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ABSTRACT

In order to help companies to improve their compete-
tiveness, it is important to develop new design metho-
dologies. In this framework, a Functional And Ro-
bust Design (FARD) methodology dedicated to rou-
tine design of “highly productive” modular product
ranges is proposed including principles of functional
analysis, Design For Assembly (DFA), and techniques
of modelling and simulation for ergonomics consi-
deration. This paper focuses on the application of this
original method applied to mechanical vibration and
ergonomics problems of a scraper. Including biome-
chanical aspect in the design methodology, it is possi-
ble to identify the impact of a vibration tool on its
users using numerical models of the tool coupled to a
finite element model of the human hand. This method
can proactively warn very early, in the design process,
the risks of causing musculoskeletal disorders and
facilitate an optimization of the mechanical tool. This
study is a first step in a context of human-centered
design.

Keywords: Ergonomics; Design; Finite Element
Analysis; Design Methodology; Biomechanics

1. INTRODUCTION

Nowadays, ergonomic aspects of product realisation are
increasingly taken into account by companies. Institutions
focus on the importance of human factors to protect the
health of employees with prevention campaigns. Thanks
to these campaigns, companies become aware of the im-
portance of tools that can be easily used by their em-
ployees. Moreover, European Parliament and Council
impose directives and standards in order to protect work-
ers’ health. So products must meet more and more ergo-

"Corresponding author.

OPEN ACCESS

nomic constraints. Most of time, companies use physical
tests to check these constraints. The disadvantages of real
tests are: high costs of prototypes, time to manufacture
prototype, difficulty of modification, complex protocols
with human subjects. Indeed, for each real test, one new
prototype is manufactured specifically for that single
occasion. To reduce delay, costs, number of prototypes
and other constraints, numerical human models [1-3] can
be used to analyze the impact of design choices on hu-
man body. Industry is more and more becoming the users
of these human models, but they must be as close as pos-
sible to the physical reality of human behaviour. Several
teams or European projects work on the development of
virtual human models [4]. Most of these models take into
account degrees of mobility of the human body (kinema-
tical aspects) [5-7], but it is more difficult to consider
dynamical phenomena, such as: forces, accelerations, con-
straints, etc., linked to biomechanical aspects.

This paper focuses on digital simulation of tool vibra-
tions with a virtual model of a human hand in order to
analyze the impact of design choices on the user’s wrist
articulations. MABI Company develops a new modular
range of pneumatic scraper, a hand tool that generates
vibrations during its use phase. In order to develop a
family of scraper products, a new design methodology is
developed. This methodology, called “Functional And
Robust Design (FARD) method” [8] aims to define a
range of modular product which respects customer needs
and helps to co-define an optimal product architecture
and assembly sequence. Modelling and simulation steps
are undertaken in previous stage of process design. At
this stage of our approach, a none-detailed definition of
the product is used on the early steps of the design process.
In this context, digital human models guide designers on
decision making and design choices. Our global objective
is to improve the optimization steps of virtual products,
by using Finite Elements modeling and simulation loops,
during the detailed design phase of the product [9], before
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launching the prototyping phases, by using a para-metric
design, modeling, optimization and simulation approach.
Depending on the problem to solve, mono-objective or
multi-objective optimization methods and tools can be
applied, in interaction with the previous Finite Elements
models of the pro. As products become increasingly
complex, their design process is usually characterized by
numbers of design variables, parameters, requirements,
and also geometrical, physical..., constraints (structural,
vibration, thermal...) and objective functions. Engineering
design of complex systems is a decision making process
that must select the best solutions among a set of options
leading to an irrevocable allocation of resources. It is
inherently a multi-objective optimization process.

