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Project Coordinator: Prof. Massimo Bergamasco 

Scuola Superiore Sant’Anna – PERCRO Laboratory 

Institute of Technologies for Communication, Information and Perception 

Via Moruzzi, 1  – 56124 Pisa  – ITALY 

Phone: (direct line) +39 050 8753648 (secretary) +39 050 8753670 

E-mail: m.bergamasco@sssup.it, coordinator@skills-ip.eu 

 

mailto:m.bergamasco@sssup.it


 
 

 

5 
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Technology 
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CR 11 Aalborg University AAU Denmark 1 60 

CR 12 Haption S.A. HAPTION France 1 60 

CR 13 KUKA Roboter GmbH KUKA Germany 1 60 

CR 14 OMG plc OMG United 
Kingdom 

1 60 

CR 15 Sidel S.p.A. SIDEL Italy 1 60 

*CO = Coordinator  
  CR = Contractor 
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SKILLS Description 

SKILLS is an Integrated Project in the framework of European IST FP6 strategic objective named 
“Multimodal Interfaces” and deals with the acquisition, interpretation, storing and transfer of 
human skill by means of multimodal interfaces, Robotics, Virtual Environments (VE) technologies 
and Interaction Design methodologies. 

A particular skill is difficult to be described. The modelling of a specific act of doing still represents 
a challenge in cognitive and movement sciences and the same applies for the control of humanoid 
robots or for the replication of skilled behaviour of avatars in the digital domain. 

Research on training of human skill represents a state-of-the-art issue in the field of laparoscopic 
and computer assisted surgery, where systems based on VE and haptic technologies are receiving 
a strong approval by the scientific community. Other examples for skill training refer to 
maintenance activities in the industrial field where, at present, Augmented Reality technologies 
are used to assist the human operator in complex manipulative operations. However, the design 
of such training systems exploits VE technologies to re-create the context of working and to 
realistically replicate the effects of specific actions of the operator. Current systems do not include 
capturing systems that describe the special skills of high qualified persons while executing their 
challenging manipulations (e.g. to describe what makes a good surgeon). A true interpretation of 
the task and of the human action is still missing and therefore skill transfer is evaluated by 
external assessment. SKILLS intends to introduce a novel approach to skill capturing, transfer and 
assessment based on enactive paradigms of interaction between the human operator and the 
interface system devoted to mimic task conditions. 

The research in SKILLS addresses the design of new multimodal systems able to handle the human 
SKILLS. Fundamental aspects of skill analysis including perception, motor control, cognition and 
interaction design identify guidelines to analyze skill components of task performance and how to 
use them to obtain a digital representation of skill, methodologies and techniques for capturing 
and rendering of skill through digital technologies. This knowledge will also serve the development 
of novel, multimodal, virtual reality training environments. 

The capability of being able to acquire, to store and to transfer specific skills, such as those of a 
craftsman or a surgeon, into the digital domain can generate new ways of interacting with the 
computer and communicate knowledge through it. It can also constitute an important component 
in the development of training devices and environments. 

The introduction of more direct and intuitive paradigms of interaction with the computer, as those 
planned in SKILLS, can render future software applications more accessible to non-specialists. 
Moreover, the process of acquiring and storing skill allows to generate digital archives of 
performed acts of doing which are usually lost when the craftsman or the skilled worker loses 
his/her capabilities due to illness or declining of years. 

SKILLS takes three different application domains into consideration for demonstrators: sport and 
entertainment, surgery and rehabilitation, manufacturing and industry. Interaction design 
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methodologies are implemented in these contexts in order to address the design of novel 
interfaces and training devices focused on skill transfer and being able to improve task 
performances or generate innovative processes.  

The SKILLS consortium comprehends Universities and Research Centres with expertise in Cognitive 
Science, Psychology, Interaction Design, Virtual Environments, Augmented Realities and Robotics 
together with Industries representative of the above specified application domains. 
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Project Objectives and Approach 

The overall objective of the SKILLS Integrated Project has been to develop, evaluate and exploit 
robotics technologies and multimodal virtual environments for the training of specific skills. In this 
view, the Project has taken a novel approach, no longer mainly based only on the similarity 
between the training scenario and the real scenario as in mainstream training simulators. Instead, 
the SKILLS Project has centred its approach around the attempt to create training scenarios 
incorporating adequate perceptual situations so that the users – the trainees – can be helped to 
understand the different components of the skills they are learning, and can afford new 
experiences functional to the acceleration of their skills acquisition. Acquisition and transfer of skill 
are founded on the enactive approach. 

The SKILLS Project pursued these objectives by following this approach along a process lasting five 
years and encompassing several phases, that have brought to the development and evaluation of 
six Project Demonstrators, distributed across 9 multimodal training platforms. Each Demonstrator 
comprises one or two training platforms, and instantiate in a specific application context the new 
paradigm for skill acquisition based on the SKILLS Project approach. Along with the activities 
related to design, development and testing of the training Demonstrators, further, more 
transversal activities were undertaken. These activities provided the foundations for driving the 
Demonstrators design and development and were: Fundamental research, Technologies and 
methods for skill capturing and rendering, and Digital representation of skill. In the next section a 
more detailed  description of how these activities worked and co-operated is provided. 

The first phase of the Project foresaw the identification of the tasks to be adopted as exemplary 
training scenarios in the three application domains defined for SKILLS: Sport & Entertainment, 
Surgery & Rehabilitation, and Industry & Manufacturing. The tasks identified to be trained with 
multimodal robotics and virtual environments, and with ad hoc training protocols designed 
accordingly, were watercraft rowing, 3-ball juggling, maxilla-facial surgery, minimally-invasive 
telerobotic surgery, upper limb rehabilitation, industrial maintenance and assembly, and 
programming by demonstration. A detailed task analysis was carried out to determine the critical 
aspects of the skills to be captured, represented and rendered. During this first phase, the Project 
also defined a Unified Framework (UF) providing a general framework underpinning the SKILLS 
approach. Specifically, this Unified Framework inspired and drove the organization and 
implementation of the Project activities for the remainder of the Project. The UF comprised two 
main components: the main sub-skills – i.e., the components building up the sensorimotor and 
cognitive skills underlying the tasks selected for the Project Demonstrators, and the key research 
challenges engaged in SKILLS. The five key scientific challenges acted on were: 

- Acquisition and transfer of skills  
- Enactive learning & training  
- Multisensory interaction  
- Perception and control of affordances  
- Digital representation of skill 
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During this first phase, a particular attention was paid to the relevance of the developed 
technologies and training protocols to the targeted task. In a second phase skill learning 
accelerators were selected, developed and empirically tested. The accelerators were a key 
component of the SKILLS novel approach. They were categorized (multimodal enriched 
experience, augmented feedback, augmented knowledge of results, augmented and changed 
reality, and cognitive control) and experimented. They also enabled contrasts between bottom-up 
and top-down accounts of skill acquisition. 
The last two phases of the Project were the evaluation of skill training on the demonstration 
platforms implementing the selected accelerators for skill training facilitation, and the study of 
transfer of training from the platforms to the tasks in the real environment. 
Activities for the digital representation of skill continued throughout the Project lifespan. The 
objective has been to model the information related to user’s interaction during computer-aided 
training protocols, and the assumption was that the skill of an expert can be encoded using  the 
information about the evolution of position, force and velocity of representative elements over 
time. Machine learning techniques have been used for pursuing this objective, together with the 
implementation of a digital repository of skills and a digital trainer. 
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Project Achievements 
 

Research and Technologies  
 

RA1 – Fundamental Research 

The research ambition of the SKILLS project was to propose a new conceptual framework for 
learning and training complex perceptuo-motor skills in technological environments, and to build 
multimodal virtual environments and human machine training devices to simplify, learn, and 
transfer specific skill elements from virtual training to real training in domains as various as sport, 
entertainment, surgery, rehabilitation or industrial maintenance. Our conceptual framework (see 
Bergamasco, Bardy, & Gopher, in press) rely on the decomposition of complex human skills into 
functional sensori-motor and cognitive primitives — the sub-skills — which can be temporarily 
isolated from their neighbours, receive a specific training using virtual and augmented reality 
technologies, before being incorporated in a more general training protocol and composed of 
several interacting sub-skills and task components. Among a virtually infinite number of sub-skills 
that compose human activities, the fifteen elements retained in the project [Balance / postural 
control, Bimanual coordination, Hand – eye coordination, Interpersonal coordination, Perception-
by-touch, Prospective control, Proximo-distal coupling, Respiratory-movement coupling, Fine force 
control, Control flexibility and attention management, Coping strategies and response schemas, 
Memory organization, structure and development of knowledge schemas, Perceptual 
Observational, Procedural] were selected because of (i) their key importance for the successful 
achievement of skilled performance, (ii) their possible yet challenging enactment using multimodal 
virtual reality technology, (iii) their coverage of complementary perceptual modalities or effectors, 
(iv) their visible evolution over time and learning, and (v) their anchorage in a solid state-of-the-art 
in basic human movement and cognitive sciences. Each sub-skill was defined at a rather generic 
level, subject to experimental research, defined by specific variables, captured and rendered using 
specific hardware and software technologies, and instantiated in one or many of our 
demonstrators (Rowing, Juggling, Maxillofacial surgery, Upper-limb rehabilitation, Programming 
by demonstration, Industrial maintenance). 

Twenty-seven experimental projects: Each one of the sub-skills mentioned above was studied 
experimentally and defined by specific variables. For instance, bimanual and interpersonal 
coordination in the sensorimotor domain were measured by the relative phase between the 
elements of the dyad (hands or persons), while coping strategies in the cognitive domain was 
measured by number and type of strategies involved in achieving the goal. Twenty-seven 
experimental projects (for a total of 35 experiments) were conducted during the first three years 
of the project, in five main categories: Coordination, Touch & Force, Efficiency, Procedures, 
Multimodal training. These experiments aimed first at validating the variables used to summarize 
the sub-skills, and second at testing their dynamics (e.g. their persistency, their changes) over 
learning or relearning a new or previously lost skill. Taken together, our results showed the 
existence of a limited set of variables capturing the fifteen sub-skills, and evidence their dynamics 
over time and learning. The results obtained in these experiments were then used to design 
specific evaluation studies in which learning accelerators were tested. 
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Eighteen evaluation studies: In each demonstrator (6) and for each sub-skill (15), various 
accelerators were proposed, in the form of specific variables introduced and implemented to 
facilitate, assist and improve learning, in selected training protocols. The term training protocol is 
employed here to describe training schedule, duration, selected tasks scenarios, difficulty 
manipulations and their order of presentation. Our multimodal virtual reality training platforms 
now give trainers and engineers multiple options to introduce feedback, guiding information, 
augmentation and assistance to facilitate and improve training. They give the trainer the power to 
facilitate and improve training, in modes and format that are not existing or not possible in real life 
task performance. They give multiple options to engineer, order, sequence and control the 
protocol of training, its content, sequence, difficulty and duration. Eighteen evaluation studies 
were conducted over the last two years of the project in order to test the efficacy of our 
accelerators for learning the defined skill elements or relearning them following a stroke for 
instance. Generally, our technological accelerators and training protocols have proven to be 
efficient in all cases, speeding up the (re-) acquisition of skill compared to control groups of 
learners engaged in traditional training with matched practice, often in large proportion, with 
positive transfer to real in situ performance in most cases. 

The detailed results of all experiments and evaluation studies can be found in Bergamasco, Bardy, 
& Gopher (in press), and in the general reference list. 
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RA2 – Digital Representation of Skill 

The major achievements of the activities for modelling the information arising from the interaction 
between the user and a multimodal training system during the exercise can be listed by Project 
year. 

