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1. EXECUTIVE SUMMARY  

This document summarizes the initial design approaches for fenceless safety architecture and human-

robot interaction mechanisms, as a result of the activities carried out in WP4. 

In section 2 it is described the user centered methodology that will be used to refine this design in an 

iterative approach based on experiments carried out with end users. 

In section 3 the initial safety design concept is presented as well as a revision of area protective 

mechanisms and the risk assessment procedure that has been adopted as required in ISO 10218.  

In section 4 the interaction mechanisms proposed in X-ACT for both programming and execution 

phases are presented, as well as the strategies from the robot control point of view to allow such an 

interaction. 
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2. USER CENTRED SAFE HUMAN ROBOT COLLABORATION 

2.1. Objective 

In scenarios requiring close human-robot collaboration or just space-sharing, the use of physical 

barriers, fixed light barriers or pressure mats can be cumbersome to use, they may require significant 

space and cost to install or may be completely unfeasible. 

The research activity to enable safe human-robot collaboration is mainly focus on: 

 Handling collisions in a safe way, using different sensors, such as artificial skin that encloses 

parts of the robot to detect collisions, force-compliant and soft manipulators, trying to minimize 

injury in the event that there is a collision (ensuring that any contact between human and robot 

does not involve forces or pressures that can injure humans). 

 Collision avoidance strategies, using different sensing technologies. In the context of X-ACT this 

approach is the most suitable due to the nature and characteristics of the industrial robot used. 

As explained in deliverable D1.2, ISO 10218 defines speed and separation monitoring (SSM) as a 

form of collaborative robot safety where contact between a moving robot and operator is prevented by 

limiting robot speed and maintaining an adequate separation distance. This implies the need of 

detecting and tracking people around the robot and introducing control strategies to modify planned 

trajectories of the robot to ensure that collision does not happen. 

On the other hand, the collaboration implies that robots and humans have to interact to exchange 

information and request actions. 

With the user centered design (UCD) methodology we plan to validate two hypotheses: 

• The lack of physical fences around the robot (collaborative workspace) can cause fear on 

humans; however, by introducing special safety measures and proper robot behaviours, users 

can trust 

• Proper interaction mechanisms can improve the collaboration 

As a consequence, there are two specific objectives: 

• Validation of safety design concepts by means of experiments 

• To study human perception/attitude 

• Identify the most acceptable robot behaviour 

• Interaction mechanisms selection 

2.2. Revision of State of the Art on safe collaboration 

2.2.1. Human robot collaboration 

ISO 10218 defines four different forms of Collaborative Operation: 

Mode of collaborative operation Implementation 

The robot stops and automatically resumes 

its motion 
 Safety Controller: it has to implement safe stand still 

Hand guiding  Enabling device to control the motion 

 Safety Controller: Safe reduced velocity 

Speed and separation monitoring (SSM) 

or speed and position monitoring (SPM) 
 Surveillance of distance between robot and humans: 

o Safe sensor system: monitors position of people 

o Safety Controller: monitors speed and position of robot 

Power and force limiting (PFL) by design 

and control 
 Robot design and control allows direct contact 

Table 1: Modes of collaborative operations according to ISO 10218 
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According to [14] four types of co-operation are possible: 

 Independent operation: Worker and robot operate independently on different workpieces.  

 Synchronized cooperation: Worker and robot operate consecutively on one work piece. 

 Simultaneous cooperation: Worker and robot operate on the same work piece. Robot and 

worker do not have physical contact. 

 Assisted cooperation: Worker and robot operate on the same work piece, but also the process 

is done by robot and worker together. 

The United States Consortium for Automotive Research (USCAR) [39] identified three levels of 

human and robot collaboration and the characteristics of scenarios for implementation: 

 Low 

 Medium: One or multiple operators load directly to the robot end-of arm-tooling with 

following four characteristics: 

o Robot is in automatic mode. 

o Robot servo drives are de-energized. 

o Robot is extended to full extension. 

o No robot motion or End-Of-Arm-Tool (EOAT) motion occurs until the human exits 

the robot working range AND initiates a secondary input 

 High: One or multiple operators and the robot perform simultaneous actions within the 

working range of the robot with the following four characteristics 

o Robot is in full automatic mode. 

o Robot servo drives are energized. 

o Robot motions occur while a human is within any part of the robot full working 

range. 

o Robot speeds and/or motions may be modified, by the robot controller, based upon 

sensor inputs or communication between the robot and the human. 

In X-ACT we are aiming to the last high collaboration scenario, even if for some applications and as a 

part of the safety architecture, we propose robot in extended to full extension approach. 

Researchers from NIST [33] distinguish between cooperation and collaboration using the “master-

slave vs active participant” simile. 

According to [36], HRC as opposed to human–robot interaction (HRI) as these two terms hold 

different meanings: 

 Interaction is a more general term, including collaboration; interaction determines action on 

someone else. It is any kind of action that involves another human being or robot 

 Collaboration means working with someone on something. It aims at reaching a common 

goal. Efficient collaboration requires a common plan for all involved partners. To gain a joint 

intention they need to know the intentions of the other team members and what they are 

doing. Based on that knowledge a robot can plan its own actions that will eventually lead to 

fulfill the joint intention and reach a common goal. Therefore, they need the abilities of 

perceiving and comprehending their environment, decision making, planning, learning, and 

reflection, which will be used as a definition of cognition in this paper. 

 

2.2.2. Safety approaches 

Fraunhofer IPA [32] proposes three safety layers for robot cooperation: 
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Figure 1: Safety Layers proposed by Fraunhofer IPA 

Where: 

 Performance control corresponds to safety related control functions  

 Active Safety is in charge of collision avoidance based on surveillance of the workspace 

 Passive Safety aims at reducing the effects in case of a collision 

RML as all standard industrial robots are not designed according to passive safety criteria, so in X-

ACT, we will focus in the mid and bottom layers, i.e. Performance and Active Safety. 

De Santis and Siciliano [13] propose 3 strategic levels for safety:  

 Intrinsic safety. Different alternatives are possible, such as distributed macro-mini actuation, 

varying compliance of transmission that allows adjusting dynamically mechanical features 

like stiffness or gear-ratio. 

 Collision prevention by means of control strategies 

 Actuation in case of crash. Collisions should be detected as soon as possible. Once detected, 

the robot may be stopped or move following a safe direction. 

In their concept of dual-arm collaborative ABB [15] applied different design measures to assure the 

safety concept: 

 Mechanical measures: 

o Low payloads, low light-weight and low-inertia robot design. 

o Rounded surface geometries, padding on the surfaces, avoiding pinch-points in joints 

o Back-drivability of joints (the operator can manually move the manipulator) 

 Control measures 

o Power and speed limit 

o Collision detection by monitoring motor currents 

 Other measures 

o Use of protective equipment 

It is worth mentioning that as result of the risk assessment they did, the estimation for their 

collaborative robot concept resulted in a requirement for risk reduction measures of PLc. 

 

2.2.3. Separation and Speed monitoring 

Hall [2] studied interpersonal distances and coined the term Proxemics, i.e., "the interrelated 

observations and theories of man's use of space as a specialized elaboration of culture". From his 
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observations in the USA, Hall concluded that social interaction is based upon and governed by four 

interpersonal distances: 

 Intimate (0-0.46 meter). The interaction can be physical (e.g. embracing) or private (e.g. 

whispering). 

 Personal (0.46-1.22 meters). Used to interact with family and friends or in highly organized 

interaction (e.g. standing in line) 

 Social (1.22-3.66 meters). Formal and business like interaction, in public spaces such as bus 

stops or shops. 

 Public (>3.66 meters). For no interaction or one way interaction (audience-speaker). 

o Isolation principle: Safety protection like guards 

 Temporal separation: 

o Stoppage principle: Safety protection like interlocking devices 

 

Figure 2: Personal reaction bubbles according to Edward T. Hall 

The distances defined by Hall have to be taken with ‘care’ as there are several factors that were not 

taken into consideration in their definition (cultural factors, gender, etc). 

In [8] and [9] it was studied if similar rules apply for the interaction between people and robots 

operating in public places. In the tests, it was analyzed the speed, signaling distance and lateral 

distance that were more comfortable when a subject and a mobile robot encountered in a corridor. 

According to [3], the factors that can impact on the proxemic behavior in any interaction include: 

 External factors 

o Cultural and sub-cultural norms. In a study carried out in parallel in three countries 

(Nederland, China and Japan), it was demonstrated [21] that nationality has a 

significant influence on the attitude towards social influence of robots. 

o Situational/interactional context: approaching to a stationary robot versus a robot 

approaching to human is an example of this factor 

o Degree of acquaintance between actors: how familiar a person is with the robot 

o Relative social status between actors: the degree of autonomy of the robot changes 

the status in a social interaction 

 Internal 

o Gender. Even if in the above mentioned study they concluded that gender has not 

such an influence, others suggest that there are differences between males and 

females in proxemic preferences and behavior, in particular when the robot is 

approaching directly towards the subject. 

http://en.wikipedia.org/wiki/File:Personal_Space.svg


X-act  314355 

-9- 

o Personality and individual preferences. Some studies have focus on the influence of 

personality factors such as proactivity, extraversion (more tolerant to invasions of 

personal space), emotional stability, conscientiousness (less meticulous subjects 

allow closer interaction), …  

o Physical attributes (e.g. height) 

o Health and medical factors (disabilities etc. that may impact human-human 

interaction and communication) 

o Other individual differences 

In [18] researches of KTH present a study on how the spatial distances and orientations of a user in 

relation to a mobile robot vary throughout a cooperative task performed in a home-like environment. 

Measurements showed that Hall's personal distance, i.e., a distance between robot and user in the 

range of 0.46 to 1.22 meters was preferred in the observed missions (ranging from 73% to 85% in 

preferences for the different missions). 

Human personal distance against a mobile robot was studied experimentally by subjective report and 

heart rate measurement. Subjects were 17 men and women, aged 53-83 years. The robot moved 

toward standing or sitting subjects at constant velocities from 0.2 to 1.0m/s from a distance 10m apart. 

Personal distance was reported by subjects at the moment when they first felt uncomfortable. The 

distance at that time between subjects' tiptoe and the robot was referred to personal distance. There 

was no sex difference in personal distance. Personal distance was extended proportionally with 

respect to the moving robot speed. Personal distance of old subjects was longer than young. 

According to the analysis they concluded that human personal distance with respect the mobile robot 

was 3.3m from human at the fastest speed, 1.0m/s. 

They also investigated [8] [9] users’ acceptance of the robot behavior patterns during passage with 

respect to three basic parameters: the robot speed, the signaling distance at which the robot starts the 

maneuver and the lateral distance from the person for safe passage. 

Koay et al. [4] found that participants generally allowed robots to approach more closely during 

physical interactions (e.g. taking and receiving objects) than under verbal (issuing commands e.g. 

“turn left”, “forward” etc.) or no interaction conditions (e.g. the robot passes through the same room). 

The person’s feeling of comfortable distance for a robot has been analyzed by [5] for mobile robots 

and they concluded that it varies with how menacing the robot’s action are perceived, i.e., the robot’s 

movement speed. 

 

2.2.4. Human trust on robots and its measurement  

According to [31] one of the key factors for the acceptance and safe deployment of robots is the 

degree to which a user trusts the robot. A person’s level of trust on an automated system is a key 

factor that influences the use of that system: an inappropriate level of trust may result in the misuse or 

disuse of automation. As a result of their analysis they conclude that there are many factors 

contributing to a user’s trust on an automated system: system performance, how recently errors were 

made by the system, the user’s prior knowledge about the system’s performance, the user’s 

knowledge of the capabilities of the system, the user’s expectations of the system’s performance, the 

usability of the interface, situation awareness gained through using a system and interface design. 

