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Embodiment Design Process in the Development
of Articular Orthosis

Ricardo Duarte, Antonio Ramos, and Michel Mesnard

Abstract—The development of medical devices entails several
challenges in order to obtain adapted and more efficient devices.
Orthosis development presents several particularities, such as
human-device interaction which requires a human centered
design that can achieve a successful device and customer
satisfaction. Although the largest and most creative part of
product development happens during the conceptual design
phase, it is also important to materialize the ideas and
considerations. This materialization happens during the
embodiment design phase. In the particular domain of orthosis
development a design process is needed to organize the
prototype structure and gradually extracting the final product
architecture.

The aim of the work presented in this paper is to develop a
design process during the embodiment design phase to help in
prototype materialization during the orthosis development
process.

Index Terms—Biomedical engineering, design process.

I. INTRODUCTION

The development of medical devices is a difficult task due
to the very demanding human interaction requirements.
Efficient medical devices start with good planning of each
task during the development stages to ensure safety, easy use
of the device and effective medical care for the patients [1].
According to the European Medical Device Directive
(93/42/EEC), a medical device is “any instrument, apparatus,
appliance material or other article, whether used alone or in
combination, including the software necessary for its proper
application intended by the manufacturer to be used for
human beings for the purpose of:

- Diagnosis, prevention, treatment or
alleviation of disease;

- Diagnosis, monitoring, treatment, alleviation for or
compensation for an injury or handicap;

« Investigation, replacement or modification of the
anatomy or of a physiological process;

« Control of conception and which does not achieve its
principal intended action in or on the human body by
pharmacological, immunological or metabolic means,
but which may be assisted in its function by such means”

monitoring,
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[11-[3].

On this basis, the orthosis is a class 2 medical device.
Additionally, they are a particular case of medical device in
which the design process must take into account several
human factors as the contact and maneuver since its final role
promotes a direct link with the patient [3], [4]. This
characteristic in itself creates a physical constraint which must
be taken into account in the general design process.

Largely used in mechanical design problems, the Pahl &
Beitz sequential vision of the design process, which is divided
into several phases (planning and clarification of the task,
conceptual design, embodiment design and detailed design),
can be transposed for the development of orthosis with
curtains considerations in each one [5]-[8]. Also, although
these phases are well-defined and differentiated,
communication between them is extremely important and the
information collected during the first stage may be influential
and be used during all the other stages.

Based on the phase division in Pahl and Beitz’s design
process, a design methodology was implemented for the
development of articular orthosis, taking into account the
necessary domain specification. One of these adaptations
involves the transition between the conceptual design phase
and the embodiment design and it’s consequently task
organization.

During the conceptual design phase, as stated by Duarte et
al [2], the term reference was defined. This term designates
the body segment that is directly connected to the device and
works as an anchorage zone [2]. Consequently, the term
support was defined as the regions of the device that are in
direct contact with the reference [2]. Finally, the component
was defined as an element of the device that enables the
references-supports and supports-supports connections to
take place [2]. These terms can be observed in the following
figure (Fig. 1).
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Fig. 1. References, supports and components.

According to Duarte et al [2], at the end of the conceptual
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design phase, and with this definition in mind, the designer
has defined the product concept and its functioning principles.
However, the materialization of the chosen concept is not a
direct task and may involve further design processes and
methods until the prototype can be materialized [9].
According to Baxter, the main difference between the
embodiment design phase and the conceptual design phase is
the introduction of a significant measure of product testing
and evaluation [7]. This phase involves four main principles:

- Idea generation through the exploration of all the
possible ways to make the product;

« Idea selection by picking the best of the ideas according
to the product specification;

« Failure modes and effects analysis (FMEA) to assess the
ways in which the product might fail;

- Prototyping and testing the prototype in order to develop,
refine and eventually either accept or reject the preferred
design.

This stage represents a very important step for the success
of the final product since this is the first time that something
testable arises, however, the tasks during this stage remain
vague in terms of processes organization and may result in
several incongruities in the final product when the orthosis
development is considered.

Additionally, the architecture of the product will be closely
linked to decisions in other fields, such as marketing strategy,
manufacturing capabilities and product development
management since the orthosis development entails a great
empirical knowledge [9], [10]. Based on this, for the
sustainable development of medical devices in general, and
the orthosis in particular, a design process is required during
the embodiment design phase in order to organize all the
principles and the embodiment inputs and outputs [11], [12].

