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EXECUTIVE SUMMARY / ABSTRACT  

 
This deliverable reports on the analysis of State-of-the-Art of both existing and past projects, as well as it 

preliminary discusses on opportunities and threats for the ROSSINI consortium. 

 

First, the State of the Art presented in the proposal is recalled in each section. Then, a further investigation and 

update on this State of the Art is provided, by analysing new, existing and past projects, initiatives and if new 

products/technologies have been introduced into the market.  

 

First, an exhaustive overview on the sensing technologies to make robots aware of the surrounding 

environment is provided. Than an overview on data fusion is also presented, with a special focus on data fusion 

for security. Reference models for the ROSSINI control architecture and design tool software are also 

presented. A well-structured presentation about “Human Robot Mutual Understanding and Interaction” is 

included to explain the overall integration challenge and corresponding approach of the ROSSINI project. 

 

Finally, analysis of existing solutions or platforms and their structure is provided; ROSSINI specificity against 

existing solutions is also presented, with a special focus on new potential opportunities and possible threats. 

 

SCOPE  

 
State of the Art Analysis (WP2 Technical requirements) 
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1 Deliverable Description 

 

This deliverable reports on the analysis of State-of-the-Art of both existing and past projects, as well as it 

preliminary discusses on opportunities and threats for the ROSSINI consortium. 

 

First, the State of the Art presented in the proposal is recalled in each section. Then, a further investigation and 

update on this State of the Art is provided, by analysing new, existing and past projects, initiatives and if new 

products/technologies have been introduced into the market.  

 

In detail, Chapter 3 provides an exhaustive overview on the sensing technologies that will make the ROSSINI 

sensing solution  (i.e., the system that will enable the robots to “sense” the environment) effective. Chapter 4 

provides an overview on the reference models for the ROSSINI control architecture, as well as the principles 

and mechanism of main interest for the project.  

Chapter 5 is about a well-structured presentation about “Human Robot Mutual Understanding and Interaction”, 

that is a key ingredient for the overall high-level architecture of the system explained in Chapter 6, along with 

useful State-of-the-Art references. 

Finally, Chapter 7 gives a perspective on market trends and characteristics of the currently available 

technologies to prepare the work for WP9 “Impact Enhancement”.  
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2 Introduction 

 

The ROSSINI project aims to design, develop and demonstrate a modular and scalable platform for the 

integration of human-centred robotic technologies in industrial production environments. This will be achieved 

both by developing innovative technological components and methodologies in all fields related to 

collaborative robotics (sensing, control, actuation, human aspects, risk assessment methodology), and by 

integrating all such components in an open platform ensuring quick ramp-up and easy integration. ROSSINI 

ultimately aims at making Human Roboto Collaboration (HRC) a viable choice for manufacturers which up to 

now did not implement it, due to the regulatory and technological limitation of the technology.  

Moreover, through ROSSINI, the consortium intends to develop and demonstrate a novel concept of 

“collaborative by birth” robotic arm, specifically designed for collaborating with humans, featuring built-

in collaborative features for reducing reaction time and safe position signalling. As such, the ROSSINI 

platform will guarantee inherent safety to robotic applications developed through it, since all its 

components have been designed to maximize the compliance with existing requirements for human-robot 

collaboration.  

To achieve this target, the ROSSINI consortium agreed on a set of clear, measurable, realistic and 

achievable objectives presented below.  

 

Specific Objective 1 - To design a Smart and Safe Sensing System with improved detection and tracking 

capabilities for monitoring the working environment, and a safety-graded fusion module for the processing 

of data 

The ROSSINI platform shall include sensing technologies which radically improve the performance of 

currently available equipment, since closer human-robot collaboration first needs to rely on a highly detailed 

information base on the working environment. The ROSSINI Smart and Safe Sensing System (RS4) will pursue 

this goal, by combining information from several different customised sensing technologies (Vision, Laser 

Scanning, Radar, Mat, etc.) in order track not only the position but also the speed of each operator and object 

in the scene. Moreover, the miscellaneous set of information generated by the platform sensing layer needs to 

be integrated in a single multidimensional image processed in real time to generate suitable 3D safety regions, 

or “dynamic safety shells”, around each object in the environment. This will be achieved by developing a 

dedicated RS4 fusion module, made of safety fieldbus communication and safety sensor modules controller.  

Specific Objective 2 - To develop a Safety Aware Control Architecture for robot cognitive perception and 

optimal task planning and execution 

In order to enable not only robot sensing, but actual perception, suitable data processing techniques based on 

artificial intelligence need to be deployed, such as an advanced Graphics Processing Unit (GPU) computing 

and Machine Learning (ML) algorithms for image recognition, to obtain a semantic scene map that adapts to 

dynamic working conditions. This will allow to add semantic information to simple geometric maps that are 

currently used by fusing sensor data, thus making it possible for the robot not only to visualize images, but 

also to interpret them. Moreover, the deployment of artificial intelligence techniques for data processing will 

not be just aimed to enable robot perception but will also make robot cognition possible. In other words, 

besides being able to interpret data, the ROSSINI Safety Aware Control Architecture will make it possible for 

robots to optimally schedule the tasks that they need to accomplish, and to optimise the trade-off between 

human operator safety and manufacturing productivity. Each action to be executed will be sent to a dynamic 

planner that will dynamically optimize its execution in terms of trajectory to follow and/or interactive 

behaviour to reproduce while considering the variable safety conditions in the working area.  

Specific Objective 3 - To develop a “Collaborative by Birth” Robotic Arm range with novel built-in safety 

features 

Presently available collaborative robots are mainly standard robotic manipulators, on top of which specific 

technologies have been added in order to reduce risks for humans within collaborative operations. However, 

no substantial leap towards true HRC can be obtained, without redesigning a robotic technology from scratch, 

considering safe interaction with humans as the main guiding principle at each design step. Within ROSSINI 

a new range of robotic manipulators will be implemented as the platform actuation layer. The ROSSINI 
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Natively Collaborative Robotic Arm will feature safe axis position signalling via double communication 

channels, and an innovative solution for coupling brushless motors within robot joints, thus speeding up the 

robot braking and retraction. 

Specific Objective 4 – To develop a framework for Human-Robot Mutual Understanding in collaborative 

operations 

The ROSSINI platform will incorporate a human-centred process design level to address and account for 

human factors like job quality, user experience, trust, feeling of safety, and liability, in the early design stages. 

Moreover, an adaptive level will constantly monitor the process progression, human behaviour, and robot 

behaviour. Dynamic allocation of tasks allows that online changes to the original task planning (as defined in 

the design level) can be made during operation. Finally, a profound mutual understanding between robots and 

people in operation will be realized (Communication Level) and thereby making Human-Robot (HR) 

collaborations more predictable.  

Specific Objective 5 – To integrate all the ROSSINI technological components into one inherently safe 

platform for HRC applications development.  

The innovative technologies made available through the ROSSINI research activities need to be made available 

to integrators and manufacturers in a complete package, which will ease the job of deploying human-robot 

collaboration on the shop-floor. Therefore, after having ensured suitable technological interfaces among all 

platform components, the ROSSINI Integration and Validation Layer will encompass both an application 

design tool for easy configuration and reconfiguration of platform modules, and a set of new methodologies 

for risk assessment and validation (collision measurement), based on specific skills and knowledge of 

consortium partners, to speed up the validation and increase the efficiency of HRC applications. Most 

important, the ROSSINI platform will guarantee inherent safety to robotic applications developed through it, 

as it will contain safety compliant design guidelines and an optimised set of components and methodologies 

for safety. 

 

According to these objectives and project focus, the State-of-the-Art Analysis carried on in the following 

sections has been conducted.  
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3 Detection and tracking of the working environment 

 

Though a structured and coherent approach, ROSSINI will develop and demonstrate technologies enabling a 

significant advancement in HRC. Besides implementing 4 synergic lines of research, and the integration of the 

results into one comprehensive platform for the design and validation of HRC application, ROSSINI will also 

develop 3 industrial demonstrators, which will act as technological showcases for the market replication and 

therefore for the full leverage of the market potential of exploitable results. First step to reach the envisioned 

goal is the design and development of a sensing solution for monitoring the surrounding environment. This 

chapter is dedicated to an overview on the technologies that serve to enable this sensing system. 

 

3.1 ROSSINI Envisioned Sensing Technology  

 

The RS4 (ROSSINI Smart and Safe Sensing System) will be the link between the environment and an 

efficient and safe movement of a robot in it, when at least a human operator is also present in the same 

environment. RS4 will be a set of sensors based on different technologies but able to work together in order to 

provide full information on the monitored area (sensor fusion). The application designer will identify the actual 

set of sensors based on the application and of the complexity of the scene. Not only the position but also the 

speed of each operator and object in the scene will be tracked in order to continuously adjust the robot 

trajectories (dynamic robot control). The same information will be used to continuously adjust both the 

position and the dimensions of the safety areas (dynamic safety). The robot movements will be limited only 

in case of real danger for persons or things.  

More specifically, RS4 will allow both a 2D and a 3D monitoring based on the specific requirements. 2D and 

3D sensors can be used, and each sensor may have a different performance in terms of speed, resolution, 

accuracy. In order to avoid occlusions or to improve safety some areas might be covered by redundant sensors. 

The expected vision sensors interaction pattern will be the following: 

• Wide-range, low-speed and 2D sensors monitor access to the danger zone at large and medium 

distance from the robot, to inform downstream sensors of the complexity of the scene. 

• Medium-range, faster, 3D sensors monitor the operating space at medium distance from the robot. 

• Short-range, high-resolution, very fast, 3D sensors monitor the area at very short distance from the 

robot (or the same sensors as above in a different operating mode). 

• Moving objects (men or vehicles) are monitored by tracing them from the peripheral areas of the 

working area. 

RS4 will be based on different technologies: the safe sensor list will include at least laser scanners (based on 

the DATALOGIC Sentinel Safety Laser Scanner [1]), sensitive rubber mats (based on the PILZ Safety Mat 

[2]), 3D cameras (based on the PILZ Safety eye [3]) and radar sensor. The sensors will provide different types 

of information: 

o safety alarms, when a single sensor is enough to detect a safety violation; 

o complex safety information (e.g., point clouds) to be used by a safety controller to detect 

complex safety conditions by means of sensor fusion; 

o non-safety related information (e.g., images) to be used for high level motion planning and for 

human-machine interfacing like gesture recognition or operator identity detection. 

RS4 sensors will use safe buses to exchange safety data (IO Link Safety [4], Profinet/Profisafe [5], or 

Ethernet-IP [6]/CIP Safety [7]) and may use non-safe buses (standard Ethernet) for non-safety information. 

RS4 sensors will be configured using a single graphic interface with auto-learn features to ease and speed 

up the installation and the certification. Based on the evolution of international safety regulations, the RS4 set 

of sensors may contain non-safe sensors to be used for safety  

RS4 will first include a new Safe 3D Vision Sensor module, for which Hardware, Software, Mechanical and 

Optical with intrinsic safety features will be carried out. The PILZ Safety Eye represents the State of the Art 

and it will be taken as the starting point for a design that aims to be a substantial improvement. Regarding 

Laser Scanning, the goal is to modify the existing Laser Sentinel Cluster to add advanced features needed to 

create a single compound image starting from several partially overlapped images coming from each elements 
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of the cluster. Besides, technology research shall also be needed on different technologies, among which the 

consortium envisages radar and capacitive sensing, and medium range environment sensing, which can 

include thermal, ultrasound and acoustic sensing. The whole sensors array will need standard ethernet based 

safety fieldbus communication, with modular hardware implementation development using standard Field 

Programmable Gate Arrays (FPGAs) or Microprocessors. Finally, RS4 will involve the design of a Safety 

Sensor modules Controller, in charge of the integration of multi sensors information in a single 

multidimensional image of the overall scene (fusion of RS4 sensors partial data).  

The vision is to use RS4 to develop a "Dynamic Safety Shell", shown in Figure 3.1, which expands and 

contracts dynamically, based on the minimum required distance, calculated as a function of the robot speed, 

as defined by the ISO standard. 

 

Figure 3.1 Robot Dynamic Safety Shell 

The communication over safe field-buses (ProfiNet Safety, DeviceNet Safety, Ethernet/IP Safety) will allow 

to connect RS4 to the robot controller and to define which protected spaces to activate based on the presence 

or absence of the operator, always guaranteeing a degree of security conforming to PL:d cat.3, according to 

ISO13849 [8]. This will allow to create a flexible and self-reconfiguring security system capable of meeting 

the safety requirements defined in ISO 15066: 2016-5.5.4 [9] about speed monitoring and minimum separation 

distance when robotic system and operator work concurrently within the same collaborative workspace. In this 

way, it will be possible to overcome the limitation of the static predefinition of the robot’s protected 

working spaces by computing in real-time a volume which encloses the mechanical structure of the robot 

(links, joints and end-effector) and moves together with it, thanks to the real-time analysis of the angular 

positions of the joints, monitored by safe encoders. In the same way, through a 3D safe vision system and other 

technologies, such as 3D vision system and geo-localization, the position and speed of the operator can be 

detected, which will also be surrounded by its "Dynamic Safety Shell" that expands, and contracts based 
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his/her speed and direction. To further increase the safety level a dedicated multiprocessor system should 

perform the computation on different processors or alternatively different cores (in case of multi-core 

processor). To set up all tools needed to meet the above vision, what follows is a presentation of the 

technologies enabling a robot to “sense the field”, including both those already mentioned that will be provided 

by the ROSSINI partners and those that can be part of RS4.  

 

3.1.1 Architectural elements of a sensing systems and available technologies  

 

There are multiple architectural elements for human detection in the robot workspace and common 

technologies are listed below, along with a brief description and examples from the industrial world. 

Safety mats are surface sensors for position detection and typically used to protect hazardous area in industrial 

environments (e.g., when production automation is implemented). Placed all around the workspace to guard 

they guarantee that nobody is in the dangerous zone, even at the start-up of an application. 

Pros: safety mats are well suited for polluted environments since dust and unstable light conditions do not 

affect their mechanical measurements.  

Cons: safety mats, however, cannot be moved once they have been placed so, in case of dynamic applications 

(as one of those addressed by ROSSINI), the whole room 

should be covered with mats to ensure safety under all the 

possible applications, conditions and changes.  

Output: safety mats are divided into cells. When an object is 

placed on one cell, that cell “actuates”. The return data 

provided by mats is the indication of the actuated cells. 

Examples from industry: examples of safety mats (and 

suppliers) are 

• PSENmat (PILZ) [2]  

• UMA Series (OMRON) [10] 

• Larco Industrial Safety Mat System (LARCO) [11] 

Within ROSSINI is foreseen to leverage on safety mats for 

covering all the areas in which the demonstration will be 

installed. Since this technology does not suit well mobile application whilst the ROSSINI platform wants to 

cover a relevant number of use cases including dynamic scenarios, probably safety mats will be treated as an 

optional element of the ROSSINI Smart and Safe Sensing System (RS4) solution. 

 

Stereo Camera is a camera equipped with two (or more) 

lens that record separate sensor data or video frame, thus 

simulating the binocular vision of human eyes and 

therefore capturing 3D images.  

Pros: stereo cameras are easy to install, have a good speed 

and spatial resolution and can operate placed in a mid-

range distance from the application of interest.  

Cons: stereo cameras are vulnerable to dust, dark or very 

bright light conditions and to shading caused by the 

application structure. Clearly, to reduce shading multiple 

camera systems could be placed at the workspace but with 

an increased cost due to processing, synchronization and 

coordination of multiple devices. Furthermore, the 

collected video images need proper treatment to be 

compliant with the personal data protection laws.  

Figure 3.2 – Application with safety mats 

(PILZ GMBH & CO. KG) [2]  

Figure 3.3 – Application with stereo camera 

(PILZ GMBH & CO. KG) [276] 
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Output: via image processing and triangulation. Stereo Cameras provide the distance of every pixel to the 

next object as data. 

Examples from industry: there are several examples of stereo cameras, from the very pioneering Kodak 

solution (1954) to the concepts today adopted for smartphones (dual or multi-cameras to capture 3D images). 

Here just a short list of the main current suppliers is provided: 

• SafetyEYE (PILZ) [3] 

• ZED (StereoLabs) [12] 

• Bumbleebee2 (Point Grey) [13] 

Due to the simplicity of installation and to the rapid drop down of the cost of sensors and processors the stereo 

camera solution is widely used both in industrial and consumer applications. In the past, however, due to its 

sensitivity to environment conditions, this technology was rarely used for safety purposes. The Pilz SafetyEYE 

is the only known camera certified for a wide range of applications. Thanks to technological improvements 

this situation is quickly changing, and the stereo camera technology is a good candidate even for safety 

purposes. Decreasing communication and computing costs are also making multiple camera installations more 

and more competitive. Multiple cameras can be used not only to reduce shading, but also to improve the system 

coverage or to increase the resolution or reaction speed in sensitive areas. In this context, as reported in the 

ROSSINI proposal, starting from the PILZ SafetyEYE solution and considering the already available 

technology, a Side 3D camera with shorter Depth of Field and a quite high maximum frame rate will be 

designed, to monitor space regions where the dangerous task between the robot and the Human Operator 

happens at a shorter-distances. Then a Top 3D camera with a wider field of view and a bigger depth of field 

will be developed too, to monitor a large part of the working cell   

Laser scanner (a specific type of LiDAR, “Light, Detection and Ranging”) is a device able to control the 

steering of a laser beam (i.e., typically via moveable mirrors) to span the surrounding space and rapidly take 

distance measurements. LiDAR scanners usually offer a two-dimensional area monitoring. 

Pros: as stereo cameras, also laser scanners are typically placed in a mid-range distance from the monitored 

application. However, they are more robust against dust and particles then camera solutions and environmental 

light conditions do not affect them. In addition, Laser scanners offer a high resolution in the provided angle 

and range data. 

Cons: the motor moving the rotating mirror is more subject to aging and failures than solid state solutions. 

Shading should always be kept in mind when laser scanners are used for monitoring, as well as the limitation 

of the horizontal laser beam that does not detect objects above and below the observed plane.  

Output: typically, laser scanners offer a 2D area 

monitoring (i.e., distances from surface object located 

through the monitored plane). 

Examples from industry: to the sake of exposition, here 

is a list of state-of-the-art laser scanners manufactured by 

different producers:  

• Laser sentinel (DATALOGIC) [1] 

• PSENscan (PILZ) [14] 

• LUX (Ibeo) [15] 

• UTM (Hokuyo) [16] 

As reported in the project proposal, the laser solution 

already selected for RS4 is the DATALOGIC Laser 

Sentinel Cluster that, considering the available 

technology in the market, will be enhanced even further 

to deal with central image reconstruction from several partially overlapped images, continuous object tracking 

in the space and cluster synchronization. 

 

Figure 3.4 – Application with stereo camera 

(PILZ GMBH & CO. KG) [14] 
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Radar systems are also devices that compute distances 

from objects but sending out electromagnetic signals and 

measure the energy reflected by surrounding environment.  

Pros: radar systems can be used from short to long-range 

applications (longer ranges result however in a resolution 

decrease). Radar is very robust against environmental 

influences but shading e.g., behind metal structures is still 

possible. 

Cons: the function principle of a radar solution leads to an 

issue when differencing between metal and human 

obstacles due to their similar energy signature.  

Output: radar provides energy gain as data, which can be 

transformed to a distance.  

Examples from industry: examples of radar solutions available in the market follow 

• Type XX (SmartMicro) [17] 

• ESR (Delphi) [18] 

• 24 GHz (Hella) [19] 

among them, considering ROSSINI purposes, those that implement multi-channel ultra-wideband (see, e.g., 

[20] or [21]) are of major interest for the detection of human-robot interaction in the near field (as alternative 

to the capacitive technology reported below); therefore they will be studied and evaluated carefully to decide 

if adopting them within the RS4 solution or not. 

 

Capacitive sensors are detection solutions that 

measure the distortion of an electric field due to the 

dielectric properties of an object (e.g., a human 

body part) that is in the proximity of the sensors.  

Pros: proximity sensors are well suited for short-

range applications, e.g., to serve as a “robot skin”.  

Cons: the electric field generated by the capacitive 

sensors (usually in the radiofrequency spectrum) is 

vulnerable to electromagnetic interferences and 

humidity changes of the environment.  

Output: capacitive sensors provide the relative 

change of the electric field as data, which is a value 

that can be transformed into a distance and/or 

position of the interfering object.  

Examples from industry: examples of capacitive sensors available in the market are 

• GestIC (Microchip) [22] 

• Proximity switch (Baumer) [23] 

• Capacitive sensors for object detection (Balluff) [24] 

As mentioned above, this technology is of great interest for ROSSINI and concurrent with the radar solution 

to provide a near field sensing functionality for RS4. 

Figure 3.6 –Capacitive sensor principle (Microchip) 

[22] 

Figure 3.5 – Sonar principle (Georg Wiora, 

Dr. Schorsch) [277] 
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Pressure sensitive sensors are detecting solution that 

measure an applied force due to the change of resistance 

other physical principles.  

Pros: this kind of sensors could be used as a tactile skin 

of the robots for detecting, e.g., a collision with the 

environment or human beings. Pressure sensors are also 

very robust to environmental conditions.  

Cons: a physical contact is always necessary for 

detection and in many cases (especially those that apply 

to safety) this characteristic is far to be desirable.  

Output: pressure sensors provide as data both the 

location of an external object and the pressure that such 

object applied to the touched sensor.  

 

Examples from industry: examples of pressure sensors available in the market are 

• Stretchable Seat Tactile Sensor (Pressure Profile Systems) [25] 

• Air Skin (Blue Danube Robotics) [https://www.bluedanuberobotics.com/airskin/] [26] 

• Foot Mapping Sensor System (Sensor Products Inc.) [27] 

This technology can be a further alternative for near-field measurement, even if, due to the safety rationale 

expressed above, is it likely that it will not be adopted within the RS4 framework. 

 

Ultrasonic sensors are solutions based on the 

measurement of the travel time of an emitted 

acoustic wave to determine distances from 

surrounding objects.  

Pros: ultrasonic sensors are well suited for 

detecting transparent surfaces, they are very low 

cost and not affected by dust or high-moisture 

environments. 

Cons: ultrasonic sensors are sensible to 

temperature changes; furthermore, detecting very 

soft fabrics is difficult because parts of the sound 

waves can be absorbed.  

Output: ultrasonic sensors provide the distance to an object as data. 

Examples from industry: examples of ultrasonic sensors currently under consideration for ROSSINI are 

• US board (Neobotix) [28] 

• UCXX, UDXX, UMXX ultrasonic sensor families (Sick) [29] 

• TS Alpha (Toposens) [30] 

• US24 (Panasonic) [31] 

Due to their low cost, ultrasonic sensors can be a viable alternative and complement to the other solutions for 

detecting distance that this section presents; however, the sensibility to temperature changes may be an obstacle 

to evaluate carefully for their adoption within the RS4 solution. 

 

Figure 3.8 –Ultrasonic sensors [279] 

Figure 3.7 –Pressure sensor (Sensor Products 

INC.) [278] 
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Time of flight cameras (TOF) are devices that 

transmit a light impulse to measure the time until the 

reflected light reaches a sensor mounted on-board the 

camera itself. Through these measurements flight 

cameras can reconstruct 3D images of the observed 

scene (as the stereo cameras seen above).  

Pros: a TOF camera does not require the computing 

power requested by stereo cameras as the sensor 

outputs directly the distance of the detected surfaces. 

As they have a single view point the TOF cameras have fewer shading uncertainties on object borders. In 

principle the could achieve very high frame rates and working distances.  

Cons: as all the optical solutions TOF cameras are sensitive to dust and occlusions. The current commercial 

solutions are sensitive to object reflectance and to high environmental light. If multiple systems coexist in the 

same workspace, they can interfere with each other (“crosstalk” effect). Multiple light reflections of a single 

object can also lead to false measurements.  

Output: time of flight cameras capture an image providing distance values for each pixel that compose it. 

Examples from industry: examples of time of flight cameras are 

• Visionary T (Sick) [32] 

• Basler ToF Camera (Basler) [33] 

• CamBoard picos (pmd) [34] 

• OPT8241 (TI) [35] 

Current TOF cameras are usually less flexible and precise than stereo-cameras, but the automotive market is 

strongly pushing the development of new devices that will solve most of the listed problems. Sensor providers 

claim excellent environmental light and reflectivity ranges on upcoming sensors. The crosstalk problem is also 

being minimized. 

This technology can be of great usefulness within the ROSSINI project since, under certain condition, it may 

be a valid alternative to one or more laser scanners/stereo cameras even for safety. How it would be possible 

to integrate this technology successfully will be investigated in WP3. 

 

3.2 Data fusion and processing techniques 

 

In the following, Section 3.2.1 generally reviews data fusion techniques, both for the network and the 

application layer. Section 3.2.2  completes the presented picture focusing on data fusion solutions for safety, 

where data reliability, real- and continuous-time implementation are the key aspects to consider.  

 

3.2.1 General data fusion algorithms 

 

Data fusion entails data processing both at the application (high level) layer and network (low level) layer to 

transmit information efficiently and reconstruct a given signal (or combination of signals in a more complex 

map), possibly with no losses and/or high accuracy (i.e., avoiding artefacts). The following selection presents 

state-of-the-art solutions of interest for ROSSINI because they are based on two key principles: 

1. Possibility to be implemented embedded in a “PLC type” computer; 

2. Suitability to work in real time with fast response performance.  

To achieve the above goals, the machine learning algorithms and/or other statistical techniques are trained and 

calibrated offline, whilst the trained models (executable) can run online with high performance (in terms of 

processing speed). 

For convenience, in the following the State-of-the-Art of data fusion is divided into five sections:  

Figure 3.9 – TOF Sensors [280] 



D1.2 H – Requirement No. 2   

ROSSINI | GA n. 818087  Pag. 24 | 128 

3.2.1.1 General data fusion algorithms 

3.2.1.2 Multi-layer Sensor data fusion 

3.2.1.3 Data fusion in Robot setting: (SLAM + Extended Kalman Filter), (LIDAR + Gaussian processes) 

3.2.1.4 Artificial Intelligence / Machine Learning techniques 

3.2.1.5 Industrial Manipulators 

 

Then, each section refers to the four main hierarchical layers of the ROSSINI system as described in Figure 

4.1 (Section 3.2) and Figure 6.1 (Section 5.1) of the present document Deliverable D2.1: 

• Perception (highest layer A); 

• Cognitive (layer B); 

• Control / Execution (layer C); 

• Sensing / Safety (layer D). 

 

3.2.1.1 Background techniques 

 

Data fusion deals with aggregating and/or interpreting data from different sources, towards a global goal. 

