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To my beloved Melike,
Shall I compare thee to a summer’s day?
Thou art more lovely and more temperate.
Rough winds do shake the darling buds of May.
And summer’s lease hath all too short a date.
Sometime too hot the eye of heaven shines,
And often is his gold complexion dimmed,
And every fair from fair sometime declines,
By chance or nature’s changing course untrimmed.:
But thy eternal summer shall not fade
Nor lose possession of that fair thou ow st,
Nor shale death brag thou wand’rest in his shade,
When in eternal lines to time thou grow st.
So long as men can breathe or eyes can see,
So long lives this and this gives life to thee.

William Shakespeare

To our daughter Seda,
When you set out for Ithaka
ask that your way be long,
full of adventure, full of instruction...

... Have Ithaka always in your mind.
Your arrival there is what you are destined for.
But don't in the least hurry the journey.
Better it last for years,
so that when you reach the island you are old,
rich with all you have gained on the way,
not expecting Ithaka to give you wealth.
Ithaka gave you a splendid journey.
Without her you would not have set out.
She hasn't anything else to give you.

And if you find her poor, Ithaka hasn’t deceived you.
So wise you have become, of such experience,
that already you’ll have understood what these Ithakas mean.

Constantine P. Cavafi






Foreword

Last decades have seen remarkable advances in computer-aided design, engineering
and manufacturing technologies, multivariable simulation tools, medical imaging,
biomimetic design, rapid prototyping, micro- and nano-manufacturing methods,
and information management resources, all of which provide new horizons for the
Biomedical Engineering fields and the Medical Device Industry.

Advanced Design and Manufacturing Technologies for Biomedical Devices
covers such topics in depth, with an applied perspective and providing several case
studies that help to analyze and understand the key factors of the different stages
linked to the development of a novel biomedical device, from the conceptual and
design steps to the prototyping, validation, and industrialization phases.

Main research challenges and future potentials are also discussed, taking into
account relevant social demands and a growing market already exceeding bil-
lions of dollars. In time, advanced biomedical devices will decisively change
methods and results in the medical world, dramatically improving diagnoses
and therapies for all kinds of pathologies. But if these biodevices are to fulfill
present expectations, today’s engineers need a thorough grounding in related
simulation, design, and manufacturing technologies, and collaboration between
experts of different areas has to be promoted, as is also analyzed within this
handbook.

The text is aimed at anyone working or simply interested in the Biomedical
Engineering fields and the Medical Devices Industry, including physicians; scientists;
and biomedical, chemical, electrical, and materials engineers. It is also a comprehen-
sive introduction for students taking part in Biomedical Engineering Graduate
Programs or Master’s Degrees as well as for researchers planning to carry out their PhD
in parallel to the development of novel biodevices, for improving diagnostic or ther-
apeutic approaches to handle complex pathologies. Designed for maximum readability,
without compromising scientific rigor, this handbook provides a current overview
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of this rapidly evolving discipline, also discussing main research challenges
and future potentials.

I truly hope it might be of help for students and researchers and even motivate
them to follow some of the research directions outlined.

Madrid, Spain Andrés Diaz Lantada
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Chapter 1
Introduction to Modern Product Development

Andrés Diaz Lantada and Pilar Lafont Morgado

Abstract The application of systematic design methodologies, together with
relevant advances in computer-aided design, engineering and manufacturing tech-
nologies, novel materials and micro/nano-manufacturing resources, has reshaped
product development in the last 20 years, greatly improving aspects such as time-
to-market and overall project costs, as well as final product or device quality and
overall performance.

These methodological and technological improvements have also a remarkable
impact in the development of novel medical devices and all kinds of products in the
biomedical field. The main objective of this handbook is to cover them in depth, as
an aid to teaching-learning tasks and with the intention of helping researchers facing
their first projects linked to biomedical engineering and to the development of
biodevices.

This first chapter is focused on providing a general description of the product
development process, covering its typical stages (detection of a relevant need, plan-
ning and specifications, conceptual design, basic engineering, detailed engineering,
production and product market life) and the systematic methodologies commonly
applied, providing a schematic historical perspective, together with an overall view
of additional methods for ensuring end quality.

This introduction to modern product development is complemented by the addi-
tional information provided in the following chapter, regarding specific relevant
aspects to be taken into account when the development process is linked to a medi-
cal device. The overview of novel technologies and advances in materials science
included in the third chapter provides for the introductory section of this handbook,
before explaining in detail the different advanced design and manufacturing tech-
nologies of interest in the subsequent chapters.

A.D. Lantada (P<) » PL. Morgado

Mechanical Engineering Department — Product Development Laboratory,
Universidad Politécnica de Madrid, c/José Gutiérrez Abascal 2, Madrid 28006, Spain
e-mail: adiaz@etsii.upm.es

A.D. Lantada (ed.), Handbook on Advanced Design and Manufacturing Technologies 1
for Biomedical Devices, DOI 10.1007/978-1-4614-6789-2_1,
© Springer Science+Business Media, LLC 2013



2 A.D. Lantada and P.L. Morgado
1.1 An Introduction to Product Development

According to the main language academies, a “product” (from the Latin productus),
in its principal meaning, is “anything that has been produced”, or an expanded
definition might be, “anything useful manufactured or made that contributes
economic value”.

If we look more deeply at the meaning of “engineering”, we can take the defini-
tion provided by “ABET (Accreditation Board for Engineering and Technology)”,
according to which: “Engineering is the profession in which a knowledge of the
mathematical and natural sciences gained by study, experience and practice is
applied with judgement to develop ways to utilise, economically, the materials and
forces of nature for the benefit of mankind”. In line with this designation and bear-
ing in mind the reality of industry, we can enumerate the main jobs done by engi-
neers in the course of their work:

* Design and calculation of products, processes, facilities and plants in every area
of industry

e Research, development and innovation in products, processes and industrial
methods

* Preparing, leading and managing projects in every area of industry

e Managing, planning and supervising multidisciplinary teams

e Strategic planning of quality systems, production systems and environmental
management

» Financial management of projects and industrial concerns

e General management or technical work or research and development projects in
the plants and factories of industrial concerns

According to the degree of dedication required by the work set out, three types
of engineer can be defined for the present-day world Aparicio Izquierdo et al.
(2005):

e Production engineers — They produce goods and services. They keep the means
of production in working order and manage them efficiently.

* Design engineers — They design new products and new processes. They take an
active part in research, development and innovation.

e Management engineers — They decide and control the techno-economic and
political processes on an entrepreneurial level in local, national and global
contexts.

In whichever case, many of the problems facing engineers in their jobs are
closely linked with the design and development work of new products, a large per-
centage of which are intended to help solve other more complex problems or
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evaluate the performance of certain functionalities of a system (as is the case with
test equipment and test benches and machines).

In other cases, particularly in research centres and universities, the development
process is more oriented towards showing the feasibility or usefulness of a new
function, geometry, material, technology or process concerning a product.

In these situations, the process usually ends up proving such feasibility or useful-
ness as a result of a prototype being obtained that is not only capable of rousing the
interest of the scientific community but also that of the main companies in the sector
concerned that might be willing to start up production and market the concept.
Thus, design and development engineers, often called designers, contribute with
their work to finding solutions and developing specific products. They also have
important responsibilities as their ideas, knowledge and skills are decisive in decid-
ing the technical, economic and safety aspects of a product.

It is important to emphasise that due to the complexity of modern technology,
only on very rare occasions can an entire product development process be car-
ried out by an individual organisation. This task usually requires considerable
human and technical resources which involve difficulties of organisation and
communication.

To increase a new product’s chances of success, the development process must
be methodically and exhaustively planned and systematically executed. Not only
must technical and financial feasibility be considered but also concepts like the end-
safety associated with using the product and the environmental impact that its use
might have in addition to the human factors that can influence the different stages of
the design process. Using wide-ranging information sources and following the rec-
ommendations laid down in regulations is also highly recommended for a success-
ful outcome.

A development methodology should, therefore, integrate different issues so that
the overall process is logical and comprehensible, as the following section will
explain. To achieve this, it is essential for the process to be divided into stages and
tasks, each with its own individual method and way of going about the job.

The following section sets out the main stages to be found in most general theo-
ries of design engineering and product development (Roozenburg and Eeckels
1995; Pahl and Beitz 1996; Muiioz-Guijosa et al. 2005; Ulrich and Eppinger 2007),
also applicable to more complex projects (De Cos 1999a, b).

Although this work is focused on the design of medical devices, it is important
to point out that the main stages of development of these types of products basically
coincide with the stages proposed by the systematic methodology about to be
explained.

Nevertheless, several additional considerations need to be borne in mind that will
be explained later, together with the considerable modifications required that are
linked to working with novel design and manufacturing technologies, as well as
new biomaterials, that may help optimise applying this general methodology to the
specific case of medical devices or, more generally, “biodevices”.
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1.2 Systematic Methodologies for Product Development

1.2.1 The Need for Systematic Methodologies in Engineering

Depending on the variety of the problems and tasks involved in developing products,
design actions have multiple facets. Firstly, they are dependent on basic scientific
and technological know-how but also on the individual experience of different
design engineers and their specific knowledge in the area related to the product
under development.

It should be remembered that designers have the prime responsibility for a prod-
uct’s technical and economic aspects and also for the efficient development process
of its commercial aspects by adapting it to limited schedules and costs. It is there-
fore important to have designed a process or methodology that will lead to appropri-
ate guaranteed solutions. This methodology must be flexible but at the same time
capable of being planned, optimised and verified. However, this approach can only
lead to success if all those taking part in the design have the necessary knowledge
and work systematically. It is important to make a distinction between the science
of design and design methodology. The science of design uses scientific method to
analyse the structure of technical systems and how they relate to the environment,
with the purpose of developing rules for these technical systems by taking the sys-
tem components and examining how they are related.

However, design methodology is a specific way of acting to design technical
systems that get their knowledge from the teachings of design science and cognitive
psychology as well as from practical experience in different sectors. It includes
action plans for connecting the different work and design stages in accordance with
content and the organisation envisaged; strategies, rules and principles for reaching
general and specific goals; and methods for of solving the problems individual
design or partial tasks. In line with this approach, a design methodology should:

* Encourage a direct approach to problems

» Foster creativity and understanding

 Facilitate the search for optimal solutions

* Be based on the methodical application of knowledge

* Be compatible with the methods and discoveries of other disciplines
* Maintain the interest of the participants

* Be easily learned and taught

¢ Reduce times, costs and errors

The approach set out should lead those involved in design to find possible solu-
tions more quickly and directly than if they were working purely from intuition or
experience. These two qualities are obviously important for any design process. In
any case the use of a systematic methodology is not at loggerheads with intuition or
experience, but simply attempts to expand and channel the potential of talented
designers, while demonstrating that successful solutions do not only depend on cre-
ativity or intuition or experience but on a whole range of factors.
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If the problem and design-linked tasks are structured, we also manage to
recognise that existing solutions can be applied to solve concrete problems and
speed up the stages of the overall process. It also lets us use powerful computer-
aided design tools suited to optimising specific tasks.

These tools will be discussed further on. On the other hand, it is essential to use
systematic procedures to properly organise information flows resulting from the
design project and to prepare all the paperwork required to start up product produc-
tion and any after-sales procedures.

Below is an explanation of how the product design process evolves until it
reaches the most utilised present-day systematic methodologies, which will then be
explained in detail.

1.2.2 A Brief Historic Perspective

It is difficult to find the origins of what we call “systematic design”. To offer but one
example, anyone studying the diagrams and sketches of Leonardo da Vinci can
hardly fail to observe the depth of his analysis and how he systematically used
variations to suggest possible solutions and be able to compare them (Taddei and
Zanon 2006; Kaiser and Konig 2006; Bautista et al. 2007).

Up to the Industrial Revolution, product design and development work was
essentially linked to art and craft and only with the gradual mechanisation of pro-
cesses halfway through the nineteenth century, emerged a need to optimise the use
of materials and to perform detailed studies on strength, stiffness, wear, friction,
assembly and maintenance (Reuleaux 1875a, b).

However, it was not until the twentieth century that a systematic evaluation of
these parameters was put forward as a way of gradually reaching an optimal solu-
tion. Just before the Second World War, a need was beginning to be noticed to
rationalise product design processes, but progress in this direction was hampered by
the following factors:

e An absence of effective methods for representing abstract ideas
e The widespread belief that design was an art and not a technical activity that
could be carried out methodically and not just through creativity

A large-scale use of systematic design methodologies would have to wait for
these limitations to be overcome, for the introduction of a more widespread use of
automation and for the appearance of more modern data processing procedures.

Modern ideas on systematic development were given an enormous boost by rel-
evant figures (Kesselring 1951, 1954; Tschochner 1954; Matousek 1957; Niemann
1950/1965/1975), whose revolutionary ideas continue to suggest ways of solving
and dealing with specific tasks related to machine and product design processes
(Kaiser and Konig 2006; Erkens 1928).

During the 1940s and the 1950s, Kesserling put forward a method based on suc-
cessive approaches where each approach optimised different variables in line with
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technical and economic criteria. He also proposed several principles like “minimal
production costs”, “minimal weight and volume”, “minimal loss” and “optimal
functionality and operability”.

On the other hand, in the 1950s Tschochner emphasised the importance of four
basic design factors: the principles of functionality, material, shape and size, similar
to what Matousek would later do, but emphasising the need to consider the princi-
ples of functionality, material, manufacture and geometry.

Niemann’s approach designed in the 1960s and 1970s consisted in starting out
design by defining a general outline for the product with the main sizes to be worked
on in greater depth. To this end, the overall design continued to be divided into dif-
ferent parts that could be developed in parallel. The optimal solution was finally
reached by a systematic variation of all the possible solutions.

These progressive approaches towards ever more systematic methodologies for
product design were mainly performed by university lecturers who had learned the
fundamentals of design and development during their practical class contacts with
increasingly complex products. They realised that not only was it possible to apply
more mathematical concepts, physical principles, information theory-based meth-
ods and systematic design but that with the gradual increase in the division of work
it was becoming indispensable.

Their designs were evidently strongly influenced by the industries they worked
for, but many of their principles suitably modified can be adapted to numerous cases
of design in other sectors. The currently accepted principles for effectively carrying
out new product development are based on the ideas of the foregoing authors, as
well as on the series of design steps that subsequently set apart important research-
ers (Hansen 1956; Kuhlenkamp 1971).

In general terms, these researchers talk of “pre-studies”, “defining the basic prin-
ciple”, “basic design” and “detailed design” as the main stages. They are also listed
in “design guidelines” written by organisations like the “VDI (Verein Deutscher
Ingenieure)” or the “ISO (International Organization for Standardization)” in refer-
ence to global testing and quality management.

1.3 Typical Stages Involved in Product Development

The outcomes of previous research, satisfactorily proven through numerous devel-
oped products, led to a slightly modified work structure (Roozenburg and Eeckels
1995; Pahl and Beitz 1996; Muifioz-Guijosa et al. 2005; Ulrich and Eppinger 2007)
which includes planning, conceptual design, basic engineering and detailed engi-
neering, although a clear dividing line cannot always be set between these stages.

Defining Objectives and Planning. This broadly consists of the strategic decision
taken by a company, university or research centre, as to which products or ideas
must be developed to satisfy the new social needs, taking account of the scientific-
technological and socio-economic circumstances of the time. To set about a product
idea that will be successful, the state of the market has to be fully understood and
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especially customers and their needs. Thus, market and customer requirements
become the major stimuli for developing new products.

However, these stimuli frequently have other origins, the most important of
which are politics, the appearance of new technologies, processes, materials, dis-
coveries or research results and environmental issues. Neither should the role played
by internal stimuli be underestimated (arising in the company, university or technol-
ogy centre itself) when it comes to making a decision about a new product. Among
these internal stimuli are new ideas or outcomes related to research activity and the
implementation of new means of production as well as production being made more
rational and diversified.

Depending on the stimuli mentioned, the main tasks to be included in the
“defining objectives and planning” stage are:

» Situation analysis — By carrying out an in-depth study of the company and its
products, together with market analysis and other possible information sources,
a thorough analysis can be reached of the starting out point.

* Drawing up search strategies — By bearing in mind the companies’ aims, strengths
and weaknesses, as well as market gaps and needs, certain areas or promising
fields can be discovered where ideas can be sought to be applied.

* Finding product ideas — From the search in the chosen field for new applications,
functions, principles of functionality, geometries, materials, energy management
methods and other alternatives, a set of product ideas can be found.

* Choosing product ideas — Depending on the company’s aims and market needs,
the set of ideas found are evaluated in order to choose the most attractive product
idea.

* Defining the product to be developed — By evaluating the different alternatives
against a list of requirements, a product proposal or definition is reached together
with some initial objectives concerning costs, prices and schedules.

Conceptual Design. This is the stage where a decisive global principle is reached or
a basis for reaching a satisfactory solution based on identifying crucial problems
and choosing the right functional principles that in combination will attain the set
objective.

If this stage is to be properly tackled, a series of prerequisites must be fulfilled
linked to a correct conclusion of the previous stage. The objective must therefore be
clearly stated and, in principle, be technically and financially viable. In addition, the
designer must be informed of the needs of this conceptual design stage and the
existence of possible solutions that allow proceeding directly to the design or basic
engineering stage.

The scope and depth required for the conceptual design stage must also be pre-
established. Related to the above, the main tasks included in this stage are listed
below:

* Abstraction for identifying basic problems — The decisive designs and principles
based on traditional methods cease to provide optimum responses in the face
of scientific-technological advances concerning technologies, materials or
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procedures, which adequately combined usually provide the key to more effective
new solutions. On the other hand, every industry, company or research centre has
countless experiences, which, although valuable, can lead to prejudice and hinder
the creative process. For this reason, particularly at the outset of a new product
design, designers must make an effort of abstraction and distance themselves
from the influences of conventional ideas and focus on analysing the list of
requirements and setting out the fundamental problem or problems in an objec-
tive manner.

e Setting functional frameworks — Having set out the basic problem to be solved,
a global function must be obtained based on energy flows, mass and signals so
that a relationship between the inputs to and outputs from the plant, machine,
part or object to be designed can be established. This global function can then be
divided into less complex sub-functions and a lower level of abstraction, all of
which can be individually dealt with to facilitate the search for solutions.
Combining and relating these sub-functions leads to the so-called functional
framework. It is advisable to draw up several functional frameworks depending
on whether it is wished to optimise costs, functionalities, quality, development
time or other factors.

* Designing functional frameworks — After establishing the different functional
frameworks, the principles of functionality for each of the sub-functions need to
be sought. When they have been found, they should be properly interconnected
to produce all the different possible functional frameworks that fulfil the global
function. In line with the different preferences (cost, timeframe, quality and
others), a table of choices can be made to choose the most suitable functional
frameworks.

* Obtaining the decisive principle — By taking the functional frameworks, the dif-
ferent decisive principles to be evaluated can be obtained based on the different
techno-economic criteria and preliminary calculations that can lead to the choice
of the most adequate decisive principle (proposal for a preliminary solution or
product concept) that can be worked on.

Basic Engineering. When the decisive principle has been decided, it is time to spec-
ify the underlying ideas behind this preliminary proposal for a solution or product
concept. During the basic engineering stage (also often called basic design), the
design engineers have the task of defining the basic shapes and geometries that
characterise the product and must also choose the preliminary materials and appro-
priate manufacturing processes. It is at this stage when technical, technological and
economic considerations become of vital importance. In other words, the mission of
this stage is to provide a definitive general outline of the product to be developed, on
which an effective analysis can be performed concerning function, duration, manu-
facture, assembly, functionality, costs and safety.

Unlike the conceptual design stage, the basic engineering stage is subject to
numerous checks, which means the work of analysis and synthesis constantly
alternate and complement each other. An enormous effort also needs to be made
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regarding the compilation of information to make it easier to evaluate solutions,
identify errors and continuously optimise.

