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1 Keywords

Human Motion Simulation, Human Motion Capturing, Biomechanical modelling, Modelling
Identification, Artificial Neural Networks

2 Abstract

Realistic simulation of the human behaviour plays a primary role in modern industrial ergonomics. The
approaches commonly used in movement modelling, are based on traditional bioinspired strategies,
that do not involve the intrinsic variability, due to subjective perception of the contextual quantities.
For these purposes, a data driven approach based on a collection of physical experiment, capable of
grasping the natural essence of the human movements, has been developed and it is herewith presented.
Motion analysers, artificial neural networks and open CAD environments have been involved to
produce a toolset to perform virtual experiment through the human motion simulation, fully integrated
with a methodology. Results carried out investigating specific industrial scenarios are also presented.
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3 The consortium

ALENIA SPAZIO S.p.A. (ALSTO)

The company born from the merger of the two major national space industries, Selenia AEROSPAZIO
S.p.A. and Aeritalia - SPACE SYSTEMS GROUP, accounts for 70% of Italy's space activities in terms
of systems, technology, production and employment. At present, ALSTO employs about 3,000 people
in its eight plants in Italy which offer 8,000 square metres of clean rooms and laboratories.

ALSTO has full system responsibility, or supplies subsystems and on-board and ground equipment, for
the entire range of space applications. Activities cover the design, development and construction of
complete space systems, focused on: manned and unmanned orbital space infrastructures
(COLUMBUS, MPLM, SPACEHAB, ATV); telecommunication satellites and ground stations
(EUTELSAT, ARTEMIS, INTELSAT, GLOBASTAR); remote sensing, meteorological and scientific
satellites (METEOSAT, HELIOS, LAGEOS 2, TETHERED, SAX, CASSINI); and launch, transport
and re-entry systems (IRIS, CARINA, HERMES, ARIANE V).

Thanks to this centralization and to the experience matured over the years, ALSTO now occupies a
leading position in Europe and is strategically placed in a wide international perspective through
agreements and cooperative ventures with the principal space industries and organizations.

Prime contractor for all Italian Space Agency (ASI) programmes and for some of the major
programmes of the European Space Agency (ESA), ALSTO is also taking a significant role in many
international joint projects, especially those of bilateral co-operation between ASI and NASA, as well
as in commercial programmes.

Human Factors Engineering

Human Factors Engineering Office knowledge is well established in the ergonomics & human centred
design fields. It is presently working on all main company programs (COLUMBUS, MPLM, Node
2&3, ATV, Cupola and CRV) for different aspects.

A laboratory provides the support to the Ergonomic & Human Factors Office activities. Besides normal
equipment like video camera, PC computer and multimedia capable workstations, the main ergonomic
support tools available in the laboratory is a mannequin internally developed. This has been produced
using ROBCAD S/W and provides for human movement simulation. The original robotics S/W tools
have been improved by ALSTO to include also the capability to compare simulated movements with
human movements data recorded during the EUROMIR '95 T4 experiment.

These capabilities have already been used for programs like Columbus, MPLM, Node 2&3, CTV,
Nahuel Ground Segment and for the EUROMIR '95 mission.

COEME SISTEMA S.r.l. (COEME)

COEME is a newly established company born in 1995 further to the merging of three Companies
(Bizeta Stampi, Coeme, Faba) wich operated in different and —at the same time- complementary fields,
i.e. the development and manufacture of moulds study and development of models and processes for
the manufacture of loose components and/or assembled parts manufacturing of semi-finished
components as well as complete parts made by injection of thermoplastic materials., with pre-and/or
post-assembly of included particulars (such as various components for automotive and telephony
applications) manufacturing of telephone accessories, base telephones, PABXs after sale service for
cellular telephones.