Different challenges arise when aggregating data from different sources, in particular: (i) to decide which 

function or strategy to use for data aggregation; (ii) how to define and assign different degrees of importance 

for data and how to weight them in overall aggregation process. The first challenge can be thought just as a 

data pre-processing issue (for example, considering records which are characterized by different measurement 

units, data types, orders of magnitude, etc. and unifying them according to a common timestamp and geo-

spatial reference) and can be coupled with communication networking mechanism such as routing. The second 

challenge relates instead to higher level concepts such as the impact of a given input on the overall result 

(relevance) and its confidence factor (reliability). This type of processing would correspond to levels C and D 

as listed above (Control/Execution layer and Sensing/Safety layer, respectively). 

In order to tackle the second challenge, several specialized algorithms and techniques have arisen; one of the 

most important authors in this field is Yager [36] that introduce the Ordered Weighted Averaging (OWA) 

operator which orders and weights multiple inputs and aggregates them according to an overall decision 

function. In detail, to each input is assigned a weight (typically between 0 and 1) which is used for the 

aggregation calculus (i.e., vector product).  

The OWA operator allows the aggregation function to be more variable than those that can be obtained with 

the AND/OR operators (which require all criteria or at least one criterion to be satisfied, respectively), 

nevertheless the assignment of weights remain one big issue to solve. Among the different approaches 

proposed to this end, Torra in [37] presents the WOWA operator which has two vectors of weights, that can 

be interpreted, for example, as relevance and reliability, respectively. In [38], furthermore, Nettleton and Torra 

compare the active set method [39] with a genetic algorithm [40] for setting the weights in WOWA. This 

tackles an important problem in general for aggregation operators which is how to optimally assign the weights 

in the weighting vector, and this will also have to be solved in the ROSSINI project for multiple sensor fusion.  

Figure 3.10 shows the general scheme of a sensor fusion system in which a vector of sensor values (left) are 

unified in one output value (right), as would be done by algorithms such as OWA/WOWA. This type of 

processing would again correspond to levels C and D as listed previously (Control/Execution layer and 

Sensing/Safety layer, respectively).  
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Figure 3.10 Overview of sensor data fusion process [47] 

 

3.2.1.2 Multi-layer sensor data fusion 

 

More complex scenarios that entail large scale data/information fusion are addressed by Hall and Llinas in 

[41]. In these cases, multi-layered architectures are the commonly adopted solution that can be built, as an 

example, upon the following hierarchical sequence of sub-processes (i.e., algorithms running on-board the 

implemented fusion system solution or qualified operator analysis in the pre-, post- and on-going phase of the 

overall data fusion process):  

• Process assignment: source pre-processing that enables the overall data fusion process to select the 

most pertinent data for the currently observed situation, as well as to reduce the data fusion processing 

overload. 

• Object refinement (level 1): process that combines locational, parametric, and identity information 

to create a representation of single objects (e.g. a bat identifying its prey). In this phase, four key 

functions are considered: (i) data transformation into a consistent reference frame and units (i.e., data 

alignment); (ii) estimation and/or prediction of the object position, kinematics and/or motion attributes 

; (iii) data assignment to objects for statistical estimation; (iv) estimation refinement of the object 

identity and/or classification (e.g. based on size, texture, motion). 

• Situation refinement (level 2): process with the aim of developing a contextual description of the 

relationship between objects and observed events. This processing determines the actual meaning (i.e., 

categorization from the perspective of the overall fusion system) of a collection of entities (which may 

be objects) and incorporates environmental information, a priori knowledge and on-going observations 

into such categorized result. 

• Threat refinement (level 3): process that project the current situation into the future to infer possible 

threats and opportunities behind the evolution of the situation itself. 

• Process refinement (level 4): the last is represented as a meta-process with three key functions: (i) 

monitoring of real-time and long-term data fusion performance; (ii) identification of additional 

information required to improve the multi-level data fusion output; (iii) optimization of the sensor and 

data source placement and usage to achieve the overall goals of the data fusion system. 

Following our previous definitions, Object refinement (from the above list) would correspond to ROSSINI 

levels C and D, whereas Situation/Threat/Process refinement (above) would correspond to ROSSINI levels A 

and B. 

Clearly, to implement the above sub-processes also an integrated “database management” and a “human-

computer interaction” system must be defined and implemented. Figure 3.11 shows a schematic representation 

of the system described in [41]. In Figure 3.11, the left-hand side would correspond to ROSSINI levels C/D, 

and the right-hand side to ROSSINI levels A/B.  
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Figure 3.11 Alternate architectures for multi-sensor identity fusion [39]  

In [41], the authors identify specific techniques for each aforementioned sub-process and corresponding 

set of functions.  In the following, some more detail for levels 1 and 2 are provided since they are more related 

to the “safety map”, however the other levels could also be further evaluated for their applicability to ROSSINI. 

In particular, for level 1 (Object refinement, ROSSINI levels C/D): data alignment can be obtained via 

system coordinate transformation methods [42], [43] and unit adjustment techniques (i.e. Mpa to Newtons, 

mm to nm, etc.); position and motion can be inferred and predicted via data/object correlation through gating 

techniques [44], multiple hypothesis association probabilistic data association [45], [46], nearest neighbour 

[47], whilst  position, kinematic and attribute estimation can be computed with Kalman filter (see later), ab 

filter [48] or the maximum likelihood approach [49]; finally, object identity estimation is obtained via physical 

models, feature based techniques such as neural networks, syntactic models, cluster algorithms and pattern 

recognition). For  level 2 (Situation refinement, ROSSINI levels A/B): both object aggregation and event, 

activity and contextual interpretation rely on specific techniques such as knowledge based systems [50] (among 

which rule based expert systems [51], fuzzy logic [52] and frame-based [53] are the most known), logical 

templating [54], [55], neural networks [56] and blackboard systems [57]. 

 

 

Figure 3.12 Two-layer conflict solving system [58] 

 

The multiple-sensor fusion problem is addressed also by Lohweg et al. [58] which evaluate different theoretical 

models and provide several useful insights on data fusion strategy and related issues; notably, the authors 

present here a “human behaviour” approach which is made of three levels (individual, group and 

organizational). This paper deals with the well-known Dempster-Shafer Theory (DST) which is based on 

belief, probabilistic, fuzzy and possibility functions. In this context, [58] proposes a two-tier architecture to 

mitigate an inherent flaw of DST (identified by Zadeh [59]) that can results in unresolved conflicts during data 

fusion: as illustrated in Figure 3.12, a Conflict-Modified DST (CMDST) solution combines in “Layer 1” pairs 

of sensor data so that a possible conflict is considered and solved between two individuals (the basic elements 

that can hold a conflict); then, “Layer 2” (ROSSINI levels A/B) both receives the result output from “Layer 

1” (ROSSINI levels C/D) and collects all the original information form sensors, fuses them together and so 

the possible conflict can be further resolved at the group level (has a larger range and includes two or more 

individuals).  In addition, Lohweg et al. also discuss fusion operators, including OWA (already mentioned 

above) and IWOWA (Importance WOWA). Another important contribution of [58] is about sensor reliability 
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that is analysed according to two categories: static reliability, that indicates the probability of a given source 

to work correctly and whose information is based on the expert know-how; dynamic reliability, that considers 

unpredictable disturbances (i.e., environmental influences, mis-applications or failures caused by accidents) 

and that is generally estimated via consensus-driven approaches. In Figure 3.12, the left-hand side would 

correspond to ROSSINI levels C/D, and the right-hand side to ROSSINI levels A/B. 

Further important reference reading for data/sensor fusion are Manyika and Durrant-Whyte [60] which 

theoretically addresses the problem from a decentralized perspective, Luo et al. [61] that focus on the dynamic 

aspect and correlated issues of a data fusion solution, and Yager [62] which again stresses the aspect of data 

gathering from multiple sources. 

Finally, Kam et al. [63] is a review of sensor fusion techniques for mobile robot navigation. When sensor 

fusion is leveraged to enable mobile navigation, even more practical requirements and considerations are 

needed including: robustness of decision rules; simultaneous consideration of self-location; motion planning 

and control; vehicle dynamics; the effect correlated with sensor placement and fusion and adaptation of 

techniques from biological sensor fusion. Similarly, to what seen above, low level fusion (ROSSINI levels 

C/D) includes techniques such as Kalman filtering and Bayesian theory. High level fusion (ROSSINI levels 

A/B), instead, includes an interesting two-tier neural network architecture where (see Figure 3.13): (i) a “reason 

network” receives data directly from the sensors and produces a  set of  outputs that are combined in  the robot 

motor inputs; (ii) an “instinct network” receives as input a selection of the sensor measurements available, 

along with a portion of the “reason network” outputs and elaborates them as outputs that gate into the outputs 

of the “reason network” before feeding the robot motors.  

 

Figure 3.13 A hierarchical neural network for a mobile robot [63] 

 In this application, behavioural processes are defined at a “semantic” or “control level” (e.g., “avoid obstacle”, 

“follow road”, “seek goal”, “maintain heading”, “avoid tip-over”) and specific sensors are assigned to them at 

the “perception level” (e.g., Vision, IR, Sonar, PSD). In order to decide what to do next (and to prioritize it), 

each behavioural process sends a vote (i.e., a number between 0 and 1) to a “command arbiter” for each vehicle 

action. The “command arbiter” then generates the actual commands for the “vehicle controller” combining 

these votes with a set of corresponding weights determined by a “mode manager” (see Figure 3.14). The overall 

high-level framework, called DAMN (Distributed Architecture for Mobile Navigation) is shown schematically 

in Figure 3.14 and would correspond to ROSSINI levels A/B. 
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Figure 3.14 Behaviours sending votes to the arbiter in the DAMN architecture [63] 

In the ROSSINI project, all the above techniques and approaches will be considered and evaluate carefully to 

best design the data fusion solution to be implemented in WP4 (“Safety Aware Control Architecture”). Conflict 

resolution techniques and the DAMN architecture will be investigated in detail to evaluate which aspects could 

be made use of. Finally, also the Kalman Filter method and neural networks can be of interest, but some doubts 

of their applicability exist. Nevertheless, a comparative analysis will be conducted against alternative solutions 

to see what to include more fruitfully in the open platform that ROSSINI will develop as its main contribution. 

 

3.2.1.3 Data fusion in Robot setting (SLAM and Extended Kalman Filter, LiDAR and Gaussian 

processes) 

 

Among the latest works relevant to data fusion in a robot setting, Gutiérrez et al. [64] used a modular 

architecture for cobots to ensure data synchronization. According to the authors, they obtained:  a) distributed 

sub-microsecond clock synchronization accuracy among modules, b) timestamping accuracy of ROS (Robot 

Operating System [65]) 2.0 messages under 100 microseconds and c) millisecond-level end-to-end 

communication latencies, even when disturbed with networking overloads of up to 90% of the network 

capacity. They highlight the complexity of integrating non-synchronized components in a ROS distributed 

system and recommend using Network Time Protocol (NTP) [66] or Precision Time Protocol (PTP) [67] rather 

than ROS native components. This would correspond to ROSSINI level D. 

In [68] Wang et al. summarize different approaches for the development of an information-fusion SLAM (IF-

SLAM) method for mobile robots performing Simultaneous Localization and Mapping (SLAM). The 

considered data-fusion architecture implements a Multi-robots and Multi-sensors (MAM) scenario where 

multiple robots mount on-board Laser Range Finder (LRF) sensors, Laser Measurement System (LMS), 

localization sonars, gyro odometry, Kinect-sensor, RGB-D omnidirectional camera, Inertial Measurement Unit 

(IMU) and other proprioceptive sensors. All these sensors enable each mobile robot to build a map of the 

environment and to localize itself at the same time within this map. In particular, [68] considers data 

information and map fusion for two workspaces: the state space is estimated using both an Extended Kalman 

Filter (EKF) [69] and a Rao-Blackwellized Particle Filter [70] to improve motion trajectory accuracy; data 

fusion is performed on a frame-to-frame basis, independently for each mobile robot (e.g., fusion of a stereo 

camera’s output with IMU measures when the robot reach a GPS-denied location) and, finally, real and 

potential trajectories can be combined with object detection including LRF and vision system measurements 

within the Kalman filter equations and building a corresponding submap via combined constraint data 

association [71]. This would correspond to ROSSINI levels C/D. 

It is worthy to note that the results of this paper interest ROSSINI in particular for the implementation of the 

use case #3 “Food Products Packaging” that foresees the presence of an Automated Guided Vehicle (AGV) 

that is able not only to perform the required pick and place operations, but also to safely navigate throughout 

the shop-floor together with humans.  
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Figure 3.16 User localization estimation through a multi-sensor 

system and PSO approach [76] 

 

Figure 3.15 Examples of sensor data to be fused. (a) Image from the wide-angle camera; (b) 3D point 

cloud from LiDAR [72] 

Of interest for ROSSINI (for possible final sensing solution to be designed and developed in WP3) is also the 

recent work [72] that addresses the problem of how to fuse the outputs of a LiDAR scanner (equipped with 16 

lasers) with the output of a wide-angle monocular image sensor for free space detection. The challenge here 

comes from the fact that the outputs of LiDAR scanner and the image sensor are of different spatial resolutions 

and need to be aligned with each other. [72] proposes a geometrical model to spatially align the two different 

outputs, along with a Gaussian Process (GP) regression-based resolution matching algorithm to interpolate the 

missing data with quantifiable uncertainty. The results indicate that the proposed data fusion framework 

significantly aids the subsequent perception step despite a bias introduced by the adopted GP algorithm in the 

distance estimation of pixel with similar colours (that are inherently assumed to be at about the same distance 

from the LiDAR). The approach of [72] is illustrated in Figure 3.15. This would correspond to ROSSINI levels 

C/D. 

In addition, the presented method requires a small amount of training data as compared to algorithms based on 

deep neural networks [73], [74] or Gaussian Mixture Models [75].  

Finally, for the ROSSINI scope it is worth to mention the work by Kim et al. [76] that proposes a hybrid 

Particle Swarm Optimization (PSO) approach [77] to solve issues due to nonlinearity, correlation of 

measurement errors and constrains in the sensor placement for data fusion in a multi-sensors system. This 

proposed solution is of interest because it theoretically builds a robust data fusion model and ensures a right 

balance between exploration (discovering new information) and exploitation (making best use of existing 

information). However, the overall experimental approach followed is unclear and the whole solution must be 

studied and tested more in depth before adopting it within WP4. The data fusion approach of [76] is illustrated 

in Figure 3.16. 
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3.2.1.4 Artificial intelligence / machine learning techniques 

 

In [78] the authors use the SVM (Support 

Vector Machine) machine learning technique 

for a classification task based on multiple sensor 

inputs from various mobile robots implemented 

on a ROS platform. The SVM algorithm serves to 

select among all the available ones the two most 

important sensors. The presented work leveraged 

on the Matlab [79] LS-SVMlab Toolbox for 

training and learning feature implementation. 

Nevertheless, ROS itself comes with a plug-in for 

SVM and Nearest Neighbour classifiers. These 

tools can be evaluated, together with other ML 

libraries to test their adequacy for the 

performance required by the ROSSINI platform. 

For example, for embedded systems it is desirable 

that the ML libraries do not have external 

dependencies (see [80]). An example of the 

solution space for the SVM algorithm is 

illustrated in Figure 3.17. 

[81] proposes a Multi-Agent Blackboard 

(MAB) software architecture for perception and 

world-modelling considering the following three 

key issues: (i) the fusion of data from sensors 

with various abilities to extract features into a 

coherent world-model; (ii) integration of 

different paradigms of world representation; (iii) 

efficient use of communication channels. 

The designed system applies to autonomous 

robot, and in particular [81] tested it on (a) an 

autonomous wheeled robot, which can be used as 

an AGV or patrol/security vehicle, and (b) a six-

legged walking robot (see Figure 3.20), which is 

intended for search, security or reconnaissance 

missions. An illustration of the virtual scene is 

given in Figure 3.18, and in Figure 3.19 the 

overall system architecture is given. 

[81] is an interesting piece of work because it 

embodies different (low and high level) aspects 

which will be addressed also in ROSSINI (e.g., 

definition and implementation of systems to 

resolve multiple independent data sources such 

as AI technologies, including agents on a 

blackboard [82] and fuzzy set mapping [83], or 

EKF-SLAM algorithms).  and provides specific 

implementation details (in C++) which will be 

easy to use and replicate. Hence the system 

covers all the ROSSINI levels A/B/C/D. 

Figure 3.17 Definition of classes by SVM algorithm 

Figure 3.18 a) Virtual arena with two robots in rviz. b) 

Ideal representation of the classification regions [81] 

Figure 3.19 Blackboard architecture of the mobile 

robot [81] 



D1.2 H – Requirement No. 2   

ROSSINI | GA n. 818087  Pag. 31 | 128 

More in detail, in [81] a grid map is adopted to directly 

support obstacle avoidance (and this same map can be 

used as a unifying ground for fusion of different sensor 

data). Building a feature-based map on the fly is 

achieved by a Simultaneous Localization and 

Mapping (SLAM) approach with Extended Kalman 

Filter (EKF). In this framework, both processing 

modules (higher level) and information sources (sensors, 

lower level) that are defined on the blackboard (i.e., the 

virtual space that serves as basis to model the real 

environment) can be modelled as agents (i.e., logical 

representation of sensors, actuators, processes, etc. that 

are characterized by having precise tasks, working 

asynchronously, being independent and separate each 

other).  Sensors or actuators that have a communication 

interface (e.g., RS232C, USB, Ethernet) must be 

represented as different agents, and only such entities 

(i.e., device agents) can read or write data out of the blackboard. This may correspond to ROSSINI levels C/D. 

It is worthy to note that the blackboard is not the feature-based map, instead, it is a place where all actors exist, 

including sensor and data sources, as models of asynchronous processes. However, the blackboard may also 

include higher level objects which exist in the feature map, such as the robot arm, the human, components to 

be manipulated, etc. 

Blackboard agents detect events in the real-world system by observing the changes of data on the blackboard. 

The information needed to arrange control is then implemented by means of specialized flags. Finally, the 

SLAM task is performed by matching the local and global environment models. The local model is defined 

as depending only on local data (i.e. a part of the environment) whereas the global model has a complete 

knowledge of all the local models. Thus, local environment representation is needed to be matched effectively 

with the global environment model, which is having the form of a feature-based map. The local feature-based 

map, which is composed of line segments corresponding to main geometric structures in the environment (e.g. 

walls), is such a representation. The robot can be supplied a priori with a CAD-like map of the environment, 

which is then used for self-localization, but the robot can also build a map from scratch while performing 

localization, if the initial pose of this robot is known. In certain circumstances, the robot must localize itself 

without any a priori pose estimate. This global localization (or re-localization) can be accomplished by 

resorting to the external cameras, which are strategically deployed in the environment. Figure 3.22 and Figure 

3.21 illustrate functionality and modular design. This would correspond to ROSSINI levels A/B. 

 

 

 

Figure 3.20 Teleoperation mode – searching 

for a suspicious object [81] 

Figure 3.21 Proposed hardware configuration Figure 3.22 Block diagram of the hardware-

software communications 
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3.2.1.5 Industrial Manipulators 

 

In [84] the authors define an Extended Kalman Filter 

applying an impedance control approach to improve the 

performance (by reducing perturbations of inertial 

forces) of an industrial robot (ABB robot Irb 2400, see 

Figure 3.23) with six degrees of freedom. The 

controller has been first implemented in 

Matlab/Simulink (Real Time Workshop), then 

compiled and linked to the “Open Robot Control 

System”. The wrist sensor used is a DSP-based 

force/torque sensor of six degrees of freedom from JR3. 

The tool used for the experiments is a grinding tool 

weighting 13 kg (i.e., of the same magnitude order of 

the payload targeted by ROSSINI). An accelerometer 

is, placed on the tip of the grinding tool to measure its 

acceleration that the robot controller can read in real 

time via an analogic input. In the proposed approach, 

data coming from the force and acceleration sensors are 

combined (fused) together to feed the Extended 

Kalman Filter whose output is both a dynamic model 

of the force sensing process and an estimation of the 

external forces and moments. It appears that the output provided by the Kalman Filter will be a key contribution 

to enabling the implementation of a robot motion control, resulting in an overall approach that is of clear 

interest for all the use cases to be demonstrate within ROSSINI. For this reason, also this work will be 

considered carefully during the activities of WP4 (“Safety Aware Control Architecture”). 

In [85], Axelsson investigates how to estimate the end-effector position using Bayesian estimation methods 

for state estimation, with (i) extended Kalman filter and (ii) particle filter approaches. The arm-side 

information is provided by an accelerometer mounted at the end-effector. The measurements consist of the 

motor angular positions and the acceleration of the end-effector. The robot arm used is an ABB IRB4600 (see 

Figure 3.24).  

Two types of control problems are also considered: (a) the norm-optimal iterative learning control (ilc) 

algorithm for linear systems is extended to an estimation-based norm-optimal ilc algorithm where the 

controlled variables are not directly available as measurements; (b) Hinf controllers are designed and analysed 

on a linear four-mass flexible joint model. An Hinf-synthesis method for control of a flexible joint, with non-

linear spring characteristic, is proposed to increase the 

control performance. This would correspond to ROSSINI 

levels C /D. 

A total of six “observers” were tested, among which an 

EKF with non-linear model, an EKF with linear state 

model and non-linear measurement model, a PF with 

linear state model and non-linear measurement model, an 

EKF with non-linear model where the acceleration of the 

end-effector is input and a linear dynamic observer using 

pole placement with the linear model where the 

acceleration of the end-effector is input. Refer to [85] for 

more details. 

The three observers (sensor fusion methods) with the best 

performance were: (ii) an EKF (Extended Kalman Filter) 

using a non-linear dynamic model; (iv) a particle filter 

using a linear dynamic model, and (v) an EKF with a non-

linear model, where the acceleration of the end-effector 

is used as an input instead of a measurement. Monte 

Carlo simulations were performed for the Extended 

Figure 3.23 The experimental setup. An ABB 

industrial robot IRB 2400 with an open control 

architecture system is used. The wrist sensor is 

placed between the robot tip and a compliance 

tool where the grinding tool is attached. The 

accelerometer is placed on the tip [84] 

Figure 3.24 The abb irb4600 robot with the 

accelerometer. The base coordinate system, 

(xb; yb; zb), and the coordinate system for the 

sensor (accelerometer), (xs; ys; zs), are also 

shown [85] 
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Kalman Filter and the particle filter. A schematic representation of the robot control system is shown in Figure 

3.25. 

 

 

 

 

 

 

 

 

3.2.2 Data fusion and processing techniques for safety applications 

 

When speaking about robot safety ISO 13849 (Safety of machinery) [8], ISO/TS 15066 (Collaborative robots) 

[9] and IEC 61496 (Electro-Sensitive Protective Equipment) [86] are the main international regulations to be 

considered. 

The ROSSINI architecture considers the use of several heterogeneous sensors whose information must be 

“fused” guarantee a safe interaction between the robot and the other objects in the scene, human operators first.   

In robot safety, data fusion assumes a very specific meaning: merge information from very heterogeneous 

sensors in order to guarantee a “sufficient” distance between the robot and the other objects around it with 

special care to human operators. The check of the safety distance requires the knowledge of the position and 

speed of each object and a minimum knowledge of its characteristics. 

In applications where is required to maximize speeds and reduce the working distances between robot and the 

objects, computations must be done in the 3D space. 

3D sensors like stereo-cameras and radars usually provide information in a Point Cloud format. A Point Cloud 

is a set of organized or unorganized points in the space. Point clouds coming from sensors with different point 

of view usually contain different information about the objects (Figure 3.26). Point clouds may contain 

different types of information (luminance, temperature, density…).  

The merging of point clouds coming from different sensors installed in different positions is called point cloud 

fusion. Fusion of point clouds in overlapping regions requires techniques to exploit the redundant information 

to reduce the data size and increase the precision. All these techniques are very dependent from the application 

and from the final use of the results.  

Safety related point cloud fusion and feature extraction algorithms must: 

• be focused on distance and speed measurement, any other information is welcome but is secondary; 

• always consider worst-case scenario, i.e., to give the best measure with the given data but, in case 

of errors, compute lower distances and higher speeds. For example, the space unseen by sensor must 

be considered as occupied; 

• be robust, i.e., to give the best measurements in all the conditions and with a minimum set of a priori 

information; 

• be predictable, i.e., the way the algorithm works must be well known. Some kinds of AI like neural 

networks must be used with extreme caution;   

• react in real time, i.e., allow a minimum time between the data acquisition and the output of the 

results. Parallel computing can help to reach required speed needed to ensure real-time behaviour. 

Dependence on time series can be considered but may be a problem.   

Figure 3.25 Block diagram of the robot control system [85] 
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Figure 3.26 Example camera setup with two RGBD cameras  

[87] gives an overview on problems and techniques to merge information coming from different networked 

cameras.  

[88] references the most recent studies on scene reconstruction using 3D cameras. 

 

3.2.2.1 Real-time point cloud fusion pre-requisites 

 

In order to reach an effective point cloud fusion and multi-sensor network, it is necessary to guarantee the 

following pre-requisites. 

Extrinsic parameters calibration 

Fusing point clouds retrieved from different sensors requires, in it is basic form, the alignment of the sensor 

poses with respect to a reference frame, this process is called extrinsic calibration, with six degrees of freedom 

rigid transformation, and is commonly used to describe a relative camera pose in the 3D space. Calibration is 

needed to map all the retrieved data to the same reference coordinate system. The point cloud fusion could be 

either from multiple homogenous sensors system of the same type, or from heterogeneous systems.  In the 

simplest scenario, this procedure can be done at installation time, considering it as a fixed setup. In a more 

practical situation, a factory calibrated multi-camera system can go out of calibration due to external factors, 

especially in industrial environments.    

For example:   

• Physical change of the camera poses e.g., a change of camera pose could happen due to 

vibration, as cameras are usually mounted on the metal support. In addition to the external forces like 

repositioning the cameras by a human.  
• Thermal heat generated due to continuous use can cause the camera module components to temporarily 

expand leading to a physical change in camera focal length or CMOS/CCD sensor expansion causing 

captured images to not to conform to factory calibration [89].  
• Mechanical stress generated due to everyday use e.g. fall and transportation can cause the printed 

circuit board (PCB) connecting cameras to bend [89].  
• Camera module non-rigidity can cause the camera optics to change temporarily, e.g., tilting the device 

downward can cause the non-rigid focus lens to move [89]. 

Several procedures can be implemented in order to detect or recover changes of the calibration parameters. 

The State-of-the-art methods that dynamically recover the estimation of the relative poses between the cameras 

by doing dynamic calibration are proposed in [90], [91] and [92].  
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Time stamp synchronization 

When aligning multiple point clouds collected from different points of views, sensors should be synchronized 

with an exact stamp time and calibrated to common reference frame. When using IP communication channels 

PTP is often used for clock synchronization.  

 

3.2.2.2 Point-cloud fusion for surface reconstruction 

 

If the mentioned pre-requisites were perfectly met, the fusion procedure could be as simple as merging the 

acquired points of different sensors in a common reference system. In order to merge overlapped regions, the 

obtained fused point cloud could be decimated to limit redundant information. 