The objective of this work is therefore to present a design
process during the embodiment design phase that allows the
physical materialization of the concept chosen during the
conceptual design phase.

II. MATERIALS AND METHODS

The embodiment design phase is a transitory phase
between the conceptual and the detailed design phases [7], [9],
[13]. During this phase the physical device emerges based on
the criteria and functioning principles defined during the
conceptual design phase. The “translation” between these two
phases is not clear and direct and in the case of orthosis it
gained an important relevance.

The design process proposed in this work for the
embodiment design phase is divided in six stages (support
dimensioning, articulation dimensioning, virtual prototype,
prototyping techniques, functional prototype and prototype
testing) from which it is gradually possible to extract the final
prototype (Fig. 2). Additionally, in a more superficial
approach, this design process permit to distinguish two
important kinds of prototype (virtual and functional
prototypes) during the embodiment design phase.

The proposed method will be described during the
following sub-sections:
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A. Support Dimensioning

Support dimensioning during the embodiment design phase
of the orthosis development requires important inputs in order
to adapt the orthosis to the human body segment concerned.

It is also important during this stage to take into account the
3D geometry of the human body segment, which was
previously obtained during the planning and clarification of
the task (first design methodology phase).
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Fig. 2. Design process during the embodiment design stage.

The designer will then have the body segment information
(reference information) necessary to project the supports.
During the human 3D geometry stage, three different tasks
should be evaluated in order to obtain the base geometry used
on further computer-aided design tools (CAD) (Fig. 3).
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Fig. 3. Human 3D geometry procedure steps.

During this stage, different techniques can be used to treat
the 3D geometry of the body segment involved according to
the companies’ technological limitations (plaster molds, 3D
scanning, etc.). Additionally, the result of the human 3D
geometry was exported to a CAD tool in which the supports
were dimensioned and modelled (figure 4). During this stage,
the geometries, the sizes, the materials and the positioning of
the supports were assigned respecting the specifications
defined during the conceptual phase and the ergonomic
principles. Ergonomic principles are also a key factor during
this stage. When a medical device is to be in direct contact
with the human body, the interface between the device and the
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body requires careful attention in order to provide a sensation
of comfort [14].

a-E

Fig. 4. Support dimensioning stage (brace example).

Thus to provide satisfactory support, ergonomic criteria
were evaluated based on three different -categories:
biomechanical functionalities, emotional and cognitive
criteria (Fig. 5) [15]-[17].
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Fig. 5. User/ device interface ergonomic evaluation criteria
during the support dimensioning.

The biomechanical functionalities cover motricity as well
as freedom of movement. The emotional criteria cover
freedom of movement, contact pressure and motricity. At last,
the cognitive criteria cover the experience required to
maneuver the device.

B. Articulation Dimensioning

The articular dimensioning stage represents the
dimensioning of the components that perform the direct
connection between the references. This stage was composed
of two distinct sub-stages, the articular system database
definition and modelling using CAD tools.

The articular system database claimed to present the
possible solutions that meet the conceptual functioning
behavior requirements of the articular system. This sub-stage
may be obtained through a bench-marking and patent
evaluation analysis. The articular database was defined
through several criteria (Table I).

TABLE I: ARTICULAR DATABASE DEFINITION

No.  Reference Dimensions Movement Applications
1 Ay B Ci D,
3 A, B, Cx D,

One of the criteria used was the dimension of the system,
which, depending on the orthosis concerned, may be larger or
smaller in size and have a varying impact during its
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integration. Also, the type of movement provided by the
articulation should be presented in the articular database so
that the designer’s choice is simplified. Finally, different
types of application that may use the same articular system
will be described in the application field of the articular
database in order to provide extra information about the
proposed system for the designer and facilitate the integration
of the articulation in the new device. The A, - A,, B, -B,, C, —
C, and D; - D, letters observed in the table 1 pretend to
generalize and represent the possible values used in each
column and introduced by the user during the method usage.

After the evaluation of the systems in the database, CAD
tools are used to integrate the chosen system virtually. At this
point another task is conducted simultaneously in order to
consider ergonomic principles in the component choice. As in
the previous stage, an evaluation was conducted in terms of
biomechanical functionalities, emotional and cognitive
criteria [15]-[17] (Fig. 6).

Biomechanical

Fig. 6. User/ articulation interface ergonomic evaluation criteria
during the support dimensioning.

The biomechanical functionalities cover the motricity as
well as the forces involved and the amplitude of movements;
the emotional criteria cover the activation requirements of the
system and lastly, the cognitive criteria cover the experience
required to maneuver the device articulation.