The headquarters and its new plant are located in the industrial area of Rivalta, close to Torino; they
are extended on a overall surface of 6,000 square meters — 4,000 of which indoor — and equipped with
the most upgraded manufacturing facilities, installations for product/process design and monitoring of
all Company’s functions. Among the main customers of the Company there are COMAU, ITALTEL,
IVECO, MOTOROLA, NEC, NOKIA, OLIVETTI, TELECOM and VALEO

EAI-DELTA GmbH (EAI-DELTA)

EAI-DELTA originated from the former DELTA Industrie Informatik GmbH which was established in
1989 and merged with the US software company Engineering Animation Inc. (EAI) in 1998. EAI is the
world’s leading manufacturer of enterprise-covering visualisation systems for 2D- and 3D-data, Digital
Mock-Up (DMU) and Virtual Reality (VR) applications.

EAI-DELTA is the leading company in the area of Integrated Process Engineering Software and
provides all-in-one solutions for sophisticated planning and automation in all fields of production: from
consulting and support to complete project management. This includes production facility layout as
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well as supplying services like time analysis, material flow design, production line and factory
simulation. To perform these tasks, EAI-DELTA develops several software tools, mainly the modular
software suite ERGOPlan. The ERGOPIlan process chain generates universal digital models of
production processes up to the operative control of assembly lines.

Since human factors play a more and more important role in today’s production scenarios, EAI-
DELTA especially focuses on the ergonomic aspects of the design of workplaces and production
processes. With the development and application of its human movement simulation system
ERGOMan - a part of the ERGOPIlan software system — the company provides an implementation of a
wide spectrum of state-of-the-art ergonomic techniques, including evaluation of work postures,
detection of maximum forces, generation of MTM-I analyses and many more.

For many years EAI-DELTA has been working on the development of interactive planning and
simulation software and thus gained a lot of experience in the design and implementation of modular
software systems including information modelling, database applications, interfacing and process
management. EAI-DELTA’s staff has also actively and successfully participated in several German
and European research projects in different areas.

EURODIES S.r.l. (EURODI)

The company was established in 1979, in Vinovo (Torino) with the previous name TRA-STA s.r.l. - Its
primary manufacturing vocation has ever been, and it is still now, the production of metal sheet parts
for automotive and domestic industry. Starting from large series production, the organisation became
ever and ever flexible, giving rise to a new vocation in tackling medium and small size batches.
Recently, it also developed a specific capability in the designing and prototyping of single elements,
along with the capability of developing specific dies and tools by means of a suitable set of tool
machining centers. Stamping and drawing operations are performed by cold working processes on a
large set of presses. Facilities are now installed in two different plants, the first one in Nichelino and
the second one in Rivoli, both located in the area surrounding Torino. On the whole, they are extended
on an oveall surface of 8,000 square meters for productive activities - 6,000 of which indoor — and are
equipped with the most upgraded manufacturing facilities, as well as with installations for
products/process design and controlling. All equipments comply with the EC regulations.

Among its main customers are several national and international firms in the automotive field, either
end product makers or suppliers.

At the top of the Company there is a technical staff with high professional level, able to design new
products, issues new processes and tools, manage from single part to small / medium size lots, as well
as organise large production runs. Quite often the Company is asked to deliver the whole know-how on
a new product/process ordered by their Customers.

In this field, among the most challenging tasks on the floor there is the difficulty in estimating and
evaluating exactly the feasibility and the total amount of work related to the manufacturing of new
products, as well as the related risk of injury. After this kind of knowledge there is the fundamental
need of prizing a new product, while gaining a better estimation for the working time for the related
lots, and consequently their due dates.

POLITECNICO DI MILANO (POLIMI)

The Politecnico di Milano is a technical Engineering and Architecture State University.

It was founded in 1863, and nowadays it counts 21 Departments and is widely spread on the territory.
The actual personnel is constituted of: 295 Full Professors, 413 Associate Professors, 282 Researchers,
744 Technicians and administrative.

The didactic activity involves 42,765 Students and in 1998 at the Politecnico di Milano there were
2,933 Graduated in engineering which represented about the 21% of Italy’s graduates in that field.

The Dipartimento di Bioingegneria of the Politecnico di Milano was estabilished in 1990. It currently
counts four full professors, nine assistant professors, eight researchers and several technicians,
administrative personnel and graduated students who pursue their PhDs.