In practice, these considerations are not always applicable to a real system, due to a series of factors, like 

imperfect calibration, measurement noise and imprecise synchronization.  In these cases, a refinement of the 

obtained fused point cloud should be made. 

Refining point clouds is a commonly used method. Most existing techniques for dynamic scene reconstruction 

using multi-camera system are divided into two main categories: 

a. fusion-based methods that track the motions of objects in the scene and accumulate captured data into 

a canonical representation of the scene. These methods generally fail to reconstruct fast-moving 

objects (position change of 40 pixels or more per frame is considered fast according to [93]). Tracking 

fast-moving objects is difficult, and any slight error may corrupt the canonical 3D representation of 

the scene;  

b. frame-based methods that reconstruct a 3D model independently for each set of frames with algorithms 

like iterative closest point (ICP) or moving least square method (MLS) [93], [94]. 

Fusion based methods that track the motion add a long delay between the acquisition and the fusion result. For 

this reason, they are not suitable for real-time safety applications like the RS4 ones.  

Closest point ICP has been proposed in the literature with many variants. Implementations are provided by 

many 3D computer vision libraries like Point Cloud library PCL [95] or Open3D [96].  

In ICP, a point cloud, the reference, is kept fixed, while the other one, is transformed to best match the 

reference. The algorithm iteratively revises the transformation (combination of translation and rotation) needed 

to minimize an error metric, usually a distance from the source to the reference point cloud, such as the sum 

of squared differences between the coordinates of the matched pairs. ICP is one of the widely used algorithms 

in aligning three dimensional models given an initial guess of the rigid body transformation.  
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Figure 3.27 Point cloud merging using ICP [95] 

Another interesting frame-based method that is used in multi-camera systems is FusionMLS [93]. FusionMLS 

pipeline is shown in Figure 3.28, this 3D reconstruction method requires a priori knowledge of the cameras 

intrinsic and extrinsic calibration parameters. 
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Figure 3.28 FusionMLS pipeline [93] 

 

 

Figure 3.29 Results from FusionMLS show the reconstruction of human actors in various poses [93] 

A comprehensive recent overview of the art in RGB-D based 3D reconstruction is collected by [88], where the 

authors have differentiated the methods proposed in the literature in terms of the used scene representation, 

the used camera tracker, the data association strategies, streaming, robustness to dynamic foreground objects, 

their runtime performance, and other metrics.   

 

3.2.2.3 Real-time volume reconstruction for distance measurements 

 

Surface reconstruction algorithms in overlapped regions may help to finetune the sensors pose estimation and 

to increase the surface modelling accuracy. However, due to occluded surface, it’s usually not possible to 

reconstruct the entire surface of the object that is needed to retrieve a realistic distance and speed measurement. 
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The fusion of the point clouds of the two cameras of  Figure 3.31 will give a precise reconstruction of the upper 

and side surfaces of the T2 object but will miss the lower surface and will not allow to measure its real distance 

from T1.   

Safety applications require the reconstruction of the minimum volume containing the observed objects, 

following the worst-case scenario approach mentioned above. 

In principle the reconstruction starts from a single point cloud and considers as part of the object all the volume 

occluded by the object surface (dashed volume Figure 3.30). Adding information from point clouds acquired 

from different point of view (Figure 3.31) allows to reduce the occluded volume increasing the quality of the 

original object reconstruction. Naturally the additional point clouds must be synchronized and calibrated. 

The final reconstructed volume will always be larger than the real one but will be the best possible 

approximation and give the worst-case distance measurements. 

 

Figure 3.30 Illustration of the shadow effect for a 

single point cloud reconstruction  

 

Figure 3.31 Distance measurement with two 

cameras  

Real time computation of object volumes and of their distances in reconstructed scenes is a known but quite 

difficult task. 

[97] gives a very comprehensive theoretical and practical overview of the techniques that can be used. The 

already quoted [88] references the most recent studies in this field too. 

Most of the used algorithms fall in two large categories: 

• Voxel based: these algorithms are very used for SLAM (Simultaneous Localization and Mapping) 

but also on robot applications [98]. Proposals to improve the speed and reduce the memory 

requirements of these methods are a common literature item (for example [99]). 

• Triangle mesh-based algorithms: very used in computer graphics and computationally heavier but 

approachable using modern GPU or FPGA techniques [87]. 
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4 Safety robot architecture 

 

Recently introduced sensors and robot technologies enable different degrees of HRC on the factory floor, 

ranging from fenceless coexistence to close collaboration. According to the world's first specifications of safety 

requirements for collaborative robot applications (ISO/TS 15066:2016 [9]), collaborative operations between 

humans and robots may include one or more of the safeguarding methods depicted in Table 4.1. 

 

Safety-related stop (STO)  

The robot motion ceases before an operator enters the collaborative workspace to 

interact with the robot system and complete a task (e.g. loading a part onto the end-

effector). Robot system motion can resume without any additional intervention only 

after the operator has exited the collaborative workspace. 

 

Hand Guiding  

The operator uses a hand-operated device to transmit motion commands to the robot 

system. Before the operator is permitted to enter the collaborative workspace and 

conduct the hand-guiding task, the robot achieves a safety-rated monitored stop. The 

task is carried out by manually actuating guiding devices located at or near the robot 

end-effector.  

 

Speed and distance monitoring  

The robot system and operator may move concurrently in the collaborative workspace. 

Risk reduction is always achieved by maintaining at least the protective separation 

distance between operator and robot during robot motion. When the robot system 

reduces its speed, the protective separation distance decreases correspondingly. 

 

Power and force limiting  

A physical contact between the robot system (including the workpiece) and an operator 

can occur either intentionally or unintentionally. Power and force limited collaborative 

operation requires robot systems specifically designed for this operation. Risk 

reduction is achieved, either through inherently safe means in the robot or through a 

safety-related control system. 

Table 4.1 Representation of HRC safeguarding methods as per ISO/TS 15066:2016 (PILZ GMBH & 

CO. KG) 

This chapter reviews the control and actuation technologies, as well as the reference control architectures of 

main interests for ROSSINI (see Sections 4.1, 4.2 and 4.3). These solutions will enable both the interactions 

illustrate in Table 4.1 and novel ones that may be invented within ROSSINI or inspired by other projects, 

activities and/or existing solutions (see from Section 4.4 to 4.7). 

 

4.1 Robot Control Technology 

 

ROSSINI aims at radically changing the current safety paradigm adopted in the setup of cooperative 

robotic cells for industrial application. Currently, safety is treated as a barrier in front of which the robot must 

slow down and eventually stop. The behaviour (e.g., motion, interaction) of the robot is the output of a planner 

whose planning strategy is built considering a free environment and/or few obstacles in a fixed position. 

Because of the variability of the environment, such a setup can cause several unexpected stops and the user 

must adapt to the safety-induced, often inefficient for a specific cooperative scenario, behaviour of the robot 

during the cooperation. In ROSSINI safety is transformed from an unforeseen barrier into a dynamic 

constraint to consider when dynamically planning the best sequence of actions to fulfil a desired task. This 

makes ROSSINI collaborative robotic system much more flexible and efficient than collaborative systems 

currently available on the market. ROSSINI will reverse the classical paradigm according to which “the user 

has to learn how the robot works and to adapt to it” for achieving a novel cooperative paradigm according to 

which “the robot learns what the human wants and adapts to it”. 
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To this aim, the data coming from the sensors of the cooperative cells will be collected and aggregated to 

achieve a semantic scene map that allows the control system to be aware of the position of the main elements 

of the cooperative task to execute (e.g., humans, objects to manipulate) and the main areas where a safe 

behaviour is required (e.g., humans, infrastructure elements, mobile robots). Semantic scene maps are 

dynamically updated and explicitly considered in the design of the ROSSINI controllers in order to build a 

safety aware control architecture. By the knowledge of the task to execute, of the input of the human and of 

the safety critical areas, the control architecture can dynamically optimize the behaviour of the robot for 

maximizing the efficiency while preserving the safety of the overall system.  

The ROSSINI safety aware control architecture has a hierarchical structure and it is represented in Figure 4.1.  

In the context of Artificial Intelligence tools, ROSSINI foresees to use a GPC (Gaussian Process classifier) 

[100] together with an incremental active learning technique [101] in which the human user labels uncertain 

cases, when necessary. Active learning is a special case of semi-supervised machine learning in which a 

learning algorithm can interactively query the user (or some other information source)1. One issue with this 

approach is that the learning algorithm should be able to "auto-evaluate" itself - for example, when its 

uncertainty about classifying a given object goes above a given threshold, it asks the user for clarification about 

the corresponding object. This selective requesting avoids overloading the user (asking him/her to label 

everything). Also, as the learner resolves more cases, it may require progressively less requests to the user. 

This results in a process of active disambiguation via a human-machine dialogue. 

The pieces of information collected 

by the safe sensors are merged by 

means of a sensor fusion strategy 

(see Section 3.2) in order to obtain a 

complete picture of the safety 

conditions in the working area, 

compensating occlusions and other 

events that can lead to a loss of 

information to some of the safe 

sensors. Both (merged) safety 

sensors and non-safe sensors are 

exploited for building the semantic 

scene map, where all the elements of 

the scene and safety areas are 

mapped. Given the task to be 

executed, the inputs coming by the 

operator or by external sensors (e.g., 

coordination with other machine in 

the production line) and the semantic 

scene map, the cognitive layer schedules a high-level plan for the robot. This plan consists of a set of 

cooperative actions that the robot needs to execute (e.g., move in front of the user, grasp a given mechanical 

part).  

The schedule is dynamic, and it is updated when the working environment conditions, captured by the semantic 

scene map, change. The planned actions are queued and sent to the flexible execution layer. The Task 

Execution planner interprets the high-level action to execute and it generates the most efficient and 

safety preserving low-level plan for the robot (e.g., the motion of the manipulator). This is done by 

optimizing task related metrics while modelling safety-critical regions as constraints to avoid. Continuous 

replanning is implemented in order to adapt the low-level behaviour to variable working conditions. The 

desired low-level behaviour is then reproduced on the robot by the Task Execution Controller and the control 

signals are directly sent to the robot. Both the cognitive layer and the task execution planner will exploit 

intention prediction to infer what the user will do next and therefore be able to plan a more efficient behaviour 

in advance. This represents a smart time-saving tool which step-by-step makes the overall process significantly 

                                                      

1 Some typical machine learning algorithms used for active learning and in robotics are 'Support Vector Machines' [274], 

LogitBoost classifiers and Gaussian Process classifiers [100]. Indeed, these algorithms were benchmarked by Grimmett 

et al. [275] and the GPCs were found to be the best for traffic light and road sign identification. Grimmett also calculated 

an uncertainty threshold using information theory (Shannon entropy measure), normalizing by the maximum value. 

 Figure 4.1 - Hierarchical structure of the ROSSINI safety aware 

control architecture 
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more efficient. The safety layer takes care of guaranteeing safety in case of unexpected events. In fact, 

while the cognitive layer and the task execution layer always plan the behaviour of the robot in order to avoid 

unsafe situations, unexpected situations can be created by external entities. For example, it can happen that the 

human, unintentionally, gets too close to the robot, preventing safe motion to be planned. Thus, the output of 

the safe sensors is fed back to the safety controller that monitors and reacts to the rise of these situations. When 

a safety critical condition is detected, the command coming from the Task Execution Controller is inhibited 

and a proper safety recovery action (e.g., stop the robot) is activated. After this kind of emergency occurs a 

new safe plan is implemented, and the process can resume.  

 

4.2 Robot Actuation Technology 

 

When it comes to actuation, the ROSSINI project addresses a few challenges, which will contribute to the 

improvement of the scientific and industrial state of the art with reference to fundamental robotic topics. In 

today’s robotics there are several different types of robot design, each with its own strengths and specialties 

but concurrently weaknesses. Focusing on industrial and collaborative robotics state-of-the-art, it is possible 

to highlight relevant features related to performance and safety depicted in Table 4.2. 

 

Table 4.2 Industrial/Collaborative Robot Benchmark 

Feature Industrial Robot Collaborative Robot 

Payload Medium/High Low 

Stiffness High Low 

Precision Very high Typically, low 

Speed Very high Limited for safety reasons 

Inertia High Low 

Weight High Low 

Body materials Typically, metal Mixed plastic/metal 

Body features Sharp edges Smoother edges 

Force feedback Typically, not present Mandatory 

 

The goal of the project is to combine the best of both worlds to engineer a new generation of robots 

featuring the safety peculiarities of cobots and the high performances of industrial robots. Specifically, 

the focus must be placed on the ability of handling precisely and fast heavy objects with a collaborative robot 

and concurrently guarantee a high safety level for the human operator. In order to achieve the above-mentioned 

goal, the following aspects must be considered in the project: 

a. Robot mechanical conceptual redesign. A major mechanical redesign is needed in order to reduce the 

overall inertia of the robotic arm and ensure a stiffness level which eventually results in a positioning 

precision comparable to the one of standard industrial robots. The needed steps are the following: 

• new concept of the kinematic chain, focused on the repositioning of the actuation systems (motors 

& gearboxes) closer to the robot base in order to reduce the arm inertia, taking advantage of innovative 

belt or cable-based mechanical transmission [102]; 

• reshape the robot’s body by taking advantage of forefront advanced materials (e.g., 

composite/hybrid) as well as cutting edge manufacturing technologies (e.g., Additive Manufacturing) 

to ensure high stiffness while maintaining a light weight; 

b. Force feedback. In most cases force detection is used to make the robot more collaborative. If an external 

force is applied to the robot, (by a human operator, for example), it is detected through motor current 

allowing the controller to decide on an alternative response like stop motion, reduce speed, or change 

direction. There are two main methods for embedded detection and measurement of force or torque, strain 

gages and motor torque. Strain gages normally only cover certain single dimensions requiring multiple 

sensors. They also carry a significant wiring challenge. Detecting motor torque changes as feedback from 
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external forces applied is the preferred method because the motor is what is providing the motion in the 

first place and its current levels are directly proportional to its torque output. Unfortunately, any 

compliance and decoupling of the robot mechanics from the motor results in errors in torque 

measurements. The new approach uses dual encoders, not only to improve joint accuracy, but for 

real time monitoring of the stiffness/compliance in each robot joint. Through this method, joint 

position and torque can be monitored together to provide safe information to the collaborative robot 

controller. With accurate torque and position monitoring force sensing, even in the presence of 

stiffness/compliance can be compensated for. 

c. Dual-motor robot joint. In order to increase the intrinsic safety of the collaborative robot, the basic idea is 

to design a new concept of robot joint, provided with two motors, the first one responsible of the normal 

joint positioning during robot task execution, the second one acting as safety device for fast-retract of the 

robot in case of collision with a human. The auxiliary motor, during the normal functioning of the robot, 

must guarantee the stiffness of the kinematic chain by delivering the maximum torque at zero-speed. In 

case of a collision, different reaction strategies will be applied depending on the force and the direction of 

the collision itself: the second motor could be completely released, acting as a safety clutch, or it could be 

driven in the opposite direction of the collision, limiting the total inertia of the movement. Again, two or 

more auxiliary motors can act synchronously, with something like a light-interpolation, to allow the robot 

to follow a predefined path during the retraction movement. 

 

4.3 Reference architectural solutions  

 

Different architectural solutions have been implemented in industrial scenarios and in literature to allow robots 

environment awareness.  

In [103] the authors present a modularized parallel controller structure, which includes a baseline controller to 

ensures efficiency and a safety controller that addresses human safety online, as shown in Figure 4.2. 

 

Figure 4.2 Baseline and safety controllers [103] 

The baseline controller solves an optimization problem whose objective is to minimize a cost function related 

to system efficiency, given the constraints on control inputs and on the state space (i.e., joint limits, fixed 

obstacles). The safety constraint is related to the human being and it is nonlinear, non-convex and time varying 

with unknown dynamics, hence it is hard to solve. For this reason, the authors introduced a safety controller, 

that computes whether the baseline control signal is safe to be executed or not, based on the human prediction. 

The safety controller returns the minimum deviation from the baseline control action, that ensures human 

safety while guaranteeing efficiency.  

The safety constraint is based on the computation of a safety index: it depends on the distance between the 

capsules around the human body (i.e., the safety “shell” that surrounds it) and the capsules around the robot, 

and the relative velocity between them. The safety index allows to define two kinds of criteria: a reactive safety 

behaviour and a forward-looking one. In the first case, the baseline control signal is modified once the safety 

constraint is violated. In the second case, the safety controller considers if the safety constraint will be violated 

some time ahead. The prediction in the second criterion is made upon the estimated human dynamics and the 

baseline control law. 

[104] introduces an efficient and safe system for managing the coexistence of mobile robots and human 

workers in automated warehouses.  
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The Heterogeneous Fleet Management System (HFMS) plans and provides collision-free paths for humans 

and robots, while ensuring that the resulting environment is safe for both. The main target is to involve the 

human into the planning and coordination of paths. The HFMS always tries to avoid crossing or blocking paths 

between humans and robots by giving a higher priority to the human ones. This aspect is determinant since the 

behaviour of humans is non-deterministic and human paths cannot be directly commanded, but only suggested. 

Hence, robots should be flexible in replanning their trajectories.  

To obtain a flexible and scalable path planning architecture, the presented system is based on the concept of 

agents (Figure 4.3). By dividing the types of agents, a simple decentralization as well as a reduction of the 

routing algorithm complexity are achieved. The first type is local agents: software components like routing 

agent and topology agent. The routing agent computes the routes that are required by the robots and humans 

and it manages the routes (e.g., it manages robot-blocking problems, or multiple robots going towards the same 

direction). The topology agent depicts the current representation of the logistics environment in a topology, 

that is made available to the routing agent to plan trajectories. The representation of the topology is in a form 

like an extended graph or a multidimensional map, and it contains all the movements of humans and robots, 

as well as objects positions.  

 

Figure 4.3 Communication between logical and physical agents [104] 

Physical agents are human workers and fixed/mobile robots. Hence, they consist of information about the type 

(robot or human entity) and a set of attributes (i.e., carrying capabilities, current position, etc.). The physical 

agent also contains special behaviours like translating calculated routes, given by the routing agent, into driving 

or walking commands. They also exchange information with other physical agents, like travel destinations of 

current status.  

In [105] the authors present a system addressing both the safety problem and the environmental data analysis 

for hybrid production systems that are characterized by cooperative tasks between humans and robots.    

The solution to the safety problem consists of a collision avoidance strategy based on the on line replanning 

of robot motion. First, the authors identify in which cases the replanning of the algorithms are needed and in 

which part of the trajectories they can be applied. To achieve this, a finite state machine is modelled, with three 

super-states: a safe area, where the distance between robots and humans is higher that a pre-defined threshold; 

a warning area, where the relative distance is enough to safely replan the trajectory and to perform collision 

avoidance; a danger area, where the short distance is related to a high collision risk.  

If a human is in a warning area with respect to a robot, the collision avoidance is performed. The algorithm is 

based on the definition of a cloud of safe-points (i.e., points that are safely achievable by the robot, with respect 

to static obstacles). The points inside the safe-cloud lie around the nominal trajectory points that are initially 

defined. At each time step, if a potential collision is detected, the motion replanning updates the target position 

by selecting one of the points inside the safe-cloud. The objective is to avoid that robot stops while it keeps 

following the path to reach the target. Both static obstacles and moving humans in the environment are 

considered as virtual repulsive forces, that influence the choice of the alternative path inside the safe-cloud. 
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The environmental data analysis is performed by means of the 

creation of a safe network of unsafe devices. The final objective 

consists in assuring safety and high-performance regardless the 

safety grade assigned to each device. In such a Network Control 

System (see Figure 4.4), robots are considered as nodes in a wider 

network of devices and they must be monitored together with 

sensors and the network itself.  

Robustness and reliability are obtained through a multi-layered 

multi-crossed architecture with distributed redundancy. By 

providing several layers of data crosschecking and validation, the 

probability of missing any detection of faults is reduced. Two types 

of redundancy are realized: a procedural and an architectural one. 

Procedurally, functional data related to a working robot are 

computed and evaluated for consistency by redundant processing 

units. Hence, all algorithms are twice independently processed. 

From an architectural point of view, instead, evaluating data are 

distributed in redundant flows for independent data dispatching. 

The data are distributed to two independent computational units, 

each of which delivers the result to the safe unit. This final unit 

oversees to activate safety countermeasures in case of any 

inconsistency, to halt the system. 

In the ROSSINI system, different kinds of sensors will be combined to obtain a reliable information about 

agents and obstacles in the environment, by means of sensor fusion. This information is the one that provides 

the safety component to the overall control signal to the robot, and an architecture model based on what 

proposed in [103] can be adopted to this end. Safety information is used to create dynamic shells around human 

workers that change over time, hence the robot can adapt its trajectory online depending on the position and 

prediction of human movements; in addition, a velocity tracking of different agents will be performed, in order 

to instantly modify robot trajectory (dynamic robot control) and dimensions of safety areas (dynamic safety): 

such trajectory reconfiguration can be inspired by the work in [104] Finally, different types of information are 

provided by the environmental sensors: safety alarms, complex safety information and non-safety-related ones, 

to finally create a Semantic Scene Map.  For data exchange, two different channels will be used: a safe bus for 

safety information and a non-safe bus for generic data, where the adoption of multiple channel (and 

corresponding possible redundant architecture) can be design considering the outcomes of [105].  

 

4.4 Example of real-world use cases 

 

This section presents some of the collaborative robotics use cases either currently available in the market or 

addressed by recent projects. Overall idea of this brief overview is to highlight needs and features of this field 

that may be common to ROSSINI and discuss them in terms of what ROSSINI can provide beyond the existing 

solution and form where it can be inspired.   

 

4.4.1 Valeri European Project 

 

Valeri (Validation of Advanced, Collaborative Robotics for Industrial Applications) [106] is a project, started 

in 2012 and closed in 2015, supported by the European Commission under the 7th Framework Program.  

It brings together seven partners: Airbus Military, FACC, IDSPA, KUKA Laboratories, Profactor, 

PRODINTEC, and Fraunhofer. 

 

Need 

Figure 4.4 Robotic Networked Control 

System [105] 
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The aim of the project was to test mobile robotics in an aerospace industry. In this kind of environment, 

stationary robotic systems may not be the right solution because of their limit workspace due to the fact they 

are staked on their bases.  

In this project, mobile robots were used to accomplish the following tasks: 

• Applying sealant along grooves. 

• Inspection of sealant for quality control. 

• Inspection of braided carbon fiber parts. 

 

Solution 

The KUKA’s omniRob platform used for the project is supplemented by a rotating vertical linear axis on which 

the LBR is mounted to enlarge the work area. 

Valeri partners worked also for designing and implementing the safety components that will enable humans to 

work freely close to the robot. The design includes the use of tactile sensors on the mobile platform and the 

linear axis in order to be able to detect contact between humans and robots reliably.  

A 2 ½ D workspace monitoring system was developed for safeguarding tools when working near human 

operators. 

 

  

Figure 4.5 KUKA’s Omnirob platform and Valeri monitoring system [107] 

 

Main Features 

The developed system observes the tool, generates and establishes a minimal safety space around the tool, and 

robustly detects humans or unknown objects that intrude this safety area. 

The workspace monitoring system developed consists of a stereo camera system combined with a time-of-

flight camera and it is also equipped with a pan-tilt unit so that the camera field of view can fallow the tool. 

 

Discussion 

Throughout ROSSINI will be developed a sensor, or a cluster of sensors, with a more extended monitored area 

with respect to the Valeri application. 
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In ROSSINI use cases, the area to analyse will be larger because of the necessity to control not only the area 

around the robot end-effector but also the movement of the workers that shear the industrial floor and act as 

consequence.  

 

4.4.2 Robo-partner Project 

 

The EU project ROBO-PARTNER (Seamless human-robot cooperation for intelligent, flexible and safe 

operations in the assembly factories of the future) [108] started in 2013 and closed in 2017.  

The goal of the project was to combine the capacities and cognitive abilities of human with the robot strength, 

velocity, predictability, repeatability and precision. 

 

Need 

A use case implemented within the project was the loading and assembly of the rear axle of a passenger vehicle 

with the rear wheel group. 

 

Solution 

To assure the safety of the platform redundant sensors were used cameras, ultrasonic or laser range sensors, 

thermal imaging devices and capacitive or conductive robot skin. 

To accomplish the task of the tackled use case (rear axle assembly) a high payload robot is used to support the 

human for the movement of the wheel groups. Solely the robot carries out the axel loading, while the wheel 

group assembly requires the cooperation between the robot and the human, who uses his hands to adjust the 

position of the parts.  The operator can guide the robot through gestures or audio commands. 

 

 

Figure 4.6 ROBO-PARTNER production paradigm in the automotive industry [108] 

Main Features 

The main activities carried on within the project are: 

• Development of highly intuitive interfaces for safe human-robot cooperation during assembly by 

using sensors, visual servings, speech recognition, advanced control algorithms (see Figure 4.6). 

• Development of advanced safety strategies and equipment allowing fenceless human robot assembly 

cells. 

• Introduction of robust methods and software tools for determining the optimal planning of 

assembly/disassembly operations using multi-criteria, simulation enabled approach. 
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• Adaption of simplified robot programming using programming by demonstration and robot 

instructions libraries. 

• Introduction of mobile (ground and overhead) robots acting as assistants to the human operators (e.g. 

for supplying parts to the assembly line). 

• Development of more flexible integration and communication architecture by utilizing a distributed 

computing model and ontology services. 

 

 

Figure 4.7 Human robot interaction concept – multi modal interfaces [111] 

Discussion 

In the ROSSINI project the HRC is enhanced because it is expected to be used a “collaborative by birth robotic 

arm”, specifically designed for collaborating with humans, featuring built-in collaborative feature for reducing 

reaction time and safe position signalling. 

 

4.5 Collaborative robotic arm range 

 

Considering the “Use Cases Synoptic Table” of ROSSINI, in this project (see the reported Table 4.3) three 

different types of manipulators will be used and/or developed: 

• a third-party medium payload cobot (payload 30 kg); 

• a low payload cobot (payload >5kg) that will be entirely designed and developed within 

ROSSINI; 

• and a manipulator (i.e., a customized solution within ROSSINI) for mobile platform (payload 

20 kg). 

 

According to the needs of the project, in the following tables is presented a useful comparison between third 

party cobots and the envisioned ROSSINI solutions. The comparison is organized in three tables: Table 4.4 

compares possible third party cobots with in mind the future need to select a candidate for the use case #1 

demonstrator; Table 4.5 focuses on use case #2, whilst Table 4.6 on use case #3. In both these cases the leading 

idea are to put even more in light the strengths of the ROSSINI solution and, nevertheless, identify possible 

solution that (being closer than the other to the ROSSINI concept) may be used for testing purposes, benchmark 

or similarly ancillary activities.  

In detail, the comparison in the following tables focuses of the following aspects: 

• Which solutions are closer to the one envisioned by ROSSINI? 