Year 1 – Foundations for Digital representation of skills 

‐ Multimodal requirements for digital representation of skill; 

‐ Operational unified framework 

‐ Real-time database tool 

 

Year 2 – Datakit: a software library for real-time storage of data generated by the interaction of 
the use r with the virtual environment for training 

‐ Digital repository architecture (the digital repository allows storage and retrieval of 
experimental data during the user’s exercise in the virtual environment) 

‐ Digital trainer concept 

Year 3 – Digital repository interfacing for: 

‐ C 

‐ Python  

‐ MATLAB Simulink 

‐ Multimodal definition language 

‐ Digital format for accelerators 

Year 4 – Tools for action modelling and training 

‐ Filtering, Segmentation and Warping of data for skill analysis 

‐ Action Recognizer and Trainer, with use of HMM and PNN 

‐ Statistical motion estimators 

‐ Combined task generators 

Year 5 – Tools for sensorimotor learning 

‐ Sensorimotor learner 

‐ Adaptation learner 

‐ Optimal motion learner 

‐ Task adaptation for task sequencer 

‐ Real-time learner 
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RA3 – Capturing Technologies 

The Goal of the Capturing Research Activity in RA3 has been the development of methodologies 
and technologies for capturing all relevant aspects related to skills for analyses, storing and 
interaction purposes. Research on skills capturing considers the different modalities to be 
captured and integrates the single technologies into the multimodal capturing systems. Thereby 
the developed capturing addresse the following modalities:  

 Pose and Motion Tracking 
The developed capturing technologies reach from novel laser tracking methods to 
Computer Vision based Tracking methods including Blob Tracking and optimization of 
Computer Vision based tracking of retroreflective markers. 

 Gesture and Tool and Part Recognition  

The pure Computer Vision based Tracking technologies are enhanced with object 
recognition algorithms to establish tool/gesture/part detection. This can be used for 
capturing e.g. manufacturing procedures or to establish new interaction paradigms.  

 Force capturing  

The force capturing includes robot-based motion/force/compliance capturing and 
miniature force sensor matrices but also EMG based capturing methods for capturing of 
the human force. 

 Audio/Video capturing 

Audio capturing in the ears and sound field capturing as well as video capturing and 
transmission technologies are developed.  

 

The capturing technologies are integrated into different frameworks that are linking them to 
VR/AR Systems and that are combining and fusing different sensor modalities. 
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The following technologies are included: 

 

  

The following integrative frameworks have been realized: 

 

 

Technology Responsible 

 

Pose and Motion Tracking 

Laser tracker  CEA-LIST 

Multi target laser scanner  CEA-LIST 

Rigid body based motion capture OMG  

Video based blob detection and tracking for motion capture OMG  

Infrared cameras to capture team rowing coordination UM1 

 

Gesture and Tool and Part Recognition  

Vision-based marker-less human action capture system CEIT 

Tool Tracking FhG-IGD 

Part Recognition and Tracking FhG-IGD 

 

Capturing of Forces 

Force Capturing with Force sensors matrices  CEA-LIST 

Force and Motion capturing with robots KUKA 

Force and impedance capturing via sEMG DLR 

 

Audio/Video capturing 

Wearable binaural recording  AAU 

Content Generation for Virtual Post-Its via Tele-Consultation FhG-IGD 

Framework Responsible 

Rowing Boat Capture PERCRO 

Rowing accelerator UM1, PERCRO 

Light Weight Juggling UM1 PERCRO 
QUB TECHNION 

InstantIO FhG-IGD 
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RA4 – Rendering Technologies 

The research on skills rendering was planned in three phases: architecture definition, architecture 
development and basic skill rendering research. 

The first phase, the architecture definition, was completed during the first year of the project in 
which it was agreed the use of a set of platform independent modules connected to a middleware. 
The middleware may be one of the analysed middlewares (XVR, Instant Reality, VIRTOOLS), or 
even a new one, because the architecture permits that a new middlewares can be considered in 
the future. This strategy prevents the dependency of the developments to a specific system. 

The second phase, that is the architecture development, was started in parallel with the first 
phase. The aim of this phase was to develop a set of software/hardware tools that allow the 
research on skills rendering.    

The last phase, focused on the basic rendering research, consisted of the pilot test to test the 
availability of the technology and the strategies and methodologies to train a specific skill. 

This section reports the technical developments that were done during the running time of SKILLS 
project. 

The architecture developments cover, not only software, but also hardware as well. Regarding to 
the latter, the works were mainly the design and construction of new haptic devices, whose the  
contributors are CEA-LIST-HAPTION that built a hybrid haptic device and tenses cable systems, and 
DLR that designed a tactile limb feedback device. 

Most of contributions are related to software developments and they are organized in two 
categories: middlewares, and software modules. 

Regarding to the middlewares, the most representative work was the fusion of two (XVR and 
AVALON), done by PERCRO and FhG.  

The software modules were divided in three categories: graphics (mainly covered by FhG), audio 
(AAU’s 3D audio engine) and haptics whose main contributors were LABEIN (telementoring, virtual 
fixtures, Haptic Abstraction Library and VSM library), DLR (collisions engine), CEIT (collisions 
engine, Haptic Abstraction Library and VSM library), CEA-LIST-HAPTION (hybrid haptic device and 
tensed cable device), and KUKA (virtual fixtures and rendering trajectories). 

 

A) Middleware and skills rendering system integration 

XVR (PERCRO) 

The enhancements regard some modules for the interoperability between calculus and analysis 
software and XVR. A second improvement was made to obtain a useful representation of 
statistical indexes through some visualization functionalities and finally the creation and 
management of avatars for virtual characters based on behaviour models as training aids is 
addressed. 

It was implemented in the LWJ and rowing platforms. It provides visual functions to provide 
statistical information about the user performance. 
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The XVR middleware expose a specific class to deal with avatars. Its hierarchy of the joints differs 
from the H-Anim standard. The evatars can be exported with easy from the world standard 3D 
Studio MAX modeling software with a simple script developed ad hoc. 

Instant Reality (FhG) 

The instant reality framework is a high-performance Mixed-Reality (MR) framework, which utilizes 
a unique flow-driven programming paradigm for application development. The MR system 
provides a comprehensive set of features to support classic Virtual-Reality (VR) and advanced 
Augmented Reality (AR) equally well. The System includes various plugins to enable the developer 
to create any type of application logic and behaviour by defining components, component 
relations and component processing units.  A nifty event and script debugger ease the 
development process. Various server and middleware systems can be utilized to deploy the final 
applications on a wide number of hardware platforms. 

 

B) Software standardisation 

The purpose of the implementation and use of APIs is to make the interaction among the modules 
independent of the underlying tools used. Using the APIs described in this section,   the VSM API 
together with the API HAL explained below, the haptic rendering module can be independent from 
specific details of the graphical rendering engine and the haptic device respectively. 

 

API-HAL (CEIT-LABEIN) 

The “API HAL (Haptic Abstract Library)” provides a common interface for the haptic devices and 
allows using more than one haptic device in a session. The goal is all the communication between 
the application and the haptic device is done through this API, hiding the specific details of the 
drivers of the haptic device. 

VSM API (CEIT-LABEIN) 

The purpose of this API is to make the interaction among the modules independent of the 
underlying graphical rendering engine (XVR, InstantReality, etc.). The VSM API proposes a software 
interface for the management of a virtual scene from other modules such as the haptic rendering. 
The functions of this interface should be provided by the graphical rendering engine and be 
accessible from other modules.  

3D-SOUND API  & SYNTHESIS RENDERING (AAU) 

The API consists of ten functions that allow for spatial positioning of individual sound sources, 
which must be provided as monophonic WAV files, and for direct playback of binaural recordings, 
provided as stereo WAV files. All functions have been written in ANSI C and the API makes use of 
additional libraries for handling threads (pthreads), for writing and reading audio file formats 
(libsndfile) and for audio input/output operations (portaudio).  

This API has been designed to be cross-platform and has been tested to work under linux and 
windows environments. This API works with most windows device drivers such as WDM, 
DirectSound and ASIO. For linux device drivers the API has been tested to work with alsa drivers. 

The 3D-sound engine combines synthesis of spatial audio via HRTF-based filters and binaural 
reproduction of pre-recorded signals. Coordinates from source positions can be obtained from 
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several sensors such as head trackers or directly from software, e.g. from objects defined within 
the middlewares. 

IMAGE RENDERING(FhG) - Visual Rendering Technology  

As fostered during the review the development on Image Rendering techniques have been 
focused on the requirements of the demonstrators and on specific subskills that will be 
transferred using the rendering technologies. Thus the following image rendering have been 
developed: 

1. Real-Time Simulation of illumination within captured environments 

2. High realistic Rendering of anatomical strucutres within Surgical Simulators 

 

C) Haptic Rendering Technology 

DEXTEROUS MOTION RENDERING : Hybrid haptic device (CEA-LIST) 

In the field of surgery, 6DOF capability, dexterity and transparency are key issues to allow fine and 
dexterous interaction in small volumes. The hybrid haptic interface is a force feedback device 
intended to allow haptically mediated transfer of Skills in this context. This device was tested on 
the Maxillo Facial Surgery (MFS) Demonstrator. 

 

FAST MOVEMENTS: Tensed cable haptic devices (CEA-LIST) 

In the field of sport and entertainment, typical actions happened at large speeds over a large 
workspace. The tensed cable haptic interface is a force feedback device intended to allow 
haptically mediated transfer of Skills in this context. It was originally intended to be tested on the 
Juggling Demonstrator. 

The vibrotactile control system (PERCRO) and  Wireless Communication for Vibrotactile Device 
(DLR) 

The kinesthetic field plays an important role in the human perception. Although the typical haptic 
interfaces are able to transmit touching sensations of virtual objects to the human being, one 
important drawback is that the human being must be connected to these devices all the time 
producing a restriction of the movements. Moreover, required specifications in the sport field 
related to the speed and force are too big for normal haptic interfaces. However, the vibration 
represents an interesting feedback stimulus that can solve all these limitations problems. The aim 
of this vibration system in the experiments performed at PERCRO are oriented in one hand to 
create a correlation between force impact and vibration in order to transmit a haptic feed-back 
that makes the users feel a kinesthetic stimulus proportional to the force applied during the 
collision. In the other hand, the vibration system was used for training methodologies based on 
the correction in the trajectories of diverse movements like rowing, juggling, etc. The vibrotactile 
feedback device from DLR is able to enhance haptic force-feedback simulations by tactile feedback 
to the human arm or other parts of the human body. It was primarily designed to increase 
immersion in industrial applications but can also be used in other applications. The purpose of the 
first DLR vibrotactile feedback prototype device was to generate vibrotactile stimuli on a human 
forearm. It was equipped with 12 groups of vibration motors each containing two cylindrical 
motors that are rotating in opposite direction. The motor groups were arranged in two rings 
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around the forearm. In an evaluation this arrangement has turned out to be a good compromise 
between resolution and perceivability of stimuli. Each motor group could be controlled separately. 

ADVANCED INDUSTRIAL ROBOTICS: LWR (DLR, KUKA) 

The DLR / KUKA Light Weight Robot (LWR) is a light-weight, flexible, revolute joint robot, which by 
its overall sensory equipment is especially dedicated for work in the sensitive area of human 
interaction. The robots size, power and manipulation capabilities are fairly similar to that of a 
human arm. With its seven serially linked joints, the robot possesses a redundant architecture that 
allows for nullspace movement valuable for avoiding collision and optimizing its configuration. The 
robot can be connected to any gripper or tool by a standard robot interface flange, which can also 
be operated over internal supply lines. 

TELEMENTORING: tutoring from distance (LABEIN) 

Teaching skilful tasks generally requires the active assistance of a trainer/expert. This 
telementoring module allows an user (trainer) to interact with another user (trainee) to 
teach/help him/her to perform a specific task, even being distant one from the other. The trainee 
is guided through the task using the sense of touch: position/force information is transmitted 
bilaterally so that either haptic device can both sense and/or impart forces. The on-line 
communication also allows the trainer to analyse the trainee’s performance and act to correct 
him/her if their attempts have been unsuccessful. 