The complexity of this stage is also greater because many actions have to be

performed simultaneously. Subtasks need to be repeated when high levels of infor-
mation are reached and because any change in an area or subarea has repercussions
on all the rest. For these reasons, it is impossible to set a series of steps to be strictly
adhered to that will ensure the basic engineering will come to a successful conclu-
sion. However, the following approach may be followed in general terms:

Choose the relevant product requirements.

Make scale drawings with the existing spatial constraints and evaluate the
required free spaces.

Draw up a basic outline to decide which components will be required to fulfil the
main functions.

A preliminary design of the parts and components that fulfil these main
functions.

Draw up a basic outline to decide which components will fulfil the remaining
secondary functions.

Draw up the preliminary designs of parts and components that fulfil these sec-
ondary functions.

Evaluate the designs using both technical and economic criteria.

Decide the overall preliminary design.

Optimise the chosen design, eradicating any weak points that may have arisen
during evaluation.

Make proposals for improvement and checking if cost and quality objectives
are met.

Prepare a basic preliminary parts and documentation list for production and
assembly. This documentation comprises the starting point for the detailed engi-
neering stage.

During the basic engineering stage, it is very useful to use check lists to ensure

that when designing the different parts intended for the main product functions, all
the various aspects have been taken into account. Of these aspects the most impor-
tant are:

Function
Principle of functionality
Design

Safety
Regulations
Ergonomics
Manufacturing
Quality control
Assembly
Transport
Operation
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e Fault detection
* Recycling

e Maintenance

¢ Cost

¢ Timescale

Alongside this stage, as part of the work to compare designs and check geome-
tries and functionalities, it is very useful to produce prototypes that will aid decision-
making and help reduce the number of design iterations and minimise both the
timescales and costs associated with product development. Currently, a distinction
is made between virtual prototypes, the result of computer-aided design, simulation,
calculation and manufacturing programs (“CAD-CAE-CAM” programs) and physi-
cal prototypes that coincide with the traditional concept of “original product sample
for testing and checking”.

The appearance of support “software” for engineering design work and its grad-
ual incorporation into industry since the end of the 1980s, together with growing
operational and calculating capacity, have caused major changes to the way design
processes are carried out. Information exchange has become easier enabling count-
less effects in combination to be taken into account using multivariable simulations
and enabling forecasts to be made concerning the influence of parameters such as
the material or the manufacturing process on the end quality.

All these “software” tools can be included in a set of computer tools for manag-
ing the life cycle of a product or “PLM programs (product lifecycle management)”
(Stark 2004; Saaksvuori and Immonen 2008). These capabilities enable a company
to effectively manage and develop their products and related services throughout
their economic life. All companies also need to manage the communications and
information with their customers (“CRM tools or programs (customer relationship
management)”), with their suppliers (programs called “SCM (supply chain manage-
ment)”’) and company resources (programs referred to as “ERP (enterprise resource
planning)”).

These three groups of software programs together with the PLM programs com-
plete the four cornerstones of the information technology infrastructure that enable
the main needs of a company to be addressed.

More directly linked to product development in line with the approach taken here,
PLM tools that include the following types of software programs come to the fore
for performing tasks like:

e PPM (product and portfolio management) — These are programs aimed at help-
ing determine the optimal combination or sequence for the projects proposed for
the company to successfully achieve its objectives in accordance with its eco-
nomic and technological strategy and actual market requirements. These tools
help analyse resources, costs, investment, production schedules and how one
project affects another.

e CAD (computer-aided design) — These programs support design engineers,
architects and other design professionals in their work, which is to make their
designs a reality. They usually have 2D and 3D drawing systems for creating files
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or have all the information on a product’s geometry and its different parts, as
well as its plans. Changes can be made, symmetries are included, scale designs
and numerous operations that can help make changes to the design.

e CAE (computer-aided engineering) — These computer programs allow simulat-
ing designs that have usually been made with CAD programs, and apply kine-
matic, dynamic, thermal or fluid mechanics considerations to the geometries
designed and, above all, the chosen materials. They allow analysing how changes
will affect the product or its parts and help optimise the number of prototypes or
tests required.

e CAM (computer-aided manufacturing) — These programs lend support to proto-
type manufacturing work and end products by converting the information on part
geometry from a CAD program into a code that can be understood by numerical
control, manufacturing or rapid prototyping machines. On occasions it has a
similar mission to CAE programs, letting part quality be simulated according to
the manufacturing process used as well as allowing a study on geometries and
materials.

* PDM (product data management) — These are programs focused on facilitating
the records and paperwork of the processes to create, modify and revise any of
the parts of a product. The information stored ranges from specifications, CAD
file diagrams, plans, manufacturing documents, assembly documents, tenders,
test specifications and quality control, as well as financial reports.

In recent years, the boundaries between these types of software are shrinking
with the ever more frequent appearance of packs that combine different modules to
provide a global response to all the aforementioned needs.

As explained, these technologies can provide assistance at every product design
stage as well as production start-up, market placement and after-sales services. The
benefits of using them become obvious at the basic engineering stage where their
use is even more justified in the detailed engineering stage where the amount of
information handled increases rapidly, as will be explained further on.

Regarding prototypes, the industrial importance taken on over the last decade by
the so-called manufacturing and rapid prototyping technologies should be empha-
sised. These technologies enable physical parts to be directly obtained in a short
time (hours or a few days) from the designs made with the help of a computer using
“CAD-CAE-CAM” programs.

They are of great help in optimising design iterations, help the early detection of
errors and speed up production start-up. They are usually either based on “layer
manufacturing technologies” (like laser stereolithography or selective laser sinter-
ing) or on material elimination manufacturing processes (high-speed numerical
control machining). The different technologies available mean that prototypes
can be obtained in a wide range of metal, ceramic and polymeric materials with
remarkable precision (Freitag and Wohlers 2003; Lafont Margado et al. 2000; Diaz
Lantada et al. 2007).

Depending on the objective and the similarity to the end product, the physical
prototypes are usually divided into the three following levels:
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e Level “A” prototypes (commonly called “A-samples”). These are demonstration
prototypes for analysing shapes, geometries and other more subjective aspects
(like aesthetics, visual impact or ergonomics) related to the product under
development.

e Level “B” prototypes (commonly called “B-samples”). These are functional pro-
totypes intended for checking the behaviour of different product parts and their
functionalities. Although they are generally made of nonfinal materials, these
tests are usually performed with limits on certain applications.

e Level “C” prototypes (commonly called “C-samples”). These are prototypes
with similar materials and behaviour to the end product although the manufactur-
ing methods used to obtain them do not coincide with the methods used in pro-
duction. These level “C” prototypes are usually manufactured for final checks, to
prepare production start-up and for obtaining official approval as part of the
detailed engineering stage which will be dealt with further on.

However, the end of the basic engineering stage and the beginning of the detailed
engineering stage cannot be precisely delimited as there is always some overlap that
is to the benefit of the overall process.

Detailed Engineering. Once the final basic design has been obtained, work must be
begun on the requirements of the shape, properties, size and tolerances of the differ-
ent parts. The final choice of manufacturing and assembly must also be done as well
as final cost evaluation. The outcome of this stage is the definitive technical specifi-
cations of the product: a list of functionalities, production plans and the specifica-
tions including the instructions for assembly, disassembly and operation. Based on
this information or technical documentation, production start-up can be undertaken
as well as the placing of the product on the market. According to the above, detailed
engineering work can be divided into the following:

* Finalising the end design — The different parts are fully defined by means of
plans or 3D geometry CAD files, and materials, tolerances, adjustments and
other details are specified.

e Parts integration — By means of full comprehensive plans or CAD assembly files
which define the product as a whole.

 Finalising paperwork — For an unambiguous definition of the product and be able
to launch production.

* Final checks — As to compliance with general regulations and company stan-
dards. Precision of size and tolerances, the availability of standard or catalogue
parts and other checks.

The basic and detailed engineering stages can often be brought together in one
single-design stage with a global focus where the level of detail is gradually added.
The ever more generalised use of CAD-CAE-CAM technologies and the already
mentioned PLM tools has promoted this gradual fusion between stages, which also
simplifies any information exchange between the agents involved in product design.
Other authors with a similar outlook to that set out (Roozenburg and Eeckels 1995)
also include production and marketing planning actions in the methodology they
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MARKET NEEDS PLANNING STAGE
* Planning
« Clarifying objectives
« Situation analysis
* Defining the product
— LIST OF REQUIREMENTS CONCEPTUAL DESIGN
« Detecting problems
« Functional structure
« Designing and selecting
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+— CONCEPT BASIC ENGINEERING
* Materials and pre-calculations A - Level prototypes
* Pre-designs
« Technical and financial evaluation
« Choosing the preliminary design
<«— PRELIMINARY DESIGN B - Level prototypes
« Mistake control
« Cost optimization
« Preliminary documents
«— FINAL DESIGN DETAILED ENGINEERING C - Level prototypes

Posible corrections

* Documentation
« Finalising paperwork
« Final checks

« Drafts and specifications PRODUCTION STAGE

PRODUCT REACHES MARKET

Fig. 1.1 Systematic methodology diagram for product design

put forward, since the overall design of a product requires considerable human
resources and materials to be assigned as well as production, distribution and sales
strategies and other after-sales services.

Figure 1.1 shows a full design process diagram with explanations (objectives and
planning, conceptual design and basic and detailed engineering) (Diaz Lantada
2009, 2012).

1.4 Additional Methods for Ensuring Quality

The history of industrial design usually recognises three quality leaps regarding
design approach and the fundamental reasons behind that design; these changes of
approach are directly related to the three following concepts (whose application
also changes product development methodologies):

e Productivity — The main objective at the start of the Industrial Revolution since
the very existence and survival of emerging industry depended on this concept.

e Safety — A concept that has gradually taken on importance throughout the twen-
tieth century as society became more aware, with increasing economic growth
together with the technological progress that enabled safer systems to be intro-
duced. At first, it was considered to be a factor that hampered production, but
later it was shown that productivity and safety contributed synergy, and so, man-
ufacturing safe products safely became paramount.
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e Quality — A notion that especially over the last three decades has become a
basic goal of production processes and developed products. Referring to prod-
uct design it can be understood to mean “the set of properties of the design
process that enables products to be set in production that fulfil the needs envis-
aged at the outset”.

Whatever the circumstances, reaching acceptable levels of quality involves more
and more the company as a whole, and product design means taking account of
quality issues throughout the entire design process already explained. A good start-
ing point is the ISO 9000 series set of standards which set out the basis for applying
quality procedures in different organisations and the associated tasks, such as
product design, production and manufacturing processes and commercial activities.
The standards advocate that the best way to attain top quality is to take measures
that will avoid failure by systemising processes and quantifying the parameters that
have most bearing on quality.

The implications involved in this set of standards and how they relate to the
European Union’s so-called New Approach Directives will be dealt with in the dis-
cussion of standards included towards the end of the following chapter, with a spe-
cial emphasis on the design of medical devices. Another key factor for attaining
high levels of quality in product design tasks is to correctly interpret the customers’
requirements and be exact in defining the initial specifications.

In principle, the key factors for attaining high levels of quality are:

* Systemising the design process by using structured methodologies

* Identifying potential faults and taking countermeasures

» Identifying any potential disturbances to the input parameters that might affect
the output parameters and take countermeasures

e The participation of all departments (design, production, testing, quality, sales,
purchases, commercial and any others) in the aforementioned tasks

* Learning based on the defects of previous products

Tools to Ensure Design Quality. To ensure quality throughout the design stage and
methodically take account of the key factors, the use of various tools is becoming
widespread, of which the most important are:

e “QFD (quality function deployment)” and related methodologies — Such tools
help to take into account market and user demands when tackling the develop-
ment of a new product. By using several matrixes for quantifying the need of
relevant changes linked to the enterprise services and production system, materi-
als and processed used, global quality optimisation is promoted and final results
improved. “QFD” is designed to help planners focus on characteristics of a new
or existing product or service from the viewpoints of market segments, company
strategies or new technology-development needs. It is applied in a wide variety
of services, consumer products and emerging technology products.

* The use of “Failure Trees” — This is a tool for systemising and enhancing the
process and for detecting potential faults and disturbance factors. It is incorpo-
rated at the conceptual design stage once the product’s functional framework is
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available with the general function and all the sub-functions involved in the
product’s proper working, all of which must be checked. The different functions
and sub-functions are checked one by one, thinking of how they could fail and
searching out any possible faults and then looking for the possible causes and
disturbances that could lead to those faults. When any possible causes of faults
have been assessed, countermeasures are designed for each one. If necessary, the
concept is redesigned, the design is improved or the procedures for manufacture,
assembly, logistics, quality, maintenance and others are modified. As the work
required to complete a fault tree for an entire product is considerable, this method
is usually limited to decisive issues and critical processes. It is advisable for
designers to make this way of working part of their everyday activities and so
apply these concepts almost by intuition.

e “FMEA method (failure mode and effects analysis)” — This method, originally
designed for the “Apollo” program, is more powerful than the fault tree since it
quantifies the absolute importance of every fault mode by using the so-called
RN, risk number, which is quantified according to the probability of fault occur-
rence and the probability of its being detected. Therefore, risks can be classified
in order of importance and priorities set for searching for and executing counter-
measures. It is widely used nowadays in all industrial sectors. However, the use
of this method requires expert staff in all departments. The “FMEA” is usually
reviewed several times during product design and possible countermeasures,
responsible persons and control dates are set. This method helps ensure the qual-
ity but above all the safety of the product right from the design stage, which has
previously proven to be of great help in fields such as machine design (Mufioz
Sanz et al. 2007).

* Quality meetings — Specially designed to avoid difficult-to-solve faults in the
advanced stages of development. The starting point is usually a check list based
on questions concerning the experience of previous designs. Members of all
departments usually take part in these meetings where countermeasures are sug-
gested and persons are proposed for being responsible for applying the measures
in the set timeframe. Once again, it is essential to emphasise the importance of
fluid communication between all those involved in the product design process if
a successful outcome is to be reached.

Additional tools for ensuring quality include several standards, which provide sys-
tematic descriptions of methodologies for direct application. Among such standards it
is important to cite the ISO 9000 family for quality management, the ISO 14000 and
19000 families for quality audits and environment, the OHSAS 18000 standards on
security and health and the ISO 28000 family on supply chain quality.

In the Biomedical field, quality and security insurance are intimately linked to
assessing the effectiveness and risks related to a novel device, including aspects
such as biocompatibility testing, as introduced in Chap. 2, detailed in Chap. 15
and incorporated to the global biodevice development systematic methodology
described in Chap. 17.
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1.5 Main Conclusions

This first chapter has focused on providing a general description of the product
development process, covering its typical stages (detection of a relevant need, plan-
ning and specifications, conceptual design, basic engineering, detailed engineering,
production and product market life) and the systematic methodologies commonly
applied, providing a schematic historical perspective, together with an overall view
of additional methods for ensuring end quality.

Such systematisation, together with relevant advances in design and manufactur-
ing technologies, as well as in materials science and engineering, which are central
part of this handbook, has reshaped product development and deeply influenced the
medical device sector, improving quality, performance and capabilities of biode-
vices, together with a more adequate control or aspects linked to the viability of
every project, including time-to-market and overall development costs.

This introduction to modern product development is complemented by the addi-
tional information provided in the following chapter, regarding specific relevant
aspects to be taken into account when the development process is linked to a medi-
cal device. The overview of novel technologies and advances in materials science
included in the third chapter provides for the introductory section of this handbook,
before explaining in detail the different advanced design and manufacturing tech-
nologies of interest in the subsequent chapters.
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Chapter 2
General Considerations for the Development
of Biomedical Devices

Andrés Diaz Lantada and Pilar Lafont Morgado

Abstract The development process of medical devices and of any products oriented
to interacting with biological systems (biodevices) involves several special features
deriving from the typical multidisciplinary characteristics of such devices and of
their surrounding environment.

Therefore, the systematic development methodologies previously described have
to integrate several additional special considerations and indeed very specific rec-
ommendations, for adequately helping to face up with the development of novel
biodevices.

Aspects such as the existence of a relevant medical need; the effects of biological
conditions; the selection of adequate biomaterials, sometimes with unusual mechan-
ical and chemical properties; the consequences of corrosion; or the sterilisation
methods available have to be considered, almost from the beginning, when develop-
ing a new biodevice. Development teams also integrate normally engineers, physi-
cians, biologists and personnel from different disciplines, and sometimes,
communication problems, together with project delays and even cost mismatches,
arise. All this has to be taken into account in these projects.

The regulatory framework is also especially noteworthy in the medical device
field, due to their potential harm when interacting with tissues and organs, and dif-
ferent directives have to be followed carefully. The most relevant EU directives of
application for medical devices, together with advices included in important ISO
standards, as well as some discussion and comparison with approaches from other
countries (United States’ FDA, Asian market...), are commented at the end of the
chapter.
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2.1 Basic Concepts Linked to Medical Devices
or Products and Biodevices

A definition of medical device according to Council Directive 93/42/EEC of 14
June 1993 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, monitoring, treatment or alleviation of disease.

» Diagnosis, monitoring, treatment, alleviation or compensation for any 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
by pharmacological, immunological or metabolic means, but which may be
assisted in its function by such means”.

According to the US Food and Drug Administration, “A medical device is an
instrument, apparatus, device, machine, appliance, implant, in vitro agent or other
similar or related article, including a component part, or accessory which is:

* Recognized in the official “National Formulary” or the “United States
Pharmacopoeia”, or any supplement to them.

e Intended for use in the diagnosis of disease or other conditions, or in the cure,
mitigation, treatment or prevention of disease, in man or other animals.

¢ Intended to affect the structure or any function of the body of man or other ani-
mals and which does not achieve any of its primary purposes through chemical
action within or on the body of man or other animals and which is not dependent
upon being metabolized for the achievement of any of its primary intended
purposes”.

The first devices to come to light that fit these definitions date back to the Ancient
Age. Evidence has been found in Ancient Egypt of various surgical instruments for
performing trepanations and other surgical operations, as well as instruments
intended for use in mummification and splints made of bamboo, cane, wood or the
bark of trees. These would most surely have also been used to treat broken bones in
living patients. An engraving made around the year 2800 B.C. at the entrance to the
tomb of Hirkouf bears witness to the oldest use of a crutch.

Many of the principles referring to different conditions and their treatment are
attributed to the Ancient Greeks (Lain Entralgo 1973). They may be considered the
first to use a scientific methodology and were also the first to describe their history
and progress in detail. Homer himself in his epic on the Trojan Wars reveals knowl-
edge of the lesions of that period and the treatments used.

Between 430 and 330 B.C., a vitally important Greek text was compiled known
as the “Corpus Hipocraticum”. It was named after Hippocrates, who was called the
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father of medicine. Hippocrates was born on the Island of Cos around the year 460
B.C. and died at a ripe old age in 370 B.C. He is known for having endowed medi-
cine with a scientific, systematic methodology and for having defined for the first
time the position and role of the doctor in society. Hippocrates possessed a thorough
knowledge of fractures. He knew the principles of traction and counter-traction and
developed special splints for tibia fractures similar to an external brace. He also
designed the Hippocratic bench or “scamnum” to provide a support when realigning
fractured bones.

Although many centuries have passed, the Hippocratic Oath continues to occupy
a prominent position in medical practice.

Subsequently, Herofilus came to the fore in Alexandria in the third century BC
for his study of the human body by dissecting corpses, which up to now had been
considered sacred with anatomical studies only being performed on animals. There
is clear proof that during the third to first centuries BC in Alexandria, postmortems
were performed for the first time for investigative and diagnostic purposes and for
which very advanced instruments were required.

During the second century BC of the Roman Empire, the most important figure
of the period was Galen who stood out for his observation of medical phenomena
and his attempts to find an answer. He carried out post mortems on dead gladiators
in the coliseum at Pergamon. When this empire fell, all scientific progress came to
a halt leaving only copyist monks in monastery libraries to act as the transmitters of
ancient culture.

Then came the rise and development of Arab culture with its contributions to
medicine and surgery. Avicenna (980-1037) stood out for his use of cauterisation by
means of a hot iron, an instrument used to destroy organic tissue by the use of heat
and also to stop bleeding. With the onset of the Renaissance, medicine and surgery
was again given an impulse with the appearance of illustrated treatises on anatomy
like the one by Vesalius (1514-1564). These advances continued throughout the
following centuries with the ensuing improvements in surgical techniques as well as
methods of anaesthesia.

