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1. EXECUTIVE SUMMARY 

The content of this document is public. The main purpose of this document is: 

 The recognition of the current state in X-act objectives, namely: 

o Dual arm academic and industrial applications survey 

o Programming techniques able of applying in dual arm robotic manipulators 

o Motion planning techniques capable of supporting dual arm planning 

o Human Robot cooperation and safety issues  

 The identification of weaknesses and industrial needs 

 The identification of requirements and differences between research and industry in the following 

sectors: 

o Dexterous advanced robot programming 

o New sensorial capabilities 

o Dual arm Control functionality 

o Dual arm motion planning 

o Offline programming 

o Dual arm simulation & kinematic modelling 

o Highly Intuitive interfaces 

o Human robot interaction (HRI) and human robot workspace sharing 

o Dual arm robot platform selection and dual arm robot extension modules 

 The identification of requirements is based on the pilot cases that X-act project will carry on 

(Automotive and rework of electrical appliances industry) 

 The identification of risk and risk assessment based on the selected scenarios 

 The identification of existing regulation and standards concerning the HRI 

 

Further information is provided in the following: 

 Section 2  provides the state of the art in dual arm robots  

 Section 3  provides the analysis of the Requirements for Dual Arm Robot Programming & 

Controls  

 Section 4  provides the analysis of the Requirements for Cognitive Human-Robot Interaction & 

Safety 

 Section 5  provides the analysis of The  Dual Arm Robots Enhancement/ Extension Module 

 Section 6  presents the conclusions of this document in order to help the next steps and WP for 

starting the development of X-act technologies   
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2. STATE OF THE ART FOR DUAL ARM ROBOTS  

2.1. Applications of dual arm robots  

The development and capabilities of dual-arm robots-or known as bimanual industrial manipulators- 

are topics of industrial worldwide interest [1]. Very few such robots are currently performing 

assembly and major interest is focused in academic status, especially in Europe and Asia that hope to 

change that in the very near future. Dual arm robots are a great way to combine multiple processes 

within a single work cell because using two robot arms allows the end-user the ability to do things 

with much simpler tooling, saving simultaneously in space, as 2 single arms would require more 

space. Important reason is also the fact that dual arm robots give the choice to put more manipulators 

in a very small space is a powerful way to handle a wide range of applications within a single work 

cell.  

 

2.1.1. Academic applications  

The initial researches on dual robot-arms have mostly focused the teleoperated dual-arm robots in the 

nuclear plants applications for handling of radioactive materials. The next stimulus for the dual-arm 

research came from space-investigation projects [2][3][4][5]. In the space projects the dual arm 

robots were identified as quite usable to perform several operations commonly done by astronauts, 

referred to as extravehicular activities (EVA), such as maintenance, servicing  and repairing the 

spacecraft systems, catching satellites, in-orbite refuelling etc. 

 

Figure 1: Dual-arm teleoperated robots 

 

One of the most famous dual-arm robots developed for space applications represents 

NASA's/DARPA's Robonaut [2]. Robonaut has been developed to share the work space and 

cooperate with humans as well as other Robonauts. Altogether, it integrates 48 coordinated degrees 

of freedoms (DOFs) -  

 2x5 DOF's in basic arms,  

 2x14 DOF's in articulated hands (2 DOF wrist and 12 DOF hand),  

 3 in neck and  

 7 in torso (i.e. mounting leg).  

Robonaut integrates several sophisticated mechanical, sensing and control technologies, such as: 

 human-like form, scales and dimensions, 
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 integrated mechatronics joint design, redundant radiation tolerant drives, embedded-logic 

motor controls, 

 more than 150 sensors, such as 16 sensors for each of 5 upper joints,  42 sensors in neck and 

wrist for feedback and control (28 of them analogous) etc., 

 service oriented control architecture, including various advanced control algorithms [3], such 

as arm force-control, bi-manual compliance control,  tactile hand control including reflexive 

grasping, visual control and real-time objects tracking, high layer skills control and 

behaviours etc. 

In various prototype applications the ROBONAUT has been demonstrated to be  capable of 

performing teleportation and automatic motion, realizing bimanual operations (e.g. grasping a rigid or 

elastic part with both hands), interacting with human sharing the same working space and 

collaborating with him by direct physical contact, recognizing and following the human motion etc.. 

The second improved Robonaut generation has been developed in collaboration with GM. (Figure 2).  

Various complex EVA application scenarios on maintaining ISS have also been developed (Figure 

3). 

  

Figure 2: Robonaut prototypes of 1st- (left) and 2nd-generation (right) 

 

  

Figure 3: Robonaut EVA application scenarios 

A large-scale dual arm robot (with the each arm span of almost 4m) DEXTRE-SPDM (special 

purpose dextereous manipulator) is the next sophisticated space dual-arm robot developed by 

Canadian Space Agency (CSA) [4].  Dextre is a space handyman with a mission to maintain and 

service International Space Station (ISS), performing various operations like changing batteries and 

replacing cameras outside the ISS. Dextre goal is to reduce the amount of risky spacewalks to do 
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routine everyday jobs, thus giving astronauts more time for science. Dextre was designed to ride on 

the end of a mobile platform (e.g. Canada2 arm) to cover the entire ISS working space. 

 

  

Figure 4: DEXTRE working on ISS 

 

The DLR's dual-arm robot JUSTIN (Figure 5) [5] has been, similarly to the ROBONAUT, developed 

for internal and EVA applications in space. The Justin has been developed as the result of several-

generation of light-weight articulated arms developments at DLR. It also incorporates mechatronics 

approach with position and force sensors integrated in each arm joints (at the output shaft). The 

Justin robot possesses totally 43 DOFs with additional omnidirectional mobile platform 4 DOFs 

motion. The Justin control system includes high-bandwidth force-based impedance and force-control 

developed based on the Passivity-approach, ensuring stable interaction with any passive environment 

including the human. Several generations of DLR's anthropomorphic hands enhance the JUSTIN 

dexterities to perform complex grasping and handling operations (Figure 5). 

Based on anthropomorphic Justin's arms with 7 DOF, the industrial light-weight robot arm LWR-

KUKA has been recently developed for industrial and research applications.  

  

Figure 5: DLR'S JUSTIN robot 

The next group of dual-arm robots in research has been developed based on humanoid-robots, such as  

robots SIMON at GATECH-Atlanta and UT-Austin (Figure 6) [6], build based on Meka-robotics 

modular arm-hand-head components [7], ARMAR robot family at KIT-Karlsruhe [8] or AILA at 

DFKI-Bremen [9] (Figure 6,Figure 7). These robots have been developed as anthropomorphic, 

multi-sensors intelligent and social expressive robots capable to perform multi-modal interaction with 

human and learn several skills. These robots were mainly applied in several AI research projects, 
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investigating among others perception, awareness, manipulation and mobility, dexterous grasping, as 

well as robot programming by demonstration, behavior control and robot cognitive learning 

algorithms. 

  

Figure 6: MEKA's SIMON Robot 

 

  

Figure 7: ARMAR III and AILA 

The recent advanced dual-arm robot generation represents mobile PR2 dual-arm robot (Figure 8) 

developed by Wilow-Garage [9] as a mobile open research and development platform. The PR2 is 

supported with modular and truly open robot HW and SW architectures (ROS) with comprehensive, 

numerous (more than 1000) ready to use rich libraries which facilitate very complex research 

investigations on mobile robot sensing, environment perception, control and interaction. Prototypical 

applications at several research centres and universities focus on service and industrial use-cases with 

complex and dynamic human-robot interaction.  

As conclusion of review of dual-arm robot for research, it is worth mentioning that developed 

systems provide very complex and advanced backgrounds for dual arm robots developments. 

However, considering industrial applications, these systems are rather complex and expensive (PR2 

cost is about 400 T$). Despite very sophisticated sensing and control solutions, their performance 

considering loading capabilities and especially robustness is not sufficient for the applications in 

industry and still require further developments and enhancement towards industrial standards and 

techniques. 

A novel approach to develop advanced industrial dual-arm robot control represents the 

WORKERBOT developed in IP PISA project (Figure 9) which combine advanced control techniques 

(e.g. compliance and force control, C++ program language etc.) with industrial control technology 
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(real-time Linux patches, EtherCAT communication etc.). The novel in this robotic system is a 

specific programming language (IPK-DARL) developed to support task-oriented programming and 

synchronization of pure bimanual-robot operations and tasks [11]. 

 

 

Figure 8: PR2 mobile robot 

  

Figure 9: PISA WORKERBOT 

 

2.1.2. Industrial applications  

Despite the restricted number of industrial applications with dual arm robots, the interest and some 

applications are recorded from the early 1940’s. Goertz (1952) [12] presents the manipulators 

constructed by Goertz in the 1940’s and 1950’s for handling of radioactive goods , that were used in 

pairs, with the operator controlling one with each hand. Fletcher, et al. 1960 [13]described the dual 

arm teleoperation setups for deep-sea exploration. Besides, from early nineteen’s, Kyushu Electric 

Power Co., Inc., in Japan [14] developed a dual arm telerobotic system for live-line maintenance. A 

trend towards the use of multi-arm industrial robots is recorded also in material handling 

applications (e.g. food industry)[15].  
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Multi-arm manipulating robots are recognized as more effective in assembly and transportation 

from the previous decades, according to [16] and their use is promised to lead to a reduction of 

production costs by having multi-robots work in parallel, especially in low speed processes such as 

arc welding [17]. Some of these put the effort on manipulation capability, and target industrial 

manufacturing applications, such as the Toyota Dual Arm Robot[18], the Yaskawa Motoman 

SDA10D [19], the Kawada Hiro [20]. Similarly, prototypical torso-type robots have also been 

constructed for different research purposes, like the Umass Dexter [21]. Wolf Robotics & Rimrock 

Corp. [22] presented a system for material handling automation (Figure 10), based on the use of dual 

or multiple part grippers and used of machine vision systems in order to handle large and unusual 

shapes [URL: MATERIAL HANDLING SYSTEMS].  

 

 

Figure 10: WolfRobotics dual gripping technologies for material handling operations 

Concerning the current available solution and their possible industrial applications for the near future, 

ABB proposes a 14-axis, dual arm (FRIDA) equipped with flexible grippers, camera-based part 

location and the robot controller IRC5 (Figure 11), in order to meet the agile production scenarios 

frequently found in the consumer electronics industry and increasingly in other market sectors [23]. 

This solution is used in ROSETTA project, for evaluating new robotic solutions for modern 

manufacture and is promoted to the market for small part’s in agile and flexible shared manufacturing 

systems.   
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Figure 11: FRIDA dual arm robot-ABB 

 

Figure 12: Baxter Robot-Rethink Robotics 

 

Figure 13: Baxter Robot in packaging tasks 

Rethink Robotics, the company that built Baxter (Figure 12), brings a revolution in manufacturing 

with a friendly faced factory robot [24]. This dual arm robot focuses on speed rather than the 

precision that an industrial robot can offer, combining simultaneously easy use (user-friendly 

interface) and low cost; it is suitable for normal part of the manufacturing process for businesses 

of all sizes. Some of the sensors that are included are vision, touch, force and position. 

MOTOMAN [25] has developed SDA (Slim Dual Arm) [26] robots to combine the human-like model 

and the robot speed and dexterity under an advanced and highly dexterous dual arm robot (Figure 

14,Figure 15). This development is ideally suited for immediate service and emerging applications in 

defence and medical sectors; also, popular applications include palletising, case-packing, materials 

handling, welding, materials delivery (AGVs), machine tending, spraying, cutting, stretch and 

shrink wrapping. 
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Figure 14: Motoman-SDA10F 

 

Figure 15: Motoman-SDA20D 

 

Figure 16: Motoman dual-arm DA9IC robot 

SMErobotics  Project  [27] will execute the assembly with the industrial dual arm robot that COMAU 

provided (RML), as shown in Figure 17.  

 

Figure 17: Assembly with dual arm industrial 

manipulator-SMErobotics project 

 

Figure 18: Dual arm Amplification Robot-

Panasonic 
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The “dual-arm power amplification robot” (weight: 500 pounds)- equipped with 18 

electromagnetic motors that enable the wearer to lift 220 pounds with little effort- is developed by 

Panasonic subsidiary Activelink (Figure 18) and is designated for using it in industrial and disaster-

relief situations [28] . Besides, a dual arm robot equipped with 3-axis tactile sensors was developed 

in Ohka Lab Japanese [29] and tested in the placement of the cork to a bottle ( Figure 19).  

 

Figure 19: Dual arm robot equipped with 

tactile sensors 

 

Figure 20: FANUC DualARM system 

FANUC Robotics’ DualARM system (Figure 20) allows two robots and a positioner to be controlled 

in a single program with coordinated motion and arc start synchronization. The advantages of this 

system focus on the single CPU and teach pendant for controlling the entire system that consists of 

two ARC Mate robots [30]. WITTMANN’s latest introduction is the W823D dual arm telescopic 

robot with 5 servo axes designed for automation of stack molds and other applications requiring two 

vertical arms. It is equipped with full color industrial LCD display for simple, flexible programming 

[31]. A research effort on developing dual arm robot for industrial applications is presented in 

Nonami Laboratory [32], where the focus is given on establishing full automation of highly complex 

tasks by using Dual-Arm Robot No. 3 (Figure 21). 

 

Figure 21: Dual-Arm Robot No. 3-Nonami Laboratory 

One more industrial dual arm robot development is presented in [33] [Kruger (2) et al. 2011], easily 

integrated in assembly environment sharing the same workspace with human workers. A dual arm 

industrial robotic cell is presented also in [17], consisted of two industrial robot manipulators 

(Comau SMART-3 S) equipped with force/torque sensors, pneumatic grippers, a vision system and a 

belt conveyor as shown in Figure 22.  An advanced user interface was developed for supporting the 

control algorithms for this cell (called RePLiCS), including force and servo control, when an 

enhanced vision system (VESPRO) is used for visual pose estimation of the moving object [17]. A 

GUI (Graphical User interface) is offered also for allowing the communication between the human 

user and the dual arm robot. 
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Figure 22: Dual arm industrial robotic cell 

Typical application for dual arm systems includes also the parts assembly. Park et al. [34] presented 

an industrial dual arm robot manipulator (Figure 23) for precision assembly of mechanical parts, able 

of lifting up big and heavy workpiece also. Additionally, [Park et al. 2009] described programming 

by demonstration for dual arm manipulators in the automotive industry for assembling small parts, 

giving focus on the intuitive teaching methods, where the direct teaching is the most usual 

[35][36][37]. The difficulty on teaching a dual arm robot is based on the fact that the two arms have 

to be taught separately.  A robotized cable assembly in an automobile plant was presented also in [38] 

, where a robotic cell of three Mitsubishi PA10 robotic arms (Figure 25) was used for deformable 

parts assembly (Figure 24).  

 

 

  

Figure 23: Prototype of  dual arm manipulator developed at [Park et al. 2009] 
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Figure 24: Deformable object [38] Figure 25: Three robotic arm cell [38] 

The material reshaping is also an industrial sector that applied dual arm robots, for manipulating 

deformable objects. In [39], a dual arm system is used to bend metal parts (Figure 28). Shibuya 

Hoppmann’s Robot Isolator termed [40] CellPro (Figure 26), is a system designed to replace human 

operators   in cell-culturing, sterility testing and aseptic-processing applications that carry the risk of 

contaminating sensitive products or harming personnel. 

  

Figure 26: Shibuya Hoppmann’s Double arm robot in sterile-manufacturing applications 

TRACLabs [41]created the dual-arm manipulation robot with a Texas A&M survivor interface, for 

rescue operations as presented in Figure 27. 

 

Figure 27: TRACLabs—Dual arm rescue robot 
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Figure 28: Two PUMA robots bend a flexible sheet 

A dual arm system is used to fold cartons into predetermined shapes, by presenting a simulation of 

manipulating these shapes for the modelled dexterous unit of dual arm fingers [Liu and Dai, 2003. 

Last but not least, Takamatsu et al. [42] investigates the Learning-from-Observation paradigm for 

robot learning for industry-oriented assembly tasks for rigid polyhedral objects, using a real-time 

vision system and dual arms with dexterous hands. 

The Aerospace Dual-Arm Manipulator (ADAM), that has 2 flexible links and 7 joints in each arm 

[43], and conducted research on the force control of a flexible manipulator and the cooperative 

control of two arms. The system is presented in Figure 29. Another example where the dual arm 

industrial robots has made innovation is the development of the Kensington Laboratories’ 300mm 

dual arm atmospheric wafer handling robot [44]  that meets the industry’s most rigorous 300mm 

performance standards (Figure 30). 

