2 

minutes to become familiar with the AR interface and the disassembly task. 

4.3 QUESTIONNAIRE AND LOGGED DATA 
For each condition, we recorded whether the participants were successful in completing the task. 

Furthermore, the completion time tc of the disassembly task was recorded (i.e. seconds between 

the beginning of the task and its success/failure). 

At the end of the experiment, each participant filled a questionnaire with the following 6 Likert 

scale statements (1 - completely disagree, 5 - completely agree): 

1. The interface is easy to understand, 

2. I found the visualization of the virtual robot useful, 

3. I found it easy to control the robot in real time, 

4. I found it easy to plan trajectories with the virtual robot, 

5. I found the AR interface useful to program the robot, 

6. I would use the AR interface for robot programming. 

Each statement included an optional comment section where participants could provide feedback 

about their experience and provide suggestions on what could be improved.  

4.4 RESULTS 
We hereafter present the analysis of the different metrics collected during the study. When 

relevant, the data is presented and the analysis is performed by separating the participants into 

two groups, with the 9 participants who experienced the online condition first and then the offline 

condition assigned to group A. The other 9 participants who experienced the conditions in the 

reverse order were assigned to group B. 

We first computed the success rate of each group for each experiment as summarized in Table 1. 
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Our hypothesis entering the study was that the success rate in the offline condition for the 

participants in group A (that first operated the real robot in the online condition) should be higher 

with respect to what observed for group B. The hypothesis was motivated by the fact that 

participants from group A have a better understanding of the application and the setup when 

performing this experiment compared to those of group B. Although we observed a 11% 

difference in success rate, no statistically significant difference was found (test on the Agresti-

Coull interval, p > .05). 

For the completion time tc the descriptive statistics are presented in Figure 17 as boxplots. We 

tested the data for normality with the Shapiro-Wilk test, rejecting the null hypothesis (p < .05). 

For each subset, we therefore ran a non-parametric Wilcoxon signed-rank test for differences 

between conditions. Statistically significant differences were found, both for the overall 

population (p < .01), and for groups A and B (p < .05). 

To test for potential effects of the ordering of conditions, we compared the completion times tc of 

groups A and B for each condition. We therefore run a non-parametric Mann-Whitney U test and 

found the difference between the two groups for the online condition to be statistically significant 

(p < .05), as shown in Figure 18. A possible explanation for this difference may be due to the 

discrepancy between the control of the virtual robot in comparison with the dynamics of the real 
robot. As participants from group B had performed the offline condition first, we noticed that they 

took more time to adjust to the new dynamics than their counterparts. Finally, no statistically 

significant difference between groups was observed for the offline condition (p > .05). 

 Figure 17. Boxplots of the completion time tc acquired during the successful experiments for (a) entire 
population, (b) group A and (c) group B. 

Table 1. Success rate on the disassembly task, reported separately by groups and conditions. 

(a) (b) (c) 
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4.5 USER FEEDBACK 
The scores of the Likert scale statements presented in Section 4.3 are visualized in Figure 19 for 

the whole study population. As for the completion time tc, we looked for differences of 

questionnaire scores between the two groups with a Mann-Whitney U test, finding however no 

statistically significant differences (p > .05). 

Overall, the results indicate that the participants perceived the proposed AR interface as easy to 

understand and useful for robot programming. However, out of the 18 participants, only 7 

participants stated that they would use the interface for programming industrial robots. While 

praising the easiness and quickness of use of the interface, the rest of the participants raised 

concerns about the interface's lack of accuracy, especially for manufacturing tasks such as 

insertion. Most participants mentioned how it was difficult to perform precise robot motions by 

means of the dragging motion on the smartphone screen. 

On the other hand, almost all participants stated that the virtual workspace provides a good 

representation of the real workspace and that the interface offers an intuitive way of planning 

trajectories as errors can easily be visualized and corrected. 

 

 

 

 

Figure 18. Boxplots of the completion time tc for group A and B for the online condition. 

Figure 19. Average user ratings for the assertions provided in Section 4.3 
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5 DISCUSSIONS 

The results presented in Section 4 indicate a promising success rate for both online and offline 

programming with completion times tc ranging from 1 to 4 minutes. Nevertheless, during the 

study we observed how certain aspects of the interface could have hindered the participants in 

accomplishing the task. 

A general problem of current AR interfaces is their weakness in the estimation and visualization 

of depth [20], [21], a limitation that requires the users to adopt coping strategies such as e.g., 

changing their location adequately to obtain different views of the scene and, consequently, a 

better perception of depth. In our study, we indeed observed how the participants who adopted 

such strategies performed the disassembly tasks faster and more accurately than their 

counterparts. This was especially true for the offline condition, where the issue of the AR interface 

with depth was particularly relevant. 

Another issue indicated by the study's participants was in the perceived lack of accuracy during 

dragging motions across the screen. This led to inaccurate or unexpected motions on the real 

robot, especially when the translation axis being manipulated was perpendicular to the surface of 

the device. A potential solution to this issue would be to automatically disable the control of the 

robot along the axis being employed when the aforementioned condition is met. While avoiding 

the problem of unexpected robot motions, this solution would also encourage the users to move 

around the workspace, in order to regain control of a certain axis, indirectly addressing the 

aforementioned issue of depth perception. 

Finally, the user feedback also provided insights into various potential areas of research such as 

using the interface to control the real robot remotely, in a similar fashion to teleoperation.  

Additionally, some participants stated that they would consider using the AR interface not only as 

a control tool but also as a visualization/monitoring tool. Typically, in a learning from 

demonstration [2] context, the AR interface can be used to inspect the quality of the demonstrated 

trajectories or to visualize their variability with aptly placed Gaussians, in a way similar to [4]. 
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6 CONCLUSION AND FUTURE WORK 

In this deliverable, we presented an augmented reality interface for smartphones and/or tablets, 

enabling users to control a robot in real-time, to program it offline as well as to model a workspace 

by means of virtual objects. The proposed interface aims to provide operators programming 

industrial robots with an alternative to common online programming methodologies, for which 

the presence of a real robot is not required, and pre-stored workspaces and trajectories can be 

adapted to re-program a robot. This approach aims to be used either as a complement to 

kinesthetic teaching, or as a replacement when kinesthetic teaching functionality is not possible. 

Future work will address the challenge of performing more accurate motions.  We will investigate 

the option of adapting the sensitivity of the dragging action on the interface, giving the required 

precision to the user when felt necessary. Also, we will test the option of switching from the use 

of dragging motions to a button-based system where users can affect the displacement along each 

axis individually. This would enable operators to perform rapid actions via the current dragging 

motions on the screen and then switch to the button-based system when more accuracy is 

required.  

Additionally, the ARCore software development kit currently lacks the ability to detect 3D objects. 

Having such a feature would allow to automatically place virtual objects or obstacles, resulting in 

a faster creation of the virtual workspace. We plan to integrate a 3D object detection pipeline in 

the interface to provide this capability. Finally, motivated by the promising results and the 

participants' feedback presented in Sections 4 and 5, we also plan to investigate possible 

extensions of the approach to mobile robots and AGVs, as well as to other robot applications 

beyond manufacturing. 
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