However, the main advances in medical devices that came about throughout the
19th and 20th centuries were unfortunately as a result of the Great Wars. One exam-
ple that speaks for itself is that in London alone in the Second World War, it has
been calculated that over 260,000 1 of blood were donated.

It is the direct responsibility of those of us who devote our lives to the progress
of science and technology to make this situation change so that in the future such
progress will never again be linked to a country’s military might or be driven by the
need to find a response to the effects of war but instead will be devoted to improving
the life quality of human beings as its main objective.

At present, the world market for medical devices is estimated to stand at over
200 billion Euros and shows an annual growth of around 8 % (growth only sur-
passed by the pharmaceutical sector).

The European Union, as a whole, is the second producer with a market share of
30 %, with Spain as the fifth producer in the European Union with an EU market
share of around 6 % (Pammolli et al. 2005). Different factors and technological
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advances in recent decades have boosted the enormous growth of this highly
economically important industrial sector, whose social impact is equally important.
Set out below are the main factors that must drive study in this field and the never-
ending search for solutions, as well as the main advances that have led to the rapid
industrial expansion of this sector in recent years.

Socioeconomic Factors

* The considerable increase in life expectancy in the developed countries has led
to a notable increase in the demand for implants, prostheses and orthopaedic
devices as the number of patients with degenerative diseases has also increased.
According to United Nations demographers, in around 5 years, there will prob-
ably be more people over 60 than children under 15.

* Nowadays, one out of every ten people is 60 or over, but in 2050, it is predicted
that these figures will reach one in five, and the number of persons over the age
of 80 will multiply five times. Greater longevity must go hand-in-hand with pre-
serving the life quality of this group.

e The rising birth rate in underdeveloped countries together with the difficulty of
access to basic needs favours the appearance of epidemics but whose treatment
can be improved by the use of new devices for the controlled delivery of drugs,
the use of disposable surgical instruments, birth control devices and other recent
or predicted future developments of this industrial sector.

Recent Technological Advances

* Improvements to purchasing systems, processing, analysis and telecommuni-
cation of physiological signs, which have enabled patients to be more pre-
cisely monitored, both in the short term (e.g. during surgical operations and
post-ops) and in the long term (studying the evolution of pathologies), by also
enabling biological systems to be modelled and contribute physiopathological
significance to the parameters found from processing (Deutsch et al. 2007,
2008; Cerutti 2008).

e The development of systems that interact between computers and the nervous
systems of living beings based on two-way implants for receiving electric signals
from the body and supplying current directly to the nervous system, which will
open up new horizons for the treatment of neurological disease (Gasson et al.
2005; Warwick 2008).

e New micro-manufacturing and nano-manufacturing techniques, some based on
the manufacturing techniques of integrated circuits but applicable to many more
materials and shapes, have led to enormous reductions in the end-size of implant-
able devices with the additional possibility of fitting them with micro-
instrumentation to endow them with “intelligence” (Gad-el-Hak 2003; Schwartz
2006).

e Optimising the product design process thanks to a combination of CAD-CAE-
CAM and rapid prototyping which speed up the production start-up of devices
by reducing intermediate stages and minimising costs (Kuklick 2006).
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e The development of new bioabsorbable materials that are body compatible which
degrade a certain time after being implanted while only producing non-toxic
matter that can be eliminated or metabolised by the body. Outstanding progress
has been made in the synthesis of bioabsorbable and biodegradable polymers
that can be applied to a large number of devices designed for the controlled deliv-
ery of drugs (Lendlein and Langer 2002), as well as for support tasks for tissue
engineering (Freed et al. 1994; Kawanishi et al. 2004).

* The discovery of new active materials that enable functionalities to be inbuilt
and so open up new horizons for the development of active implantable medical
devices thanks to their potential use as sensors and actuators (Davis 2003; Lendlein
and Kelch 2005; Wong and Bronzino 2007; Peterson and Bronzino 2008).

These advances mutually favour one another and used in combination can pro-
vide multiple novel responses to conditions for which, up to a decade ago, there was
no adequate treatment. All this has boosted the development of prototypes for a
large number of medical devices, many of which benefit from the use of active
materials.

The following section provides an introduction to the systematic process of prod-
uct development and goes on to examine the further considerations that must be
borne in mind should the device under development respond to a medical need. It
will then go on to examine the influence of these considerations on the different
stages of the proposed systematic process.

2.2 Special Issues for the Development of Biodevices

2.2.1 Special Difficulties

The design process of medical devices has a series of added difficulties that involve
considerable changes and additional issues regarding the systematic methodology
for designing the products previously mentioned.

These additional challenges, difficulties or issues can be classified into the three
different groups set out below:

e Technical issues — These are related to the geometries, materials and the princi-
ples of functionality that can be utilised in a specific device as they are bounded
by the implications involved by their contact with human body tissue. They are
also bounded by the influence of the corporeal environment on the in-service
performance of the materials used and their progressive deterioration due to this
environment.

e Legal issues — The direct action on the body of the developed devices and their
associated risks increase the responsibility of those involved in the design and
give rise to certain changes to the prescribed methodology. The design process of
medical devices is therefore subject to strict rules, and care must be taken to
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adhere to the specific standards if end product safety is to be maximised. The
official approval process for these devices also adds to the overall complexity of
their development.

e Human issues — These are linked to the particular complexity of the design pro-
cess for these products which require multidisciplinary teams with experts from
the different branches of science, particularly, medicine, engineering, biology,
chemistry and physics, among others, but which can lead to specific communica-
tion or coordination problems. On the other hand, it is important to point out that
developing a new device should emerge as a result of a real human need, a factor
that will be examined more closely further on.

The main additional issues to be taken into account when setting out to develop
a new medical device are explained in the following subsections. Reference will
also be made to the systematic methodology design stages explained previously,
together with reflections on how the different issues influence these stages.

2.2.2 The Importance of a Relevant Medical Need

New developments and innovations in medicine and especially in the field of medi-
cal device design usually stem from a problem-related need, and then, a technologi-
cal solution is found to solve the problem and satisfy the need (Kuklick 2006).

It is true that on some occasions a new technology or material can bring novel
diagnostic or therapeutic solutions to concrete problems, but these technologically
motivated products (instead of medically) only have an economic or social impact
on rare occasions.

Thus, most companies and technology centres given over to the design of medi-
cal devices, as well as more effective devices, are based on the application of effi-
cient technologies for resolving very specific clinical or surgical needs. The
approach of studying new technologies and examining any possible applications by
searching out medical needs is more linked to scientific research projects than with
product development, which means that the results are not materialised in the form
of commercial products.

However, both approaches have their own advantages and are perfectly valid
depending on what the objective is. So, when designing a product, it is usually more
effective to start out from a need and look for a technology to solve the problem.
Although, if it is wished to promote scientific progress the option of developing a
new technology and attempting to apply it to solve the needs of many varied sectors
probably makes more sense.

Therefore, this handbook looks to both approaches. It shows the development of
medical devices based on the use of novel technologies and materials, whose study
and subsequent development is motivated by real medical needs requiring a techno-
logical solution.
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On the other hand, throughout these development processes scientific and
technological contributions are made concerning the use of design and manufactur-
ing technologies for different conceptual trials linked to innovative developments,
novelties that may find a use in future medical applications or even other sectors.

Regarding the development of new medical devices, it is important to emphasise
that the need to provide a solution to a medical problem must be kept in mind at the
very first “defining objectives and planning” stage. If no such need exists, it is hardly
sensible to begin to develop a new product to provide a solution to a problem that
does not exist or that is being satisfactorily solved by other means.

One particular skill of entrepreneurs or researchers in the field of medical devices
is therefore the ability to search out and understand important clinical or surgical
needs. It is a complex issue where it is not enough to carry out questionnaire-based
market studies or an analysis of existing products to find gaps in the market. Often,
there is no other product for comparison, particularly if the product to be developed
is completely new.

All of this, in conjunction with the basic aims to ensure, lengthen and improve
patients’ quality of life, while at the same time generating economic and social
value, complicates decision-making and the search for needs on which to work.
Therefore, defining objectives for the development of medical devices is a particu-
larly complex issue.

2.2.3 Biomaterials

As with the concept of medical device, there are various satisfactory definitions for
the notion of “biomaterial”. The term generally designates any material used in the
manufacture of devices that interact with biological systems and that are applied in
the different branches of medicine (Wong and Bronzino 2007; Peterson and
Bronzino 2008). This definition includes materials with very different properties
and classifiable into different families, such as metals, ceramics, polymers and com-
posite materials. According to their origin they can also be classified as natural or
synthetic. Another possible classification is based on the influence the biomaterial
has on the body or the extent of the reaction it produces on surrounding tissues, the
following division being generally accepted:

e Bio-inert materials — Characterised by their low reactivity in the body, which
means they can coexist with the surrounding tissue without any apparent change
to the functions and properties of this tissue. Typical materials of this kind used
in implantable devices are tantalum, titanium, aluminium, magnesium and some
zirconium oxides.

* Biodegradable or bioabsorbable materials — They have the capability to be body
compatible and to degrade a certain time after implant, giving rise to non-toxic
products that can be eliminated or metabolised by the body. Some materials of
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Biomaterials: Determinant requirements and properties

INTERACTION WITH ORGANISM  MECHANICAL PROPERTIES MANUFACTURING ISSUES

* Reactions with tissues * Mechanical resistance * Technologies of application
* Evolution of properties in the * Young (elasticity) modulus * Conformity with requirements
biological environment: * Resilience (toughness) * Material quality controls
- Physical properties * Fatigue response * Surface properties
- Chemical properties * Wear response * Sterizliation issues
* Material degradation can lead to: * Hardness « Final process cost
- Local changes * Brittleness

- Dangerous effects

Fig. 2.1 Properties and determining factors for choosing biomaterials

this family are porous hydroxyapatite, the salts of calcium phosphate and some
polyurethanes.

¢ Bioactive materials — They have the ability to form direct chemical ties with the
surrounding tissue allowing this tissue to grow freely on their surface. Some
examples of these materials are high density hydroxyapatite and tricalcic
phosphate.

All materials used in medical device development, particularly those that will be
in contact with body tissues, must meet a set of manufacturing and chemical require-
ments and properties and body-compatibility requirements, which are mainly
mechanical. These are listed in Fig. 2.1 and Table 2.1 shows typical examples of
synthetic materials applied to obtain medical devices.

2.2.4 Body Conditions

When it comes to choosing suitable materials for a product under development, dur-
ing the basic engineering stage it is usually essential to consider the environment in
which the product is going to act. The particular case of medical devices is no
exception and body conditions play a deciding role when choosing materials.

Conditions such as a temperature of around 37 °C are not extreme for the materi-
als used in medical devices. However, if active material-based devices are used
whose activation is based on a change in temperature, the limits admitted by the
body must be taken into account, as will be commented later.

Although temperatures are not usually a big problem, the biomechanical demands
and chemical circumstances of the body are usually decisive when choosing the
appropriate material for a medical device.

Regarding the mechanical demands, it is essential to bear in mind not only the
nominal value of the demand but also the complete load cycle and the number of
load cycles to be supported by the device. A typical hip prosthesis may be subjected
to 3-10° load cycles per year, which in the case of a person of 25, with a 70-year life
expectancy, would mean around 108 load cycles in the most unfavourable scenario.
Although loads and load cycles depend directly on weight and each specific patient’s
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Table 2.1 Examples of materials in medical applications

Material

Main applications

Metals and alloys
Stainless steels

Co-Ti, Ti-Al-V, Ti-Al-Nb, Ti-13Nb-13Zr,

Ti-Mo-Zr-Fe
Co-Cr-Mo, Cr-Ni-Cr-Mo

Ni-Ti

NiTi, NiNbTi

Gold alloys

Silver products

Platinum and Pt-Ir

Amalgam of Hg-Ag-Sn
Ceramics

Aluminium

Zirconium

Calcium phosphates

Glass

Porcelain

Carbon coatings
Polymers

Polyethylene UHMWPE

Polypropylene

PET

Polyamides

PTFE

Polyesters

Polyurethanes

pPVC

PMMA

Silicones

Hydrogels

PVA, PCL, PLGA...
Composites

Bis-GMA - quartz

PMMA - glass filling

Clamping fractures, stents and surgical instruments

Bone and joint prostheses, clamping fractures,
dental implants

Bone prostheses, clamping fractures, dental
implants, heart valves

Self-expanding stents, bone plates, clamping
fractures, orthodoncy wires

Coating for biocompatible implants

Dental repairs

Antibacterial agents

Electrodes

Dental repairs

Joint prostheses, dental repairs

Joint prostheses

Bone repairs, metal and alloy surface coatings
Bone prostheses

Dental repairs

Heart valves, percutaneous devices, dental implants

Joint prostheses

Sutures

Sutures and vascular prostheses

Sutures

Vascular prostheses and in vitro tissue growth

Vascular prostheses and drug delivery devices

Devices in contact with blood

Conducts for pumping operations, drug delivery
and others

Contact lenses

Implants and soft tissue replacement

Ophthalmology and drug delivery

Scaffolds for tissue engineering

Dental repairs
Dental repairs and bone cements

level of activity, it is patently obvious that the effects of mechanical fatigue in the
response of the materials used need to be taken into account.

On the other hand, any variation in the chemical state of the environment is deci-
sive when choosing a particular material for a device. In this respect, any changes in
the pH of the body fluids must be carefully examined.
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Blood pH usually remains between 7.38 and 7.41. However, after an operation
the pH may increase locally up to 7.8 and then decrease to around 5.5, returning to
its normal value after a few weeks.

Infections or haematomas can also give rise to local variations in the pH and situ-
ate it between values of 4 and 9.

These variations are important when choosing material (and its processing) for a
metal prosthesis where a proper resistance to corrosion must be ensured.

Likewise, the pH of saliva, usually between 5 and 7, is a determining factor when
choosing materials for implants or dental repairs.

According to the issues considered up to now, we will summarise the most
important requirements to be met by a medical device and the materials of which it
is made:

* It must not be toxic or carcinogenic, cause a minimum adverse reaction and be
chemically stable and corrosion resistant, as will be explained in detail further on
in connection with biocompatibility.

e It must be capable of withstanding considerable forces and variables inside the
human body, that is to say, in a highly corrosive environment.

e It must be capable of being shaped into complex forms in order to adapt to the
geometrical requisites of the body.

From an economic point of view, it is also desirable for biomaterials as well as
their manufacturing and transformation processes to be relatively low cost with a
high market availability to avoid dead time during the development process.

Explained below are some of these requirements in relation to the functions that
medical devices usually need to perform. Also analysed is the influence of the body
on that performance.

2.2.5 Biocompatibility

Like other important scientific concepts that evolve over time, the definition of bio-
compatibility has gradually changed with the advances made in materials intended
for medical devices. Until a few years ago, a biocompatible material was one that
did not harm the body. They were basically inert materials “possessing the property
of not causing any harm or toxic affects to biological systems”.

However, new developments, including those that are active material-based, have
made this definition change to “the capability of a material to properly fulfil its mis-
sion in a specific application for a particular patient”. The concept thus presents four
basic aspects:

* Biocompatibility makes no reference to an isolated event or phenomenon.
It applies to a set of processes that include diverse mechanisms for an interaction
between the material and the surrounding biological tissue.
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* Biocompatibility refers to a material’s capability to perform a function in the
body and not simply to remain inert in the body. Moreover, the material’s capa-
bility to carry out its function not only depends on the physical-chemical proper-
ties inherent to the material but also on its interaction with tissue.

e Itis important to take account of the positive response on the part of the particu-
lar patient or host of the device. A lack of response is no longer sought, but that
the response, however slight, should be in accordance with the device’s
function.

e The most up-to-date definition also makes reference to the specific application.
For example, the same material with different geometries or in different organs,
in one case can be a final biocompatible application, whereas in the other situa-
tion it may fail.

Biocompatibility cannot therefore be considered an intrinsic material property,
but must be approached from a more global perspective that involves the whole set,
material-application—-body.

A good starting point for looking at biocompatibility throughout the different
medical device development stages can be found by consulting ISO Standard 10993
on the “biological evaluation of medical devices”. It describes a guided process for
choosing the tests required to evaluate a device’s biocompatibility depending on its
degree of contact with body tissue and risks associated with its use. It also includes
various procedures for performing specific tests.

In principle, right from the basic engineering stage, it is reasonable to choose
materials that have given positive results in other applications, but throughout the
detailed engineering stage the material chosen for the new application needs to be
checked in every case to ensure that it meets biocompatibility requirements by car-
rying out the tests (both in vitro and in vivo tests) described in the Standard.

2.2.6 Mechanical Behaviour

Metal materials are used in implants and prostheses for their remarkable mechanical
properties and particularly for their high static and dynamic strength. The main
properties to consider when choosing a metal material to withstand mechanical
forces are flow tension, tensile strength, elasticity modulus and fatigue resistance.
These can be known from the information provided by the suppliers or be obtained
through the appropriate tests.

Ceramic materials offer an excellent resistance to compression, for which reason
they are used in numerous applications in Odontology. However, their performance
in the face of flexion and fatigue is insufficient because the forces appearing cause
the cracks to appear and propagate, which leads to a fragile rupture of these
materials.
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Among the properties to be considered when choosing polymeric materials that
are to be subject to forces as part of implants or prostheses is that they should have
a remarkable tensile strength, flow tension and fatigue resistance.

Moreover, with polymers the influence of working temperature on these proper-
ties must be taken into account when consulting supplier information or carrying
out tests to determine such information.

Set out below are certain general issues related to the mechanical aspects that
influence the response of different materials in their useful life as component parts
of medical devices.

Test-related issues — In ideal conditions the tests for determining mechanical prop-
erties should be performed in an environment identical to the human body where the
device is going to work. In practice, due to technical and financial difficulties and
timelines, they are normally carried out at ambient temperature and in contact with
the air. However, when assessing any possible degradations, tests can be performed
in fluids that simulate body properties (isotonic solutions with blood and others).

Fatigue-related issues — Implants and prostheses receive cyclical loads during body
movement that promote the appearance of cracks in zones where the tensions are
usually concentrated due to irregularities in the microstructure of the material
because of surface finish defects or inappropriate design. Influencing factors on this
phenomenon such as shape, material, manufacturing process, surface finish and oth-
ers make it difficult to measure the fatigue resistance of a specific part in the design
stage, which is why test results have to be resorted to.

However, testing implants under real load and contour conditions that simulate
actual implant performance inside the body is also a very complex and expensive
task. Therefore, standardised tests are normally performed with a sample of the
candidate materials or the information provided by the suppliers. To assess behav-
iour in the face of fatigue, the tests described in the documents prepared by the ISO
TC164/SC5 committee or those explained in US standards like ASTM F1160,
F1440, F1539, F1659, F1717 and F1798 can be used.

Wear-related issues — Resistance to wear is also a decisive criterion when choosing
a biomaterial as excess wear cam leads to the premature failure of an implant or
prosthesis. It is also important to point out that the residue from the wear must be
body compatible in order to prevent the appearance of infection or long-term rejec-
tion. Information on this can be found in ISO Standard 10993 (Parts 13—15) which
suggests criteria for assessing body compatibility and wear residue.

Other test methods for assessing the performance of different implant materials
and different geometries can be found in the documents prepared by the ISO TC150/
SC4 committee or in US standards like ASTM F732, F1714 and F1715.

For example, wear in contact between polymers like UHMWPE and metal alloys
or ceramic materials has been studied for over 40 years. In general, research into
material wear for prostheses goes along one of the following three lines:

e The use of test machines to do basic research into wear mechanisms by using
samples of different materials
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* Assessing complete prosthetic mechanisms during the in vitro test period when
they are subjected to static or dynamic loads using simulators

* Analysing the in vivo evolution of prostheses implanted in patients using medi-
cal imaging technology

Elasticity-related issues — As already explained, the need for high static and dynamic
strength has led to the extended use of metals and alloys for designing prostheses
and implants, particularly cobalt alloys and titanium alloys. However, there are still
a number of unsolved problems associated with the use of these alloys, some due to
their stiffness being higher than the bones in which they are housed.