 

FORCE RENDERING ALGORITHMS (CEA-LIST, DLR, CEIT)  

Two new generation applications have been written. These new programmes produce voxelmap 
and pointshell models independently from third party libraries. They are able to perform this 
computational step significantly faster than former tools (20 times faster for usual models) and 
achieving a higher quality, given that they represent models more reliably and uniformly. 

Fixtures: motion guidance (LABEIN, KUKA, DLR) 

The virtual fixtures (VF) are most often used to refer to a task dependent aid that guides the user's 
motion along desired directions while preventing motion in undesired directions or regions of the 
workspace. A VF can be any information transmitted to the human by means of any sensory 
channel. Therefore VF can be rendered with graphics (visual virtual fixtures), with force features 
(haptic virtual fixtures) and/or with audio signals. 

Different types of fixtures have been developed in the SKILLS project: from more “restrictive” 
fixtures such as the constraint of the user’s motion along a specific direction, to more “flexible” 
fixtures such as attraction/repulsion forces with different levels of intensity. Depending on the 
task features/goals, the fixtures can also be applied to different geometric entities: a point (for 
example in procedural tasks to take the user to the target piece in each step), a polyline (for 
example to guide the user along a specific path), and a surface (for example to constraint the 
user’s motion in a specific area). In order to enable the use of the implemented virtual fixtures 
between different systems, an API for virtual fixtures has been defined during the project. 

For more discussion see Del.RA4: Final Report on Skill Rendering Methodologies and Technologies. 
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Demonstrators  

ROWING 

The rowing demonstrator is composed of one main platform, the SPRINT training system, 
complemented by two lightweight rowing systems based on the Concept2 ergometer and called 
lightweight rowing (LWR). The SPRINT system was developed to provide a realistic and complete 
training environment, while the LWR was used to test three specific accelerators related to 
technique optimization, energy management, and team coordination, respectively.   The SPRINT 
and LWR completely share the software that is able to adapt to the different sensing capabilities. 

 

Force Feedback

Visual Feedback

Capturing

Audio

Feedback

Vibrotactile

 

Figure 1 The SPRINT platform 

 

Rowing research: 

Rowing presents interesting research challenges and opportunities due to the combination of 
technique, strategy and biomechanical elements. Performance in rowing depends on several 
factors such as the fitness status of the rowers, their ability to manage the available energy stock, 
their technique and their (intra- and inter-personal) coordination. Among the various skill 
elements that compose rowing performance, three specific elements were isolated: the rowing 
technique per se, the (informational) management of energy resources, and the synchronization 
between rowers during team rowing. In parallel to the development of the final SPRINT rowing 
simulator (see the Rowing demonstrator section), three evaluation studies were conducted. We 
briefly detail them in turn. 

Optimizing rowing technique 

Rowing technique has been addressed at multiple levels in the context of the project being the 
most challenging aspect of rowing training. The first level is aimed at novices for which it is 
important to learn the representation of the rowing cycle both in terms of motion pattern and 
activation of different muscular groups. For this level two evaluations have been performed:  

1. learning of the motion pattern based on visual and vibrotactile feedback (on SPRINT) 

2. learning of the motion pattern of the final phase passing by three points (on LWR) 

 



 
 

 

20 

The source of information for the correct motion in both cases is based from averaged trajectories 
from experts normalized to subject measures. In both cases the rate of stroke has not been used 
as a parameter. 

The next step of the evaluation is aimed at training the timing of activation of different body parts. 
This activity has been performed on the SPRINT platform.  Timing has been measured by means 
previous capture. 

Finally the third step of the evaluation, currently running, is based on the idea of correcting 
specific types of errors in intermediate rowers. The error identification and scoring is based on  the 
acquisition of 5 intermediate and expert subject with a specialized protocol, then processed by 
means of Machine Learning techniques for the ability of scoring the error in real-time. 

Training of overall hands trajectory 

This evaluation can be summarized as follows: 

 Goal: Minimize deviation of hands’ trajectories from the provided reference trajectory 

 Information exchange: visual guidance, vibrotactile feedback, delayed offline knowledge of 
results (KR). Figure 4 illustrates the information available. 

 Participants: 26 novice males screened for handedness and general health. 

 Task: participants were asked to row by tracking the taught trajectory. 

The results of the above metrics are presented in Figure 5, showing a better improvement in the 
vibrotactile condition than in the control condition. Participants under visual conditions showed a 
great improvement the first day, disappearing the second day, hence showing a dependency to 
the feedback visually presented. The combined visual and vibrotactile condition was intermediate. 
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Timing of body motion onsets  

This evaluation can be summarized as follows: 

 Goal: Coordinate motion onsets of legs, back and arms during the drive phase. 

 Information exchange: audio guidance, vibrotactile feedback, delayed offline KR.  

 Participants: 8 naïve participants screened for handedness and general health. 

 Task: participants were asked to row following the imposed timing. 

 

The following figure shows the average value of RMSEs for each block in each test session for all 
participants. Both VIB-KR and KR participants generally reduced RMSEs. The arm error was 
generally lower than the back error and lower errors were produced in no load conditions. The 
vibrotactile feedback did not add any benefit when coupled with audio guidance and KR. 

 

 

 

 

Energy management during a 2000 m race using virtual reality 

Here we focused on one other important factor, the skill demonstrated by rowers to manage their 
energy stock during a 2000m race. Garland (2005) reported that elite rowers adopt a particular 
pacing strategy, energetically efficient. Their velocity corresponds to a fast-start profile, with the 
first 500m performed at 103.3% of the average whole race speed, and with the subsequent 
sectors rowed at 99.0%, 98.3% and 99.7% of the average speed, respectively. In this evaluation 
study, we used virtual reality and train novice rowers during six weeks. We evaluated if the 
adoption by an experimental group of this energy management skill was possible and 
accompanied by positive consequences for rowing performance. We used an avatar on a screen 
located in front of the rowers — in that case a concept 2 ergometer — to impose boat speed, in 
intrinsic units, i.e. in proportion of the actual capacity of each participant. We found after training, 
for the same quantity of practice, a better management of energy consumption, accompanied by a 
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better performance, for the experimental group compared to a control group of participants who 
followed a classical rowing training. This advantage transferred to another 2500m rowing distance. 

 

 

 

Improving team rowing using virtual reality 

As mentioned above, performance in rowing depends on several factors such as the fitness status 
of the rowers, their energy management and their technique. However, individual skills of rowers 
are often equivalent and the difference in performance between two teams strongly depends on 
of the ability of the athletes to row together in a highly synchronized way (Hill, 2002). Although 
the synchronization between the movements of rowers is a significant factor of performance, the 
learning of team rowing coordination is limited in classical training situations. It is difficult for the 
coach to have an accurate estimation of the coordination of the team and to give efficient 
feedbacks to the trainees. Even if more accurate estimation of the synchronization is possible with 
video analyses, it does not allow the delivery of feedbacks in real-time.  Using an indoor Concept2 
rowing machine with virtual reality and motion capture technologies (the LWR platform), we 
investigated the possibility for novice rowers to learn interpersonal coordination when training 
with a virtual teammate, to transfer that skill in synchronizing situations with a real teammate, 
and to accelerate the learning with real-time visual feedback about the coordination. The 
feedback consisted in a virtual partner located in front of the participant which colour could be 
changed on line from red (unsynchronized) to green (synchronized). Our results, witnessed by the 
evolution of the relative phase between the real and virtual partners, showed that participants 
improved their coordination with both virtual and real teammates, but that this improvement was 
better for the participants who received the feedback. Generally, our results demonstrate the 
interest of virtual reality for learning team-rowing coordination and encourage the improvement 
of forthcoming indoor rowing machines. 
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Acquired Data and Collections 

In addition to the above the Rowing demonstrator has collected a wealth of data obtained from 
the experiments and the capturing sessions. The resulting dataset comprises: 

 12 collections of recordings (both experiments and capturing) 

 1422 sessions 

 143 hours of recorded data 

 117 subjects 

 18 GB of uncompressed data from sensors without counting audio and video recordings 

 

Rowing demonstrator 

The Rowing demonstrator has been designed and implemented during the timeframe of the 
project along the lines of the SKILLS Unified Framework. The key points of the system evolution 
are the following: 

 Hierarchical Task analysis for the identification of the key elements of the rowing skill 

 Identification of the models of force and motion from skill capture and literature 

 Design of the Mechanical platform at the base of the SPRINT system 

 Integrated design and implementation of the Virtual Reality platform around the core 
Mechanical platform providing different types of multimodal feedback 

 Definition of a mechanism for specifying training protocols and reacting to the subject 

 Creation of a framework for the analysis of data and the rowing skill 

 

The results achieved in the context of this demonstrator: 

 Experiments on the use of vibrotactile devices for training complex motor task 

 Validation of a methodology for acquiring errors from experts and training subjects in 
Virtual Environments 

 Possibility of training energy management by means of virtual humans 

 Means for training synchronization in a complex environment 

 Design methodology for providing feedback in real-time closing the analysis loop 
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Final considerations about the Demonstrator 

In the end the demonstrator met the Project objectives by showing how it is possible to train 
athletes by means of a virtual reality platform  based on models obtained from data acquired on 
the platform. 
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MAXILLO FACIAL SURGERY 

The MFS demonstrator developments consisted in building a virtual reality platform from the 
running hardware and software to the scientific content: training protocol, feedbacks and 
simulation. This platform simulates bone surgery, a field where no other systems were truly 
available – at least not with the ambition to simulate the actual modalities (and in particular force 
and vibrotactile feedbacks) with a resolution and quality close to reality. The systems have been 
developed and designed specifically to meet the very demanding specifications of a maxillofacial 
bone surgery simulation. Experiments performed in anatomic laboratory provided these 
specifications and design drivers. Most feartures on the platform were designed and developped 
ab initio for the platform. Among them we can list:  Force feedback systems, vibrotactile handle, 
drilling simulation, sound and vibrotactile synthesizer, as well as the training protocol exercises 
software. In parallel some experiments were done within the R-MFS work package to help 
designed the training protocol and “accelerators”.  The outcome of the project in a unique 
multimodal platform with high stiffness rendering (10kN/m), large workspace, good transparency 
and accurate force,sound and vibrotactile feedback. The platform was used at the end of the 
project to test the efficiency of multimodal feedback accelerators in the course of a surgical 
curiculum.    

Developments in the capturing of skills were also conducted in the environment of the MFS 
platform aiming at answering specific limitations of present state of the art. The first is a 3D 
tracking system able to monitor multiple targets. At the time the project begins, every system 
available in the market were expensive and complex to use (with for example complex calibration 
procedures). Within the project a system was achieved which does not need any calibration. It is 
also robust regarding light condition and works with long range workspace. The second 
development was intended to address the problem of force and grip tracking when studying 
surgeons’ behaviour in real condition. Indeed all the solution available today are either too bulky 
to fit any surgical tool or are unable to provide both grip and force applied. Some low form factor 
skin type systems exists but are only able to measure the grip force applied by the surgeon on the 
tool but not the total force applied. To get this information it was needed to develop a sensor skin 
able to measure the 3D vector field of the force applied on a tool by the surgeon. This result has 
been achieved in the D-MFS framework with the development of a force sensor matrix based on 
capacitive sensors implemented on flexible substrate. 
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UPPER LIMB REHABILITATION 

The project has led to the definition and realization of two demonstrator platforms for the upper 
limb rehabilitation in stroke. 