The new range of pneumatic scrapers developed by
MABI company needs to respect large number of cons-
traints and particularly a new European directive on
vibrating tools. The directive imposes a maximum me-
chanical vibration level, in order to protect users from
risks of musculoskeletal diseases. In order to check the
entire family of the new pneumatic tools and to analyze
very early on the design process the impact of vibrations,
our self-developed digital biomechanical hand model
will be applied [10]. Currently, this digital model is
developed as stand alone model but its final goal is to
simulate virtually its behaviour in interaction with digital
mock-up of the product. A finite element model of the
hand constructed uses hyperelastic constitutive laws to
represent soft tissues of hand and bones in order to verify
as close as possible the physical reality of a human hand.
This biomechanical hand model allows us also to
simulate the ergonomics of pneumatic scraper handgrips.
Usability is an important aspect for the Mabi Company.
Indeed, comfort, safety and health can make the difference
for customers between two similar products. Moreover,
an ergonomic handgrip, linked with an anti-vibration
system, can contribute to protect the health of users by
reducing risks of musculoskeletal diseases.

The paper begins by presenting a literature review,
considering in next subsections, product design metho-
dologies, design for ergonomics approach and current
research on biomechanical models for human-centered
design application. In Section 2, our contribution with
the Functional and Robust Design (FARD) method us-
ing dynamic biomechanics hand model is described. The
FARD method includes a biomechanical modelling and
simulation loop, in order to appreciate the result of de-
sign choices on the end-users’ health. In Section 3, a case
study describes the FARD method applied on a pneu-
matic scraper, illustrates the proposed concepts, followed
finally by the conclusions.

1.1. Product Design Methodologies

Design methods, within the framework of process engi-
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neering, have been described by many authors in order to
reach a solution by starting from a problem, or in order
to provide to a detailed product definition by starting
from a concept. These methods try to build various se-
quences of design activities to be performed by different
design actors (marketing, industrial design, design office,
quality methods, production...) to achieve a final goal: a
marketable product that meets the customer needs.

Among many models of product-process lifecycle
design in the literature, it is possible to identify two types
of models that can be described: sequential models or
concurrent models.

Sequential models of the product-process lifecycle
design are divided into phases or tasks that follow one
another, sometimes connected with a Work Breakdown
Structure [11]. It is a decomposition process that corres-
ponds to a version of the traditional engineering activity
organization, inheritance of Taylor’s concepts classically
applied to manufacturing process. Generally, each phase
or task starts only if the previous task is completed.
These phases or tasks will allow each life actor to deal
with its part of the problem before transferring the
project data to the next business unit. Sequential models
of the product-process lifecycle design contribute also to
maintain a boundary between the various engineering
services company.

One of the well known sequential models is the
Systematic Design model [9]. This model is based on the
succession of four phases mainly focused on product
definition: Clarification of the task, Conceptual Design,
Embodiment design and Detail Design. In the Clarification
of the task the problem and information about the product
are collected. The specification of functions and properties
for the new product are defined. So all next phases of the
design process will be based on these specifications.
During the Conceptual Design phase, solution principles
are founded according to specifications defined in the
previous phases of the Systematic Design model, in order
to build a concept, including the product architecture.
During the Embodiment design phase the chosen concept
and its architecture are refined and transformed into a
definitive Product design. During the Detail Design
phase the product and all its individual components are
fully specified. In the end, all product documents for
manufacturing and assembly are produced. In each phase,
one or more documents are expected, for example: speci-
fications, concept, preliminary layout, definitive layout...

Other sequential models such as the Ullman design
process [12] or the Total Design process, proposed by
Pugh [13], have their own specificities and add, for
instance, various feedback loops, at different levels of
the model.

With the evolution of industrial constraints such as the
need to increase quality while reducing costs and time,
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sequential design process models have been questioned.

The evolutions of digital tools and communication in-

frastructures have contributed to the development of new

design organizations and models. These new models of

design process have also been called concurrent [14],

integrated [15], distributed [16], or collaborative engi-

neering. The main characteristics of these various me-
thods are:

* Integration of constraints related to the product entire
lifecycle earlier;

* Concurrent implementation of the product development
and its manufacturing process;

* Parallel realization of the tasks required to perform
the design process;

* Reduction of design delays and collaboration improve-
ment between the various design contributors, involved
in a single integrated design team.