 

Figure 29: Aerospace Dual-Arm 

Manipulator (ADAM) 

 

Figure 30: Kensington Laboratories’ 300mm 

dual arm atmospheric wafer handling robot 

Hitachi [45]developed a dual arm robot new robot joining the team, able to carry heavy loads and fit 

through tiny spaces, for the task of cleaning up the failed nuclear power plant. 
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Figure 31: Hitachi Heavy-Duty Robot for clean-up FUKUSHIMA 

2.2. Programming techniques for dual arm robots  

The robot programming, traditionally classified in online (using the actual robot in situ) and offline 

(using software tools without occupying the robot) [46], will be the starting point for leading the 

advanced robot programming techniques to the next step. Speaking for the case of dual arm robots, 

several approaches for the programming of multi arm robots have been examined in the past. One of 

the characteristic approaches was dynamic control and grasping for cooperating multi arm robots that 

has been an issue over the last decades. Besides, control laws such as neural networks, learning 

control methods, sliding mode controls and adaptive controls, in multiple arm robot arms have been 

implemented [47][48][49]. 

Some of the general trends in robot programming, especially in research environments, concern 

basically the extension of high-level languages (e.g. C, C++, Java etc.) in robot specific functionality 

environments. Besides, some trials to provide advanced robot programming are presented from 

nineteen’s, oriented especially in high performance virtual reality environments (e.g. DLR project) 

[50][51][52] and when completed downloaded in the real robot, connected to the same VR machine.  

2.2.1. Motion oriented and task oriented programming languages  

Among the basic separation of robot programming languages in motion-oriented (over one hundred 

languages exist) and task-oriented ones, the second category concerns higher level of abstraction 

and the focus is given on what to do, rather than how. This kind of robot programming follow the 

orientation of developing interfaces (e.g. GUIs) that will help human to transfer high level commands 

to a sequence of actions and motions. If this transformation is made automatically, then the result is 

called task planning system or motion planner [53], [54]. The motion planner problem in task-

oriented programming, concerns both the single and multi-arm robots, in terms of executing and 

controlling the generated motion sequences, combining also the generation of collision-free paths and 

force-controlled mating operations [55]. 

Some trials for high-level task-oriented robot programming in research world have been presented in 

[56] , who developed the XPROB system that supported the dynamic representation of the Workcell 

equipment and the sensor data integration at run-time allowing on-line program monitoring and 

adaptation, in [57][58] with ROTEX scenario to test  the highly interactive on-line programmable 

tele-operation and the off-line system, with all sensor-based control features. Additionally, MARCO 

was an another task-oriented programming framework, serving sensor-based robots and allowing the 

simulations of  the robot tasks at a graphical simulation environment using all the sensor feedback 

(force-torque, laser range finder, vision), using C language [59]. 

Some tools that serve the task-oriented programming in robots developed, such as Pyro that provided 

abstractions for robots (especially mobile ones) and algorithms written in Python, with no targets on 

industrial robots, Matlab Robotics Toolbox [60] provides many functions that are useful in robotics, 

such as kinematics, dynamics and trajectory generation, SPACELIB [61] -a library for 3D kinematics 
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and dynamics of systems of rigid bodies and is available in C and in Matlab source code-, ROBOOP 

–another toolbox written in C++ for robot kinematics and dynamics etc. 

 

2.2.2. Automatic programming systems and user friendly interactive dual arm robot 

programming  

The planning and programming of single-arm robot motion have been under investigation for a long 

time period in numerous research initiatives.  The traditional programming approach based on manual 

programming to create a robot program show several drawbacks, such as lack of universal standards, 

inefficiency and needs for educated programmers. Higher level languages provide more abstractions 

support for user providing possibilities to integrate various available tools and interfaces (graphical, 

speech, vision etc.) in a more robust way (utilizing probabilistic and other mathematical supports) 

and thus to facilitate programming by people with little or no technical skills. Graphical programming 

applies icons and work-flow charts (e.g. LEGO Mindstorm) to simplify further the programming. 

Behaviour based paradigms such as functional reactive programming and developed programming 

languages such as Frob and Yampa [65]  provides an event-reaction approach for robot programming. 

Significant work has been conducted in recent years to develop automatic programming concepts and 

methods (Figure 32), such as learning systems, programming by demonstration (PbD) and instructive 

robot programming. Learning robotic systems are most common in the AI researches. They create 

programs by inductive inference from users or robot’s self-exploration of environment (e.g. mobile 

robots). PbD [66] utilizes various communication methods (e.g. teach-pendants, speech, optical and 

inertial sensors etc.). The main research directions in the PbD focus on increasing the robustness and 

enhancing the programming through the use of multi-modal communication systems, such as touch, 

vision, voice etc. The key trend is to improve PbD from pure imitation to more intelligent 

programming systems. Thereby virtual and augmented realities play a very important role to facilitate 

programming in a complex world.  

 

 

Figure 32: Categories for automatic robot programming systems 

 

Instructive systems provide a further programming development that recognizes sequences of 

instructions, such as gestures and language-based voice communications etc., similarly to the natural 

instructions communications between humans. This concept relies on most natural human-like 

methods for simple robot programming. From the programming system, however, this method 

imposes high requirements to cope with errors and disturbances in real world.  
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The programming of dual-arm robots has been characterized by a considerable gap between systems 

used in research, on the one hand, and the systems applied in the industry, on the other. The industrial 

dual-arm robots so far don’t include specific programming approaches end environments for dual-

arms robot programming. They are based on established frames for programming several cooperating 

robots where one of the arms usually plays the role of the master arm, while the other arms represent 

slaves arms,  the motion of them has to be synchronized with the master (e.g. during carrying a 

common workpiece). From the other hand, the advanced dual robot programming systems developed 

for the robots applied in research and space investigations rely on very complex sophisticated 

approaches within frame of cognitive and intelligent learning robot systems, which are still difficult 

to apply in industrial environments. These approaches mostly focus on specific problems, and 

concepts and methods for integrating these solutions in existing industrial robot control systems are 

still missing. 

The most popular programming approach in industry based on specific robot languages [67] exhibits 

considerable limitations when the dual-arm robots should be applied. The high-layer developed robot 

languages such as PDL2 (COMAU, based on Pascal) indeed provide some features to program even 

to synchronize multiple-robot arms, however they are quite restricted for programming of dual-arm 

robot (bimanual) motion and operations. The existing robot languages cover mainly independent non-

coordinated arm motion. The missing of more flexible programming approach has been identified as 

one of the main bottlenecks for applications of developed industrial dual-arm robot systems in the 

industry. 

The innovative robot programming methods robots such as PbD involves various techniques such as 

manual-guidance, visual-control and human motion recognition and mapping, extraction of dynamic 

motor primitives and skills etc. These approaches has have been investigated in numerous researches 

and still represent one of the most challenging issues in the advanced humanoid robot programming. 

However, the PbD has been in dual arm robots demonstrated to be even more complex than in single-

arm robots [67].  

A realistic approach to dual-arm planning is based on mimicking human operations (Figure 33) 

[68]The human dual-arm operation may be divided in non-coordinated (each arm realizes an 

independent motion) and coordinated types (with temporary and spatial relationships and 

synchronization of arm movements). The coordinated motion can be further split into goal-

coordinated (e.g. keyboard typing, piano-playing or drum-playing, etc.) and pure bimanual 

operations. The non-coordinated operation can be realized by a dual-arm or two single-arm robots 

using the well-investigated planning framework. The goal-oriented operations are the most 

complicated manual activities done by a human and require a long-term practice. The bimanual 

operations performed by humans are mostly based on relatively simple motions in both arms, 

commonly symmetric or asymmetric, congruent or non-congruent (Figure 33).In the past this 

phenomenon was explained in a complex manner to coordinate and control very complex arm muscle 

structures. However, recently it was recognized that the reasons for simplifying motion are due to the 

very complex planning of the dual-arm in real time which overcomes the brain capabilities. 

Therefore, the human motor cortex generates simple trajectories which are easy to synchronize and 

monitor during execution.  
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Dual-arm operation

non-coordinated
coordinated

goal-coordinated bimanual

symmetric asymmetric

congruent non-congruent

Jigless operations:

L: Action R: Action

HOLD INSERT

Bimanual operations:

BI-APPROACH

BI-INSERT

BI-HINGE

BI-SLIDE

 

Figure 33: Classification of dual-arm operations 

The above consideration allows to simplify the bimanual robot programming by defining specific 

bimanual primitives (actions) within so called task-oriented robot programming. The decomposition 

of more complex activities (task) into simpler elemental primitives (skills, action) facilitate dual-arm 

robot programming (e.g. using prepared libraries) including also human-robot interactive 

programming methods.  Considering the bimanual operations performed by a human, we can specify 

novel dual-arm actions (Figure 34such as: BI-MOVE, BI-APPROACH/BI-RETRACT, BI-SLIDE, 

BI-HINGE, BI-INSERT/BI-EXTRACT, BI-ATTACH/BI-DEATACH, BI-HOLD, BI-YIELD, etc., 

which are executed by a synchronous motion of both arms, performing simple symmetric/asymmetric 

congruent/non-congruent motions. 
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Bi-Approach (Retract) Bi-Grasp (Release)

Bi-Insert (Extract)

Bi-Hinge

Bi-Move

Bi-Slide

Bi-Hold

Bi-Yield

 

Figure 34: Examples of bimanual free-space and contact actions 

This approach was preliminary successfully tested in the PISA project and will be pursued and 

further developed towards more sophisticated interactive programming techniques in the X-act 

project. 

 

2.3. Motion planning in dual arm robots  

2.3.1. Motion planning  

The motion planning problem poses the question of how a robot can move from an initial to a final 

position. The result is a collision-free path. This is usually known as path planning, since the 

planning algorithm is only asked to return a path, without considering the robot’s ability to implement 

that path. When dynamic constraints are considered, planning algorithms need to come up not only 

with a geometric path, but rather with what is called a motion plan [69]. A key concept for motion 

planning is a configuration which means a complete specification of the position of every point in the 

system. The space of all configurations is what is called the configuration space (C-space) [70]. 

2.3.2. Sample-Based Motion Planning 

Path planning is proven to be a PSPACE-hard problem. The most efficient techniques for motion 

planning construct approximate models by sampling configuration space. Over the last few years, 

there has been a lot of work in improving sampling based motion planning algorithms. It is hard to 

define a single criterion that can classify all planners in distinct categories. The classical separation is 

between roadmap-based planners and tree-based planners [69]. 
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Sample roadmap Sample RRT 

Figure 35: Sample based motion planers 

 

2.3.2.1. Probabilistic RoadMap planners (PRM) 

Probabilistic roadmap path planning was introduced in [71] as a new method for computing collision-

free paths for robots. The method proceeds in two phases: a learning phase and a query phase. In 

learning phase a probabilistic roadmap is constructed by generating random free configurations of the 

robot and connecting them using a simple, but very fast motion planner, also known as a local 

planner. Roadmap is then stored as a graph whose nodes are the configurations and whose edges are 

the paths computed by the local planner. In the second phase multiple queries can be asked. The 

question is the path between two free configurations of the robot. Every free configuration is checked 

for collision with robot itself and with obstacles.  Different approaches have been used to address a 

variety of problems. In [72] two different methods for constructing and querying roadmaps are 

suggested for motion planning of deformable objects ,two deformation techniques that can be applied 

to the resulting path are also presented. This approach decouples motion planning and deformation, 

and enables hybrid methods utilizing multiple methods in a plug and play fashion. Obstacle 

probabilistic roadmap method (OBPRM) is introduced in [73] where several strategies for node 

generation are described and multi-stage connection strategies are proposed for cluttered 3-

dimensional workspaces. The method is evaluated by solving a number of puzzles like alpha puzzle 

(Figure 36) where two twisted tubes are separated.  

 

Figure 36: Alpha puzzle 

In [74]a randomized planner is described for planning CF-compliant motion between two arbitrary 

polyhedral solids, extending the probabilistic roadmap paradigm for planning collision-free motion to 

the space of contact configurations. Key to this approach is a novel sampling strategy to generate 

random CF-compliant configurations. 
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2.3.2.2. Rapidly-exploring Random Tree planners (RRT) 

The concept of Rapidly-exploring Random Tree is introduced in [75]. The basic idea is that an initial 

sample (the starting configuration) is the root of the tree and newly produced samples are then 

connected to samples already existing in the tree. The unique advantage of this method is that it can 

be directly applied to non holonomic and Kino dynamic planning, incrementally builds the roadmap 

tree and extends to more advance planning techniques which integrate the control inputs to ensure 

that the Kino dynamic constraints are satisfied.  

 

Figure 37: Rapidly - exploring Random Tree (RRT) 

In [76] two Rapidly-exploring Random trees (RRTs) are rooted at the start and the goal 

configurations. The trees each explore space around them and also advance towards each other 

through the use of a simple greedy heuristic. Although originally designed to plan motions for a 

human arm (modelled as a '7-DOF kinematic chain) for the automatic graphic animation of collision-

free grasping and manipulation tasks, the algorithm has been successfully applied to a variety of path 

planning problems.  

Tree-based planners are proving to be a good framework that has been adjusted to deal with real-time 

planning and re-planning problems. In [77] a re-planning algorithm is presented for repairing 

Rapidly-exploring Random Trees when changes are made to the configuration space. Instead of 

abandoning the current RRT, the algorithm efficiently removes just the newly-invalid parts and 

maintains the rest. 

 

2.3.3. Motion planning in dynamic environment 

For dynamic environments where the obstacle or the robots are moving the Configuration space 

concept is extended, using time as an additional dimension [78]. The resultant space is called the 

configuration-time space (CT-space). Sampling based approaches are also popular in the CT-space. 

Several algorithms developed for planning in dynamic environments ERRT, DRRT, RRF, MP-RRTs 

and LRF [79]. The relationship between these approaches is shown in Figure 38. In these cases the 

planner is expected to find a path as soon as possible at any time in dynamic environments. Re-

planning is carried out efficiently reusing information of configuration space from the last planning.  
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Figure 38: Planner relationship 

 

CT-RRT is also introduced in [79] and effectively resolves the dual-arm motion planning problem. 

Heuristic functions for distance and safety are used for optimization of the path planning problem. 

 

2.3.4. Multiple robot arms 

Trajectory or motion planning of multiple robotic arms concerns many research works due to its 

nature (high non-linearity and strong coupling in their dynamics) [80]. Path planning problem is 

characterized as twofold[81], the first one concerns the feasible collision free paths between two 

intermediate points should be calculated prior the movement of each robot begins and the second one 

concerns the synchronizations of the two hands with the help of industrial communication protocols 

(e.g. Ethernet).   

The problem of motion planning for multiple robots in approached in [82]. A prioritized method is 

introduced, based on a powerful method for motion planning in dynamic environments. This 

approach is generically applicable: there is no limitation on the number of degrees of freedom of each 

of the robots, and robots of various types –for instance free-flying robots and articulated robots– can 

be used simultaneously. Results show that high-quality paths can be produced in less than a second of 

computation time, even in confined environments involving many robots.  

Dual arm coordination and control has attracted attention for several years [83] giving the problem in 

coordinated trajectory generation for multiple arms and their synchronous execution. Master/slave 

operation is the way proposed to solve the control problem of a dual arm robot, with position control 

for the first robot and force control for the other, both for separate and cooperative tasks execution. 

Besides, RCCL (Robot Control C Library) –a collection of C functions for easy robot programming- 

can generate trajectories by using the trajectory generator or by an external means which could be 

another computer or a hand controller (or joystick). Joint trajectory planning for coordinated point-to-

point(PTP) motion of two-arm manipulators, is addressed in [84] or industrial applications where the 

trajectories cannot be easily defined, focusing on position control mode with the use of off-line 

planning algorithm. This PTP algorithm tries to minimize the total number of inverse kinematics 

solutions throughout the complete trajectory. 

In [85] a solution for path planning problem is presented, by introducing an inverse kinematic 

algorithm for determining the initial and final positions and orientations for the two end effectors.  

For fixed based dual arm robots, 4 solutions are computed via the inverse kinematic algorithms (from 

which the 1 pair is the mirror of the other), where a free-floating one will give eight solutions. The 

problem of multirobot’s motion planning is solved by [86][87]with the use of collision map and time 

scheduling. 

In [88] an algorithm is presented for real-time optimum path planning generation for a dual arm robot 

(SCARATES), when the robot moves in PTP model. It is based on the configuration space (C-space) 
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of the two arm manipulators and a pair of collision-free optimum paths are automatically generated 

when the start and goal positions and orientations are given. [89] Presents the need for intelligent 

motion planning algorithm for a dual-arm mobile manipulator, due to complexity and common 

workspace by implementing a motion planning algorithm for “grasping a book laid on a desk and 

returning it to bookshelf”. 