The two platforms present original and innovative features that distinguish them from other 
existing platforms: 

1. the Bimanual Haptic Desktop is a robotic system for bimanual rehabilitation that exploit 
new training strategies for the recovery of motor function in bimanual activities. A specific 
pool of exercises has been defined with the medical team and implemented in order to 
target the recovery of different functional bimanual tasks (in phase/anti phase movement, 
in synergy and symmetrical movement), that can be adapted specifically to patient needs. 
The system has been clinically evaluated as an assessment tool for the evaluation of motor 
capabilities 

2. The L-Exos is a upper limb active exoskeleton, that can provide a rehabilitation in the full 
3D workspace of the human arm and providing active assistance at the level of each joint. 
Two clinical studies have been conducted (one pilot and one controlled study) to assess the 
capability of the system to augment motor recovery in motor and functional deficits from 
stroke. The first pilot study investigated the effects of a robotic-assisted rehabilitation 
training, conducted in a group of nine patients with chronic post stroke hemiparesis with a 
upper limb robotic exoskeleton,  on abnormal motor synergies in the motor recovery of 
spatial reaching movements. The goal of the second controlled study was to assess the 
clinical efficacy of upper limb rehabilitation conducted with a robotic exoskeleton on 
Virtual Reality compared to traditional physical therapy in a group of stroke patients. 

The two platforms have been installed in two clinical centers (the BHDS in Centre Hospitalier 
Universitaire CHU of Montpellier for 2 yrs, the L-Exos in University Hospital of Pisa, for 3 yrs), 
where they have bee  

In Pisa about 20 patients have been treated with innovative technologies since the start of the 
project. 

In terms of publication the scientific results can be quantified with 10 publication in peer-reviewed 
scientific conferences, 2 journal articles,  1 book chapter, participation with stands in the scientific 
conferences (ICORR 2011, Rehab Week Zurich 2011) 

Among the achieved scientific results, we can acknowledge that we published the first scientific 
evidences on the clinical evaluation of robotic exoskeleton used for rehabilitation in stroke, with 
both kinesiological and EMG objective evidences and robotics based evaluation of the effects of 
training conducted with an exoskeleton system and its correlation with clinical scales; we assessed 
the validity of evaluation performed in bimanual tasks with a robotic system; we performed a 
controlled clinical trial for comparing traditional physical therapy with the innovative robot-based 
treatment in VR: 
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PROGRAMMING BY DEMONSTRATION 

Introduction 

The state of the art in programming industrial robots is tedious writing of many lines of code 
usually carried out by experts specially trained in robot programming. With the new DLR/KUKA 
Lightweight Robot (LWR), being equipped with numerous internal sensors, the Programming-by-
Demonstration paradigm can be introduced from research into commercial standard robotic 
applications. The idea behind this paradigm is that a worker knowing how to perform a task can 
program a robot simply by guiding the robot with his hands and this way demonstrating the robot 
how to solve the task. The typical user of Programming-by-Demonstration will be an expert in 
solving certain tasks without the skill of traditional robot programming and with only few skills of 
robot handling. Ideally not a single line of code needs to be programmed. 

This programming paradigm - although designed to be easily and intuitively used - needs new skills 
for the on-site technician, how to use and program this new generation of robots. 

Therefore two setups for skills transfer scenarios has been developed as showcase setups: An on-
site system (OSS) and a training-center setup (TCS). The on-site system is set up in the real (real life 
= RL) environment and is augmented with virtual components (augmented reality - AR). In the 
virtual training-center setup (virtual reality -VR) the real robot cell is simulated and operated by 
haptic devices (in this case also the LWR). 

The advantage of the OSS is that it can be used by costumers directly at their site to train people. 
Since the robot itself is used as training system the additional costs for the training system is low. 
The advantage of the virtual setup is that the same system can be used for different workcells and, 
even more, that the system can be used in the design phase of a plant or a new robot, to train the 
personnel in advance of real implementation. 

 

Task Analysis and Selection of Training Scenarios 

The PbD demonstrator is very powerful, because it allows for several applications and also for 
transfer of several skills. These skills can be sorted into two groups: 

 Skills describing task or process 

 Skills describing the robot system 

 

Within SKILLS the first group was not in the focus because there are too many different 
applications. But even with the restriction to skills related to the robot system itself too many 
different skills are involved to be covered within the project runtime. Fortunately it is possible to 
train certain aspects (basic robot skills) separately. Therefore, several such basic robot skills were 
identified by performing a hierarchical task analysis (see Figure 1). We used the Lego application – 
an already existing PbD scenario – to perform this analysis. 

Figure 2 Hierarchical Task Analysis for the PBD Demonstrator 
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Figure 1 Hierarchical Task Analysis for the PBD Demonstrator 

 

Then we categorized the identified basic robot skills into 3 levels: 

 For Level 1 skills (optimal placement of robot, singularity avoidance, nullspace 
configuration) the performance measures are known and/or could be calculated analytical.  

 For Level 2 skills (fine positioning, dynamic behaviour, control strategy 
definition/switching) the performance measures are not know and therefore dealing with 
those skills is more challenging. 

 Level 3 skills (HMI issues, process skills) are out of focus because they are too application 
specific. 

During discussions with the project partners two of those basic robot skills have been selected as 
training scenarios for D7: 

Singularity avoidance as a level 1 skill. 

Singularities for robots can be precisely defined by mathematical equations. The observable effect 
of robot singularities is the loss of one degree of freedom (DOF) of the robot’s end effector. In 
other words, in a singular configuration the robot cannot move in a certain direction, nor apply a 
force in that direction. 

Besides this limitation singularities cause a major problem for robotic systems, i.e. controlling 
robots being singular or close to a singularity becomes extremely difficult. To achieve an infinitely 
small motion along the limited direction would require for an infinite velocity of the robot joints. 
Although there are some strategies to cope with motions through singular configurations, the best 
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solution is to avoid those configurations. Experts in programming by demonstration know the 
singularities of their robot and therefore are able to avoid them. 

For the lightweight robot four different conditions result in singular configurations. One of them is 
quite easy to understand. This condition implies a stretched robot arm. In this configuration the 
translational movement along the direction of the stretched robot is not possible. Although the 
other three conditions are analytically simple, too, it is not obvious for novices that each of them 
represents a singular configuration. 

Control strategy definition/switching: This means the setting of the optimal compliance 
parameters to complete a task as a level 2 skill. 

Generic industrial robots are usually controlled with the aim to reach a definite position in space. 
If there is an obstacle within its programmed trajectory, the robot will collide with it. The robot 
will try to reach the desired position with the consequence that either the obstacle moves away or 
the robot performs an emergency stop. Applying definite forces with the flange is not possible.  

The DLR/KUKA Lightweight Robot has torque sensors in each axis, the information of these sensors 
can be used to control the robot with compliance. The robot is not controlled to reach a desired 
position but to apply a definite force in a defined direction. Another alternative to control the 
robot is to parameterize the compliance similar to a spring. The Lightweight Robot tries to reach a 
definite position in space as if it was pulled to that position by a spring. The characteristics of this 
spring can be parameterized. The robot can be moved by external force. In the absence of external 
force, the robot returns to the desired position. 

This control strategy is useful for applying forces e.g. to a surface or for assembly. A crucial skill is 
to do appropriate parameterization for a given task and to define an appropriate trajectory. 

On-Site-Setup (OSS) 

Within SKILLS the OSS was defined, implemented, continuously tested and improved as well as 
evaluated in a final transfer experiment. The focus of the OSS was the scenario “setting of 
compliance parameters” and the main accelerator used was “haptic feedback”. The hardware 
layout for compliance training comprises a LWR set up in a working cell similar to a real robot cell, 
with task related equipment (gripper, handle, defined workspace, springs, Lego structures). 
Additional information, interaction facility and task simplification is provided by a touch screen 
and an AR screen (see Figure 3). The study employs a real robot for performing realistic robot 
tasks. With this setup virtual (visual and haptic) information can be augmented to real life 
scenarios. The enhancing influence of additional sensory information on learning in real life man-
robot environment can be examined. 



 
 

 

30 

 

Figure 3 Final On-Site-Setup for training of parameterizing compliance parameters 

Training Tasks  

The tasks for training the parameterization skill of setting compliance parameters can be divided 
into three groups:  A simple introductory task to get accustomed to the system and the training 
situation (Task 1). Four training tasks where the user has to set the appropriate compliance 
parameters to successfully insert a LEGO brick into the notch of a LEGO structure while the robot 
moves on different given trajectories (Tasks 2 – 5, see Figure 4).  

 

Figure 4 Training tasks: LEGO brick has to be inserted into a notch by setting correct compliance parameters. 

 

The third group of training tasks consists of more difficult LEGO tasks and a realistic assembly task. 
The difficult LEGO task is similar to the previous ones with the difference that the LEGO structure 
is built more fragile resulting in a more challenging task as it is a lot easier to damage the structure 
and parameters have to be set more carefully (Task 6). The pressing of terminal blocks onto a 
support rail was selected as the transfer task (Task 7, see Figure 5). An enclosure with a support 
rail as well as a feeder for the terminal blocks are integrated into the robot cell. 
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Figure 5 Realistic assembly task: Terminal block has to be attached to a rail by setting correct compliance 
parameters. 

Accelerator 

The main accelerator used in this scenario is “Haptic Feedback” 
(see Figure 5). With the implementation of the accelerator in 
this scenario it is possible to get a haptic feel able impression of 
the parameterized levels of compliance (and changes). This is 
provided in the way that a user may touch the robot’s tool and 
directly feel and observe the compliance of the robot due to the 
set compliance parameters and the forces intentionally applied 
by the user’s hand. This multi-dimensional haptic aid is 
supporting the acquisition of the cognitive model of compliance 
through direct haptic feedback in the course of the robot 
movement. With improvements applied due to experiences 
from the SKILLS project it is now possible to feel the system 
behaviour during the active movement of the robot. This is of 
course not possible when the robot is performing the real brick in notch task since the robot is in 
close contact with the Lego structure and cannot be moved manually in all directions. Therefore, 
the accelerator has been redesigned in such a way, that the robot performs the same movement 
with the same parameters but besides the Lego structure in free space. Now the trainee can touch 
the robot and feel the behaviour. 

As described above, when executing an assembly robot motion the work piece (Lego Brick) is in 
direct contact with the environment (Lego structure with notch) and the user cannot experience 
the compliance in all directions since the movement is constrained. Our thesis is that the haptic 
feedback is an accelerator for the training of setting optimal stiffness parameters. But participants 
can only feel the full compliant behavior while the robot performs the same movement in free air. 
Due to this, the movement during the “feeling” phase will be beside the Lego structure. This 
enables participants to feel the compliant behavior of the system, but the relation between 
stiffness behavior and location is not clear anymore. For successful assembly the spatial 
information of the robot’s movement with respect to the structure is crucial. Therefore we 
introduced an additional visual feedback channel by means of augmented reality that helps people 
to correlate the compliance behaviour and the location with respect to the Lego notch of the 
robot end effector (see Figure 7). 

Figure 6 The haptic feedback 
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Figure 7 Movement in real structure (left) and movement in virtual structure (right) 

Experiment  

To evaluate the usefulness of haptic feedback for training the setting of compliance parameters a 
first experiment with a simplified setting was conducted. The task was restricted to a movement in 
one direction, so the users have to set only one compliance parameter and/or target point, 
respectively. The training phase consisted of 6 different training tasks. Each task had the objective 
to compress a spring with the robot arm to a specific amount. To reach this goal either the robot’s 
stiffness parameters or the target point of the robot movement had to be set to the correct 
values. 