• In what the ROSSINI solution will outperform and/or differ from the existing one? 

• Which solution (if exist) can be considered as a possible and compatible alternative to the 

ROSSINI robotic arm solution? 

• Which are the most important specifications for the presented solutions? 
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As “lighthouse” reference for the conducted comparative study, it is worthy to highlight the (periodically 

updated) review work [109] by RobotiQ. 

 

Table 4.3 ROSSINI Use Cases Synoptic Table 

Feature Domestic Appliances Electronic 

Components 
Food Products 

HRC Operations 

Pick & Place, Mounting Pick & Place, Screwing 
Navigation, Reel 

Feeding, Screwing 

Safeguarding Modes 

Implemented 
Power & Force 

Limiting, Hand Guiding 

Safety Rated Monitored 

Stop, Power & Force 

Limiting 

Safety Rated Monitored 

Stop, Power & Force 

Limiting, Hand Guiding 

Manipulator 
Third party medium 

payload cobot (30kg) 

Low Payload ROSSINI 

Cobot (>5kg) 

Mobile ROSSINI Cobot 

– Medium Payload 

(20Kg) 

Achievable 

collaboration  Collaboration Parallel Cooperation 

Collaboration (Feeding), 

Parallel Cooperation 

(Navigation) 
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Table 4.4 Medium Payload cobot (30kg) for Use-Case #1 – Domestic Applications Assembly (Whirlpool), Power & Force Limiting, Hand Guiding, 

Collaboration 

Robot arm with 30 kg 

payload 

 (producer – product – 

type) 

Description  

(reach, payload, weight, 

speed, price) 

Mechanical concept, 

Force Feedback, Active 

safety 

Built in safety features, 

Safety System, Safety 

Components, Safety 

Category 

Safe interactions with 

humans  

“ISO 15066: 2016-5.5.4: 

speed and distance 

monitoring”  

(HRC) complaint 

Picture 

ROSSINI - RS4 

(Platform) [110] 

 

 

 

 

Commercial Cobot to be 

selected among solutions 

readily available in the 

market (see rows below) 

that are compliant with 

the required 

specifications for 

payload: 30 kg 

 

Commercial Cobot to be 

selected among solutions 

readily available in the 

market (see rows below) 

that are compliant with 

the required 

specifications for 

payload: 30 kg 

 

RS4 + commercial 

manipulator (PL:d, Cat 

3) cobot with medium 

payload of 30kg 

Yes  

 

ABB - Safe Move2 

(Software) [111] 

Software for standard 

ABB Robot with Safe 

Move 2 (NOTE: it is not 

a cobot) 

N/A - Software • Safety fieldbus 

(PROFIsafe, CIP) 

• Axis position and 

speed (control?) 

• Safe areas 

• ISO 13849-1: PL: 

N/A, Cat: N/A 

(application has to be 

certificated 

individually) 

 

Yes, but speed of persons 

is not monitored (safety 

sensors for robot speed 

supervised)  

SW solution that runs on 

ABB robots only 

Safe areas must be 

defined at setup time 

When system changes, 

new certification is 

needed  

 

 

See [111] 
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Robot arm with 30 kg 

payload 

 (producer – product – 

type) 

Description  

(reach, payload, weight, 

speed, price) 

Mechanical concept, 

Force Feedback, Active 

safety 

Built in safety features, 

Safety System, Safety 

Components, Safety 

Category 

Safe interactions with 

humans  

“ISO 15066: 2016-5.5.4: 

speed and distance 

monitoring”  

(HRC) complaint 

Picture 

Kuka - Kuka Safe 

Operations (Software) 

[112] 

Software for standard 

Kuka Robot with Safe 

Move 2 (NOTE: it is not 

a cobot) 

N/A – Software • Speed check (slows 

down robot when 

operator enters cell) 

• Safe zones 

• ISO 13849-1: PL: 

N/A, Cat: N/A 

(application must be 

certificated 

individually) 

 

Yes, but speed of persons 

is not monitored (even if 

speed reduction is not 

safety rated). SW 

solution that runs on 

Kuka robots only. 

Safe areas must be 

defined at setup time. 

When system changes, 

new certification is 

needed. 

See [112] 

Fanuc Dual Check 

Safety [113] 

Software for standard 

Fanuc Robot with Safe 

Move 2 (NOTE: it is not 

a cobot) 

N/A – Software • Safe zones 

• Speed check (slows 

down robot when 

operator enters cell) 

ISO 13849-1: PL: N/A, 

Cat: N/A (application 

must be certificated 

individually) 

Yes, but speed of persons 

is not monitored (safety 

sensors for robot speed 

supervised)  

SW solution that runs on 

Fanuc robots only 

Safe areas must be 

defined at setup time 

When system changes, 

new certification is 

needed 

 

See 

[114]https://www.fanuc.

eu/~/media/files/pdf/pro

ducts/robots/flyer/mfl-

02392-ro_dcs-

dual_check_safety_funct

ion-v1/flyer dual-check-

safety.pdf?la=en 

https://www.fanuc.eu/~/media/files/pdf/products/robots/flyer/mfl-02392-ro_dcs-dual_check_safety_function-v1/flyer%20dual-check-safety.pdf?la=en
https://www.fanuc.eu/~/media/files/pdf/products/robots/flyer/mfl-02392-ro_dcs-dual_check_safety_function-v1/flyer%20dual-check-safety.pdf?la=en
https://www.fanuc.eu/~/media/files/pdf/products/robots/flyer/mfl-02392-ro_dcs-dual_check_safety_function-v1/flyer%20dual-check-safety.pdf?la=en
https://www.fanuc.eu/~/media/files/pdf/products/robots/flyer/mfl-02392-ro_dcs-dual_check_safety_function-v1/flyer%20dual-check-safety.pdf?la=en
https://www.fanuc.eu/~/media/files/pdf/products/robots/flyer/mfl-02392-ro_dcs-dual_check_safety_function-v1/flyer%20dual-check-safety.pdf?la=en
https://www.fanuc.eu/~/media/files/pdf/products/robots/flyer/mfl-02392-ro_dcs-dual_check_safety_function-v1/flyer%20dual-check-safety.pdf?la=en
https://www.fanuc.eu/~/media/files/pdf/products/robots/flyer/mfl-02392-ro_dcs-dual_check_safety_function-v1/flyer%20dual-check-safety.pdf?la=en
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Robot arm with 30 kg 

payload 

 (producer – product – 

type) 

Description  

(reach, payload, weight, 

speed, price) 

Mechanical concept, 

Force Feedback, Active 

safety 

Built in safety features, 

Safety System, Safety 

Components, Safety 

Category 

Safe interactions with 

humans  

“ISO 15066: 2016-5.5.4: 

speed and distance 

monitoring”  

(HRC) complaint 

Picture 

Fanuc - CR-35iA [115] 

 

Arm reach: 1813 mm, 

payload: 35 kg, 

weight 990 kg, 

speed (Tool Centre 

Point): 0,25 m/s 

(collaborative), 0,75 m/s 

(standard), 

repeatability: ±0,08 mm 

Soft rubber skin 

Force torque sensor at 

the base of the robot 

PL:d, Cat 3, Dual Check 

Safety (DSC), ISO/TS 

15066 

Yes, but only at slow 

collaborative speed. 

 

See [109] 

 

Comau – AURA (Robot) 

[116] 

Arm reach: 2790 mm, 

payload: 170 kg, 

weight: 1615 kg,  

speed (TCP): 0,5 m/s 

(collaborative), 2m/s 

(linear speed), 

repeatability: ±0,1 mm 

Currently, not known 

application available. 

Proximity detection: up 

to 200 mm, Robot is not 

moving, if a person is 

near it. 

Laser scanner for 

switching into 

collaborative mode 

N/A Yes, but only switching 

between high speed, low 

speed with laser scanner 

signal. 

 

 
 

See [109] 
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Table 4.5 Robot arm with payload >5 kg: Use-Case #2 – Electronic Components Production (SCHINDLER), Pick &Place, Screwing, Parallel Cooperation, 

Power & Force Limiting, Safety Rated Monitored Stop 

Robot arm with 

payload > 5 kg  

(producer – product – 

type) 

Description  

(reach, payload, weight, 

speed, price) 

Mechanical concept, 

Force Feedback, Active 

safety 

Built in safety features, 

Safety System, Safety 

Components, Safety 

Category 

Safe interactions with 

humans  

“ISO 15066: 2016-5.5.4: 

speed and distance 

monitoring”  

(HRC) complaint 

Picture 

ROSSINI – ROSSINI 

arm (Cobot) [110] 

Required specifications 

for payload: > 5 kg 

 

Reduction of total robot 

inertia (motors moved to 

the robot base; advanced 

materials adopted to 

increase flexibility) 

Fast force feedback 

(Dual encoders)  

Dual motors (the second 

motor is used as safety 

device) 

RS4 

Safe axis position 

signalling via double 

communication channels 

(dual encoders) 

Safety clutch, active 

retract (dual motors) 

ISO 13849-1, PL:d, Cat. 

3 (intended), 

Yes (minimal safety 

distance / Yes (robot 

arm can active increase 

safety distance) 

 

 

Blue Danube Robotics -

Airskin (Sensitive Skin 

for individual robots) 

[117] 

For multi-vendor robots 

(e.g., UR5) description 

UR5 see below.  

Additional weight: N/A 

Hollow skin with 

pressure sensors  

Safety feature of the 

skin: ISO 13849-1, PL:e, 

Cat. 3, IEC 62061 

(SIL3), ISO/TS 15066 

YES (only at slow safe 

speed) / No active 

retract  

 

See [118] 

MABI - SPEEDY 6 

Professional (Cobot) 

[119] (only in German 

available) 

Arm reach: 800 mm, 

payload: 6 kg, 

weight: 28 kg,  

speed (TCP): N/A, 

repeatability: ±0,1 mm 

Built-in absolute 

encoders at each joint 

Soft external skin 

Force torque sensor at 

the base of the robot 

ISO 13849-1, PL;d, Cat. 

3. 

YES (only at slow safe 

speed) / No active 

retract  

See [109] 

https://www.bluedanuberobotics.com/wp-content/uploads/2018/11/robots_UR5-2.jpg
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Robot arm with 

payload > 5 kg  

(producer – product – 

type) 

Description  

(reach, payload, weight, 

speed, price) 

Mechanical concept, 

Force Feedback, Active 

safety 

Built in safety features, 

Safety System, Safety 

Components, Safety 

Category 

Safe interactions with 

humans  

“ISO 15066: 2016-5.5.4: 

speed and distance 

monitoring”  

(HRC) complaint 

Picture 

Kuka - IIWA 7 (Cobot) 

[120] 

arm reach: 800 mm; 

payload: 7 kg, 

weight 29,5 kg, 

speed (TCP): N/A 

repeatability: ±0,1 mm 

Integrated position and 

torque sensors in each 

joint (accuracy of ±2% 

of the maximum torque) 

ISO 13849-1, PL:d, Cat. 

3 

YES (only at slow safe 

speed) / No active 

retract 

 

 
See [109] 

Yaskawa - HC 10 

(Cobot) [121] 

arm reach: 1200 mm, 

payload; 10 kg, 

weight: 47 kg, 

speed (TCP): N/A, 

repeatability: ±0,1 mm 

Power and Force Limit 

technology 

Arm geometry designed 

to avoid pinch points 

(finger protection) 

ISO 13849-1, PL:d, Cat. 

3 

YES (only at slow safe 

speed) / No active 

retract  

 

 
See [109] 

Fanuc - CR7IA (Cobot)  

[122] 

arm reach: 717 mm, 

payload: 7 kg, 

weight: 53 kg, 

speed (TCP): 0,5 m/s 

(collaborative) /1 m/s 

(standard), 

repeatability: ±0,02 mm 

Soft rubber skin 

Force torque sensor at 

the base of the robot 

ISO 13849-1, PL:d, Cat. 

3, Dual Check Safety 

(DSC), ISO/TS 15066 

YES (only at slow safe 

speed) / No active 

retract  

 

 
See [109] 
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Robot arm with 

payload > 5 kg  

(producer – product – 

type) 

Description  

(reach, payload, weight, 

speed, price) 

Mechanical concept, 

Force Feedback, Active 

safety 

Built in safety features, 

Safety System, Safety 

Components, Safety 

Category 

Safe interactions with 

humans  

“ISO 15066: 2016-5.5.4: 

speed and distance 

monitoring”  

(HRC) complaint 

Picture 

Bosch – APAS (Cobot) 

[123] 

Arm reach: 911 mm, 

payload: 5,5 kg, 

weight: 230 kg,  

speed (TCP): 0,5 m/s 

(collaborative) / 2,3 m/s, 

repeatability: ±0,03 mm 

price: N/A 

Soft tactile and 

capacitive skin 

ISO 13849-1, PL:d, Cat. 

3, Certified by German 

Trade association 

Yes, safe stop at 50 mm 

distance, only slow 

speed, Higher speed if 

no employee is near/ No 

active retract 

 

 
 

See [109] 

MRK SYSTEM - KR 5 

SI (Cobot) [124] 

Arm reach: 1423 mm, 

payload: 5 kg, 

weight: 150 kg, 

speed (TCP): N/A 

repeatability: ±0,04 mm 

NOTE: Only few 

systems, only in 

Germany. Safety 

Category of sensors. 

Soft tactile (PL:d) and 

capacitive skin (PL:a ) 

Kuka Safe Operations 

Stop: Tactile sensors 

(ISO 13849-1 PL:d, Cat. 

0) 

Stop: capacitive skin 

(ISO 13849-1 PL:a) 

YES (only at slow safe 

speed) / No active 

retract  

 

See [109] 

Universal Robots UR5e 

[125] 

Arm reach: 911 mm, 

payload: 5 kg, 

weight: 34,2 kg, 

speed (TCP): typ. 1 m/s, 

repeatability: ±0,03 mm 

Force Sensor ISO 13849-1, PL:d, Cat. 

3, 

YES (only at slow safe 

speed) / No active 

retract  

 

See [109] 
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Table 4.6 Manipulator for mobile platform: Use-Case #3 – Food Products Packaging (IMA), Pick &Place, Screwing 

Manipulator for 

mobile platform, 20 kg 

payload 

Description  

(reach, payload, weight, 

speed, price) 

Mechanical concept, 

Force Feedback, Active 

safety 

Built in safety features, 

Safety System, Safety 

Components, Safety 

Category 

Safe interactions with 

humans  

“ISO 15066: 2016-5.5.4: 

speed and distance 

monitoring”  

(HRC) complaint 

Picture 

ROSSINI – Mobile 

ROSSINI Cobot (Cobot) 

[110] 

Required specifications 

for payload: 20 kg 

 

Reduction of total robot 

inertia (motors moved to 

the robot base; advanced 

materials adopted to 

increase flexibility) 

Fast force feedback 

(Dual encoders)  

Dual motors (the second 

motor is used as safety 

device) 

RS4 safe axis position 

signalling via double 

communication channels 

(dual encoders) 

Safety clutch, active 

retract (dual motors) 

PL:d, Cat. 3 

 

 

 

Yes (HRC Method c) / 

Yes 
 

 

Kuka - IIWA 14 (Cobot) 

[120] 

arm range: 820 mm, 

payload: 14 kg, 

weight: 30 kg, 

speed Tool Centre Point 

(TCP): N/A 

repeatability: ±0,15 mm 

Integrated position and 

torque sensors in each 

joint (accuracy of ±2% 

of the maximum torque) 

ISO 13849-1, PL:d, Cat. 

3. 

YES (only at slow safe 

speed) / No active 

retract 

 
See [109] 

Fanuc - CR-15iA 

(Robot/Cobot )[126] 

arm range: 1441 mm, 

payload: 15 kg, 

weight: 255 kg,  

speed (TCP): 0,8 m/s 

(collaborative), 1,5 m/s 

(standard), 

repeatability: ±0,02 

N/A PL:d, Cat 3, Dual Check 

Safety (DSC) 

YES (only at slow safe 

speed) / No active 

retract 

 

See [126] 
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Manipulator for 

mobile platform, 20 kg 

payload 

Description  

(reach, payload, weight, 

speed, price) 

Mechanical concept, 

Force Feedback, Active 

safety 

Built in safety features, 

Safety System, Safety 

Components, Safety 

Category 

Safe interactions with 

humans  

“ISO 15066: 2016-5.5.4: 

speed and distance 

monitoring”  

(HRC) complaint 

Picture 

Fanuc - CR-35iA [115] 

 

Arm reach: 1813 mm, 

payload: 35 kg, 

weight: 990 kg (too 

heavy for mobile 

platform!), 

speed (TCP): 0,25 m/s 

(collaborative), 0,75 m/s 

(standard), 

repeatability: ±0,08 mm, 

Soft rubber skin 

Force torque sensor at 

the base of the robot 

PL:d, Cat 3, Dual Check 

Safety (DSC), ISO/TS 

15066 

YES (only at slow safe 

speed) / No active 

retract 

 

 
See [109] 

Stäubli - TX2-90 + 

Airskin (cobot) [127] 

Arm range: 1000mm, 

payload: 14 kg (20kg), 

weight: 114 kg, 

speed (TCP): N/A 

repeatability: ±0,03 mm 

Absolut Encoder (Pl:e) 

Optional: Pressure 

sensitive skin (Blue 

Danube Airskin see 

above) 

N/A Yes, Zones and Skin, no 

adaptive speed and force 

change / No active 

retract 

 

See [127] 
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4.6 Discussion on the presented market solutions 

 

Considering the presented robotic arm solutions, the following conclusion can be drawn: 

• For Use Case #1, due to the large payload required, the only cobot suitable for ROSSINI is the Fanuc 

CR-35iA. A further possibility may be to use a standard (i.e., not inherently collaborative) from 

KUKA, ABB or Fanuc if the safety software running on such robot (i.e., KUKA safe operations, ABB 

Safe Move 2 or Fanuc Dual Check Safety, respectively) turns out to be able to work together (e.g., via 

integration or parallel processing handling) with ROSSINI RS4. This second possibility will be 

evaluated carefully in WP7 (“Integration layer”) and WP8 (“Demonstration”), with anticipatory 

considerations and indication to be provided during activities of both WP3 (“Smart Safe Sensing 

Systems”) and WP4 (“Safety Aware Control Architecture”). 

• For Use Case #2, instead, a wide range of cobots in the >5 kg-payload class is available. However, 

none of the investigated cobots features active retract mechanisms; this result in lower speed and/or 

wider safety distances needed as compared with the envisioned ROSSINI solution (that therefore, in 

this perspective will enhance the current state of art technology). Notably, some advanced technology 

solutions that partially cover mechanisms to be addressed in the ROSSINI one are adopted by Stäubli 

or Mabi (e.g., the use of Encoders to sense, further than control, robot arm position and motion): these 

solutions must be therefore taken into considerations both as opportunity (i.e., readily available 

solution for pre-testing and preliminary proof-of-concept of the demonstrator) and market threats. 

• For Use Case #3 no suitable cobot appears to be available in the 20 kg payload class: the Fanuc CR-

35iA (payload of 35 kg) has a weight of 990 kg, that is far too heavy for being mounted on-top of a 

mobile platform; cobots from Kuka, Stäuble or Fanuc are available with a 14-15 kg payload only (with 

respective weights of30, 114 or 255 kg). Furthermore, none of the investigated cobots features active 

retract. It seems that for this use case the manufacturing of a new and specific tailored arm (to be 

provided in WP5 “Collaborative by Birth Robot Arm”) is the only viable solution. Alternatively, 

further investigation can be conducted seeking for solutions with manipulators moving closer to their 

base, condition that generally allow to hand more weight.  

The comparation done in the three tables above confirms also the innovative nature of the ROSSINI proposed 

solution. In particular, HRC Method c (speed and distance monitoring) is nowadays only used by market 

solutions in conjunction with wide safety distances and/or slow robot speeds (this to cope with the fact that, in 

general, position and speed of workers are not know a priori and cannot be easily estimate with high precision). 

ROSSINI, instead, introduce the concept of RS4 (a sensing and perception platform to make robot safety aware 

of the surrounding environment) and implement active retract (with the introduction of an additional motor 

that act in the opposite direction of an applied force): both these technologies will enable an actual 

implementation of the HRC Method c, without the currently adopted limitation. 

 

4.7 Mobile Robots 

 

Mobile robots are of main interest for the ROSSINI scope, both tactically as a mobile solution is foreseen in 

one of the end-user demonstrators (i.e., use case #3 “Food Production Packaging”) and strategically, as a key 

feature of the platform must be adaptability and wide-coverage of different scenarios. 

In particular, use case #3 leverages on a mobile robot, equipped with a robot arm to: 

• communicate with the facility’s machines in order to schedule, start and stop maintenance actions; 

• detecting the position of 10 kg reels in the warehouse and pick them; 

• replace empty reels with new ones, navigating from the warehouse to the machine that needs the 

replacement throughout an environment where also human operators move and work. 

So far, a KUKA Mobile Robot 400 (Mobile Platform 400 + LBR iiWA14 [120]) with a customized system 

vision has been used for the above tasks. Main limitations of such solution are: 

• the reduced speed achievable by the mobile robot especially when in the presence of human beings or 

obstacles (i.e., the solution does not distinguish between human and fixed objects as, e.g., wall); 



D1.2 H – Requirement No. 2   

ROSSINI | GA n. 818087  Pag. 58 | 128 

• the impossibility to make the arm communicating with the mobile robot underneath, so that to place 

the control intelligence of the whole system in the arm and implementing a more flexible safety 

solution (i.e., a solution that dynamically adapted the “security area” around the robot to maintain clear 

according to the actual perimeter of the system, that is not confined by the mobile robot but by the arm 

extension, and the task performed). 

An improvement in both the direction would be beneficial for reducing the operation time of the robot while 

preserving (or even augment) safety for humans. 

To this end, this section presents an overview of the main suppliers and mobile solutions currently available 

in the market. As for the above, the overview is presented analysis key aspects for ROSSINI as: speed of the 

vehicle, communication capabilities, software openness, presence and/or possibility to be equipped with a 

robot arm, payload supported, ability to recognize humans against inanimate objects. 

Before going into details of the found technologies, it is worth to report that mobile robots can belong to 

different categories (roughly speaking, related to the complexity of the capabilities implemented for navigation 

and job functionalities supported): 

• AGC–Automatic Guided Cart 

• ATL–Automatic Trailer Loader 

• ATUL–Automatic Trailer Unloader 

• UGV –Unmanned Ground Vehicle 

• AIV–Automated Indoor Vehicle 

• AGV–Automatic Guided Vehicle 

• LGV–Laser Guided Vehicle 

• VGV–Vision Guided Vehicle 

• AMR–Autonomous Mobile Robot 

• PA-AMR–Pick Assistant with AMR base 

• SGV–Self Guided Vehicle 

Where, for instance, AGC are the lower-cost points to mobile automation, AMG or LGV offer more flexibility 

and control capabilities (even if they follow a fixed route, can detect obstacles and stop), whilst AMR indicates 

in principle those solutions able to self-determine their own way from a point X to a point Y in a well-defined 

area without the need of a priori indication of the path to follow (i.e., navigation around obstacles). In detail, 

AMR are solution that navigates by means of maps (e.g., Simultaneous Location and Mapping – SLAM 

technique) and that can be natively equipped with additional mechanism for object manipulation (PA-AMR), 

as robotic arms. 

In order to move in the space these robots are equipped with sensing and perception technologies as those 

presented in Section 3.1.1: ground signals (as inductive wire, magnetic strips and/or reflective lasers), cameras 

(RGB, RGB-D, NIR, stereo), TOF, LiDAR, RADAR and SONAR. Therefore, the implementation of RS4 must 

consider the proper set of sensor and configuration to enable the mobile robot(s) that will be available in the 

platform to perform all the intended task. 

When speaking of mobile robot solutions, in addition, concepts related to multi-robot system interactions [128] 

come into place: collaboration, coordination and cooperation are key concept to optimize the navigation and 

the work of these robots. Even if for ROSSINI such aspects are out of scope (and therefore they will be not 

treated further neither in this document), it is however important to keep them in mind in order to foreseen in 

the overall ROSSINI system design a possible extension towards these scenarios (modularity and scalability 

of the system).   

 

[129] provides a general architecture for mobile robots that is reported in Figure 4.8. Despite the “acquisition” 

performed via the already mentioned sensor, there are the “perception” level for monitoring the mobile robot 

status and building the model of the surrounding environment (landmarks, obstacles), the “decision” level that 
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implement the path planning behaviour of the robot and the “actuation” level that encompasses all the further 

actions than navigation performed by the robot (e.g., grasping, loading, engaging, etc.). 

 

Figure 4.8 General Block-diagram for a Mobile Robot Architecture [129] 

For the purpose of the market-solutions comparison needed for ROSSINI, two out of the above categories of 

mobile robots have been considered: AMR and PA-AMR. 

 

For AMR, the main suppliers found are Kiva (Amazon Robotics), Canvas Technology, Eiratech Robotics, 

Kuka-Swisslog, Quicktron (Alibaba), Vecna, Geek+ and Bleum. For PA-AMR, 6 River Systems, Otto Motors, 

Clearpath Robotics, Fetch Robotics, Locus Robotics, Mobile industrial Robot (MiR), iFuture Robotic and I 

AM Robotics have been considered. 

 

Table 4.7 repots the main solutions for the investigated supplies that may be of interest for ROSSINI, compared 

according to the above criteria. 
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Table 4.7 Comparison among various robot mobile solutions of possible interest for ROSSINI 

Market Solution Speed Communication 

Layer 

Software Openness Robot Arm & 

Payload 

Obstacle Avoidance 

& Human 

Recognition 

Figure 

BOXER [130] 

Supplier: 

Clearpath 

Robotics 

Type: AMR 

(UGV) 

2.0 m/s (max) 

1.0 m/s2 (max acc.) 

 

Ethernet, USB, Wi-Fi ROS, Gazebo, RViz & 

URDF Support 

Payload (platform): 

100 Kg 

Opt.: manipulators, 

grippers, etc. 

Payload (arm): N/A 

N/A 

 

See [130] 

RIDGEBACK 

[131] 

Supplier: 

Clearpath 

Robotics 

Type: PA-AMR 

1.1 m/s (max) 

 

Ethernet, USB3.0, 

RS323 

ROS, Gazebo Payload (platform): 

100 Kg 

Payload (arm): up to 

10 kg (supporting 

universal robot arm 

UR3, UR5 and 

UR10) 

 

YES (Obstacles – 

Clearance: 18 mm) 

 

 

See [131] 

Fetch Mobile 

Manipulator [132] 

Supplier: Fetch 

Robotics 

Type: PA-AMR 

1.0 m/s (max) 

 

Ethenet Ubuntu Linux LTS, 

ROS 

Payload (arm): 6 Kg 

(less gripper mass) 

 

N/A 

 

See [132] 
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Market Solution Speed Communication 

Layer 

Software Openness Robot Arm & 

Payload 

Obstacle Avoidance 

& Human 

Recognition 

Figure 

KMR iiwa  [120] 

Supplier: KUKA 

Type: PA-AMR 

1.0 m/s (max long. 

dir.) 