In the case of robots, we have to consider also proximity to robot and dynamics of the operating 

environment 

As reported in [29], higher trust is associated with higher reliability; the type, size, proximity, and 

behavior of the robot also affect trust. 

As stated in [30] and [17], the difference between legibility and predictability of motion is crucial for 

human-robot interaction, in particular for collaboration between humans and robots. They proposed 

these two definitions: 
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 Legible motion is motion that enables an observer to quickly and confidently infer the correct 

goal G. 

 Predictable motion is motion that matches what an observer would expect, given the goal G. 

In the case of modifying robot paths as part of the strategy to avoid collisions, they have to be 

predictable and legible by humans in order exclude sense of fear, surprise or any other unpleasantness. 

Kato et al. [16] analyzed the mental strain experienced by an operator working in a cellular 

manufacturing system assisted by a robot. They showed that higher speeds of an approaching robot's 

motion and closer distances between human operator and robot increase mental strain related to 

emotion, while augmenting text instruction with voice guidance and optical instruction increase 

mental strain related to cognition and emotion. In the same analysis they concluded that that improper 

information support using multimedia may induce mental strain caused by cognitive and emotional 

stresses even though this support may improve assembly productivity. 

In [35] two psychological scales are used to predict human behavior in human robot interaction: 

 NARS: negative attitudes toward robots scale. It aims at determining human attitudes toward 

robots, that is, psychological states reflecting opinions that people ordinarily have about 

robots 

 RAS: robot anxiety scale. It was developed to determine human anxiety toward robots evoked 

in real and imaginary HRI situations. In contrast with the NARS, this scale aims to measure 

state-like anxiety that may be evoked by robots. 

Psychologists from Georgia Institute of Technology [38] analyze different models to measure the 

acceptance of technology: 

 TAM: based on perceived usefulness and perceived ease of use 

 UTAUT: based on performance expectancy, effort expectancy, social influence, and 

facilitating conditions. 

 TPC: it asserts that technology adoption is impacted by the technology’s utility and its fit with 

the tasks it is designed to support 

With respect NARS and RAS scales, focused on robot acceptance, they concluded that they are not 

complete as they don’t consider some relevant aspects in general technology acceptance metrics, such 

as ease of use or appearance. As a result they propose three factors that affect robot acceptance: 

 Robot function: task, autonomy level, control and interfacing (ease of use) 

 Robot social capability: social intelligence, emotion expression and nonverbal social cues 

 Robot appearance: Human-likeness, structure, form, gender, etc. 

However they don’t identify safety aspects as having impact on acceptance. In X-ACT, that proposes 

humans and (industrial) robots working together, we consider safety as one of the key aspects that will 

impact user acceptance. 

 

2.2.5. Space monitoring 

Several research groups are working on space monitoring and recognition of human activities using 

different approaches based on the information provided by time-of-flight cameras, depth cameras or 

multi-camera systems. 

However, tracking objects using vision systems can be complex due to multiple reasons [28]: 

 loss of information caused by projection of the 3D world on a 2D image, 

 noise in images, 
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 complex object motion, 

 nonrigid or articulated nature of objects, 

 partial and full object occlusions, 

 complex object shapes, 

 scene illumination changes, and 

 real-time processing requirements. 

Researches from KIT propose a framework for human-robot cooperation (MAROCO).As explained in 

[23], it includes the use of information provided by 3D imaging sensors for reconstruction of human 

kinematics. The resulting kinematical model is tracked and fused with knowledge about robot 

kinematics and surrounding objects into an environmental model.  

In COGNIRON [7] image, laser, and sound data is fused to locate and track humans surrounding a 

mobile robot. 

In [19] propose using light rays emitted by a projector at the ceiling to establish safety-spaces and 

detect violations by a disruption of the light rays. The safety-space can dynamically change its 

position, form and size depending on, for example, the current position or movement of a robot. 

The American National Institute of Standards and Technology (NIST) implemented a SSM safety 

system [25], [22], using laser scanners to measure the position and velocity of humans (or any other 

moving objects) within the robot workspace and computing the safe separation distance based on 

position and velocity of the robot. The system issues a stop or restart command to the robot controller 

depending on a minimum separation distance equation proposed in the ISO TS 15066. 

Human tracking is done using two laser line scanners mounted horizontally and facing each other 

from opposite ends of the work volume. The system uses two laser scanners mounted horizontally at 

0.39 m and 0.41 m above the floor facing each other on opposite sides of the robot work volume 5.05 

m apart. This configuration detects the entire robot work area and reduces stationary and moving 

object occlusions. The system distinguishes between people and static objects such as the legs of a 

conveyor table and the rail support structure by subtracting a previously recorded background scan 

from regular scans during normal operation. For collaborative operation, the tracking system sends the 

position and velocity of each person to the SSM safety system. The safety system slows or stops the 

robot based on the relative distance between the robot and the nearest human. 

In [26], it is presented an approach based on stereo-vision that aims at predicting the probability of an 

accident in working environments where human operators and robots cooperate. 

In [27], a laser range finder for 3D position estimation was added to a vision system and Hidden 

Markov Models were used to estimate human intentions. 

In [20] a triple stereo vision system using three cameras is proposed to detect the movement of the 

human operator. In their production cell, the human operator is working in a sitting position with two 

hands moving within the assembly workbench area and accessing tools. Three cameras are located on 

top of the ceiling in front of the human operator. On the human operator, seven colored areas are 

marked for motion tracking by the vision system on the head, shoulders, elbows and wrists. The 

vision system tracks the colored areas using particle filter. 

To optimize image processing, a human body model is constructed to add constrains on the tracking 

positions to reduce the calculation workload. They used the following constraints among human body 

joints: 

o The maximum distance between neighboring joints 

o The minimum distance between 2 joints 

o The elbows bending to eliminate crossing posture 

o The horizontal angle of the shoulder joints 

In the EU funded CustomPacker project [34] they use a kinect to monitor the area where robot and 

human have to cooperate. 
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In [37] they used two IP cameras to monitor the operator’s safety by tracking color marks on 

operator’s head and shoulders to ensure that the operator was in normal operation position. 

2.2.6. Commercial-off-the-shelf area monitoring devices 

2.2.6.1. SafetyEye 

SafetyEYE is an electro-sensitive protective device used to protect personnel and plant in industrial 

applications. 

SafetyEYE's sensing device consists of 3 cameras, arranged in a fixed pattern, which jointly monitor a 

zone. The sensing device is positioned above the zone or work area that has to be monitored. 

Customizable warning and detection zones can be arranged along the envelope of the danger zone or 

work area. 

 

 
Figure 3: Detection zones and warning zones in a machine’s danger zone 

 

SafetyEYE can detect objects/people encroaching into a warning or detection zone provided they 

correspond to the specified minimum object size.  

The analysis unit receives and processes the image data from the sensing device and sends the results 

(e.g. detection zone violation) to the programmable safety and control system (PSS).  

If a detection zone violation is detected, the PSS switches off the relevant configured outputs.  The 

machine is brought to a safe condition via the connected OSSDs. 

If a warning zone violation is detected, the PSS switches on the relevant configured warning outputs.  

A visual or audible signal can be connected to the warning outputs. 

SafetyEYE may only be used to protect personnel on machinery if SafetyEYE can stop the potentially 

dangerous condition and/or the machine can be prevented from starting up.  

The following is deemed improper use:  

 Using SafetyEYE outdoors 

 Using SafetyEYE to protect against flying parts  

 Using SafetyEYE in a radioactive environment  

 Using SafetyEYE outside the areas described by the manufacturer in the manual 

 Using SafetyEYE outside the documented technical details. 

 

Other safety devices and protective measures may be required in addition to SafetyEYE. This has to 

be determined via a safety assessment based on the specific application and environment conditions. 

2.2.6.1.1. SafetyEye components 
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The main components of the system are the following: 

 Sensing device 

 Analysis unit 

 Programmable safety and control system (PSS) 

 Indicator light unit 

 Software: SafetyEYE Configurator 

Sensing device 

It consists of 3 cameras, which supply the image data of the zone to be monitored. 

  
Figure 4: Sensing device (rear and front view) 

 

 

Key components: 

1. Sensing device cover 

2. Holder for centering the sensing device 

on the swivel arm 

3. 3 x mounting holes for M6 Allen screws 

to safely secure the sensing device on the 

swivel arm 

4. Lever to release the retaining lock 

5. Plug for connection cable to analysis 

unit, with cover flap 

 

Key components: 

1. v-camera on the sensing device 

2. Holder for centering the sensing device 

on the swivel arm 

3. 3 x mounting holes for M6 Allen screws 

to safely secure the sensing device on the 

swivel arm  

4. LED to display operational readiness and 

fault diagnostics 

5. m-camera on the sensing device 

6. h-camera on the sensing device 

 

 

Analysis unit 

It evaluates the image data and sends the results (e.g. detection zone violation) to the programmable 

safety and control system (PSS). 
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Figure 5: Analysis unit 

The key components of the Analysis unit are: 

1. Fans with filter pads 

2. Drawer with filter pad 

3. Labelling strip 

4. STATUS LED indicator for the operating status of the sensing device  

5. POWER LED indicator for the supply voltage of the sensing device  

6. POWER connection 

for supply voltage (+12 VDC) for the sensing device  

7. Fibre-optic connection for the sensing device 

8. Strain relief with cable clip for the connection cable to the sensing device  

9. Mains connection for the analysis unit  

10. USER (ETHERNET) 

11. Ethernet interface for connecting the configuration PC with LEDs for: - Status of network 

connection (LINK)- Status of data traffic (TRAFFIC) 

12. BUSY LED 

13. to indicate current access to the Flash memory card (CF-CARD B) 

14. CF-CARD B 

15. Slot for the Flash memory card for storing the SafetyEYE project (Channel B) 

16. BUSY LED 

17. To indicate current access to the Flash memory card (CF-CARD A) 

18. CF-CARD A  

19. Slot for the Flash memory card for storing the SafetyEYE project (Channel A) 

20. CONTROLLER B (ETHERNET) Ethernet interface for connecting the programmable safety 

and control system (Channel B) 
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21. CONTROLLER A (ETHERNET) Ethernet interface for connecting the programmable safety 

and control system (Channel A) 

 

Programmable safety and control system (PSS) 

The Programmable Safety and control (PSS) executes a preinstalled user program for SafetyEYE.  

The PSS is the interface to the machine control system. It provides the inputs/outputs (e.g. output 

switching elements OSSDs, control of the indicator light unit, the reset button input).  

The PSS user program consists of several preinstalled, approved standard function blocks. It ensures 

an appropriate reaction, when a warning or detection zone is violated. The PSS input and output 

assignment is defined via the SafetyEYE Configurator. 