This collaboration between various stakeholders within
the same team has contributed to the evolution of Indus-
trial habits. Therefore, the design process has also been
improved towards a multi-dimensional and multi-craft
design process because project managers can consider
many points of view coming from various domains.
Among the models of concurrent engineering, and through
the “axiomatic design” approach [17], another way of
improving the product design process has been identified,
if designers decide to respect specific rules, also called
axioms. This axiomatic approach is based on various
axioms (example: axiom of independence, axiom of
minimum information, etc.) applied in four Design do-
mains (Customer Domain, Functional Domain, Physical
Domain and Process Domain).

Another approach concerns also the multi-viewpoints
model of the product considered as an integrated design
method of products or mechanical [15]. This multi-
viewpoints model is used, in particular, to define the in-
terfaces with the external elements or components of a
mechanical system. This approach is based on the product
architecture and on the combination of various viewpoints
of the system: functional, structural, geometrical, ma-
chining, assembly, etc.

Finally, the design process model based on Andreasen’s
Theory of Domains (ToD) was proposed. However [18],
this model is based on four domains, each of them rep-
resenting a level of abstraction of the product going from
a global to a more detailed product definition. The do-
mains are realized gradually as the design progresses.

Our design process model, based on the research work
proposed by Gomes and Sagot [19], and called Multi-
domain and Multi-viewpoints design model, can be de-
scribed as a collaborative design process model, inte-
grating concepts coming from Axiomatic design and
multi-viewpoints model. This model considers that a
design project, in the field of mechanical system engi-
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neering, is a network of various interacting design do-

mains such as Project, Product, Process, Usability, etc.

Each of these design domains can be examined from

several viewpoints (or aspects) in interaction such as:

* Functional viewpoint, which describes the main ob-
jectives and goals of the system;

e Structural viewpoint, defining the system elements
and architecture;

* Dynamic viewpoint, which describes the chronological
behaviour of the system.

In this configuration, other design viewpoints, such as
the physical or the geometrical one, are directly linked to
the structural aspect of the system.

The particularity of this design methodology is that it
considers human activities (users, manufacturers, etc.,
activities), as an effective design domain (usability do-
main), linked to the other Product, Process and Project
domains. This usability dimension is integrated into our
approach in order to have a better integration of human
factors in the early steps of the design process.

Concerning the theoretical models underlying the de-
sign process, three kinds of models can be used: the per-
spective models, the computational models and the know-
ledge based models [20]. Our approach is located in the
scope of computational models, requiring the use of
computers to determine the best feasible values of design
variables, using Constraints Problem Solving, when con-
sidering expert knowledge (parameters, rules, etc.) linked
with modelling, simulation and optimization approaches,
when analyzing the impact of Multi-physics solicitations
on the product. The objective of such an approach is to
maximize or minimize various objective functions using
multi-objectives optimization and simulation techniques.
A multi-objective optimization problem can be described
as finding the vector of design variables x =[x, X2, X3, ",
x,]T which minimizes the vector of objective functions
F(x).

Min F(x) =Min[fi(x), /5(x), ***, fi(x)]

Subject to linear or non-linear constraints: Gi(x) > 0, j

=1,2, -, m.

1.2. Design for Ergonomics Approach

For a best design for the product, end-users must be
considered at the early stages of the design process with
ergonomic requirements and rules. Customer needs ana-
lysis and end-user requirements analysis must be applied
at the first steps of the design process to be more efficient
and less costly. End-user needs are often integrated in the
design process in the detailed design phase or during the
last tasks of testing the various prototypes. But it is often
too late, because the design of the product is finalized
and it is difficult to change at such a late stage, due to the
costs and the delays increase for the product and for the
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project. Ergonomists, when using Design for Ergonomics
methods and tools, can help designer to evaluate impacts
of their solutions on human end-users of the products.
This Design For Ergonomics approach is not only
performed to reduce product’s costs and project delays
but also to improve the quality of use and the safety of
products [21]. Ergonomists must ensure a match between
the optimal usability conditions of the new product and
the safety conditions for the future users.

To sum up, generally ergonomists use standards and
tests to verify the usability of new products. Our work
proposes to replace much of the real and expensive tests
by simulation. A relevant simulation can replace physical
model and can detect errors earlier in the design process.
Digital tools like numerical models based on Finite
Elements methods can help designers to consider human
factor when simulating the Man-Machine-Environment
system’s interactions. Digital human model can represent
a future user, can simulate how the user interact with the
product using conditions of the product, and can evaluate
interactions with its environment, etc in order to define
information about constraints impacting on the human
body during the use of the product.