[90] Presents efficient solution for motion planning in dual arm manipulation and re-grasping tasks, 

by developing algorithms for inverse kinematics problem solving by combining a gradient descent 

approach with low computation cost. This approach for solving the kinematics includes gradient 

descent in reachability space (for speeding the solver) and random sampling of free parameters. The 

proposed algorithm for path planning is initialized with a set of grasping posed and feasible target 

configurations for an object pose. In the sequel, [91] described an integrated planner for collision-free 

single and dual arm grasping motions based on Rapidly Exploring Random Trees (RRT) algorithms. 

The combination of three different main tasks-namely feasible grasp, inverse kinematics solver and 

searching for a collision free trajectory- provides the feasible solutions in the dual arm grasping 

movements. 

Toussaint et al. [92] introduces a new planning method based on a new approach for representing the 

state, as an alternative in RRT-based planning. This approach is based on models of the robot and its 

environment, which aim to take advantage of their structure, and utilizes multiple variables to 

describe the current state, such as body parts, objects or constraints etc. 

In [81], [93] the problem of path planning in dual arm robots is solved by utilizing multi-objective 

optimization domain and implemented co-evolutionary algorithm to simultaneously optimize some 

conflicting objectives (e.g. the total rotate angle, the number of collisions etc.). The proposed solution 

is based on the use of two control units for the two arms, for allowing them to communicate for 

checking for example the case of collisions in the path planning, where the synchronization is not 

faced up. The calculation function for the criteria used in this approach, utilizes dynamic weighted 

factors for the linear problem. The disadvantages of this algorithm are the speed execution and the 

non-complete consideration of the physical robots (e.g. max acceleration). 

Davidor et al. [94] applies evolutionary algorithms to the trajectory generation by searching the 

inverse kinematics solutions to match the pre-defined end effector robot paths. Multi-purpose genetic 

algorithm for optimizing movement of multi-joint robotic arms in presence of stationary obstacles is 

developed by [95] for solving the motion planning problem. A two phase algorithm, which involves 

the exploration of the free collision space and the definition of target position by using the previous 

explored areas via the Solid Geometry of multiple manipulators, is described in [96]. 

In [79] time scheduling is proposed as shown in Figure 39 for dual arm motion planning. In this 

approach planning for the first arm is used as input trajectory for the second arm. 

 

Figure 39: Time scheduling for dual arm 
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The object impedance control for dual-arm cooperative manipulators was addressed by [97][98], 

decomposing the object motion control directions and the internal force directions. A method for 

simultaneous control of internal forces and the object motions is described in [99]. The force and 

position control loop is also used in a model-based control scheme that requires derivatives of force 

measurements, in order to control a cooperativeness error which is related to the velocities of the 

arms lying on the normal to the object directions, as described in [100]. Yoshikawa et al. [101] 

presents the requirements for the generic structure of impedance controllers, focusing both on the 

acceleration of the object to be manipulated and the finger force sensing. These two kinds of control 

schemes- impedance and hybrid force/position tracking control- are based on the robot and object 

dynamic model. 

Other control schemes for cooperative manipulators tasks have been proposed, robust adaptive 

control and neuro-adaptive control [102][103] focusing on the dynamic model uncertainties that may 

occur. In the effort of designing simpler control structure for the regulation of the robotic systems, 

regulators for the grasping and manipulation of an object by a pair of robotic fingers has been 

researched, in order to control simultaneously position and orientation [104]. Besides control 

schemas based on this work have been done for controlling the whole arm [105] and the dual arm 

with fingers [106] for allowing grasping and manipulation. 

The control of dual/multiple arm manipulation systems via the coordinated motion of multiple 

autonomous agents refers mainly to the robot arms mounted on mobile platforms and is under 

research. Focus is mainly given to the navigation, collision avoidance etc.[107][108][109]. 

Several of the above researches, focus on the common object path planning, motion coordination and 

collision avoidance, where the bi-manual compliance control for the dual arm robots is still a little 

investigated [110]. In [111]is proposed a new framework for planning and programming of complex 

impedance controlled bimanual operations, when recognizing simultaneously as the main reason for 

simplifying arms motion, the very complex planning of the dual-arm in real time. More specifically, a 

realistic approach to dual-arm planning is based on mimicking human operations. The control schema 

used proposes the implementation of the position-mode impedance control by closing a force-sensing 

loop around the position controller, as it is usual in conventional industrial robots.  

Despite the fact that various combinations of external and internal compliance control were tested in 

experiments with cooperative industrial robots [112]  and recently in dual-arm robot system [113] for 

elemental bimanual operations, the controlling of the dual arm assembly tasks remains a bit more 

complex[111]. According to [113], autonomous behaviours rely not only on vision, force, torque, and 

tactile sensors but also on advanced planning and control capabilities. The proposed solution-belongs 

to those of resolved motion ration control (RMRC) - for dual arm (two 6-DOFs PUMA-type 

manipulators) space robots (free-floating base) autonomous motion planning computes the feasible 

trajectories via low computation load, using practical methods and sub-equations. Two hand-eye 

cameras (one for each arm) are used for measuring the pose of the target to the end effectors frame. 

In [114] a manipulation planning frame-work and its implementation human-aware manipulation 

planner are presented. This planner generates paths not only safe but comfortable and “socially 

acceptable” as well by reasoning explicitly on human’s kinematics, vision field, posture, and 

preferences. The planner, which is applied into “robot handing over an object” scenarios, breaks the 

human centric interaction that depends mostly on human effort and allows the robot to take initiative 

by computing automatically where the interaction takes place, thus decreasing the cognitive weight of 

interaction on human side. 
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Figure 40: Human aware manipulation planner 

 

2.3.5. Task oriented motion planning 

Usually, in multi-arm industrial work cells, programming of cooperative tasks is not handled in a 

centralized way, i.e., by programming the task at the workpiece level and relying on an automatic 

decomposition of the overall cooperative task in motion primitives for the single arms. In [115] a 

cooperative motion planning architecture (Figure 41) is proposed, composed of two subsystems: 

1. Cooperative planner: This subsystem aims at defining the cooperative task-space trajectory in 

terms of meaningful variables describing the cooperative task; by using the kinematic relationships 

between the task-space motion variables of the single arms and the cooperative task-space motion 

variables, motion references for each arm are computed, 

2. Arm planner: This subsystem is usually embedded in the control unit of each arm in the 

cooperative workcell; the single arm planner is in charge of computing the joint space reference 

trajectories of the arm from the reference task-space motion generated by the Cooperative Planner. 

To this aim, arm inverse kinematics has to be computed. The joint trajectories are then passed to the 

joint servos of the arm. 

 

Figure 41: Cooperative motion planning architecture 

An extension of traditional robotic languages has been devised. The language allows the user to 

specify, in a compact and effective way, the motion commands at the cooperative task space level, 

where the computation of the motion for the single arms, as well as trajectory scaling and 

synchronization, are fully transparent to the user.  

In [117] an automatic generation of motion paths for several cooperating robot arms is considered to 

manipulate a movable object between two configurations among obstacles. To avoid collisions the 
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robots may have to change their grasp of the object, for example, by passing it from one arm to 

another. An approach for solving this planning problem is described and illustrated with a robot 

system made of three arms moving in a 3D environment. Experiments with a planner implementing 

this approach show that it is not only fast, but also reliable in finding collision-free paths. 

 

2.3.6. Open libraries for motion planning 

Open libraries are available for motion planning, providing a great variety of tools. 

2.3.6.1. RL: Robotics Library 

RL [118] is a framework for developing robotic applications. It is open source and offers tools for 

collision avoidance, motion planning and visualization for robotics. Another advantage of RL is that 

is platform independent so it can be run on machine with different operating systems.  

 

Figure 42: Robotics Library 

 

2.3.6.2. OMPL: The Open Motion Planning Library 

OMPL [119] consists of many state-of-the-art sampling-based motion planning algorithms. However 

does not include specific code related to collision checking or visualization. It is also used inside 

ROS to plan motions. 

 

 

Figure 43: OMPL: The Open Motion Planning Library 
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2.3.6.3. Motion Planning Kit (MPK) 

Motion Planning Kit [120] is a C++ library and toolkit for developing single- and multi-robot motion 

planners. In addition new robots can be added without recompiling and an efficient and exact 

dynamic collision checker is provided. 

 

 

Figure 44: Motion Planning Kit (MPK) 

 

 

2.4. Human Robot cooperation and safety issues 

2.4.1. Human- robot cooperation in hybrid assembly processes  

 

A safe and flexible co-operation between robot and operator may be a promising way to achieve 

better productivity than a manual workcell. Taking also into consideration that the need for 

improving the execution of complex assembly tasks [121], which are traditionally executed by 

humans or even only from robots, human robot interaction is a sector that will attract the research 

interest in the future. “Cognitive factory” are the words for characterizing the factory of the future 

according to [122]. A hybrid assembly scenario is presented in this paper, utilizing an interaction 

framework of three communications channels (eye tracking glasses, soft buttons, head-mounted 

microphone) for classifying interaction into natural, robust and intuitive under a Real-Time Data 

Base for processing asynchronous data streams.   

The study of interactions between human and machines is an important aspect from the point of 

control technologies adoption involving both technical issues and social implications. In other words, 

Human–machine systems (HMS) include the decision making and cognitive processes, modeling of 

human performance (reliability, mental work load, predictability), real and virtual environments, 

design methodology, task allocation-sharing and job design, intelligent interfaces, human operator 

support, work organization,  selection and training criteria [123] . 

Wojtara et al. [124] identified two cooperation ways between humans and robots; the first one where 

the robot controls some DoFs and the human can only control the rest and the second one where the 

robot has a rough knowledge of the target position and the human performs the final adjustment of 

the process. Even so, both approaches rise a huge amount of technological questions and challenges 

to be solved. In recent years, several lines of research have dealt with physical human-robot 

interaction [125] . 
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The hybrid assembly systems are traditionally divided in workspace sharing and workspace and time 

sharing. The workspace sharing systems concern the configuration of the operator performing 

assembly tasks and the robot handling tasks and the vice versa. The workspace and time sharing 

systems concern the assembly tasks or/and handling tasks sharing at the same time. Some examples 

of workspace sharing and workspace and time sharing are presented in Figure 1 & Figure 2 

respectively. 

 

Figure 45: Workspace sharing 

[team@work] 

 

Figure 46: Workspace and time sharing 

[PowerMate] 

A lot of EU projects have investigated the Human-Robot Interaction and safety issues. An example of 

physical Human Robot Interaction investigation concerns Saphari project objectives. A control 

framework for safe physical Human-Robot Interaction (pHRI) was developed under this project. 

Undesired collision and intended contacts were prevented from collision avoidance algorithms and 

physical collision detection/ reaction methods that activated collaboration tasks, by human gestures 

and voice commands (use of Kinect sensor). This framework was tested in lightweight robot (KUKA 

LWR-IV)[128]. The safety framework includes SafeCPU ( COTS PLC by B&R Automation) with 

cycle time 800μs that provides communication channels for external devices (POWERLINK Safety 

by B&R for allowing certified safe digital I/O communications). 

A comprehensive research has been made in PHRIENDS project concerning the safe human robot 

physical interaction, but restricted in Light weight robots and non-industrial application. The 

methods used concerned especially the robot joint elasticity values [129]  and are ideal for using them 

in human environments (e.g. service robots). EU Robot manufactures like KUKA, ABB, Reis 

Robotics have taken into account in their software modules the safety issues and the human robot 

interaction, giving the ability to monitor through external sensing the Cartesian space around the 

robot and stop operations in case of danger [130] Motion Control techniques for safety in human 

robot interaction are inadequate when the force/ impendance control (direct and indirect) techniques 

are reliable protecting the possible damages and collisions between the human and the robots, 

similarly to sensing and control capabilities of the exchanged forces, according to [130] . 

Gil et al. [131] presents a collaboration framework for human-robot cooperation and interaction 

under tasks sharing for constructing metallic structures. The assistance tasks that the human does are 

monitored with a localization system based on several sensors that are used for collision avoidance in 

the crossed workspace. The sensor for human motion capturing is GypsyGyro-18 from Animazoo 

[132] and also the indoor localization system is based on WideBand pulsed (UWB: Ultra Wide Band 

from UBIsense) [133][134] for localize precisely and real time the human operator in the assembly 

task. Besides, a time-independent visual-force control systems for guiding the robots works robustly 

although the interruptions in the trajectory.  

 Ende et al. [135]presented the human robot interaction and communication by using gestures 

classified in five categories, namely symbolic, interactional, pointing, side effects of expressive 
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behaviour and body/manipulator motions. Among these categories, the criteria for selecting gestures 

were the non-specific knowledge for using them, the involvement of only arm, hand and the index 

finger in the gestures. 

The development of new technologies for human–machine interaction (HMI) includes interaction 

technologies such as tactile, gesture, gaze, speech, mimic, mind control and multimodal interaction, 

speech interaction to be the most important technology nowadays and in the future, due to their 

flexibility that resembles natural human– human communication. 3D visualization seemed to be the 

future of HMS and will move into the direction of human–human like [136], for example Human 

detection, Kinect etc. A novel and adaptive system, which is able to discriminate between humans to 

get reliable person-following behaviors in a mobile robot is presented in [137]. 

For achieving maximum flexibility in the HRI, a humanoid two-arm manipulation robot which can 

perform complex tasks can work at a human’s workplace was developed [139][140]. Besides the 

humanoid construction the major difference of the robot arm [141] compared to industrial robots is 

its light weight structure providing intrinsic safety, which is very important factor in HMS.  

A careful design of so called intelligent assist systems (IAS) or intelligent automation devices (IAD) 

and their operating procedures is necessary when physical collaboration between machines and 

human workers also have to follow ergonomic target [142] . Further research for so-called power 

amplifying assist devices (IPAD) was done by Fraunhofer IPK [143] . The implementation of real-

time proximity queries, which are used by safety strategies for avoiding dangerous collisions between 

humans and robotic manipulators are presented in [144]. 

The important issues that are laid on effective human robot interaction under common workspace are 

summarized as follows: 

- 3D Perception includes 3D perception of the environment as well as the perception of the human 

worker and its actions in order to characterize the environment around the robot as human 

operators can alter the environment (ex. change the placement of objects), which can lead to 

undesired collisions. A wide range of technologies that can be used to extract the 3D information 

of the environment, such as stereo vision, ToF cameras or laser scans,  PCL [145] etc. During 

human-robot interaction, monitoring of the human can provide valuable information, which can 

enhance the safety of the interaction and provide a feedback signal for robot actions.  Kinect 

sensor [146] offers a solid alternative to those vision based approaches that use markers for 

human tracking.  

- Human-Robot Interaction interfaces: this area includes the necessary development for intuitive, 

efficient and effective communication channels between the robot and the worker in order to 

introduce the HRI concept. One of the approaches for communication relies on the use of force 

sensors or joysticks attached to the robot [147][148] . The operator is capable of acting (moving, 

pressing, etc.) directly over the robot TCP with just their bare hands, without any special 

equipment. Interfacing through natural speech has achieved a high degree of accuracy [149], 

where environmental noise remains always an issue. Recognition of human gestures by means of 

the information conveyed in a RGB image is a difficult task [150]  than can be made more 

feasible with the use of range sensors [151].  Nowadays low-cost range sensors are available and, 

solutions like Microsoft Kinect, an API to gesture recognition [152]  are widely provided. 

SMErobot and SMErobotics project are some examples of relevant work in the HRI area.  

Research efforts in HRI systems have been done in the past, with the most related achievements 

in hybrid assembly systems to give focus on intelligent assist systems (IAD) [153]  and on power 

amplifying assist devices (IPAD) [154]. Concerning the interfaces that can be used for human 

robot interaction and cooperation, physical interfaces (e.g. visual interfaces, voice recognition 

interfaces) and remote interfaces (haptic displays, head mounted displays and force feedback 

systems) are the basic categories. A combination of those ones can bring the hybrid assembly 

processes a step forward.   
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- Collision avoidance and robot motion re-planning: this area includes obstacle avoidance in real 

time and it consists a motion planning problem that is analyzed in the related section within this 

paper.  

 

2.4.2. Safety issues 

Hybrid production systems including human operators and robot are undertaken by EN ISO10218-

1:2011 standard [156], where simultaneously the collaborative workspaces requirements involve two 

different layers for safety issues. The first concerns the environmental perception, including 

technologies for acquisition data from sensors (e.g. a “safe” network) and the second one includes 

algorithms for enabling the space –sharing for common task execution. The second layer is this that 

addresses all the collision avoidance algorithms and the real time re-planning of the robot path. 