33 participants were divided into two groups. One group was allowed to touch the robot and to 
feel the actual compliance of the system (haptic feedback) during the setting of the compliance 
parameters. The second group was not allowed to touch the robot. The hypothesis was that haptic 
feedback accelerates learning in the training phase and will lead to better performance in the 
transfer task. To analyse if the haptic feedback indeed helps in general to build a better mental 
model of the compliant behaviour of the robotic system, it is necessary to see what happens, if the 
haptic feedback accelerator is removed during a transfer task. In this transfer task the user had to 
set both – the compliance parameter and the target point (to increase difficulty level) and no user 
was allowed to touch the robot. 
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Figure 8 Performance in the transfer task was better with haptic feedback during training 

 

The result of the experiment (see Figure 8) shows that latent regularities in the association 
physical properties and applied forces are learned better by way of haptic + visual demonstration 
than by way of visual only demonstration. The multimodal feedback was successful in promoting 
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the learning of the relationship between compliance level and force than the visual only feedback 
mode. This did not appear in any of the training task (p = 0.44 - 0.95) but only in the two transfer 
tasks (p < .05) showing that the regularities that were learned were generic. 

Evaluation 

Since the haptic feedback seems very promising, a final evaluation based on this accelerator was 
planned, designed, realized and conducted. This time the training was based on the more complex 
6 DOF brick in notch task and the transfer task of pressing transfer blocks on a rail as described 
before. 

As also described above, we introduced an additional visual feedback channel by means of 
augmented reality that helps people to correlate the compliance behavior of the robot end 
effector and the location with respect to the Lego structure. 

This additional visual feedback introduces a new unknown effect on training. To evaluate the 
accelerator of haptic feedback and to allow the elimination of the AR feedback we redesigned the 
overall training protocol as it was implemented in Touch 1.3 and introduced a third group (see xx). 

• Group A: Standard visual feedback 

• Group B: Standard visual feedback + Haptic feedback (accelerator) 

• Group C: Standard visual feedback + Haptic feedback (accelerator) + additional AR feedback 

Our hypothesis was that haptic feedback helps in training, but that the missing correlation 
between location and compliance behavior lowers or even prevents the accelerator effect (Group 
B). The additional AR feedback should help to overcome this negative effect. So it is expected that 
Group C performs better than Group B and A. 

 

Figure 9 Averaged performance of the participants solving transfer tasks. Subjects who solved the task with the first 
try were not counted. This was considered a lucky shot. 

We removed trials that have been solved with in the first try from the data set as this was 
considered as a lucky shot. In both transfer tasks subjects receiving haptic and augmented reality 
feedback needed less attempts to successfully complete the task than subjects from the control 
group (see Figure 9).  To examine the statistical significance of the difference we conducted a One-
Way Analysis of Variance (ANOVA). The results showed that the difference between groups was 
significant both for the first Transfer task (Transfer 1: F (2, 42) = 3.40, p = .04) and for the second 
Transfer task (Transfer 2:  F (2, 45) = 3.42, p = .04). Planned contrast analyses using the LSD test 
showed that the differences between the control group and the inefficient haptic only condition 
tests were not significant. The difference between the control group and the efficiently utilized 
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haptic feedback (Haptic AR) was significant, however (Transfer 1: p = .02, Transfer 2:  p = .01). 
Thus, only when the haptic feedback was delivered efficiently did performance improve beyond 
the control condition involving no haptic feedback. 

Some of the participants failed in solving the transfer task with 15 or less tries and the trial was 
aborted. As seen in Figure 10 only one of the Haptic AR group failed, whereas the total number of 
failed trials was 8 for the control group and 7 for the haptic only group. 

 

Figure 10 Number of participants who failed to solve a task with 15 or less tries. 

Training-Center-Setup (TCS) 

Within SKILLS the OSS was defined, implemented, continuously tested and improved as well as 
evaluated in a final transfer experiment. The goal in this setup is to find out how to optimize skill 
acquisition on avoiding robot singularities. The setup contains a virtual reality simulation of a pick-
and-place task with a virtual LWR. Two different visual pointers are evaluated on this setup. They 
are integrated in the virtual simulation and present important information on the robot 
singularities. The participants can move the virtual robot by moving a real LWR that is used as 
haptic device (see Figure 11). Haptic feedback is essential in this task for feeling the effect of robot 
singularities. In the final demonstrator  

 

Figure 11 The virtual reality simulation (left) and the DLR bimanual haptic device (right) 

Training Tasks  
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The training task was a pick and place task realized as a virtual Lego game. Aim of the game was to 
pick up Lego bricks in the VR and place them on specific locations while avoiding singularities 
during the transfer phase.  

Accelerators  

Two accelerators were chosen for the Training-Center Setup that focus on the sub-task of 
singularity avoidance and involve a visual guidance technique and a training protocol for 
encouraging participants to actively explore their environment. 

1) Visual Pointer: Two kinds of visual pointers are described in this section to indicate the 
singularity index of the virtual robot: rotating arrows and a transparent robot. The singularity 
index is a value that describes the proximity of a robot to its closest singular configuration. 
Different methods can be used to calculate such an index. The implemented method is based 
on the distances of all joint angles to their singular configuration. Its main advantages are (1) 
that it gives a singularity index for each robotic joint instead of one global index, (2) the 
singularity index indicates the direction for each joint to avoid the singularity, and (3) it can be 
easily extended in order to recognize sub-singularities, which are singularities of a part of the 
robot (e.g. if the first three joints of the robot lose one degree-of-freedom. The singularity 
index of each joint is visualized as rotating arrow (see Figure 12, center), which indicates the 
direction the specific joint has to move in order to increase the distance to the singularity. The 
absolute value of the singularity indices is indicated by the widths of theses arrows: the widths 
are proportional to the singularity indices. The other visual pointer is a transparent robot that 
shows how to move the robot elbow out of a singularity (see Figure 12, right). 

 

Figure 12 The light-weight robot in a singular situation, and the different kinds of visual pointers; left: no pointer; 
center: rotating arrows; right: transparent robot. 

2) Exploration of Singularities: This second accelerator is a training protocol that enables the user 
to explore robot singularities. The virtual robot starts in a singular configuration and the user 
may move the virtual robot via moving the haptic device. Thus, the user can easily explore the 
effect of singularities: The robot cannot move in certain directions anymore. The experiment’s 
training protocol will involve having the users start in a singularity, get out of it, and reset the 
system to this singularity. Analytical determination shows that there are four possible 
conditions for a singularity of the LWR , as shown in Figure 13. In such a condition, one or two 
joints of the LWR must be at zero position, while the other joints may be arbitrary. In the 
training protocol the user sequentially has to go through all four robot singularities and 
explore their effect. 
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Figure 13 The exploration of singularities with four different singular robot configurations. 

Evaluation 

A fist evaluation study done after year three a first version of the two accelerators was tested. In 
case of the visual pointers this was the version with rotating arrows. Three groups (A1, A2, B) with 
46 participants at all performed two experiments. In the first experiment Group A used the visual 
pointer for playing the before mentioned Lego Game and Group B was the Control Group without 
accelerator. After this a second Lego game was played as transfer task, where both group have to 
do the task without additional visual guidance. Contrary to the hypothesis, no significant 
difference in the duration of the transfer task could be observed. Moreover, also the difference in 
movements and the line integral is not significant. However, in the training phase there is a 
significant difference in duration and movements: Groups A1 and A2 needed more time and more 
movements than group B. 

In a second experiment Group A1 and Group A2 – who had the same experience due to 
experiment 1 – where used to evaluate the second accelerator (exploration of singularities). Again 
one group (A1) had visual pointers and one group (A2) not and a Lego Game was used as transfer 
task. Again there was no significant difference between the two groups in all dependent variables. 

Since the visual pointer as arrows were not effective three important improvements have been 
made: 

 In the evaluated set up the user could only move the robots flange. Since moving the elbow 
is a preferred strategy by experts to avoid singularities a bimanual haptic device was 
developed to allow the movement of the elbow of the virtual robot. 

 Participants found it confusing that in the Lego game the virtual robot has a different 
configuration than the real robot. Therefore the robots were mounted behind the 
participants, so that they can concentrate on the virtual one. 

 The many rotating arrows confused the participants. So the virtual pointer was redesigned 
(transparent robot) 

To evaluate the effectiveness of the redesigned accelerator a pilot study was conducted. Two new 
groups (group C and group D with 10 participants each) performed the same experiment as the 
groups A and B in the study before. Group C used the new visual pointer (transparent robot) and 
group D used also the transparent robot but had also the possibility to move the elbow of the 
virtual robot using a new developed joystick integrated into the demonstrator. 

Only group D significantly performed better in the transfer task. According to these results, the 
combination of two training aids, the transparent robot and the ability to move the robot’s elbow, 
improves the skill of singularity avoidance in comparison to other training aids or no aids at all. 

The goal of the final transfer evaluation was to see if training in virtual reality can be used for 
learning the task better or at least as good as traditional learning. This final evaluation study 
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required additional robot hardware for performing the planned transfer task. In this transfer task 
the previously acquired robot skills should be applied in an exemplary real world task. This real 
world task was planned as pick-and-place task with real Lego bricks. Therefore, two hardware 
developments were necessary, a robotic gripper and mountings for the Lego plates (see Figure 
14).  

   

Figure 14 Two cantilevers are mounted at the bimanual haptic device for holding the Lego plates and a gripper was 
attaché to one of the LWRs. 

Two groups were foreseen in the training protocol. The training differs for the two groups, where 
the one group (group A) obtained training with the training accelerators developed in the scope of 
the SKILLS project, and the control group (group B) obtains traditional training (see Fig. 10). The 
transfer task is the same for both groups. The training was composed of two phases. In the first 
training phase group A performs exploration training as described above. Group B gets a short 
lecture on robot singularities with the example of the light-weight robot. In this lecture the 
mathematical context of robot singularities is explained, as well as the effect of singularities. The 
second training phase was for both groups playing a virtual Lego game. The only difference is that 
group A perceived additional help by the transparent robot accelerator whereas group B had no 
visual pointers. 

After the two training phases the participants had performed two transfer tasks in the real world. 
In both transfer tasks real Lego bricks define the target positions that should be reached by the 
robotic gripper (see Fig. 13, left). The goal for the participants is to try to keep the distance to 
singularities maximal, while driving from one target position to the next. 

The statistical analysis of the captured data showed no significant differences in Singularity Index, 
duration or length of movement. Therefore, it can be concluded that the new training methods 
reach the efficiency of traditional training. With respect to all variables, no negative performance 
of the group A with the new training accelerators could be found. 

PC-based Simulator 

Besides the two main demonstrator platforms an additional PC-based simulator was developed. 
This simulator was used to evaluate  

1. the effectiveness of the visual pointer (transparent robot) on other tasks related to 
Programming-by-Demonstration, e.g. redundancy, workspace limitation and obstacle 
avoidance, and 

2. the differences of displaying visual pointer all the time or only on failure or on demand. 
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The virtual model of a 4-DOF robot arm was implemented in MS VB environment and can be 
manipulated with a regular (Logitech) mouse and keyboard. The training task was to move the 
robot to a given target point by moving the 4 axis. A transparent robot showed a correct position 
(see Figure 15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 PC-based simulator showing the task, the virtual robot arm and the transparent robot indicating the right 
configuration of the robot arm. 

Evaluation 

The first evaluation study with four training conditions was conducted. One group had no 
additional feedback, one group had continuous feedback, one group had feedback on demand and 
one group had feedback on failure. Each group had 6 participants and performed 10x10 trials of 
the 10 randomly selected tasks. The tasks had a little different index of difficulty. Consequently, a 
different amount of effort required to accomplish each task (trial). The overall time to accomplish 
the task averaged over each group of the participants demonstrated that only “no-feedback” and 
“on-demand” modes revealed a minor trend towards improving the performance related activities 
of the trainees, whereas “continuously” and “on-failure” did not show such an improvement (see 
Figure 16). 
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Figure 16 The task completion time (overall) under different feedback conditions. 