The MANERCOS human digital model [22] considers
only the usability function with an anthropometrical,
geometrical and kinematical point of view [23]. Indeed,
through the MANERCOS development performed in
2003, only the geometrical aspects have been considered
and defined different degrees of freedom for the joints of
the human digital model.

Other research team develops biomechanical aspects
on a human digital model, as in the DHErgo project. Its
aim is to develop human musculoskeletal digital models
to evaluate the physical aspects of a product in its design
stage by simulation of critical postures or movements.
The DHErgo project stakeholders want to realize a
muscular skeletal human model that will be mainly capable
of estimating muscle forces. The results of the project are
an evolution of the current kinematic digital human
model to dynamic and muscular models. This new kind
of models would help designers for motion simulation
and discomfort assessment in comparison with the
current digital human models such as geometrical and
kinematic models. Muscular effort and expenses incurred
by the soft tissue will be taken into account. As a first
result in this area, it is possible to notice that Fraysse et
al. [24] have developed a model of a lower limb with
thirty muscles tested during a clutch pedal operation.

Other mathematical biomechanical model have been
developed in the literature, focusing on various point of
view: force with kinematic [25], contact stress distribution
in the wrist bones [26], or its stability [27].

Our new approach intends to extend this vision by
considering now the forces involved during the human
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activity when interacting with the product, which corre-
sponds to a dynamic view of the model including the
ability to investigate kinematic, local stress and contact
forces with a biofidelic FE model of the hand. Then,
musculoskeletal disorders can be investigated.

1.3. Biomechanical Model for Human Centered
Design Application

Human centered design becomes essential and one cannot
avoid taking into account ergonomic aspects whatever is
the industrial context [28]. For that reason, Finite Element
(i.e. FE) simulations appear to be an interesting and
powerful tool to extend its normal intended use into an
ergonomic system, in order to improve the its ergonomy
and its design based on biomechanical injury criteria.

For the current study, a finite element model of the
hand is developed. This model uses hyperelastic consti-
tutive laws and allows representing soft tissues of the
hand. This hand model for an efficient design process is
an improvement of a finite element model of the hand
previously developed with a single layer of soft tissue
[29]. The benefit of the new model is the improvement of
its biofidelity, as it includes finger bones and wrist bones
with specific elastic constitutive law.

The FE model has been built from Computed Tomo-
graphy (CT) scan slices performed on a male subject.
The medical exam has no links with the present study.
The model (Figure 1) consists in 17,700 elements con-
sisting of 1700 elements in wrist’s bones, 2000 elements
in fingers’ bones and 14,000 elements for the skin.

Constitutive laws of the hand are extracted from li-
terature Rho’s work is used for bones elastic properties
[30], and complex HGO properties are used to model the
skin [31]. Loadings induced by the mechanical system
are transmitted to the hand which can be injured if the
loadings are too important (impacts, vibrations). Then,

Radius

Scaphoid
Trapezium
Trapezoid Pisiform

Hamate

Capitate

Figure 1. Tllustration of our self-developed finite element
model of the hand.
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the mechanical system can be optimized in order to re-
duce the risk of injuries in the hand (inclusion of damp-
ing system or springs in the system). So the numerical
analysis of the mechanical system in interaction with the
hand, with the FE method, can lead to improve its design
for a human centered development of mechanical systems.

2. FUNCTIONAL AND ROBUST DESIGN
(FARD) METHOD USING
BIOMCHANCAL SIMULATION

2.1. Functional and Robust Design Method
(FARD)

The objective of the proposed FARD model in Figure 2

Customer
needs

Value
criteria of
products

Realize an external
functional analysis

External
functional

[8] is to define a range of modular product respecting the
best assembly sequence for the product family while
checking the correspondence with the functions of the
product and the proper keeping mechanical of this range.
This method is considered as robust due to the stability
of its reuse on other use-cases and in other domains.