Most of the safety standards are dealing with the robot’s safe installation, programming, and their 

autonomous operation with no human intervention. Even so, the needs of the industry for human- 

robots workspace sharing and collaboration remain challenge. European projects like CHRIS and 

ROSETTA [165] dedicate their effort to work on the safety issues implicit in the human-robot 

collaboration, not only in the physical side but also in the interaction control and robust task 

execution. Besides commercial solutions, peripheral devices such as the PILZ SafetyEYE, use camera 

systems to detect and report objects that encroach into warning and detection zones, which can be 

freely defined [166]. Other development on both components level and on systems level to support 

safe human robot collaboration is the KR 3 SI system of Kuka/ MRK System [164]. Key methods 

supporting these cooperative robot systems are currently under intense investigation. The challenge 

that outcomes and is recorded currently is to combine sensor systems for monitoring and safe 

controller architectures of robots to a holistic safety system that permits a safe collaboration with 

humans [167].  

Conventional safety relay technology has also restricted functionality of safety systems, particularly 

in terms of flexibility and diagnostics. Kuka Roboter GmbH has developed a safety system for 

industrial robots incorporating the safety-related fieldbus, SafetyBUS , in cooperation with Pilz 

GmbH [166] . The Electronic Safety Circuit (ESC), coupled with SafetyBUS and Pilz PSS safety 

controllers, is now being used by BMW. Standard automated optical protection devices use laser 

scanner technology in order to separate the human from the robot. PMD camera based methods 

developed in [157] for human motion analysis, which can be applied for workspace surveillance as 

well as for synchronisation of human and robot motion in cooperative assembly tasks. The intrinsic 

safety is taken into account through the weight reduction of the moving parts of a robot, giving 

emphasis in stiff design with advanced light materials. The “safe and soft” robotics, as adopted by 

KUKA Roboter GmbH, offer adequate safety using impendance control and collision detection.  

The results of this in-depth study [158] have been implemented in a novel and adaptive system, which 

is able to discriminate between humans to get reliable person-following behaviors in a mobile robot. 

Especially, the specifications for these robots were to: 

 be able to acquire a sufficient understanding of the environment 

 be aware of different situations 

 detect and track people with minimum instruction and with high quality and precision 

In [138]a collision avoidance controller is developed where the avoidance is done in a reactive way 

using a dynamic internal 3D environment model as shown in (Figure 47). The internal 3D 

representation of the surrounding of the robot listens to all modifications including adding, updating, 

and disappearing of objects that were detected from input sensors. 
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Figure 47: Internal 3D environment model used in the collision avoidance module 

 

Automotive industry was the first that tried to define the quantitative measures, indices and criteria 

for evaluating the injuries, using the automobile crash testing for head injuries and connecting it with 

robots through a scale called Abbreviated Injury Scale (AIS) ,classified between 0 (none) to 6 (fatal) 

scale that are translated into type of injuries [159].  

An overview in human robot safe cooperation and interaction is presented in [160] , taking into 

consideration the current status in Robotics Safety (e.g. ISO10218 2006 for collaborative operation in 

industrial robots) and helping in classifying the possible injuries systematically. Besides, several of 

the danger indices were proposed in relevant works such as schemes for limiting the impact force by 

restricting the robot’s torque commands [161], for defining the reflected inertia, relative velocity and 

distance between human and robot [162] etc. A PDM camera for human motion analysis was 

developed in [157] with the ability to workspace surveillance and for synchronizing human and robot 

motion in cooperative assembly tasks. Besides,[163] utilized a PDM range sensor also for supervising 

the human robot workspace.  
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3. REQUIREMENTS FOR DUAL ARM ROBOT PROGRAMMING & CONTROLS  

3.1. Requirements for dexterous advanced robot programming  

The requirements for dexterous advanced robot programming will be the starting point for setting the 

bases of X-act project design and development of user friendly instruction libraries. More 

specifically, bi-manual robot actions and programming for robot constrained motions have to be 

justified in terms of requirements for helping in the instruction libraries development and adjustment 

in the automotive and rework of electrical appliances cases.  

Basically, the requirements specification on robot programming defines "WHAT should be done", 

independently on the programming methods and approaches ("HOW it will be done"). However, 

considering relatively limited project development time, both specific requirements and possible 

promising concepts that in a best way could meet these requirements, will be jointly considered. 

As the background for the definition/precision of the requirements upon dual-arm robot programming 

in X-Act, we will utilize the X-Act programming framework and basic approach established in the 

DOW. The main dual-arm robot programming approach in the X-act project will focus on multi-

modal interactive-robot programming for both non-contact (free-space robot motion) and contact 

tasks (constrained robot motion) involved in the foreseen applications (use-cases). The main 

objective is thereby to considerably facilitate dual-arm robot programming in order to make it more 

transparent ande easy, nevertheless reliable and robust, foremost for industrial applications. The 

developed programming systems should also be applicable by users in SMEs without profound expert 

knowledge in robotic programming. The main premises are that advanced X-Act dual-arm robot 

programming should establish a clear step-forward towards practical advanced dual-arm robot 

programming for industry including novel programming approaches and methods.  

As a promising framework for X-Act dual arm robot programming the interactive-programming 

(Figure 48) has been identified [168]. The interactive programming involves 3 main modules: 

“robotic library” (“language”) (to be developed in WP3), which includes all programming aspects 

from the robot motion and applications viewpoint, “human library i.e. language” that includes all 

intuitive/interactive sensor-based programming methods and approaches, and “intention recognition” 

blocks (both will be developed in WP4) that maps human intention into robot programs and 

commands. 

 

 

Figure 48: Interactive robot programming framework 
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The specified requirements in terms of advanced dual arm robot programming have to follow the 

general aspects of: 

 Robust impendance and force control programming algorithms, extended from single arm 

robot to multi arm robot (especially dual arm), able of supporting all the assembly tasks from 

the scenarios definition. These tasks are broken down in the  following general categories: 

o Select tasks (e.g. select among different codes, parts etc.) 

o Lifting tasks (e.g. lift parts in order to assemble them) 

o Placement tasks (e.g. placement of specific parts into working area) 

o Collect tasks (e.g. pick up parts) 

o Screw tasks (e.g. tighten screws) 

o Unscrew tasks (e.g. untighten screws) 

o Turn tasks (e.g. change position of the working area) 

o Grasp tasks (e.g. grasp parts) 

o Push tasks (e.g. push clips to specific position) 

o Connect tasks (e.g. connect clips to specific points) 

o Unpack tasks (e.g. disassembly a packet, unpack the cable pack etc.) 

o Spread tasks (e.g. spread the unpacked cable) 

o Alignment tasks (e.g. align part2 above of part1, align a screw in a specific position 

etc.) 

o Control torque values tasks (e.g. send a signal for start screwing until 6.5Nm are 

applied) 

o Removal tasks (e.g. remove part1 for disassembly) 

 Motions strategies that offer the ability to perform bi-manual contact tasks and compensate 

the possible errors and uncertainties  

 Instruction libraries development integrated in Industrial robot programming environments 

(e.g. PDL2, C5GOpen)  

 Multi-modal robot programming using sensors feedback ( vision systems, voice recognition 

engines, force etc.), able of communicating with the  robot programming environment  

 Instructions from the libraries have to be integrated in such way, as the user/ programmer will 

easily understand in which task of the scenario execution is mentioned. This should include 

a hierarchical presentation of the instructions that will be used in the multimodal interfaces  

 Instruction libraries should take into consideration the sequence of tasks that the scenarios 

are broken down, helping in this way in defining according to this sequence a sequence of 

instructions that can be used for the final scenario execution 

 Instructions have to be easily understandable in English language (e.g. voice commands) and 

meaningful. Some examples are instructions like pick, move, place, mirror, copy, etc. that 

correspond to pick tasks, move tasks etc.  

 User friendly interfaces for programming should be developed able of supporting every 

assembly/ disassembly task that the pilot cases execution require 

 Software tool for generating the final robot programming in environment like PDL2 
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In the following table basic requirements upon development of the above X-Act programming system 

will be summarized. These requirements have been specified based on project goals, SOTA analysis, 

as well as use-cases specification (see D1.1). 
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Programming Issue/Requirements Precision/Explanation X-Act programming development/direction 

Background for development of X-act dual-arm 

programming: 

RP1: Evolution instead revolution. 

Combination of available industrial robot 

methods and algorithms with the innovative 

ones. 

Considering the limited project duration the 

programming environment should be based as 

possible on available open robot control and 

robot programming environment. 

Extend the PDL2 language using C5G open control 

environment for the development of robot libraries. 

Eventually IPK’s DARL (dual arm robot language 

developed in C++) may be applied. The integration of 

sensors for programming may be realized in RT Linux 

external controller. 

User operation: 

RP2: Multi-modal communication modes 

and channels. 

For programming of various tasks different 

communication modes based on various 

sensors should be applied. Redundancy could 

also be useful in order to increase robustness. 

Utilize various sensors (see Ch. 3.2) for robot 

programming, i.e. human intention recognition. Multi-

modal human-robot communication and programming 

(e.g. programming by demonstration, manual-guiding, 

gestures, icon-based programming etc.) provide core 

programming environment  For precise operation 

augmented-reality (to be developed within WP3) can 

also be applied. 

Programming layer: 

RP3: Task oriented programming 

The robot programming should relay on 

higher-layer robot activities (dual-arm 

operations, tasks and actions, i.e. terms also 

used: primitives, skills, behaviors etc.) that are 

well understandable for users. 

Decompose high-layer dual-arm robot operations 

(processes) representing the use-cases into several 

low-layer tasks and actions. Combine single and bi-

manual actions which should represent the lowest-

level activities in the programming. Combine 

optimally off-line (preparation) and on-line instructive 

parameterization of specific activities. 

Reliability-robustness: 

RP4: High reliability (if possible 99%) of 

interactive programming. 

Human intention recognition and 

programming checking and 

confirmations/precision if inevitable. 

Errors and mistakes during programming 

requiring several repetitions/confirmations are 

quite undesirable in the industrial practice 

which may have negative influence on the user 

acceptance. Therefore minimize as possible 

the errors, and introduce confirmations and 

checks of the human-intention only if 

necessary. 

Apply as possible stochastic approaches (Markov 

processes, Gaussian methods etc.) in human 

recognition, as well as sensor fusion techniques, in 

order to compensate for users differences and errors. 

Exception handling: Beside nominal programs flow, the exception Specify and program exception handling procedures 
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Programming Issue/Requirements Precision/Explanation X-Act programming development/direction 

RP5: Fast-reflexive reaction initiated by 

user/robot. Reprogramming/selection by 

user/automatic of recovery actions. 

must be involved in the programming, as well 

recovery actions. For critical cases, reflexive 

actions (STOP; HOLD etc.) must be triggered 

automatically by robot or operator. 

for each activity in addition to general emergence 

robot reactions, including automatic reflexive 

responses. 

Multi-modality: 

RP6: Utilize all available/acceptable 

communication channels, but select the most 

appropriate for specific operations. Avoid 

overtechnization. 

The variety of global and specific actions 

commands, as well relatively large number of 

activity parameters that should be specified , 

require variety of instructions there are not 

possible to transfer using single 

communication channel (e.g. speech, gestures 

etc.). 

Select optimal communication channels for each 

elemental activity. Combine all this channels during 

programming in an optimal way in order to achieve 

different goals such as: easy programming (e.g. 

speech, gestures), precision (e.g. augmented-reality) 

etc. provide various feedback to human (e.g. GUI, 

acoustic, optical etc.) to facilitate communications. 

Utilize as possible well-known and spread 

communication interfaces. 

Dual-arm motion: 

RP7: Programming of both uncoordinated 

and bimanual-robot motions for practical 

use-cases, including both contact and non-

contact tasks 

As mentioned above, the uncoordinated dual-

arm robot motion with some level of 

coordination of arms was primarily applied in 

until now in industry. The practical 

applications require, however, programming 

and control of bi-manual operations, which is 

one of relevant project goals. 

Develop libraries for typical human-like bi-manual 

actions (utilizing optimally the specificities such as 

symmetry/asymmetry, congruency to simplify 

planning and programming) and combine them with 

uncoordinated arm motion in complex activities (tasks, 

processes). 

User acceptance: 

RP8: Base as possible dual-arm robot 

programming on human 

understanding/performing of bimanual 

operations 

The main advantage of dual-arm robot is 

similarity to the human, which is not utilized 

in practice. This should provide the 

background for the programming of dual-arm 

robots in the project. 

Human-like motion analysis as background for actions 

specification and implementation in libraries. 

Collision avoidance: 

RP9: Programming of collision 

monitoring/avoidance with objects, but arm 

collision should be intrinsic in the control 

The practical applications in X-Act (use-cases) 

require constrained robot motion in a 

relatively small constrained working space. 

Implement algorithms for collision monitoring and 

avoidance in specific constrained motion actions. 
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Programming Issue/Requirements Precision/Explanation X-Act programming development/direction 

system. 

Practical applicability (focus on SMEs): 

RP10: Low costs programming environment 

Essential requirements for practical 

applicability of the programming development 

in industry, especially SMEs. 

Utilize as possible affordable low-cost technologies 

spread in multi-media systems, nevertheless robust and 

applicable for industrial applications. 

Table 1: Requirements for advanced dexterous robot programming
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3.2. Research and industry differences and weaknesses recognized for 

dexterous advanced robot programming 

The differences that are related in the advanced robot programming concerns the following issues: 

 Programming/ learning by Demonstration (PbD or LbD) 

The current situation on PbD techniques and instructions libraries for dual/ multi arm robots 

that can be used in higher programming level is explained as follows: 

a) A lot of research solutions applied in humanoid robots, especially in service robots. 

b) Dual arm robots in industrial environment have not been applied yet. 

c) Some robot providers (e.g. KUKA, ABB) offer commercial solutions for PbD, where 

others like COMAU have given focus on creating more user friendly teach pendants with 

graphical interfaces, without combining them with LbD. These solutions have also been 

applied to academic/ research level so far.  

d) Reliability of PbD solutions is disputed in industrial environment 

 Instructions libraries  

a) Research interest is increasing (e.g. PIZA project-IPK instruction libraries development)  

b) Not yet applied in industrial environment  

 

3.3. Requirements for new sensorial capabilities  

X-act project pilot cases create the need for new sensorial capabilities, according to the categories of 

tasks that will be executed. According to the Table 2, the motion/task categories lead to specific 

requirements for sensorial capabilities, as these are summarized here: 

 Optical sensing: OS 

 Sound sensing: SS 

 Force/ torque sensing: FS 

 Perception: P 

Task category 
Sensorial capabilities 

OS SS FS P 

Select tasks (e.g. select among different codes, parts etc.)     

Lifting tasks (e.g. lift parts in order to assemble them)     

Placement tasks (e.g. placement of specific parts into working area)     

Collect tasks (e.g. pick up parts)     

Screw tasks (e.g. tighten screws)     

Unscrew tasks (e.g. untighten screws)     

Turn tasks (e.g. change position of the working area)     

Grasp tasks (e.g. grasp parts)     

Push tasks (e.g. push clips to specific position)     

Connect tasks (e.g. connect clips to specific points)     
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Task category 
Sensorial capabilities 

OS SS FS P 

Unpack tasks (e.g. disassembly a packet, unpack the cable pack 

etc.) 
    

Spread tasks (e.g. spread the unpacked cable)     

Alignment tasks (e.g. align part2 above of part1, align a screw in a 

specific position etc.) 
    

Control torque values tasks (e.g. send a signal for start screwing 

until 6.5Nm are applied) 
    

Removal tasks (e.g. remove part1 for disassembly)     

Table 2: Requirements for new sensorial capabilities 

Following the task categories and the sensorial capabilities that are required according to them, X-act 

project will define more specifically in section 4.2.1, the sensors that are possible to be used for 

achieving these requirements. In order to ensure the sensing capabilities, requirements for the sensors 

selection will be defined.  

3.4. Research and industry differences and weaknesses for new sensorial 

capabilities 

 Sensorial capabilities: New sensorial capabilities for industrial sector remain a gap 

concerning the development of multi-modal interfaces for multi-sensing applications. 

 Integration of sensors: Sensors like cameras, PDM, Kinect/PrimeSense sensors, 

microphones, Bluetooth microphones with noise cancelling, force sensors etc. are not widely 

applied in industrial sectors (see also chapter 4.2.2).  