The Dipartimento di Bioingegneria is involved in teaching at the university in the laurea course of
Biomedical Engineering and also in the diploma Universitario in Ingegneria Biomedica which is a
short (three years) course in biomedical engineering.

The research areas in which it is involved range from biomaterials to artificial organs (heart valves,
pumps for extra-corporeal blood circulation etc.) in the mechanical and chemical fields. The electronic
branch works on signal processing (ECG, EEG, blood pressure, Evoked Potentials etc.), on the
biological modelling, medical instrumentation and informatics, rehabilitation technologies and
methodologies, biomedical imaging, and on ergonomics.
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Many projects are conducted in collaborations with EEC, National Research Council, external firms or
organisation both in the national and in the international scenario.

Research is carried on also in external structures situated in hospitals and other organisations. In
particular in the Bioengineering Center located at the Fondazione Pro Juventute Don Gnocchi. The
research team of the Dipartimento di Bioingegneria works on methods and technologies for movement
analysis. Here, in the first part of the 1980s, an automatic system for motion analysis was designed and
developed. The research team has an expertise in the field of motion capture and multifactorial
movement analysis for rehabilitation and ergonomics.

For applications both in plastic surgery and in ergonomics, a new system for 3D surface acquisition and
reconstruction was developed.

POLITECNICO DI TORINO (POLITO)

The Politecnico di Torino is organised into 18 departments, that is, divisions corresponding to
homogeneous scientific and cultural areas, which are responsible for research work and provide the
necessary resources for the educational programmes leading to a university degree or a special school
diploma. It has about 700 teachers (full and associate professors, researchers), 600 administrative and
technical staff members, 22000 students (of whom 21000 following the Engineering and Architecture
degree programmes and 1000 attending the Schools and Diploma courses), a budget of 120 billion Lire
(including salaries) and is a top-level institution dedicated to technical-scientific education. In this
respect, it takes an active part in various exchange and collaboration programmes, such as TIME,
CLUSTER, CESAER, Eurometropoles, involving many European universities.

Basic research work (mainly subsidised by the Ministry of University and Scientific and Technological
Research) is carried out in parallel with highly qualified applied research projects (mostly funded by
research contracts with private firms and public bodies). The institution also plays an active role in
international programmes such as ESPRIT, Prometeus, BRITE, Erasmus, TEMPUS, Human Resources
and Mobility, Co-operation in the scientific and technological field with the central and eastern
European countries.

Department of Manufacturing Systems and Economics

The Division has been entrusted with the task of promoting and organising teaching, research and
advisory activities in areas concerning company set-up and management as well as manufacturing
technologies.

These areas have been broken down into four strictly correlated cultural sectors: manufacturing
systems and plants; quality management and operational research: mechanical measurements and
industrial drawing; company economics; organisation and management.

In the recent years, the tradition research field of the division (modelling and analysis of metal working
processes, CAD/CAM, production planning and control methods, force measurements and industrial
drawing) have been extended to include new areas such as: company set-up and economics, including
legal and commercial implications; modelling of complex systems; operational research; system
planning and management; logistics and total quality; rapid prototyping.

Some of the funds necessary to carry out these researches come from contracts stipulated with national
and international partners (e.g. EC projects).

A laboratory called LEP (Economics and Production Laboratory), provides the students with
computerised facilities were they could test out and become familiar with the software packages
commonly employed in the manufacturing industry. Hardware installation include several PC's, UNIX
workstations and AS/400 computer linked to a local network. This laboratory's LAN is connected with
the Ethernet backbone of the Politecnico. The range of available software tools covers the main aspects
of management and design tasks, including accounting, planning, CAD, manufacturing engineering,
shop scheduling, system simulation and optimisation.

Department of Electronics

The Division promotes, co-ordinates and organises teaching and research activities in the following
sectors: Fields and Circuits, Microwave Electronics, Applied Electromagnetism, Microelectronics,
Telecommunications, Instrumentation and Measurement Science.