0.5 m/s (max lat. 

dir.) 

 

N/A No (Kuka software) Payload (arm): 7 or 

14 Kg 

 

YES (Obstacles)  

NO (Human 

detection) 

 

See [120] 

MIR 100, 200, 

500 [133] 

Supplier: MIR 

Type: PA-AMR 

1.5 or 1.1 m/s (max 

forwards) 

0.3 m/s (max 

backwards) 

 

Wi-Fi, Bluetooth, 

Ethernet 

N/A NO (Robot arm) 

 

Payload (platform): 

100 or 200 Kg 

 

YES (Obstacles 

ahead 50-500 mm 

above floor) 

 

See [133] 

Motoman MH12 

[134], [135] 

Supplier: Otto 

Motors and 

YASKAWA 

Type: PA-AMR 

2 m/s (both Otto 

100 and 1500 

considered) 

2.4GHz & 5GHz 

WiFi 

No (OTTO Software) YES (Robot arm) 

 

Payload: 12 Kg 

 

YES 

 

See [134], [135] 
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5 Human-robot mutual understanding 

 

In modern factories, human and robots can share workspace in different ways, and in the robotic community 

the terms coexistence, cooperation and collaboration are widely-used in the robotic community to refer to a 

case in which a human and a robot are working together (co-working) in a fenceless environment, giving rise 

to misunderstandings and unclear wording.  

Each form of co-work can then be safeguarded with one or more methods defined in ISO/TS 15066. The 

question “Which of the possible safeguarding modes makes the most sense?” cannot be answered per se. 

However, it is to be noted that the “Power and Force Limiting” is the only safeguarding mode which allows 

the user to switch between the different forms of co-work, so that the flexible use of the robot in a rapidly 

changing production is always possible [136]. The ISO/TS 15066 specification includes formulas for 

calculating the protective separation distance for speed and separation monitoring. Moreover, it contains 

guidance on pain threshold limits for various parts of the body, for use when designing power- and force-

limiting applications. These pain thresholds were established by a study from the University of Mainz, 

Germany, using male and female volunteer human test subjects of a variety of ages, sizes, and occupations. 

The data can be used to set limits on levels of power and force used by the collaborative robot system or 

application. 

In this context, it is important to stress three relevant facts for the ROSSINI concept: 

1) Cobot safety requirements based on actual power and force limiting technologies often lead to the 

exclusion of some typical applications of industrial robots, characterized by high performance in 

terms of speed and payload. In other words, today there is a lack of high-performance robotic 

technologies, able to combine the safety of cobots and the productivity of industrial robots.  

2) Another common misconception is that if the robot is "inherently safe," then the operation is safe. The 

term "inherently safe" is like the term "collaborative robot." It describes built-in safety features of the 

robot's design. Again, no matter how "safe" or "collaborative" a robot arm, it needs to be assessed 

as integrated into a complete robot system-and the system may not be safe for collaborative use. 

For instance, if the operation requires a robot to manipulate sharp objects, then it is not safe to have a 

human beside it-no matter how small, rounded, or padded the robot arm itself might be-without 

additional protective safety measures [137].  

3) Finally, Human-Robot Collaboration faces the constant threat of lack of acceptance from the 

workforce. On one hand, workers need to get acquainted with complex safeguarding modes that are 

constantly reminding the risk of being injured. On the other hand, the robotic co-worker may insinuate 

the fear that it will totally replace the human operator in the future. 

To summarize, in industrial work, humans contribute to flexible and reconfigurable production systems [138]. 

However, working in industrial environments often involves manual labour and repetitive movements, which 

are risk factors for developing musculoskeletal diseases [139], [140]. In contrast, robots can excel in repetitive 

and heavy work. Therefore, robot assisted but human guided systems seem favourable [138], [141]. To 

optimally benefit from the assets of both humans and robots in a team, it is important that there is a mutual 

understanding between robots and humans to communicate their intention. Furthermore, changes in the work 

processes and working environment change the way workers perceive their jobs [142]. 

To describe the state of the art of human-robot mutual understanding the remainder of this chapter will address 

the following topics, within corresponding sections: 

1. Human-robot teaming (Section 5.1) - The ROSSINI project requires humans and robots to work 

together towards a common goal. In this chapter it is described how a team consisting of one or 

multiple humans and one or multiple robots can work together. 

2. IO modalities (Section 5.3) - This section discusses human-robot communication, a bi-directional 

information exchange between human and robot. The different IO modalities used for information 

exchange will be addressed. 

3. Job quality (Section 5.4) - One of the main goals of ROSSINI has been formulated in terms of job 

quality. Specifically, an increase of 15% of the quality of the working environment is aimed for. This 

chapter discusses the concepts of job quality and quality of the working environment 
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4. Ergonomics (Section 5.5) - Ergonomics is the scientific discipline concerned with the understanding 

of interactions among humans and other elements of a system. Therefore, ergonomics is essential to 

increase the understanding of the quality of the working environment from a general level (as measured 

with surveys) to a more detailed level. 

 

5.1 Human-robot teaming 

 

The ROSSINI project requires humans and robots to work together towards a common goal. This will be 

demonstrated in the selected use-cases. This chapter describes how a team, consisting of both one or multiple 

humans and of one or multiple robots, can work together. The first part goes into detail on how to divide tasks 

among the team members and what interaction is required. The interaction relies on the exchange of 

information, hence the title human-robot mutual understanding. The second part of the chapter reviews the 

different modalities that exist for the required information exchange between human and robot and vice versa. 

Traditionally, a team is defined as “two or more people who interact dynamically, interdependently, and 

adaptively toward a common and valued goal/objective/mission, who have each been assigned specific roles 

or functions to perform, and who have a limited life-span membership” [143]. As technology advances, new 

team compositions emerge, with for example, robots or AI algorithms working alongside human team 

members. 

As in any team, human-robot teams must communicate, coordinate, and collaborate effectively to achieve their 

common goal. According to [144] for human-robot teams to be successful they have to: “Enter into an 

agreement, called Basic Compact, that the participants intend to work together, be mutually predictable in their 

actions, be mutually directable, and maintain common ground”.  

In joint activities between humans these requirements are often fulfilled implicitly. For human-robot teams the 

interaction needs to be explicitly designed in such a way that the requirements are fulfilled. 

 

5.1.1 Common challenges in human-robot teaming 

 

In 2004, Klein at al. defined ten challenges that need to be addressed from the designing phase through to the 

implementation, to achieve successful human-robot teaming. These challenges are listed in Table 5.1, where 

the word agent indicates a non-human actor that, within the context of the ROSSINI, is a robot. 

 

Table 5.1 10 Challenges for human-robot teaming as defined by [144] 

Challenge Description 

1 To be a team player, an intelligent agent must fulfil the requirements of a Basic Compact to 

engage in common-grounding activities. 

2 To be an effective team player, intelligent agents must be able to adequately model the other 

participants’ intentions and actions vis-à-vis the joint activity’s state and evolution—for 

example, are they having trouble? Are they on a standard path proceeding smoothly? What 

impasses have arisen? How have others adapted to disruptions to the plan? 

3 Human-agent team members must be mutually predictable. 
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Challenge Description 

4 Agents [actor] must be directable. 

5 Agents must be able to make pertinent aspects of their status and intentions obvious to their 

teammates. 

6 Agents must be able to observe and interpret pertinent signals of status and intentions. 

7 Agents must be able to engage in goal negotiation. 

8 Support technologies for planning and autonomy must enable a collaborative approach. 

9 Agents must be able to participate in managing attention. 

10 All team members must help control the costs of coordinated activity. 

 

 

5.1.2 The robotic teammate 

 

The role of a robotic teammate can be viewed from different perspectives: its level of autonomy, the ability to 

make physical contact with the human or the interaction. This section reviews multiple perspectives on the 

robotic teammate. 

 

5.1.3 Forms of co-work 

 

Different forms of co-work can be defined based on 

the physical interaction of the human and the cobot 

and how they share the workspace. [136] proposes a 

taxonomy based on three essential characteristics of 

collaborative work cells that may build on each other 

to determine different forms of co-work: 

• Shared Workspace: The human co-worker is 

intended to carry out a certain task in at least a limited 

part of the robot workspace. 

• Simultaneous Co-Work: The human co-

worker is intended to carry out a certain task within 

the shared workspace while the robot is moving to 

complete its task. 

• Physical Contact: The human co-worker is 

intended to work hand in hand with the moving robot. 
Figure 5.1 Different forms of co-work [136] 
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Based on the simultaneous presence of one or more 

of these essential characteristics, it is possible to 

define four forms of co-work (see Figure 5.1):  

•  Coexistence is the completion of 

independent tasks in separate workspaces (the 

human is working at a workplace that is close to a 

workplace of a robot with no physical overlapping 

between both workplaces); 

• Sequential Cooperation, the robot and 

human are working successively on the same 

workpiece in a sequential order: while the human is 

working the robot is stopped and while the robot is 

working the human is not in the shared workspace; 

• Parallel Cooperation, the robot and the 

human are working simultaneously on the same 

workpiece within the shared workspace while 

physical contact between both is not allowed; 

• Collaboration is the closest form of 

cooperation and refers to joint actions to complete a 

common task at the same time, with Physical contact 

needed and therefore included. 

In this context, ROSSINI targets applications that belong to either the “Parallel Cooperation” or the 

“Collaboration” scenario: this will enhance notably the current status of the art, since, to the best of ROSSINI 

consortium knowledge, most of the collaborative scenarios implemented so far stop at the “Sequential 

Cooperation” level [136].  As mentioned in the introduction of the chapter, ISO/TS 15066 establishes 

mechanism and rules to safeguard each form of co-work, as illustrated in Figure 5.3. 

 

5.1.4 Levels of autonomy  

 

Levels of Autonomy (LOA) describe to what degree the robot can act on its own accord. Although many 

descriptions of LOA exist in the literature, the most accepted and presented from [145]. In this framework the 

level of robot autonomy scales up and human control decreases. 

 

Table 5.2 Levels of autonomy [146] 

LOA Description 

1 Robot offers no assistance; human operator does all the work. 

2 Robot offers a complete set of action alternatives for the human work, among which the 

operator can choose. 

3 Robot narrows the selection of alternatives for the operator work down to few choices. 

4 Robot suggests a single action only, to be performed by the operator. 

5 Robot executes the selected best action if human operator approves. 

Figure 5.2 Types of safeguarding modes depending 

on the form of co-work 
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LOA Description 

6 Robot gives to the operator a limited amount of time only to stop its process before an 

automatic execution of the selected best action. 

7 Robot first executes automatically the selected best action, then informs the human operator 

about what done. 

8 Robot informs human operator after an automatic execution of activities only if the operation 

explicitly asks for such information. 

9 Robot informs human operator after an automatic execution of activities only if the robot 

“decides” to do so (i.e., implement an algorithm that as output establish to do so) too. 

10 Robot decides everything and acts autonomously, independently of the human operator. 

 

However, for collaborative robots this framework is too limited: cobots, in fact, need to exhibit “full autonomy” 

at appropriate times, as well as support interactions when necessary. These dynamic allocations of autonomy,  

make optimal control of collaborative robots more difficult to achieve than full autonomy [146]. 

Collaborative control design involves the management of who is in control and the transitions between 

different LOA, depending on the task requirements. These transitions result in different roles for the human 

operator and/or cobot, which require different types of information, information analysis and decision making. 

The level of autonomy and control might vary depending on the task level and criticality and can be 

distinguished into: 

• The strategic level: this level concerns the long-time scheduling to achieve global goals. E.g., have 

to produce product x,y,z within two months for client a. 

• The tactical level: this level concerns the mean-time scheduling to achieve sub-goals elaborated at 

the strategic level. E.g., first make product x than y. 

• The operational level: this level concerns means applied to realise the tactical requirements. E.g., 

drilling holes, gluing or assembly of a product. 

Both humans and robots can operate on each level, even though traditionally, robots in manufacturing mostly 

work on an operational level. When working with collaborative control it is of key importance to be aware of 

the locus of control (i.e., which team member is responsible for each task) and the over/under use of team 

members capabilities [147]. 

 

5.1.5 Interaction Roles 

 

Five roles that a human may adopt when interacting with a robot have been distinguished: supervisor, operator, 

teammate, mechanic/programmer, and bystander [148]. All these roles are briefly described in the following 

list: 

• Supervisor: The human needs to monitor the behaviour of a robot, without the need to directly control 

it. For example, when considering a hole-drilling robot, the operator may tell the robot when it should 

start working. Followingly, the robot plans and carries out the task of drilling holes autonomously, 

while the human supervises the work. 

• Operator: The human needs to have more interaction with a robot, to adjust on the robot’s behaviour 

or the possibility to switch among automated tasks, both in a direct or teleoperated fashion.  
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• Teammate: The human works with a robot to accomplish a task. An example of this would be a 

manufacturing robot that accomplished part of an assembly while a human worked on another part of 

the assembly of the item.  

• Mechanic/programmer: The human performs maintenance or makes changes to the robot’s hard- or 

software.  

• Bystander: The human does not control a robot but needs to have some understanding of what the 

robot is doing to be in the same space.  

 

5.1.6 Team structure 

 

Team structuring involves determining the proper team size, its members as well as the members’ skills and 

abilities. An effective team consists of members who possess complimentary skills and abilities to each other. 

To this end, the ratio of humans to cobots is also important to consider. Several combinations are possible as 

presented in Figure 5.3.  

 

Figure 5.3 The possible combinations of single or multiple robots, acting as individuals or in teams 

[150]  

 

5.1.7 Task allocation 

 

Once a Human-Cobot team is created, different tasks can be executed by different actors (i.e., human or robotic 

team members). There are different approaches to divide tasks among the actors:  

• central planning, where a central planner assigns tasks to the different actors, and the individual 

actors have no influence on which tasks are assigned to themselves (and to the others); 

• autonomous actors, where each actor is autonomous and decides alone which task to execute without 

coordination with other actors; 

• mixed initiative planning, where the next steps of an activity are agreed among multiple actors 

(including a planner); 

• symbiotic human-robot interaction: where  team members perform separate asynchronous actions 

with corresponding results that affect all the other team members [149]. 

In an industrial setting there is a large body of foreground knowledge about the environment and the task (e.g., 

the locations of certain objects, execution orders of tasks). It is therefore possible to model the environment as 

a closed world [150]. This largely simplifies the planning of tasks. This does not mean that errors will not 

occur, but it is possible to incorporate error-handling procedures. 
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5.1.8 Coactive design 

 

5.1.8.1 Hierarchical Task Analysis 

 

The overall task of a team is to achieve the established common goal, which is usually well defined in an 

industrial scenario (e.g., the completion of a product). High-level tasks can be split into sub-tasks, each with 

its own sub-goal. In this context, a Hierarchical Task Analysis (HTA) gives insight into the relation among 

these sub-tasks [151]. The HTA starts with the definition of the tasks and goals to achieve; each task can be 

divided into sub-tasks which, in turn, correspond to goals and sub-goals, until the desired level of detail is 

achieved. The outcome of the analysis is a “tree structure” that connects tasks/goals with sub-tasks/goals and 

links the “leave” sub-tasks/goals with the corresponding required capacities. Overall, the HTA is a detailed 

description of all the requirements needed to complete a given task. To achieve the sub goals in the HTA the 

actor (e.g. human or robot) requires certain capacities to achieve the (sub) goal. The required capacities can be 

added to the HTA. An example of an HTA is shown in Figure 5.4. 

 

Figure 5.4 Example of an HTA 

5.1.8.2 Interaction analysis 

 

The coactive design method [147], evaluates how the tasks can be distributed among team members. The used 

method is called an interaction analysis. 

Teams with multiple team members have ways to complete the assigned tasks. The co-active design method 

[147] evaluates different role allocations for the individual team members. Team members can have either a 

performing (leading) or a supporting role. For each alternative made of task, role and team member a score is 

calculated, which summarizes how much a team member can contribute to the task completion in the 

considered role. 

 

5.1.8.3 Interdependence relationships 

 

The interaction analysis shows the designer different paths towards task completion. However, for successful 

cooperation within a team, clear interaction and communication between these team members is essential. 

When multiple team members are involved in one common task, it is necessary to identify the  relationships 

among all the team members. [147] defines three types of relationships: 

• observability, when a team member can observe (in part) the status and knowledge of other team 

members; 

• predictability, when a team member can predict the future actions of other team members; 

• directability, when a team member can direct (i.e., lead or control) other team members. 
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Once the interaction analysis and the definition of relationships among all the team members have been 

completed, and it has been established which information must be exchanged within the team to successfully 

complete the task, the different options to exchange the information need to be considered. This topic will be 

addressed in the next part of this chapter (Section 5.3). 

 

5.2 Trust 

 

Trust constitutes the degree of confidence individuals have in other individuals, but the significance of trust is 

not limited to the interpersonal domain. Trust is also relevant for the way people interact with technology. 

Trust is considered to be necessary for humans to fully realize a robot’s benefits to human-robot teams, while 

gaining trust is considered to be one of the most difficult challenges in design and implementation [152]. 

The concept of trust in automation has been the focus of substantial research over the past decades  

Based on the analysis of 101 papers on trust in automation, [153] revealed three layers of variability in human–

automation trust: dispositional trust, situational trust, and learned trust. Of specific relevance for ROSSINI are 

the design recommendations (following his analyses) for creating trustworthy automation and identify 

environmental conditions that can affect the strength of the relationship between trust and reliance. 

From a meta-analysis of factors affecting trust in human-robot interaction, [154] ended up with several 

observations among which: 

• if the perceived risk of using the robot exceeds its perceived benefit, practical operators almost always 

eschew its use; 

• higher trust is associated with higher reliability; 

• type, size, proximity, and behaviour of the robot affect trust. 

Two standard methods to measure trust that are of relevance for ROSSINI concern the Human-robot Trust 

Scale [155] and the Trust in Automation Scale [153]. 

 

5.3 IO-modalities 

 

The first section on human-robot teams discussed what the human and the robot should communicate. 

Efficient, reliable and natural communication is essential for effective and safe human-robot teams. For 

example, in the field of industrial automation it is known that a poor interface design may result in decreased 

production and quality, or could even lead to life-threatening situations [156]. 

This section discusses human-robot communication, a bi-directional information exchange between human 

and robot in which both directions are equal important with regard to the work performed [157]. Accordingly, 

this section is organized in two parts: robot-to-human communication and human to robot communication.  

 

5.3.1 Robot to human 

 

Robots can communicate to the humans by triggering their senses. Considering the five ‘traditional’ human 

senses, interfaces that are most commonly used in industrial settings, communicate via vision, hearing, and 

touch [158]. The remaining two, taste and smell, remain largely underexploited [159] and will not be discussed 

in this overview since they are outside the scope of ROSSINI, due to few applications, low performance in 

terms of effective interaction with human beings and the large gap towards viable industrial application. 

 

5.3.1.1 Displays, projectors and glasses 

 

For humans, visualizing information is in general essential and even more in human-robot teaming. The most 

common method used to visualize information stored or processed by a machine relies on monitors or displays. 

Machines can communicate visual information to humans through, for example displays (Figure 5.5 a), 
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projectors (Figure 5.5 b) or transparent screens, which can be incorporated in devices such as glasses (Figure 

5.5 c). Visualizing information to the human is essential in human-robot teaming. Technological developments 

have made displays smaller, lighter and consume less energy, which also made them portable [160]. Future 

technologies, such as e-ink [161] and translucent and foldable displays could further improve displays.  

 

 

a) 

 

b) 

 

c) 

Figure 5.5 Example of devices for visualizing information: a) Display b) Projector c) Google Glass 

[162] 

5.3.1.2 Augmented Reality 

 

Augmented reality (AR) is a special use of displays, projections and glasses where digital information is 

visually overlaid on real-world objects. Different AR applications have emerged in, for example maintenance 

operation like dis/assembly [163] and has also been used in human-robotic interaction [164]. AR technology 

in human-robot teaming allows the human to share an ego-centric view with a robot. AR also allows an 

exocentric view of the collaborative workspace which can improve awareness [164].  

AR is frequently associated with a Head Mounted Display (HMD). There are basically two types of HMD: 

see-through and video display. Both types of HMD have common technical challenges that include weight of 

the device, latency of the system, resolution, field of view, ergonomics and high cost [163]. The video display 

HMD have a higher latency in information display compared to the see-through HMD, because the first must 

capture the real world before overlaying the AR, requiring more processing power. Examples of currently 

available HMDs are: HTC Vive [165], Oculus Rift [166], Hololens [167], Magic Leap One [168] and Google 

glass [169].  

As alternative a Hand-Held Display (HHD), like a tablet or a smartphone device running specific AR software 

or applications, can be used for AR. The HHD’s camera captures the real world and shows it on the display 

while the AR overlays the information. Examples of applied HHD are FARO Visual Inspect [170] for industrial 

applications, and Pokémon Go [171], which has been a popular application in the gaming industry for 

smartphones. HHD is a cost-effective AR solution. However, an HHD is not handsfree, which is a limitation 

for industrial applications. 

To overcome problems as the nuisance due to the necessity of wearing an additional device (as with HMD) or 

to meet the hands-free requirement (not satisfied with HHD), AR can also be realized by projecting information 

onto the interested area of the workplace via a beamer. As counterpart, this solution brings the disadvantage 

that the projector is not portable. Examples of AR projection systems are Arkite’s HMI [172] and OPS (Light 

Guide Systems) [173].  

AR mostly requires advanced software to interpret the environment and project relevant information onto it. 

Some products like Hololens, Arkite and FARO Visual Inspect have this software integrated, other can or must 

rely on third party software. Examples of such software systems are Apple’s ARKit [174] and Google’s 

ARCore [175].  
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Figure 5.6 Impression of the Magic Leap as a see-through Head Mounted Display (left [169]), FARO 

Visual Inspect as an Hand Held Display (middle [171]) and an AR projection system for workspace 

monitoring (right [145]) 

5.3.1.3 Lights 

 

Status lights have been implemented to communicate with humans on a wide variety of technologies all around 

us, from our televisions to our cars, traffic lights and mobile phones. Robots also make use of this basic form 

of communication to communicate the current state of the robot. This has been implemented on collaborative 

robots such as the KUKA iiwa [120] and the Franka Emika panda [176]. An example is shown in Figure 5.7.  

 

5.3.1.4 Robot state and robot gestures 

 

The human can also directly interpret the robot state, both explicitly and implicitly. The interpretation is 

explicit when the robot movements are gestures specifically programmed to transmit a determined message to 

the human. Conversely, the interpretation is implicit when the robot movements are purely functional, and the 

human recognize these as typical poses and movements of the robot that relate to a specific working path or 

process. 

The robot can also mimic facial expressions, like eye gaze, to be used as a gesture for social and industrial 

human-robot interaction [177]. Several robots have physical eyes that are exploited for communicating with 

humans, for example the iCub [178] or FACE [179], or virtual eyes, for example Baxter [180], Sawyer [181] 

and Cozmo [182]. 

Figure 5.7 Ring-light installed on a KUKA iiwa collaborative robot. The ring light can be used to 

communicate the robot state [120] 

https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjkoIuL7fbeAhVImbQKHSe3AeAQjRx6BAgBEAU&url=https://magic-leap.reality.news/news/price-pre-order-ship-date-for-magic-leap-one-creator-edition-0181766/&psig=AOvVaw2MNfBP-Bkh4pveQcLubBtC&ust=1543486391436420
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5.3.1.5 Audio 

 

Audio signals can be divided into speech and non-speech (signalling) audio. In traditional industrial 

applications auditive signals are for example used to alert the user to an error with a warning signal [183]. 

 

5.3.1.6 Touch 

 

Touch interaction from the robot to the human occurs via physical contact between them. This contact can 

occur unintentionally, due to movement of the robot during its own activity. In the cases where the robot 

physically shares a given task with the human (i.e., they are member of the same teams) the contact can be 

intentional (i.e., programmed or determined by the algorithm running on-board the robot) and providing haptic 

signals. Alternatively, a tactile display or haptic interface could be used to communicate robot’s intentions 

when the human wants to interact (e.g., to request the information status).  

 

5.3.2 Human to robot 

 

According to [184] There are basically four action-modes with which the human can communicate  to a robot. 

These are:  

• sound or voice; 

• hand or body movement (with or without force); 

• facial expressions; 

• gaze. 

These actions can be captured explicitly (e.g., by designing a GUI that asks the user for specific input) or 

implicitly by interpreting the human behaviour (e.g., by analysing facial expressions). What follows is a 

presentation of the existing devices that allow robots to capture and de-coding human communication; these 

devices are grouped in accordance to the action modality they capture and process. 

 

5.3.2.1 Standard computer interfaces 

 

Keyboards and mouse devices are the most common and widely used interfaces with laptop and desktop PC’s. 

Along with them, it is possible to list also some other known interfaces such as track-ball, track-pad, joystick, 

electronic pens and remote controls. Such interfaces are frequently found to communicate with traditional 

industrial machines [183] and robotic systems. Despite the variety of these devices, communicating with via 

them still differs in many ways from human-to-human interaction [185].  

Touch screens became more widely used during the last decades and were applied in for example, smartphones, 

tablets and ATMs. They are also used in robotics like the KUKA smartPAD [186] and the Universal Robot 

Teach Pendant [187]. Compare to the traditional interfaces mentioned above, the two main advantages of 

interaction with a touch-screens are [188]:  

• Interaction occurs directly on the screen where the information is present instead of via, for example 

a mouse;  

• Interaction occurs without requiring any intermediate device that it would be in the hand.  

New technologies also allow touch screen in raw, industrial environments when the human wears protective 

clothing, like gloves [183]. 
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Figure 5.8  Touch screen HMI (left), The KUKA smartPAD (middle [187]) and the Universal Robot 

Teach Pendant (right [188]) 

 

5.3.2.2 Gestures 

 

Gestures indicate the motion of one or more human body parts (e.g., hand, arm, leg or head). Similarly to 

speech, the use of gestures can be an unobtrusive and direct to communicate to a robot. To recognize gestures, 

a robot needs to record the human motion. This can be done via wearable sensors or a camera system. Examples 

of wearable sensors for motion recording are accelerometers, gyroscopes or exoskeletons with joint encoders. 

Systems that use these sensors are the Data Glove Manus for hand and finger motion and Xsens for full body 

motion tracking Figure 5.9.  

 

Figure 5.9 The Manus glove for hand and finger motion tracking (left [189]) and the Xsens suite and 

interface for full body tracking (right [190]) 

Camera-based solutions use computer vision techniques for object recognition and image processing to capture 

motion. Camera-based systems can rely on highly precise marker tracing systems (like OptiTrack [191], 

VICON [192]), and flexible systems that detect the body (like Microsoft Kinect [193]). A notion for both 

methods is that tracking works fine with stationary cameras but moving cameras require more complex 

algorithms [194]. 