3.5. Requirements for control functionality  

The realization of dual-arm robot motion, as well as elemental non-contact/contact actions and 

complex tasks require variety of specific control algorithms that will be implemented and integrated 

in the open control robot system (COMAU C5G). The open control system to be used in X-ACT 

project supports the integration of novel control algorithms for dual-arm robots. This is realized via 

two communication interfaces between an external: real-time controller (running on RT Linux patch) 

and robot controller (Figure 49) running at different control layers: a fast real time control UDP 

communication interface (at 1-2 ms) and programming interface at the robot programming control 

layer (TCP/IP at 10 ms). These interfaces allow implementation of both new algorithms and 

programming commands for dual-arm robot control. 
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Figure 49: Open Control System 

The requirements for the control functionalities that the dual arm robot platform will be able to 

execute are more or less related to the additional capabilities of the robot programming. Some 

important aspects that will be reviewed in the final definition of the control functionalities concern 

the following requirements:  

 Control capabilities like mirroring, copying motion between two hands, synchronizing the 

motion of the two hands, doing parallel tasks independently etc. Capabilities like these are 

already available in the RML robot platform (COMAU) that will be used in the project.  

 Control capabilities like for example recognizing the signal of present obstacles and do the 

corresponding robot actions in real time, using C5Gopen  

 Control capability of processing force sensor signal in real time and ensure the safety for both 

dual arm mechanism itself and also and for present operators 

 Control capabilities of processing sensor signals like visual servoing, voice recognition 

engine in real time and ensuring the accuracy, repeatability and safety that can be achieved  

 Control capability of using the OLP and Process Simulate (Siemens) in real time for 

generating a robot path 

 

In the following table the main requirements upon X-Act dual-arm control system has been 

summarized. These requirements have been specified based on project goals, SOTA analysis, as well 

as use-cases specification (see D1.1). 
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Dual-arm Control Issue/Requirements Precision/Explanation X-Act Control development/direction 

Background for development of X-act dual-

arm robot control: 

RC1: Evolution instead revolution. 

Upgrade the existing industrial robot 

control system instead to develop new one 

Considering the limited project duration the 

control system development should be based 

as possible on available open robot control 

environment (COMAU C4G or C5G Open). 

Integrate dual-arm robot interaction control 

extensions based on previous development in 

ARFLEX and IP-PISA projects developments 

(COMAU and IPK). 

Basic Control Functionality 

RC2: Dual-arm control should provide an 

integrated control system supporting 

various robot motions, such as: free-space, 

constrained space and dual- arm robot 

motion control. 

The X-Act use cases integrate complex motion 

including contact tasks as well as single-arm 

and bimanual operations. 

Integrated external controller development with 

various sensor processings and control algorithms 

(position, force, vision etc.). Consider the entire 

redundant robotic systems providing various 

automatic optimal, as well as user-guided 

programmable redundancy resolution algorithms. 

Control functionalities: 

RC3: Control of complex processes 

including elemental moth free-space motion 

and robot-environment interaction skills 

such as: grasping, insertion, screwing, 

pressing etc. 

Assembly/Disassembly tasks include complex 

elemental contact operations that must be 

controlled (both position and force). 

Implement and integrate impedance and force 

control for the contact tasks for both single-arm 

and bimanual tasks. 

Environmental operation conditions 

(accuracy): 

RC4: Control system should work in a 

structured but uncertain environment 

(tolerances up to 2-3 mm). 

Compensate for inaccuracies of the 

environment (object position errors, tolerances 

etc.) in order to perform robustly the tasks. 

Integrate a vision control for the non-contact tasks 

and impedance/force control for contact 

applications. Bin-picking should be avoided. 

Robustness: 

RC5: Cope with variable and uncertain 

dynamic characteristics of the environment 

(stiffness etc.) 

Different objects to be assembled in the use-

cases involve various materials, such as: 

aluminum, steel, polyurethane materials, wires 

etc. The controller should be optimized to 

distinguish and operate on different materials. 

Apply robust interaction control with various 

gains predesigned for different environment 

which should be selected/changed by programs. 

Performance: The dual-arm robot will be used to automate Optimize the control performance for critical 
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Dual-arm Control Issue/Requirements Precision/Explanation X-Act Control development/direction 

RC6: The interaction control performance 

should be comparable to human operations 

for both non-contact and contact tasks ( 

bandwidth 3-5 Hz). 

the operations previously manually performed 

by human. The goal is to achieve similar 

performance. 

interaction control. Implement human-like 

variable compliance control. 

Dual-arm robot control modes: 

RC7: Support various motion and 

operation conventional single-arm and new 

dual-arm modalities, such as bimanual 

jogging, jigless operations, bimanual PTP 

and CP motion control etc. 

The project aspires to demonstrate all relevant 

advantages of dual-arm robot applications, 

such as space-, time- and cost saving. 

Apply human-like strategy also at the control-

layer combining standard arm free-space motion 

modes with new dual-arm control approaches. 

Interaction: 

RC8: Support the interaction control by 

fulfilling control safety standards (ISO 

10218-1). 

Robot control system (industrial part and 

external control) should meet all safety 

conditions foreseen by the new robot safety 

standards. 

Develop and integrate all algorithms to ensure 

safe interaction based on: limited velocity control, 

restricted power-force control etc. 

Table 3: Requirements for control functionalities
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3.6. Research and industry differences and weaknesses for control 

functionality 

The differences that are related with the control functionality of multi-arm robot systems are the 

following:  

 Distributed control for multi-robot systems  

o The current state concerns the cooperative distributed control that is going on 

research world 

o In industrial world, individual robots are controlled by their own controller in task 

level 

 Real time communication  

o The current state that is a gap between research and industry is the lack of adaption 

of the latest technologies in industry like USB 3.0, standardization in the protocols 

according to different robot type etc. 

o Use of fieldbuses and industrial networks in not such a gap with the research 

community 

 Force/ torque control 

o The current state of force measurement and feedback to robot controller is already 

applied in humanoids 

o Commercial robots already have force control implemented (force sensors attached 

to the robot hands) 

o It is popular in lightweight robots and not in widely used in industrial applications  

 Impendance control  

o The current state for controlling robot motions in research is very popular (e.g. Justin 

robot-DLR) 

o It is already applied in commercial robots (like KUKA lightweight robot), but it is 

not yet applied for robots with large number degree of freedoms 

3.7. Requirements for dual arm motion planning  

Regarding the motion planning of the dual arm robot the following requirements should be taken in 

consideration:  

 Self-collision avoidance of the dual arm robot 

 State of the art motion planning algorithms for collision avoidance and path planning in 

uncertain environments 

 Synchronized movements of the two arms and human like motion planning 

 Scheduling for the tasks performed by the two arms in the common workspace 

 Evaluation of alternatives for human-robot interactive assembly tasks 

 Re planning for safety or other unexpected changes in the environment. 

 

3.8. Research and industry differences and weaknesses for dual arm 

motion planning 

 Collision avoidance  
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o Research:  a lot of solutions applied in dual arm motion planning, traditionally 

coped from single robot’s planning 

o Industry: industrial solutions also available (e.g. CAFIR @ KUKA) for single 

robots- Collision avoidance packets for humanoid robots are still insufficient 

 Autonomous planning  

o Research: the majority of research attempts focus on mobile robots 

o Industry: not yet applied to commercial robots 

3.9. Requirements for offline programming  

Existing offline programming tools offered by robot vendors do focus on single robot simulation 

only. Simulation software from Digital Factory vendors are able to simulate a complete line with 

several robots synchronized by signals and PLC logics, but they do not support cooperative robot 

scenarios in which two or more robots are directly controlled by a single controller. 

 

Therefore, on top of the basic requirement to be able to model dual arm paths in Process Simulate 

(see above), it is also required to extend the existing Process Simulate OLP techniques to dual arm 

systems. 

 

For this purpose, an OLP Controller dedicated to COMAU Dual-Arm system will be developed on 

top of Process Simulate. 

 

In terms of programming, we need to be able to: 

- Define motion parameters on the dual-arm steps (motion type, speed, TCP, ...) 

- Define “process commands” to be performed at a step (sending signals, moving external 

devices, ...) 

- Jump dual arms to a specific program step 

 

In terms of simulation, we need to extend and/or adapt the RRS-1 (Realistic Robot Simulation) 

standard interface to support dual arm input/output positions and plug this extended RCS (Robot 

Controller Simulation) Module into Process Simulate simulation mechanism: 

- Specify new required RRS services, if needed 

- Specify the changes in following existing services: 

o 110 – GET_FORWARD_KINEMATICS 

o 116 – SET_INITIAL_POSITION 

o 117 – SET_NEXT_TARGET 

o 118 – GET_NEXT_STEP 

- Enhance Process Simulate Core simulation engine to support this extended RRS interface 

- Map dual arm trajectories information into appropriate RRS calls in the simulation part of the 

OLP controller 

This step requires that Comau has provided Siemens with an updated RCS Module which complies 

with the extended specifications. 

 

In terms of upload/download, we need to be able to: 

- Generate valid Comau programs from dual arm Process Simulate trajectories 

- Upload online teached programs into Process Simulate without any loss of information 
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3.10. Research and industry differences and weaknesses for offline 

programming 

 Research: A lot techniques and software tools are applied for offline programming, but able 

of supporting single arm robots so far. Dual arm robots have to be applied as two 

manipulators in cooperation rather that two single arm robots. 

 Industry: Offline programming techniques are not widely applied to industrial sectors, due 

to high cost of software tools. Online programming is the most frequent technique applied.  

 

3.11. Requirements for dual arm simulation & kinematic modelling  

Existing simulation tools enable simulating and offline programing of 6 axis traditional robots. In 

order to enable using dual arm robots several enhancements has to be done in Process Simulate:  

- Enhancements to the kinematic engine to support: 

o Kinematics modelling of dual arm robots 

o Joint and Cartesian jogging 

- Modelling dual arm trajectories, which includes: 

o Adding a step to a trajectory 

o Determining which TCPs will be used for each step 

o Showing the steps in the Path Editor to enable the user to edit and add OLP 

parameters, robotic parameters and other. 

- Graphical visualization of dual arm trajectories 

- Smart algorithm solver to help creating dual arm paths (solving infinite redundancy) 

- Simulation of dual arms paths. 

- Enabling download and upload dual arm robotic programs.  

- Adjustment of the Process Simulate Operation model to accommodate dual-arm robotic 

operations. 

- Adjusting different Process Simulate tools like: collision detection (self-collision), pie chart, 

automatic approach angle, etc. to support path planning of dual arm paths. 

 

3.12. Research and industry differences and weaknesses for dual arm 

simulation & kinematic modelling 

 Robot kinematics/ dynamics modelling 

o Research: common industrial arms and simple gripping devices can be easily 

modelled in comparison with humanoid robots (e.g. Justin: 20 DOFs) 

o Industry: common industrial arms are simulated with commercial packets ( e.g. 

ROBCAD). For dual arm robot (13DOFs: 2 common robot  arms and 1 DOF for 

torso), the new simulation tool of SIEMENS is promised to be able to support the 

kinematics and simulation of the robot. 
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4. REQUIREMENTS FOR COGNITIVE HUMAN-ROBOT INTERACTION AND SAFETY  

4.1. Existing regulation and Standards for safety issues  

This section includes all the recognized regulations and standards analysis that are related in the 

human robot interaction and safety in the same workspace. This contribution will be basic input in 

the WP4 and especially in the Task 4.1, where the basic design and the risk assessment will be done 

for TOFAS and ALFA cases.  

In each EU country, a law or provision refers to the relevant EU directive and thus elevates it to the 

status of domestic law. Between the time a directive is adopted and the point at which it is 

incorporated into domestic law there is inevitably a transition period, during which time the directive 

awaits incorporation into domestic law in the individual countries. However, for users this is 

generally unimportant because the directives themselves provide clear indication on the respective 

validity date. So although the titles of these documents describe them almost harmlessly as directives, 

in practice they have legal status within the EU.  

This explains how laws and directives are connected, but doesn’t deal with the issue of the standards. 

Although the standards themselves make interesting reading, on their own they have no direct legal 

relevance until they are published in the Official Journal of the EU or are referenced in domestic laws 

and provisions. These are the publications by which a standard can acquire “presumption of 

conformity”. Presumption of conformity means that a manufacturer can assume he has met the 

requirements of the corresponding directive provided he has complied with the specifications in the 

standard. So presumption of conformity confirms proper conduct, as it were. 

Where the manufacturer applies a harmonised standard, if there is any doubt, misconduct will need to 

be proven. Where the manufacturer has not applied a harmonised standard, he will need to prove that 

he has acted in compliance with the directives. 

If a manufacturer does not comply with a standard, it does not necessarily mean that he has acted 

incorrectly. Particularly in innovative industries as this project X-ACT, relevant standards either may 

not exist or may be inadequate. The manufacturer must then demonstrate independently that he has 

taken the necessary care to comply with the safety objectives of the relevant directives. Such a route 

is usually more complex but, in an innovative industry, it is often unavoidable.  

Irrespective of the place and date of manufacture, all machinery used in the European Economic Area 

for the first time from 01.01.1995 is subject to the EU Machinery Directive and as such must be CE 

certified. 

In each EU country, a law or provision refers to the relevant EU directive and thus elevates it to the 

status of domestic law. Between the time a directive is adopted and the point at which it is 

incorporated into domestic law there is inevitably a transition period, during which time the directive 

awaits incorporation into domestic law in the individual countries. However, for users this is 

generally unimportant because the directives themselves provide clear indication on the respective 

validity date. So although the titles of these documents describe them almost harmlessly as directives, 

in practice they have legal status within the EU.  

This explains how laws and directives are connected, but doesn’t deal with the issue of the standards. 

Although the standards themselves make interesting reading, on their own they have no direct legal 

relevance until they are published in the Official Journal of the European Union or are referenced in 

domestic laws and provisions. These are the publications by which a standard can acquire 

“presumption of conformity”, then these standards are considered as harmonised standards under the 

European Directives. Presumption of conformity means that a manufacturer can assume he has met 

the requirements of the corresponding directive provided he has complied with the specifications in 

the standard. So presumption of conformity confirms proper conduct, as it were. 
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Where the manufacturer applies a harmonised standard, if there is any doubt, misconduct will need to 

be proven. Where the manufacturer has not applied a harmonised standard, he will need to prove that 

he has acted in compliance with the directives. 

If a manufacturer does not comply with a standard, it does not necessarily mean that he has acted 

incorrectly. Particularly in innovative industries as this project X-ACT, relevant standards either may 

not exist or may be inadequate. The manufacturer must then demonstrate independently that he has 

taken the necessary care to comply with the safety objectives of the relevant directives. Such a route 

is usually more complex but, in an innovative industry, it is often unavoidable.  

Irrespective of the place and date of manufacture, all machinery used in the European Economic Area 

for the first time from 01.01.1995 is subject to the EU Machinery Directive and as such must be CE 

certified. 

4.1.1. Directives 

Of the almost 30 active directives now available, only a small selection is relevant to the typical 

machine builder. Some directives may have a very long or bureaucratic title in addition to the 

directive number (e.g. 2006/42/EC). Variations can be seen in the last part of the directive number. 

This will contain EC, EU, EG, EWG or some other abbreviation, depending on the language area and 

issue date. As a result it is generally very difficult to name the directive. These long titles are often 

abbreviated separately, even though this can also lead to misunderstandings. Here is a list of some of 

the key directives with both their official title and their usual, though unofficial, abbreviated title: 

 

Directive 
Abbreviated title 

(unofficial) 
Official title 

2006/42/EC Machinery Directive 

Directive 2006/42/EC of the European Parliament 

and of the Council of 17 May 2006 on machinery, 

and amending Directive 95/16/EC (recast) 

2001/95/EC Product Safety Directive 

Directive 2001/95/EC of the European Parliament 

and of the Council of 3 December 2001 on general 

product safety 

2004/108/EC EMC Directive 

Directive 2004/108/EC of the European Parliament 

and of the Council of 15 December 2004 on the 

approximation of the laws of the Member States 

relating to electromagnetic compatibility and 

repealing Directive 89/336/EEC 

1999/5/EC Radio Equipment Directive 

Directive 1999/5/EC of the European Parliament 

and of the Council of 9 March 1999 on radio 

equipment and telecommunications terminal 

equipment and the mutual recognition of their 

conformity 

2003/10/EC Noise Directive 

Directive 2003/10/EC of the European Parliament 

and of the Council of 6 February 2003 on the 

minimum health and safety requirements regarding 

the exposure of workers to the risks arising from 

physical agents (noise) 

2006/95/EC Low Voltage Directive 

Directive 2006/95/EC of the European Parliament 

and of the Council of 12 December 2006 on the 

harmonisation of the laws of Member States 

relating to electrical equipment designed for use 
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Directive 
Abbreviated title 

(unofficial) 
Official title 

within certain voltage limits 

89/686/EEC 

Personal Protective 

Equipment Directive 

 

Council Directive on the approximation of the laws 

of the Member States relating to personal protective 

equipment 

Table 4: Directives 

4.1.2. Safety related general Standards  

The following section addresses a selection of the general safety standards. They are explained in 

various degrees of detail, depending on the significance of the individual standard. 