Faculty members are responsible for 65 courses, most of them leading to a university degree in the
sector of Information Engineering (Electronics, Computer Science, Telecommunications), with the
support of numerous training laboratories.

NeuroLab is a research laboratory especially focused on Artificial Neural Network (ANN) design and
implementation with the aim of developing workable tools for real-world applications. Although it is
part of the Microelectronics Group, its activity is characterised by a high degree of integration among
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multiple disciplines. In fact, all the aspects involved in the design of complete systems are investigated,
ranging from mathematical foundations and learning paradigms to architectures, computational
resource arrangements, hardware and software solutions. Innovative ideas are customarily validated on
challenging tasks such like hand-written character recognition, speech recognition, control of physical
systems.

The activity of the group is focused, among the others, on some topics of particular relevance to this
project, like integration of prior knowledge with experimental evidence, ANN ensembles, Non-
degenerate Multi-Layer Perceptrons (MLPs), Supporting software.

LUND UNIVERSITY (LUND)

Lund University is a major university in Sweden having more than 34000 students, 3200 PhD students
and 6000 faculty persons. The university includes faculties of medicine, science, behavioural sciences,
technology (Lund Institute of Technology) and more. The work within ANNIE has been carried out by
the Department of Design Sciences and its division of Ergonomics and Aerosol technology as a project
associated to Lund University Centre for Research on People, Technology and Change at Work
(Change@Work). This is a multidisciplinary center including departments such as Psychology/Work
science/, Business Administration, Occupational and Environmental Medicine, Architecture and
Design Sciences and is engaging about 40-50 persons. The LUND group has 10 years of experience
from R&D on 3D/VR-supported planning of workplaces, production systems and products in close co-
operation with many industries. The department of design sciences has a major responsibility for the
industrial design education program of LUND and is involved in most teaching programmes at Lund
Institute of Technology. Change@Work and Ergonomics at Lund University have PC-based and Work-
station-based VR-systems and the group has also possibilities to use a Cave system. Competence areas
are: ergonomics, human-machine systems including usability, computer supported planning, virtual
reality and 3D-visualisation, man-models, safety and comfort, hand functions, industrial and
engineering design.

SIEMENS AG (SIEMENS)

Siemens is a global powerhouse in electrical engineering and electronics. Siemens has more than
400,000 employees around the world to develop and manufacture leading-edge products, design and
install complex systems and projects, and tailor a range of individualised services as varied as the
customer’s requirements. The life technologies and business segments, respectively, of Siemens are:

e Energy

e Industry

e Information and Communications
e Transportation

*  Health Care

e Components

» Lighting

*  Financial Services

*  Household

» Appliances

Siemens Corporate Technology intends:

« to play an indispensable role in securing the future of the company thanks to outstanding
technological expertise,

» to contribute to the economic success of the Groups by making customer benefit our top priority,
in our activities as an innovation partner for the Groups,

» to function as a technological umbrella organisation for the Groups and a seedbed for breakthrough
innovations,

» to be an employee-oriented, learning organisation.

The technical know-how used in the project by the Neural Computation department of Siemens
Corporate Technology refer to:

» Data-driven modelling, non-linear signal processing and control
e Time series analysis, simulation environment for neural networks
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*  Neural /fuzzy systems, online adaptation, design of parameterised functions
» Knowledge Discovery in Databases

» Learning causal networks, reinforcement learning

» Biologically oriented learning algorithms, neurocognitive systems

The results of the ANNIE project can be utilised in Siemens divisions dealing with car control,
medicine, and design of work places in industry.

VOLVO TECHNOLOGICAL DEVELOPMENT (VOLVO)

Volvo - the largest industrial group in the Nordic region - began operations as a manufacturer of
passenger cars in 1927. Approximately 90% of Volvo's sales, related to the transport vehicle
operations, take place outside Sweden, mainly in Europe and North America. AB Volvo, Technological
Development is a joint R&D unit within the Volvo Group who's activities are primarily based on
Volvos profile including safety, environmental concern and high quality products.