Gestures cab be combined with projection technology to create an Anywhere Interactive Device (AID) [194]. 

An example of such an AID is the LumiWatch shown in Figure 5.10.  

https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiXwa6WyfbeAhXJLFAKHVxmAuoQjRx6BAgBEAU&url=https://www.robot.nl/kuka-smartpad-2-wint-if-design-award-2018/&psig=AOvVaw0hRrwlD2tRjAYi__q1Pwud&ust=1543476758404181
https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=2ahUKEwibmL-xy_beAhUcwAIHHajXBEwQjRx6BAgBEAU&url=https://www.glaswelt.de/Archiv/Heftarchiv/article-811435-104870/wettbewerbsvorteile-durch-roboter-.html&psig=AOvVaw2qnFrPwdiT_BEw78hqmoRo&ust=1543477363920424
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Figure 5.10 The LumiWatch as an example of an Anywhere Interactive Device [196] 

 

5.3.2.3 Haptic control  

 

Haptic communication was already previously discussed in Section 5.3.1.6. The human can use the haptic 

feedback from the robot for example control the amount of force that needs to be executed. This has for 

example been proposed for medical training [195]. It is also possible to create contactless interaction. 

Ultrahaptics [196] aims to create touch-based interfaces in mid-air via an array of ultrasound speakers. The 

method relies on local interference of sound waves which creates a haptic sensation. This sensation can for 

example reproduce the typical feeling of a turning knob (Figure 5.11).  

 

Figure 5.11 An Ultrahaptics application where a virtual knop if haptically rendered on a cooker. By 

measuring the body movement of the user, the user can turn a knop with haptic feedback [196] 

Most robotic systems, intended for human-robot interaction (e.g., iiwa [120] and Panda [176]), have the option 

to ‘teach’ waypoints by dragging the robot physically to a certain position (Figure 5.12). Once waypoints and 

actions are set up in the right order, the robot is programmed for a given task. Additionally, such robots have 

built in force sensors with which they can detect unintended contacts during a task. Such detection not only 

increase safety, but also allow users to stop the robot by physically halting it. 

 

Figure 5.12 Hand guiding a KUKA robot to teach it waypoints and actions [120] 

https://www.bvv.cz/public/galleries/25/24669/kuka_lbriiwa_teachen_opt.jpeg?7e6cfe2b6f0bb7ba4de290665e4ead15
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5.3.2.4 Speech 

 

Voice interaction has great potential for its easiness of use and shows lots of advantages: speech does not 

require visual attention or manual interaction, meaning that the human can have its hand free while not paying 

attention to the robot. In order to fulfil this potential, speech recognition must accurately recognize every 

person’s voice with minimal error, no matter how different a person may sound [194]. Nowadays, there is lots 

of progress in this field and many phones and home assistance have built in voice recognition software (e.g. 

Cortana [197], Siri [198], Alexa [199]).  

 

5.3.2.5 Bionic 

 

Beside the aforementioned interfaces there are a couple of interfaces that capture internal body signals and are 

therefore called bionic interfaces. Examples are [194]: Brain computer interfaces (BCI), EMG, 

Electrocardiogram (ECG or EKG), Electrooculography (EOG). Most interfaces originate from medical 

applications. BCIs have been used for patients with locked in syndrome. EMG has been used to control 

exoskeletons. Bionic interfaces are considered outside the scope of the ROSSINI project. 

 

5.3.2.6 Sensor Fusion 

 

In a noisy environment it is possible that a single sensor cannot provide enough information capture intention 

of the human with enough certainty. It is statistically advantageous to combine multiple observations. This can 

be observations from the same source or data from multiple source. The latter case is called sensor fusion 

[184]. An overview of sensor fusion techniques is given in Section 3.2 and an application of interest of such 

an technique is given by [200] where a robot is able to identify a person in the crowd that is most likely to 

engage with the robot. 

Interestingly, [184] shows how people prefer to use multiple action modes for the manipulation of virtual 

objects and, all in all, multiple interaction modalities also complement each other during the performance of a 

task (for example, considering the driving of a vehicle, gestures are ideal for direct object manipulation such 

as tuning a radio knob, while natural language is more suited for descriptive commands as it can be setting the 

cruise control speed to a given value. 

 

5.4 Job quality 

 

Reasons for adopting human-robot teaming in industrial work settings are usually related to the performance 

to be achieved. The goals are to increase productivity, quality and/or flexibility. At the same time, where robots 

and humans team and share space, safety is an issue to be considered. Hence, when designing human-robot 

teaming, performance and safety are the obvious parameters to consider. Similarly, these are the obvious 

evaluation parameters. Another issue however, that gains interest within the trends towards increased 

automation and robotization, is job quality. 

In the ROSSINI project, job quality is one of the key parameters and is therefore addressed in this chapter. 

Within ROSSINI, job quality is addressed in two ways: 

1. One of the main goals of ROSSINI has been formulated in terms of the quality of the working 

environment (which is one of the components of the Job Quality Index to be explained in Section 

5.4.2)  

2. One of the main challenges in WP6 on Mutual Human Understanding concerns ‘how to consider job 

quality and its main underlying parameters early in the design process and how to monitor and steer 

job quality issues in the operation phase’. This requires a more detailed ergonomic approach on the 

specific human factors of relevance (to be explained in Section 5.5)  

One primary question that arises is how to define job quality. In other words: “what makes a job ‘good’”? The 

answer to this question is not straightforward. In a recent review of the job quality literature, the authors arrive 
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at ten commonly used concepts for job quality, which include decent work, fair work, the quality of working 

life (QWL), good work, well-being and work, fulfilling work, meaningful work, and job quality (within which 

the quality of employment and the quality of work are sometimes analysed separately). In addition, this review 

highlights that whatever concept of job quality is applied, the concept is assumed to be multidimensional in 

nature, but there is variance in the type and number of dimensions that have been proposed in different studies 

[201]. This section addresses the state of the art regarding:  

1. Job quality metrics and methods  

2. Ergonomics, ergonomic guidelines and measuring methods 

3. The impact of human-robot teaming on job quality. 

 

5.4.1 OECD Job Quality Framework 

 

The importance of the quality of work has been increasingly acknowledged over the past decades, leading to 

several initiatives by policy, research and statistical communities to develop frameworks defining job quality 

and its underlying dimensions [142]. One of the most widely used is the Job Quality Framework from the 

Organization for Economic Co-Operation and Development (OECD), which is illustrated in Figure 5.13. The 

OECD framework particularly includes indicators that are easily measurable and comparable across socio-

demographic groups and countries, to maximize policy relevance. 

The OECD framework comprises three main areas that define the job quality on a policy level. These areas 

are: earnings quality, labour market security and quality of the working environment [202]. Robotization may 

influence all three areas, but ROSSINI will mainly address the impact on the third area: the quality of the 

working environment.  

The quality of the working environment is determined by the balance between work stressors and work place 

resources, where both stressors and resources  comprise various dimensions [142].  

 

 

Figure 5.13 The OECD Job Quality Framework based upon Cazes et al. [142] 

 
 

5.4.2 Measuring job quality 

 

Worldwide, different surveys are applied to measure job quality. The OECD acknowledges seven of these 

surveys. 

The selected survey for this project is the European Working Conditions Survey (EWCS). The latest version 

of this survey covers all dimensions of job quality that OECD distinguishes. It has been conducted to assess 

the job quality scores across EU member states [203]. 
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EWCS consists of seven indices which contribute to the overall measurement of the job quality, [203]. It 

includes work stressors as well as workplace resources. The indices are measured on a scale from one to 100 

- except for earnings which is measured in euros - but are not equally distributed. 

The EWCS indices are shown in Figure 5.14. A brief description of all the EWCS indices, based upon the 

original EWCS document  [203], is provided below. 

1. The physical environment index 

measures the exposure to physical hazards 

at the workplace. Physical hazards that pose 

a risk to health and wellbeing negatively 

affect job quality. Minimizing risks due to 

exposure to physical hazards are of major 

importance in occupational health and 

safety policy in the EU. Even though, a 

shifting towards a more service-oriented 

economy is observed, the exposure to 

physical risks is not declining. The exposure 

to new technologies could even introduce 

new health hazards. 

2. Work intensity considers the level of 

work demands in the job. Important items of 

the work intensity index are: working at 

speed and tight deadlines, not having 

enough time to do the job, frequent 

disruptive interruptions and emotional 

demands. Work intensity is affected by the 

work pace, this can be crucial when work 

pace is not self-selected but externally imposed, for example in automation. 

3. The working time quality index measures the balance between working hours and free time by 

considering the following concepts: duration, atypical working time, working time arrangements and 

flexibility. 

4. The social environment index is an indication of the supportive social relationships, but also negative 

social relationships at the workplace.  

5. The skills and discretion index considers the specific skills that are required for the job as well as the 

opportunities workers must develop their job-related skills.  

6. The prospects index considers a person’s need for employment, both from a financial as a 

psychological point. It measures the continuity of employment, type of contract, job security and career 

prospects. 

7. The earnings index is based solely on the monthly income of workers. 

Figure 5.14 The seven dimensions in EWCS [204] 

Figure 5.15 Distribution of six job quality indices as a result from the EWCS  conducted 

in 2015, including 28 EU member states as well as the five candidate countries (Albania, 

the former Yugoslav Republic of Macedonia, Montenegro, Serbia, and Turkey), 

Switzerland 
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An example outcome of EWCS is provided in Figure 5.15, in which an overview of the summary statistics for 

each index of the EWCS is visualized. This figure clearly highlights the differences in distribution among 

indices, thus marking the importance to consider the indices separately or using weight factors before summing 

them [203]. 

Another example which shows the ratings on the physical environment across countries, over several years, is 

shown in Figure 5.16. 

 

Figure 5.16 Physical environment ratings across countries as a result from the EWCS  conducted in 

2015, including 28 EU member states as well as the five candidate countries (Albania, the former 

Yugoslav Republic of Macedonia, Montenegro, Serbia, and Turkey), Switzerland and Norway [203] 

 

5.4.3 Impact of Human-Robot Teaming on Job Quality 

 

It is generally assumed that robotization may affect job quality, but to the authors knowledge, overall macro-

figures supporting this assumption are lacking. In case of the implementation of human-robot teaming, it is 

obvious that the physical and cognitive tasks will change and consequently job quality variables can be 

affected, either positively or negatively, depending on this shift in tasks and associated worker demands, the 

type of collaboration, the type of workers, application context and more. In the table below an overview of 

studies on human-robot teaming and its impact on job quality related variables. These were retrieved by a 

literature search on papers that have been published in 2010 or later. Specifically, those studies were selected 

in which the use-case are most relevant for the ROSSINI use cases.  

 

5.5 Ergonomics 

 

Accounting for job quality in the design of the human-robot teaming solutions, is one of the challenges in 

ROSSINI. In this perspective, the types of survey mentioned in the previous paragraphs do not provide the 

required level of detail. Therefore, this section describes the state of the art of ergonomics, ergonomics 

guidelines and assessment methods. 

Ergonomics (or human factors) is the scientific discipline concerned with the understanding of interactions 

among humans and other elements of a system, and the profession that applies theory, principles, data and 

methods to design such systems in order to optimize human well-being and overall performance. 
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Study Context Robot task Adaptation Job quality-related 

measures 

Outcome effects 

[204] Place, “seal,” and rotate 

screws on a table  

Simulate sealant application “Human-aware motion 

planning” 

→ The system tries to predict 

the human’s next 

action/approximate portion of 

the shared workspace to be 

used, then modifies the 

robot’s motions to avoid this 

area to eliminate motion 

conflicts.  

Subjective evaluation  

(Likert scale) 

a. Satisfaction with robot 

as teammate 

Perceived safety and 

comfort 

Participants felt safer, 

more comfortable and 

were more satisfied with 

an adaptive robot as a 

teammate than a standard 

robot. 

[205] Carry a table through a door  Guide human to optimal 

performance strategy, or 

comply with human’s 

strategy preference 

“Bounded-memory 

adaptation model (BAM)” 

→ A model of human 

adaptive behaviours which 

assumes that the human will 

operate in one of several 

collaboration modes. BAM 

makes probabilistic decisions 

based on this adaptability 

level and a history of past 

interactions.    

Subjective evaluation  

(Likert scale) and open-

ended comments 

a. Robot teammate traits 

b. Working alliance for 

human-robot teams 

c. Team fluency 

Experience 

Participants found robot 

interaction using BAM 

more trustworthy and 

were more satisfied with 

team performance, 

compared with one-way 

adaptations of the robot to 

the human. 

[206] Fetch parts and build kit with 

a manufacturing team of 2 

humans 

1. Fetch, inspect, and carry 

part kit to build area 

Sequence manufacturing 

team’s work 

Autonomous and semi-

autonomous task allocation 

2 subjective evaluations  

(Likert scale) 

a. Robot teammate traits 

b. Team fluency 

Overall preference 

Participants value human 

teammates more than 

robotic teammates but 

preferred robot authority 

over team sequencing. 

Participants were more 

likely to assign a 

disproportionate amount 

of work to themselves 

when working with a 

robot, compared to a 

human teammate. 
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Study Context Robot task Adaptation Job quality-related 

measures 

Outcome effects 

[207] Assemble structures using 

building blocks 

Retrieve at least 3 bags with 

materials 

“Chaski,” a human-inspired 

plan execution system 

The system “uses insights 

from human-human teaming 

to make human-robot teaming 

more natural and fluid.” 

Subjective evaluation  

(Likert scale) and open-

ended comments 

a. Robot performance 

b. Robot contribution to 

the team 

c. Shared goals 

d. Team fluency 

e. Trust in the robot 

Attribution of credit and 

blame 

Participants teamed with 

“Chaski” responded more 

positively about human-

robot teamwork than those 

teamed with robots that 

were verbally commanded 

step-by-step. 

[208] Pick and place task Activate virtual fixtures 

when smartwatch detects 

the stress condition via heart 

rate, guiding the user 

towards the desired target 

Assistive technology: virtual 

fixtures 

→ Support strategy applied to 

a haptic device used for 

teleoperation which can help 

the human operator perform a 

task effectively in challenging 

situations. 

Mental workload 

a. Heart rate variability 

(HRV) 

Stress and cognitive 

processing influence HRV 

The assistive system 

reduces user stress when 

the task overloads user 

sustainable mental 

workload. It can also 

simplify the task to 

decrease mental stress by 

reducing the time to pick 

and smoother trajectories 

of approach. 

[209] Fetch-and-deliver task Deliver materials to human 

co-worker at workstation 

Comparative performance of 

human and mobile robotic 

assistants. 

4 subjective evaluations and 

open-ended comments 

(Likert scale) 

a. Comfort and safety 

b. Fluency 

c. Trust in assistant 

Additional indicators 

Participants had mixed 

responses regarding team 

fluency, situational 

awareness, comfort and 

safety. 
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Definition and description of ergonomics and ergonomists by International Ergonomics Association, 2018 

[210] is: “Practitioners of ergonomics and ergonomists contribute to the design and evaluation of tasks, jobs, 

products, environments and systems in order to make them compatible with the needs, abilities and limitations 

of people”. 

Even though ergonomics is often concerned with healthy behaviour, such as teaching someone to sit in an 

ergonomic posture, this is not always the goal of ergonomics. In its simplest description, ergonomics is “Fitting 

the task to the human” - as is the title of an ergonomics handbook [211]. Revisiting the example of teaching 

someone to sit in an ergonomic posture, this better suit the description “fitting the human to the task” and 

therefore contradicts the basic meaning of ergonomics. 

Another common misconception regarding ergonomics is that this concept is commonly associated with the 

physical factors of the human beings only, whilst ergonomics considers all human capacities. 

 

5.5.1 How to apply ergonomics? 

 

Ergonomics typically applies a systems approach: the worker, performing a task with a ‘machine’ is part of a 

system, in which a ‘machine’ is a broad concept ranging from a pencil to a very complex machine such as an 

airplane. Ergonomics strive to achieve a system optimisation considering physical, cognitive, social, 

organisational and environmental aspects of work and by looking at how these factors may affect the worker 

and the work process. Section 5.5.4.3 focuses on physical, cognitive and psycho-social factors.  

Ergonomics can be practiced on different levels. On the lowest level, sometimes referred to as micro-

ergonomics, the focus lies on optimising the human machine interface. The work system is confined to the 

operator, the machine and aspects of the direct work environment that may impact on the human-machine 

interaction [212]. On a macro level (macro-ergonomics), the system boundaries are drawn wider including 

also management practice, people relationships and the whole set of tools that are provided to workers [212]. 

Although the focus for ROSSINI will be both micro and macro, when designing the ROSSINI platform, the 

focus will be primarily on a micro level. However, as the aim for the ROSSINI platform is also to investigate 

the effects on job quality, it is inevitable to look beyond the work station. 

 

5.5.2 Task analysis as basis 

 

In general, ergonomics departs from a task analysis to form a good understanding of what the system should 

do. Questions for conducting this analysis are: 

• what are the worker tasks? 

o what are time factors? (e.g., Working hours, targets or deadlines etc.) 

o what is the workload? (both physical and cognitive) 

• what are the output requirements (e.g., quality, quantity)? 

• what does the context look like? 

o Description of the physical work environment 

o Description of the organizational factors 

The task analysis also sets important constraints or requirements with respect to the following 

• for who are the ergonomists designing the system? 

• what should the system do? 

• what system performance is required? 

• what should be improved (compared to an existing situation)? 
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5.5.3 Laws and regulation 

 

On a European level, Framework Directive (1989/391/EEC) establishes general principles for managing safety 

and health [213]. The directive mentions: 

• The general responsibility of the employer for preventing ill-health at work; 

• The obligation of the employer to take appropriate measures to make work safer and healthier;  

• Key elements of the safety processes, in particular the risk assessment and training; 

• Inclusion of the workers and their representatives. 

In addition, directive 1989/654/EEC sets general basic requirements for safety and health at workplaces [213]. 

This directive is also known as the workplace directive or WPD. The directive is concerned with the workplace 

environment. WPD does not mention work content, organisation of work or work load. Besides these directives 

there are no regulations yet on a European level that define how work should be designed. However, according 

to the directives, mentioned above, member states must create their own laws aimed at health and safety at the 

workplace. 

In general, there are few laws or regulations yet that set strict guidelines on what is acceptable and what not, 

with respect to workload. As an example: the European directive, national laws on working conditions will 

state that the employers need to act to avoid the worker from becoming damaged by lifting activities. However, 

there are no general laws on the maximum weight a person can lift, although certain guidelines may state that 

NIOSH should be used to evaluate risks from lifting (see Section 5.5.4.3). 

Besides the directives mentioned above, which depart from a point of safety and health at work, there is the 

machine directive 2006/42/EC. This directive is aimed for machinery design and contains requirements with 

respect to safety which is a topic closely related to ergonomics, as mentioned above. 

 

5.5.4 Guidelines for design and evaluation of work 

 

This section lists the state of the art of ergonomic guidelines and standards that are available to aid in the design 

and evaluation of work. 

 

Guidelines and work evaluation methods are related to the following aspects: 

• designing of human machine interfaces 

• designing of the working environment  

• designing of work tasks 

 

For the design of the human machine interface and the working environment there is a large body of standards. 

For almost every ergonomic aspect, a standard exists, therefore in the following it is not provided a full listing 

of ergonomics standards, but rather the locations where in-depth information can be found. 

 

5.5.4.1 ISO-organisation 

 

The ISO organization’s website contains a list of ergonomic guidelines that fall under the direct responsibility 

of ISO technical committee 159 [214]. These guidelines are listed under the following topics: 

• General ergonomic principles 

• Anthropometry and biomechanics 

• Ergonomics of Human-System Interaction, and 

• Ergonomics of the physical environment 
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5.5.4.2 The European Committee for Standardization 

 

The European Committee for Standardization (CEN) has a technical committee on ergonomics: CEN/TC 122, 

whose is made of these working groups: 

• CEN/TC 122/WG 1 - Anthropometry;  

• CEN/TC 122/WG 11 - Ergonomics of the Physical Environment;  

• CEN/TC 122/WG 14 - Ergonomics of PPE systems;  

• CEN/TC 122/WG 2 - Ergonomic design principles;   

• CEN/TC 122/WG 4 - Biomechanics;  

• CEN/TC 122/WG 5 - Ergonomics of human-system interaction, 

Notably, CEN/TC122 has created a family of harmonized standards to support the Machinery Directive’s 

application reported above. These can be found in a guidance document on the application of the essential 

health and safety requirements on ergonomics that is set out in Section 1.1.6 of Annex I of the Machinery 

Directive 2006/42/EC [215]. 

 

5.5.4.3 Ergonomic methods for the evaluation of work 

 

Available standards, such as OCRA in ISO 11228 give more information on how work should be evaluated, 

either by providing health indicator thresholds or methods to measure the workload. In this context, the main 

standards are EN 1005 and ISO 11228 for physical work and ISO 9241 for cognitive work. 

The methods to evaluate work may differ from country to country as there is no clear scientific evidence that 

one of these methods is favourable over the others. Each one of the methods proposed so far usually requires 

to be applied by experts since the corresponding outcomes must be interpreted, correctly weighed and 

combined to obtain the sought general conclusions. 

In any case, aiming at proving a comprehensive overview, of the available tools for work evaluation to be used 

as starting point for the activities to be carried out in WP6, this section lists the most commonly used methods 

to measure job demands. The following three topics in which job demands are typically classified: physical, 

cognitive and psycho-social demands will be addressed. 

 

Physical demands 

There are currently no methods to measure the overall physical load required by a job. Available methods, in 

fact, focus on specific tasks that may pose a risk to the human body as reported in Table 5.3. 

 

Table 5.3 Tasks and expert method or source for health limits 

Task/Activity   Sources 

Lifting 
• NIOSH-Lifting Index; with this method, a safe lifting weight for the given 

circumstances can be calculated and compared with the actual weight that is lifted. 

The method is based on research by [139], [216]–[218] 

3DSSPP; software based on the NIOSH design principles, able to predict static strengths 

requirements for lifting tasks (University of Michigan, 1993) 

Carrying 
• How to analyse carrying tasks is reported in the ISO 11228-1 and CEN-EN 1005-2 

standards. Also, the research paper [216] is widely-used and referenced to this end. 

However, lifting and lowering are the riskiest activities when a load needs to be carried. 

For this reason, the “NIOSH lifting index” and all the corresponding references presented 

above are used also for this task. 
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Task/Activity   Sources 

Push / pull 

(standing / 

walking with 

rolling material) 

[217] provides tables with push/pull force limits under different conditions. 

Body postures  ISO 11226; CEN-EN 1005-4; ISO provides the OCRA-method [140], EN 1005 contains 

slightly different guidelines for evaluating posture. 

Repetitive 

movements 

ISO 11228-3; CEN-EN 1005-4; CEN-EN 1005-5 

Force 

application 

CEN-EN 1005-3 

Energetic loads Scientific literature e.g., [219] 

 

The methods above require application by experts. Tools for quick scans and ergonomic evaluation by non-

experts are also available. Among these, TNO has developed an array of tools available in both Dutch and 

English [220], under the commissioning of the Dutch Ministry of Social and Work-related Affairs. In detail, 

this set of tools includes: 

• Physical Load Checklist (PLC), a level 1 checklist to define if and which more precise tools are required; 

• Hand Arm Risk Assessment Method (HARM) for hand-arm tasks; 

• Working Postures Risk Assessment tool (WRAP) for the assessment of working postures; 

• Push and pull check (for the moment, available in Dutch only) to assess push/pull tasks with rolling/sliding 

material without performing measurements. 

Such quick tools can be used as first examples within the ROSSINI framework. Germany has developed similar 

tools which are used internationally, called Key Indicator Methods (KIM, or Leit Merkmal Methode, in 

German). For example, there is a KIM defined for pushing and pulling, which may be of interest for both the 

use cases #2 “Electronic Components Production” and #3 “Food Products Packaging” of WP8 and one for 

lifting, which may be of interest for the use case #1 “Domestic Appliance Assembly” of WP8. 

 

Cognitive demands 

In contrast to physical demands, the methods to measure cognitive load do not allow comparing outcomes to 

health limits or limits in the capabilities of humans. This is because it is very difficult to measure the external 

cognitive load, especially in applied situations. 

The most commonly applied method for cognitive demand evaluations is the NASA TLX [221], [222], that 

includes also an approach for the physical load evaluation so that to measure the overall workload.  

In few words, the NASA TLX method consists of analysing the interested subjects (e.g., workers) by means 

of a survey (see Figure 5.17) that requires to assign ratings to different “workload sub-scales” (i.e.., mental 

demands, physical demands, temporal demands, performance, effort and frustration) and rank them in 

accordance to which aspect better characterize the workload for the subject; then, the six scores and the raking 

indication are combined in an overall index, and all together this information can provide useful insights. 
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Psycho-social factors 

Like cognitive demands, there are no precise 

figures or health limits available for psychosocial 

factors. An EU campaign guide on managing 

stress [223], writes the following about creating a 

good psychosocial work environment: 

“In a good work environment, workers report high 

job satisfaction and are challenged and motivated 

to fulfil their potential. For the organisation, this 

results in good business performance and low 

absenteeism and staff turnover rates. The key 

factors that contribute to a good psychosocial work 

environment are: 

• workers are well trained and have enough 

time and autonomy to organise and 

complete their tasks; 

• monotonous tasks are minimised or 

shared, and workers are encouraged to 

take ownership of their job; 

• workers understand exactly what is 

expected of them and receive constructive 

feedback (positive and negative) 

regularly; 

• workers are involved in decision making 

regarding their work and are encouraged 

to contribute to developing, for example, 

methods of working and schedules; 

• the distribution of work, rewards, 

promotions or career opportunities is fair; 

• the working environment is friendly and 

supportive, and extra resources are made 

available at peak times; 

• communication is open and two-way, and 

workers are kept informed of 

developments, particularly at times of 

organisational change; 

• there are measures in place to prevent work 

related stress, harassment and third-party violence, and workers feel that any concerns they raise will 

be treated sensitively; 

• workers are able to effectively combine their private and working lives.” 

Psychosocial factors are typically measured using questionnaires. In the Netherlands the most commonly used 

method is the “WEBA2-method” [224]. The WEBA assesses the quality of work in terms of risks for well-

being (stress risks and opportunities for learning). 

  

                                                      

2 WEBA = WElzijn Bij de Arbeid, meaning: wellbeing at work 

Figure 5.17 NASA TLX (task load index) 



D1.2 H – Requirement No. 2   

ROSSINI | GA n. 818087  Pag. 86 | 128 

6 Safety system architecture 

 

The developed components are expected to be integrated in to the ROSSINI Platform architecture, depicted in 

Figure 6.1: 

 

Figure 6.1 The ROSSIN Platform Architecture 

The Platform can be represented as an integrated set of layers, each related to a specific dimension/function: 

• The Sensing Layer will combine information from safe and non-safe sensors in a fusion module to 

feed the Safety Aware Control Architecture. 