Numerous studies show that the bone areas surrounding an implant that receive
less load suffer loss of bone mass and therefore mechanical strength (osteoporosis),
a phenomenon attributed to the difference in stiffness between implants and the
bones in which they are housed, which leads to unequal distributions of forces in the
implant-bone contact zone.

Proposals for more flexible solutions to encourage the prosthesis to accompany
the bone in its movements and obtain force distributions more like those in a healthy
body have led to materials with lower elasticity moduli to be sought and
developed.

Composite materials with a polymeric matrix are currently being tested as can-
didates to replace cobalt or titanium alloys, although problems of degradation and
tribological difficulties are hindering it in vivo application.

The mechanical issues set out affect different stages of the previously mentioned
systematic design methodology. In principle, in the basic engineering design stage
the mechanical demands to which the device will be subjected should be precisely
defined.

The family of materials most suited to bearing these loads should also be selected.
In the detailed engineering stage, the main candidate materials are compared and
the final material is chosen.

2.2.7 Corrosion and Deterioration

We have already introduced the problems linked to the body as a corrosive environ-
ment and how this has an influence on the final compatibility of devices, as well as
being a determining factor for choosing materials during the basic engineering
stage.

Some additional issues are examined below that depend on the material family
that is to be integrated into the specific device.

Corrosion in metals — The metals used as biomaterials must be noble and resistant
to their surroundings (body fluids). Various types of corrosion mechanisms have
been observed in the metal materials forming part of implantable devices — general
corrosion local corrosion or “pitting”, corrosion due to a concentration of tensions,
corrosion due to fatigue and intergranular corrosion.
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In whichever case, for a material to be considered resistant to bodily effects, the
annual corrosion rate must be lower than 25-10-° mm/year. A series of standard tests
have been developed for assessing behaviour of implant materials in the face of cor-
rosion, such as those set out in ISO Standard 8044 prepared by the ISO TC156
expert committee or those set out in US standards such as ASTM F746, F897,
F1801, F1814 and F1875. For assessing the behaviour of coatings in the face of cor-
rosion, the tests described in the ISO TC107/SC7 documents can be followed.

Corrosion in ceramics — Corrosion tests for ceramic materials are not habitual as the
ceramic oxides normally used in structural implants are very few. However, some
ceramics do show certain in vivo corrosion which affects their mechanical
behaviour.

For this reason, in the detailed engineering stage a very exact definition of the
manufacturing processes and the transformations required for these materials is
very important, as well as specifying the required purity and density (in general, the
greater the density the less the porosity and the greater the resistance to corrosion).

Corrosion in polymers — Although the physiological functions and chemical reac-
tions taking place in the body do not occur at high temperatures or with radioactive
effects, combining an electrolyte with active biological species, like catalytic
enzymes and free radicals, constitutes a particularly reactive environment which
leads to a certain degradation of numerous polymers.

Of the individual mechanisms linked to polymer degradation in the body (Davis
2003), there are:

e Depolymerisation

* Cross-linking

* Oxidation

* Adhesive filtering

* Hydrolysis

* Crack generation and propagation
* Physical ageing

These mechanisms and their possible effects on the final product must be borne
in mind at the basic engineering stage when choosing the most suitable materials for
body circumstances as well as for making decisions as to the use of additives that
can restrict these problems. The geometries and ways of joining parts can also have
an influence on the appearance of these phenomena.

It is therefore important to take notice of the recommendations in the manufac-
turers’ design manuals and technical catalogues for the final material to be chosen
in the detailed engineering stage.

Test procedures for evaluating the effects of residue resulting from the corrosion
and degradation of polymeric, ceramic and metal materials (and their influence on
the biocompatibility of the final materials) can be found in ISO Standard 10993,
parts 13, 14 and 15, respectively.
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2.2.8 Sterilisation

Sterilisation is also essential for all implanted materials and devices. In medical
practice, financial considerations often lead to surgical instruments and costly
equipment being used over and over, which means they need to be sterilised after
each use with a new patient.

Every sterilisation method must pursue the same objective: to eliminate or
destroy living organisms and viruses present in the biomaterial or the medical device
to be implanted. This process is usually quantified by the so-called SAL or sterility
assurance limit.

The details of the sterilisation method are determined from tests until the SAL
obtained (the probability that an implant will not be sterile after the process) is less
than 1075

The principal sterilisation methods (Davis 2003, Simmons 2004; Kuklick 2006)
are explained below:

Steam sterilisation — Steam or autoclave sterilisation is a simple method based on
exposing the device to saturated steam at 120 °C for 15-30 min (once the entire
implant surface has reached 120 °C) at a standard pressure of 121 kPa. This is the
most widely used method for sterilising metal surgical instruments. The method’s
main advantages are its effectiveness, rapidity, simplicity and lack of toxic residue.
However, the high temperature, humidity and pressure during this type of sterilisa-
tion cause the hydrolysis, softening and degradation of many medical grade poly-
mers and problems with any adhesives that may have been used.

Ethylene oxide sterilisation — This is used as a low temperature process that is com-
patible with many materials. The device is placed in a vacuum chamber into which
ethylene oxide is injected at a concentration of 600—-1,200 mg/l. The steriliser is
usually kept at a temperature of between 30 °C and 50 °C and 40-90 % relative
humidity during the process which lasts from 2 to 48 h. It is usually used for sterilis-
ing a wide range of devices such as surgical sutures, intraocular lenses and devices
for repairing ligaments and tendons or heart valves.

The main disadvantage is that ethylene oxide is toxic and possibly carcinogenic,
and so, its use in implantable devices is controversial. Eye contact or inhalation of
the vapours resulting from the process should always be avoided.

Sterilisation by radiation — Ionising gamma ray radiation from cobalt-60 isotopes is
used in dosages ranging from 25 to 40 kGy. The dosage is controlled by a dose
meter to ensure the integrity of the device so that it will not be radioactive after the
process and can be used immediately.

This is an appropriate process when materials cannot withstand the high auto-
clave temperatures. It is widely used for sterilising sutures, clips, metal implants,
knee and hip prostheses and other implants. It has also been commonly accepted as
the most suitable way of sterilising polymeric materials such as polyethylene, poly-
esters, polystyrenes, polysulphones and polycarbonates. Some exceptions are
polytetrafluoroethylene (“PTFE” commonly known as Teflon) because of its
extreme sensitivity to radiation.
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It is a simple, fast method that can be precisely controlled, but it is not without
certain difficulties. In some cases the method can produce a certain oxidation of the
polymers sterilised by this method, as has been recorded in some “UHMWPE”
implants. This usually leads to an increase in density and crystallinity, as well as a
loss of the mechanical properties linked to the greater stiffness acquired.

However, this problem can be considerably reduced by carrying out the process
in an inert gas atmosphere (argon, nitrogen) or in a vacuum chamber to reduce the
presence of oxidising species and enhance the properties and useful life of
“UHMWPE” devices.

New sterilisation techniques — Sterilisation in low temperature plasma is one method
that has given positive results over the last decade, since it is not linked to the use of
dangerous products and does not generate toxic waste. Hydrogen peroxide is usu-
ally used as the gas to form the plasma and the process is carried out at temperatures
below 50 °C with cycle times of between 75 min and 3 h.

Tonised gases such as argon, nitrogen, oxygen and carbon dioxide have also been
used to destroy surface microorganisms with low processing times of between 15
and 30 min.

The process has been used to sterilise polymers like polylactic acid (“PLA”),
polyglycolic acid (“PGA”) and its copolymers (“PLGA”).

Carbon dioxide in a supercritical state has also been used to inactivate bacteria in
applications including biodegradable polymers such as “PLA” and “PLGA” for
drug delivery systems as well as prostheses made of polyester fabric.

So, sterilisation is usually an after-sales activity that is applied to a developed
product. However, it also has an influence on the design process since as a prior step
to in vivo tests in the detailed engineering stage, the device under development must
also be subjected to sterilisation with the purpose of minimising any risks associated
with these in vivo tests.

2.2.9 Multidisciplinary Teams

Product design projects connected with developing a new medical device are prob-
ably the ones requiring a team trained by experts from a number of fields, especially
if the device incorporates means of detection or can be activated for the diagnosis or
active treatment of some condition. A standard design team for these devices is usu-
ally made up of doctors, pharmacologists, engineers, computer experts, physicists,
chemists and biologists in addition to economics and law graduates to deal with the
financial and legal aspects. The design process obviously benefits from such a
wealth of approaches and at the same time is a highly attractive working environ-
ment. However, the availability of experts in specific fields can also give rise to
problems of communication (misunderstandings, lack of precision, lack of informa-
tion, false suppositions) that can cause the timescales and costs of specific work to
go off course and even lead to personal conflicts that affect the project as a whole.
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We need to be aware that working in a global context is ever more usual and that
the participation of designers, suppliers and customers from different countries who
have a decisive influence on the design process means an increase in communica-
tion problems. It is worthwhile making yet another effort to improve understanding
as the wide-ranging points of view of multinational teams can be a tremendous help
in finding more consistent solutions. Some strategies for using a common language
throughout the design process will be discussed further on (use of documents to
define the initial situation, a general use of the International Units System, the par-
ticipation of experts or communication “facility advisors”), together with certain
teaching-related considerations and proposals, a key tool for providing a short-term
response to the potential growth of this sector.

2.2.10 Regulations

The intrinsically complex process of product development linked to the additional
problems already mentioned connected with medical devices means that consulting
the recommendations regarding regulatory standards for the different design stages
often marks the difference between a successful design process and an unviable one.

The concept of regulatory standards is closely linked to end medical device qual-
ity and safety, for which reason it deserves to be dealt with separately in the next
sub-chapter.

2.3 Discussion on Applicable Standards

2.3.1 Standards in Conventional Product Development

As stated earlier on, quality and safety are interlinked and together with productivity
constitute the basic issues to be taken into consideration in product design and mark
all the difference between successful strategies and ones that are not.

Indeed, the trade promotion sought by the European Union through the internal
market required additional safety issues for the products commercialised in that
market, so that such promotion would not have any negative consequences on the
products marketed, particularly industrial products.

This led to a common community policy being adopted based on the “new
approach directives”, whose application has enabled an homogenised framework of
technical references to be established that are valid for all community countries and
which hold sway over specific domestic requirements which cannot prevail over the
framework. This means an abolition of technical barriers which is coherent with the
disappearance of customs barriers.
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Therefore, the new approach directives for different product types or sectors set
out the basic safety and quality requirements to be met by these products, as well as
the checks and tests that must be passed (before duly recognised bodies), before
receiving the “CE mark” and being able to be marketed in the European Union.

In order to give “this new approach” solid foundations, the European Union and,
in particular, the Commission have used quality techniques applied to the context of
product conformity in respect of the applicable European requirements, basing
them specifically on the triad of standardisation—certification—accreditation, in order
to endow the tests and checks with guidelines and patterns that can be commonly
accepted.

Given that standards and quality have come to occupy an important position in
the community marketing policy for industrial products, it is not surprising that this
official European initiative should end up becoming part of the most widely accepted
international standards in the field of quality, to be exact ISO Series 9000
standards.

It is important to distinguish between directive and standard since the new
approach directives are mandatory for placing products on the market in the
European Union (obtaining the CE mark), while the standards of organisations like
the ISO are proposals or recommendations for working more methodically and
effectively.

However, the use of ISO Series 9000 quality standards is recognised by many of
the new approach directives as a means of showing conformity with the require-
ments of these directives and specifically to allow the use of the CE mark.

On the other hand, conformity with the 45000 Series European standards pro-
vides organisations with “conformity assessment”, the presumption of conformity
with the technical criteria set out in the directives.

Thus, the use of 9,000 Series or 45,000 Series standards is not one of the manda-
tory requirements of the new approach legislation but is one possible way of dem-
onstrating conformity.

The directives that apply to the design of medical devices in the European Union
are explained further on in greater detail.

2.3.2 Regulations and the Development of Medical Devices

Directives. Regarding the development of medical devices in the European Union,
there are three directives (with their associated amendments) which must be taken
into account in order to be able to market the products under development:

* Directive 93/42/EEC regarding medical devices
* Directive 90/385/EEC regarding active implantable medical devices
* Directive 98/79/EC regarding medical devices for in vitro diagnosis
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2.3.2.1 Directive 93/42/EEC Regarding Medical Devices

This directive applies to medical devices and accessories where a “medical device”
comes under the definition cited at the beginning of the chapter, which can be sum-
marised as “any instrument, apparatus, tool, material or other article, either used on
its own or in combination with others, including the operating system required for
it to be properly applied in the way intended by the manufacturer for use in human
beings”.

A “medical accessory” is an article, which, although it is not a device, has been
manufactured to be used together with a device in such a way that its use is compat-
ible with the use of the device as intended by the manufacturer.

Medical devices are classified under two headings in line with the classification
standards laid down in Annex IX of the directive. The application of these classifi-
cation standards is governed by the device’s intended purpose, the risks associated
with its use, the extent of contact with body tissue or the time it will remain in the
human body. Therefore, medical devices in order of danger/increasing responsibil-
ity may be “Class I, “Class IT a”, “Class II b” or “Class III".

Before manufacturing and placing the device on the market, the manufacturer or
its authorised agent in the European Union must subject it to different types of con-
trols depending on how it is classified if the device is to bear the CE mark.

These controls are listed below:

For “Class I’ Devices

For sterilised devices and devices with a measuring function, the “CE declaration of
conformity” must be obtained before placing them on the market and then at the
manufacturer or agent’s choice:

e The “CE verification” by a notified body
e Approval of the “production quality system” by a notified body
e Approval of the “product quality system” by a notified body

Other devices must pass the “internal production control”, that is, all the techni-
cal documentation necessary for the product’s declaration of conformity in line with
the requirements of the directives must be prepared and submitted to evaluation.

For “Class II a” Devices

At the manufacturer or agent’s choice, these products must obtain:
* The “EC declaration of conformity” and depending on the choice

e The “EC verification” by a notified body
e Approval of the “production quality system” by a notified body
e Approval of the “product quality system” by a notified body
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These alternative procedures are mandatory for sterilised devices.

* As an alternative the manufacturer must receive approval of the “total quality
assurance system” by a notified body, with the exception of having to apply the
product design examination.

For “Class II b Devices

At the manufacturer or agent’s choice, these products must obtain:
* The “EC type examination” and depending on the choice:

— The “EC verification” by a notified body
— Approval of the “production quality system” by a notified body
— Approval of the “product quality system” by a notified body

* As an alternative the manufacturer must receive approval of the “total quality
assurance system” by a notified body, with the exception of having to apply the
product design examination.

For “Class III”” Devices

At the manufacturer or agent’s choice, these products must obtain:
* The “EC type examination” and depending on the choice:

— The “EC verification” by a notified body
— Approval of the “production quality system” by a notified body
— Approval of the “product quality system” by a notified body

* As an alternative the manufacturer must receive approval by the “total quality
assurance system” by a notified body, including having to apply the product
design examination.

For devices intended for clinical research and custom-made devices, the manu-
facturer must prepare a declaration in accordance with the criteria in Annex VIII of
the directive. These research-oriented devices should not to bear the CE conformity
mark.

The directive does not identify any quality system standard, but the requirements
provided to create the quality system are subject to ISO 9000 Series regarding the
total quality system, the production quality system and the end product quality sys-
tem. In order to evaluate the technical competence of the notified bodies, the mem-
ber countries of the EU must implement the criteria laid down in Annex XI of the
directive.
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2.3.2.2 Directive 90/385/EEC Regarding Active Implantable
Medical Devices

This directive applies to active implantable medical devices, that is to say, “any
medical device (as defined previously) that depends on an electrical power supply
to operate it (or any energy source not directly generated by the human body or by
the force of gravity) and which must be totally or partially inserted into the human
body by surgical or medical means, or into a natural orifice by medical intervention
and remain permanently installed after the procedure”.

Before placing the product on the market, the manufacturer must subject it to the
procedures to evaluate conformity that are laid down in the directive. Except for
custom-made medical devices and those intended for clinical research, the manu-
facturer may opt to:

e Follow the procedure laid down in the “CE declaration of conformity” (approval
and verification of the total quality system by a notified body) supplemented by
the product design examination

* Subject a model to the “EC type examination” by a notified body in conjunction
with one of the following processes:

— The “EC verification” for devices by a notified body
— The “EC declaration of conformity”

For devices intended for clinical research and custom-made devices, the manu-
facturer must prepare a specific declaration. These devices do not have to bear the
CE mark.

This directive does not identify any quality system standard either, but the
requirements provided to create the quality system are subject to ISO 9000 Series
standards regarding the total quality system, the production quality system and the
end product quality system.

2.3.2.3 Directive 98/79/EC Regarding Medical Devices
for In Vitro Diagnosis

This directive covers in vitro devices, whose mission is to examine the specimens
and samples derived from the human body, reagents, instruments and specimen
receptacles linked to these tests. Placing these devices on the market is once again
subject to conformity with the directive. In greater detail, for the directive an in vitro
diagnostic medical device is “any medical device including reagents, calibres, con-
trol material, instruments, apparatus, equipment or systems which used on their own
or in combination are intended for in vitro use to examine specimens, including
blood and tissue, derived from the human body in order to obtain information on:
pathologies, congenital defects, safety and compatibility with potential receivers or
therapeutic measurement monitoring”.
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This definition must be examined in conjunction with what has already been
stated for a medical device; for instance, several scaffolds for tissue engineering can
be considered implantable devices, devices for in vitro diagnosis or even active
implantable devices, depending on their final purpose.

Although these devices do not act directly on the human body, the responsibility
connected with their use is still very high as they can be used to supplement the
design process of other implantable or active medical devices. In addition, their use
in detecting conditions, congenital defects and for monitoring, directly affects the
patient, which means the reliability and rapidity of these devices are determining
factors.

For this reason, in vitro diagnostic devices are divided into four classes in order
of risk and must be subject to different controls according to the operating instruc-
tions in the directive before being placed on the market. The alternatives that can be
chosen by manufacturers are similar to what has already been stated regarding the
previously mentioned directives and can be examined in more detail by referring to
the directive.

Specific regulations — As we have already seen for conventional products, when
developing medical devices and sanitary products, in general terms, following
the recommendations on quality and procedures laid down in ISO 9000 Series
standards, in conjunction with some specific features of ISO 13485 and 13488
standards, although not obligatory, is one way of demonstrating conformity with
the requirements of the three specific directives and specifically allow the use of
the CE mark.

However, there are certain standards and documents regarding very specific
aspects of medical device development which are worth looking at and trying to
implement, apart from the ISO 9000 Series, when developing a product from this
sector intended for placement on the market, such as:

e ISO Standard 10993 on the “biological evaluation of medical devices”.

e ISO Standard 13485 on “sanitary products, quality management systems and
regulatory requirements” (replaces Standard EN 46001). It lays down the require-
ments for a quality management system where an organisation needs to demon-
strate its ability to design, develop and supply related sanitary products and
services that consistently fulfil the customer’s needs and the regulations appli-
cable to sanitary products and related services. The main objective of ISO 13485
is to facilitate harmonised regulatory requirements for quality management sys-
tems and sanitary products. Consequently, it includes some specific requirements
for sanitary products and excludes some requirements of ISO Standard 9001.

e ISO Standard 13488 on “sanitary products, quality management systems and
specific requirements for the implementation of ISO Standard 9002” (replaces
Standard EN 46002). In conjunction with ISO Standard 9002, it specifies the
quality requirements for a company producing, installing and distributing medi-
cal devices.

e ISO Standard 14971 on the “application of risk management to sanitary prod-
ucts”. This indicates the process to be followed by designers in order to identify
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the risks associated with medical devices including those intended for in vitro
diagnosis, so that these risks can estimated and evaluated and attempted to be
controlled by corrective actions and then verify the impact and effectiveness of
such corrective actions. It can be applied to every step of the life cycle of the
medical device in question.