This methodology can be applied on two types of pro-
jects. The first type of projects is based on the desire to
develop a new range of modular product based on an old
none-modular range of products. A company could want
to rejuvenate one of its products’ family. The second
type of projects consists of developing a new generation
of products dedicated to generate, in the future, a new
products’ family. The definition of the range of products
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Figure 2. Proposed FARD model including a biomechanical modelling and simulation loop to
appreciate the impact of the product on the users’ health.
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is made at the early phase of design process [9], before
the detailed design phase of products. The entire first
part of the approach applies to a concept in the prelimi-
nary phase of the development process. For this, the
overall architecture of the modular range is defined as a
result of an external and internal functional analysis [32].
Modules are specified from this functional analysis of
the product. Authors define a module as an independent
functional component or group of components which
correspond to a technical function and these modules can
be assembled independently. It is like separate functional
modules. Then the functional analysis allows defining
the modular architecture of products of the range. The
goal of the FARD model is to share components among
the modules in order to create a modular structure that
facilitates the generation of variants of each module.
These variants can respond to specific customer needs.

In parallel, from the definition of the concept, partitioned
matrices are generated to define sets and sub-sets of com-
ponents taking into account the relational information be-
tween components of a concept. Then the modular structure
based on the functional analysis regroups main components
in each module according to the correspondence between
modules and sets of components. The next step is the appli-
cation of the algorithm detailed by Robert ef al. 2011 [33]
that generates the eligible assembly sequences, taking into
account the relational information between components of a
product, from the upstream phase of the development pro-
cess [34] and the modular structure, linking modules and
their main parts, functions and sets of components. The
purpose of the proposed algorithm is to filter the various
eligible assembly sequences in order to guide the planner to
choose the most suitable assembly sequence. The assembly
sequence and parametric CAD can then be made by man-
aging the interfaces between modules to ensure maximum
standardization. At this stage, the process of development
moves from the preliminary phase to the detailed phase of
the design process. For the products being defined,
multi-physics simulation may finally be deployed to evalu-
ate the performance of the product in its lifecycle and if
products respect limit value of mechanical vibration im-
posed by the European directive [35]. Respecting European
directive is becoming more and more important for com-
petitive companies. For this reason, our research work tries
—to simulate vibration in order to help the MABI Company
to respect the imposed vibration rates. If a product doesn’t
respect the normalized level of usage, a user cannot use this
product eight hours per day. Customers will therefore be
less likely to buy this product.

As described in the FARD model, the main topic of
this paper is concerned with the robust design approach,
based on modelling and simulation loops in the product
mechanical structure and in the biomechanical model of

Copyright © 2012 SciRes.

the users’ hand. This approach is performed in order to
check and validate the maximum level of mechanical
vibrations generated by the range of products. This
maximum level is defined during the functional analysis
phase and detailed through the design parameters, which
can be directly connected to the parametric CAD model.

Multi-physics simulation is mainly used to validate the
complete physical behaviour of the developed product.
In our case, the products developed must resist, transmit
or absorb various physical loads such as mechanical
structural solicitation, vibration generation and transmis-
sion, shocks absorption. First goal of our study is to de-
fine an optimal design that can reduce the mechanical
vibration level transmitted to the users’ hand, in order to
decrease the risk of generation of musculoskeletal di-
seases. The other goal is to ensure that all variants of the
product respect the requirements of the functional analy-
sis, including ergonomic, safety and health preservation
criteria.

2.2. Analysis of Mechanical Vibration Level to
Decrease the Risk of Musculoskeletal
Disorders

The typology of hand-tool described in this paper pro-
duces mechanical vibration. But the hand-tool vibrations,
transmitted to the wrists, elbows, shoulders, etc. can im-
pact negatively on the health of users. Hands and arms of
the workers are exposed all day to mechanical vibration
and year after year they can create health troubles or
diseases. Musculoskeletal disorders result in painful
symptoms for employees and a reduced functional ability,
often temporally but sometimes permanent. Muscu-
loskeletal disorders are multi-factorial diseases that af-
fect the professional component soft tissues, like tendons
and nerves of the hand (Figure 3).