 

 
Figure 6: Analysis unit: PSS SB 3075-3 ETH-2 SE 

 

Where:  

 

Key: 

1. 4-digit display for fault indication 

2. LEDs:-Operating mode, ST section-

Operating mode, FS section-PSS supply 

voltage  

3. 3-position switch for selecting the standard 

section’s operating mode  

4. Button for scrolling the error stack 

5. 2-position switch for selecting the failsafe 

section's operating mode 

6. Programming device interface: RS 232/RS 

485 

7. User interface: RS 232/RS 485 

8. Pushbutton for switching on and off the RS 

485 termination on the user interface 

9. Supply voltage connection (24 VDC) - 

Supply to the programmable safety 

10. and control system - Outputs at X1, 

X2  

11. Digital outputs and test pulse outputs 

12. Supply voltage connection (24 VDC) 

- Supply to the programmable safety 

and control system - Outputs at X1, 

X2  

13. Digital outputs and test pulse outputs 

14. Digital inputs 

15. Functional earth connection 

16. Supply voltage connection (24 VDC) 

- Outputs at X8, X9 

17. LED display for status of 

SafetyBUSp 

18. SafetyBUSp interface 

19. Labelling strip for Ethernet address 

20. ETH-2 interfaces with connection to 
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the analysis unit and LEDs on each 

port for - Status of network 

connection (LINK) - Status of data 

traffic (TRAFFIC) 

 

Indicator light unit 

The indicator light unit is mandatory for machinery safety applications. The indicator light unit is 

used to display the SafetyEYE operating status. 

 The red and green lamps on the indicator light unit display the various operating statuses on 

SafetyEYE (e.g. detection zone violation). The operating statuses are defined in the I/O 

configuration.  

 Process errors and warning zone violations can be displayed using the yellow lamp. 

 

 
Figure 7: Sensing device (rear view) 

 

1. Indicator light unit with flat gasket 

2. Red light element  

3. Yellow light element  

4. Green light element 

5. Connection element max. 6 x 2.5 mm2 

6. Plastic mounting foot  

 

 

Connection diagram  

The sensing device and the PSS programmable safety and control system must be connected to the 

analysis unit using the cables provided: 

 Sensing device: Hybrid cable for FOC and 12 V supply voltage 

 PSS: 2 Ethernet cables 

 

 
Figure 8: Interaction between the devices 
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2.2.6.1.2. SafetyEye configuration 

It is done by means of the SafetyEYE Configurator application. It allows creating projects that contain 

all the data and settings required to operate the SafetyEYE. To create the project it is necessary to 

have a test piece, reference markers and setup markers (see manual Product Training of SafetyEYE). 

 

SafetyEYE is used to monitor pyramid-shaped zones, as presented in next picture: 

 
Figure 9: Example of pyramid-shaped zones monitored with SafetyEYE 

 

Zones that can be configured by the user in the SafetyEYE Configurator are called configurable 

zones. Those of them that are monitored by SafetyEYE are called "monitored zones". These include 

detection zones and warning zones. Cut zones are explicitly not monitored. 

 

 Detection zones 

Within the detection zone, any object of a specific minimum diameter will be detected by 

SafetyEYE. SafetyEYE reacts to the detection zone violation by switching off the configured 

OSSD outputs to a safe condition. 

 Warning zones 

Within the warning zone, any object of a specific minimum diameter will be detected by 

SafetyEYE that will activate the warning output. A warning zone violation can be signalled 

by the yellow lamp on the indicator light unit, provided such a warning output has been 

configured. This way the user can be alerted to the fact that he is approaching a detection 

zone. The real warning zone monitored by SafetyEYE (actual warning zone) comprises more 

than the warning zone configured by the user (see section entitled “Example of a configured 

detection zone or warning zone”). 

 Cut zones 

The cut zone is a configured zone that is explicitly NOT monitored. 

The real cut zone (actual cut zone) is larger than the cut zone configured by the user. 

 

The inputs and outputs on the PSS can be assigned to different zone arrangements. This allows 

monitoring several independent detection zones simultaneously. 
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Figure 10: I/O Configuration 

 

A start/restart interlock can be configured for each OSSD during configuration in the SafetyEYE 

Configurator.  A start/restart interlock guarantees that SafetyEYE switches to a safe condition when 

the power supply is switched on or is interrupted and then re-enabled. It also ensures that SafetyEYE 

does not switch on automatically after the detection zone has been violated. 

 

Detection zones and warning zones can be combined into zone arrangements, which enable you to 

create highly complex detection/warning zone geometries. 

If a plant/machine has different zone arrangements available for different operating modes, it is 

possible to switch between these zone arrangements during operation via inputs in the PSS or via 

decentralised inputs in SafetyBUS p. 

 

2.2.6.1.3. SafetyEye additional features 

Contamination monitoring 

Two threshold values are provided for occasions when the contrast level drops: 

 A process warning is triggered if the contrast drops below a defined level. This can be 

displayed via the yellow lamp on the indicator light unit (lamp flashes). SafetyEYE continues 

monitoring after this process warning.  

 If the contrast drops below a minimum level:  

o A process error is triggered 

o The yellow lamp on the indicator light unit flashes (if configured) 

o SafetyEYE switches to a STOP condition 

o OSSDs are switched off. 

 

Brightness monitoring 

SafetyEYE has the following brightness monitoring functions: 

 Brightness monitoring during configuration in the SafetyEYE Configurator: 

A lighting test must be run during the SafetyEYE setup. Configuration cannot continue if 

there is insufficient lighting.  

 Brightness monitoring during operation. If SafetyEYE establishes that there is insufficient 

light during operation: 

o SafetyEYE switches to a STOP condition 

o The yellow lamp on the indicator light unit flashes (if configured) 

o OSSDs are switched off 

o A process error is triggered. 

 

Recording detection zone violations  
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SafetyEYE can save images of people/objects that violated the detection zone in a non-volatile ring 

memory on the analysis unit. These images can be read via the SafetyEYE Configurator. 

 

2.2.6.2. Optical barriers 

Optical barriers or protective devices (electro-sensitive protective equipment, known as ESPE) are 

used when controlled access to a hazard zone has to be facilitated and there are not special hazards 

due to the nature of the machine or process. For instance, it is not recommended use the optical 

barriers for the welding machine or grinding processes, because it can have the hazard of ejected 

objects or small particles. To ensure that a potential hazard can be handled quickly enough, the 

protective device must be installed at an appropriate distance. This safety distance (S) is defined in 

EN ISO 13855 and is calculated according to the following formula: 

S = K* (t1 + t2) + C 

 t1 = Response time of the protective device itself. 

 t2 = Response time of the machine, i.e. the machine’s stopping performance in response to the 

signal from the protective device 

 C = Potential approach towards a danger zone undetected by the protective device, e.g. 

reaching through two beams of a light curtain undetected, depending on the distance of these 

beams 

 K = Anticipated approach speed of the human body or parts of the human body. This factor is 

defined in EN ISO 13855 as 1,600 mm/s for walking speed and 2,000 mm/s for hand speed. 

The distance to be implemented is therefore 

EN 13855 defines the following preferential distances: 

Resolution Calculation formula 

(Distance S [mm]) 

Remarks 

d ≤ 40 mm S = 2 000 x T + 8 ( d –14 ) If the result is < 100 mm, a distance of at least 100 mm must 

be maintained. 

If the result is > 500 mm, you 

can use 

S = 1 600 x T + 8 ( d – 14) 

as the calculation 

In this case, S may not be < 500 mm. 

40 < d ≤ 70 

mm 

S = 1 600 x T + 850 Height of the lowest beam ≤ 300 mm 

Height of the highest beam ≥ 900 mm 

 

If the ESPEs form horizontal or inclined protected fields above an accessible area which requires 

safeguarding, the fields must be positioned at a minimum height, as pre-determined by the application 

and ESPE. The safety distance between the outer edge of the protected field and the danger point to be 

safeguarded has to be defined in such a way that the possibility of injuries resulting from the 

hazardous movement in the danger zone is eliminated, taking into account the machine’s stopping 

performance. 
Multiple single beams No. of beams Beam heights in mm 

Multibeam S = 1 600 x T + 850 4 300, 600, 900, 1 200 

3 300, 700, 1 100 

2 400, 900 

Single beam S = 1 600 x T + 1 200 1 750 

If the risk assessment permits a single beam arrangement 
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In the implementation of this kind of protections it is important to consider the following aspects: 

 Restart 

Once a protective device has been triggered, a machine may not be restarted automatically 

when the violation disappears. This should only be possible via a reset on a control device 

outside the danger zone, with visual contact. 

 Encroachment from behind 

Besides the protection of the danger zone, it is also necessary to consider the possibility of 

reaching over, under or around the device, as well as encroaching from behind. A purely 

mechanical safeguard or another light curtain can be used to provide protection against 

encroachment from behind. If there is any possibility of defeating the safeguards, additional 

measures must be taken to protect them. 

 Muting 

Muting is the safe, temporary, automatic suspension of electro-sensitive protective equipment 

(ESPE), so that material can be transported into and out of a danger zone. Special sensors are 

used to ensure the muting controller only starts the muting cycle when the material is being 

transported through the protected field. The sensors must be positioned in such a way that 

persons cannot activate the muting sensors. If anyone should access the protected area, the 

potentially dangerous movement is shut down immediately. 

The industry has developed special safety relays with muting function specifically for this 

case. Some light curtains also provide the option to mute the protected field only partially 

(blanking). Under no circumstances should anyone be able to reach the danger zone via this 

deactivated section of the protected field. A design measure (e.g. a cover for the remaining 

free space) should be used to ensure that nobody can reach the danger zone from the lateral. 

 

  

Figure 11: Examples of muting with optical barriers double muting or muting with four muting 

sensors. 

2.2.6.3. Scanning range-finders  

They transmit a signal and measure either the timing or energy of the response echo to calculate 

distance. The transmitted signal may consist of short series of pulse or a modulated carrier wave. 

Depending on the medium used, scanning range-finders receive different names: radar (radio waves), 

sonar (sound or ultrasound), lidar(visible light), ladar (laser). 

In industrial applications laser scanning range-finders are the most popular. Some of them provide a 

digital signal when an object is detected in their preconfigured monitoring range; others provide a 

2D/3D cloud of points and it is the user that has to interpret them and act properly. 
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Figure 12: Different commercial off-the-shelf laser range finders. From left to right: Hokuyo, Sick 

and Leuze 

 

2.2.6.4. Mats 

This protective device placed around hazardous areas of machines, used in conjunction with other 

safety measures, allows ceasing dangerous functions of machinery when a pressure is applied on it. 

Mats can withstand large forces and in most cases pressure-sensitive mats operate in accordance with 

the normally open principle: They require the use of special evaluation devices, which account for this 

actuation principle and guarantee appropriate fault detection.  

Principles of Operation: contact surfaces are separated by rubber springs, When pressure is applied to 

top surface isolation distance reduces, both surfaces touch each other, built-in resistance falls below a 

defined value and the switching unit triggers a signal. 

 

Figure 13: Principle of operation of safety mats 

 

Pressure-sensitive mats that operate according to normally closed principle are also available when a 

low safety level is required. 

The most popular material used on pressure-sensitive mats is EPDM, but as this is not permanently 

oil-proof, it has limited suitability for use in a machine environment. Other materials such as NBR are 

available, but they reduce the sensitivity of the sensor. 

More information can be found in Clause 7 of EN ISO 13855. 

The formula of S = (K x T) +C is used. In this case K equals 1,600 mm/s, derived from normal 

walking speed. A minimum distance of C = 1,200 mm is required to protect an outstretched arm or 

hand that will not be detected by the pressure-sensitive mat. 

2.3. Methodology in X-ACT 

As defined by “ISO 13407: Human-centred design processes for interactive systems”, this 

methodology is an interactive and iterative process, where designers and end users work together. 