* ISO Standard 15223 on the “symbols to be used with labels, labelling and infor-
mation to be supplied with medical devices”. This identifies the requirements for
the design and use of any symbols that may be intended to provide safe, effective
information about medical devices.

Together with these general standards referring to the area of medical devices,
throughout the design process of these products, it can be extremely useful to refer
to the specific regulations connected with the methods for characterising and testing
the different materials so that objective comparisons can be made of any possible
alternatives or be of help in choosing suppliers (depending on the regulations used
to verify materials or products).

At the same time regulations are in a constant state of flux as they attempt to
adapt to safety and market quality requirements and to cover the latest advances in
science and technology that demand changes to product designs. It is therefore
important to regularly check updated references (Www.iso.0rg).

The situation in other countries — In general, in order to assess the biocompatibility
of a medical device, the strategies complying with what is laid down in ISO Standard
10993 are acceptable usually both in Europe and in Asia (Kuklick 2006).

However, in the United States the test procedures of the US Pharmacopeia, used
to subsequently request product certification from the FDA (Food and Drug
Administration), have certain differences compared to ISO standards. Generally
speaking, ISO procedures are stricter, which means that companies intending to
market their products both in Europe and the United States must follow ISO require-
ments. Nevertheless, in both cases, after applying ISO methods and before placing
products on the US market the requirements of the FDA must be carefully checked
and if necessary additional testing be done. It may even be necessary to enlist the
help of FDA reviewers to clarify matters.

Research and regulations — As we have seen from our examination of the new
approach directives concerning medical devices, for products intended for clinical
research and custom-made products, the manufacturer must prepare a declaration in
line with the criteria of the appropriate directive.

However, it is not necessary to undergo such strict examinations as for products
intended for the market. In fact, medical devices for research or custom-made ones
do not have to bear the CE mark.

A certain relaxation as to the application of standards would seem reasonable in
the case of research devices as they are often intended to demonstrate the feasibility
of a certain functional principal, often as part of the design process of a product to
be placed on the market in the long term. This additional freedom is aimed at
encouraging a creative spirit rather than rejecting solutions and alternatives because
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of regulatory difficulties. It encourages technical feasibility (and economic) studies
concerning the use of novel materials or technologies.

Finally, it is important to mention the “Helsinki Declaration” enacted by the
World Medical Association in 1964 with six subsequent amendments, the latest
being in 2008 and currently in force. The declaration is a proposal of ethical prin-
ciples for medical research in human beings, including the research of human mate-
rial and identifiable information. It also deals with the ethical issues involved in vivo
tests conducted on animals as a prior step to their being conducted on humans.

Although application of the Declaration is not mandatory for placing a new
device on the market, it establishes a set of ethical principles that can guide and
assist researchers to make decisions in medicine-related matters, as well as assisting
those of us who are dedicated to “biomedical engineering” work. The purpose of
these decisions is to ensure the well-being of any persons taking part in research,
over and above any other considerations, and as a result more effective and safer
products are obtained.

The principles of the Helsinki Declaration are also beginning to take on eco-
nomic (as well as ethical) importance, compliance with which is a sine qua non of
being awarded biomedical research projects in many countries. This can be seen in
calls for the current National I+ D +1i Plan for the 2008-2011 period and constitutes
a strategic point of Spanish policy in matters of research, development and indus-
trial innovation, in a similar way to what happens in other European countries.

2.4 Main Conclusions

Various socio-economic factors are driving the growth of the medical device devel-
opment industry, all aimed at providing alternative diagnostic and therapeutic and
sometimes more effective solutions than those currently available. This growth will
be based on recent scientific and technological progress. However, if this growth is
to be given a solid foundation and the proportion of devices finally being placed on
the market increased, it is important that systematic product design methodologies
are used that have been duly adapted in line with the specific additional consider-
ations required for the medical devices to be properly developed.

After studying the stages usually used in a systematic product design methodol-
ogy and analysing how the main special considerations mentioned influence this
methodology, we can evaluate which steps and considerations require deeper
analysis as a result of their greater relative importance.

Table 2.2 quantifies the influence of different special considerations on medical
devices in the systematic design process stages. It also includes the device’s useful
life due to the implications involved in post-production activities.

This table can also be used as a control tool throughout the design process to
ensure that the special considerations of greatest influence at each stage have been
taken into account before a stage is deemed to have been completed.

It should be pointed out that in medical device development projects, there are
many additional factors that have a decisive impact on the useful life of these devices
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Table 2.2 Influence of different factors on the development process of medical devices. Degree of
influence: *average **high ***very high

Medical device development

Basic Detailed Device’s
Special Specifications Conceptual engineer- engineer- Production useful
considerations and planning  design ing ing start-up life
Medical need ok Hok ok * *okok
Biomaterials * *% ok ok * o
Body conditions =~ ** * 3k ok ok
Biocompatibility ~ ** * ok 5 sk *k%
Corrosion * * ok w3 * *xk
Mechanical * * ok won * ok
performance

Sterilisation * * * kg
Communication = *** ok Hk sk sk %
Regulations * * * ok wokk sk
Quality * EEES sk B s$okok sekok

and which involve special difficulties. However, the use of systematic structured
design methodologies, keeping to regulations, and a constant concern for quality
and good communication within the design team can help lead to effective, safe end
products.

Any projects arising out of clear medical needs (clinical, surgical, diagnostic or
therapeutic) where initial requirements are accurately defined will have a far greater
chance of success. The basic engineering stage is a particularly critical part of the
design due to its being responsible for contributing specific solutions to the devices
main functions. On the other hand, adhering to certain ethical standards and prin-
ciples connected with the direct repercussions to be had on a person’s health by
using these devices can also be highly useful throughout the design process, particu-
larly for making decisions or choosing alternatives that cannot simply be based on
technical criteria alone.

The last thing to be examined should be any modifications or additions to the
stages of the proposed methodology that will make it easier to implement new tech-
nologies or materials (especially “active or intelligent materials” and “new bioma-
terials”) to the design of medical devices that will lead to notable clinical, surgical,
diagnostic or therapeutic advances. This is essential for promoting the growth of
this sector and addressing the ever-increasing needs of society.

The core of this handbook (Chaps. 3—15) is devoted to explaining novel design
and manufacturing technologies and strategies with impact on the biomedical field,
while Chaps. 16-18 summarised the knowledge acquired along this handbook for
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implementing more adequate systematic methodologies oriented to biodevices.
Several concepts covered in present chapter will be detailed further on in such last
chapters.

Standards Summary

Main Organisations

* International Organization for Standardization “ISO” (www.iso.org)
e The World Medical Association (www.wma.net)

“New Approach” Directives Related to the Medical Industry

* Directive 93/42/EEC related to “medical devices”
» Directive 90/385/EEC related to “active implantable medical devices”
» Directive 98/79/EC related to “medical devices for “in vitro” diagnosis”

Standards Related to the Development of Medical Devices

e ISO 10993 standard on “biological evaluation of medical devices”

e ISO 13485 standard on “sanitary products, quality management and regulatory
affairs”

» ISO 13488 standard on “quality systems, medical devices, sanitary products and
especial requirements for applying ISO 9002 standard”

e ISO 14971 standard on “application of risk management to medical devices and
sanitary products”

e ISO 15223 standard on “symbols used for labelling and information provided
together with medical devices”

Standards and Associations Related to Medical Imaging

* DICOM standard (Digital Imaging and Communications in Medicine): strategic
document (http://medical.nema.org)

e Medical Imaging and Technology Alliance (www.medicalimaging.org)

e NEMA (The Association of Electrical and Medical Imaging Equipment
Manufacturers) (Www.nema.org)

Additional Documents of Interest

* Council of Europe “Convention for the protection of Human Rights and dignity
of the human being with regard to the application of biology and medicine:
Convention on Human Rights and Biomedicine” (1994)

e UNESCO “Universal Declaration on the Human Genome and Human Rights”
(1997) and “Guidelines for Implementation” (1999)

*  World Medical Association “Declaration of Helsinki. Ethical principles for med-
ical research involving human subjects” (current revised edition 2008)
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Chapter 3
Brief Overview of Novel Technologies
with Impact in the Biomedical Device Industry

Andrés Diaz Lantada and Pilar Lafont Morgado

Abstract The central objective of this handbook is to provide detailed information
about different design and manufacturing technologies, most of them developed or
greatly improved in the last two decades, with remarkable impact in the design and
production of novel medical devices and biodevices.

Following chapters provide such detailed information, but it is also important to
supply now, after having analysed the systematic methodologies for product devel-
opment and the special issues connected to medical devices, an overall approach to
the mentioned design and manufacturing technologies, many of them linked to
recent developments in materials science.

In consequence, this chapter presents a brief summary of the most outstanding
advances that have a decisive influence on the medical device (and more generally
biodevice) development industry. Advances are grouped in six main categories,
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including “medical imaging technologies”, “computer-aided design, engineering
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and related tools”, “rapid manufacturing technologies”, “‘micro-fabrication tech-
nologies”, “advances on materials science and nanotechnology” and “novel geom-
etries and biomimetic designs”.

Each of these categories will be detailed in depth, sometimes occupying a couple
of chapters, along the whole handbook, being present one a kind of more specific
second introduction. Finally, after revising all the design and manufacturing tech-
nologies, here introduced, this handbook will provide a proposal for structured
methodology and some examples of teaching-learning experiences involving the

development of novel biodevices with the help of several technologies.
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3.1 Novel Needs, Novel Technologies and Novel Capabilities

Last decades have seen remarkable advances in computer-aided design, engineering
and manufacturing technologies, multi-variable simulation tools, medical imaging,
biomimetic design, rapid prototyping, micro- and nano-manufacturing methods and
information management resources, all of which provide new horizons for the
Biomedical Engineering fields and the medical device industry.

This handbook covers such topics in depth, with an applied perspective and pro-
viding several case studies that help to analyse and understand the key factors of the
different stages linked to the development of a novel biomedical device, from the
conceptual and design steps, to the prototyping, validation and industrialisation
phases.

Chapters 1 and 2 have provided an introduction to product development and
some important special considerations when the process is linked to the develop-
ment of a novel biodevice. This chapter provides a panorama of technologies that
are promoting remarkable alternative approaches for obtaining biodevices with
improved diagnostic and therapeutic capabilities.

Such technologies include medical imaging tools, computer-aided design and
engineering resources capable of helping with the use of novel geometries for
biomimetic approaches, computer-aided manufacturing and rapid prototyping/
manufacturing technologies, several advances in materials science and novel
micro-/nano-manufacturing technologies, as schematically described in Fig. 3.1.

MEDICAL IMAGING . CAD TOOLS BASED ON
TECHNOLOGIES ' IEDICAL IMAGING

PID MANUFACTURING
TECHNOLOGIES

MATERIALS SCIENCE
& NANOTECHNOLOGY.

Fig.3.1 Main fields of technology already promoting relevant advances in Biomedical Engineering
and the medical device industry
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These advances are covered in depth in following chapters, although it is interesting
to introduce them here and to provide some definitions for a better readability of this
handbook.

Therefore, this chapter closes the introductory three-chapter section of this hand-
book. Chapters 5-8 constitute the handbook section devoted to the design of
advanced biodevices, including aspects linked to computer-aided design, to medical
imaging as design input for personalised biodevices, to the use of very special
geometries for biomimetic designs and for controlling several geometrical and
mechanical features of biodevices and to the use of simulations for improving the
whole design process.

Subsequently, Chaps. 9—14 constitute this handbook section devoted to the man-
ufacture of novel biodevices, including topics linked to the use of computer-aided
manufacturing resources, to the expansion of solid freeform additive manufacturing
technologies for the rapid manufacture of complex or very special geometries, to
the use of rapid moulds for promoting the utilisation of biomaterials and to the evo-
lution of micro- and nano-manufacturing technologies in the biomedical field, as
well as a brief introduction to the biofabrication sector.

Once designed and manufactured, or even during the design process, the perfor-
mance of novel biodevices must be assessed by means of in silico, in vitro and
ex vivo/in vivo trials before tackling final clinical trials and production, what is
detailed in Chap. 15.

Finally Chaps. 16—18 summarise the, providing some additional details on the
promotion of creativity in research projects, detailing a more complete methodol-
ogy for systematic development oriented to biomedical devices and highlighting
the importance of teaching—learning tasks for a continuously growing industry,
including some cases of study linked to project-based learning in Biomedical
Engineering.

Some final annexes include relevant references and websites linked to the bio-
medical field and to the medical device industry, detail important publications of the
field and provide some additional resources for most proactive researchers, such as
Matlab-based design programmes.

Anyway, we believe that summarising in this chapter some basic terms and defi-
nitions, linked to these relevant fields of technology, even if somehow recurrent (as
more exhaustive introductions are provided in each specific chapter), constitutes a
valuable introduction to forthcoming chapters and can be useful for the readers.

3.2 Advances on “ICT” (Information and Communication
Technologies)

Advances in micro-manufacturing processes and materials science led to the pro-
gressive enhancement of the performance of electronic devices, to the advent of
personal computer in the late 1970s, to the evolution of telecommunications, to the
Internet’s reaching a critical mass in the early 1990s and to the massive use of
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computers, Internet and related telecommunication technologies, just two decades
after 1990.

Nowadays, our lives are greatly influenced (and indeed helped) by the use of
these ICT; teaching resources and methodologies, from schools to universities, have
deeply changed; working environments and workers’ performance are tightly
bounded to the use of computers, very especially in fields linked to engineering;
human relations and infrastructures are also promoted or ruled by means of comput-
ers; and we can therefore speak of an “information age”.

Such information age, also commonly known as the “computer or digital age”, is
an idea that the current age will be characterised by the ability of individuals to
transfer information freely and to have almost instant access to information that
would have been difficult or impossible to find previously. Hence, the impact of ICT
on current evolution of science and industry, and on the pace at which very relevant
discoveries are being made, is indeed enormous and is even analysed as a novel
industrial revolution.

Most advanced design and manufacturing technologies covered in this handbook
are based on the use of computers or controlled by them, as will be clearly under-
stood when reading the different chapters. In fact, thanks to the use of computers/
information and communication technologies, newly developed biodevices benefit
from enhanced designs; from much more adequate manufacturing processes, capa-
ble of working with very special geometries and remarkable biomaterials; and from
the benefits of in silico validation, thanks to simulation resources for a more system-
atic design analysis, prior to the manufacture of prototypes for in vitro and in vivo
trials, all of which optimises costs and schedules of development projects and helps
to obtain more effective and secure solutions for Biomedical Engineering. A more
adequate management of patient information is also promoted, what is also linked
to more personalised solutions.

In such a rapidly evolving field, this handbook just tries to provide a state-of-
the-art review of design and manufacturing technologies with current or potential
impact on Biomedical Engineering and on the medical device industry, as well as to
provide interesting and real cases of study, linked to the application of these
advances technologies, for supporting the explanations, together with analyses on
main research trends. A continuous update of the topics covered here can be
achieved by attending congresses on the field, such as the annual “BIOSTEC
International Joint Conference on Biomedical Engineering Systems and
Technologies”, which usually includes the biodevices, biosignals, bioinformatics
and healthINF conferences.

3.3 Advances on Medical Imaging Technologies

The advances seen in recent decades in different medical image capture systems
(mainly, computed tomography (CT), Doppler echo scans, nuclear magnetic reso-
nance (NMR) or magnetic resonance imaging (MRI) and positron emission
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tomography (PET), as well as more novel combinations PET/CT) have led to a
remarkable increase in the diagnostic capabilities of these pieces of equipment as
well in the reliability of the diagnoses made based on this information and the thera-
peutic decisions taken as a result (see referenced standards and associations in
Chaps. 2, 5, and Annexes).

Main differences between the different medical imaging (MI) technologies can be
explained by means of the type of radiation they use, as further detailed in Chap. 5.

It is relevant to highlight that, during last two decades, biodevice personalisation
has been greatly promoted by combining medical imaging technologies and the
related outer-/inner-corporal information, with computer-aided development tools.
In short, the information obtained using some of these medical imaging can be
almost directly converted in three-dimensional objects (replicating the geometries
and structures of human body and biological systems) and can subsequently be used
as input in CAD programmes, for designing personalised medical devices adapted
to the morphologies of such biostructures.

There are several software tools, for handling the information obtained from
medical imaging technologies and enabling computer-aided design, engineering
and prototyping tasks. They are usually referred to as “MIMICS-like” programmes
(due to the relevance of MIMICS (Materialise NV)). Among such programmes, due
to their industrial impact and quality of results, it is important to mention at least:

e MIMICS (Materialise NV), for general purpose applications

* Simplant (Materialise NV), especially oriented to odontology

* Surgiguide (Materialise N'V), especially oriented to odontology

* 3D Doctor, for bone modelling from CT scan and soft tissue from MRI
* Analyze (Mayo Clinic), for handling images from MR, CT and PET

* MRIcro software, for converting medical images to Analyze format

* Biobuild, for converting volumetric imaging data to RP file formats

* Volume Graphics, for general purpose applications

Several design procedures and applications are discussed in detail in Chap. 5,
and final manufacture of such personalised devices is covered in more depth in
Chaps. 9 and 10. Chapter 14 details also the importance of medical imaging and
related design resources for obtaining microstructural details of biomaterials and
biostructures, as a help for forthcoming advances in the field of biofabrication.

3.4 Advances on Computer-Aided Design and Engineering

Computer-aided design (CAD) consists of using computer systems to assist the
creation, modification, analysis and optimisation of a design. Initial developments
were carried out in the 1960s, linked to the aeronautic and automotive industries,
although it was not until the 1980s that these tools started to be used in small and
mid-size companies, thus reducing the need of draftsmen. Initially designs
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attainable with CAD tools were mainly 2D, but nowadays the use of 3D modelling
packages is widespread, due to its versatility.

Nowadays, it has become an essential set of tools with relevant benefits for any
kind of industrial product development process, such as overall project cost and
time optimisation, what becomes especially relevant in the field of novel medical
devices. Application fields include architecture, automotion, aeronautics, naval and
mechanical engineering, automation and electrical engineering, chemical engineer-
ing and materials science and, especially linked to the purpose of this handbook,
biomedical engineering. The promotion of information exchange among clients,
developers and suppliers, during a whole new product development process, is also
noteworthy.

CAD is intimately connected to several additional technologies, most of them
working on the basis of an initial computer-aided designed part or product, such as
computer-aided engineering (CAE), covered in Chap. 8; computer-aided manufac-
turing (CAM), detailed in Chap. 9; product data management (PDM), among oth-
ers, all of them integrating the more general term of product lifecycle management
(PLM) technologies.

Computer-aided engineering (CAE) refers to the general use of software to aid in
engineering tasks, in its broadest sense even including computer-aided design and
computer-aided manufacturing; although in product design, CAD is perceived as
the starting point for designing a part, CAE involves the simulations carried out
upon a CAD part in order to verify geometries and materials and CAM is linked to
the simulations realised upon a CAD part to prepare manufacturing processes and
to the automated control of machine tools during production.

Novel computer-aided innovation (CAI) tools are even aiming to support enter-
prises throughout the complete innovation process, by incorporating methods and
tools, which structure is partially inspired by modern innovation theories as TRIZ,
ASIT, axiomatic design, mind mapping, brain storming/brain writing and lateral
thinking, among others, some of them explained in detail in Chap. 15.

Currently, most used computer-aided development resources integrate or try to
integrate most of the aforementioned modules and are normally referred to as
“CAD-CAE-CAM” technologies. Figure 3.2 shows an evolution of scientific docu-
ments linked to CA-x technologies, carried out using the search facilities of the ISI
Web of Knowledge (Thomson Reuters) webportal, in which the impact of computer-
aided design and engineering in industry can be clearly perceived.