Regarding the length of the trajectory only “no-feedback” and “continuously” demonstrated a 
weak tendency to optimize the path. During the training the errors due to “out of workspace” and 
“obstacle collisions” had a tendency to decrease. In two of four conditions, with “no-feedback” 
and “on-demand”, paired samples t-test revealed a significant correlation between error rates.  

The skill transfer test, where a session with 10 tasks has to be completed without feedback for all 
4 groups, showed that the more visual feedback was presented on screen during training the more 
time it demanded to solve the task without the visual feedback (see Figure 17).  
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Figure 17 The temporal factors of the skill transfer test under different feedback conditions compared to the expert 
performance (template). 

The error rate in the skills transfer test was low for the conditions “no-feedback” and “continuous” 
(see Figure 18).  
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Figure 18 The error rates during the skill transfer test under different feedback conditions. 

The results showed that continuous feedback led to the problem that some participants passively 
followed the template and did not perform better than without feedback. A possibility to call 
visual feedback on-demand demonstrated the greater performance and users’ satisfaction with 
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adopted training protocol and scenario On the other hand, an appearance of the visual feedback 
on-failure led to a significant impact on the planned activity. The trainees were strongly disturbed 
by the need to re-plan the goal-directed behavior. In this case, they lost a sense of workspace, the 
latter resulted in a chain of erroneous actions and, consequently, in greater error rates.  

This experiment was emphasized to the learning effect during training with a very long training 
phase. Due to this long training phase differences in fast skill acquisition is not captured. 
Therefore, a second experiment was conducted with a changed training protocol to get a better 
understanding of the effect of continuous feedback on skill acquisition. In this second experiment 
two groups performed only 10 trials of the same task. Ten trials were divided into three blocks. 
Each block started from a base-line trial without indicating a right configuration of the virtual 
robot through the grey robot-phantom (NoVisGuide). Then, one group (A) of the participants 
performed the second NoVisGuide trial. Another group (B) of the participants performed the task 
with continuous demonstration of the right configuration of the virtual robot through the grey 
robot-phantom. The blocks were finalized with the skill-transfer trial (NoVisGuide). During the 
third block, the second group (B) of the participants performed the task VisGuide-Continuous 
twice (8 and 9) before the skill-transfer trial (see Figure 19). 

 

Figure 19 Training protocol for evaluating effects of the visual feedback on the human performance 

During the entire training session (3 blocks) with the use of the visual guidance, the trainees 
achieved significant improvements in the target acquisition task. Their cumulative motor 
experience was increased by 1.8 times, while only by 1.2 times under the passive learning 
condition. The average task completion time was decreased by more than 40% vs. 12% observed 
due to a passive learning effect (see Table 1). 
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Table 1 The comparative statistics of the temporal factors (trials 3, 6, 10 are the transfer trials) 

 

The average error rate during the skill transfer test was characterized as 2.94 (STD=0.82) and 3.32 
(STD=1.59) for the out of work space failures committed and 2.44 (STD=0.82) and 1.44 (STD=0.84) 
for the collisions with obstacles. However, the paired samples t-test did not reveal the statistically 
significant differences with respect to the out of work space failures t(9) = 0.744 (p>0.1), 
corr=0.227 (p >0.5). On the contrary, the differences in the committed instances of collisions with 
obstacles were statistically significant t(9) = 5.75 (p<0.000), corr = 0.681 (p<0.05). 

Analysis  of  the  human  performance  demonstrated  that  in  the  absence  of  visual  guidance  
(VG)  the  improvements  occur  mostly  due  to  optimizing  the  movement  components  that  
could  remain  at  sub-optimal level. Initially and in more degree the VG affects the cognitive 
components, which step by step improve movements.  Thus,  the  presented  evaluation  study  
showed  that  visual  guidance  can  support skill acquisition in robotic tasks.   

Conclusions 

Within the PBD Demonstrator several technical and scientific results have been achieved in the 
context of skills acquisition. From a technical point of view the DLR bimanual haptic device has 
been developed and integrated into the developed Virtual Reality Robot simulator. Both 
technologies contributed to the SKILLS aim for capturing and rendering skills in multimodal way. 
The On-Site-Setup was the only demonstrator where haptic feedbacks was used as an explicit 
accelerator and not, like in other demonstrators as a way to simulate system behavior more 
realistically. Additionally a PC-based Simulator was developed that allows evaluation of different 
kinds of accelerators and training protocols without the need of expensive and complex HW. 

The experiments carried out have shown the following three main results: 
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 Visual Guidance in form of a “transparent robot” can help in skill acquisition regarding 
robot tasks with respect to several robotic issues, like singularities, workspace restrictions, 
obstacle avoidance, and redundancy. 

 Learning in a Virtual Reality Simulator does not reveal negative effects on learning and can 
substitute traditional learning. 

 Haptic Feedback accompanied with additional visual feedback via augmented reality has 
positive effects on learning how to set compliance parameters. 
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INDUSTRIAL MAINTENANCE AND ASSEMBLY 

The goal of the IMA demonstrator is the training of the motor and cognitive skills involved in 
assembly and maintenance tasks. The main skill involved in this type of tasks is the procedural 
skill. Procedural skills represent the ability of the technician to get a good representation of the 
task organization and to know: what appropriate actions should be done, when to do them 
(appropriate time) and how to do them (appropriate method). 

Most researchers agree that procedural skills are developed gradually as a result of practice 
through repeating exposures to a certain task. Nevertheless, recommendations for designing 
virtual reality systems for procedural skills training in general, and IMA activities training 
specifically, were still missing. During the SKILLS project, several studies were conducted in order 
to analyse different hypothesis and provide some recommendations for the development of 
virtual training platforms and protocols for the IMA taks. Some of these recommendations are: 

 Observational learning integrated properly within the training protocol increases training 
efficiency 

 Training protocols combining physical and cognitive fidelity enhance procedural skills 
acquisition 

 Guidance aids should be provided in a proper and controlled way since their abuse of use 
can inhibit an active exploration of the task and impede the skills transfer to the real world 

 The decomposition of the whole maintenance task in sub-goals or sub-tasks and the 
enriched information about them can help trainees to develop a better mental model of 
the task 

 

The IMA demonstrator comprehends two different platforms, one based on technologies of 
Virtual Reality (VR) and the other one on augmented reality (AR), fully covering the different 
aspects and constraints of a training process: 

1. The goal of the VR-training system (IMA-VR) is to provide training in a controlled 
multimodal virtual environment for transferring motor and cognitive skills involved in 
assembly and maintenance tasks. The system supports the enactive approach of “learning 
by doing” by means of an active multimodal interaction (visual, audio and haptic) with the 
virtual scenario, which may resolve many constraints of employing the real equipment for 
training (e.g.  availability, time, cost, safety constraints). With the new system, the trainees 
can interact and manipulate the components of the virtual scene, sense the collisions with 
the other components and simulate different assembly and disassembly operations, see  
Figure 1. The platform also allows remote supervision/training through an on-line 
interaction between trainer and trainee 

One of the main features of this platform is its flexibility to adapt itself to the needs and 
preferences of trainees and task demands: 

- Flexibility in the training strategies to learn a task: the platform provides different 
learning strategies to guide trainees during the training process (e.g. strategies based 
on observational learning or on providing information about how to proceed with the 
task at the step/sub-task level) The aids provided by the learning strategies can be 
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gradually changed or reduced, displaying adequate information for the trainee level of 
expertise..  

- Flexibility in the type of tasks and their execution: the platform allows performing uni-
manual and bi-manual operations on rigid and flexible components (i.e. cables) and 
with or without using tools.  It is also possible to perform steps automatically to enable 
trainees to jump the easy steps and focus on the complex ones or “undoing” steps to 
repeat difficult steps. 

- Flexibility in the haptic device used: the platform can work with different types of 
haptic devices, e.g. with large or small workspace, with one or two contact points, with 
different DoFs, etc. The platform allows adding new devices easily through a special 
haptic API. 

 

 

Figure 20. Virtual Reality platform of the IMA demonstrator: the user interacts and manipulates the virtual scene 
combining haptic, audio and visual feedback. 

 

2 Within the AR-training system the trainee is performing assembly operations on the real 
machines using the real instruments for interaction. Thereby the trainee is guided via a 
mobile training system including Augmented Reality visualisation as well as tactile 
feedback. During the training session the trainee can be supported by a remote instructor 
using tele-presence technologies. This scenario is thought for situations where the real 
machinery is available. Thereby the mobility of the system should support service 
technicians that have to work in wide workspaces on very large machinery. 

 

The focus of the was to establish a “ skills transfer evaluation” of the VR and AR IMA platforms and 
analyze its results. The goal of this evaluation was: the analysis of the efficiency of both platforms 
as training tools for industrial maintenance activities and the comparison among the performance 
obtained with both platforms and traditional training methods (instructional videos with and 
without on-line performance of the real task during watching). The evaluation was executed at 
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Sidel Training Center in Parma with the service technicians from Sidel.  The results suggest that 
both IMA platforms are suitable training tools. In both cases, all technicians performed the real 
task without any aid from the evaluator and most of them (the 80%) performed the task without 
any error, being the average of the unsolved errors very low (0.3 in the IMA-AR and 0.4 in the IMA-
VR platform). There were less unsolved errors in the group trained with the IMA-AR platform 
compared to its control group (traditional training based on training on real equipment), showing 
that the use of the AR platform can improve the performance of the technicians with respect to 
traditional training systems. There were no significant differences in the final performance 
between the group trained with the IMA-VR platform and its control group (traditional training 
based on watching a video of the task). Although the performance of the technicians trained with 
the VR platform was good, this study could not show explicitly the benefits of the use of the VR 
platform with respect to the traditional training due a ceiling effect with the experimental task 
after two repetitions of it (the VR control group achieved an optimal performance).  

Nevertheless, the general results of this evaluation and the findings of a previous skills transfer 
evaluation indicate some benefits of the VR platform with respect to the traditional training. In 
addition to analyse the transfer of skills, this evaluation collected the feedback of the technicians 
about the easiness of use and effectiveness of both platforms through specific questionnaires. 
Although the developed technologies are highly exceptional for the service technicians, most of 
them would recommend both platforms, VR and AR, as a training tool. 
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Training activities 

The training activities were considered as a key factor for the successful implementation, 
utilization and exploitation of the SKILLS outputs, due to: the multidisciplinary of the project 
combining different human knowledge areas, the broad scope of the technologies used and its 
high degree of innovation. 

The main aim was the training of researchers and other key staff, research managers, industrial 
executives and potential users, in the know-how and outputs generated within SKILLS project.  

In order to be able to define a good training program, both for training inside of the partnership 
and for training to entities outside of the consortium, an internal survey was conducted at the 
beginning of the project. Taking into account the heterogeneous composition of the project 
(industries, research institutions, private and public institutions), the goal of this internal survey 
was to collect information about: the targets contents for the training activities (what?), the target 
audience for the training (who?), the schedule (when?) and the media to deliver the training 
(how?). This information was the basis for the definition of the first training programme of the 
project that was updated annually: to include the new needs of training detected along the project 
and to take into account the feedback received from the trainees through training evaluation 
questionnaires.  

In overall, the main training activities have provided:  

 Delivery of training inside of the partnership through: nine internal training workshops and 
some specific training sessions inside of the demonstrator teams involving trainers, trainees 
and end users. 

 Delivery of training for entities outside of the consortium through nine special SKILLS 
sessions organised in relevant conferences, such as ROMAN 2010 and AHFE 2010. 

 A summer school for spreading the knowledge acquired in the project to young 
researchers. After a selection process among almost forty candidates, twenty four researchers 
from different countries (Italy, France, Germany, Spain, Greece, the Netherlands, Switzerland, 
USA, Canada, etc) were selected to attend this 4-days event. 

