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Summary:
D5.2 documents the first prototype of the Human-Robot collaboration Validation Module (HVM), a
module which utilizes Virtual Reality technology and enables the assessment and validation of
Human-Robot collaborative production stations at the design phase. Safety standards are
implemented in this module, allowing the automation of risk analysis. A demo video is also provided,
showcasing two of the main implemented functionalities: i) simulation of real-life processes using
VR, ii) safety monitoring according to ISO 15066 standard.
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3. EXECUTIVE SUMMARY
The objective of Task 5.2 “VR based assessment and validation of HRC operations“ is to provide a
software based on virtual immersive tools that will be utilized during the design phase of human-robot
collaborative (HRC) productions stations. It facilitates the optimization of safety strategies (choice of
hardware, sensors, safety parameters, cell layout) by placing the Human in the center of the design
process through virtual and augmented reality technologies. The target is to create an easy to use tool
that facilitates the design and testing of new HRC stations, simulating the behavior of the robots and
humans and visualizing in real scale the workcell from the point of view of the operator before building
the actual station. It allows the simulation of real-life HRC tasks and actions, while at the same time
provides an on the fly safety assessment analysis based on ISO 15066.
This technology module has been defined in D1.3 as the “Human-Robot Collaboration Validation
Module” (HVM). After a year of development (M6 to M18) a first prototype of the HVM has been
produced and delivered to the consortium for testing. The resulting software is named XRTwin. This
document describes the different XRTwin modes and the results obtained when applied to the VDL use
case.
In the appendix of this document, the reader will also find the XRTwin user manual.
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4. INTRODUCTION AND MOTIVATION
The implementation of Human Robot Collaboration strategies requires several design iterations to reach
a tradeoff between productivity and safety. The risk evaluation process is time consuming and complex.
Integrators and end-users could benefit from a risk assessment toolkit that would facilitate the
certification of cobots installations.
This is the objective of the HVM developed within T5.2. Using this technology, the user (designer or
integrator of cobotic technology) will be able to perform a risk analysis within the virtual environment
and identify any non-conformities at the early stages of the design phase. The proposed method will
help SHERLOCK end-users first and industrial companies implementing human-robot collaboration
technologies later on to save time and money when designing and manufacturing new production lines
or updating existing ones.
Result of T5.2 involves a software tool based on AR/VR technologies that can immerse the user in a virtual,
zero cost replica of the HRC cell. The tool can be used for:
-

-

Evaluation of alternative interaction scenarios and assessment of the collaboration efficiency in a
safe virtual world. Both operators and cell designers can visualize and modify their behavior and
designs.
Risk analysis in the design phase allowing the designers to iterate over different safety strategies,
leading to: i) safer environment, ii) time saving and iii) cost savings. Up untin now, this process is
mainly performed after the integration of the real life work cell and safety related modifications
that may needed are costly.
Finetuning/definition of the robotic behavior that is best suited for the preferences-abilities of the
operators.

In the following sections of this document, the reader may find:
•

Section 5: overall architecture and s/w implementation

•

Section 6: application of the first prototype on the VDL use case

•

Section 7: conclusions and future work
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5. OVERALL ARCHITECTURE
4.1

Overview

Based on the description of the pilot use cases detailed in D1.1 and D1.2, the HVM module is a
transversal technology serving three main purposes:
-

-

Evaluation of alternative interaction scenarios and assessment of the collaboration efficiency at
the design phase, in a safe virtual world.
Safety assessment against applicable standards, highlighting any possible safety risk and
evaluating safety strategies. This is especially important during the design stage where
operational parameters can be optimized without cost of reconfiguring existing cells
Finetuning/definition of the robotic behavior that is best suited for the preferences-abilities of
the operators.

The software capitalizes on the existing 3D simulation platform (XTRSuite1) developed by Light and
Shadows and is broken down into three modes according to the chronological use:
•
•
•

Preparation mode: data preparation, cell layout and scenarization (non-immersive desktop
mode).
Simulation mode: this is where the VR and AR experiments and tests are performed in
immersion.
Reporting mode: replay of the simulation, analysis of possible hazards, export of reports, 3D
videos, etc.