• The Perception Layer, through the employment of artificial intelligence techniques, will generate a 

Semantic Scene Map integrating geometric and semantic information, which will in turn create a set 

of virtual “Dynamic Shells” for safety, surrounding each object in the scene. 

• The Cognitive Layer will be provided by a high-level scheduler, capable of dynamically planning a 

set of cooperative actions that the robot needs to execute, and to update them when the working 

environment conditions, captured by the Semantic Scene Map, change. 

• The Control Layer will interpret the high-level action to execute and will generate the most efficient 

and safety preserving low-level plan for the robot, thus optimizing trade-off between safety and 

productivity in the work cell. 

• The Actuation Layer will encompass a novel concept of manipulators with built-in safety features, 

capable of reducing the separation distance between the man and the operator when performing 

collaborative applications, thus increasing the degree of freedom for robotic applications design. 

• The Human Layer will ensure the inclusion of human-related factors from the early design phases of 

collaborative applications design, and the constant monitoring of factors influencing job quality during 

robotic operations. 

• The Integration Layer will provide integrators with a set of tools and guidelines to ensure inherent 

safety in design of HRC applications, and to speed up application configuration and reconfiguration. 

Moreover, the platform will include also a set of methodologies and guidelines to improve application 

design and risk assessment in HRC. Recent research studies [136] show that the difference between free and 

clamping impacts depends on how the involved robot and human masses are distributed. ISO/TS 15066 already 

provides a scaling factor that allows for switching measured impact results between both contact cases. The 

factor only applies if the effective masses, colliding at the contact point, are given. A method to estimate the 

robot mass is also available in ISO/TS 15066. It takes all link masses and their configuration account and 

estimate the mass at the considered contact point (in most cases the robot TCP).  Besides this estimate, each 

robot manufacturer offers models with higher precision. Instead of providing a similar method for estimating 

the effective mass of the human body, ISO/TS 15066 recommends using the single weights of the body 

parts and neglects the body kinematics. From a scientific standpoint, this approach will lead to wrong and 
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highly biased estimates that have the potential to a wrong risk evaluation and is therefore not accepted by 

official bodies. To ensure reliable estimates of body part masses, the ROSSINI Platform will include a 

simplified human body model that replicates the kinematics and mass distribution of a 50th percentile 

human. The development work to be carried out will include the development of the kinematics of the model, 

the integration with other available studies and the conversion the model in an algorithm. The inertia 

parameters will be derived from the result of a collision study with volunteers which was carried out in 

2012 (ethical approved – see [136]). The study goal was to determine the difference between constrained and 

unconstrained impacts. The results of this study can be considered as valid and enables the model to create 

reliable results. In what follows, a review of reference architecture for integrating human into the robot control 

architecture is reported to complete the overall picture of the system to build within the ROSSINI project. 

 

6.1 Reference System Solutions 

 

In Section 4 the main reference control architectures for collaborative robotics that are of interest for ROSSINI 

have been presented. These architectures focus on aspects related to the control of the robot, its navigation, the 

environment sensing and interpretation; here in this section, that lower-level picture is completed by integrating 

also the human presence in the system (as the primary focus of ROSSINI is the enhancement of human-robot 

collaboration from any perspective possible).  

In this context, different approaches to integrate human presence in the industrial environment have been 

proposed to preserve safety.  

In [225], the authors present a collaborative system where predicted human plan and trajectory are integrated 

to guarantee human safety while efficiently replan robot paths (see Figure 6.2). 

 

Figure 6.2 SERoCS architecture [225] 

Human plan corresponds to different ways to complete a task (i.e., for assembling a box, fist take the bottom 

then the lid or vice versa). If the robot knows which plan the human is executing, it can perform a smooth 

collaboration and make in advance corresponding long-term plans, to improve task efficiency. Human 

trajectories prediction, instead, helps in planning safe and collision-free robot trajectories.  

To predict human plan and trajectory, the authors use learning-based methods (i.e., Neural Networks). An 

initial model library for human plan recognition and motion prediction is built offline, by learning different 

human behaviours. Then, an online algorithm adapts the trajectory prediction to consider time-varying human 

behaviours and different human operators performing the task.  
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The human skeleton is tracked by a vision system (i.e., Microsoft Kinect) and joint positions in time are the 

input of the Human Plan Recognition. By means of a Convolutional Neural Network, the current human plan 

is inferred. The plan, together with skeleton data, are sent to the Human Motion Prediction Model block, that 

computes the future trajectory of the tracked human joint by means of a two-layer Neural Network. To take 

into account time-varying human behaviours during the movement, the weights of the Neural Network last 

layer are updated online using Recursive Least Square Parameter Adaptation algorithm.  

In  [104] the authors create a three-layered safety system which modify robots motion as needed (i.e., slow 

down or stop when the collision is approaching), as depicted in Figure 6.3. 

 

Figure 6.3 Three layers safety concept [104] 

The outermost layer prevents any encounter between robots and humans, by means of a routing definition 

system. The middle layer warns humans and robots of a possible collision that was not prevented by the outer 

layer. The innermost layer is a danger layer that shuts down the robot when the safety threshold is overcome. 

The safety distance is computed based on the robot speed and acceleration, the human speed and the 

localization error. The human localization information is given by a safety vest, worn by each worker inside 

the warehouse, that returns the distance between the human and robots.  

For stress reduction and to obtain an efficient human-robot collaboration, human awareness of surrounding 

robots becomes crucial. By using an Augmented Reality device, information about robot trajectories can be 

directly displayed on the device. Moreover, a service technician can be helped by exploiting the advantages of 

Augmented Reality. For example, he/she can be guided through the warehouse by means of a visual feedback 

to reach a defective robot or any other faulty machine.   

In [226] the authors develop a human-aware control system, modelling the expected human behaviour at 

different levels of abstractions. The system considers temporal uncertainty and kinematics both at planning 

and execution time. 

As depicted in Figure 6.4, the industrial task is first analysed to identify the possible collaborative scenarios. 

Moreover, the resources (i.e., human, robot or both) allocated for the task are defined, as well as the operational 

constraints (i.e., precedence or synchronization). Then, a set of possible robot trajectories is computed by the 

motion planner, that relies on an offline and statistical analysis of the volume occupied by the human during 

the task. The temporal information (time execution and its variability) is encoded, together with the task, in a 

temporal planning model. Hence, a temporal uncertainty concerning the actual duration of the task is defined. 

A task planner can exploit this information to generate temporally flexible plans. Finally, a robust plan 

execution is achieved and executed by the Plan Executive, dealing with temporal flexibility through a 

continuous replanning.  
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Figure 6.4 Human-Aware control approach [226] 

The above reported references show the importance, for a fully integration of the human operator in the 

collaborative system of two elements that must be considered also for the architectural design of the ROSSINI 

platform: 

• the selection of the most suitable tool for human behaviour prediction and models (e.g., statistical 

variation and/or circular three-zone model to determine and track object movement in the considered 

space) 

the selection/adoption and implementation of a suitable mean to provide feedback and information about the 

robot to the human (e.g., acoustic/visual signals, virtual reality, etc.). 

 

6.2 Design tools for HRC and industrial robot applications 

 

ROSSINI wants to be not only a complete platform to implement collaborative robotic application, but also a 

useful design tool for party system integrators, that can leverage on it to build their own solutions. In order to 

achieve this, within the project is foreseen to select a design tool that may constitute the first embryo of the 

final envisioned solution. In particular, the sought solution is an open-source project because of both a cost 

reduction issue and especially for the availability of the source code that can thus be extended according to the 

ROSSINI needs. 

In this perspective, this section reports a detailed evaluation of open-source systems assessing Gazebo as the 

best system among the five evaluated ones, with OpenRAVE in second place. From one hand, the evaluated 

systems have a zero monetary cost; from the other, the effort (i.e., learning curve and development) to adequate 

such software for real-world industrial applications (rather than educative systems, demonstrations, etc.) show 

a medium level of difficulty and reaching a truly “professional” would require additional hands-on experience 

in different robot implementations and scenarios. The comparison carried on in this section evaluates the 

considered open-source solutions based on their outputs and modifiability. Notably, whilst the design methods 

adopted by each solution appear to be similar, one key aspect that differentiates them is the availability of 

“ready-made” robots and software component libraries that can be quickly adapted to specific use and thus 

speeding up the whole design process (Gazebo, for example, includes the “Kuka YouBot”). Such characteristic 

will allow researchers to save a considerable amount of development time by avoiding to design from “scratch” 

most of the components and interactions needed in the system. 

 

6.2.1 Comparison of Open Source and Non-Open-Source robotics simulator software 

 

Several recent papers compare ROS Gazebo with V-REP and ARGoS [227], [228] robot design tools. 

The evaluation in [227] concludes that V-REP is a more complete solution than Gazebo, with more features / 

functionality and easier to use for a beginner. [227] also states that Gazebo requires greater hardware capacity. 

As pay-off, Gazebo is more ROS compatible and is open-source.  

Also [228] eventually concludes that V-REP is the most complete system, followed by Gazebo and ARGoS in 

third place. The opinion of the authors is that in comparison to V-REP, Gazebo’s interface and default robot 
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models are simpler and too similar to those in ARGoS, where ARGoS is claimed to be good in particular for 

“swarm” robotic scenarios (i.e., application involving a large number of robots, each of which is a relatively 

simple device but all together with the others demonstrate a well-defined “collective behaviour”) that, 

however, are out of scope of the ROSSINI project. [228] points out that the usability of Gazebo is not very 

good: software crashes can be sometimes observed; 3D meshes can only be imported in the software but not 

directly edited; the installation of dependencies for Gazebo is not always straightforward. Curiously, [228] 

reports however that V-REP is the most resource hungry among the considered design solution, which 

contradicts the result obtained by [227]. 

The ROSSINI project needs an open source software as core of the design tool solution that the ROSSINI 

platform must provide to system integrators.  V-REP is usually cited as being “partially” Open-Source, but it 

is not clear which parts are Open and which are not. However, as V-REP is considered one of the most complete 

systems as seen above, it is of interest to evaluate ROSSINI candidate open-source solutions as Gazebo with 

V-REP as a baseline. Notably, however, in order to get Gazebo closer to the V-REP functionality, Gazebo 

libraries can be augmented with plug-ins (see, e.g., [229], [230], [231] and [232]) or external libraries/apps 

(such as RVIZ [233], ROS Kinetic [234] and MoveIt [235]), as well as with custom implementation to be built 

in the ROSSINI project itself. 

In the following, Table 6.1 gives a summary of the comparison made in [228].
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Table 6.1 Summary of comparison V-REP vs Gazebo vs ARGoS 

Criteria group Criteria V-REP Gazebo ARGoS 

Operating System  MacOS, Linux, Windows MacOS, Linux, Windows MacOS, Linux 

Built-in Capabilities 

 

Physics engines Bullet 2.78, Bullet 2.83, ODE, 

Vortex and Newton 

ODE 2D and a 3D custom-built 

physics engine with limited 

capability 

Editor / mesh manipulator Scene editor & mesh 

manipulator 

Code/scene editor Script editor 

Scene objects Can be fully interacted with Can be fully interacted with Can be moved by user 

Outputs Video, custom data plots and 

text files. Includes particle 

systems 

Simulation log files, video 

frames as pictures and text 

files 

Video frames as pictures and 

text files 
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Criteria group Criteria V-REP Gazebo ARGoS 

Robots and other models Robots Provides a large variety of 

robots, actuators & sensors 

A less diverse library of 

default robots. 

Small library of robots 

Default models Very detailed Fairly simple  Fairly simple 

Mesh import 

 

 

Imported as collections Imported as single objects Not available 

Mesh manipulation Simplify, split, combine. Cannot be changed (need 3rd 

party modelling s/w) 

N/A 

Programming methods Saving a scene A scene is saved in a special 

V-REP format. Therefore, all 

scene editing requires the V-

REP interface. 

A scene is saved as an XML 

file. 

A scene is saved as an XML 

file. 
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Criteria group Criteria V-REP Gazebo ARGoS 

 

 

Programming functionality 

Scripts attached to robots, 

plugins, ROS nodes [10] or 

separate programs that 

connect to V-REP via the 

RemoteAPI 

compiled C++ plug-ins or as 

ROS [10] programs 

 

Lua scripts or C++ 

 

Custom interfaces 

"CustomUI" API, based on 

QT, is used to create custom 

interfaces. Custom UI 

controllers can be attached to 

individual robots 

Can be created as plug-ins by 

using the default QT API. 

However, the interfaces can 

only be attached to the whole 

scene and not to individual 

robots 

Can be created in C++ by sub-

classing an ARGoS API class. 

The interfaces can be attached 

to the whole scene or to 

individual robots 

Plug-ins provided with the 

default robot models 

All work Do not work All work 

Documentation Good API documentation, 

large user community 

Good documentation, large 

user community 

Good documentation, small 

user community 

Model library organization Models organized into folders List of models by types Different robot types 
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Criteria group Criteria V-REP Gazebo ARGoS 

User Interface (UI) Freezing issues None Froze a few times None 

Intuitive functionality Yes Not very Fairly 

Model library availability In-built with V-REP, local Available on-line, needs 

remote internet connexion 

In-built with ARGoS 
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6.2.2 Comparison of five Open Source robotics simulator software 

 

The scientific literature provides several good comparisons among robotics simulator software [236], [237].  

On such basis, this section considers and compares five “open source” software: Gazebo [238], MORSE [239], 

OpenHRP [240], SimSpark [241] and OpenRAVE [242].  

The overall objective is to highlight which software features all of most of the characteristics needed for 

ROSSINI. In this perspective, the comparison considers six fundamental criteria:  

• support of a public forum or help system that can help and speed up the learning process as well as the 

solution of possible problem; 

• the possibility of performing quality check on the developed code, that goes in the direction of 

providing an industry-level product; 

• number (and type) of features supported by each simulator, to reduce the overall amount of additional 

code that may be requested to be written without a valuable pay-off in terms of innovation; 

• number (and type) of robot families readily available to be used, to implement an overall platform as 

much general as possible in terms of addressable scenarios; 

• number and type of supported actuators to both reduce low-value code development and increase 

platform scenario coverage; 

• number and type of supported sensors, to guarantee a full support of the envisioned S4 system. 

The result of such comparison is reported in Table 6.2 that shows how among the considered design tools, only 

Gazebo and OpenRAVE support a public forum/help system for developers. Similarly, functionalities of 

quality code tests are available for Gazebo, OpenRAVE and MORSE.  

Concerning the provided features, instead, Gazebo outperforms the other solution since it provides already 

implemented functions for “dynamic collision avoidance”, “relative object position as regard to end effectors”, 

“off-line programming”, “real-time streaming control of hardware”, whilst the other four systems do not have 

any of these features. 

Considering the support of different “families of robots”, OpenRAVE and OpenHRP are compliant with four 

relevant categories: “Robotic arms”, “Robotic hands (grasping simulation)”, “Humanoid robots”, “Humanoid 

avatars”;  Gazebo in addition to these supports also “UGV (ground mobile robots)”, whilst to MORSE and 

SimSpark is assigned a 0-score since they do not work properly with “Robotic arms” (that are strategical for 

ROSSINI).  

Concerning “supported actuators”, five relevant categories are considered: “Generic kinematic chains”, 

“Force-controlled motion”, “Circular kinematic chains”, “Kinematically redundant chains” and “Bifurcated 

kinematic chains”. Whilst Gazebo and OpenRAVE support them all, MORSE and OpenHRP provide the first 

two and SimSpark only has the first. 

Finally, the considered “supported sensors” are ten: Odometry, IMU, Collision, GPS, Monocular cameras, 

Stereo cameras, Depth cameras, Omnidirectional cameras, 2D laser scanners, 3D laser scanners. Only Gazebo 

provides the whole set, OpenRAVE supports nine of them (i.e., all except for the Omnidirectional cameras), 

while the others less as reported in the table  

Based on the conducted analysis, Gazebo shows up as a clear winner (with 26 points, according to the 

ROSSINI-compatible criteria) among the considered open-source solutions, and OpenRAVE in second place 

(with 20 points).  

In addition, Gazebo has been compared with V-REP, a commercial solution that is viewed as one of the most 

advanced 3D simulators for industrial robots [243]. This analysis shows that, even if an expected gap between 

V-REP and Gazebo exists, this latter can provide most of the key features (or acceptable alternatives) listed 

for V-REP in according to the ROSSINI needs. 

All in all, Gazebo appears to be best solution for being included and extended within the ROSSINI platform 

as design tool, however, if the open-source requirement is relaxed (to partial open-source) then V-REP would 

be the best contender (see Section 6.3.1). 
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Table 6.2 Summary of comparison of 5 Open Source systems 

 

Criteria Gazebo MORSE OpenRAVE OpenHRP SimSpark 

Forum/Help 1 0 1 0 0 

Code quality 1 1 1 0 0 

Features 4 0 0 0 0 

Families of 

Robots 
5 0 4 4 0 

Supported 

actuators 
5 2 5 2 1 

Supported 

sensors 
10 8 9 6 4 

TOT 26 11 20 12 5 

 

 

6.2.3 Quick overview on Gazebo 

 

Since from the analysis conducted in the previous section Gazebo has been selected as the most suitable design 

tool for ROSSINI, for the sake of completeness in the following a brief overview on this solution is reported. 

 

6.2.3.1 Introduction to User Interface 

 

 The Graphical User Interface of the Gazebo software displays four main things: 

1. scene, that is where the simulated objects get animated and the user interaction with the environment 

takes place; 

2. two panels to display information of the scene, adjust the camera view, insert new objects (i.e., 

models), visualize them in different groups (layers) and interact with the mobile parts (i.e., the joints) 

of a selected model; 

3. toolbar, that displays interaction options with the simulator and the simulation time; 

4. menu, that is for quickly retrieving the main functions, as well as for model editing. 

 

6.2.3.2 Building Models and Model Editor 

 

To create a new model in Gazebo is possible to start from the simple sample models provided with the software 

and extend them. However, to create totally new models from scratch is necessary to write specific new Spatial 

Data File (SDF) or Scalable Vector Graphics (SVG) file, where this latter can be easily created with Inkscape 

(a powerful open source vector graphics editor) [244]. 
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6.2.3.3 Model Plugins 

 

Plugins (i.e., shared libraries in C++) allows developers to control models, sensors, world properties of the 

simulator, and even the way Gazebo runs. As reported in [245],  there are 6 types of plugins available for 

Gazebo: 1. World; 2. Model; 3. Sensor; 4. System; 5. Visual and 6. GUI. 

 

6.2.4 Gazebo simulation examples 

 

To show the power and flexibility of the selected Gazebo solution, the follows report examples of 

functionalities and simulations verified directly by the ROSSINI partner in charge of Task 7.2 (on the ROSSINI 

design tool). 

In particular, the youBot Gazebo packages that have been tested contain geometry, kinematics, dynamics and 

visual models of the KUKA youBot (see Figure 6.5) in Unified Robot Description Format (URDF). 

Using model plugins is possible to change physical properties, robot behaviour and underlying elements like 

links and joints.  

 

 

Figure 6.5 Built-in model of Kuka YouBot that is present in Gazebo model database 

Along with entire robots, the Gazebo’s model database also usefully provides robot parts (see Figure 6.6) as 

independent models (e.g., a simple arm, a simple gripper, the right of the left arm, only a part of the arm, etc.) 

so that building a customized model can be done “block by block” in a simple manner.  

 

Figure 6.6 Some basic arm models present in model database 
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Furthermore, the world-wide adoption of Gazebo as research and develop solution bought to the creation of 

several GitHub repositories (e.g., see [246]) where simulation code for different kinds of bots is made publicly 

available (see, e.g., Figure 6.7). Clearly, leveraging on existing (and possibly cross-checked) code can be 

advantageous in terms of both time saving and facilitating the overall design activities. 

 

Figure 6.7 A simple pick and place cycle using Gazebo 

 

Finally, with Gazebo is also possible to simulate human movements in the space (where such “animated 

model” is called “actor”) as shown in Figure 6.8 and combine such movement within the scene of a robot 

application (e.g., merging output of Figure 6.7 with that one in Figure 6.8, see [247]). When simulating such 

human-robot scenario, it is also possible to set constraints and prevent collisions, e.g., by adding (i.e., via plug-

in) a LASER sensor to the robot so that it detects the person nearby its operational zone (see, e.g., Figure 6.9). 

 

Figure 6.8 Simulation of a person moving around in Gazebo 
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Figure 6.9 A simple gripper with laser sensor 
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7 Market Overview 

 

This chapter concludes the deliverable with a brief market overview for HRC that paves the way for the work 

to be carried on in WP9 “Impact Enhancement”: first, Section 7.1 presents the same analysis reported in the 

proposal; then, in Section 7.2 interesting considerations from a valuable market survey bring to the analysis of 

current and past projects and solutions related to ROSSINI (Sections 7.3 and 7.4). 

 

7.1 Human-Robot Collaboration: a key driver for manufacturing sustainability in Europe 

 

Although European industry now benefits from the advantages of a single large market, it is faced with new 

challenges in order to remain competitive in a global scenario. In this contest Advanced Robotics, and HRC 

applications, could have a high potential economic impact. Nevertheless, at present there are numerous 

obstacles that limit the diffusion of these technologies to manufacturing companies in Europe. 

 

7.1.1 HRC for Production Reshoring  

 

Today, Europe is experiencing the re-shoring of production facilities previously off-shored to emerging 

countries. Comparing Europe to emerging countries, the higher cost of labour means that automation is a key 

element in the growth of manufacturing [248]. In this context, the adoption of a large use of robotics in 

production and assembly are key factors in making manufacturing within Europe economically viable. 

For these reasons, the European market for manufacturing robots is strongly expected to grow through 

diversification into industries with lower volumes, and into areas of manufacturing where manual assembly 

has previously moved away from Europe. For a manufacturing company which requires low installation and 

running costs and a high degree of flexibility, which cannot typically be provided by traditional large-scale 

manufacturing robotics, reshoring is also likely to be driven by the availability of highly flexible and easy to 

use manufacturing robots.  

 

7.1.2 HRC for Flexible Manufacturing Systems  

 

Nowadays the shift from high volume/low mix to low volume/high mix is becoming the new production 

paradigm in manufacturing sector, and Industry 4.0, linking the real-life factory with a virtual one, will play 

an increasingly important role in this epochal transition [249]. To meet the unknown or uncertain market 

demands with one, fixed assembly system 

over the whole life cycle, manufacturing 

systems must be designed to fulfil the peak 

performance and to offer a high degree of 

flexibility. In this context, advanced 

robotics can be viewed as an enabling 

technology which can be deployed across a 

wide range of industries and value chains. 

Due to its tendency to draw from and 

integrate different technologies and 

disciplines into the development of a single 

device or robot (i.e., machine vision, 

artificial intelligence, machine-to-machine 

communication, sensors, and actuators), 

advanced robotics is better described as a 

‘technology bundle’ (see Figure 7.1) rather 

than as a single technology, [250]. 

Moreover, there is an increasing desire to 
Figure 7.1- Technology clusters in advanced industrial 

robotics 
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have robots that in an efficient way can assist human workers [251]. In this way, co-bots are shifting the 

traditional limits of “what can be automated?” increasing manufacturing flexibility as ‘low volume- high mix’ 

becomes the new normal. Compared with co-bots, the legacy industrial robots have higher speed, bigger 

payload and better stiffness, but they cannot compete in flexibility.  

 

7.1.3 HRC for Ageing Workforce Compensation 

 

In the last 15 years the percentage of European 

employees older than 50 years rose from 21.6% to 

57,2% and today 5.9 million people of the 

European workforce are older than 60 years 

(Source: OECD). Ageing of the workforce poses 

a dramatic challenge for health and safety in all 

European countries, and most of the highly 

developed European nations are already facing 

shortages of qualified workers in some critical 

productive sectors (see Figure 7.2). For these 

reasons, today productive aging, work 

engagement, and participatory ergonomics appear 

to be the most promising areas of research in the 

field of worker aging [252]. Many aspects are 

involved in worker performance evolution with 

age, regarding both physical-physiological 

responses (muscular strength and power, aerobic capacity and endurance, reaction time) and cognitive 

capabilities. In any case, it is important to keep in mind that while, on the one hand, work-related 

musculoskeletal disorders are prevalent in highly repetitive short cycle operations, on the other hand, for more 

complex tasks, experience can compensate age capabilities decline and can assume a predominant 

importance. Furthermore, cognitive skills are needed by workers to interact with new technologies. Therefore, 

the need for new organizational tools able to take into account age-related changes in workforce productivity 

is urgent [253]. A digital human modelling based inclusive design approach is considered useful for 

addressing work-related issues of a diverse workforce, especially older workers. This proactive design 

approach benefits individuals and organizations by securing safe working conditions where people, with their 

existing differences, can perform at their best [254]. In this context, smart system should adapt their 

behaviours to support the workers’ interaction with machine and to improve the global system 

productivity. System adaptation rules can be defined considering not only the variability of the process 

parameters and the external conditions, revealed by sensors, but also understanding the workers’ needs and 

reduced workability due to both physical and cognitive functional decrease is fundamental to improve the 

design of smart manufacturing systems [255]. In particular, the integration of robot technologies in the 

design and management of assembly processes leads to novel assembly systems. In these new assembly 

workstations, aided assembly improve the fastening and picking activities reducing their duration and ensuring 

safe working conditions, through several technologies such as IoT, AR and Co-bots. In this contest, an efficient 

degree of HRC has a high impact, because co-bots automatically adjust their configuration in real-time to 

best fit with the worker physique and the fastening task features. Moreover, co-bots provide to the worker 

an artificial force to perform hazardous activities reducing the ergonomic risk of strenuous tasks [248]. 

 

7.1.4 Human-Robot Collaboration: a potential still untapped 

 

The considerations expressed above should make it clear that the spread of HRC is presently far from having 

reached its full potential. According to the International Federation of Robotics (IFR), HRC applications pose 

several interesting challenges to the manufacturing industry (Table 7.1). Some collaborative robot designs, for 

instance, sacrifice accuracy and repeatability in favour of inherent safety, which impacts the robots’ 

reliability on the production floor [256]. 

 

Figure 7.2 - Employment rate in the EU, % of 

population 55-64 
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Table 7.1 Trends, Challenges and Enablers in robot 

Trends Challenges Enables 

Low volume high mix Automation complexity and 

unpredictability 

Collaborative automation for 

greater flexibility 

Increased need for automation 

and scalability in SMEs 

Lack of robot integration and 

programming expertise 

Easier to use robots with more 

intuitive programming 

Increased and sporadic human 

intervention 

Lost productivity to maintain 

safety 

Collaborative automation to 

maintain safety and productivity 

 

Furthermore, the lack of methodologies for a productive and effective motion planning and scheduling of HRC 

tasks is still limiting the spread of HRC systems [257]. Today 45% of the robot supply is taken up by 10% 

of the industry, and 90% of the potential users have not adopted robotics for manufacturing. Therefore, 

despite all the previously mentioned advantages, HRC technologies still must overcome the barrier of high 

investment costs. According to IFR, the cost of deploying an HRC automation system can be split into 20-25 

% for the robot, 20-30 % auxiliary hardware, and 45-60 % systems integration. The cost of systems integration 

is significant as there is very limited reuse of software from one application to the next. In addition, a large 

investment in effort, time and intellectual capital is required to integrate robots and sensors into the 

manufacturing workflow, as these systems must be both individually and collectively calibrated and 

registered together. Such an investment is particularly challenging to SMEs enterprises, but has a certain 

impact also for several large enterprises [258]. 