 Implementation of a e-training platform to support the delivery of training material and 
support training activities through virtual seminars. All the training material prepared for the 
internal training sessions are available in the  repository of this platform. 
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2. Dissemination and use 

Public Deliverables 

All the public deliverables starting from the beginning of the Project are indicated in the list below: 

 

1st year 

D.RA1.1 A literature review on the definition of SKILLS in the context of multimodal interfaces 

D.RA3.1 Specification and Architecture of the integrated Multimodal Capturing Framework 

D.IA1.1 Plan for Using and Disseminating the Knowledge 

D.TA1.1 First release of training programme 

 

2nd year 

D.RA1.3 The methodology of skill analysis and capturing – Task analysis toolbox 

D.IA1.1 Plan for using and disseminating the knowledge 

 

3rd year 

D.RA1.6 The SKILLS unified framework 

D.D3.4 Demonstration of the MFS prototype Demonstrator 

a. preliminary prototype rendering platform 

b. at least one example prototype exercise 

 

4th year 

D.RAs.2 Research Challenges Results 

Del.1 Joint progress report on the demonstrators studies during the period M37–M42 

Del. 2 Joint progress report on the demonstrators studies during the period M43–M48 

Del.3-ROW 2nd Rowing Demonstrator prototype 

Del.3-MFS 2nd Maxillo-Facial Surgery Demonstrator prototype 

Del.3-PBD 2nd Programming by demonstration demonstrator prototype 

 

5th year 

Del.RA1 Final report on Fundamental Research studies 

Del.RA2 Final report on Digital Representation of skill 
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Del.RA3 Final report on Skill Capturing methodologies and technologies 

Del. RA4 Final report on Skill Rendering methodologies and technologies 

 

Publishable Results 
Each table below illustrates the exploitable result achieved throughout the whole Project. 

 

Exploitable result 
(title) 

MOTOR LEARNING AND DEMONSTRATION BY EXAMPLES 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

A statistical tool than learns user behaviour with respect to the surrounding 
environment and extracts the analytical mathematical properties of motion in a 
parametric fashion that can be adapted to different conditions.  
The tools can be manipulated in order to comply with complex structured actions 
in the space and to teach automata to perform human like action/reaction 
operations (playing piano, tennis, painting with vision,…). 

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

Industrial Automation, Social Robots, Virtual and Robot companions, Cooperative 
robots, Autonomous robots. 

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

Laboratory prototypes and demonstrators. 

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

Offered: mathematical background, theoretical framework, competences in data 
acquisition and processing, robot control, consultancy, training; 
Sought: application fields, and problem solving opportunities 

Collaborator details (type of partner 
sought and task to be performed) 

Industries, Hospitals, Sport Associations 

Intellectual property rights granted or 
published 

Carlo Alberto Avizzano 

Contact details Carlo Alberto Avizzano, Massimo Bergamasco 

 

Exploitable result 
(title) 

Digital Repository and Representation 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

An integrated development framework to collect and manipulate, in a structured 
way, data streams to and from an interactive multimodal environment. The tools 
operates in real-time with the environment and allows to collect, store and 
reproduce information at any level related to the motion of the user and the 
properties of its actions. Interface for C, Python, Matlab, Simulink and other 
programming tools are available. The tool is specifically suited for analysis of 
subjects with data collected from different setups. 
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Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

Scientific research, collaborative design, data analysis companies, ergonomic 
investigations, fault detection, virtual training, work biomechanics analyses, 
cooperation analyses and design. 

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

Advanced Prototype 

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

Offered: consultancy, training, development support 
Sought: financial support, marketing, application contexts. 

Collaborator details (type of partner 
sought and task to be performed) 

Industries, Hospitals, Sport Associations 

Intellectual property rights granted or 
published 

Emanuele Ruffaldi 
 

Contact details Emanuele Ruffaldi, Massimo Bergamasco 

 

Exploitable result 
(title) 

Real-time Pattern identification and scoring in multidimensional data 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

A methodology and a framework to identify specific patterns in multidimensional 
data based on loose examples provided by subjects. Provided a number of 
examples this tool allows to identify in real-time events and score them. 

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

Virtual training, work biomechanics analyses 

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

Advanced Prototype 

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

Offered: consultancy, training, development support 
Sought: financial support, marketing, application contexts. 

Collaborator details (type of partner 
sought and task to be performed) 

Hospitals, Sport Associations 

Intellectual property rights granted or 
published 

Emanuele Ruffaldi 
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Contact details Emanuele Ruffaldi, Massimo Bergamasco 

 

 

Exploitable result 
(title) 

On-Site-Setup  

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

System to train the setting of compliance parameters of the LWR consisting of the 
LWR itself, an interactive training system, Lego bricks to set up the training 
scenario and the KUKA AR system to support training. 

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

The On-Site-Setup is an example for an interactive training system that can be 
offered as an additional feature for costumers of the LWR to train his employees 
directly at his site. The product can be an optional set of HW/SW components 
that could be used to enhance an existing LWR setup to provide training. 

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

prototype 

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

Since KUKA is the owner of the technology and will be responsible for a possible 
exploitation no further agreement with other partners is necessary. 

Collaborator details (type of partner 
sought and task to be performed) 

- 

Intellectual property rights granted or 
published 

- 

Contact details Uwe.Zimmermann@kuka.com 

 
Exploitable result 
(title) 

Training-Center-Setup  

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

The bimanual haptic device connected to a virtual reality simulation system to 
train different aspects of robot knowledge (singularities, workspace, redundancy, 
…) or application specific knowledge (pick-and-place, assembly, …) 

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

The system can be setup at the KUKA training facilities to allow for specific 
training courses 

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

prototype 
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Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

Since DLR is the owner of the technology and KUKA will be the partner where the 
TCS should be installed there has to be an agreement between those partners. 
Since a close collaboration between DLR and KUKA is already established with 
many technology transfers in the past there will be further discussions regarding 
this topic. 

Collaborator details (type of partner 
sought and task to be performed) 

- 

Intellectual property rights granted or 
published 

- 

Contact details Uwe.Zimmermann@kuka.com 

 
Exploitable result 
(title) 

IMA-VR training platform (Virtual Reality Platform of the Industrial Maintenance 
and Assembly demonstrator)  
 

Involved partners TECNALIA & CEIT 
 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

The IMA-VR platform provides training in a controlled multimodal virtual 
environment for transferring motor and cognitive skills involved in assembly and 
maintenance tasks.  

The system supports the enactive approach of “learning by doing” by means of an 
active multimodal interaction (visual, audio and haptic) with the virtual scenario. 
This type of interaction avoids many constraints of employing the real equipment 
for training (e.g.  availability, time, cost, safety constraints). The system also 
allows remote supervision/training through an on-line interaction between 
trainer and trainee 

One of the main features of this platform is its flexibility to adapt itself to the 
needs and preferences of trainees and task demands. In this way, the platform 
provides different learning strategies to guide trainees during the training process 
and can be used with different types of haptic devices, e.g. with large or small 
workspace, with one or two contact points, with different DoFs, etc.  
 

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

The main use of the IMA-VR is to provide training in the industrial sector. With 
this platform service technicians could be trained in the assembly and 
maintenance procedures of industrial machines. Besides, during the design 
process or in later stages, this platform can be used as a tool to analyse 
accessibility problems and assure that the assembly and maintainability 
operations of a system with a certain degree of complexity, such as turbines of 
aircrafts, can be properly done.   

In addition, the core of the IMA-VR platform and some of its components (such as 
the module of visual and haptic assistance) could be used as the basis for the 
implementation of new training platform in other domains such as medicine, 
rehabilitation, etc. 
 

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

The IMA-VR platform is at the stage of “demonstrator”. Some skill transfer 
evaluations were performed by expert technicians and by users without any 
experience on maintenance tasks. The results of these evaluations show that this 
platform is a suitable training tool and provide some benefits with respect to the 
traditional training methods. 
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Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

At this stage, the main contact is Sidel (in Italy), one of the partnes of the project, 
that delivers training services (internally or externally). 

Collaborator details (type of partner 
sought and task to be performed) 

N/A 

Intellectual property rights granted or 
published 

Still to be performed. The approach for the exploitation would be software 
licenses (annual or life-licenses). 

Contact details Teresa.gutierrez@tecnalia.com;  esanchez@ceit.es 

 
 

Exploitable result 
 

Virtual Reality Training Protocol for Maxillo Facial Surgery 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

One of the main results of the MFS training platform is 
the knowledge acquired in the design of multimodal 
system for basic skills training. Results point out that 
providing sensory feedback sequencially improves 
surgical basic skills training. These results have lead to 
the design of a specific training protocol adapted to 
Maxillofacial surgery.  

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

- Surgical training in Maxillofacial surgery  
- The training protocol will be extended to a wider range of surgery. Grants have 
been awarded and proposed for the next 8 years.  
  

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

Prototype stage.  

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

The training protocol has been included as a training tool in the future IFF institute 
in Amiens (Institut Faire Face or “Facing Faces institute”) dedicated to 
Maxillofacial Surgery. A financial support has been granted in the framework of 
the French national call for project ANR EQUIPEX (10 years). Another financial 
support has been proposed in the framework of the French National call for 
project ANR LABEX (8 years). 
The protocol is also part of a research proposal in EU FP7 HEALTH framework.   

Collaborator details (type of partner 
sought and task to be performed) 

At this stage of development, we seek partners in University hospitals and VR or 
health related SMEs interested by basic skills training virtual reality software.    

Intellectual property rights granted or 
published 

No specific intellectual property on the platform itself. Some patent apply for sub-
parts of the platform.   

Contact details sylvain.bouchigny@cea.fr 

 
Exploitable result 
 

The MFS Training Platform 

© CEA 
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Result description 
(product(s) envisaged, functional 
description, main advantages, 
innovations) 

The MFS platform is a Virtual reality multimodal 
platform dedicated to surgical simulation. Its main 
application at this stage is basic skills training in 
bone surgery. However, its versatility makes it a 
suitable system for a wider range of surgery, 
including MIS, bone surgery, microsurgery or any 
surgery in which the operating field is of the order 
of 20x20x20cm with max force of around 50N and 
stiffness below 10 kN/m.  

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

- Surgical training in any curriculum  
- The platform is especially right away usable in dental surgery and bone surgery 
- Potential clients are university hospitals or associations and societies of dentist.  
- Further research may include application in pre-operation evaluation and 
training, design and specification of implants, prosthesis and relevant guiding 
tools. (Studies are scheduled as soon as 2012). 
- The platform can be considered as a generic virtual reality system and may find 
application in any field related to VR simulation when the workspace is of the 
order of 20x20x20cm. 

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

Final.  
The platform has reached a stage of technological transfer to industrial partners. 

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

The platform has been included as a training tool in the future IFF institute in 
Amiens (Institut Faire Face or “Facing Faces institute”) dedicated to Maxillofacial 
Surgery. The transfer of the platform involved 2 SMEs. A financial support has 
been granted in the framework of the French national call for project ANR 
EQUIPEX. Another financial support has been proposed in the framework of the 
French National call for project ANR LABEX. 
The platform is also part of a research proposal in EU FP7 HEALTH framework.   

Collaborator details (type of partner 
sought and task to be performed) 

At this stage of development, we seek partners in University hospitals and VR or 
health related SMEs.   

Intellectual property rights granted or 
published 

No specific intellectual property on the platform itself. Some patent apply for sub-
parts of the platform.   

Contact details sylvain.bouchigny@cea.fr 

 
Exploitable result 
 

Hybrid haptic interface 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

The hybrid haptic device is a 6D force feedback 
system allowing fine force feedback. Based on an 
hybrid technology combining serial and parallel 
geometries, the system provide exceptional range 
of achievable stiffness (up to 10 kN/m), max forces 
(50N), workspace (30x30x30cm)  and transparency. 

 © CEA  
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Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

Any application in which 6d force feedback is of interest. 
- Virtual reality 
- Human computer interface 
- Teleoperation 
- Rehabilitation   

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

Final.  
The platform has reached a stage of technological transfer to industrial partners. 