 

Standard Harmonised Title 

EN 349:2008 Yes 
Safety of machinery Minimum gaps to avoid 

crushing of parts of the human body 

EN 547-1 to -3:2008 Yes Safety of machinery Human body measurements 

EN 953:1997+A1:2009 Yes 

Safety of machinery Safety of machinery. Guards. 

General requirements for the design and 

construction of fixed and movable guards 

EN 1005-1 to -4:2008 

EN 1005-5:2007 

Yes 

No 

Safety of machinery Human physical 

performance 

EN 1037:2008 

 
Yes 

Safety of machinery Prevention of unexpected 

start-up 

EN 1088:2007 

 
Yes 

Safety of machinery Interlocking devices 

associated with guards. Principles for design and 

selection 

EN ISO 11161:2010 No 
Safety of machinery Integrated manufacturing 

systems – Basic requirements 

EN ISO 12100:2010 

 
Yes 

Safety of machinery General principles for 

design. Risk assessment and risk reduction 

EN 12453:2000 No 

Industrial, commercial and garage doors and 

gates. 

Safety in use of power operated doors – 

Requirements 

EN ISO 13849-1:2009 Yes 

Safety of machinery 

Safety-related parts of control systems – Part 1: 

General principles for design 

EN ISO 13849-2:2008 Yes 

Safety of machinery 

Safety-related parts of control systems – Part 2: 

Validation 
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Standard Harmonised Title 

 

EN ISO 13850:2006 Yes 
Safety of machinery – Emergency – Principles for 

design 

EN ISO 13855:2010 Yes 

Safety of machinery. Positioning of safeguards 

with respect to the approach speeds of parts of the 

human body 

EN ISO 13857:2008 Yes 

Safety of machinery 

Safety distances to prevent hazard zones being 

reached by upper 

and lower limbs 

EN 1088:1995 +A2:2008 No 

Safety of machinery Interlocking devices 

associated with guards. Principles for design and 

selection 

EN ISO 14121-1:2007 Yes 
Safety of machinery 

Risk assessment – Part 1: Principles 

EN 60204-1:2010 Yes 

Safety of machinery 

Electrical equipment of machines - Part 1: 

General requirements 

EN 60947-5-1:2009 

EN 60947-5-2:2008 

EN 60947-5-3:2007 

EN 60947-5-4:2003 

EN 60947-5-5:2006 

EN 60947-5-6:2001 

EN 60947-5-7:2003 

EN 60947-5-8:2007 

EN 60947-5-9:2008 

Yes 

Low voltage switchgear and control gear 

Part 5: Control circuit devices and switching 

elements 

 

EN 61310-3:2001 Yes 

Safety of machinery – Indication, marking and 

actuation. Part 3: requirements for location and 

operation of actuators. 

EN 61326-3 No 
Electrical equipment for measurement, control 

and laboratory use. EMC requirements 

EN 61496-1:2010 Yes 

Safety of machinery 

Electrosensitive protective equipment – Part 1: 

General requirements and tests 

EN 62061:2010 Yes 

Safety of machinery 

Functional safety of safety-related electrical, 

electronic and 
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Standard Harmonised Title 

programmable electronic control systems 

IEC 61496-2:2006 

CLC/TS 61496-2:2006: 

 

No 

Safety of machinery Electrosensitive protective 

equipment – Part 2: Particular requirements for 

equipment using active optoelectronic protective 

devices (AOPDs) 

CLC/TS 61496-3:2008 

 
No 

Safety of machinery Electrosensitive protective 

equipment – Part 3: Particular requirements for 

active optoelectronic protective devices 

responsive to diffuse refl ection (AOPDDR) 

EN 61508 

Parts 1-7:2010 

 

No 

Functional safety of safety-related electrical, 

electronic and programmable electronic control 

systems 

EN 61511 

Parts 1-3:2004 
No 

Functional safety – Safety instrumented systems 

for the process industry sector 

EN 61784-3:2010 No 

Industrial communication networks – Profiles – 

Part 3: Functional safety fieldbuses – General 

rules and profile definitions 

EN 61800-5-2:2007 No 
Adjustable speed electrical power drive systems – 

Part 5-2: Safety requirements. Functional 

IEC/TS 62046:2008 No 
Safety of machinery Application of protective 

equipment to detect the presence of persons 

IEC/TR 62685:2010 No 

Industrial communication networks – Profiles – 

Assessment guideline for safety devices using 

IEC 61784-3 functional safety communication 

profiles (FSCPs) 

EN ISO 10218-1:2011 No 
Robots and robotic devices- Safety requirements 

for industrial robots- Part 1: Robots 

EN ISO 10218-2:2011 No 

Robots and robotic devices- Safety requirements 

for industrial robots- Part 2: Robot system and 

integrator 

Table 5: Safety standards 

 

 

4.1.2.1. EN ISO 12100 and EN ISO 14121-1 

The standards EN ISO 12100-1 and -2 plus EN ISO 14121-1 essentially explain the principles and 

methods by which a risk assessment, risk analysis and risk minimisation should be carried out. EN 

ISO 14121-1 replaces its predecessor EN 1050. The two-part standard EN ISO 12100 replaces EN 

292. All three standards are harmonised and so are particularly helpful for the European legal area. In 

2011, EN ISO 12100 provided a further summary of EN ISO 12100-1 and -2 plus EN ISO 14121. 

This standard is identical in content to the named standards and simply summarises them within one 

document. The transition period in which the standards can coexist has been set until 30.11.2013. 
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Standard 
Harmonise

d 
Title 

EN ISO 12100:2010 Yes Safety of machinery – General principles for design 

– Risk assessment and risk reduction 

EN ISO 14121-1:2007 Yes Safety of machinery – Risk assessment – Part 1: 

Principles 

Table 6: Standards EN ISO 12100:2010 & EN ISO 14121-1:2007 

 

4.1.2.2. EN 61784-3 Safe fieldbuses 

The EN 61784-3 series of standards covers a whole range of safety enhancements for different 

fieldbus profiles, based on the specifications of EN 61508. These enhancements are handled as 

security profiles and describe the mechanisms and technical details of these profiles. For the average 

machine builder, at most the generic part of EN 61784-3 will be of interest, as this is the part that 

describes the general safety principles. The profile documents EN 61784-3-x are mainly intended for 

device manufacturers who wish to build their own safety devices in accordance with one of the 

published profiles. In this case, it makes sense to work in cooperation with the relevant user groups 

behind these profiles, as they will be familiar with the basic profiles described in the series EN 

61784-1 and -2, as well as EN 61158. A complete profile consisting of the relevant parts of EN 61784 

and EN 61158 will contain between 500 and 2,000 pages. All the profiles together amount to around 

10,000 pages. 

 

Standard 
Harmonise

d 
Title 

EN 61784-3:2010 No 

Industrial communication networks – Profiles – 

Part 3: Functional safety fieldbuses – General rules 

and profile definitions 

Table 7: EN 61784-3 Safe fieldbuses 

 

4.1.2.3. EN ISO 13849-1 

Standard 
Harmonise

d 
Title 

EN ISO 13849-1:2009 Yes 

Safety of machinery 

Safety-related parts of control systems 

Part 1: General principles for design 

EN ISO 13849-2:2008 Yes 

Safety of machinery 

Safety-related parts of control systems 

Part 2: Validation 

Table 8: 4.1.2.3. EN ISO 13849-1 

EN ISO 13849-1 is a generic standard for functional safety. It has been adopted at ISO level and 

within the EU as harmonized to the Machinery Directive. It therefore provides presumption of 

conformity within the EU. The scope is given as the electrical, electronic, programmable electronic, 

mechanical, pneumatic and hydraulic safety of machinery.  
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 Risk assessment: Risks are assessed in EN ISO 13849-1 with the aid of a risk graph. The 

assessed criteria include severity of injury, frequency of exposure to the risk and the 

possibility of avoiding the risk. The outcome of the assessment is a required performance 

level (PLr) for the individual risks. In subsequent stages of the risk assessment, the levels 

determined using the risk graph are aligned with the selected risk reduction measures. For 

each classified risk, one or more measures must be applied to prevent the risk from occurring 

or to sufficiently reduce the risk. The quality of the measure in the performance level must at 

least correspond to the level determined for the respective risk. 

 Determination of the required performance level PLr: Just 3 parameters need to be 

examined to assess the performance level (PL): 

 

Severity of injury S 

Slight (normally reversible injury) S1 

Serious (normally irreversible injury including death) S2 

 

  

Frequency and/or exposure to a hazard F 

Seldom to less often and/or exposure time is short F1 

Frequent to continuous and/or exposure time is long F2 

  

Possibility of avoiding the hazard P 

Possible under specific conditions  P1 

Scarcely possible  P2 

 

The required performance level PLr is calculated using the following graph and the classification of 

the individual parameters. 

 

 

Figure 50: Required performance level PL 
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Assessment of the risk begins at the starting point on the graph and then follows the corresponding 

path, depending on the risk classification. The required performance level PLr a, b, c, d or e is 

determined once all the parameters have been assessed.  

 

 Assessing the implementation/examining the system 

EN ISO 13849-1 works on the assumption that there is no such thing as a safe device. 

Devices only become suitable through an appropriate design for use in applications with 

increased requirements. As part of an assessment each device is given a PL, which describes 

its suitability. Simple components can also be described via their MTTFd (Mean time to 

dangerous failure) or B10d value (Mean number of cycles until 10% of the components fail 

dangerously). The following considerations examine how the failure of devices or their 

components affects the safety of the system, how likely these failures are to occur and how to 

calculate the PL. 

 Determination of common cause failures –CCF factor; The CCF factor is determined 

through a combination of several individual assessments. One of the first key parameters to 

examine is the system architecture. Systematic effects in particular need to be assessed, such 

as the failure of several components due to a common cause. The competence and experience 

of the developers are also evaluated, along with the analysis procedures. An evaluation scale 

is used, on which a score of between 0 and 100% can be achieved. 

 PL assessment: IEC ISO 13849-1 uses the diagnostic coverage (DC), system category and 

the system’s MTTFd to determine the PL (performance level). The first value to be 

determined is the DC. This depends on λDD (failure rate of detected dangerous failures) and 

λDtotal (failure rate of total dangerous failures). In the simplest case this is expressed as: 

 

 On complex system, an average DCavg is calculated: 

 

With homogenous or single-channel systems, the MTTFd value can be established 

approximately as the sum of the reciprocal values of the individual components, 

corresponding to the MTTFd value of a single channel: 

 

In a final assessment stage, a graphic is used to assign the PL based on the recently calculated 

values. 
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Figure 51:PL in accordance with EN ISO 13849-1 

The most practical approach is to select the column for Category and DC first. Then choose 

the relevant MTTFd range from the bar. The PL result can now be read from the left-hand 

scale. In most cases, some interpretation will still be required, as often there is no clear 

relationship between the MTTFd range and the PL. The final step is to compare the required 

PLr level from the risk assessment with the achieved PL. If the achieved PL is greater than or 

equal to the required PLr, the requirement for the implementation is considered to have been 

met. 

 

4.1.2.4.  EN ISO 13855 

This International Standard establishes the positioning of safeguards with respect to the approach 

speeds of parts of the human body. It specifies parameters based on values for approach speeds of 

parts of the human body and provides a methodology to determine the minimum distances to a hazard 

zone from the detection zone or from actuating devices of safeguards. The values for approach speeds 

(walking speed and upper limb movement) in this International Standard are time tested and proven 

in practical experience. This International Standard gives guidance for typical approaches. Other 

types of approach, for example running, jumping or falling, are not considered in this International 

Standard. 

 

Standard 
Harmonise

d 
Title 

EN ISO 13855:2010 Yes Safety of machinery. Positioning of safeguards 

with respect to the approach speeds of parts of 

the human body 

 

EN ISO 13855 defines the following preferential distances: 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. Here too, the safety distance 

between the outer edge of the protected field and the danger point to be safeguarded should be such 
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that the possibility of injuries resulting from the hazardous movement in the danger zone is excluded, 

bearing in mind the machine’s stopping performance. 

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 

 

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  1 750 

If the risk assessment permits a single beam arrangement 

 

4.1.2.5. EN 60204-1 

Standard Harmonised Title 

EN 60204-1:2010 Yes Safety of machinery 

Electrical equipment of machines 

Part 1: General requirements 

 

The harmonised standard EN 60204-1 considers the electrical safety of non-hand-guided machinery 

with voltages up to 1000 VDC and 1500 VAC. Its scope is therefore such that there are very few 

industrial machines that it does not affect. 

 

4.1.2.6. EN 61508 

EN 61508 is the key standard dealing with the functional safety of control systems. It has 7 parts in 

total and all together contains around 1000 pages of text. It’s important to note that EN 61508 has not 

been harmonised. Only its sector standard EN 62061 can claim harmonisation. The whole EN 61508 

standards’ package was completely revised in 2010 and Edition 2 is now available. A key component 

of EN 61508 is the examination of the complete lifecycle from a safety perspective (in Part 1), with 

detailed requirements of the procedure and the content of the individual steps; it’s essential to both 

machine builders and safety component manufacturers alike. 
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Standard 
Harmonise

d 
Title 

EN 61508-1 :2010 

EN 61508-2 :2010 

EN 61508-3 :2010 

EN 61508-4 :2010 

EN 61508-5 :2010 

EN 61508-6 :2010 

EN 61508-6 :2010 

No Functional safety of safety-related electrical, 

electronic and programmable electronic control 

systems 

 

 

This standard is also focused on the design of electrical systems and their corresponding software. 

However, the standard is to be generally expanded and will also apply for all other systems 

(mechanics, pneumatics, hydraulics). Manufacturers of safety components such as safety relays, 

programmable safety systems and safety sensor/actuator technology are likely to derive the most 

benefit from this standard. Overall, when it comes to defining safety levels, end users or system 

integrators are better advised to use the much less complex EN ISO 13849-1, rather than EN 61508. 

 

4.1.3. Standards on robot safety 

The ISO TC 184/SC2 committee is in charge of the development of all standards related to robots. It 

is organized in different WG: 

 

 

Figure 52: Organization of WGs in ISO TC 184 

 WG 1 is focused on the definition of the Vocabulary for safety, and its main output was the 

standard ISO 8373:1994; 
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 WG 7 deals with Personal Care Robot, and it has printed in 2011 the ISO 13842 (Non-

medical personal care robot – Safety requirements); 

 WG 8 deals with Service Robots, and it has not provided any relevant standard yet; 

 WG3 deals with Industrial Robot. They have produced the most relevant standards for X-

ACT, that will be detailed later in this chapter: 

o ISO 10218-1 – Robots for industrial environments - Safety requirements - Part 1: 

Robot (published in 2011  

o ISO 10218-2 – Robots for industrial environments - Safety requirements - Part 2: 

Industrial robot system and integration (published in 2011) 

o ISO/TS 15066 - Technical specification on collaborative workspace (under 

elaboration) 

 

ISO-10218-1/2 standards consider innovative aspects:  

 More than one coordinated robots under the control of one or more operators; 

 Robots collaborating with human operators; 

 Advanced programming tools (e.g. wireless teach pendant); 

 Dynamic workspace limiting; 

 Collaborative workspace. 

 

Non-industrial robots are not considered, but safety principles established in these standards should 

be useful for these other robots also.  

A key principle of ISO 10218-1/2 is that hazard identification and risk assessment are mandatory. 

Main innovations they introduce: 

 Vision systems are listed among the safety devices/sensors. 

 Finally, the standard introduces the definition of collaborative workspace, as the area within 

the safeguarded space where the robot and a human can perform tasks simultaneously. 

 

Maximum space 

Restricted space 

Safeguarded space 

 

Working space 

Interlocked gate 

 

Figure 53: Areas around robot and its definition 

Technical specification TS 15066 is under elaboration. Its objective is to provide the user with 

assistance for the setup of human-robot-collaboration and the appropriate risk assessment procedures. 
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The relationship of standards related to protective devices is presented in Annex B of ISO10218-

2:2011. 

 

4.1.3.1. ISO10218-1:2011, Part 1: Robots 

This second edition of the standard (the previous one was published in 2.006) The focus of the 

standard is the ROBOT. 

The main innovations in the norm that are relevant for X-ACT are: 

 Hazard identification and risk assessment are mandatory to determine the risk reduction 

measures required to adequately reduce the risks presented by the integrated application. 