The approach that will be followed in X-ACT is as follows: 
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 End-users participation. There are two different end users (ALFA and TOFAS) to work with. 

In order to be more efficient in terms of resources, we plan to work in two steps: 

o Focus on ALFA scenario for the experimentation. 

o The achieved results are corroborated with TOFAS 

 Several experiment sessions with end-users will be carried out during the timeframe of the 

project. These experiments include: 

• Tests: workers have to do an activity (task) in collaboration with the robot 

• Observations by experimenters 

• Questionnaires (open/closed ended questions) 

In the following sections the experiment procedure is explained. 

2.3.1. Participants recruitment and Briefing meeting 

The participants in the experiment will be recruited among workers (blue-collar workers, safety 

responsible) in ALFA and TEKNIKER. Their participation will be voluntary. 

Once the list of participants was completed they will be convened to an explanatory meeting in which 

they will receive the following information: 

 Context of the project and purpose of the experiment 

 The safety measures that have been implemented in the working cell where the experiment 

will be carried out. As this aspect is crucial for their final voluntary decision on taking part in 

the experiment, the explanation will include practical demonstrations of the performance of 

the following mechanisms to stop and modify the robot speed: 

o SafetyEYE 

o Laser range finder 

o Camera for human tracking 

o Interlock key 

o Robot arm extended position in the collaboration mode 

 Two important aspects will be emphasized during the briefing session: 

o The optional use of interlocking key (one of the expected outcomes from the 

experiment is measuring how participants use this safety element) 

o During the experiments a person will be permanently monitoring the environment 

with the red button at hand, ready to activate it in case of any unexpected event that 

can create a risky situation, in addition to all safety mechanisms. 

 The task they have to fulfil (see next subchapter) 

 Interaction mechanisms they will have to use: 

o Voice commands and gestures they can use to interact with the robot 

o Push button in the collaborative space 

o Implicit interaction 

 The timing of the experiment. Each participant will repeat the experiment in different periods 

of the project. Three iterations are foreseen. 

Finally all participants that accept taking part in the experiment will be requested to fulfil an 

demographic questionnaire: age, sex, previous experience with robots, attitude towards risk etc. 

For the sake of anonymity, participants will be assigned a number and all questionnaires used during 

the experiments will be introduced in a opaque box after completion (with the participant ID writing 

in it). 

After the briefing session participants will be called individually to perform the test. 

2.3.2. Task definition 

To quantify user’s trust in a robot system we try to avoid invasiveness and disruption of the flow of 

operations. This is why we will not monitor any physiological aspect and try to create a task that can 

mimic a real activity in future human-robot collaborative scenarios. 
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The participants in the experiments have to complete the following task that tries to simulate a real 

scenario of collaboration between humans and robots: 

o The robot is grasping a cubic part and moving it at high speed describing a predefined path 

o When requested by the robot (using audible signals and/or messages on an screen), the 

participant will have to approach the collaboration area. 

o Once in the collaboration area the participant has to screw a bolt in each of the four faces of 

the cubic part (see figure below) using a manual screwdriver. 

o After screwing a bolt, the participant has to request the robot to rotate the part (to make the 

next face of the cube accessible). The participant will be requested to use a specific 

interaction mechanism each time: 

o Voice, gesture, push button 

o Implicit interaction: the robot will monitor the completion of the task by the worker 

and will rotate the cube without any explicit request. 

As the test will be repeated several times, in the last repetitions the participant will be allowed 

to choose the interaction mechanism he/she prefers. 

o Once the 4 bolts are screwed, the participant has to move to a safe area to wait for a new 

instruction. 

o The participant is requested to take an object from a box on the workbench (above of which 

the robot is moving the cube) and place it in a box in the safe area. 

Most of the times, human attitude and behavior depends on the mental model about how the robot 

behaves. This mental model can be changed with the interaction experience. This is why the process 

will be repeated several times during each experiment session. 

 

Figure 14: Cubic part used during the experiment 

 

2.3.3. Wizard of Oz 

We will use Wizard of Oz (WoZ) to simulate some of the functionalities that the robot has to offer to 

the user and are not implemented yet (gestures recognition, speech based interaction): a person (the 

WoZ) operates the robot remotely in such a (transparent) way that for the participants in the 

experiments it is the robot which ‘understands’ such interaction mechanisms. This technique allows 

participants envisioning what the future interaction or robot behaviour could look like 

Moreover, as the aim of the experiment is not to validate the interaction mechanism implementation, 

WoZ allows us to isolate the interaction performance and concentrate on the usefulness of the 

concept; i.e., we don’t take care on how well the speech recognition system works, but on how the 

interaction mechanism is perceived by the user. 
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2.3.4. Post-test feedback 

During the test, participants will be observed by the experimenters and videos will be recorded for 

later analysis of trajectories and behaviours.  

After the test, participants have to provide their feedback by fulfilling a questionnaire. This 

questionnaire has several different sections and closed and open ended questions will be used to 

address the research parameters explained in next section. 

2.3.5. Measurable parameters 

As explained in the introduction the objective of the experiments is to gain knowledge of human 

attitude with respect fenceless robotics and collaboration mechanisms and to refine the initial designs 

in terms of safety architecture and interaction. 

By means of the test, the observations and questionnaires X-ACT will obtain valuable feedback about 

the following aspects: 

o Users’ trust. Even if there are many factors that affect trust, by means of these experiments 

we will focus on safety aspects. We will analyse the evolution of this trust before and after the 

execution of the experiments (including questions in the initial questionnaire during the 

briefing session and after the different trials) 

o Once the operator leaves the warning and stop zones, the robot has to continue its tasks; What 

of the following restarting mechanisms are preferred? 

o Automatic re-start 

o After the interlock key is placed back in its ‘normal’ position 

o After explicit ‘resume’ command using the GUI or a push button 

o Analysis of interlock key use. As it has been already explained, the operator can use this 

interlock key as an optional safety mechanism. By analysing its use, we would like to know: 

o If it is used from the very beginning 

o When is the achieved level of trust high enough to lead the participant to not using it 

o Based on the information provided by the Speed and Separation Monitoring System (SSM), it 

will be possible to automatically adapt the robot speed. The questions to answer are: Does it 

helps increasing trust? Which is the minimum robot speed that makes the operator feel safe or 

comfortable in the collaborative space? 

o Signalling mechanisms. When the operator enters in the warning or stop zone, the SSM can 

provide feedback to the user about both parameters. Several feedback mechanisms are 

possible: a display (a number or graphical information representing the distance and velocity) 

a sound (changing its amplitude of frequency with the distance). With the experiment we 

want to know which one is the preferred and most effective 

o Which interaction mechanisms (voice, gestures, push button or implicit interaction) is the 

preferred? 
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3. FENCELESS HUMAN ROBOT COLLABORATION: INITIAL SAFETY DESIGN 

3.1. Safety related Standards revision 

As explained in derivable -D1.2 X-ACT Requirements analysis and specifications- charters 4.1.2 and 

4.1.3, there are several standards that are relevant to X-ACT project and the scenarios selected. In this 

section we just summarize the two more relevant, i.e. ISO 10218-1 Robots and robotic devices-Safety 

requirements for industrial robots-Part 1: Robots and ISO 10218-2 Robots and robotic devices- Safety 

requirements for industrial robots- Part 2: Robot systems and integration. 

In summary, the most important aspects to take into consideration according to these standards are: 

 Robots designed for collaborative operation shall provide a visual indication when the robot is 

in collaborative operation. 

 The robot shall stop when a human is in the collaborative workspace, but alternative the robot 

may decelerate, resulting in a category 2 stop in accordance with IEC 60204-1. 

 The robot shall limit dynamic power output, static force and speed or energy in compliance 

with 5.4. (EN 10218-1). If any parameter limit is exceeded, a protective stop shall be issued. 

The robot is only a component in a final collaborative robot system and alone is not sufficient 

for a safe collaborative operation. The collaborative operation application shall be determined 

by a risk assessment performed during the application system design.  

 The robot shall maintain a determined speed and separation distance from the operator. These 

functions may be accomplished by integral features or a combination of external inputs. 

Detection of the failure to maintain the determined speed or separation distance shall result in 

a protective stop (see 5.5.3 EN10218-1). The speed and separation monitoring functions shall 

comply with 5.4.2. (EN 10218-1). The robot is simply a component in a final collaborative 

robot system and is not in itself sufficient for a safe collaborative operation. The collaborative 

operation applications are dynamic and a risk assessment performed during the application 

system design is mandatory. The relative speeds of the operator and robot need to be 

considered when calculating the minimum safe separation distance. Minimum distance 

requirements can be found in ISO 13855. 

3.1.1. ISO 10218-1 

The standard “ISO10218-1: Robots and robotic devices–Safety requirements for industrial robots–

Part 1: Robots” provides: 

 Requirements and guidelines for inherent safe design, protective measures and information 

for use of industrial robots. 

 Basic hazards associated with Robots, as well as guides to eliminate or reduce adequately 

these risks 

 It is a Type C standard 

It is not applicable in the case of (Exclusions): 

 Non-industrial robots e.g. undersea, military, space robots, tele-operated manipulators, 

prosthetics and other aids for physically impaired, micro-robots, surgery or healthcare, and 

service or consumer products. 

3.1.1.1. Basic structure 

Sec 4- Hazard identification and risk assessment 

Sec 5- Safety requirements and protective measures: 

 Installation specifications 

 Limiting robot motion 

 Safeguarding of: 

o Perimeter 

o Access for intervention 
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o Material handling 

3.1.2. ISO 10218-2 

The standard “ISO10218-1: Robots and robotic devices–Safety requirements for industrial robots– 

Part 2: Robot systems and integration” provides: 

 Requirements for the integration of industrial robots and industrial robot systems and 

industrial robot cells.  

 This includes information needed for the design, manufacturing, installation, operation, 

maintenance and decommissioning of the industrial robot system or cell. 

3.1.2.1. Basic structure 

Sec 5- Safety requirements and protective measures - Operational modes 

 Maintenance and repair 

 IMS integration 

 Selection of protective devices 

 Collaborative robots 

 Teaching and troubleshooting 

 

Sec 6- verification and validation 

 Commissioning test 

 Required validations 

 Verification of safeguarding devices 

Sec 7 Information for use 

3.2. Risk assessment procedure 

According to the ISO standards summarized above it is compulsory to carry out a Risk Assessment in 

the three scenarios defined in X-ACT. 

The risk assessment provides the information required for the risk evaluation, which in turn allows 

judgements to be made on the safety of machinery or system. 

PILZ in collaboration with both end users, TOFAS whose testbed is installed in LMS and ALFA 

whose testbed is installed in TEKNIKER will carry out those assessments according to the method 

described here. 

The result of a preliminary risk assessment based on the initial design is presented in Annex I. 

3.2.1. Method of Risk Analysis 

In accordance with ISO 12100, the risk assessment is a systematic examination of hazards. Risk 

assessment is followed, whenever necessary, by means of the risk reduction process as described in 

clause 6 of ISO 12100: 2010. This is an iterative process. 