The Human-System Integration department and the Cognitive Ergonomics group in it participates in
and leads research and development projects concerning driver information processing and behaviour
in vehicle and traffic environments. The integrated, multidisciplinary group has members with
competence in a number of disciplines including human factors, behavioural science, computer science
and engineering. The group has developed, and is using, a driving simulator utilising leading VR-
technology as a tool for the studies conducted. Studies and analyses of drivers are performed in
laboratory vehicles, in simulators, etc. using a number of methods and techniques.
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4  Contact person

Dr.Ing. Enrico Gaia, ANNIE program manager

He is the Responsible of the Ergonomic and Human Factors Office in Alenia Spazio S.p.A.. He holds
degrees of Doctor in Aeronautical Engineering from the Politecnico of Torino - Italy.

He is an Italian and European Certified Ergonomist (EURERG).

He has been involved in various Alenia Projects as Human Factors Engineer and Training responsible.
He was the System Engineer and Scientific Coordinator for two Italian ergonomic experiments
performed on the Space Station Mir during Euromir 1995.

Enrico Gaia

Alenia Spazio S.p.A.

C.so Marche, 41

10146 Torino,

Italy

Phone: 39 011 7180742

Fax: 39 011 7180064

E-mail: egaia@to.alespazio.it
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5 Scientific and technical achievements

5.1 Introduction

Human interaction with complex systems like assembly station, driving seats or manufacturing place is
more and more asking for designers to face both the human-machine interaction, and the efficiency of
the overall engineering system. A realistic representation of real environments permits representative
simulation of the human behaviour, recovering suitable quantities for task and scenario description.
This is equivalent to say that the right experiment, valid in any condition, does not exist. In fact, the
validity of the test decreases augmenting the distance from the nominal condition. Proper analysis for a
defined set of boundary conditions has to be tailored from the real evidence.

Due to the needs of such a strict correspondence with the real situation, it is impossible to find a unique
general environment in which to perform experiments, obtaining results extendible to a wide range of
situations. Nevertheless physical mock-ups involve high cost, requiring large amount of subjects to be
tested in order to obtain generalizable results. Moreover faithful prototypes cannot be used in different
context.

Thus, for good ergonomics, industry requires tools capable of representing human beings, not only in
terms of anthropometrical quantities, that is through sophisticated mannequins, but, especially, from
the point of view of their ability to visualise human movements in time and space. The exigency is to
have flexible instruments in which perform virtual simulations, with good representation of the human
being in terms of movement features, having the possibility of testing different subject classes and
different environments.

Several solutions has been implemented considering dynamics and kinematics, results of motor
commands and spatial positions of the anatomic district during the time, characterised by means of
analytic functions. In these approaches, artificial neural networks (ANN) have been employment to
expect the parameter values of model mainly based on cost/energy strategies.

ALSTO and its partners conducted a project, called ANNIE (Application of Neural Networks for
Integrated Ergonomics), EC Brite-EuRam project n. BE96-3433, oriented to implement a tool capable
of supporting ergonomic simulation in virtual scenario, through interpolation and/or extrapolation of
real experiment.

The innovative aspect was the use of NN to learning the movement features through experimental
evidence, that is to perform physical experiments, without any assumption about the kinematics and
dynamics of the human being. The next sections report the results achieved with the completion of this
project.

5.2 System overview

The main assumption was that only a complete data driven approach, without any cut hypotheses,
permits to capture the intrinsic features of movements in the context in which they happens. In fact, a
unique person can perform the same task with the same boundary conditions, in different ways,
depending strongly on subjective perceptions of the environment and his or her actual physical and
mental status — e. g. fatigue is a modifier. This is called the intrinsic variability of the movements; it
represents a key factor for unexpected movements, increasing the hazards in situations apparently out
of common modelling.

The developed system can be considered composed of two main parts: a “theoretical” one, that is a
methodology to be followed in order to define and perform physical experiments aimed to collect data
and virtual ones for data usage. A software suite, based on a neural network (NN) engine, was
integrated in a CAD representation of the analysed environments, allowing the visualisation of
experiments (both physically performed and simulated ones), and completed by a human movement
database. The software suite was furnished with a user methodology guide and a step by step procedure
for the software suite usage.