 

7.2 Market share and trends of collaborative robots  

 

Main reports on market share and trends for collaborative robots are available on payment from both well-

known and less-known consultancy companies. [259], [260] or [261] are just few examples. 

For the purpose of this document, the freely available report “Goods to Person (G2P) Robotics” [262] is a nice 

piece of work done by Styleintelligence [263], a publisher of Retail Technology and Fashion Business insights, 

based in London, UK. This report, based on several interviews to suppliers and experts, focuses on the retail 

sector and contains interesting perspectives and considerations also for ROSSINI.  

What follows is a targeted sum up of this report. 

 

7.2.1 Market penetration and maturity 

 

In Figure 7.3 a “fulfilment and manufacturing” wave on robotics solutions, i.e., Automated Storage and 

Retrieve System (ASRS), AMR and PA-AMR, is reported to illustrate the maturity level of these technologies 

in the retail sector, and with this as representative of the penetration path that robotics experience in the market.  

Simpler solutions as ASRS are already considered as mature since their wide application in the manufacturing 

field.  The whole AMR segment still suffer from the lack of large-scale warehouse deployments, so its maturity 

level is lower. However, it is notable to report that suppliers usually run in-house warehouses to simulate 

operating environment thus allow AMR developer to test and refine their solutions in (almost) real-world 

scenarios. PA-AMRs come even first in this wave-line and this is primarily explained by the fact that they 

operate in a human-collaborative environment and therefore require the highest level of safety systems.  

Concerning the technology penetration and maturity level it is also worthy to report that: 

• despite the explained trained for PA-AMR, this segment is however experiencing a significant traction 

from the manufacturing industry as the need to replace legacy AGV increases (i.e., retrofitting and/or new 

installations); 
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• software appears to be the key Unique Selling Proposition (USP) and difference between Robotics 

suppliers, as hardware is often off-the-shelf components.  

 

Figure 7.3 Relativity Maturity State of Robot and Automation (ASRS, AMR, PA-AMR) for retailer, 

from 2017  [262] 

To give also an idea in numbers of the market addressed by the selected report, Figure 7.4 illustrates annual 

deployments (actual in 2017 and foreseen for 2021) of both PA-AMRs (i.e., solutions close to the one 

envisioned in ROSSINI, especially for the use case #3) and AMR (i.e., just the mobile part of the considered 

robot). The figure does not consider robot deployed in Amazon infrastructures, otherwise the overall result 

would be very biased from those.  

 

Figure 7.4 Annual Deployments (excluding Amazon's facilities and warehouses) of PA-AMR (left) and 

AMR (right) [262] 

AMRs and PA-AMRs occupy a growing share of the AGV market. Even if in their infancy, the overall 

expectations are of a large increase in the next four years, led by large scale deployments in China and other 

Asian countries. The US and European markets are considered harder to forecast and may be held back in the 

short term by the Amazon (especially on a legal level). With a great local support and generable favourable 

climate at all level of the society for AI & Robotics, China seems to be set, without much doubts, to dominate 

the future AMR market (and probably not only the AMR one).  

 

7.2.2 Competitive landscape 
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As reported in the previous section, software has become the actual differentiator between competitor 

companies in robotics, even if hardware is fundamental to define and implement use cases. This sector counts 

for a significant number of start-ups and from companies active in adjoining sectors as, e.g., form healthcare 

logistical robotics and/or industrial automation to retail. Of course, giant companies may occupy the stage as 

Amazon, which is the leader in G2P robotics. Most of the PA-AMR competitors are US-based start-ups or 

relatively young companies (with a variety of backgrounds as warehouse software companies, sorting 

automation suppliers and pureplay AMR provider). Most suppliers have focused on building an AMR base 

offering different add-on modules to go on top. 

In this context, the following list can provide a comprehensive overview of the competitive scenario that has 

been depicted in the report [262] for the G2P market and therefore, by analogy, for the collaborative robotics 

one:  

• very little overlap between the types of robots provided to the market exists, since all the solution are 

well tailored to specific (and different) end-user conditions (and exactly in this perspective the 

ROSSINI vision is a challenge has aim to tackle all together very different scenarios as well); 

• as already notice, software is the main USP with off-the-shelf hardware components (whilst ROSSINI 

aims at providing innovation also at the hardware side, both adopting novel technology or use well-

known one in new ways); 

• competition in China spurred on by large investments (where government funds and encourages 

reverse engineering approaches to improve the overall technology level provide by the industries in 

the country), where three suppliers dominate (JHIK, Quicktron and Geek+). 

 

7.2.3 Possible Customers, Key Purchase Criteria and Market Drivers 

 

In the retail sector two types of early adopters exist: online pureplay retailers and forward looking 3PL’s (Third 

Party Logistics), most often with an anchor client. In any case, such players have high demands on integration 

with current technologies and may already have alternative automation solution installed. Other stakeholders 

prefer to remain observing the evolving of the technology. 

To provide a quick but useful overview of the acceptance criteria that may lead a potential adopters of 

collaborative robotics solution, in the follows Figure 7.5 illustrates the main Key Purchase Criteria (KPC) for 

both In-House retailers (i.e., providers of complete solutions to the final customers), that care most about 

reliability and Return on Investment (ROI), and 3PL’s (i.e., typical suppliers of bigger players) that at first 

look for flexibility (as they need to adapt to more variable configuration and constraints) and then reliability.  

 

 

Figure 7.5 Key Purchase Criteria for Retailers (both In-House and 3PL's) [ref.] 

Along the same investigation line, Table 7.2 reports on the main market drivers captured for the G2P market 

and interestingly four key drivers arose that should be kept into consideration also for the ROSSINI project: 

i.e., increase the labour force and performance, cost savings, favouring the spread of an optimization culture 
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in the company and adhere to legal standards or lows (e.g., concerning safety and human worker safeguard). 

Other interesting outcomes are:  

• ROI is generally estimated in 3 years running a 2-shift fulfilment warehouse (companies with more 

shifts can reach ROI in even less time, and not surprisingly these give the traction for robotics 

adoption); 

• in general, companies with no prior automation experience must gain board approval before adopt 

robot technologies; 

• conversely, companies already using automatics often do not require board level approval to move the 

overall process to a more advanced technology level (depending on total costs).  

  

Table 7.2 Main market drivers captured by  [262] for the G2P market 

Driver Driver Impact 

Competition 

Branding 

Intense competition for e-

commerce clients 

Customer “pull effect” 

Labour 

Labour shortages during peak and 

campaigns 

L&D issues during peak 

Savings Cost savings 

Competitor success (e.g., 

Amazon & Kiva) 
Market pull 

Culture & HR 

Culture 
Automation & optimisation 

mindset 

Previous experience 

Previous bad experience of 

investments gone bad (e.g., Kiva) 

leading to large write-off 

E-commerce Delivery expectation 

Rising consumer expectations on 

speed delivery 

Multi-warehouse strategy 
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Driver Driver Impact 

Goods & brand trends 
Flexibility of merchandise 

dimension 

Legal Standards 
Collaborative standards in 

development 

 

Finally, on the same line of the above points, here is an excerpt from [262] that list various citations of robot 

manufactures that took part at the interview of the Styleintelligence’s report: 

• “We see a lot of potential in ecommerce and also in industrial applications.” (AutoStore) 

• “Over 90% of our business is in the manufacturing industry. However, saying that, we see a lot of 

interest coming from the ecommerce warehouse sector.” (MiR) 

• “We also see a lot of interest in manufacturing. Manufacturers are used to cutting costs throughout the 

manufacturing process and buying tools to improve efficiencies.” (Canvas Technology) 

• “Ecommerce and pharma are the main customers.” (Geek+) 

• “We have received a lot of interest from outside the warehouse and logistics sectors from 

manufacturers and OEM suppliers. Soto is our next robot which is much larger than our current model 

and is made specifically for manufacturing and industry use.” (Magazino) 

• “Ecommerce is only one component of the customer landscape. There are other industries interested 

in our products as well.” (Fetch Robotics) 

All these considerations can help WP9 “Impact Enhancement” in building a market scenario for ROSSINI and 

corresponding USP. 

 

7.3 TRL Positioning and related R&D Activities 

 

The ROSSINI Project results, even considering the challenging objectives, are expected to reach a TRL6 

suitable for the preliminary implementation in relevant industrial environment, thanks to the solid 

technological base to work with, provided by ROSSINI industrial and research partners. All lines of research 

start from the translation of a working prototype (TRL4) in a new industrial environment. TRL5 will be 

achieved at the completion of the 4 research WPs, obtaining 4 industrial scale prototypes, which will be 

combined into an integrated platform. Demonstration activities, carried out at three different industrial sites, 

will lead to the attainment of TRL6 at the end of project activities, thanks to an extensive testing and validation 

campaign aimed at confirming the expected performance improvements. 

ROSSINI will leverage on the preliminary results and outputs arising from national and international research 

and innovation activities carried out by partners, as highlighted in Table 7.3: 
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Table 7.3 ROSSINI Related R&D Activities 

Project Programme Research topics Links with ROSSINI 

SAPARO – Safe 

Human-Robot 

Cooperation with 

high payload robots 

in industrial 

applications [264] 

European Commission – 

FP7 (ECHORD++ 

Experiment, GA 601116) 

Dynamic safety zones 

based on robot joint 

positions and velocities  

Pressure-sensitive 

tactile floor detecting 

human position 

Dynamic safety zones 

integrated in ROSSINI 

control architecture 

PILZ Safety Mat 

integrated in the 

ROSSINI RS4 

FourByThree - 

Highly customizable 

robotic solutions for 

effective and safe 

human robot 

collaboration in 

manufacturing 

applications [265] 

European Commission – 

H2020 (GA 637095) 

PILZ & FRAUNHOFER 

Involved 

Safety strategies 

allowing intrinsically 

safe behaviour of the 

robot 

Open-control 

architecture allowing 

the integration of 

custom algorithms by 

third parties 

Intrinsic safety and 

openness concepts will 

be brought by ROSSINI 

from the control level to 

the whole platform level 

ROBO-PARTNER - 

Seamless Human-

Robot Cooperation 

for Intelligent, 

Flexible and Safe 

Operations in the 

Assembly Factories 

of the Future [108] 

European Commission – 

FP7 (GA 608855) 

PILZ Involved 

Safety Eye for 

Fenceless robot 

working spaces 

Integration and 

Communication 

architecture, using 

ontology model to 

provide real time 

monitoring and 

information  

Safety Eye will be 

further optimised and 

integrated in the 

ROSSINI RS4 

Safety Aware Control 

Architecture will 

improve the I&C 

architecture through 

Artificial Intelligence 

X-act - Expert 

cooperative robots 

for highly skilled 

operations for the 

factory of the future 

[266] 

European Commission – 

FP7 (GA 314355) 

PILZ Involved 

Highly intuitive 

interfaces for 

cooperation of humans 

and robots 

Fenceless human robot 

supervision system 

(Safety Eye) for 

detecting/ monitoring 

human presence 

Intuitive interfaces will 

be used for human-robot 

mutual understanding 

Safety Eye will be 

further optimised and 

integrated in the 

ROSSINI RS4 

SELECT - Smart and 

Efficient Location, 

idEntification, and 

Cooperation 

Techniques [267] 

European Commission – 

FP7 (GA 257544) 

Datalogic Involved 

High-accuracy 

detection, 

identification, and 

location of 

objects/person using a 

network of intelligent 

self-configuring radio 

devices.  

ROSSINI RS4 will 

expand the sensing 

technologies and the 

diversity of data to be 

generated and managed 

by the system 

VALERI - Validation 

of Advanced, 

Collaborative 

Robotics for 

Industrial 

Applications [106] 

European Commission – 

FP7 (GA 314774) 

FRAUNHOFER Involved 

Mobile manipulator to 

assist assembly tasks in 

aerospace, able to work 

side by side with 

humans 

ROSSINI Use Case 

related to Food Products 

Packaging will involve a 

mobile manipulator to 

assist machine operators 
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Project Programme Research topics Links with ROSSINI 

Autonomous Blank 

Feeding for 

Packaging Machines  

[268] 

European Commission – 

FP7 (EUROCC Experiment, 

GA 608849) 

IMA Involved 

Robotised system for 

flexible, collaborative 

blank loading on 

industrial shop floors 

The robotised system 

concept will be 

translated into a 

collaborative mobile co-

worker in ROSSINI 

white’R – white room 

based on 

Reconfigurable 

robotic Island for 

optoelectronics [269] 

European Commision – FP7 

(FoF.NMP.2013 – 2, 

Innovative Re-Use Of 

Modular Equipment Based 

On Integrated Factory 

Design, GA 609228) 

SUPSI Involved 

Project and 

development of a high-

precision 6-DOF robot, 

for assembly and 

disassembly of high-

value added 

optoelectronic 

products. 

Integration of the robot 

in a cell at the shop-

floor level with other 

operation units, 

transport, handling and 

tooling systems. 

Development of a new- 

concept actuation 

systems for 

anthropomorphous 

collaborative robots. 

Integration of the robot 

in a collaborative 

production cell at the 

shop-floor.  

MAN-MADE 

MANufacturing 

through ergonoMic 

and safe 

Anthropocentric 

aDaptive workplacEs 

for context aware 

factories in EUROPE 

[270] 

FoF.NMP.2013-3 609073  

WHR, SUPSI Involved 

New socially 

sustainable workplaces 

where the human 

dimension is key.  

Workplace adaptation 

to skills, expertise and 

characteristic of 

workers 

Adaption of workplaces 

to embed collaborative 

robots and ontology to 

represent workers from 

anthropometric and 

skills perspective. 

 

7.3.1 Analysis of the identified correlated R&D projects 

 

In the table below is reported the analysis of the projects selected in Section 7.3.1: this analysis has been 

conducted by the partners of the ROSSINI project as regard to the ROSSINI use cases and the general design 

of the overall ROSSINI platform. In this perspective, each analysed item is associated with one or more 

categories corresponding to the various scopes of the project (i.e., platform, design tool, human-robot 

collaboration, use case #1, use case #2 and use case #3) and with one or more layers of the platform that such 

item may address (i.e., sensing, perception, cognitive, control, actuation, human and integration layer). When 

in the table more than one scope and/or layer is reported for a given layer, the main one or ones among these 

is/are reported in bold. 

 

Table 7.4 ROSSINI Related R&D Activities – Analysis and comments of interesting outcomes 

Project ROSSINI Partner Analysis Project Scope Interested layer(s) 

SAPARO The principle of “dynamic safety 

zones” is of great interest in 

ROSSINI due to the required 

change management and frequent 

layout re-definition that 

characterize some demonstrators. 

Use Case #2 

Use Case #3 

Platform 

 

 

SENSING 

PERCEPTION 

CONTROL 
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Project ROSSINI Partner Analysis Project Scope Interested layer(s) 

FourByThree The approach of developing the 

ROSSINI platform based on an 

open architecture and protocol is 

key to guarantee continuous 

improvement of service level 

Platform SENSING 

PERCEPTION 

COGNITIVE 

CONTROL 

ACTUATION 

 

ROBO-

PARTNER 

 Use Case #1 

Use Case #2 

Use Case #3 

Platform 

Design Tool 

HR Collaboration 

SENSING 

PERCEPTION 

COGNITIVE 

CONTROL 

ACTUATION 

HUMAN 

INTEGRATION 

X-act  Use Case #1 

Use Case #2 

Use Case #3 

Platform 

Design Tool 

HR Collaboration 

SENSING 

PERCEPTION 

COGNITIVE 

CONTROL 

ACTUATION 

HUMAN 

INTEGRATION 

SELECT Identification and localization of 

objects in the environment is 

essential to perform correctly all 

the operation required by 

demonstrators and, in general, for 

the platform 

Use Case #1 

Use Case #2 

Use Case #3 

Platform 

 

SENSING 

PERCEPTION 

 

VALERI Mobile manipulators to assist 

machine operators are involved in 

use case #3, and therefore this 

work is an interesting reference. In 

addition, mobile manipulator may 

also improve efficiency in the 

packaging operations of use case 

#2. 

Use Case #2 

Use Case #3 

 

HUMAN 

INTEGRATION 

Autonomous 

Blank Feeding 

for Packaging 

Machines 

 Use Case #1 

Use Case #2 

Use Case #3 

Platform 

Design Tool 

HR Collaboration 

SENSING 

PERCEPTION 

COGNITIVE 

CONTROL 

ACTUATION 

HUMAN 

INTEGRATION 

white’R Integration of a robot in a 

collaborative production cell for 

assembly and picking of fixtures 

Use Case #2 INTEGRATION 
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Project ROSSINI Partner Analysis Project Scope Interested layer(s) 

at the shop-floor is the main goal 

of use case #2. 

MAN-MADE Workplace adaptation to workers 

with high level of skills and 

expertise is relevant for the overall 

goals of the ROSSINI project, to 

provide differentiation of the plant 

and to secure job positions. 

HR Collaboration HUMAN 

INTEGRATION 

 

7.4 Opportunities and threats from the market 

 

Similarly to what done in Section 4.5, Table 7.5 presents a list of market solutions that may be of interest for 

ROSSINI, presenting and analysing them according to the division of the ROSSINI architecture in seven layers 

(i.e., sensing, perception, cognitive, control, actuation, human and integration).  
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Table 7.5 : ROSSINI Related Market Products – Analysis and comments of interesting solutions 

Market Solution Sensing Layer Perception 

Layer 

Cognitive Layer Control Layer Actuation Layer Human Layer Integration 

Layer 

Yumi [271]. Dual 

armed robot by 

ABB (Czech 

Republic, 2016) 

(Socket lid 

assembly line) 

 

 

Sensor devices, 

conveyors, 

vibration feeders, 

and a spring 

disentangling. 

Real-time 

algorithms set a 

collision-free path 

for each arm 

customized for the 

required task.  

Its joint torque 

sensors, the LBR 

iiwa can detect 

contact 

immediately and 

reduce its level of 

force and speed 

instantly. 

The robot motion 

can be restarted as 

easily as pressing 

play on a remote 

control. 

If the robot 

encounters an 

unexpected object 

(including a slight 

contact with a co-

worker), it can 

block its motion 

within 

milliseconds. 

It has a light-

weight yet rigid 

magnesium 

skeleton covered 

with a floating 

plastic casing 

wrapped in soft 

padding. This 

arrangement 

absorbs the force 

of any unexpected 

impacts to a very 

high degree. 

The fifth-

generation, 

integrated IRC5 

controller with 

TrueMove and 

QuickMove™ 

motion control 

technology 

commands 

accuracy, speed, 

cycle-time, 

programmability 

and 

synchronization 

with external 

devices 

 

UR5 [125]. A six-

axis robot arm that 

works shoulder to 

shoulder with the 

operators in a 

shared space, 

freeing them from 

repetitive tasks, 

including 

assembling the 

suitcases.  

N/A N/A  N/A  UR5 is a hand-

guided 

reprogrammable 

robot: to create a 

new routine (for a 

given task), it is 

just enough to 

move the robot 

arm to the desired 

waypoints or 

moving the 

controlling arrow 

keys on the 

touchscreen tablet 

The end joint can 

rotate 360 degree, 

making this robot 

ideal for a 

screwing-related 

application. 

The UR5 robots 

are designed to 

mimic the range 

of motion of a 

human arm.  

 

This cobot can be 

set up and 

operated via 

intuitive, 3D 

visualization. 

 

Easy 

programmable 

and 

reconfigurable. 

Fast set-up and 

low-cost 

solution.  



D1.2 H – Requirement No. 2   

ROSSINI | GA n. 818087  Pag. 112 | 128 

Market Solution Sensing Layer Perception 

Layer 

Cognitive Layer Control Layer Actuation Layer Human Layer Integration 

Layer 

that serves as 

HMI. 

UR5 is equipped 

with 15 advanced 

adjustable safety 

functions.  

Safety Function 

Tested in 

accordance with 

EN ISO 

13849:2008 PL d 

(TüV NORD 

Approved) 

(where, TüV is the 

German Technical 

Inspection 

Association). 

 

UR10/A [272] is 

the mobile version 

of UR robots. This 

mobile robot is 

currently 

deployed with 

high flexibility 

throughout 

various 

departments of the 

sheet metal 

industry, (that are 

so well integrated 

in the entire 

production cycle, 

from cutting the 

initial blank on the 

Optical ATI’s F/T 

sensors. 

Algorithm to 

detect and classify 

human motions. 

 UR10/A is a hand-

guided 

reprogrammable 

robot: to create a 

new routine (for a 

given task), it is 

just sufficient to 

move the robot  

 

Six independently 

rotating joints. 

 

 

UR10/A mimics 

the range of 

human motions. 

 

After Risk 

Assessment, it 

emerged that there 

is no a safety 

guarding, right 

beside human 

operators.  

 

The safety system 

of UR10/A is 

Polyscope 

graphical user 

interface of 12 

inches 

(including, 

touchscreen with 

mounting).  
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Market Solution Sensing Layer Perception 

Layer 

Cognitive Layer Control Layer Actuation Layer Human Layer Integration 

Layer 

blanking press to 

forming). 

approved and 

certified by TÜV.  

Polyscope 

graphical user 

touchscreen 

interface (of 12 

inches, with 

mounting) 

UR by Xiamen 

Runner Industrial 

Corporation 

(China) [273]. 

 

Applications 

ranging from 

injection 

moulding, 

machine tending, 

to gas testing and 

product assembly. 

The vision sensor 

of this robot can 

locate objects and 

their 

nomenclature on a 

conveyor. The 

sensing solution 

adopted allow the 

UR also to lock 

the gripper onto 

randomly placed 

objects. 

Algorithm to 

detect and classify 

human motions. 

 

 

N/A  Six-gripper tool 

mounted on a 

flexible wrist 

joint, the robot 

quickly switches 

to any loading 

position. 

Six independently 

rotating joints. 

 

UR mimics the 

range of human 

motions. The 

robots can work in 

tandem, sharing 

the same 

workspace in 

space constrained 

areas.  

Polyscope 

graphical user 

interface of 12 

inches 

(including, 

touchscreen with 

mounting). 

 

This robot help 

operators in 

producing low-

volumes of 

various 

customized 

products. 

 

Another 

innovation at 

Runner is to 

extend the UR 

robot reach and 

efficiency by 

placing the robot 

onto a slide rail, 

http://www.tuv.com/en/uk/home.jsp
https://www.universal-robots.com/applications/injection-molding/
https://www.universal-robots.com/applications/injection-molding/
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Market Solution Sensing Layer Perception 

Layer 

Cognitive Layer Control Layer Actuation Layer Human Layer Integration 

Layer 

thus eliminating 

the need to move 

a fixed machine 

while supporting 

multi 

workstation 

operations, see 

[273]. 

 

LBR iiwa 

(KUKA) [120].  

This robot arm is 

working in the 

BMW plant in 

Dingolfing 

carrying on 

collaborative 

work for lifting 

and join heavy 

bevel gears, as 

well as for front-

axle gear units 

(unaided).  

LBR iiwa is 

equipped with 

torque sensors (in 

all seven axis) that 

have an axis-

specific torque 

accuracy of ±2% 

(as respect to the 

maximum 

torque).   

 

 

The LBR iiwa can 

find small, 

delicate 

components 

without external 

help. 

This robot has 

three operating 

modes and it can 

be programmed 

via simulation 

(i.e., for 

remembering 

position and set of 

instructions). 

 

 

The controller 

running on-board 

of this robot is the 

KUKA Sunrise 

Cabinet. 

 

The LBR iiwa can 

detect a contact 

immediately and 

reduces its level of 

force and speed 

instantly.  

Seven axes. 

 

LBR iiwa can be 

used to indicate to 

the operator 

his/her desired 

position 

(coordinates). 

 

The robot stops 

for breaks and can 

be controlled via 

simple touch 

commands. 

The LBR iiwa's 

controller is 

design to 

achieve a quick 

start-up even 

with complex 

applications. 
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8 Conclusion 

 

This document is a relevant milestone for the ROSSINI project. Through it all partners contributed in sharing 

their knowledge, preparing the technical background for the foreseen developments and for putting in light the 

right questions and issues that must be answered and solved for a successful result of the project. 

In detail, Chapter 3 provides an exhaustive overview on the sensing technologies that will make the ROSSINI 

RS4 effective: the advantages of the already selected technologies have been explained as well as the 

opportunities of new ones. It is, for example, the case of TOF camera that appears to be a very promising 

solution but currently still limited by inherent weaknesses as regard to its robustness to the environment 

conditions: clearly, the evolution of this technology must be monitored along the project so see if, when the 

moment of the selection of the whole technology set arrive, TOF can be an actual viable solution for RS4 (and 

the necessity of such monitoring clearly emerged thank to study underneath this deliverable). Within the same 

chapter a nice overview on data fusion is also presented with a special focus on data fusion for security which 

is the main objective of the project. 

Then, Chapter 4 provides an overview on the reference models for the ROSSINI control architecture and the 

principles and mechanism of main interest for the project are highlighted for future work clearly mapping 

techniques and solutions provided by the scientific literature into the building blocks (layer) foreseen for the 

whole ROSSINI platform. The whole integration approach of ROSSINI, instead, is put into the context of the 

most recent work on this topic in Chapter 6, that also presents what currently seems to be the best design tool 

software (Gazebo) for the ROSSINI platform, along with the comparative analysis that led to this conclusion.  

Furthermore, Chapter 6 is introduced by a well-structured presentation about “Human Robot Mutual 

Understanding and Interaction” (that is a key ingredient for the overall high-level architecture of the system) 

in Chapter 5. This latter clearly states the importance (system wide) to consider, from an ergonomics 

perspective (and therefore for the health of human beings), not only physical aspects in the designed solution, 

but also psychological ones (e.g., easiness in the use of the new designed technology to avoid operator 

misbehaviours as, e.g., rising a counterweight even if a cobot may help in the task since doing so is considered 

“easier” and/or “quicker”). 

Finally, Chapter 7 gives a perspective on market trends and characteristics of the currently available 

technologies (analysed against the corresponding features and approaches envisioned within ROSSINI) to 

prepare the work for WP9 “Impact Enhancement”.  

To conclude, D2.1 is a useful piece of work that from one side gave to the ROSSINI partners the opportunity 

to work together fruitfully and, from the other, it paves the way for the next steps of project in different work 

packages. 
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