Some relevant CAD-CAE-CAM resources with actual relevance in several
industrial fields, including Biomedical Engineering, several of them used as support
of the design and simulation processes detailed in the following chapters, include
(although are not limited to):

e Combining CAD-CAE-CAM capabilities:

Solid Edge (Siemens PLM Solutions)
NX-8.0 (Siemens PLM Solutions)

— Catia v.5 (Dassault Systémes)

Solid Works (Dassault Systemes)
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Fig. 3.2 Evolution of scientific documents linked to CA-x technologies

— Autodesk Inventor (Autodesk)
— Rhinoceros

¢ Oriented to CAE tasks:

Abaqus (currently Dassault Systemes)
ANSYS (ANSYS Inc.)

— Nastran (MSC Software)

Patran (MSC Software)

— Comsol Multiphysics (COMSOL)

3.5 Radical Advances on Manufacturing Technologies
and Materials Science

Rapid prototyping and manufacturing technologies allow researchers to obtain
physical parts in a short period (hours or days), directly from the designs created
with the help of computers using computer-aided design, engineering and manufac-
turing “CAD-CAE-CAM” programmes, a procedure that constitutes a radical
advance in the manufacturing field and that has completely reshaped product devel-
opment processes, as detailed in Chap. 10.
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Such technologies significantly help to optimise the design iterations, allowing
for the early detection of errors and speeding up the whole development process.
They are generally based on automatic additive or layer-by-layer manufacturing
processes (and they are also referred as layer manufacturing technologies or
“LMT”).

In some cases, very fast manufacturing processes involving material removal,
such as high-speed numerical control machining (governed by “CAM” resources,
see Chap. 9), are also included within the concept of rapid prototyping, or “RP”,
although the term is normally linked to additive processes.

As the operation principle is based on deposition processes or layered manufactur-
ing, the creation of very complex geometries, including inner details, can be carried
out directly from the associated CAD files, and currently, the geometrical limitations
are more linked to the designers’ ability, than to the manufacturing process.

Almost all departments involved in the overall process of launching a new prod-
uct benefit from the systematic use of these RP technologies. A previous prototype
is a physical communication tool that reduces the risk of possible misinterpretation,
as may occur if only CAD designs or plans are used, and allows subjective features
(aesthetics, ergonomics) to be analysed.

The various technologies available can operate and manufacture prototypes
using a wide range of metals, ceramics or polymers, both with synthetic and bio-
logical origin and with outstanding precision. The possibility of using biomaterials
and even “living materials” for additive manufacturing has given birth to the new
field of biofabrication, whose potential is describe in Chap. 14.

There are other more recent technologies with an optimised precision of a few
micrometers or even hundreds of nanometers, also capable of using materials for
specific applications in biomedical engineering, such as obtaining implantable
devices or manufacturing scaffolds for tissue engineering processes, as will be dis-
cussed in Chaps. 10-12.

Certain “rapid tooling” technologies within rapid manufacturing are also note-
worthy, as they can produce tools and parts for injection moulds quickly and eco-
nomically, either by reproducing the geometry of physical models, through shape
copying processes (copying the geometries from rapid prototypes), or by directly
manufacturing such tools and parts in an additive way.

These “rapid tooling technologies” and “rapid form/shape copying processes”
are described in more detail in Chap. 11, although Fig. 3.3 includes also a brief
schematic introductory description of the different connections between rapid pro-
totyping and rapid tooling, thus covering main processes in the field of rapid
manufacturing.

It is important to note that these remarkable advances on rapid manufacturing
have been only possible thanks to other very relevant progresses in several scientific
and technological disciplines that complement each other, including:

* Materials science and technology — As several rapid manufacturing technologies
are based on relatively new polymers and biopolymers, as well as on powder and
microstructured raw materials.
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Fig. 3.3 Schematic global panorama of rapid manufacturing. Including input from medical
images and CAD-CAE-CAM continuous support (Adapted from H. Lorenzo and P. Lafont,
Product Development Laboratory, Universidad Politécnica de Madrid)

e Laser technology and related processes — Because laser is used for promoting
photo-polymerisation reactions and sintering and melting processes, all of these
relevant for layer-by-layer additive manufacture.

¢ Information and communication technologies — As these technologies work con-
trolled by computers, even using wireless approaches (as the novel Cube machine
from 3D Systems).

e Automation and electronics — Because of the use of automated micro-positioning
systems, stepper motors and similar resources for implementing rapid prototyp-
ing resources.

3.6 Main Conclusions

The technological convergence of several emerging fields, including materials science,
information and communication technologies, medical imaging, design and simula-
tion resources and micro- and nano-manufacturing tools, is promoting the develop-
ment of devices with highly advanced features with remarkable diagnostic and
therapeutic applications in biology and medicine.

In fact, last two—three decades have seen remarkable advances in computer-aided
design, engineering and manufacturing technologies, multi-variable/multi-scale
simulation tools, medical imaging, biomimetic design, rapid prototyping, micro-
and nano-manufacturing methods and information management resources, all of
which provide new horizons for the Biomedical Engineering fields and the medical
device industry.

As already commented, this handbook covers such topics in depth, trying to
provide an applied perspective and detailing in depth several case studies that help
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to analyse and understand the key factors of the different relevant stages, linked to
the development of a novel biomedical device, from the conceptual and design
steps, to the prototyping, validation (including several steps with progressive level
of risk) and industrialisation phases.

This chapter has focused on providing a panorama of these technologies that are
promoting remarkable alternative approaches for obtaining biodevices with
improved diagnostic and therapeutic capabilities. Several essential basic terms and
definitions have been introduced here, even though forthcoming chapters provide
additional more exhaustive introduction sections, as a way of helping readers to
obtain and overall perspective of the aspects covered along this handbook, thus hop-
ing to enhance readability.

Important connections between topics and related chapters have been also
detailed, as a way of highlighting again the importance of technological conver-
gence of these emerging fields, as well as for letting readers perceive in advance
how the different chapters complement each other.

The structure of the whole handbook on Advanced Design and Manufacturing
Technologies for Biodevices has been described, and the relationship between the
different main blocks (“Introduction to Product Development and to the Biomedical
Field and Related Novel Technologies”, “Design Technologies for Biodevices”,
“Manufacturing Technologies for Biodevices”, “In silico, In Vitro and ex vivo/In
Vivo Validation of Biodevices” and “Additional Methodological Aspects and
Teaching-Learning Experiences”) has been detailed.
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Chapter 4
Computer-Aided Design (CAD) Technologies
for Biodevices

Andrés Diaz Lantada and Pilar Lafont Morgado

Abstract Computer-aided design (CAD) consists of using computer systems to
assist the creation, modification, analysis, and optimization of a design. Initial
developments were carried out in the 1960s, linked to the aeronautic and automotive
industries, although it was not until the 1980s that these tools started to be used in
small and midsize companies, thus reducing the need of draftsmen. Initially designs
attainable with CAD tools were mainly 2D, but nowadays the use of 3D modeling
packages is widespread, due to its versatility.

Nowadays it has become an essential set of tools with relevant benefits for any
kind of industrial product development process, such as overall project cost and
time optimization, what becomes especially relevant in the field of novel medical
devices. Application fields include architecture, automotion, aeronautics, naval and
mechanical engineering, automation and electrical engineering, chemical engineer-
ing and materials science, and especially linked to the purpose of this handbook,
biomedical engineering. The promotion of information exchange among clients,
developers, and suppliers, during a whole new product development process, is also
noteworthy.

CAD is intimately connected to several additional technologies, most of them
working on the basis of an initial computer-aided designed part or product, such as
computer-aided engineering (CAE), computer-aided manufacturing (CAM), prod-
uct data management (PDM), among others, all of them integrating the more gen-
eral term of product lifecycle management (PLM) technologies.

This chapter supplies an introduction to computer-aided design and its most typi-
cal resources, details relevant connections with other computer-assisted tools, and
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provides different case studies linked to the development of real biodevices by using
different simple CAD operations. Some current limitations and future trends, which
will be discussed in following chapters, are also introduced.

4.1 Introduction to Computer-Aided Design (CAD)

The new technologies have had a profound effect on the professions devoted to
three-dimensional design work. Processes like modeling, performing basic stress
and deformation analyses, and even the production of rapid prototypes can be cur-
rently done by a single designer without any need for a range of specialists (Unver
2006; Diaz Lantada et al. 2007; Lorenzo Yustos et al. 2009). Therefore, an experi-
enced designer can be more effectively in touch with what any design decision
involves, which means the overall product development process is optimized in
terms of schedules and costs and can even be customized (Grote and Antonsson
2009), as already explained in the introductory chapters of the handbook.

However, this discipline, commonly known as “industrial design,” focused
towards the development of new products to satisfy customer needs is relatively
modern, and its application in the biomedical field even more. It has its origins in
the philosophy and practice of movements like “Arts and Crafts” and the Bauhaus
(“form follows function”) and spreads rapidly to the United States, using products
that had more exclusive forms while still being practical, as a way of promoting
sales (Gropius 1935). The term “industrial” design is used because it is linked to the
development of products that are manufactured through industrial processes and
because it is aimed at promoting a product’s effectiveness.

Due to its origins, industrial design began to be taught exclusively in art schools
and design workshops (in the most aesthetic sense of the word), ignoring the major
technical aspects of product development, such as carrying out stress and deforma-
tion studies, selecting materials according to mechanical criteria (not only aesthetic
criteria), optimizing geometries for greater strength, thermal effects, and others
(Pahl and Beitz 1996). These more technical analyses have traditionally been omit-
ted or performed by engineers using very powerful but also very specific calculation
programs, with which designers limited themselves to design (in line with geomet-
ric and aesthetic criteria) and engineers limited themselves to calculation (in line
with theoretical criteria).

It was not until the last decade that this traditional gap between design and cal-
culation programs gradually began to close. A few years ago, it was difficult to
apply the potential of calculation programs (like ANSYS or ABAQUS) to study
parts with complex geometries designed with the help of other purely oriented CAD
resources. Also the design programs that now enable complicated parts to be pro-
duced were lacking in computer-aided engineering (CAE) modules for calculation
tasks. The steps forward in producing universal formats (.igs, .stl...) to facilitate
communication and the exchange of information between designers and engineers,
together with the improvements to different “CAD-CAE-CAM” packages or
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“computer-aided design, engineering, and manufacturing” software are now help-
ing overcome these difficulties. Among all the great benefits currently available, we
need to mention the gradual inclusion of high-quality calculation packages in design
programs, which link the design and calculation stages without the inconvenience
of having to convert formats (with related information losses).

In addition, the continuing improvements in the power/cost ratio of computers
that can operate these programs (usually only used by large companies because of
their high cost) have meant that many schools, universities, small and medium
enterprises, and free-lance teams of designers can now afford the academic or pro-
fessional licenses and offer their services for design projects.

When choosing a CAD-CAE, there are several basic factors to be taken into
account, which other authors have already dealt with in detail (Rubio Garcia et al.
2005, 2007). The following important issues need to be mentioned:

* Design capabilities of the software package and the quality of results

» Calculation capabilities of the software package and the quality of results
* The possibility to exchange information with other applications

* Use in our industrial environment (depending on the sector of interest)

e Use in research and academic work

e License and maintenance costs

 Final application: specific or commercial software

* Learning difficulty

Detailed below is a brief comparison and historical perspective of main CAD-
CAE resources (although for more specific details about CAE please see Chap. 8),
adapted from our previous research (Diaz Lantada et al. 2010) by including some
more relevant packages, whose industrial expansion is noticeable. Figure 4.1
includes some examples of industrial parts typically obtainable with the help of
CAD resources, as an introduction to its specific applications for the development
of biodevices mentioned in the following sections.

NX: Siemens PLM (Product Lifecycle Management) Solutions. This is a CAD-
CAE-CAM-PLM package (for the computer-aided design, analysis, manufacture,
and management of products) developed by Siemens PLM Software, widely used in
the product development industry and the automobile, aeronautics, and railway
industry. It is currently a direct competitor of CATIA and ProEngineer; however, its
use in Spanish industry is still less than that of other programs, like CATIA (from
Dassault Systemes), probably because French companies have a larger influence on
Spanish industry (especially in the aeronautic sector) than German or American
companies.

The truth of the matter is that it evolved from an initial package called Unigraphics,
whose original software was prepared by United Computing. In 1977 Mc Donnell
Douglas took over United Computing to found the Mc Donnell Douglas Automation
Unigraphics Group, until that was taken over by Structural Dynamics Research
Corporation (SDRC), which meant that Unigraphics became merged with SDRC’s
I-DEAS software, with a gradual evolution towards the current NX. Since its
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Fig. 4.1 Examples of the design of solids and surfaces: rod, gear, wing, beam, cover deck, and
heart-like figure

acquisition by Siemens AG, Siemens PLM Software has enhanced its PLM and
work capabilities with a wide range of operating systems (Linux, Unix, versions of
Windows, and Mac OS X).

Solid Edge. This is a parametrical 3D parts program based on computer-aided
design system software (CAD). It enables parts to be modeled in different materials,
laminated sheeting, assembling sets, welding, and plan drawing functions for engi-
neers. It is one of the packages that have caused people to move massively from 2D
CAD to 3D CAD, due to its rapid learning curve, with the ensuing advantages on
every level of work. Through software supplements from other companies, it is
compatible with some PLM (Product Lifecycle Management) Technologies which
help manage the whole life of a product, from its conception to its market
withdrawal.

It was presented in 1996 and initially developed by Intergraph as one of the first
CAD-based environments for Windows NT. In 2007 it was acquired by Siemens AG
(purchased from UGS Corp., which, in turn, had purchased it in 1998) and is now
beginning to form part of all its production and engineering plants, for which reason
it is undergoing considerable changes. This will undoubtedly open up the way to
sectors that were until now condemned to use certain software due to a lack of com-
patibility of their files with other CAD packages. This means information from
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other CAD tools can be edited (NX-6, Catia, Autodesk Inventor, SolidWorks,
ProEngineer, IronCAD, among others) and is expanding to other sectors of industry
like the railway, automobile, or aeronautics sectors. One of its most marked recent
improvements of this version is the transfer of files to other platforms and the imple-
mentation of the “Engineering Reference,” a tool for designing conventional engi-
neering parts, such as gears, shafts, bolts, and springs.

CATIA. Computer-Aided Three-Dimensional Interactive Application is a commer-
cial CAD-CAM-CAE program produced by the French company Dassault
Systemes. The program is designed to provide aid from the conceptual design stage
(CAD) to the production stage (CAM) and the product analysis stage (CAE). It is
presently running its V5 version, which in recent years has replaced the AIX-based
CATIA V4, and is also available for Solaris, IRIX, and HP-UX, due to its capability
to work with Microsoft Windows.

It was initially developed for use in the aeronautic industry, with a large emphasis
on the handling of complex surfaces. CATIA is also widely used at present in the
automobile industry for designing and developing bodywork components, more in
Europe than in North America. To be specific, companies like the VW Group
(Volkswagen, Audi, SEAT and Skoda), BMW, Renault, Peugeot, Daimler AG,
Chrysler, and Porsche make full use of the program, although some of them are
recently resorting to NX-Siemens PLM Solutions. The construction industry has
also included the use of software for designing buildings with a high complexity of
form; the Guggenheim Foundation Museum in Bilbao, Spain, is a well-known archi-
tectural milestone that exemplifies the use of this technology, although more typical
from architects is the use of AutoCAD, now evolved into Autodesk (see below).

SolidWorks. It is a 3D mechanical CAD also under continued development by
Dassault Systemes, currently used by more than a million engineers worldwide, due
to its rapid learning curve and to the use of parametric feature-based approach, like
most remarkable CAD packages follow. It includes also some validation (through
simulations) tools and product data management resources. Another main advan-
tage is that it can read (and save) files from (or into) all main common CAD
formats.

SolidWorks Corporation was founded in December 1993 by Jon Hirschtick, who
recruited a team of engineers to build a company that developed 3D CAD software
that was easy to use, affordable, and available on the Windows desktop and released
its first product, SolidWorks 95, in 1995. In 1997 Dassault Systeémes, acquired the
company and currently owns 100 % of its shares.

Autodesk Inventor. Autodesk Inventor is a 3D modeling CAD developed by
Autodesk Inc., whose evolution is briefly described below. Due to its rapid learning
curve and to the incorporation of movement simulation and finite element method
based calculations, it is direct competitor of the already mentioned Solid Edge and
SolidWorks. It also includes import—export capabilities for interchanging informa-
tion with the CAD resources detailed before.

Autodesk Inc. is best known for its AutoCAD (initially 2D and nowadays 3D)
software. It is an American multinational corporation founded in 1982 by John
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Walker, coauthor of AutoCAD, and its actual impact on Architecture is beyond all
possible explanation, as it has completely reshaped the way architects work, in just
three decades. Currently is the most successful company devoted to design soft-
ware, and its evolution in the last years is too complex to explain here.

Its conversion from an initial focus on 2D architecture to a more versatile
approach providing solutions for every kind of 3D design needs in all types of
industries is highly remarkable, as well as its progressive inclusion (or acquisition)
of new resources, including Autodesk Inventor for conventional product design,
Autodesk Moldflow for simulating injection molding production tasks. Its Autodesk
Education Community provides several solutions online for their limited used in
universities and teaching centers, what constitutes a relevant marketing strategy, and
is also of great help for the Academic world in current times.

This brief introduction has described some of the most used CAD resources and
the industrial impact of all of them is noteworthy. Other CAD systems have been
specifically designed for working under operative systems different to the more
extended Windows (such as Unix, Linux, BSD/OSX). Many of them are also inter-
esting, especially for designers using Mac OS X architectures and for very specific
applications, but we have limited our analysis to the most used and versatile ones.
Next section is devoted to detailing the typical modules of CAD resources.

4.2 Conventional CAD Software Modules and Tools

The degree of complexity and capabilities of CAD packages is continuously evolv-
ing, for promoting the development of more complex products and their more secure
development, trying to optimize schedules and costs. First computer-aided resources
were 2D based and included just some sketch tools comparable to those from
Microsoft Paint, although with some additional capabilities. However, the remark-
able progresses realized, especially in the 1980s and 1990s, has totally changed the
performance of CAD programs and promoted a wide set of 3D design features, as
well as specific modules for all kinds of industries.

Among typical modules included in CAD software, it is important to cite the fol-
lowing ones:

e Sketcher — for drawing 2D objects and plans

» Part modeling — for designing conventional 3D parts

e Sheet metal/plastic design — for designing 3D parts with homogeneous
thickness

* Assembly — for arranging assemblies of 3D parts, obtaining complex products
and geometrical verification

*  Movement simulation — for simulating and verifying the possible movements of
complex assemblies and detecting eventual collisions

* Plant layout — for helping engineers and architects with the distribution of furni-
ture and machines in buildings, offices, and factories
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* Routing — for helping engineers and architects with the distribution of electrical,
pneumatic, or hydraulic connections in buildings, offices, and factories

Several of the aforementioned CAD packages (including NX, Catia, Autodesk
Inventor, SolidWorks, and Solid Edge) are also beginning to include additional sim-
ulation modules, based on calculations by application of the finite element method,
for solving mechanical, fluidic, thermal... phenomena, and for helping with part or
product in silico validation. However, as this Chap. 4 focuses especially on CAD,
we will describe in more detail such modules, more linked to CAE, in Chap. 8.

Design operations from the sketcher are similar to those from any 2D drawing
application. Focusing in more detail on the 3D design operations from the “part
modeling” modules, which constitute the core of CAD programs, there are some
typical tools to be highlighted:

e Sketch-based operations — These include operations like “extrude,” “hole,”
“revolve,” “emboss,” “groove,” or “sweep” that allow obtaining 3D parts or
incorporating features upon 3D objects, by using the information of a 2D sketch
projected in a determined direction, along a path or around an axis.

e Curve-based operations — Main commands include “mesh surface,” “surface
blend,” or “shell” and are usually aimed at designing surfaces, starting from 3D
curves, for subsequently obtaining solid parts based on such surfaces (by thick-
ening or by closing a volume with surfaces for further solid conversion).

* Design of common geometries — Normally a CAD software includes a set of
tools for directly defining geometries such as spheres, ellipsoids, cones, cubes,
cylinders, prisms, and tubes.

* Boolean operations — These allow the combination of normally very simple 3D
geometries using Boolean logic for producing more complex geometries.
Boolean commands include “add,” “subtract,” “combine,” and “intersect.”