The natural data flow implicitly involves task analysis, artificial scenario implementation, motion

acquisition, anthropometrical and kinematics identification, neural training and simulation. The
possibility to evaluate results of simulation w.r.t. the database completes the system features.
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5.3 Human data acquisition

First step in the logical flow of the process is the implementation of selected scenarios and the data
collection execution.

The strong differences in motor strategies, dictating analogue elementary actions actuated in different
tasks, stressed the problems implicit in the use of unique experimental scenario, in which more actions
are sequentially collected to describe different working tasks.

For these reasons, experiment design was based on a clear distinction between the features emerged in
analyses of assembly, of car driving and of production environments. In the first case, points of interest
were the effect of the weight and the position of the components in postures. In the second situation,
the attention focused on the consequences of the command positions in driving actions. In the last case
the studies were centred on the effect of the fatigue in long duration and repetitive tasks. Nevertheless,
the trade-off was among high fidelity representation to the real environments, identification of
commonly present features and feasibility of real data acquisitions.

Apart from the scenario typology, the focal point of each experiment was the collection of data that
was performed using a unique method. In fact, in the NN training, data coming from any system can be
used, if they consist of values representative of the selected human model. In the ANNIE project, the
data collection tool used, was the ELITE system. ELITE was chosen because it is a reliable acquisition
system, used in many application. Moreover the ELITE availability was guaranteed by the system
developer presence, inside the consortium.

The ELITE system allows, in real time processing, the automatic detection of small passive retro-
reflective markers arranged onto the human body. The fact that markers are passive, means that they
are just small half-spheres (few mm of diameter) without any physical link with the system, thus they
do not affect the task performance.

The innovative feature of the ELITE system is the marker detection hardware, which utilises the shape
and size of the markers rather than only their brightness. This TV camera-based motion capture system
guarantees very high accuracy even if small markers are used (1/3000 of the field of view over all the
working volume and 1/20000 of the field of view locally). ELITE acquisitions were carried on each
demonstration scenario.

In assembly work, lifting objects of various weight, from and toward locations inside a wide space, is a
very frequent job. Given a certain action, distinguished by the co-ordinates of its start and end points,
the time sequence of postures varies, as a first approximation, in strict correlation with the mass budget.
A working bench was implemented, in order to acquire human movements in lifting actions varying
spatial location and mass to be handled. The bench was composed by a desk, a shelf, electrical switch
arrangements for temporal detection and a jar equipped with a sensitive handle. The real task was
modeled by moving the jar, with the dominant hand, from a start position, just in front of the subject, to
an end location on the shelf. The figure shows the experiment setting.

Figure 1: The assembly environment and its experimental representation

Trials were conducted involving subject roughly belonging to the 50" female percentile and to the 95"
male percentile, operating in two distances between table border and shelf, five heights of the shelf and
four different jar weights. Besides the ELITE-system, goniometers and video recordings were included
to register movements.

From the automotive industry side, the design of interior car environments is strongly dictated from
safety and comfort requirements. These factors could be considered in design processes by performing
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test where drivers activate controls at different positions on a dashboard while driving and where
researchers evaluate the naturalness of the actions, the vision field, reachability and operability.

Inside a Volvo model 850, mock-up, controls were positioned in 31 different dashboard locations, with
the aim of covering the volume present from the right side of the steering wheel to the right side of the
glove compartment. A near and a far reach zones were defined.

Figure 2: Driving experiment environment

To keep track of the exact temporal extension of the task, the controls were complemented with some
signals that were fed to the ELITE-system for synchronisation.

Push-button positions were changed randomly. With the ELITE-system movements from three of the
subjects, belonging to the 5™ female percentile and 50" male percentile and 95" male percentile, were
recorded. Eye-tracker was included for registering eye movements.