The internal architecture of HVM is shown in Figure 1.

Figure 1: XRTwin submodes overview

1

XRTSuite, https://www.xrsuite.fr/, last accessed on 31/3/2020
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Core technology

CAD model preparation and optimization
XRTwin uses PiXYZ plugin2 to import, tessellate and optimize native CAD files. PiXYZ is the leading
solution for preparing CAD data and maximizing visualization performance. It reads and converts
almost any format, optimizes and delivers a 3D model compatible with real-time interactions and virtual
experiences.
Physics engine
In order to accurately simulate the behavior of objects (robot, gripper, dynamics, collision, forces), LS
implemented the XDE physics engine in the HVM module. XDE Physics is an interactive physics
engine, featuring precise collision detection, multibody dynamics and many more features. XDE allows
to animate complex scene with accurate and realistic simulation of dynamic effects, both at rate
compatible with VR rendering. To date, XDE is considered as the best real time physics engine on the
market in terms of accuracy (Figure 2).

Figure 2: Physics engine comparison and XDE positioning
The HVM software is based on an accurate physics simulation and manipulator arm models provided
by robot manufacturer (kinematic and dynamic). Figure 3 shows the implementation of COMAU
Racer5 robot dynamic model into the HVM module.

2

PiXYZ plugin, https://www.pixyz-software.com/,last accessed on 31/3/2020
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Figure 3: Implementation of the COMAU Racer 5 dynamic model in ARAM

4.3

Preparation mode

In this mode, the user is able to import 3D data of the HRC cell he is designing, configure the 3D
simulation to obtain a realistic behavior and prepare the immersive simulation for operators. Figure 4
shows an overview of the GUI of the preparation mode.

Figure 4: Preparation mode overview
The available functionalities, explained in detail in the Appendix (9) are:
-

Ability to import 3D model of the production station (native CAD file or 3D scan of the existing
workstation);
Ability to select the collaborative robot from a library of robots (UR, IIWA and COMAU
robots);
-9-
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Ability to import and configure an end-effector;
Ability to define part kinematics and dynamic behavior (masses, joints);
Ability to define safety sensors from a predefined list (tactile sensors, cameras, lidars);
Ability to describe human and robot tasks in a flow chart like diagram.

Important note: Although XRTwin features a high-class physics engine, the simulation of the robot
trajectories highly depends on the dynamic model of the robot. In case of bias between the simulation
and actual robot execution trajectories, some alternative measures are foreseen (direct connection with
the robot controller or emulator).

4.4

Simulation mode

In this mode, mixed reality technologies are implemented to simulate the production line in full
immersion by incorporating the operator using the following hardware:
-

A VR compatible computer;
A VR headset;
(optional) Trackers placed on body segments to measure human postures.

The main challenge here is to be able to simulate realistic task sequencing between the operator and the
cobotic installation.
The implemented functionalities for this mode are (more details can be found at the Appendix (9)):
-

Ability to simulate in VR the sequencing of operations (design phase);
Execute robot trajectories;
Simulate safety sensor behavior and safety strategies (ex: on lidar activation, a robot stop is
triggered);
Validate in immersive simulation the ergonomics of the workstation: rating in posture and effort
(type 3DSSPP) for operators with different morphotypes;
Ability to record the simulation for future replay sessions.

Figure 5 shows the simulation mode of HVM running the OTIS use case scene.

Figure 5: Simulation mode (VR) for the OTIS use case
-10-
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Reporting mode

In this mode, the simulation executed in the previous phase is analyzed and safety metrics are calculated
according to the safety methodology defined in D5.1. It is possible to refine safety strategies and iterate
over the 3 modes.
The functionalities for this module are very important since they set the foundations of the risk analysis:
-

-

Ability to evaluate safety metrics:
o proximity analysis;
o Robot speeds and accelerations;
o possible pressure zones;
o impact force estimation;
o kinetic energies;
o visibility of safety sensors;
o robot swept volume.
Ability to evaluate operator metrics (ergonomics, production time, walking distances);
Trigger warnings if safety standards are being violated.