» Pattern features — These operations help to increase the complexity of a product
by replicating or reproducing already designed geometries. Among possible
operations, it is important to cite “pattern feature,” “copy/replicate,” “mirror,”
“move (with or without associative copy),” “rotate (with or without associative
copy),” and “instance geometry.”

» Final operations — These are usually oriented to providing an additional end
quality for the part under design and normally aimed at obtaining soft parts by
eliminating sharp edges or for preparing manufacture (in the case of draft angles
for some geometries of injection molds). Typical commands are usually referred
as “blend,” “chamfer,” “styled corner,” “draft,” or “draft angle.”

9% ¢
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There are also several additional resources for promoting design quality and
helping designers, such as the possibility of including reference planes and of work-
ing with different reference systems, the capacity of measuring distances, areas and
volumes or the application of several colors, shadows, lights, and a very complete
set of rendering effects for enhancing visual aspect and normally linked to market-
ing tasks.
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In any case, due to the remarkable number of modules, features, operations, and
possibilities, when first trying to assess the use of CAD software for a novel project
or for promoting product development, it is advisable to follow a specific course
(Diaz Lantada et al. 2009, 2010), even though the use of tutorials available at “you-
tube” and other information exchange websites can be also helpful for beginners
and even for experts.

As different CAD packages have several tools and features in common, once a
researcher has mastered one of the available programs, it is indeed much easier to
understand the principles of alternative ones and take advantage of the benefits from
using different resources.

4.3 Linking CAD with Other Technologies and Sharing Files

Geometries obtained with the help of CAD tools can be further studied and simu-
lated and serve as basis for subsequent development stages, including manufacture,
thanks to the possibility of linking such files with those used by many other
computer-based tools. Of course such link is direct with CAE-CAM technologies,
as already explained and detailed in Chaps. 8 and 9.

But such CAD files serve also as basis for developing ad hoc programs for solv-
ing specific problems using high-level programming languages. Not only CNC-
automated manufacturing machines and additive manufacturing technologies (see
Chap. 10) can be programmed directly from the information included on CAD files,
but also automated inspection operations upon final parts for quality control, or even
linkage with haptic devices for surgical training of guidance, can be achieved.

Due to its impact on teaching and practice of all types of engineers, it is very
interesting to cite here Matlab (The Mathworks Inc.), a technical computing soft-
ware with integrated programming language (M language), whose perhaps most
remarkable feature is the collaborative environment provided among its users
community.

Several of the downloadable programs available at the Matlab’s file exchange
website (www.mathworks.com/matlabcentral/fileexchange) are connected to
importing geometries from CAD files or exporting surfaces and solids to different
CAD formats. Such geometries, after conversion to Matlab, are handled as matrixes
containing the coordinates of the part’s outer surface or inner volume, and it is pos-
sible to develop additional programs for specific purposes.

The impact of CAD in all industrial fields is so important that Matlab has devel-
oped specific modules for importing parts, products, and assemblies and subse-
quently carrying out movement simulations, promoted by multi-body dynamics, or
finite element analyses for simulating complex phenomena. Possibilities are evolv-
ing continuously, thanks to the progressive convergence of several emerging
technologies.

The possibility of sharing CAD files with other users, product designers and
developers, customers or potential clients is also worth of attention. As already
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highlighted, promoting information exchange among all the participants linked to a
development project (including developers and all external influences) is a key
aspect in systematic design methodologies and CAD resources have had a great
influence in promoting these aspects. In fact CAD has progressively integrated
product data management modules and has been finally integrated within PLM or
product lifecycle management solutions. In the medical device industry, being an
especially tightly controlled sector, with several directives of application and very
relevant standards to be followed, an adequate information management takes a
prominent place and CAD helps to manage related projects. For promoting informa-
tion exchange in more conventional applications, there are even some open-access-
free downloadable CAD tools, such as Google SketchUp, which also provides an
online library of 3D parts for sharing files with designers worldwide. Even though
its capabilities are more limited than those from more professional CAD software
(Autodesk Inventor, Catia, NX-8.0, Solid Edge, SolidWorks, ProEngineer...), it is
important to mention the Google SketchUp “soften” tool, useful for obtaining
“organic” designs from very simple forms.

These tools also help with commercial product selection tasks, when designing a
novel machine or device, as the manufacturers of components (motors, gearboxes,
bearings, shafts...) usually include downloadable CAD files of their products avail-
able at their websites. Typical examples include the indeed complete product library
of SKF, for designing transmissions, or the 3D IKEA furniture appliance, for use in
AutoCAD, Google SketchUp, and other 3D rendering software, when selecting new
furniture for home or office.

Import/export capabilities of main CAD resources are also relevant for aiding
simulations, linked to in silico validation of biodevices (CAE tools, see Chap. 8),
and for helping with the manufacture of prototypes and production launch (CAM
tools, see Chaps. 9 and 10). Such capabilities are continuously progressing and
everyday novel formats try to provide “universal” solutions for 3D geometry and
related information exchange (among typical formats we can cite: .stp, .stl, or .igs).
Sometimes format conversion leads to information loss and geometries cannot be
properly read, so there is much place for improvement, also as regards file size when
using such conversions.

In the biomedical field, the possibility of linking designs with information
obtained from medical imaging technologies is also worth of attention, as analyzed
in several occasions within the handbook (see Chap. 5, together with the introduc-
tory Chaps. 1 and 2).

4.4 Case Studies: Designs Based on Solid Operations

This section provides a couple of examples of the possibilities of computer-aided
design programs for rapidly designing real biodevices, similar to many commercial
solutions, by combining very simple solid-based operations with the advantages of
using Boolean and pattern-based commands.
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First example is linked to the field of Tissue Engineering and serves as an intro-
duction to “scaffolds,” which will be covered several times along the handbook.
Tissue engineering combines biological and engineering knowledge to provide arti-
ficially developed substitutes for tissues and organs linked to repair and replacement
therapies.

A key element involved in tissue engineering processes is the matrix or scaffold
which serves as substrate or framework for cell growth, aggregation, and tissue
development (Langer and Vacanti 1993). These scaffolds must be porous so as to
allow cell migration during the colonization process as well as the transport of nutri-
ents and waste to and from cells, but they have to be also resistant enough to with-
stand possible mechanical demands and long-term stresses, especially if final
implantation is desired.

Additionally, as cells are able to feel their microenvironment and substrate tex-
ture upon which they lie by changing their morphology, cytoskeleton configuration,
and intra- and extracellular signaling, increasing efforts are being focused on design
and manufacturing technologies to generate and modify the structure and surface of
biomaterials (Thomas et al. 2010; Buxboim and Discher 2010).

Aspects such as porosity, pore size, and surface micro-texture promote cell
adherence, migration, and proliferation within the scaffold, for subsequent differen-
tiation into relevant cell types. Thus, the scaffold plays a fundamental role in most
tissue engineering strategies as its properties can deeply influence the global suc-
cess of new tissue formation and the controlled design fabrication of the scaffold
structures is becoming increasingly important for novel approaches within regen-
erative medicine (Bartolo et al. 2009; Tan et al. 2010).

Computer-aided design-based scaffolds are therefore a matter of research, as
these technologies allow the design of controlled micro-architectures, whose main
features can be in silico validated through FEM-based simulations and further rap-
idly manufactured with the help of additive manufacturing resources, as Chaps. 8,
10, and 11 will describe in detail.

Figure 4.2 shows a scaffold design example starting from a cylinder, which is
replicated several times for obtaining a layer of cylinders, layer that is subsequently
rotated, translated, and copied for constructing a woodpile-like structure. Final
combination of the geometries by means of a Boolean operation leads to a solid
part. In fact the design obtained here is very similar to commercial solutions from
manufacturers such as 3D Biotek, well known for its solutions for tissue engineer-
ing obtained using rapid prototyping approaches.

It is important to remark that such a design can be obtained in less than 5 min,
and, if the parametric design tools available in most CAD software are used, a whole
series of designs, with different pore size, pore distribution, and mechanical endur-
ance, can be achieved in a couple of hours. Such efficiency provides an additional
illustration of the importance and versatility of these computer-aided technologies
for promoting all kind of projects linked to the development of novel biodevices.

The design has been obtained with the help of NX-8.0 (Siemens PLM Solutions),
which is also used as support tool for obtaining most of the designs included in the
whole handbook.
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Fig. 4.2 Three-dimensional scaffolds for tissue engineering studies obtained using an additive
design procedure

Figure 4.3 shows an alternative option for designing porous structures, in this
case again oriented to obtaining a scaffold for promoting studies in the field of
Tissue Engineering. In this case, design starts from a simple sphere replicated in
perpendicular directions for covering the XY plane, thus obtaining a layer of
spheres, which is subsequently copied and replicated several times along the “z”
direction, for obtaining a cube full of spheres. Final part is achieved by subtracting
the set of spheres from a cube using a Boolean operation. The rendering features
also provided promote a more visual appeal for helping marketing tasks.

The actual benefits of using these kinds of lattice and porous structures, with so
regular features, is still controversial, as the irregular features of real organisms can-
not be so easily replicated. Chapter 6 provides some possible alternatives linked to
the use of fractal and non-Euclidean geometries, trying to give additional tools for
producing biomimetic multi-scale designs, which may lead to improved mechani-
cal, tribological, and biological characteristics for final implants.

Anyway further details on the design process of porous and lattice structures, as
well as some special related resources, are detailed in Chap. 7, as based on them
several possibilities arise for the design of all kinds of biodevices, not only for tissue
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Fig. 4.3 Three-dimensional scaffold for tissue engineering studies obtained by combining addi-
tive and subtractive design procedures

engineering but also aimed at obtaining implantable prostheses or prostheses for
promoting minimally invasive surgical procedures.

4.5 Case Studies: Designs Based on Surface Operations

Another field of Medicine directly linked to Bioengineering and greatly benefiting
from the use of simple implants, easily designable with the help of CAD tools, is
cardiovascular surgery. As a very brief introduction, cardiovascular surgery is the
surgery of heart and great vessels, carried out by cardiac surgeons and usually linked
to treating the complications of ischemic heart disease, correcting congenital heart
diseases, treating heart valvular diseases (with different origins such as endocardi-
tis, rheumatic heart disease, and atherosclerosis), and including also heart
transplantation.

There are several specialties within cardiovascular surgery, including open heart
surgery, beating-heart surgery, minimally invasive surgery, or pediatric (and even
prenatal) cardiovascular surgery, which are beyond the scope of this handbook.
Anyway, many of cardiovascular-related procedures benefit from the use of stents,
either balloon-mounted or auto-expandable.

A stent can be briefly described as an artificial tube inserted into a natural conduit
in the body to prevent or heal a disease-induced and localized flow constriction.
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Fig. 4.4 Vascular stent designed with the help of surface tools, mirror features, and Boolean
operations

The term may also refer to a tube used to temporarily hold such a natural conduit open,
in order to allow access for surgery. Besides helping in cardiovascular surgery for
treating coronary arteries and several blood vessels, as well as for simplifying surgical
procedures, stents are also used for changing the morphology of organs such as ure-
thra, aorta artery, esophagus, ureters, prostate, or bronchia, among many others.

Figure 4.4 shows the design process of a stent, whose geometry is in essence
similar to that of commercial devices, although a wide set of different types can be
found.

First of all four parallel planes at a fixed distance are constructed. On the first
plan a central circumference is drawn, and eight more small circumferences, with
their centers regularly distributed along the central circumference, are also included.
Such circumferences are projected to the parallel planes. Using the “surface through
curves,” or a similar command, the first partial thread of the stent is designed with
an “S” shape. By closing the upper and lower part of the thread with several circles,
the surface can be transformed into a solid body. Final design is achieved by a com-
bination of symmetries and Boolean operations.

In this case the design has been carried out with the help of Solid Edge, which
provides also a very friendly interface for easily selecting the available design com-
mands. Again the design can be obtained rapidly, surely in less than half an hour,
and the use of parametric design tools helps to obtain series of stents trying to pro-
vide more personalized solutions.

Such parametric design tools may also be helpful for expanding the product port-
folio of an enterprise devoted, for instance, to the development of cardiovascular
stents and wishing to explore novel applications of their technologies and designs,
linked to other organs and pathologies.
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Next design example is linked to the development of an annuloplasty ring for
treating mitral valve insufficiency. The mitral valve is made up of two components
whose mission is to channel the blood from the auricle to the left ventricle. Firstly,
there is the so-called mitral valve complex comprising the mitral ring, the valves of
the mitral valve, and the commissures joining both valves. Apart from the mitral
valve complex itself, this valve has the so-called “tensor” complex, which in turn
comprises the tendinous chords, which continue with the papillary muscles attached
to the left ventricle. A failure of any of these elements leads to functional changes
in the mitral apparatus, such as mitral insufficiency and many hemodynamic
repercussions.

Mitral insufficiency is defined as the systolic regurgitation of blood from the
ventricle to the left auricle, due to incompetence in mitral valve closing. This can
arise for three main reasons including a primary disease of the mitral valve, an ana-
tomic or functional alteration in the papillary chords and muscles, or a disorder in
the correct function of the auricle and the left ventricle (Gillinov 2003).

Valve reconstruction is currently the preferred treatment for mitral insufficiency
provided this is possible. With the aid of preoperative transesophagic echocardiog-
raphy, lesions can be located and a surgeon can evaluate if valve repair is possible
and design an exact plan for any operation required.

The object of this surgery is not simply limited to eliminating mitral insuffi-
ciency but in many cases to reconstructing the geometry of the entire mitral valve
apparatus to ensure a durable repair.

Surgically restoring the geometry to normal consists in augmenting or reducing
the abnormal vellums, replacing broken or short tendinous chords using “Goretex”
type sutures or using an annuloplasty ring for improving stiffness.

Carpentier’s description of a rigid prosthetic ring to allow a selective reduction
of the entire mitral ring opened the way to modern mitral repair (Carpentier 1983).
Annuloplasty consists in inserting the said ring-shaped device via the jugular vein
into the coronary sinus and after applying traction, retraction, or heat, it reduces its
perimeter, thereby reducing the mitral ring and improving the contact between the
valve vellums, which in turn leads to a reduction in the patient’s degree of mitral
insufficiency.

The computer-aided design of such annuloplasty rings can be carried out, and even
personalized with the help of cardiac computed tomography and additional software
resources (see Chap. 5), in just a couple of hours. The example further explained shows
a simple design, similar to commercial ones, such as the “GeoForm” model (from
Edwards Lifesciences Corporation) or the “Duran” model (from Medtronic Inc.).

The process begins with the construction of a three-dimensional line for being
the axis of the annuloplasty ring. Such line, following several points introduced by
their 3D Cartesian coordinates, is designed with the help of a “spline” command,
available at any CAD software.

Splines, in their mathematical definition, are sufficiently smooth polynomial
functions that are piecewise-defined (or point by point defined) and possess a high
degree of smoothness at the places where the polynomial pieces connect (usually
known as “knots” and here corresponding to the points introduced by their 3D
Cartesian coordinates).
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Fig. 4.5 Annuloplasty ring
for mitral valve insufficiency
design with the help of
computer-aided design
resources

D

Once the spline, adapted to the form of mitral valve, is obtained, a point of the
spline is selected and a reference plane, normal to the spline and containing such
point, is constructed. A 3 mm circumference contained in the reference plane and
with center on the intersection point between plane and spline is then drafted. By
using the “sweep” command, the circle is made to follow the whole spline, hence
leading to final solid annuloplasty ring.

This biodevice has been again designed with the help of Solid Edge, whose
“spline” command allows the easy introduction of points by their (x, y, z) 3D coordi-
nates, just as contained in an Excel table (Fig. 4.5). Such connection with MS Excel
is especially noteworthy and simplifies designs based on splines and 3D curves.

Other CAD resources, even when capable of importing coordinates from tables,
do not always provide such a direct process.

4.6 Main Conclusions

Computer-aided design (CAD) consists of using computer systems to assist the cre-
ation, modification, analysis, and optimization of a design. Due to their relevant
versatility, these CAD resources have become an essential set of tools with many
significant benefits for any kind of industrial product development process, such as
overall project cost and schedule optimization, aspects that become especially
relevant in the field of novel medical devices.
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This chapter has supplied an introduction to computer-aided design and its most typi-
cal resources, detailed relevant connections with other computer-assisted tools and pro-
vided different case studies linked to the development of real biodevices by using
different, but very simple, CAD operations. Some current limitations and research
trends, which will be discussed in following chapters, have been also introduced.
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Chapter 5
Medical Imaging-Aided Design
of Personalized Devices

Andrés Diaz Lantada, Pilar Lafont Morgado,
and Carlos Jahel Ojeda Diaz

Abstract Medical imaging comprises the different technologies and processes
used to generate images of the human body (or any kind of biological systems) for
clinical purposes, including diagnosis and surgical training, and medical studies,
normally linked to anatomy and physiology.

There are several medical imaging technologies grouped in families, including
radiology, nuclear medicine, endoscopy, thermography, high-precision digital pho-
tography, many kinds of microscopy, and ultrasound-based imaging. Recent
advances on information and communication technologies have allowed product
designers to tend bridges between the information obtained from the use of medical
imaging tools and computer-aided design programs.

In short, the information obtained using some of these medical imaging can be
almost directly converted in three-dimensional objects (replicating the geometries
and structures of human body and biological systems) and can subsequently be used
as input in CAD programs, for designing personalized medical devices adapted to
the morphologies of such biostructures.

This chapter revises the most relevant of these medical imaging technologies for
the development process of personalized medical devices and provides case studies
linked to personalization based on high-precision photography, cardiac computed
tomography, and nuclear magnetic resonance. Main support software for converting
medical images into 3D CAD files is also discussed.

A.D. Lantada (P<)) « P.L. Morgado

Mechanical Engineering Department — Product Development Laboratory,
Universidad Politécnica de Madrid, c/José Gutiérrez Abascal 2, Madrid 28006, Spain
e-mail: adiaz@etsii.upm.es

C.J. Ojeda Diaz
Department of Electro-mechanical Engineering, University of Piura,
Av. Ramoén Migica 131, Urb. San Eduardo, Piura, Peru

A.D. Lantada (ed.), Handbook on Advanced Design and Manufacturing Technologies 75
for Biomedical Devices, DOI 10.1007/978-1-4614-6789-2_5,
© Springer Science+Business Media, LLC 2013



76 A.D. Lantada et al.

Final manufacture of the personalized biodevices can be accomplished with help
of several computer-aided manufacturing and solid free-form fabrication or additive
manufacturing technologies, as described further on in several examples along the
handbook.

5.1 The Advantages of Device Personalization

In conventional product development personalization is aimed at suiting consum-
ers’ unique tastes and hence improving marketability and final increase of enter-
prises’ outcomes. Several strategies are typically followed, such as designs focused
on parametric and modular products, on producing an important number of different
accessories, on providing attachable external features (protecting cases, stickers...),
and on final ergonomic adjustment to client upon acquisition, among other
possibilities.

Impact of personalization and its influence on product design can be clearly
appreciated in conventional industries, such as the automotive or the mobile phone
sectors. Color, shape, size, and functionalities are day-by-day more personalized for
making consumers feel special. In most cases such personalization is also linked to
the concept of programmed obsolescence, as customers’ tastes change (or are pro-
moted to change) very rapidly and repairing conventional products is no longer
“fashionable” or economically viable.

Novel design and manufacturing resources currently allow the cooperation of
customers along the whole design process in several industrial sectors, such as fur-
niture, transport, inner architecture and decoration, consumer electronics, toys, or
jewelry. The use of CAD-CAE-CAM, together with rapid prototyping facilities,
allows for such approaches, and unique part series are more and more frequent. The
final cost is not so dramatic as it may appear, as these novel technologies are also
evolving and several of them are available for less than 1,000 €. In fact with around
5,000 € for design, digitalization, and manufacturing resources, a very complete
development workshop can be arranged.