In the production environment, one of the most common situation is to work in front of a press. In this
context the tasks performed are simple but repetitive with defined time constraints. The effects on the
subject is a kind of fatigue that results in psychological nervous stress and psycophysiological
functions’ alteration, more than in muscular effort. The same movements, consisting of carrying a
rough product from a storage area to the press plate, activating the press by a two buttons control and
then of moving the pressed product to a second storage area, are repeated many times per hour.
Generally the storage areas are composed by surfaces or carrels separated from the press machine. In
the implemented mock-up the environment was simplified by using a unique plane on which storage
and press area where identified and controls were implemented. The target of the piece on the press
plate was considered as variable in the acquisition and six different positions were taken into account,
repeating for each the movement five times. In order to collect the difference of movement due to the
stress the same set of movement was acquired three times, introducing half hour tiring session between
each data collection (obtaining the same movement performed with three different fatigue levels). The
mock-up was equipeed with electrical switches and led for movement synchronisation. Acquisitions
were performed on two 50™ male percentiles.

The figures below show the real scenario and the implemented mock-up.
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Figure 3: The manufacturing environment and its experimental representation

5.4 Data processing

Human being was represented by a biomechanical model, i.e. the identification of anatomical district,
the definition of local reference system and the identification of the anthropometrical lengths of
interest. This was a successful attempt to standardise the product interface with different CAD
platforms.

The structural model, showed in the next figure, consists of a cinematic chain with 11 segments and 10
joints, for a total number of 30 degrees of freedom (DOFs).

Right arm length v Leftam length

Zh ch
Yy, Xie 7/Yla

4z

Left clavicle length
Trunk height

t Zyy

Figure 4: The adopted biomechanical model

In this vision a local reference system is attached to each segment in order to reconstruct its position an
orientation in the space; that is each anatomical district is considered as a rigid body. The segments of
interest were the pelvis, the trunk, the head, the clavicles, the arms, the forearms and the hands. Thus,
the involved anthropometrical measures were the lengths of the districts, intended as distance between
adjacent joint centres

The biomechanical model establishes clear cut-hypotheses as to the nature of raw data before
processing took place. All the checkpoint positions measured on the same individual during the same
experimental session derive from the same instance of the model, which means that the structural
parameters are time-invariant i.e. the anthropometrical lengths and the local markers position cannot
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vary among frames of the same movement. For this reason a fitting procedure, performing an inter-
frame Maximum Likelihood (ML) estimation, i.e. treating each movement as a whole, was
implemented. However intra-frame estimates, coming from the acquisition process, were used as initial
guess to speed up convergence. The explicit identification of the structural model has permitted to
decouple the dynamics from the structure. Raw data was first used to identify (i.e. estimate the
parameters of) the structural model and then transformed into sequences of instantaneous states. By
exploiting the known asymptotic properties of ML estimates, the full asymptotic covariance matrix,
involving both the structural parameters and the whole sequence of DOFs, was computed. No
hypothesis about the position of the joint rotation centres was established.
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5,5 Movement simulation

Neural networks were involved to implement a data-driven RSHM engine, i.e. a tool that predicts the

motion of a human operator during the execution of some assigned tasks.

From an external viewpoint, the RSHM engine receives as input the detailed description of the task to

be performed, along with some additional information about the initial state of the bio-mechanical

model, and provides as output the corresponding expected sequence of states of the bio-mechanical
model.

This suggested separating the overall prediction in two subsequent stages:

»  The first stage predicts the motion of the “task effector(s)” on the basis of the detailed description
of the task to be performed along with the initial state of the specific anatomical segment(s)
involved.

e The second stage predicts the sequence of states of the biomechanical model on the basis of the
outcome of the preceding stage.

As a result, the two parts of the neural system were characterised by different kinds of complexity.

Namely:

« From the input side, the first stage receives the “meaning” of the movement, whose description
may substantially vary from task to task and is likely to involve heterogeneous quantities.
Therefore its design is strictly tied to the characteristics of the specific problem at hand and to the
intricacies of each single experimental protocol. From the output side, it has to predict relatively
few quantities.

e From the input side, the second stage receives the time evolution of quantities whose nature is
shared by all the tasks involving the same effector(s). Even though different tasks still require
dedicated networks, its design can conform to quite general principles. From the output side, it has
to predict far more quantities.