Focus on ISO/TS 15066 implemented features in XRTwin:
From the reporting module are derived several features that are used to verify the compliance with
ISO/TS 15066 standard. Figure 6 shows the safety analysis panel.

Figure 6: Robot and Safety analysis panel
Manipulability:
Illustrates the difficulty of moving the robot arm by the operator. It is represented by an ellipsoid in the
software Figure 7. The number in the interface is used to scale this ellipsoid. To obtain this ellipsoid,
we calculate:
𝑚𝑎𝑛𝑖𝑝 = 𝑏𝑜𝑑𝑦𝐽𝑇 ∗ 𝑏𝑜𝑑𝑦𝐽
-11-
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We use the eigenvalues and the eigenvectors of the matrix obtained to represent the ellipsoid.
𝑏𝑜𝑑𝑦𝐽 is obtained as follows:
𝑏𝑜𝑑𝑦𝐽𝑇𝑜𝑡𝑎𝑙 = 𝑖𝑛𝑣𝐹𝑟𝑎𝑚𝑒𝐴𝑑𝑗𝑜𝑖𝑛𝑡 ∗ 𝐽(𝑏𝑜𝑑𝑦)
where J gives the associated Jacobian matrix, 𝑖𝑛𝑣𝐹𝑟𝑎𝑚𝑒𝐴𝑑𝑗𝑜𝑖𝑛𝑡 is the inverse frame (which is the
toolFrame frame in the 𝑏𝑜𝑑𝑦 frame) which allows the conversion of frames, and body corresponds to
the robot's effector.
We obtain 𝑏𝑜𝑑𝑦𝐽 from 𝑏𝑜𝑑𝑦𝐽𝑡𝑜𝑡𝑎𝑙 keeping the last 3 lines of the matrix only.

Figure 7: Representation of Manipulability ellipsoid
Kinetic energy:
Kinetic energy is calculated using the formula:
1
𝑘 = 𝑟𝑒𝑑𝑢𝑐𝑒𝑑𝑈 𝑇 ∗ 𝑟𝑒𝑑𝑢𝑐𝑒𝑑𝑀𝑎𝑠𝑠𝑀𝑎𝑡𝑟𝑖𝑥 ∗ 𝑟𝑒𝑑𝑢𝑐𝑒𝑑𝑈
2
1

(i.e. the classic formula k = 2 mv 2 )
To obtain 𝑟𝑒𝑑𝑢𝑐𝑒𝑑𝑈 and 𝑟𝑒𝑑𝑢𝑐𝑒𝑑𝑀𝑎𝑠𝑠𝑀𝑎𝑡𝑟𝑖𝑥, we calculate 𝑟𝑒𝑙𝑒𝑣𝑎𝑛𝑡𝐷𝑂𝐹𝑠, an identity matrix with
0s for the degrees of freedom which are not of interest. This is the case when the body does not
correspond to the robot's effector. If it corresponds to the elbow, for example, the degrees of freedom
after the elbow should not be considered.
𝑟𝑒𝑑𝑢𝑐𝑒𝑑𝑀𝑎𝑠𝑠𝑀𝑎𝑡𝑟𝑖𝑥 = 𝑟𝑒𝑙𝑒𝑣𝑎𝑛𝑡𝐷𝑂𝐹𝑠 𝑇 ∗ 𝑚𝑎𝑠𝑠𝑀𝑎𝑡𝑟𝑖𝑥 ∗ 𝑟𝑒𝑙𝑒𝑣𝑎𝑛𝑡𝐷𝑂𝐹𝑆
𝑟𝑒𝑑𝑢𝑐𝑒𝑑𝑈 𝑇 = 𝑟𝑒𝑙𝑒𝑣𝑎𝑛𝑡𝐷𝑂𝐹𝑠 ∗ 𝑈
Effective effort:
The effort is obtained by solving the following equation
𝑏𝑜𝑑𝑦𝐽𝑇 ∗ 𝐹 = 𝑡𝑎𝑢
-12-
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Where F is the unknown and tau corresponds to the articular torques. The effective effort is therefore
not a reliable measurement if the articular torques are not reliable, that is to say if the software is not
connected to a robot emulator or controller to retrieve these measurements.
Effective mass matrix:
ISO/TS 15066 is taking the whole mass of the robot divided by 2, which seems rather severe.