The risk assessment methodology approach includes: 

 Risk analysis 

o Determination of limits 

o Hazard identification 

o Risk estimation 

 Risk evaluation 

The following diagram shows the step-by-step process of risk analysis: 
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Figure 15: Method of Risk Analysis 

 

3.2.2. Scope of the Report 

As a result of the process of Risk Assessment a report is elaborated. The report includes all 

information acquired during the process: 

1. Discussions with engineering personnel 

2. Review of all available machine technical information 

3. Interviewing maintenance personnel 

4. Conducting an on-site examination of the machinery and system 

5. Interviewing machine operators 

6. Conducting a design review of the system 

The following technical information must be available for the three scenarios: 

 

DOCUMENTATION EXAMINED 

N
o
 *

 Document 

Name** 
Type Issue Date 

 x User Manual  

 x Pneumatic schemes  

 x 
Electric Schemes of the cell and all mchines in it (COMAU, 

PILZ armario, conveyor) 
 

 x Mechanical drawings of the cell  

 x Maintenance and repair manual  

  CE Declaration of conformity of the cell  

 x 
CE Declaration of conformity, User manual (or handbook) of 

the Partly Completed Machines involved in the cells 
 

  
CE Declaration of conformity and instruction handbook of the 

two arms robot*** 
 

Table 2 Documentation examined during in risk assessment. 
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*This internal number must be according to documentation to X-Act project  

**It is not mandatory, but it is advisable a short name for every document 

***To know the contents of the instruction handbook see charter 7.2 of EN10218-1:2011 

If it is not possible to quantify all the risks associated with a hazard, they are assessed with respect to 

their conformance with the Legislation. Each hazard is identified individually throughout the report; 

the outcome from the accumulation of hazards is not evaluated. 

Human errors and misuse, such as incorrect feeding of the machine, incorrect use of materials, or the 

ability to operate the machine are not considered to be under the scope of the report.  

Only clear foreseen misuse of the machine is considered. 

According to the Machinery Directive the complete machine lifecycle must we examined. However if 

for any reason it is not possible to do, it must be clearly indicated. This lifecycle includes:  

 Assembly Installation 

 Transport 

 Construction 

 Commissioning 

 Normal operation 

 Repair 

 Maintenance 

 Cleaning 

 De commissioning 

 Disposal 

3.2.3.  Machine Assessment 

It includes: 

 Basic Machine Description 

A brief description of the functionality of the cell must be provided. 

 Machine Control System Description 

A brief description of the safety functions required in the cell: number of Emergency push 

buttons, Safety EYE, guards, etc. 

3.2.4. Machine Specifications 

MACHINE SPECIFICATIONS 

Control, Electrical Supply: XX 

Main feed, Electrical Supply: XX 

Pneumatic Supply: XX 

Hydraulic Supply: XX 

Raw Material: XX 

Number of Operators (Normal Use): XX 

Machine Cycle Time: XX 

Table 3 Machine Specifications 



X-act  314355 

-29- 

3.2.5.  Machine limits 

 How it is used: 

 Intended Environment 

 Required Level of Training 

 Operated by 

 Intended Use 

 Machine lifetime 

 Machine dimensions 

 Machine environment 

 Process information: 

 Required Raw Materials 

 Emergency stopping time 

 Minimum Cell Robot cycle time 

 Required number of operators 

 Number of control positions 

 Maintenance: 

 Maintenance by 

 Cleaning by 

 Maintenance frequency 

 Jamming Repair 

 House keeping 

It must be reported the power sources existing in the cell robot, electrical control, electrical power, 

pneumatic, etc.  

3.2.6.  Risk Estimation & Evaluation Criteria 

In order to identify, estimate and reduce the hazards present in the system, a Preliminary Hazard 

Analysis is performed using Pilz Hazard Rating (PHR) technique that offers an analytical approach to 

the Preliminary Hazard Analysis method. 

After a preliminary hazard analysis, the application introduces a line item of non-trivial system 

hazards and an assessment of their remaining risk after countermeasures have been imposed. 

The Evaluation methodology based on Pilz criteria and experience, an evaluation of the factors, 

Degree of Possible Harm (DPH), Probability of Occurrence of a Hazardous Event (PO), Possibility of 

Avoidance (PA) and Frequency and/or duration of Exposure (FE) is performed on the risk related 

with each hazard.  

After a complete examination of the system based on applicable standards, a numerical value is 

determined for each factor while conducting the Risk Assessment and the Pilz Hazard Rating is 

calculated. The calculated number is then used to evaluate the risk associated with the hazard by 

comparing with predetermined acceptable levels. The formula used to calculate the Pilz Hazard 

Rating is: 

PHR = DPH x PO x PA x FE 

Where the meaning and possible values of the parameters are the following: 

Degree of Possible Harm (DPH) 

0.25 Scratch / Bruise 

0.5 Laceration / cut / mild ill health effect/ minor burns 

3 Fracture of minor bone – fingers, toes 

5 Fracture of major bone – hand, arm, leg 

8 Loss of 1 or 2 fingers/ toes or major burns 
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11 Leg / hand amputation, partial loss of hearing or eye 

15 Amputation of 2 legs/hands, total loss of hearing/sight in both ears/eyes 

25 Critical injuries or permanent illness/condition/injury 

40 Single Fatality 

65 Catastrophe 

Possibility of Occurrence of Hazard Event (PO)  

0.05 Almost impossible 

1.25 Unlikely 

2.5 Possible 

4 Probable 

6  Certain 

Possibility of Avoidance (PA) 

0.75 Possible 

2.5 Possible under certain circumstances 

5 Not Possible 

Frequency of Exposure (FE) 

0.5 Annually 

1 Monthly 

2 Weekly 

3 Daily 

4 Hourly 

5 Constantly 

The calculated Pilz Hazard Rating ranges from 0 to 9750 where 0 is the lowest (no risk) and 9750 is 

the highest risk. The complete classification is presented in the following table. 

PHR Risk Comment 

0.005 - 10 Negligible Risk Presents no risk to health and safety, no control measures required 

11 - 20 Very Low Risk Presents very little risk to health and safety, no significant control 

measures required, the use of personal protective equipment and/or 

training may be required 

21 - 45 Low Risk Risk to health and safety is present, but low. Control measures must be 

considered.  

46 - 160 Significant Risk The risk associated with the hazard is sufficient to require control 

measures. These measures should be implemented at the next suitable 

opportunity. 

161 - 500 High Risk Potentially dangerous hazards, which require control measures to be 

implemented urgently. 

501+ Very High Risk Control measures should be implemented immediately, corporate 

management should be notified. 

Table 4 PHR Numerical Range 

In Figure 16 it is showed the template used to report each hazard detected in the robot cells.  
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Figure 16: Example of hazard reported in the risk assessment 

The report also includes an item with conclusions of the risk assessment. 
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3.3. Safety strategy in X-ACT 

In this section it will be presented the initial Safety mechanisms proposed by X-ACT to allow 

physical fenceless safe human-robot collaboration. The process followed has been the following: 

o Analysis of State of the Art research activities and commercial-off-the-shelf devices for safety 

o Analysis of safety related standards (mainly done and reported in D1.2) 

o Definition of the risk assessment procedure 

o Initial safety architecture design  

o Pre-risk assessment based on this design in ALFA scenario 

o Experiments with end users (to be done in the coming months based on the approach 

presented in section 2.3) 

The proposed Safety strategy tries to answer to the requirements established in ISO 10218 and the 

hypothesis that by combining different technologies and appropriate working procedures operators 

can trust a robotic cell without physical fences. 

The solution (see Figure 17) includes space surveillance, limiting robot speed, dynamic managing of 

safe controlled zones, signalling mechanisms and collaboration procedures.  

The elements that are part of the Safety strategy proposed in X-ACT are: 

o SatetyEye 

o Distance and velocity monitoring system 

o Visual and audit signalling 

o Other safety measures 

3.3.1. Safety Eye 

It is a key safety element in our proposal. It is in fact the only one certified to have a PL ‘d’ and it is 

completely necessary because the distance and velocity monitoring system described later are not 

safety certified. 

As described in other sections of this document, it allows defining different protection areas around 

the robot: 

 Warning area. Those zones close to the robot where presence of humans or moving parts is 

allowed but reduced robot speed is recommended. Whenever any object or person is in this 

area the SafetyEye will activate a digital signal. This signal is wired to a standard input in the 

robot controller that limits the velocity to 250 mm/s. 

In the context of the project we are aware that, at present, the RML controller doesn’t 

implement safe position and velocity monitoring, one of the requirements for the safety 

architecture we propose. However, as COMAU is working in this field, it is expected that in a 

near future this functions will be incorporated to the robot, so all assumptions are valid. 

Meanwhile, a non-hold program in the controller will monitor this input signal and limit the 

maximum allowed speed to 250 mm/s. 

 Alarm area. It is not admissible the presence of humans or other moving elements in this 

area. Whenever any object or person is in this area the SafetyEye will activate a digital output 

signal. This signal is wired to an auto-stop safety input in the controller that will originate an 

E-STOP. 

 Exclusion/cut area. It is an area inside the warning or the alarm area that is not monitored by 

the sensor. 

o This area presents a potential risk if somebody resumes the movements of the robot 

when there is a person inside this area. To avoid or reduce this risk, a laser scanner 

will be placed at 400mm above the floor to monitor any violation of the area (the 

movements of the robot won’t trigger any alarm due to the position of the laser). As 

an alternative, safety mats can be used as well. 
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 Zone arrangement. It is a group of detection areas (alarm or warning) that are activated at 

the same time 

The areas are defined according to the maximum speed and deceleration of the robot. 

Using the simulation tools provided by PILZ the above mentioned areas have to be defined in both 

scenarios. 

In the following picture the initial configuration for the ALFA scenario (implemented at 

TEKNIKER’s facilities) is presented: 

 

Figure 17:  Areas monitored using the SafetyEYE 

In the next picture, the sensor and the robot are shown at their final position. 

 

Figure 18: General overview: robot and SafetyEYE 

The area covered by the sensor is shown in the next picture (real image provided by the SafetyEYE). 
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Figure 19: Field of view of the SafetyEye sensor 

The following input and output signals are used: 

Type Description 

Input Reset SafetyEye process error 

Input Activation of zone arrangement (there can be several zone arrangements with an 

input for each one) 

Output Object in alarm zone (dual output to integrate in the robot stop chain) 

Output Object in warning zone (there can be several zones with an output for each one) 

Output SafetyEye process error 

 

Output signals of the SafetyEYE are wired to the robot: alarm signals are integrated in the electrical 

robot stop chain; warning signals are connected to robot digital inputs. 

3.3.2. Velocity and distance monitoring system (DVM) 

It is used to implement the SSM safety concept although, instead of speed, we will monitor the 

velocity (i.e. including the trajectory, not just the speed numerical value).  

By using this mechanism, X-ACT will monitor the presence (position and velocity) of any operator 

inside the warning zone and modify the robot speed accordingly. 

In the warning area the maximum speed is limited to 250 mm/s (it is guarantee by the signal provided 

by the SafetyEYE), but taking into account the relative distance and velocity between the robot and 

the operator, it can be reduced accordingly (this function is subject of analysis in the experiments 

defined in section 2.3). 

The technological approach is to fuse different sources of information to provide a reliable location 

and monitoring system. Two types of sensors are used: 

 Laser rangefinder scanner that covers the warning area. It gives the distance to any detected 

object in the supervised area. Even if the initial idea is to use one laser in the center of the 

RML platform, it is not discarded to use a couple of lasers facing each other mounted at 

different heights, to avoid possible occlusions. 
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 A depth vision system mounted in a height position to allow ‘seeing’ the area to be 

monitored. This system will allow distinguishing between objects and human beings (lasers 

don’t allow it). As the effort and challenge is the management and interpretation of this kind 

of information, we propose the popular and cheap Kinect for data acquisition, even being 

aware about the lack of any safety certification for this device.  