About the first layer, the desired network behaviour was represented as discrete time mapping in which
the position of effector at the n-th time step is a non-linear function of p previous positions and a set of
exogenous inputs describing the task. In case of reaching movements, for instance, contextual
informations were the desired initial and final positions of the forefinger tip, together with the duration
of the movement.
The latter stage, posed on cascade on the former, was dopted a hybrid training approach. In this
context, given the end effectors spatial trajectory coming from the identification procedure, the network
estimates the corresponding angular quantities as well as the torques. The biomechanical model is used
for the determination of the resulting end effectors' trajectory. This trajectory is fed back to the hybrid
neural network block in order to adapt the joints such that the estimated trajectory comes close to the
required trajectory.
Validation of the system was accomplished by means of the leave one out strategy. Given the
experimental estimates, a movement is extract and the networks trained. Thus, the prediction is
compered with the draw out element and the procedure is iterated.
The results obtained for the end - effector extrapolator, as it can be seen in the next graph, led to
predictions (blue lines) much smooth and regular, especially in the sequence of orientations of the
hand. In other words, random fluctuations were filtered out without any ad hoc assumption. By the
way, neither the final position of the hand effector nor the final orientation of the hand were known to
the network in advance: the only input information concerning the final part of the task consisted in the
end point location.

E
E£-150

Figure 5: Neural predictions
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The performance of the posture network were evaluated in terms of the discrepancy between the
estimated spatial trajectories and those obtained applying the angular predictions to the biomechanical

model. As it can be seen in the histograms, the absolute deviation did not exceed 10mm and the median
was not larger than 0.7 mm.

Figure 6: Neural errors
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5.6 Ergonomic evaluation systems

In addition to modelling natural human movement with neural networks, further ergonomic parameters
were investigated in the car driving and in the manufacturing experiments.

In the car driving experiment perceived comfort when handling control buttons in a specific position
was recorded. A combination of personal and car environment information, given by 15 other variables
affecting the comfort opinion, were recorded too. A fuzzy model was developed, using this acquired
data, to provide the comfort value.

The usage of this system, in combination with the simulation, clearly permitted to compute different
comfort zones on the dashboard with regard to stature, as can be seen from the following graph.

Figure 7: Comfort areas on the dashboard (frontal view)

As is expected the green area of comfort values increases while the uncomfortable area disappears with
increasing stature. The band structure is because of taking all shoulder fingertip lengths into account. It
can be concluded that the push button should be located anywhere in the upper left corner of the
dashboard in order to guarantee for good comfort for persons of different statures and different
shoulder finger tip lengths.

In the manufacturing environment the effect of the long term fatigue was surveyed during the
acquisition. The compression between the acquired trajectories and the same exercise performed on the
simulated ones lead to very similar results. Both data remark a dragging effect when fatigue increase.
More in detail the trajectories appeared to be lower and the speed increased when the fatigue level was
higher. This showed a clear loss of co-ordination of movement, that can results in dangerous deviation
from the nominal trajectory.

Figure 8: Comparison between trajectories at different fatigue levels (real data on the left, simulated data on the right)
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6 Conclusions

The experimental evidence clearly remarked that the intrinsic variability, intended as discrepancy
among repetitions of the very same task, cannot be foreseen in any model, becoming a great source of
information to compute any ergonomic index. Previous paragraphs have shown the reliability of the
ANN data driven approach to simulate the human motion in application-oriented contexts, learning
features emerged in data collection campaigns. Good generalisation capabilities emerged, even if the
trials were concentrated in three well-defined scenarios.

New involved aspects about the simulation of the postural behaviour became visible. The open point is
the classification and the comparison of different behavioural strategies on the base of the statistic
distribution of task, subject, object and environment information. The related possibility of employ NN
in learning cinematic time sequences of statistically clustered individual appears very interesting.
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