Application’s hazards shall also take into account. 

 Safety-related control system performance (hardware/software): It establishes Performance 

Level PL=d for safety-related parts of control systems 

o A single fault of any part does not lead the loss of safety function 

o Whenever reasonably practicable, the single fault shall be detected at or before the 

next demand upon the safety function 

o When single fault occurs, the safety function is always performed and a safe state 

shall be maintained until the detected fault is corrected 

o All reasonably foreseeable faults shall be detected 

 Operational modes : New “Manual high speed” operation mode is introduced (in addition to 

Automatic and Manual reduced speed). The standards introduce the idea that in some cases 

manual movement of the robot can be performed with speed that may exceeds 250 mm/s but 

“with care” (default 250 mm/s, higher speed only for deliberate choice, high speed cannot be 

memorized, a deliberative action is required to return to the higher speed…). 

 Collaborative operation requirements 

o Robots shall provide visual indication of this mode 

o Hand guiding is allowed with some constraints (5.10.3) 

o The robot has to stop when a human is in the collaborative workspace; it can resume 

the automatic operation when the human leaves the CS. Alternatively the robot may 

decelerate resulting in a category 2 stop (5.10.2) 

o If a “manual guidance” device is available, it must be located near the end-effector, it 

must have an emergency stop and a hold-to-run control, safety-rated monitored speed 

function active has to be active.  

o As the robot has to maintain a determined speed and distance from the operator, 

these two parameters (distance and speed) have to be monitored (5.10.4) 

o Power and force limiting (5.10.5) 

o Near singularity configurations may require the robot stopping/warning 

(audible/visual) when in manual reduced-speed mode of hand guiding (5.11) 

 Different axis limiting mechanisms are established to limit the robot space (5.12): 

 mechanical and electro-mechanical devices 

 safety-rated soft axis limits: only authorized personnel can change the limits, 

they cannot be changed without re-initialization of the safety-related sub-

system, they cannot be changed in automatic execution of the programme. 

 Dynamic limiting devices: automatic change of the limits inside the restricted 

space using mechanisms as cam-operated 

 A list of significant hazards are provided in Annex A 

 It establishes in Annex F verification/validation method for safety requirements and measures 

 

4.1.3.2. ISO10218-2:2011, Part 2: Robot systems and integration 

The focus of the standard is the Robot SYSTEM. 
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The main innovations in the norm that are relevant for X-ACT are: 

 Hazard identification and risk assessment are mandatory to determine the risk reduction 

measures required to adequately reduce the risks presented by the integrated application. 

Application’s hazards shall also take into account. 

 It provides some layout design considerations 

 Limiting robot motion: see comments in previous subchapter (ISO10218-1:2011) 

 

It establishes some consideration for the Collaborative robot operation between a person and a robot 

sharing a common workspace. It is important to that this mode is only: used for predetermined tasks; 

possible when all required protective measures are active and for robots with features specifically 

designed for collaborative operation complying with ISO 10218-1. 

 The safeguarding shall be designed to prevent or detect any person from advancing further 

into the safeguarded space beyond the collaborative workspace. Intrusion into the 

safeguarded space beyond the collaborative workspace shall cause the robot to stop and all 

hazards to cease. 

 The perimeter safeguarding shall prevent or detect any person from entering the non-

collaborative portion of the safeguarded space 

 The symbol in next figure should be used to label the robot configured for collaborative 

operation 

 

Figure 54: Proposed label for collaborative modality 

 

 Collaborative workspace shall be clearly defined. Persons shall be safeguarded by a 

combination of protective devices 

 A minimum clearance of 500mm has to be provided 

 Special care has to be put in designing the change point between autonomous and 

collaborative operation. 

 Speed and separation monitoring (SSM) 

o The risk assessment shall determine the robot speed, minimum separation distance 

and other parameters 

 Power and force limiting (PFL) by design or control 

o Power, force and ergonomics shall be determined by the risk assessment 

 With an informative purpose, some collaborative conceptual applications are presented in 

Annex E:  
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Figure 55: Collaborative Modalities listed in the standard ISO10218-2 

 

 It establishes in Annex G verification/validation methods for safety requirements and 

measures 

 

4.1.3.3. Technical Specification ISO/TS 15066 (Robots and Robotic Devices - Collaborative 

Robots) 

This Technical specification provides guidance for collaborative robot operation where a robot and a 

person(s) share the same workspace. It is important to take into account that: 

o It is relevant only in conjunction with the safety requirements for collaborative industrial 

robot operation which are described in ISO 10218-1 and ISO 10218-2. 

o It doesn’t apply to non-industrial robots either, although the safety principles may be useful 

also in this field. 

o It provides additional guidance on two of the identified operational modalities: 

o Speed and separation monitoring (SSM) 

o Power and force limiting (PFL) 

o Any quantitative numbers (e.g. force or pressure limits) stated in TS shall be 

considered as present state-of-the-art. They might be adjusted according to future 

research.  

4.1.3.3.1. SSM: Speed and separation monitoring 

o A risk assessment shall determine 

o the minimum separation distance between robot and operator 

o the maximum speed of the robot when performing tasks with one or more 

collaborators within the CWS 

o Tracking operator position and velocity 

o Operators’ position and velocity within the collaborative workspace shall 

continuously been tracked 

o If the SSM loses track of collaborators or the number of them exceeds the maximum, 

a protective stop shall be initiated 

o The SSM shall determine if the current positions and velocities of both the robot and 

the collaborator can lead to a separation distance below the minimum separation 

distance 

o To avoid the collision the robot may use one of the following methods 
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 slow its speed or pause;  

 reverse course along the current path;  

 execute an alternative safe path.  

Some examples on collaborative workspaces are presented:  

SSM with fixed zones  

 

 

 

Figure 56: TS-15066 example of collaborative: fixed slow zone and fixed pause zone 

 

o The robot performs a hazardous task in a non-collaborative workspace shown on the left side 

o On the right side is a collaborative space which is divided into slow and pause zones. 

o The robot slows when the collaborator enters the slow zone 

o The robot stops when the collaborator enters the pause zone 

o Some safety equipment are proposed 

o The collaborator wears a safety-rated wireless emergency stop 

o An awareness device (light tower with audible horn) notifies the collaborator of 

collaborative system status 
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o Area scanning safety sensors monitor the collaborative and non-collaborative spaces. 

The location and dimensions of the monitored spaces provide adequate time and 

distance between the collaborator and the hazard 

o The sequence of actions when the collaborator enters/exits the pause and the stops zones is 

suggested 
 

SSM with dynamic zones  

 

 

 

Figure 57: TS-15066 example of collaborative: fixed slow zone and movin pause zone 

 

 

Robot integrated SSM 

An additional example is provided with a humanoid robot (no relevant for X-ACT). 
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4.1.3.3.2. Power and force limiting 

Physical contact between the human and the robot can occur during the collaborative operation using 

power and force limiting. Protective measures shall be provided to ensure the operator’s safety at all 

times.  

It is important to remember that the collisions have to be considered as unintended events occurring 

during operation. 

A risk assessment is mandatory to identify the load cases of potential collisions between machinery 

parts and body regions that have to be checked on its injury severity and occurrence probability for a 

specific application setup. 

 Technological requirements:  

o If there is a possible collision between a human and a collaborative robot, no sharp, 

pointed, shearing or cutting edges and parts or rough surfaces shall be presented in 

the most likely contact area 

 Medical/biomechanical requirements. It provides 

o body model with main and individual regions 

o relevant injury criteria with their limit values 

Body model – and individual regions with 

codification 

Limit values of the injury severity criteria 

(CSF, IMF, PSP) and arranging factor CC 

Main body 

regions 

Individual body regions CSF 

[N] 

IMF  

[N] 

PSP 

 [N/cm
2
] 

CC  

[N/mm] 

1 Head with 

neck 

1.1   Skull/Forehead  130 175 30 150 

1,2 Face 65  90  20  75 

1.3 Neck (sides) 145 190 50 50 

1.4 Neck (lateral) 35 35 10 10 

2. Trunk 2.1 Back/Shoulders 210 250 70 35 

2.2 Chest 140 210 45 25 

2.3 Belly 110 160 35 10 

2,4 Pelvis 180 250 75 25 

2.5 Buttocks 210  250 80 15 

3. Upper 

Extremities 

3.1 Upper arm/Elbow joint 150 190 50 30 

3.2 Lower arm/Hand joint 160 220 50 40 

3.3 Hand/Finger 135 180 60 75 

4. Lower 

extremities 

4.1 Thigh/Knee 220 250 80 50 

4.2 Lower leg 140 170 45 60 

4.3 Feet/Toes/Joint 125  160 45 75 

SF Clamping/Squeezing force, IMF Impact force, PSP Pressure/Surface pressing, CC Compression 

constant 

Table 9: Power and force limiting  

o characteristic values for the deformation constant of the established body regions 
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 Ergonomic requirements 

o The work place shall be designed so that the user’s perception, attention and thought 

is not limited or disrupted by the work environment and the collaborative robot 

 Marking and instructions 

o The manufacturer shall provide marking regarding access or admittance restrictions 

signalled by placement of signs such as “Unauthorized Access Prohibited”. 

o The collaborative work area shall be marked on the floor 

o Persons who work with collaborative robots and are therefore exposed to collision 

risk shall be informed regularly about the risks, emergencies and necessary safety 

measures 

o Special basic work organization conditions for workplaces with collaborative robots 

shall be tested and stipulated (for example, work hours, breaks, first aid cases, 

message book). 

o if a collision occurs, the person’s fitness for work and the correct workplace design 

shall be checked 

o list shall be provided at users’ site in order to record collision incidents 

 Testing and validation 

o The permissible forces and pressures/surface pressings for the affected individual 

body regions listed in Table 1 shall be tested according to relevant collision area 

points before putting the machine in use 

 Documentation of tests.  

 

The Abbreviated Injury Scale (AIS) is included in the TS15066 that has been introduced in 2005 

from ICD-10 2006 International Statistical Classification of Diseases and Related Health Problems.  

Under no circumstances a risk for injuries with higher severity than category 1 of the Abbreviated 

Injury Scale (AIS) and more severe than with the codifications for surface injuries of the ICD-10- 

2006 can be tolerated.  

Taking into account the collaborative use of robots, the injury risk for the sense organs (eyes, ears, 

nose and mouth) shall be lowered sufficiently through personal protective equipment (e.g. goggles). 

Abbreviated Injury Scale (AIS) 

The AIS scales for particular injuries were developed by the Association for the Advancement of 

Automotive Medicine (AAAM). The scales are very similar to the Organ Injury Scales developed by 

the Organ Injury Scaling Committee of the American Association for the Surgery of Trauma [20].  

 

AIS 

Code 

Injury 

Level 

Fatalit

y 

Proba

bility 

Injury 

1 Minor 0% Light brain injuries with headache, vertigo, no loss of consciousness, 

light cervical injuries, whiplash, abrasion, contusion 

2.  Modera

te 

0.1-

0.4% 

Concussion with or without skull fracture, less than 15 minutes 

unconsciousness, corneal tiny cracks, detachment of retina, face or nose 

fracture without shifting 

3 Serious 0.8-

2.1% 

Concussion with or without skull fracture, more than 15 minutes 

unconsciousness without severe neurological damages, closed and 

shifted or impressed skull fracture without unconsciousness or other 

injury indications in skull, loss of vision, shifted and/or open face bone 

fracture with antral or orbital implications, cervical fracture without 
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AIS 

Code 

Injury 

Level 

Fatalit

y 

Proba

bility 

Injury 

damage of spinal cord 

4. Severe 7.9-

10.6% 

Closed and shifted or impressed skull fracture with severe neurological 

injuries. 

5. Critical 53.1-

58.4% 

Concussion with or without skull fracture with more than 12 hours 

unconsciousness with hemorrhage in skull and/or critical neurological 

indications 

6. Surviva

l unsure 

 Death, partly or fully damage of brainstem or upper part of cervical due 

to pressure or disruption, Fracture and/or wrench of upper part of 

cervical with injuries of spinal cord 

Table 10: BG/BGIA risk assessment recommendations according to machinery directive  

 

4.1.4. CE marking 

4.1.4.1. The basis of machine safety: Machinery Directive and CE mark 

When the Machinery Directive (MD) was ratified in 1993, the aim was to remove trade barriers and 

enable a free internal market within Europe. After a two-year transition period, the Machinery 

Directive has been binding in Europe since 01.01.1995. It describes standardised health and safety 

requirements for interaction between man and machine and replaces the host of individual state 

regulations that existed on machinery safety. The new Machinery Directive 2006/42/EC has applied 

since 29.12.2009.  

 

The CE mark stands for “Communauté Européenne”. A manufacturer uses this mark to document the 

fact that he has considered all the European internal market directives that are relevant to his product 

and applied all the appropriate conformity assessment procedures. Products that carry the CE mark 

may be imported and sold without considering national regulations. That’s why the CE mark is also 

referred to as the “Passport to Europe”. 

 

Generally speaking, all directives in accordance with the new concept (“new approach”) provide for 

CE marking. Where a product falls under the scope of several directives which provide for CE 

marking, the marking indicates that the product is assumed to conform with the provisions of all these 

directives. 

 

4.1.4.2. Legal principles 

The obligation to affix CE marking extends to all products which fall under the scope of directives 

providing for such marking and which are destined for the single market. CE marking should 

therefore be affixed to the following products that fall under the scope of a directive: 

 All new products, irrespective of whether they were manufactured in member states or third-

party countries 

 Used products imported from third-party countries and second hand products 

 Products that have been substantially modified and fall under the scope of the directives as 

new products. 

The manufacturer uses the declaration of conformity to confirm that his product meets the 

requirements of the relevant directive(s). 
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4.1.4.3. Seven steps to a CE mark 

The manufacturer must be follow the next steps to achieve the CE marking: 

 Step 1, categorise the product 

 Step 2, check the application of additional 

 Step 3, Ensure that safety regulations are met 

 Step 4, Perform the risk assessment 

 Step 5, compile the technical documentation 

 Step 6, Issue the declaration of conformity 

 Step 7, Affix the CE marking 

 

4.2. Human robot interaction-Programming phase  

4.2.1. Requirements for development Highly Intuitive interfaces  

This section includes the development and efficient use of user friendly interfaces, both graphical and 

physical, that will help the robot-human interaction in X-act project, in order to help the 

programming phase. The requirements description will focus on: 

 Explicit interaction (Multimodal interaction) 

 Vision systems: VS 

 Audio sensors (e.g. microphones): M 

 Force sensors: FS 

 Implicit interaction 

 Human state and intent (Gesture recognition): GR 

 Voice commands (vocabulary): VC 

 Based on it, robot behaviour changes (e.g. reduction of speed) :RC 

 Robot control 

 Low level control: both arms motion regulation according to I/E interaction: RA 

 High level control: robot / human workflow control in assembly :WF 

Task category 
Implicit interaction Explicit interaction Robot control 

VS M FS GR VC RC RA WF 

Select tasks (e.g. select 

among different codes, 

parts etc.) 

     

 

  

Lifting tasks (e.g. lift 

parts in order to assemble 

them) 

     

 

  

Placement tasks (e.g. 

placement of specific 

parts into working area) 
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Task category 
Implicit interaction Explicit interaction Robot control 

VS M FS GR VC RC RA WF 

Collect tasks (e.g. pick up 

parts) 
     

 
  

Screw tasks (e.g. tighten 

screws) 
     

 
  

Unscrew tasks (e.g. 

untighten screws) 
     

 
  

Turn tasks (e.g. change 

position of the working 

area) 

     

 

  

Grasp tasks (e.g. grasp 

parts) 
     

 
  

Push tasks (e.g. push clips 

to specific position) 
     

 
  

Connect tasks (e.g. 

connect clips to specific 

points) 

     

 

  

Unpack tasks (e.g. 

disassembly a packet, 

unpack the cable pack 

etc.) 

     

 

  

Spread tasks (e.g. spread 

the unpacked cable) 
     

 
  

Alignment tasks (e.g. 

align part2 above of part1, 

align a screw in a specific 

position etc.) 