DVM will provide x, y coordinates and velocity vector of any object detected in the monitored area. 

The DVM is implemented in a PC and sends, via TCP/IP, the results to the Robot Speed Control 

module (RSC) that is responsible of adjusting the robot speed below the 250 mm/s that is guarantee 

by the SafetyEye. 

The position of the robot is directly provided by the robot controller. 

The correspondence between distance, velocity and speed adjustment will be customizable by the 

user, although as a result of the experiments, X-ACT will propose the more appropriate behaviour. 

The RSC, running in a PC, communicates with the robot controller by means of TCP/IP. 

3.3.3. Visual/audio signaling 

Operator’s understanding of the robot future actions (direction and speed of next movements) has a 

great impact on trust. 

The awareness of implemented safety systems can increase the trust on the system, even if the devices 

are not visible but people know that they are running (consider the similarities with safety elements in 

cars, such as ABS). Making the safety visible will increase this trust. 

Signalling is one of form of making the safety visible. 

Different signalling mechanisms are included to warn the user that is approaching the robot, either in 

the warning or the stop zones: 

 3 state indicator light unit. It is part of the SafetyEye and will be placed in a location with 

high visibility. If required, several units will be used. 

 We can consider the possibility of informing the operator about the safety/warning/stop areas 

(to make he/she aware of any risk and to avoid any unintentional violation of protected areas). 

This can be done in two ways: 

o Static. Using different colour paintings on the floor.  

 To signal the maximum reachable area by the robot when using the longest 

tool in the cell. 

 To signal the safety areas monitored with the SafetyEye. This is feasible only 

in case that these areas don’t change. 

o Dynamic. X-ACT will analyze the feasibility of using a dynamic signalling 

mechanism on the floor that represents the active warning and stop areas configured 

and monitored by the SafetyEYE. A possible implementation can be the use of a light 

projector mounted on the ceiling as proposed by IFF and described in the SoA 

section; although in our case it would be used only for signalling and not to detect 

space violations. 

 Visual display, indicating the distance. A monitor placed in a visible zone will show the 

distance and relative movements of both the humans and the robot arms (numerically or/and 

graphically). 

 Audible signals. By changing volume or frequency of an audible signal the system will 

inform the user about the relative distance or potential risk (to be analysed through the 

experimentation the soundness of the proposal and the right combination of volume and 

frequency) 
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3.3.4. Other Safety measures 

Under this concept we include the working procedure for sharing tasks and the additional software 

and hardware safety mechanisms. 

 X-ACT proposes that, whenever possible, the shared workspace area is defined in such a way 

that the robot configuration is with both arms completely extended to the limits of their 

working range. As an example, in the ALFA scenario, when the operator has to remove the 

poliespan cover meanwhile the robot holds the sewing machine, we propose a configuration 

like in the picture below: 

 

Figure 20: Collaboration area: robot with the arms extended towards the expected user position 

The hypothesis is that the user will feel more comfortable and safe knowing that it is not 

physically possible that the robot moves ahead and hit him/her. 

 The RML allows defining an interference volume (three dimensional work zone that restrict 

robot motion to stay always inside or outside them). These volumes will be dynamically 

handled by the robot controller. We will create safety volumes to constrain the behavior of the 

robot. These volumes can change according to the task the robot is doing or it plans to do. 

 An interlock key will be at the disposal of operators to approach the robot. The signal 

provided by this device is included in the auto-stop chain (as the signal issue by the SafetyEye 

for stop zones) of the robot. It is up to the operator to use it or not. 

Based on the information provided by the SafetyEYE and the Distance and velocity monitoring 

system (DVM), the Robot Speed Control (RSC) module running in the external PC will modify the 

robot override and speed by sending the new value to the robot controller via sockets. This 

information will be received and interpreted by the robot control using a “Non hold” PDL2 program, 

which will run in the background and will change the override and speed when required. 

Next figure shows the safety mechanisms described above. 

 

Figure 21: X-ACT Safety approach 
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4. INTERFACES FOR HUMAN-ROBOT COLLABORATION 

4.1. Interaction Mechanisms State of the art  

See deliverable D1.2, section “2.4.1. Human-robot cooperation in hybrid assembly processes”. 

 

4.2. Human-robot interaction mechanisms overview in X-ACT 

4.2.1.1. Gesture Recognition 

The depth sensor service overview is presented in Figure 22 and is described in D2.1. The 

communication in ROS interface is based on messages that are exchanged with DB and human 

service. All the messages are transferred to the RML service through the human service.  

 

Figure 22: Depth sensor service architecture overview 

Internally, this service includes two modules and a communication channel to other services. The two 

internal modules are: a) the skeleton tracker and b) the gestures decoder.  

The gestures recognition module will be developed in Linux environment (Ubuntu 12.04 edition), 

using ROS platform (Groovy edition). A Kinect directly connected to a PC (USB connection) will be 

used to achieve the following functions: 

1) Skeleton tracking using a skeleton tracker node (e.g. the pi_tracker package, for Pi Robot 

Project) [http://www.ros.org/wiki/pi_tracker]. Using this package, the skeleton tracker node 

can be used in the X-act related package and the functionalities that can be offered are the 

recognition of the following frames: 

 fixed_frame → head 

Head transform 

 fixed_frame → neck 

Neck transform 

 fixed_frame → torso 

Torso transform 

 fixed_frame → left_shoulder 

Left shoulder transform 

 fixed_frame → left_elbow 

Left elbow transform 

 fixed_frame → left_hand 

Left hand transform 

 fixed_frame → right_shoulder 

Right shoulder transform 

http://www.ros.org/wiki/pi_tracker
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 fixed_frame → right elbow 

Right elbow transform 

 fixed_frame → right_hand 

Right hand transform 

 fixed_frame → left_hip 

Left hip transform 

 fixed_frame → left_knee 

Left knee transform 

 fixed_frame → left_foot 

Left foot transform 

 fixed_frame → right_hip 

Right hip transform 

 fixed_frame → right_knee 

Right knee transform 

 fixed_frame → right_foot 

Right foot transform 

2) Gestures decoder node will detect gesture commands and connect to RML service that 

controls the robot, through the Database and Human service. 

4.2.1.2. Voice based interaction 

Voice commands are probably the most natural interaction mechanisms but its performance in 

industrial environment is limited and not always successfully achieved due to high noise level. The 

information on noise data collected at TOFAS facilities in real working conditions is presented in 

Figure 23 & Figure 24. According to noise level analysis of the samples presented in next figures we 

concluded that dB level is close to the maximum allowed levels in industrial environment (90dB).  

 

Figure 23: Noise Data from TOFAS facilities- sample1 
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Figure 24: Noise Data from TOFAS facilities- sample2 

The voice engine service follows a similar procedure as the depth sensors. Internally, there are two 

modules;  

1) the POCKETSPHINX recognition engine. CMU POCKET SPHINX 

(http://cmusphinx.sourceforge.net/) is a successful and expanding recognition engine that uses 

language model (http://www.speech.cs.cmu.edu/tools/lmtool.html). It is open source and 

supported in ROS. 

2) the commands decoder. The command decoder is the module that recognizes commands and 

sends them to human service.  

 

 

Figure 25: Voice engine service architecture overview 

4.2.1.3. Force based interaction 

It can be achieved by means of two force sensors installed on both arms of the RML (Schunk Delta 

force sensors) and the control strategies. It can be used for robot manual guiding.  

http://cmusphinx.sourceforge.net/
http://www.speech.cs.cmu.edu/tools/lmtool.html
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Force control in an internal module of the RML service, that implements different control approaches: 

force control based on position correction, impendence control etc. IPK described the functionalities 

that can be achieved with the use of force sensors in D3.1. 

 

Figure 26: Delta Force sensor-Schunk gripper  

Force control is used in contact tasks to cope with uncertainties while keeping (controlling) the forces 

under some limits (at given value). An example in which robot guidance could be achieved through 

force based interaction is presented in Figure 27: the traverse placement in TOFAS scenario, by 

means of human and robot collaboration. The human keeps the traverse and guides the robot to place 

the traverse accurately in the assembly bank. 

 

Figure 27: An example of robot guidance through force control 

4.3. Human-Robot Collaboration Framework Design-Execution phase 

4.3.1. Execution phase procedure  

these the service oriented architecture operation under the HRI concepts execution (described in D2.1) 

for a better understanding of this section.  

The regular execution level functionalities are described in the state chart that is illustrated in Figure 

28. The “START UP” state is the start point in this chart, which can lead to two new states: 

 “IDLE” state is that where the system waits for the “START” message from the user. When 

this message is given then “WAIT SCHEDULE” state is enabled. In this state, the scheduling 

takes place in Database service (see D3.1) and the tasks/ operations are assigned to the 

relevant resources. After updating scheduling in Database, the status is “EXECUTING 

TASK”, as the resources are updated with their tasks. In this state, the “Wait Command” 

message leads to precondition check in “WAIT PRECONDITION” state. If the precondition 

is fulfilled, then “continueTask” message lead the relevant resource in executing the assigned 



X-act  314355 

-41- 

task. In the case which the resource is the human, then in the “WAIT PRECONDITION” case 

the message “Wait Human Command” leads to the state “CANCEL ROBOT 

MOVEMENTS” which practically means cancel robot motions and keep the current off 

(Robot Drives OFF). The HRI means will be used for sending the appropriate message to the 

system, so that a “Continue Human Task” will be given and will return in “WAIT 

PRECONDITION” state. The “ContinueTask” message will be used in this case as described 

above. 

 The “EXCEPTION” state is the state where if an error or something unexpected occurs, all 

the state will return in this state. In order to return in a regular state from “EXCEPTION” 

state, a “Reset exception” is required. The “EXCEPTION” state is complex and it depends on 

which state you are and in which phase of the state (e.g. in “EXECUTING TASK”). 

 

Figure 28: State Chart- Execution phase 

Further analysis to “EXCEPTION” state according to the recovery state is illustrated in Figure 29 & 

Figure 30. For the states “START UP”, “IDLE”, “CANCEL ROBOT MOVEMENTS”, “WAIT 

SCHEDULE” and “WAIT PRECONDITION”, in case of error a simple reset exception is enough. 

The “EXECUTING TASK” state is more complex, as the expected exceptions-errors will lead in 

different states. The first ones are the “HUMAN PRESENCE” states and each of them has different 

result, depending on the zone that the human is. Namely, three are the different zones where human 

will be recognized from SafetyEYE: 

 In “ZONE1” the human will be safe and the “EXECUTING TASK” will be continued 

normally.  

 In the case of “ZONE2”, Human Robot coexistence is allowed but the robot should reduce the 

speed.  

 In the dangerous case, where no collaboration or space sharing is allowed (“ZONE3”), the 

system will make the robot DRIVES OFF. “RECOVERY MOTION” is the state where the 

robot will return automatically from “DRIVES OFF” to “DRIVES ON”, as the human will be 

again in safe zones (1 and 2).  

These zones are managed by SafetyEYE that will be installed to the working cells for providing 

fenceless system supervision. 
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The “RESCHEDULING” state is the exception case where a task is done from an unexpected 

resource (e.g. a task can be executed from both human and robots). In this case, the task will be 

executed and rescheduling will be done for the next tasks. 