C. Virtual Prototype

The virtual prototype stage marks a point between the
virtual project of the device and the start of the physical one.
At this point all the supports and articular systems already
designed were assembled in their correct position in a single
virtual model. This stage may work as a bridge until the
functional prototype is achieved in order to guide the designer
during the physical realization of the prototype as well as
provide indications for production in terms of components
and assembly.

D. Prototype Techniques

Although there are several prototype techniques in
existence in industry, the development of medical devices has
some particular considerations and material restrictions once
there are a strict contact with the human body. Additionally,
factors such as enterprise limitations should be taken into
account when the transition from the virtual prototype to the
functional prototype is necessary. Although this may be
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controversy, it is important to understand that the orthosis
development specific domain rests mainly SMEs and
consequently the manufacturing process is not as linear as in a
“normal industry”. In this case, the manufacturing process
required to develop the device depends on the manufacturing
techniques available in the enterprise as well as the training
and formation of the employees.

E. Functional Prototype

The functional prototype is the penultimate stage of the
design process at the embodiment design phase. At this point,
the designer has a physical device which may later be
subjected to mechanical and medical tests to evaluate and
validate the role of the prototype and design process.

F. Prototype Testing

The prototype testing stage is the last stage of the
embodiment design phase before the detailed design. At this
point mechanical and medical tests will be carried out to
evaluate the efficiency of the device based on the previously
defined device specifications. These mechanical tests will be
based on a failure modes and effects analysis (FMEA) in
order to evaluate the desired functions in terms of causes of
failure, occurrence and severity [7], [18].

TABLE II: FMEA TABLE

Evaluated criteria Description
Function Al
Potential failure level B
Causes Cy
Occurrence Dy
Effect E;
Severity Fi
Design verification G
Detection H,

Risk priority number

The A, B}, C,, Dy, E,, F;, G; and H; letters observed in the
Table II pretend to generalize and represent the criteria
description. At the end of this analysis, a risk priority number
(I) will be achieved with which to compare the most pertinent
function failures and consequently those that should be solved
first. In addition, a medical evaluation will be required to
evaluate the efficiency of the device. At this point, a
biomechanical evaluation will be conducted according to the
body segment concerned and the orthosis applied. These
results will be compared with the expected results to observe
the effectiveness of the device that has been developed and
possible changes proposed. Although this is the last stage of
the embodiment design phase it is important to note that the
information generated in prototype testing may provide
feedback in order to evaluate either the concept or the
prototype, which may result in a few iterations and
consequently improvements in the next prototype.
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ITII. DISCUSSION

The new product design process is not an easy task, as it
may require different knowledge and expertise in different
domains [5]-[7], [19], [20]. During the embodiment design
phase the product concept is selected and elaborated,
addressing the simultaneous subsystem design [18], [21]. It is
also during this phase that the concept acquires a shape,
whether virtual or physical [22]-[24]. After this, the
definition of the product architecture requires planning and
task prioritization. Although few methods are explored in
mechanical design, the organization of this phase rest
inevitably in four main aspects as functions (F), material (M),
geometry (G) and production (P) and considering only the
designer, manufacturing and product design as their main
branches [22]. However, this still leads some inexactitudes in
the domain of medical devices. Also, a more precise method
was proposed by Scaravetti et al [23] which proposed a
method to perform an analysis of the embodiment design
problem which facilitates the search of the indispensable
elements and facilitates the structure in the preliminary stages.
However, this method does not consider an important factor
that is the human interaction. Thus, by dividing the
embodiment phase of orthosis design into several different
steps it was possible to organize the knowledge and deal with
the different problems in different times, and only progressing
to the next step when the previous one had been solved which
permitted to minimize eventual errors. Additionally, when the
functional prototype was established, several tests were
performed, although these are not covered in this paper.

IV. CONCLUSION

Orthosis design is a particular case in medical device
development. One of the main problems observed during the
orthosis design process was related to the difficulty in passing
from the concept to the functional prototype when there is no
dedicated method to help the designer to implement the ideas
generated during the conceptual design phase in the
embodiment phase. Thus the aim of the present work was to
propose a method during the embodiment design stage of the
orthosis design process in order to help medical device
designers to achieve the ideal prototype according to the
results obtained during the conceptual design stage.

According to this, the main novelty introduced by this work
was a stage structured methodology during the embodiment
design phase for the development of articular orthosis.
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