(very solid, it forms
the roof of the canal)

Median nerve (it conveys
Flexor tendons (they
pass through the

the sensations of the
fingers and allows some
movement of the thumb) carpal tunnel with the

median nerve)

Figure 3. Soft tissues of a hand.
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First, the musculoskeletal diseases result from the
application of biomechanical constraints supported and/
or repeated during short or long periods and which
exceed the functional ability of the user. They include all
diseases linked with vibration exposure like tendinitis.
These troubles are frequent when users regularly use a
machine, a tool or equipment with a high level of mecha-
nical vibration. Depending on the size and on the morph-
ology of the user, musculoskeletal disorders can appear
within days. Over last ten years, the number of troubles
has increased very fast and represents today, the most
part of all professional diseases. For example, many
workers in the domain of building are more and more
exposed to mechanical vibration. For these reasons,
European parliament and the European Union council

impose limit values for exposure using European directives.

One of these directives is the European Machinery directive
[35]. The EU Council Directive 2002/44/EC on the
minimum health and safety requirements regarding the
exposure of workers to the risks arising from physical
agents (mechanical vibration), has been validated. It also
creates a basic protection for all workers by detection of
adverse health effects like musculoskeletal disorders.
This directive distinguishes vibration affecting the
hand-arm-system from vibration being transmitted to the
whole body. This paper will focus on values concerning
the hand-arm-system based on a standard eight hour re-
ference period of work, like for one day of work. The
limit value of mechanical vibration imposed by this di-
rective is 5 m/s2. Beyond this value, employees can’t use
their tool eight hour per day. But from 2.5 m/s?, disorders

16
14

12 4

Vibration accelelration (in m/s?)
oo

0 1 2 3 4 5

and musculoskeletal diseases can appear. In Figure 4, it
is possible to identify three areas defined by the directive.
Mechanical vibration in the green area, delimited by the
green curves, is the best for workers and the orange area
is correct. But the red area, delimited by the red curves,
is a totally proscribed vibration area.

For example, if one wishes to use a tool with an
acceleration vibration of 8 m/s? and respect the limitation
of the European directive, one can use this tool only for
four and half hours per day according to the graph
described in Figure 3. Beyond this time, the user is
exposed to risk of musculoskeletal diseases.

The daily exposure A4(8) can also be evaluated in
Equation (1), y is the acceleration vibration of the tool
(m/s?) and t the real-time use per day. The A(8) calcu-
lated acceleration vibration level corresponding to 8 m/s?
can directly be compared to the level of the European

directive.
t
A®) = 7.3 (1)

Many hand-tools or hand-guided machines generate
mechanical vibration. For some, the vibration levels can
be high, such as scrapers, breakers. Mechanical vibration
level is defined by acceleration (meter per squared se-
cond, m/s?), frequency (Hertz, Hz) and amplitude (meters,
m). Figure 5 shows various differences of acceleration
between tools used in the domain of construction. It
shows also that very few tools have their acceleration
under the limit values imposed by the European directive
(5 m/s?).

A(8) =10 m/s?
A(8) =9 m/s?
A(8) =8 m/s?
A8) =7 m/s?
A(8) =6 m/s?
A(8) =5 m/s?
A(8) =4 m/s?
A(8) =3 m/s?
A(8)=2.5 m/s*
A(8) =2m/s?

A(8) =1 m/s?

6 7 8 9 10

Exposure time (in hours)

Figure 4. Areas of mechanical vibration level depending on exposure time of work, inspired from (Griffin et

al. 2006 [36]).
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Figure 5. Level of acceleration depending on the typology of
tool, inspired from (Griffin ez al. 2006 [36]).

In the case of the worker uses different tools per day
with different level of vibration, it is possible to know if
he is above the limit level imposed by the European
directive.

The first step is to calculate the A(8) for each tool.
Then Equation (2) can be used, 1 to n represents the 4(8)
of different tools for the day considered.

A@®) = iA(S)Z 2)

The risk of developing a musculoskeletal disease in-
creases when the working situation presents a combina-
tion of biomechanical stress, psychosocial factors, work
organization and personal equation. To reduce this risk,
it is possible to reduce the stress of the working activity
by acting on: tool design, product design, workplace de-
sign, production organization, work organization. In our
case, it is important to consider these constrains fully
during product design.