 

Figure 29: EXCEPTION state status (1) 

Let’s suppose that human enters in Zone3 (dangerous zone), so the robot DRIVES are turned off. The 

unexpected resource (human) will execute a task and, when completed, will inform to the RML 

coordinator. Simultaneously, the rescheduling will take place and the next tasks assignment will be 

updated. When operator is in the safe zone (1 or 2) the recovery motion from DRIVES OFF will take 

place, returning back to executing task and so on. 

 

 

Figure 30: EXCEPTION state status (2) 
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In case a human enters in the assembly area to correct or execute any operation, the information about 

the operations in the task will be accessible in the GUI that is described in section 4.3.4.3. The user 

can use the GUI to request the next task execution (task N+1) (see Figure 31).  

 

Figure 31: Executed operations confirmation 

4.3.2. Cognitive HRI hierarchical model overview-Execution phase 

The hierarchical model presentation for Human Robot Interaction in task sharing and cooperation 

includes four different concepts: Order, Job, Task & Operation. This model will help the user to 

define the sequence of operations in programming mode. Each operation used in this hierarchy will be 

structured as functions (e.g. rotate, approach, grasp etc.). 

An example of this hierarchical model is presented in Figure 32, corresponding to the Dashboard 

assembly order: a job is to place the traverse on the assembly bank. It will be achieved following a 

number of tasks, for instance ‘to pick up the traverse from the loading area’. The low level 

information that will be stored in database and defines the task execution procedure. Some examples 

of operation are ROTATE_TORSO, APPROACH, GRASP etc. 

 

 

Figure 32: Cognitive HRI hierarchical model 

The model (explained in D3.1) will be stored in the X-act database, including the specified sequence, 

the needed resources (RML and human) and the pre and post conditions. The sequence of operations 

will be stored and the user will define the arguments for each of them. For example, in ROTATE 

TORSO, the user will be able, in programming mode, to follow all the HRI procedures in order to 

Task N

Operation 1

Operation 2

Operation 3

Operation 4

Task N+1

x

x

Order 

Job 

Task 

Operation 

Hierarchical 

modele.g. Dashboard assembly 

e.g. Traverse Placement

e.g. Pick up Traverse

e.g. Functions like:

• ROTATE(current pos, target pos,arm)

• APPROACH(current pos, target pos,arm)

• GRASP(current pos, target pos,arm)

• PLACE(current pos, target pos,arm)

• MOVE AWAY(current pos, target pos,arm) PDL2
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define the arguments of this function. In execution phase, the user can double-check the sequence of 

tasks under execution and access all the useful information about the execution status. 

This hierarchical procedure helps in defining procedures during programming and monitor the process 

during execution. This definition is reusable for similar Orders even if some operations are not the 

same. The steps from Job to Operation are the same with possible changes in the arguments of 

operations. 

4.3.3. Execution phase: HRI role 

The high level information of the operator functionalities is summarized in Figure 33 and is 

analytically described in D2.1. The operator role receives and provides information, interacts with the 

robot through multimodal interfaces and executes the manufacturing tasks that are assigned to him. 

The elements used for HRI are depth sensors, microphones and user friendly graphical interfaces.  

 

 

Figure 33: Use case diagram- execution phase 

Multi-modal interaction mechanisms provide information about human intention and human task 

execution status: 

 Gestures recognition for human intention during tasks’ execution. Depth sensors- Kinect - 

will be used.  

 Voice commands are the most natural way of interaction. Microphones- using noise 

cancelling technologies for better recognition results- will be used for HRI.  

 The graphical user interfaces will provide useful information about the resources during the 

execution.  

The collaborative framework overview is summarized in Figure 34. It presents the human and RML 

resources in a safe HRI environment. The collaborative framework and the modules that will be 

developed in different layers (check also D2.1 and D3.1) will use information about the static 

environment (CAD files of layout, Point Clouds (PCL) using depth sensors etc.) and the dynamic one 

(especially with the use of PCL as described in D3.1) to ensure safety and support in the execution of 

other the functionalities (e.g. task planner, motion planning etc.). 
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Figure 34: Collaborative framework overview  

Humans and robot will interact in two cases during execution phase:  

1st case: Human and Robot task sharing in common workspace. Simultaneous operation 

The robot and the operator have to carry out shared tasks in the same workspace. For the shared tasks 

execution, the human has to signal the start and end of the task. The following sequence is an example 

of this procedure: 

1. STOP gesture in order to cancel the  robot motions (Robot control functionality 1) 

2. START gesture in order to make “DRIVES OFF” in the robot (Robot control functionality 

2). This gesture signals the start of human task execution.  

3. Human task execution 

4. FINISH gesture for signalling the end of the human task execution. In this gesture, the robot 

should recovery the motion and turn on the motors (“DRIVES ON”) (Robot control 

functionality 3). 

2nd case: Human and Robot collaboration in common task. Assisted operation 

The human and the robot should execute a common task in cooperation. The robot will assist in the 

right execution (e.g. correct motions, execute operations in case of unexpected issues or failure etc.) 

of tasks. 

The assistant role of robot can be understood by the need of guiding it. The guidance has to be done in 

the “warning zone” (see safety EYE), so that the human will be able to guide the robot to come closer/ 

move away etc. The procedure should be done as follows: 

1. STOP gesture in order to cancel the  robot motions (Robot control functionality 1) 

2. START gesture in order to make “DRIVES OFF” in the robot (Robot control functionality 

2). This gesture signs the start of human task execution.  

3. Human task execution 

SAFETY

RML

X-act 

Cognitive 

task planner

• Motion planning

• Collision Avoidance

• Bi-manual motion 

planning

Control framework
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4. Human moves to “warning zone”→ Robot “DRIVES ON” with reduced speed 

5. Human guides the robot accordingly using gestures (see JPAD implementation) or using  

force based interaction  

6. Human moves to “danger zone” →Robot “DRIVES OFF”  

7. Human task execution 

8. Repeat steps 5-7 if needed 

9. FINISH gesture for signalling the end of the human task execution. In this gesture, the robot 

should recover the motion and turn on the motors (“DRIVES ON”) (Robot control 

functionality 3). 

4.3.4. HRI mechanisms -Execution phase 

4.3.4.1. Gesture recognition- Execution phase 

By using depth sensors, gestures recognition is used for: 

 The visualization of humans moving around the HRI cell (operators in the HRI cell and 

operators that randomly cross the area). 

 To interact with the robot. Three commands are implemented: STOP robot (cancel motions), 

START human task (robot drivers off) and FINISH human task (robot drivers can be 

normally turned on). 

 As part of the safety strategy (adjusting the robot motion to their position and velocity).  

1st case: Human and Robot task sharing in common workspace 

The following table summarizes the selected gestures available during execution phase. 

Execution phase 

STOP:  

 

 Cancel all movements-Using 

Human gestures (HRI) (STOP) 

 'arms_extended': self. 

arms_extended,  “STOP” 

 

START: 

 

 Gesture for  starting the human 

task execution (START) 

 Robot drivers off (stop current to 

motors) 

 'arms_crossed_down': self. 

arms_crossed_down,  “START” 

 

FINISH:  Gesture for completing the 

human task (FINISH) 

 'arms_up: self. arms_up,  

“FINISH” 

 Robot drivers on  
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Table 5: Dashboard pre-assembly-Gestures-task sharing 

2nd case: Human and Robot collaboration in common task 

By means of gestures it is possible to implement the same commands that are available in the JPAD 

as presented in Figure 35.  

 

Figure 35: JPAD functionalities overview 

The selected gestures that will be used for the JPAD functionalities are summarized in the following 

table.  

 

Execution phase-JPAD functionalities 

JPAD Up (along Z axis) 

 

 

 'left_arm_up_right_extend': self. 

left_arm_up_right_extend',  

“JPAD Up” 

 

JPAD Down (along Z axis)  'right_arm_up_left_extend': self. 

right_arm_up_left_extend',  

“JPAD Down” 

JPAD West 

(left - along Y 

axis)

JPAD Up (along Z axis)

JPAD Down (along Z axis)

JPAD North (internal, approaching 

the user - along X axis)

JPAD South (external, moving 

away - along X axis)

JPAD East 

(right - along Y 

axis)
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JPAD North (internal, 

approaching the user - along 

X axis) 

 

 'left_arm_up_right_down': self. 

left_arm_up_right_down',  

“JPAD North” 

 

JPAD South (external, 

moving away - along X axis) 

 

 

 'right_arm_up_left_down': self. 

right_arm_up_left_down',  

“JPAD South” 

JPAD West (left - along Y 

axis) 

 

 'right_arm_down_left_extend': 

self. 

right_arm_down_left_extend',  

“JPAD West” 

JPAD East  

(right - along Y axis) 

 'left_arm_down_right_extend': 

self. 

left_arm_down_right_extend',  

“JPAD East” 
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Table 6: Dashboard pre-assembly-Gestures-common task 

 

Keywords to commands mapping is as follows. 

Dictionary gestures 

#A dictionary with gestures to look for.  Gestures are defined by the corresponding function 

 

  self.gestures = {'arms_extended': self. arms_extended,  “STOP” 

                           'arms_crossed_down': self. arms_crossed_down,  “START” 

                           'arms_up: self. arms_up,  “FINISH” 

                              'left_arm_up_right_extend': self. left_arm_up_right_extend',  “JPAD Up” 

                           'right_arm_up_left_extend': self. right_arm_up_left_extend',  “JPAD Down” 

                              'left_arm_up_right_down': self. left_arm_up_right_down',  “JPAD North” 

                           'right_arm_up_left_down': self. right_arm_up_left_down',  “JPAD South” 

                         'right_arm_down_left_extend': self. right_arm_down_left_extend',  “JPAD West” 

                          'left_arm_down_right_extend': self. left_arm_down_right_extend',  “JPAD East” 

                           } 

 

The gestures decoder will be developed in Python language. 

 

4.3.4.2. Voice based interaction-Execution phase 

According to the noise data analysis, it was decided not to use voice commands in execution phase 

due to the high risk of erroneous recognition. Thus, the role of voice commands will be analysed for 

the programming phase in chapter 4.4.  

 

4.3.4.3. Graphical User Interface -Execution phase 

By means of the graphical user interface it is possible to visualize the task execution, the status of all 

resources and the intention of operators. As presented in Figure 36, the human service includes two 

internal modules; the Graphical user interface and the human operations decoder.  
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Figure 36: Human service architecture overview 

The initial design of GUI layout is presented in Figure 37. The human service will read the execution 

status and the scheduling data from the DB and visualize them (see picture below). A general 

overview of the cell status will be also available. 

The GUI will be accessible from commercial touch screen devices. 

 

Figure 37: GUI layout design-execution phase  

The Human Operations Decoder will decode the messages that are sent by other services to the 

Human Service and will be transferred to RML coordinator through the DataAccess.  

4.4. Human Robot Collaboration Framework Design- Programming Phase 

4.4.1. Programming phase procedure 

The robot programming functionalities in X_ACT include offline programming (OLP), sensor based 

tasks programming (force and vision), definition of sequence of operations and frames definition via 

the programming libraries or the multimodal programming tools. 
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The use case diagram for the programming phase is presented in Figure 38 and is described in D2.1 

 

Figure 38: Use case diagram- Programming phase 

 

4.4.2. Cognitive HRI hierarchical model overview-Programming phase 

The HRI hierarchical model is presented in section 4.3.2. It helps defining operations easier. The 

interaction mechanisms that are proposed for programming are: 

 Depth sensors, for visualizing human operators around the cell. The information of the 

skeleton tracker will be used for defining body gestures. They will also be used in the safety 

architecture that is explained in this document to monitor the position of workers around the 

robot 

 Microphones, for transferring voice commands to the human service and finally to RML 

coordinator  

 User friendly interfaces in touch screen devices, to help users without special skills to 

program a new task/ operation easily. 