In our implementation, the approach is based on the calculated effective mass.
The effective mass matrix is obtained by calculating:
𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑀𝑎𝑠𝑠𝑀𝑎𝑡𝑟𝑖𝑥 = (𝑟𝑒𝑑𝑢𝑐𝑒𝑑𝐵𝑜𝑑𝑦𝐽 ∗ 𝑟𝑒𝑑𝑢𝑐𝑒𝑑𝑀𝑎𝑠𝑠𝑀𝑎𝑡𝑟𝑖𝑥 −1 ∗ 𝑟𝑒𝑑𝑢𝑐𝑒𝑑𝐵𝑜𝑑𝑦𝐽 𝑇 )−1
This matrix is represented by an ellipsoid which one obtains from its eigenvectors and eigenvalues
(Figure 8).

Figure 8: Representation of Effective and Projected mass
Projected mass:
We obtain the projected mass from the effective mass matrix and the motion direction vector
𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑𝑀𝑎𝑠𝑠 =

𝑚𝑜𝑡𝑖𝑜𝑛𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑇

1
∗ 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑀𝑎𝑠𝑠𝑀𝑎𝑡𝑟𝑖𝑥 −1 ∗ 𝑚𝑜𝑡𝑖𝑜𝑛𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

Energy limits and Force limits:
The kinetic energy and the force of the effector are monitored. As soon as a threshold is crossed, the
corresponding part of the mannequin representation turns red. Table 1 provides the thresholds used for
each part of the body.

-13-
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Table 1: Energy and Force thresholds for each of the body parts
Body part
Skeleton
Head
Neck
Back
Chest
Abdomen
Pelvis
Upper arm
Lower arm
Hands
Thighs
Lower legs

Energy threshold (J)
0.23
0.11
0.84
2.5
1.6
2.4
2.6
1.5
1.3
0.49
1.9
0.52

-14-

Force threshold (en N)
130
65
150
210
140
110
180
150
160
140
220
130
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6. IMPLEMENTATION ON THE VDL USE CASE
This first prototype of the HVM module has been tested with respect to the VDL use case (Figure 9).
We reproduced the human operator and robot tasks as described in the D1.2 (52 operator tasks and 41
robot tasks in total). This simulation is delivered as a XRTwin scene that is available to all project
partners. It will especially be relevant to :
-

Refine the workcell design

-

Conduct the risk analysis

Figure 9: Implementation of the HRC Validation module with the VDL use case
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7. CONCLUSION AND FUTURE STEPS
The first development sprint on Task 5.2 ended at M18 and delivered a functional prototype of the
HVM module. Following the use case requirements and standard guidelines from Task 5.1, the software
has been designed according to the working methodology specified in D5.1.
This methodology guides the user from the initial design of the robotic cell towards the implementation
of safety components and strategies. By implementing ISO TS 15066 features, the user can assess the
compliance of the HRC strategy with respect to the standard and possibly perform several iterations to
address the hazards.
Using VR technology, the visualization of the cell from the point of view of the operator is enabled,
even at very early design phases.
In the next development sprint, the main identified enhancements involve:
-

Refining the analysis module with ability to replay recorded VR simulation;

-

Capability to segment actions (timeline);

-

Ask user to identify hazards and fill in parameters for the risk analysis;

-

o

Degree of harm;

o

Occurrence;

o

Avoidance;

o

Exposure.

Enhancement of the pallet of applicable laws modeled and formalized .

Moreover, the SHERLOCK consortium with the help of the safety expert PILZ, will focus on evaluating
this first prototype presented at this document in order to provide valuable feedback that will further
define the roadmap towards the development of the final prototype of HVM module.
The final version of the software will be delivered at M36.
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8. GLOSSARY
HVM
VR
AR
MR
CAD
HRC
GUI

Human-Robot Collaborative Module
Virtual Reality
Augmented Reality
Mixed Reality
Computer Aided Design
Human-Robot Collaboration
Graphical User Interface
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9. APPENDIX – XRTWIN USER MANUAL
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