3. RESULTS AND CASE STUDY::
PNEUMATIC SCRAPER COUPLED TO
BIOMECHANICAL MODEL

In order to illustrate the methodology presented in the
previous section, our study focuses on one pneumatic
scraper, extracted from a range of products generated
through the FARD functional and robust design method.
Scrapers are used for cleaning surfaces such as walls or
tiled floors. Figure 6 shows an example of a pneumatic
scraper.

At the beginning, the proposed methodology, as de-
scribed in Figure 2, starts with a CAD model, represent-
ing the old design of the product.

Our objective consists in designing an optimized new
product, with better usability, better external shapes (po-
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sition and shapes for handgrips) and respecting the Euro-
pean directive for the limit values of mechanical vibra-
tion. To obtain a new range of products, the methodology
is proposed to use an external and internal functional
analysis (EFA and IFA) to define the overall architecture
of the modular range. The functional architecture ma-
tches to the modular architecture. Then it is easy to de-
fine each module because one module corresponds to a
function and one sub-module to a technical function. In
this case study, a pneumatic scraper has one main func-
tion and three sub-functions decomposed themselves into
technical functions. In parallel, partitioned matrices are
applied on the concept to define sets and sub-sets of
components. From modular architecture, sets of compo-
nents and the correspondence between modules and sets
of components, our algorithm can generate eligible as-
sembly sequences. Then, the planner can choose among
the assembly sequence possibilities the most suitable
according to his experience and his knowledge of the
company assembly capabilities. Finally, the parametric
CAD model can be made and multi-physics simulation
will be deployed on parametric CAD products. The aim
of multi-physics simulations are: verify the product be-
haviour and evaluate the respect of mechanical vibra-
tion level imposed by the European directive [35] thanks
our biomechanical hand model. But this last step is still
in progress.

At the end, the application of our methodology provides
a range of products design information including modu-
lar assembly sequence, and simulation modules to meet
specific functional requirements defined by the customer
at the beginning of the project. Moreover, this new range
respects the European directive about values of me-
chanical vibrations. This was checked using experiment-
tal measurements. For example, it is possible to design
handles to be more ergonomic and subject to less vibra-
tions for users, thanks to the new innovative anti-vibra-
tion system included (Figure 7).

Finally, a new range of modular products is obtained
that:

* Respects the customer needs;

¢ Is more ergonomic;

¢ Should produce less mechanical vibrations compared
to the older products.

The proposed Functional And Robust Design metho-
dology (FARD) helps us to improve the new family of
products. In this new family, our engineering and research
work focuses on the product’s usability for workers and
on the level of mechanical vibrations. A new system that
absorbs mechanical vibrations results from these various
efforts. The proposed FARD methodology allows gener-
ating, in a high productive way, all the products of the
range, starting from one first design of the product,
integrating parameters and design rules.

OPEN ACCESS



A. Robert et al. / J. Biomedical Science and Engineering 5 (2012) 457-468 465

Trigger
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Figure 6. Example of pneumatic scraper.

Figure 7. New functional and robust product.

The problem of human centered design applied to the
hand and the gripping ability is very complex (Figure 8).
The contact pressure between the hand and an object
when operators handle the object using hand-held tools
or planning and training aids, such as a haptic device,
could be investigated by developing a non-linear 3-D
finite element model of the hand and to derive optimized
procedures for analyses.

At a numerical level, this gripping problem is very
challenging because of the presence of strongly non-linear
phenomena like contact between the hand and it
environment, and hyperelasticity of the biological tissues
[10]. The precise pressure map of the contacts and the
dynamic change of these pressures are the critical focal
point and computer aided simulation could provide a
powerful tool to study contacts for many ergonomic centred
studies for product, system and process development. In
these applications, it is very important and interesting to
evaluate the magnitudes and to determine the locations
of these high pressures [37] which requires realistic
modelling of the deformation of soft tissues.