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

As part of the MFS platform, 2 such devices have been included as the main force 
feedback in the training facility of the future IFF institute in Amiens (Institut Faire 
Face or “Facing Faces institute”) dedicated to Maxillofacial Surgery. The 
development involved 1 SME. A financial support has been granted in the 
framework of the French national call for project ANR EQUIPEX. Another financial 
support has been proposed in the framework of the French National call for 
project ANR LABEX. 
The device will also be part of a research proposal in EU FP7 HEALTH framework.   

Collaborator details (type of partner 
sought and task to be performed) 

At this stage of development, we seek partners in VR and health related SMEs 
potentially interested by the characteristics of the system.    

Intellectual property rights granted or 
published 

A CEA patent has been granted for the system   

Contact details Florian.gosselin@cea.fr 

 
Exploitable result 
 

Vibro-tactile handle 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

The vibrotactile handle is a 10 cm handle able to provide 
vibrations perpendicular to the handle axis (normal to the 
skin) with static amplitude up to 100µm and dynamic 
range of 15µm up to 1kHz. The system was used to render 
drilling tool vibration in a simulation of bone surgery.    

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

Any application in which vibrotactile actuation is suitable. 
- Virtual reality 
- Human computer interfaces  

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

Prototype stage  
Some developments are needed to reach industrial stage.  

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

Collaboration are sought in the field of :  
- vibrotactile actuation in dental surgery 
- pen or stylus actuation for applications and mobile and tablet markets.     

Collaborator details (type of partner 
sought and task to be performed) 

At this stage of development, we seek partners in VR related SMEs potentially 
interested by the characteristics of the system.    
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Intellectual property rights granted or 
published 

No patent have been issued for this technology   

Contact details sylvain.bouchigny@cea.fr 

 
Exploitable result 
 

Laser scanner 1 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

The laser scanner is based on a technology 
making     the system (Figure 5) is composed of a 
network of VCSEL laser diodes positioned around 
a central photo detector. The serial switching 
strategy of the laser sources allows scanning the 
identified target. This scanning platform 
(composed of the laser diodes and the receiver) is 

mounted on top of a motorized tip/tilt system 
with position feedback for tracking purposes, 
continuously adjusting the 
tip/tilt angles so that the center of the photo detector is aligned with the center of 
the tracked object. 

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

Any application in which tracking with no previous calibration stage and robust 
tracking is needed.   
- Virtual reality 
- Tracking of object or robots in difficult light condition or accessibility. 

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

Prototype stage  
Some developments are needed to reach industrial stage.  

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

Collaboration are sought in the field of :  
- robot tracking in difficult situation  
 
Collaboration has been offered in the field of robot tracking in nuclear plant 
reactor pool.  

Collaborator details (type of partner 
sought and task to be performed) 

On going collaboration with AREVA    
 

Intellectual property rights granted or 
published 

No patent have been issued for this technology   

Contact details Florent.souvestre@cea.fr 

 
Exploitable result 
 

Laser scanner 2 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

The laser scanner makes use of a laser 
telemeter. The laser beam of the telemeter is 
scanned using two rotating Risley prism (see 
previous deliverables). The reflecting targets 
scattered in the scene are detected by means 
of a photo-detection stage. The angular 

position of the prism gives the angular 
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position of the targets in the scene and the 
telemeter gives the distance to the target. No 
prior calibration is needed to start tracking 
multiple targets.  

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

Any application in which tracking with no previous calibration stage and robust 
tracking is needed.   
- Virtual reality 
- Tracking of object or robots in difficult light condition or accessibility. 

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

Early prototype stage. Proof of concept. 
Some developments are needed to reach industrial stage.  

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

Collaboration are sought in the field of :  
- robot tracking in difficult situations 
 
Collaboration has been offered in the field of robot tracking in nuclear plant 
reactor pool.  

Collaborator details (type of partner 
sought and task to be performed) 

On going collaboration with AREVA    
 

Intellectual property rights granted or 
published 

No patent have been issued yet for this technology   

Contact details Florent.souvestre@cea.fr 

 
Exploitable result 
 

Force sensor matrices 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

The force sensor matrix is an ultra thin 3D 
force sensor tool. It allows capturing force on 
a 8x8 matrix of 3D force sensor based on a 
capacitive technology. It can provide vector 
field of forces applied on a 2x2 cm flexible 
substrate. The system has a very small form 
factor (150µm) and is flexible. It can be 

adapted on ant tool.  
    

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

Any application in which vector field of forces might be needed, especially: 
- ergonomic studies 
- robot hand sensing 
- multitouch force-sensitive interface 

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

Early prototype stage. Proof of concept. 
Some developments are needed to reach industrial stage.  
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Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

Collaboration are sought in the field of :  
- ergonomic studies 
- robot hand sensing 
- multitouch force-sensitive interface  
 
Contacts have been initiated in dentistry application to characterize chewing force 
in patient.    

Collaborator details (type of partner 
sought and task to be performed) 

Contact with Université Dentaire de Toulouse  
 

Intellectual property rights granted or 
published 

No patent have been issued yet for this technology   

Contact details Sylvain.bouchigny@cea.fr 

 
Exploitable result 
(title) 

Rigid Object Motion Tracking 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

“Tracker” ( http://www.vicon.com/products/vicontracker.html ) is a piece of 
software for tracking rigid clusters of retro-reflective markers in real-time to high 
accuracy even with low camera counts. Its main advantage is its robustness, due 
to its ability to efficiently exploit every piece of available 2d information. 

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

Engineering (aerospace, military), life sciences (ergonomics, rehabilitation, 
biomechanics). 

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

Released software product 

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

None required. 

Collaborator details (type of partner 
sought and task to be performed) 

None required. 

Intellectual property rights granted or 
published 

None. 

Contact details Warren Lester, Engineering Product Manager, Vicon Motion Systems, 14 Minns 
Business Park, Oxford OX2 0JB, UK. 

 
Exploitable result 
(title) 

Video Blob Detection 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

We have developed an efficient algorithm for the detection of bright or dark blob-
like video features, which is now being integrated into our Nexus software, where 
it is being used for accurately calibrating video cameras. We also anticipate its use 
across wider ranges of applications where video features may provide an 
alternative to retro-reflective markers, but where a similar level of precision is still 
required. These areas include engineering applications where cameras with 
strobes and bulky markers are undesirable. 

http://www.vicon.com/products/vicontracker.html
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Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

Life sciences (all), engineering(measurement systems) 

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

Prototype. 

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

None required. 

Collaborator details (type of partner 
sought and task to be performed) 

None required. 

Intellectual property rights granted or 
published 

E. Nel, A. Stoddart . Detection of circular blobs for motion capture from video. US 
Patent application 20090180663. OMG plc. Filed January 11 2008, granted July 16, 
2009. 

Contact details Derek Potter, Life Sciences Product Manager, Vicon Motion Systems, 14 Minns 
Business Park, Oxford OX2 0JB, UK. 

 
 

Exploitable result 
(title) 

Vision based tracking without reference images of fixed initialization positions 

(“VisionLib”) 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

This Computer Vision based Tracking framework can be used for markerless 
object Tracking or for camera pose tracking in Augmented Reality applications. 
Thus it is a key technology for the realization of Augmented Reality Training 
Simulators. 

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

The technologies can be applied in Service- and Maintenance Training in the 
following application areas: machine and plant construction, automotive, 
aerospace and shipbuilding  

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

The technology can be licensed for industrial applications 

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

The technology can be licensed or it can be adapted to customer specific 
requirements. It can be linked to the instant reality framework. Thus AR Training 
simulators can be easily generated for different applications fields. 
 

Collaborator details (type of partner 
sought and task to be performed) 

The technology will be licenses to companies in the field of machine and plant 
construction, automotive, aerospace and shipbuilding. Specific Training simulators 
will be developed for these customers. 

Intellectual property rights granted or 
published 

The technology is distributed as executable software framework. The source code 
is owed by Fraunhofer IGD. 

Contact details Dr. Ulrich Bockholt, Fraunhofer IGD, Fraunhoferstr. 5, 64283 Darmstadt, Germany 
Ulrich.Bockholt@igd.fraunhofer.de 
 

 

mailto:Ulrich.Bockholt@igd.fraunhofer.de


 
 

 

59 

Exploitable result 
(title) 

Instant Reality “Mixed Reality Platform” 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

The Mixed Reality platform instantreality can be used for the realization of 
Training Simulators in the field of Virtual and Augmented Reality. Using 
standardized and declarative interfaces different training protocols can be 
realized. The technology is distributed via instantreality.org 

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

The technologies can be applied in Medicine, Service- and Maintenance Training 
and Sport.   

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

The technology can be licensed for industrial applications. 

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

The technology can be licensed or it can be adapted to customer specific 
requirements. Thus different VR/AR Training simulators can be easily generated 
for different applications fields. 
 

Collaborator details (type of partner 
sought and task to be performed) 

The technology will be licenses to companies in the field of medicine, machine 
and plant construction, automotive, aerospace and shipbuilding. Specific Training 
simulators will be developed for these customers. 

Intellectual property rights granted or 
published 

The technology is distributed via the online portal instantreality.org. a trail version 
can be downloaded thaht has to be licensed for commercial application. 

Contact details Dr. Johannes Behr, Fraunhofer IGD, Fraunhoferstr. 5, 64283 Darmstadt, Germany 
Johannes.Behr@igd.fraunhofer.de 
 

 
Exploitable result 
(title) 

AR-Telemaintenance  Tool 

Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

The Augmented Reality System can be enhanced with a teleconsultation 
component. This can be used as a training tool or as an assitnez system for 
services technicians. 
 

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

The technologies can be applied in  Service- and Maintenance Training and 
Support..   

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

The technology can be licensed for industrial applications. 

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

The technology can be licensed or it can be adapted to customer specific 
requirements. It can be linked to Augmented Reality technologies. 
 

Collaborator details (type of partner 
sought and task to be performed) 

The technology will be licenses to companies in the field of machine and plant 
construction, automotive, aerospace and shipbuilding. Specific tele-consultation 
solutions will be developed for these customers. The system can be used as an 
authoring tool for Augmented Reality scnearios. 

Intellectual property rights granted or 
published 

The technology is distributed as executable software framework. The source code 
is owed by Fraunhofer IGD. 

Contact details Dr. Ulrich Bockholt, Fraunhofer IGD, Fraunhoferstr. 5, 64283 Darmstadt, Germany 
Ulrich.Bockholt@igd.fraunhofer.de 

 
Exploitable result 
(title) 

Tool for VR/AR based Surgical Training 
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Result description 
(product(s) envisaged, functional 
description, main advantages, innovations) 

The Technology forms the basis for simulation of surgical therapies in particular in 
relation to tele-robotics. A final exploitable platform can be developed on that 
basis. 
 

Possible market applications (sectors, type 
of use) and use in further research 
(including timings) 

The technologies can be applied in  Surgery. 

Stage of development (laboratory 
prototype, demonstrator, industrial 
product...) 

The technology can be licensed for medical  applications. 

Collaboration sought or offered 
(manufacturing agreement, financial 
support or investment, information 
exchange, training, consultancy, other) 

The technology can be licensed or it can be adapted to customer specific 
requirements. It can be linked to different interaction devices. 
  
 

Collaborator details (type of partner 
sought and task to be performed) 

The technology will be licenses to companies in the field of medicine. 
 

Intellectual property rights granted or 
published 

The technology is distributed as executable software framework. The source code 
is owed by Fraunhofer IGD. 

Contact details Dr. Ulrich Bockholt, Fraunhofer IGD, Fraunhoferstr. 5, 64283 Darmstadt, Germany 
Ulrich.Bockholt@igd.fraunhofer.de 
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