     

 

  

Control torque values 

tasks (e.g. send a signal 

for start screwing until 

6.5Nm are applied) 

     

 

  

Removal tasks (e.g. 

remove part1 for 

disassembly) 

     

 

  

Table 11: Requirements for highly intuitive interfaces development 

The selection of sensors based on the previous presentation of task categories have to follow the 

general aspects of: 

 Explicit interaction (Multimodal interaction) 

 Vision systems: VS 

o able of working in industrial environment with dust, extra lighting, obstacles etc. 

o able of recognizing the targets set every time in dynamical environment  

o able of working very close to the target and recognize it accurately 
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 Audio sensors (e.g. microphones): M 

o able of recognizing the vocabulary in the maximum industrial noise level (89dB)  

o able of cancelling noise using special filters  

 Force sensors: FS 

o able of calculating the safety and required force that is applied to each part that will 

be handled in the scenarios execution 

o able of applying force control techniques and algorithms for achieving the tasks 

category as for example alignment tasks  

 Implicit interaction 

 Human state and intent (Gesture recognition): GR 

o able of recognizing the gestures that will be implemented in the user friendly 

interfaces  

o able of supporting all the kinds of gestures that will be defined in the design of the 

instruction libraries  

 Voice commands (vocabulary): VC 

o able of presenting errors of confirmation commands, when a voice command is not 

understandable  

o able of applying algorithms for voice recognition bases on statistical methods like for 

example Hidden Markovian models (HMMs), for successfully recognizing the voice 

commands  

o able of translating the voice commands to robot programming language (e.g. PDL2 

language) 

 Based on it, robot behaviour changes (e.g. reduction of speed) :RC 

o able of translating the instruction libraries in  robot behaviour changes for safety 

reasons as for example reduction of robot speed when an obstacle is present  

o able to execute the robot behaviour changes in real time  

 Robot control 

 Low level control: both arms motion regulation according to I/E interaction: RA 

o able of supporting the robot motions in low level control (e.g. in PDL language)  

 High level control: robot / human workflow control in assembly :WF 

o able of supporting the high level control of the scenarios hierarchy and sequence of 

tasks that is defined in the automotive and rework of electrical appliances cases  

4.2.2. Research and industry differences and weaknesses for development of Highly 

Intuitive interfaces 

 Learning by demonstration algorithms  

o In order to achieve autonomy and artificial intelligent to robots, a lot of learning 

algorithms and systems have been researched like: genetic programming, Bayesian 

networks, HMMs, reinforcement learning etc. 

o These learning algorithms have not been applied in industrial  robots yet 

 Modeling of human-robot interaction 
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o Industrial and academic interest is focused on interfaces  

o Simple guiding systems and interfaces for human assistance (e.g. touch screens) are 

commercially available, without utilizing the HRI model 

 Sensors for interaction  

o For visual guidance  

 Cameras: in industrial application, for visual guidance 2Mpixels resolution 

is used (e.g. FANUC iRVision 640X480, 255 grey levels, high resolution: 

1280X960) and no colour information used. Research: use 5Mpixels or 

higher resolution 

 PDM sensors and methods for depth sensing (e.g. stereo vision systems, 

Kinect sensors etc.): for capturing a complete 3D scene in real time. PDM 

solutions are not widely used in industry (negative: high cost). Besides, 

Kinect sensors have been applied in research but not in industrial 

applications. 

o For guidance with voice commands (see speech recognition) 

 Perception  

o Object recognition 

 Research: a lot of methods for object recognition have been applied 

 Industry: the research progress has not been integrated yet. Most solutions 

refer to 2D object recognition. The most common problem is that embedded 

computer power that is insufficient for real time vision applications.  

o Gestures recognition 

 Research: a lot of research for gestures recognition and capturing human 

motion systems 

 Industry: knowledge based human gesture recognition is not used in 

commercial solutions. Probable problem: the limited computer power of 

robots for running complex algorithms (e.g. HMMs based gesture 

recognition) 

o Speech recognition  

 Research: a lot of research. Natural language recognition is not solved 

 Industry: applied only in service and humanoid robots. Problems are the 

insufficient voice recognition algorithms and the noisy environments. 

o Human emotion recognition 

 Research: a lot of research interest concentrating on speech, facial 

expression, body language etc. 

 Industry: not yet applied  

o Multi-modal sensing (combination of multiple sensors for HRI) 

 Research : a lot of research interest in developing multi-modal interfaces  

 Industry: sensors are used individually without multi-modal interfaces 

applied yet as commercial solutions-only simple solutions have been 

integrated  
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4.3.  Human robot interaction- Operation phase  

4.3.1.  Requirements setting for human robot workspace sharing  

The collaborative workspace is this within which the safeguarded space where the robot and a human 

can perform tasks simultaneously during production operation 

In workspace that use collaborative robots, the probability of a collision between a human being and 

collaborative robot shall be minimized with suitable measures, such as avoiding possible contact 

between robot and a person or limiting the potential injury in case collision. 

A risk assessment according to ISO 10218-2 shall be carried out taking into account the intended use 

of the collaborative operation, the specific design of the collaborative workspace and any specific 

hazard that a human might be exposed to due the collaborative operation. 

The requirements that should be satisfied concerning the safe human robot workspace will focus on 

the following aspects: 

 Fenceless workspace with the ability to control the robot behaviour in the human’s presence  

 Reduction of robot motion speed in order to adapt in dynamic environment  

 Ability to work really close with the human, without the use of tactile sensing 

 Ability to support the human presence with the use of vision system or safetyEye (provided 

by PILZ) with further capabilities  

 Ability to share a common workspace working in parallel tasks 

The above requirements should be in the same line as the standards propose and to contribute in order 

to go these standards to the next step.  

4.3.2. Research and industry differences and weaknesses for human robot workspace 

sharing and safety issues 

 Obstacle avoidance and re-planning algorithms  

o Research: a lot of research staff already applied in humanoid robots, robot arms etc. 

o Industry: self –collision avoidance already applied to industrial robot mechanisms. 

Safety technologies is important to be low cost in order to be implemented  

 Safety issues in HRI 

o Research: variety of perspectives  

o Industry: ISO -10218-1 (already exist and clearly defined)-not including the 

“really” close working in the same workspace. It also depends on sensing 

technologies applied.  
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5. REQUIREMENTS FOR DUAL ARM ROBOTS ENHANCEMENT/ EXTENSION 

MODULE  

5.1. Requirements for dual arm robot platform selection and dual arm 

robot extension modules 

This section will describe all these requirements that come out from the scenarios definition in: 

a) Automotive industry 

b) Rework of electrical appliances industry 

in order to choose the appropriate dual arm platform for X-act pilot cases execution, able of 

supporting all the extension modules that the project will develop.  

Some of the requirements that should be taken into account for the selection of the platform will be 

described as a relation with the kind of tasks that will be executed. Important issues that will affect 

the dual arm robot platform selection and the extension modules are summarized as follows:  

 Payload ability 

 Dexterity  

 Repeatability  

 Accuracy  

 Speed  

 Ability to support different gripping devices, screwing tools, assistive tools etc. in order 

to support the chosen assembly tasks 

Some of the possible modules that will be used in the final dual arm robot platform enhancement are 

summarized as follows:  

 Simple gripping devices (e.g. 2 finger gripper): SGD 

 Adaptable to robot flange tools (ADF) like: 

o Screw driver tools (SDT) 

o Assistant tool for assembly (AST) 

 Sensors (force sensors (FC), vision systems (VS), voice recognition systems (VRS), RFID 

sensors for reading barcodes) 

Based on the analysis that is presented in section 3.3 for the tasks’ categories, some of the 

enhancements that have to be satisfied are presented in Table 12: 
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Task category Simple gripping devices 

Adaptable tools to robot 

flange 

SDT                             AST 

Sensors 

Select tasks (e.g. 

select among 

different codes, parts 

etc.) 

   

-ability to recognize the different barcodes 

applied to each part if required (e.g. RFID) 

-ability to transfer signals to the robot 

controller with the correctly selected part  

Lifting tasks (e.g. lift 

parts in order to 

assemble them) 

-max payload ability for both arms: 12kg (the 

heaviest part is the traverse in automotive 

scenarios) 

-ability to cover both the max payload but 

also to cover the weight of the gripping 

devices (2 finger grippers) that will be used 

for the lifting tasks 

-ability to handle with the same gripping 

devices both the part with max load, but also 

the lightweight parts of the scenarios without 

destroying them  

  

-ability to “estimate” the force applied to each 

part that is lifted (use of force sensors) 

 

Placement tasks (e.g. 

placement of 

specific parts into 

working area) 

-ability to work together closely without 

collisions 

-ability to place parts in the working area 

without colliding with it 

 

  

  

-ability to “view” the working area with the 

use of adaptable visual servoing systems, well 

performing in industrial environments (e.g. 

resistant to dust, lighting etc.) 

-ability to sense the force that is applied in 

contact situations with the working areas/ parts 

(e.g. measure force that the gripper can apply 

to the working table of the hydraulic pump 

assembly) 

Collect tasks (e.g. 

pick up parts) 

-ability to collect parts without colliding with 

the next ones  in queue  
  -ability to “view” the parts that are going to be 

handled with the use of cameras that are 
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Task category Simple gripping devices 

Adaptable tools to robot 

flange 

SDT                             AST 

Sensors 

-ability to collect parts that can be covered in 

the dual arm robot workspace: working area 

4X4m 

 

probably mounted in the robot flange 

-ability to “view” the parts from workspace 

mounted cameras without being disturbed 

from the environment  

Screw tasks (e.g. 

tighten screws) 
 

-ability to 

adapt screw 

driver tools 

in the robot 

flange with 

the required 

payload 

-ability to 

apply 

specific 

torque values 

for each 

screw task 

(max 25Nm) 

-ability to 

control the 

torque 

applied by a 

signal 

through 

robot 

controller 

-ability to assist 

in the alignment 

of the screws in 

the holes (e.g. 

use in the 

hydraulic pump) 

-ability to “sense” the force applied in the 

contact task of the screwing  (e.g. measure if 

force is zero, in order to have the screws in 

direct with the screw driver tool 

-ability to correct the non-zero force if 

measured in the screw tasks 

Unscrew tasks (e.g.  -ability to 

adapt screw 
 -ability to “sense” when the unscrewing task is 
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Task category Simple gripping devices 

Adaptable tools to robot 

flange 

SDT                             AST 

Sensors 

untighten screws) driver tools 

in the robot 

flange with 

the required 

payload 

-ability to 

sense when 

the 

unscrewing 

task is 

finished with 

the use of a 

signal to the 

robot 

controller  

finished  

Turn tasks (e.g. 

change position of 

the working area) 

    

Grasp tasks (e.g. 

grasp parts) 

-ability to “grasp” parts in the working area 

and ensure the correct grasping of them 

-ability to fit the shape of the part to the 

gripping device  

  

-ability to “sense” the force that applied for 

each grasping tasks in order not to destroy the 

specific part (e.g. plastic, metallic etc.)  

-ability to find the parts that are going to be 

grasped but also the grasping targets  

Push tasks (e.g. push 

clips to specific 

position) 

-ability to adapt the shapes in the 2 finger 

grippers and keep it stable in order to execute 

push tasks  

-ability to keep the parts that will be used for 

  

-ability to find the target positions for the push 

tasks with high accuracy 

-ability to “sense” the force that is used for 

each of the parts that take place in the push 
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Task category Simple gripping devices 

Adaptable tools to robot 

flange 

SDT                             AST 

Sensors 

these kind of tasks in the same position 

stable until the task in completed 

tasks  

-ability to correct the force that is applied in 

the incorrect contact tasks and in non- 

alignment tasks  

Connect tasks (e.g. 

connect clips to 

specific points) 

-ability to adapt the shapes in the 2 finger 

grippers and keep it stable in order to execute 

connect tasks  

 

  

-ability to find the target positions for the 

connect tasks with high accuracy  

-ability to “sense” the force that will be used 

for ensuring the correct connection for each 

connect task 

-ability to control the force that is applied 

during the contact tasks (correct force errors) 

Unpack tasks (e.g. 

disassembly a 

packet, unpack the 

cable pack etc.) 

-ability to catch the parts that will be used to 

unpack tasks stable with 2 finger gripper 

-ability to have the 2 robot arms in 

cooperation mode for unpacking tasks  

-ability to perform bimanual operations in 

the same workspace 

  

-ability to “sense” the force applied to the 

parts that are handled in order to be unpacked 

successfully  

-ability to find the target positions from which 

the parts will be grasped  

Spread tasks (e.g. 

spread the unpacked 

cable) 

-ability to catch the parts stable, without the 

risk of laying down  

-ability to work in a common workspace and 

in specific distances independently  

  

-ability to “sense” the force that is applied to 

each point of the part and ensure that this force 

will not affect the shape of the part ( e.g. 

deformation) 

Alignment tasks 

(e.g. align part2 

above of part 1, 

align a screw in a 

-ability to catch the parts that will be aligned 

(e.g. the screws ) 

-ability to keep the parts without colliding 

with working tables or other parts that are 

  

-ability to “sense” the force that is  applied to 

the parts that are aligned  

-ability to find the holes for alignment the 

parts if required  
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Task category Simple gripping devices 

Adaptable tools to robot 

flange 

SDT                             AST 

Sensors 

specific position 

etc.) 

previously assembled  

Removal tasks (e.g. 

remove part1 for 

disassembly) 

-ability to keep that parts that will be 

disassembled stable 
  

-ability to “sense” the force that will be 

applied to the parts that will be disassembled  

Table 12: Requirements for dual arm extension modules 

 

 



X-act  314355 

-79- 

5.2. Research and industry differences and weaknesses for dual arm robot 

platform selection and dual arm robot extension modules  

 Dexterous gripping devices  

o Research: various gripping devices are developed in research Labs 

o Industry: few commercial solutions are available and fewer are used in industrial 

applications  

The dual arm robots are promising to offer with their dexterity the ability to use in real industrial 

application very simple gripping devices (as for example Schunk 2 finger gripper). In this way, the 

gap for gripping devices is expected to be bridged).  

 Adaptable/ assistant tools focused in end user applications  

o This gap concerns the industrial robots and refers to the focus that is given for 

developing tools that can be used in specific robot flanges for special applications. 

Research doesn’t traditionally deal with such developments.  

 Sensing technologies (see section 4.2.2)
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6. CONCLUSIONS 

 

The output of this document will direct the future developments of X-act project objectives, 

according to the work packages. More specifically, the identification of technology and research 

current status with combination with the requirements and the differences/ weaknesses identification 

will help this direction. More specifically, the requirements identified will contribute in the following 

WPs: 

 WP2: “Dual arm robot enhancement”: This WP will be supported by chapter 5 Requirements 

for Dual arm robots enhancement/ extension module , by enabling the WP and task’s leaders 

to follow the specific requirements that are identified in this chapter. 

 WP3: “Dexterous advanced robot programming”: This WP will be supported by chapter 3 

Requirements for Dual arm robot programming & controls and will help in the developments 

that this WP will develop within the project.  

 WP4: “Cognitive Human robot cooperation and safety”: This WP will be supported by 

chapter 4 Requirements for cognitive human-robot interaction and safety  and will help in 

developing a safe HRI environment taking into account the risk assessment that PILZ will 

provide to the end users based on the current safety regulations and providing in parallel new 

rules for the future.  

 WP5: “Industrial pilot cases demonstration and system validation”: This WP will run in the 

last semester of the project and will enable all the technology developments that X-act will 

have created until then. The end user requirements should met the developments’ ones, as 

these are analysed in this document.  
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7. GLOSSARY 

DOF Degree Of Freedom 

EVA Extravehicular Activities 

DEXTRE-SPDM Special Purpose Dexterous Manipulator 

CSA Canadian Space Agency  

SDA Slim Dual Arm 

AGV Automatic Guided Vehicle 

RML Robot Multipurpose Laboratory  

GUI Graphical User Interface 

ADAM Aerospace Dual-Arm Manipulator  

PbD Programming By Demonstration  

OBPRM Obstacle Probabilistic Roadmap Method  

RRTs Rapidly-Exploring Random Trees  

CT Configuration-Time  

ERRT Execution Extended Rapidly-Exploring Random Tree 

DRRT Dynamic Rapidly-Exploring Random Tree 

RRF Reconfigurable Random Forest 

MP-RRTs Multipartite Rapidly-Exploring Random Trees 

LRF Lazy Reconfiguration Forest 

CT-RRT Bi-Direction Rapidly-Exploring Random Trees In Configuration Time 

Space 

RCCL Robot Control C Library 

PTP Point-To-Point  

RMRC Resolved Motion Ration Control  

RL Robotics Library 

OPML Open Motion Planning Library 

MPK Motion Planning Kit  

HMS Human–Machine Systems  

pHRI Physical Human-Robot Interaction  

IAS Intelligent Assist Systems  

IAD Intelligent Automation Devices  

IPAD Power Amplifying Assist Devices  

PCL Point Cloud Library 

HRI Human Robot Interaction 

ESC Electronic Safety Circuit  

PMD Photonic Mixer Device  

LbD Learning by Demonstration 

HMMs Hidden Markovian models  
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