 Manual Guidance device (MGD), to help operators programming actions without using the 

teach pendant. 

 Force based guidance –It is used in a similar way that in the execution phase, as a tool to 

help operators guiding the robot to reach the desired position.  

Sensor guided programming in terms of HRI in X-act project will focus on the use of modalities 

(depth sensors, microphones, manual guidance and user friendly interfaces) for implementing 

programming functionalities. The combination of different modalities in the same framework 

simplifies robot programming of several common operations like approach, grasp, return, move away 

etc., without demanding special programming skills from operators. 

4.4.3. HRI mechanisms -Programming phase 

The functionalities that will be supported in programming (and execution phase) are summarized in 

Figure 39. The main point in this figure is that HRI (both programming and execution) will be 

executed using a sequence of multimodal interaction means like gestures, voice commands etc. The 

result of this procedure will be stored in the X-act Database through ROS interface and will be 

managed by the RML coordinator (as explained in D2.1) in order to reach the final target (robot 

motions/ actions). This will be achieved through TCP/IP connection with RML. A PDL server will be 

used in order to send the desired information to the robot.  
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Figure 39: X-act programming and execution functionalities overview
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4.4.3.1. Gesture recognition - Programming phase  

The procedure proposed is similar to that explained for the execution phase. 

The body gestures that are selected for programming phase, according to the analysis presented in 

previous section, are summarized in the following table. These gestures will be implemented with 

functions in high level languages (e.g. python) and will be based on skeleton tracker software 

features. 

 

Kinect X-box (Microsoft) will be used for this purpose. 

 

Programming phase 

Selected gesture commands Semantic definition 

STOP:  

 

 Cancel all movements-Using 

Human gestures (HRI) (STOP) 

 Drives remain on 

 'arms_extended': self. 

arms_extended,  “STOP” 

 

 

LEFT: 

 

 Gesture Left 

 'left_arm_up': self. left_arm_up,  

“ROTATE -X” 

 

RIGHT: 

 

 Gesture Right 

 'right_arm_up': self. 

right_arm_up,  “ROTATE +X” 

 

Table 7: Dashboard pre-assembly-Selected gestures for programming 

 

Besides, the JPAD functionalities are included in the gestures that will be used in programming phase, 

as described in execution phase. 
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The next example shows the mapping between keywords and commands: 

Dictionary gestures 

#A dictionary with gestures to look for.  Gestures are defined by the corresponding function 

 

  self.gestures = {'arms_extended': self. arms_extended,  “STOP” 

                            'left_arm_up': self. left_arm_up,  “ROTATE -X” 

                          'right_arm_up': self. right_arm_up,  “ROTATE +X”  

                           } 

 

4.4.3.2. Voice based interaction -Programming phase 

Voice engine service structure is described in section 4.3.4.2. The same module will be used in 

programming phase to implement the functionalities that were described above. This section exploits 

the previous analysis in the scenario’s steps in order to define the selected voice commands (in 

English) that will be used in the HRI modules. The procedure is to use single word commands and not 

phrases (e.g. stop, fast, slow etc.), in order to facilitate the training of the user with the vocabulary. It 

will result in a similar table to this presented below: 

Programming phase 

Selected voice command and 

alternatives 

Semantic definition Comments/ Explanation 

ROTATE: revolve, go, around, 

move, turn, rotate 

Rotate function Rotate TORSO 

RECORD: enter, indicate, 

save, register, record 

Record function Record robot position (arm1, 

arm2, arm3) 

Table 8: Dashboard pre-assembly-Voice commands for programming  

The mapping from the selected keywords to commands is the next step that is summarized as follows: 

Mapping voice keywords to navigation commands 

# A mapping from keywords to commands for Dashboard pre-assembly scenario 

 self.keywords_to_command = {'rotate': ['rotate', 'revolve', ‘go’, 'around', 'move', 'turn'], 

                                    'record': ['enter', 'indicate', 'save', 'record', 'register'], 

                                    } 

 

4.4.3.3. Manual guidance based interaction-Programming phase  

Manual guidance device (3D mouse) is planned to be used in each of the RML arms.  
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Figure 40: Prototype of MGD 

\This device allows operators guiding the arms in a user friendly way, combining the functionalities of 

this device with other multimodal interfaces (e.g. voice commands and gestures). The functionalities 

that will be implemented for Dashboard pre-assembly case in programming stage are summarized in 

the following table:  

Functionalities Procedure 

APPROACH 

 Voice command: RECORD  

 Move arm1 with MGD 

 Move arm2 with MGD 

 Voice command: RECORD  

GRASP 

 Voice command: RECORD  

 Move arm1 with MGD 

 Move arm2 with MGD 

 Voice command: RECORD  

MOVE AWAY 

 Voice command: RECORD  

 Move arm1 with MGD 

 Move arm2 with MGD 

 Voice command: RECORD  

Table 9: Manual guidance functionalities  

4.4.3.4. Graphical User Interface-Programming phase 

Given the fact that the hierarchical model is out  of the scope of this project and will be stored as a 

model in the database, the focus is given in the procedure that will be followed to define operations 

(robot frames). The model overview will be presented until the operation level and the programmer 

will be able to define the frames that are required for each operation.  

By means of ‘SELECT JOB’ the user will be able to navigate to the available jobs that will be 

retrieved from DB and by double clicking it will be possible to program a new operation. When a job 

is selected, the first task description will be presented. The user will see the list of operations for this 

task and he will have to define the arguments for each of the operations. 

During programming the user will have access to videos showing examples of operations. 
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Figure 41: Initial design of GUI for programming 

The gripper control (open/close) with pre-defined force/ distance in open and close functionalities will 

be done via the GUI in programming phase. The HRI area overview will present the human status, as 

shown in Figure 41.  

 

4.5. Strategies for robot control for HRI 

4.5.1. Architecture 

Different types of architectures of motion control have been identified for HRI based on the use of 

different sensors and devices as well the approach that is preferable to use in the programming and 

execution phases in auto or programming mode. 

Mode Sensor /device 

Auto 

Safety Eye Pilz for safety 

Kinect for safety 

Kinect for gesture programming in 

the ‘green’ zone 

F/T sensor for impedance and 

stiffness control (only with 

redundant safety and C5GOpen) 

Prog 

microphone for vocal command 

(with TP) 

MGD (manual guidance) with TP 

Table 9: sensor use related to robot mode 

 

Figure 42 shows the first architecture for motion control: 
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 The gesture service, vocal service and other services, such as MGD (manual guidance device) 

or 3D mouse, send the data to an external interpreter that manages these information and 

consequently sends to the C5G controller via TCP/IP protocol using read and write procedure 

in PDL2 language. 

 The interpreter could be understood as a middleware that permits ‘translating’ all information 

in PDL2 format taking advantage of TCP/IP communication in order to transfer the data. 

Moreover the interpreter is intended to be a module inside the ROS environment. 

 

 

Figure 42: Architecture 1 for programming and execution 

The second approach foresees the use of an ‘open’ approach as showed in Figure 43. All the devices 

for HRI (kinect, voice, F/T sensor) are connected directly to the LPC (Linux Pc) provided by Comau. 

The LPC is a standard APC (industrial personal computer) with all drivers and operating system 

(linux) that permits a real time connection to C5G control and it is one of the modules in the Open 

C5G. Another module that is possible to use in C5G open control is the ORL (open realistic robot 

library), a library containing all functionalities and instruction used to control the robot (including 

interpolator and moving instructions). 

All data are sent from LPC to the C5G open control via powerlink and, depending on the control 

modalities used, it will be possible to control directly absolute targets, positions or current of the 

motors. This approach is essential for devices and applications that require compulsory real time and 

foresee the use of the system in AUTO mode. Moreover permits a higher flexibility and it is ROS 

compliant. 

 

Figure 43: Architecture 2 for programming and execution 
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4.5.2. Motion strategy 

Starting from the architecture illustrated in previous section, several functionalities can be 

implemented in order to satisfy all HRI scenarios. Following the same approaches it will be possible 

to integrate these functionalities creating a library in PDL2 language or, alternatively, create a similar 

structure inside LPC. 

Below are listed several robot control functionalities that have to be ensured in interaction: 

- Controller CANCEL ALL MOTIONS without setting DRIVES OFF 

- Controller REDUCE SPEED automatically 

- Controller DRIVES OFF automatically 

- Controller DRIVES ON automatically (MOTION RECOVERY) 

- Controller executes SYNCHRONIZED motions (e.g. JPADS implementation, force based 

control etc.) 

- Controller changes automatically ARM when ROTATE voice command is recognized 

- Controller INTERRUPT a motion execution due to specific body gesture  

 

In metalanguage this last example could be express:  

- if gesture=start 

- if gesture=“rotate left” 

- rotate torso in x positive with step of 1 mm  

- until gesture=stop 

- if gesture=“rotate right” 

- rotate torso in x negative with step of 1 mm  

- until gesture=stop 

 

In PDL2 language would become: 

 

Program rot_arm3 PROG_ARM=3, STACK=10000 

var vb_state : BOOLEAN 

var vi_rot: INTEGER 

  

BEGIN 

vb_state := OFF 

WAIT FOR vb_state =ON      -- start motion; this variables comes from sensor 

 

IF vi_rot=1 THEN            --1 identifies left rotation; this variable comes from sensor 

REPEAT 

MOVE ARM[3]  LINEAR RELATIVE TO {1, 0, 0 } IN BASE 
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UNTIL (vb_state= OFF)       -- stop motion; this variables comes from sensor 

ENDIF 

 

IF vi_rot=2 THEN            --2 identifies right rotation; ; this variables come from sensor 

REPEAT 

MOVE ARM[3]  LINEAR RELATIVE TO {-1, 0, 0 } IN BASE 

UNTIL (vb_state= OFF)       -- stop motion; this variables comes from sensor 

 

ENDIF 

 

END rot_arm3 

 

In the same way it would possible implement these functionalities directly in a more high level than 

PDL2, using a different object language in conjunction with Open architecture but following the same 

approach. 
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5. CONCLUSIONS  

By enabling humans and robots to work together, we can implement many new cooperative 

operations that exploit the strengths of both human and robotic workers. This document represents the 

initial proposal for safe human-robot collaboration in a fenceless working environment to achieve this 

objective. 

To make it acceptable by users they have to participate in the design process validating the concepts 

as soon as possible in an interactive and iterative process. This methodology is explained here and 

will be implemented by means of experiments through the lifetime of the project, that will help 

enhancing the final design. 
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6. GLOSSARY 

RML Robot Multipurpose Laboratory 

SSM speed and separation monitoring 

UCD user centered design 

PFL Power and force limiting 

USCAR United States Consortium for Automotive 

Research 

EOAT End-Of-Arm-Tool 

HRI human–robot interaction 

NARS negative attitudes toward robots scale 

RAS robot anxiety scale 

PSS programmable safety and control system 

PHR Pilz Hazard Rating 

DPH Degree of Possible Harm 

PO Probability of Occurrence of a Hazardous 

Event 

PA Possibility of Avoidance 

FE Frequency and/or duration of Exposure 

DVM), Distance and velocity monitoring system 

RSC Robot Speed Control 

ROS Robot Operating System 

MGD Manual Guidance device 

GUI Graphical User Interface 
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