In that way of product design methodology based on
human centered modelling, first simulations of gripping
ability on a simple pad, have been performed in order to
investigate contact stresses using the FE model of the
hand. As illustrated in Figures 9(a) and (b), kinematic of
gripping ability from a 0-energy state to a contact state
has been simulated showing different step of the move-
ment. Thus, from this simulation, internal stresses can be
investigated especially for soft tissues, providing impor-
tant data, allowing optimizing the shape of the pad,
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Figure 8. F.E. model of the coupling of the biomechanical
hand model with its environment (pneumatic scraper detailed in
Section 3).

reducing the risk of musculoskeletal troubles.

From these simulations and the last step of gripping,
vibration simulations can also be performed, investigating
the influence of mechanical vibrations described previously.
Inputting sinusoidal acceleration in the model, one can
evaluate the dangerousness of the vibration on biological
tissues according to Figures 4 and 5. This work is still
under progress.

It is obvious that the act of gripping can be done in
different way, with large contact force (in the case of a
drill) or more softly (like gripping a bottle), and will
necessarily lead to different contact force distribution.
Even if these different cases of gripping have to be in-
vestigated at a biomechanical level, this first simulation
illustrates the ability of the model to simulate a gripping
activity, and its ability to be integrated in a more global
design methodology in the framework of human central
design.

4. DISCUSSION AND PERSPECTIVES

This paper presents a new approach to generate a new
range of modular products which respects customer
needs and usability constraints. A Functional and Robust
Design (FARD) method is proposed. This FARD method
permits generating a new family of products and the
modelling and simulation steps allow improving the global
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Figure 9. (a) Different steps of gripping: kinematic; (b) Mechanical parameters distribution for evaluation of contact forces.

usability of the studied scrapers.

Modelling and simulation can, at this stage, help us to
optimize a new anti-vibration system and to increase its
efficiency to better preserve the users’ safety and health,
in conformity with the European directive.

Another aim of the simulation operation is to analyze
the interaction of the geometric CAD model with the
biomechanical hand model, in order to know the vibration
impact on the user’s wrist and to evaluate the impact of
the mechanical vibration on the carpal tunnel disease.
The carpal tunnel syndrome is one of the most important
musculoskeletal diseases that affect workers wellbeing in
industry. Applying the proposed approach, it is possible
to identify, very early during the design process, the
impact of a vibrant tool on its user, only with the digital
definition of the product. These simulation operations

Copyright © 2012 SciRes.

can be executed in order to investigate impact of decision
choices on the user’s health in order to help designers to
optimize their product before manufacturing prototypes.

The results of modelling and simulation of a biome-
chanical hand model combined with a vibrant tool are
still in progress. The first modelling and simulation steps,
considering the interaction between the biomechanical
hand model and a vibrant tool, works. The hand model
fits around the handgrip of a scraper and the global finite
element model gives back interesting results.

The main goal of our approach is to integrate biome-
chanical simulation in a global design methodology. In
the case of the scraper, the objective of the method is to
develop and validate the tool and to generate all range of
products, which will respects usability constraints, thanks
to our FARD model detailed previously. So it will be

OPEN ACCESS



A. Robert et al. / J. Biomedical Science and Engineering 5 (2012) 457-468

possible to resize new products of the range and predict
their future impact on future users before manufacturing
any prototypes using biomechanical simulations.

Finally the FARD model is the base of the proposed

methodology in this paper, which creates a mechanical
framework in which ergonomics aspect and biome-
chanical numerical simulations are closely linked. Indeed,
parametric aspects are brought in the process, with the
objective of creating a range of product able to match the
requirements in terms of safety, customer needs, biome-
chanics phenomenon:

Safety represents the ergonomic part of the paper,
with the inclusion of the musculoskeletal disorders
due to the mechanical vibrations.

Customer needs are taken into account in the FARD
model to ensure the agreement between industrial
product and initial requirements.

Biomechanical phenomenon: Initial requirements
impose a maximal level of mechanical loadings in the
human body, regarding the exposure of workers to
the risks from physical agents. These loadings are
transmitted to the human body which can be injured
if the loadings are too important. So the numerical
analysis of the mechanical system in interaction with
the hand, with the FE method, can lead an improve-
ment of its design for a human centered development
of mechanical systems. Then, the mechanical system
can be optimized in order to reduce the risk of inju-
ries in the human body.
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