In Biomedical Engineering, personalization is usually pursued for providing a
remarkable solution for an especially unconventional and complex pathology, for
promoting diagnostic or therapeutic capabilities of a device by a better adaptation to
patient’s morphology and for supplying enhanced technical helps designed by a
more detailed application of ergonomic principles. In such a field personalization is
in most cases a relevant need, not just a luxury, and its social impact justifies carrying
out continued research for its promotion.

During last two decades, biodevice personalization has been greatly promoted by
combining medical imaging technologies and the related outer/inner-corporal infor-
mation, with computer-aided development tools. In short, the information obtained
using some of these medical imaging can be almost directly converted in three-
dimensional objects (replicating the geometries and structures of human body
and biological systems) and can subsequently be used as input in CAD programs,
for designing personalized medical devices adapted to the morphologies of
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such biostructures. Several procedures and applications are discussed in detail in
the following sections. Solid free-form fabrication or additive manufacturing
technologies (Chap. 10) help with final manufacture of personalized biodevices in a
wide set of biomaterials for subsequent potential implantation.

5.2 Imaging Tools for Promoting Design Personalization

The advances seen in recent decades in different medical image capture systems
(mainly, computed tomography (CT), Doppler echo scans, nuclear magnetic reso-
nance (NMR) or magnetic resonance imaging (MRI), and positron emission tomog-
raphy (PET), as well as more novel combinations PET/CT) have led to a remarkable
increase in the diagnostic capabilities of these pieces of equipment as well in the
reliability of the diagnoses made based on this information and the therapeutic deci-
sions taken as a result (see referenced standards and associations).

Main differences between the different medical imaging (MI) technologies can
be explained by means of the type of radiation they use, of the final precision and of
their several application fields.

For example, nuclear magnetic resonance imaging uses nonionizing radiation,
while computed tomography or positron emission tomography uses ionizing radia-
tion. Normally NMR is more linked to obtaining images from soft tissues, while CT
usually focuses on hard tissues (even though such conventional separation has
blended in the last decade, in fact our case studies provided in next sections use
NMR for designing a prosthesis adapted to bone and CT for designing a prosthesis
adapted to muscle).

PET is more used as a diagnosis support tool in oncology and neurology, usually
together with an additional result from more precise anatomical imaging. In fact
PET scans are increasingly read alongside CT or magnetic resonance imaging
(MRI) scans, with the combination (called “co-registration”) giving both anatomic
and metabolic information (what the structure or organ is and what it is doing bio-
chemically). More modern PET scanners are now commercially available with inte-
grated high-end multi-detector-row CT scanners (so-called PET/CT).

CT and MRI scanners are able to generate multiple two-dimensional cross
sections (called tomographs or “slices”) of tissue and further three-dimensional
reconstructions. Early PET scanners had only a single ring of detectors; hence, the
acquisition of data and subsequent reconstruction was restricted to a single trans-
verse plane. More modern scanners now include multiple rings, essentially forming
a cylinder of detectors.

The medical community is also currently benefitting from the opportunity to
exchange information from different medical image capture systems among centers
andresearchers. This is thanks to the “DICOM” (Digital Imaging and Communication
in Medicine) standard and its generalized usage as a working format for different
three-dimensional image reconstruction software, particularly with the introduction
of version DICOM 3.0 in 1993.
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Programs like “MIMICS” (Materialise NV) have also appeared (see the list
provided below) which not only enable three-dimensional reconstruction to be per-
formed from medical images but also basic operations on these images and their
conversion to other formats accessible to “CAD-CAM” design and manufacturing
programs.

As already explained in previous chapters, these CAD-CAM programs (Solid
Edge, Catia, NX-8.0, Autodesk-Inventor, I-DEAS, Rhino, Solid Works, and others)
comprise a wide range of computer tools that assist engineers, architects, and design
professionals in their work. Simulations for in silico assessment of designs can also
be performed with the help of CAE resources.

The power of these software packages quoted, and their being able to be used to
handle information from medical imaging as a basis for the designs, means that cur-
rently the design of personalized prostheses can be performed in a question of hours
while also making easier comparisons between alternative designs (Hieu 2002;
Harrysson 2007).

Nonetheless, the use of personalized prostheses or implants has historically been
something occasional and practically always the result of research projects between
Academia and hospitals. This is basically due to the limits of cost and timeline
problems that have prevented these personalized prostheses or implants, from com-
peting with standard mass-produced designs.

However, the considerable industrial expansion experienced in recent years by a
range of technologies called “rapid prototyping (RP) technologies,” normally based
on high-speed computer numerical control machining or on additive manufacturing
approaches (see Chap. 10), that enable schedules and costs to be reduced by manu-
facturing parts directly from geometric information stored in CAD—-CAM program
files, is presenting new opportunities for a personalized response to the development
of implants and prostheses, the social impact of which could turn out to be highly
positive (Schwarz 2005; Kucklick 2006).

Progressive linkage between CAD tools, MIMICS-like software, and CAM-
assisted manufacturing is highly beneficial for the development of personalization
in all kinds of products and industries and very special in the biomedical field. Main
of such programs together with applications in the product development sector have
been previously reviewed (Diaz Lantada and Lafont Morgado 2011) and are actual-
ized further on, providing some examples of how the use of CT imaging is indeed
versatile:

There are several software tools, for handling the information obtained from
medical imaging technologies and enabling computer-aided design, engineering,
and prototyping tasks. They are usually referred to as “MIMICS-like” programs
(due to the relevance of MIMICS (Materialise NV)). Among such programs, due to
their industrial impact and quality of results, it is important to mention at least:

e MIMICS (Materialise NV), for general purpose applications

* Simplant (Materialise NV), especially oriented to odontology

* Surgiguide (Materialise NV), especially oriented to odontology

e 3D Doctor, for bone modeling from CT scan and soft tissue from MRI
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* Analyze (Mayo Clinic), for handling images from MR, CT, and PET
* MRIcro Software, for converting medical images to analyze format
* Biobuild, for converting volumetric imaging data to RP file formats
* Volume Graphics, for general purpose applications

Listed below are the main applications of computerized tomography (as a repre-
sentative technology within the medical imaging sector), together with software for
processing medical images and “CAD-CAE-CAM” tools, for optimizing product
design and development activities:

* Personalized designs (Bibb and Brown 2000; Chang et al. 2003; Diaz Lantada
et al. 2010a, b)

* Reverse engineering, modular developments, and design optimization
(Flisch 1999; Vasilash 2009)

* Object reconstruction (Effenberger et al. 2008; Vasilash 2009)

* Prototyping and trials (Flisch 1999; Effenberger et al. 2008)

e Inspection of inner details and defects during manufacturing processes
(Losano et al. 1999; Effenberger et al. 2008)

e Inspection of inner details and crack propagation during service life
(Losano et al. 1999, Effenberger et al. 2008)

* Nondestructive evaluations (Losano et al. 1999, Effenberger et al. 2008)

These technological combinations provide novel ways of tackling more effi-
ciently the design process but also for validating manufacturing processes and veri-
fying service life. Itis very important to mention that the whole process is economical
and nondestructive.

Next sections provide examples of biomimetic imaging-based designs, for com-
paring the use of high-precision photography, nuclear magnetic resonance imaging,
and computed tomography, as input for constructing CAD files of personalized
devices, as well as for comparatively discussing current limitations and main
challenges.

5.3 Case Study: Biomimetic CAD Design of Skin

The use of mathematical models to generate biomimetic surfaces (see Chap. 6),
especially thanks to the gradual employment of recursive and fractal models, often
yields good approximations to the microtopography of living organisms, though it
poses certain limitations when generating 3D CAD files for subsequent use in con-
ducting simulations and obtaining physical prototypes using computer-aided engi-
neering and manufacturing (CAE-CAM) tools. Said surfaces generated from
mathematical models do, however, on occasion present excessive homogeneity or
self-similarity, meaning that the imprecision of living organisms that are responsi-
ble for certain interesting properties cannot be adequately represented.
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In this section we present a fast, low-cost, and efficient alternative method to
yield biomimetic CAD files of the microtopography of human skin, files that can
subsequently be used as an aid for simulating various interactions (mechanical,
thermal, fluid, etc.) between the environment and the skin, as well as for the micro-
manufacturing of small specimens, whose texture resembles that of skin.

The process relies on the use of a high-resolution photographic camera to obtain
images of the area being analyzed and on converting the resulting images into alti-
tude matrixes, which are then used to obtain the CAD files that imitate the details of
the original three-dimensional geometries. Using a similar process several microto-
pographies and microtextures of living organisms can be mimicked and further used
for designing biodevices and implants with improved features.

The skin is the body’s most extensive organ, forming the main barrier between
internal organs and the external environment. It accounts for around 16 % of the
body’s weight. It has a surface area of some 2 m?, and it varies in thickness between
0.5 mm at the eyelids and 4 mm at the heel. As the body’s first line of defense, it is
constantly exposed to potentially harmful environmental agents, including solid,
liquid, and gaseous materials; sunlight; and microorganisms. Although the skin can
be bruised, lacerated, burned, or infected, its unique properties allow it to engage in
a constant cycle of healing, exfoliation, and cellular regeneration.

To fulfill its protective role, the skin is home to a permanent flora of microorgan-
isms. There are relatively innocuous strains that protect the skin’s surface from
other, more virulent microorganisms. A thin layer of lipids covers the skin and con-
tains oily bactericidal acids that protect against penetration by harmful microorgan-
isms. The skin, thus, also doubles as an immunological barrier. It also has other
important functions such as temperature regulation, somatosensation, and the syn-
thesis of vitamin D.

There is a great amount of variation between the different body parts in terms of
the skin’s structure. This makes a description of the “normal skin” covering each
body surface difficult. There are clear differences in the properties of skin, for
example, the thickness of the layers, the distribution of sweat glands, and the amount
and size of hair follicles. Nevertheless, skin does have certain structural properties
that are common to all parts of the body.

It always consists of three layers: the epidermis (outer layer), the dermis (internal
layer), and the subcutaneous adipose layer (hypodermis). The basement membrane
separates the first two layers, while the subcutaneous tissue, a layer of loose connec-
tive tissue and adipose tissue, connects the dermis to the body’s underlying tissues
(Simandl 2009).

The skin’s functions depend greatly on the properties of its outermost layer, the
epidermis, meaning that properly simulating its surface microtopography is neces-
sary in order to conduct studies on the interactions between the environment and the
human body. However, most recent studies on the computer-aided graphical genera-
tion of human skin have involved simulations of large areas of the human body,
eschewing micrometrical details in almost every case, as this would have entailed
time- and computer-intensive calculations.
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Some researchers have focused on modeling wrinkles and the effects of aging
(Boissieux et al. 2000; Yang and Zhang 2005; Zhuo et al. 2006) in an effort to enhance
the appearance of animated characters in entertainment programs and in the video-
game industry, as well as to simulate the effects of various cosmetic products.

Leading studies have resorted to generating wrinkles along vector fields so as to
incorporate additional textures to surface meshes (Bando et al. 2002). In order to
take into effect biomechanical aspects, recent research has resorted to using the
boundary element method to simulate skin defects and to analyze their effect on
other anatomical structures (Tang 2002), though detailed effects of the surface
topography were omitted.

On occasion, physical prototypes have also been constructed to simulate the
mechanical features of the epidermis, the dermis and subcutaneous fat. These mod-
els used polymeric materials of different rigidity and hardness to complement surgi-
cal training simulators, especially as these relate to devices for minimally invasive
laparoscopic surgery (Munro et al. 1994).

In terms of the biomimetic design of anatomical elements, numerous researchers
have resorted to the use of medical imaging tools (mainly computerized tomogra-
phy and nuclear magnetic resonance), in combination with software to process said
images (such as MIMICS, Materialise NV) and CAD programs. The availability of
CAD files with the geometry of body structures, both muscular and bone tissues,
has thus served to aid in the development of personalized implants (Kucklick 2006;
Dfiaz Lantada et al. 2010b), especially when combined with rapid prototyping tech-
niques (Winder and Bibb 2005; Kim 2008).

The accuracy of the aforementioned medical imaging systems, however, still does
not allow for a faithful reproduction of the details associated with the surface micro-
topography of tissues, though new advances in micro-CT (see Chap. 14) technology
are constantly yielding significant improvements (Shi et al. 2008; Guo et al. 2010).

The use of CAD-CAE-CAM (computer-aided design/engineering/manufactur-
ing) tools is also applicable to tissue engineering, having given rise to a new field of
study called computer-aided tissue engineering, a field that was initially associated
with anatomical imaging, with modeling and simulation, and with surgery planning
(Sun and Lal 2002).

This, in conjunction with new advances in biomanufacturing (see also Chap. 14)
and associated biomaterials-based additive manufacturing tools (bioplotters),
points to the manufacture of small body structures in the not-too-distant future
(Mironov et al. 2009).

In any event, so as to profit from the advantages stemming from the increased
accuracy of aided manufacturing systems aimed at producing artificial biostruc-
tures, we must continue to delve deeper into the biomimetic design of tissues and to
improve aspects related to the generation of surface microtopographies, the effects
of which are crucial to the proper operation of the tissues that we wish to mimic.

The biomimetic processes typically employed involve the use of mathematical
models, such as fractals (Mandelbrot 1982), and can output surface textures to CAD
files, which can be converted to formats that can be exported to CAE-CAM
software.
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These files in adequate formats can then be used, in conjunction with finite
element analysis techniques, to conduct simulations as a prelude to the manufacture
of physical prototypes (Diaz Lantada et al. 2010b, Biocoat), though imitating the
desired topography is not always simple.

In this section an alternative low-cost approach is used, relying on the use of a
high-resolution photographic camera to obtain images of the area being studied, and
on the conversion of the resulting images into altitude matrixes, which can then
yield the CAD files that imitate the details of the original three-dimensional geom-
etries, in a process described below.

The skin surface photographed for present case study measures 9 mm x 6 mm,
yielding 640 x 480 pixel images, meaning that the size of the details captured is
on the order of 20 um, which is sufficiently precise for the majority of micro-
manufacturing techniques currently available (see Chap. 11), as well as for ana-
lyzing any kind of cutaneous pathology. The areas photographed correspond to
two sections of fingerprint from the index finger and the back of the hand, in the
area of the knuckles, of two 30-year-old researchers. This is done so as to deter-
mine the viability of the system when acquiring images of different parts of the
body.

The images are processed using Adobe Photoshop to convert them to gray scale,
followed by filtering to soften highlights. The images, saved in the .raw format, are
then input to a program (courtesy of M.Sc. Eng. Alvaro Salmador) that converts the
gray scale to an altitude scale. The program also converts the files into the .stl format
for subsequent use in computer-aided design programs.

Different options are available for the CAD software used to convert from sur-
face meshes, in .stl format, to conventional solid CAD pieces. Particularly impor-
tant is the use of software specifically designed to handle .stl files (Materialise
Magics, VisCAM, Solid View, MeshLab, among others) or the use of so-called
mesh-to-solid programs, which transform .stl meshes into formats typically recog-
nized by other CAD software. In our case, we used the CAD-CAE-CAM NX-8.0
software (Siemens PLM Solutions) to represent the .stl surfaces and the solid CAD
pieces, with the final rendering.

Subsequent conversions to .iges format allows for an additional exchange of
information with more specific calculation programs, such as Ansys or Abaqus, as
well as with programs specifically designed for additive rapid prototyping with 3D
Lightyear by 3D Systems.

As mentioned earlier, the design process starts by converting the image of a pho-
tograph, expressed as a matrix with information on the colors (or the gray scale) for
each coordinate pair (X, y) on the plane, into a matrix in which the colors or gray
scale are replaced by data on the altitude of each point on the photograph.

To achieve this, the darkest pixels in the image are assigned a zero altitude,
representing the bottom of the folds in the skin. The image’s brightest pixels are
assigned an altitude based on reference information and models (Boissieux et al.
2000; Jacobi et al. 2004; Yang and Zhang 2005) that provide different typical
values for the height of wrinkles, depending on region of the body and age of the
subject.
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Fig. 5.1 Diagram of the design process and of associated potential post-processes

In our case we use a maximum difference of 160 um for the fingerprints and of
240 pm for the folds in the back of the hand. Values between these maximum and
minimum values are linearly interpolated, although the Maio algorithm used by
some systems to display 3D images of fingerprints can also be used (Maio and
Maltoni 1997). An additional scaling along the x- and y-axes contained in the plane
of the original image may also be necessary to adapt the size of the meshed surface
to the actual dimensions of the area photographed, which in this case was 9 x 6 mm?.

Once the altitude matrix is obtained, it is converted into a .stl format surface
mesh, which allows for subsequent processing by specific CAD software. Since
surfaces with negligible thickness, like the intermediate meshes in .stl format, can-
not be manufactured with the aid of RP technologies, nor do they allow for simula-
tions based on the application of finite element analysis, they must first be converted
into solid pieces with a nonzero thickness. The first step in this process can be
achieved with the typical CAD tools used to automatically generate molds (core and
cavity) from surfaces.

In the second step, the core can be cut at the desired distance to obtain the desired
surface but with a certain thickness. Or a prismatic block can be used on which to
imprint the wrinkled surface before finishing the process by combining the block
and the cavity. The general outline for the design process, including possible simu-
lation and computer-aided manufacturing activities, is detailed in Fig. 5.1.

Final rendering is shown in Fig. 5.2, after a brief additional explantation.
Subsequent conversions to .iges format allows for an additional exchange of infor-
mation with more specific calculation programs, such as Ansys or Abaqus, as well
as with programs specifically designed for additive rapid prototyping with 3D
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Fig. 5.2 Summary of results. Left column: original photographs (9 x 6 mm? each). Center column:
associated surface meshes in .stl format. Right column: CAD files. Top and center rows: finger-
prints. Bottom row: back of the hand, area of the knuckles (Image acquisition system and .stl for-
mat conversion courtesy of M.Sc. Eng. Alvaro Salmador)

Lightyear by 3D Systems and recent open access solutions linked to projects such
as RepRap.

Figure 5.2 shows the main stages of the process for obtaining files of CAD solids
from photographs of the skin through an intermediate mesh-conversion step in .stl
format. The first rows show the process as applied to fingerprints, and the bottom
row shows an example involving the surface topography of the back of the hand.
This latter example can be directly applied to other parts of the human body or bio-
logical systems for promoting biomimetic biodevices.

The final thickness of the CAD files depends on the intended purpose of said
files. If it is desired to conduct FEM-based simulations, it must be adapted to the
thickness of the epidermis for fluid analyses, in which surface effects are dominant.
The thickness of the dermis may have to be included too if the goal is to analyze
mechanical stresses/strains and their effect on subcutaneous anatomical compo-
nents. If the goal is to build prototypes, the minimum layer thickness attainable with
the various technologies must be considered and the thickness adapted always
depending on final application. Some of these possible applications include produc-
ing anatomical models for surgical training, manufacturing microtextures for study-
ing contact phenomena, or, in the future, the biomanufacturing in the laboratory of
small patches of skin for use in operations.

Figure 5.3 shows how the use of a filter to eliminate highlights can, on occasion,
have a notable influence on the quality of the resulting surface mesh, since such
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Fig. 5.3 Filtering effects: enhanced precision due to misleading effects stemming from
highlights

filtering aids in reducing dramatic artificial height differences stemming from sud-
den changes in sharpness in the original photographs.

The 3D images shown help to demonstrate the simplicity and effectiveness of the
process described. They also help to validate its applicability for producing biomi-
metic designs of skin from different parts of the human body. The process has been
tested with skin from the fingerprints and from the back of the hand, but the exten-
sion to other areas of interest to the cosmetics industry, like the face, arms, and legs,
is immediate.

The process has been validated on hairless parts, as in most of the studies refer-
enced and based on optical acquisition systems (Jacobi et al. 2004), though it would
be interesting to analyze its effects in depth with a view to the generation of .stl
meshes and CAD files. It is important to note that for regions of skin measuring
some 60 mm?, reproductions with details on a scale of 20 pm were obtained, some-
thing that is nearly impossible to achieve using laser digitalization or medical imag-
ing techniques, even if micro-CT is used.

Moreover, the process described is based on technologies that are much more
accessible and innocuous to patients and as such has clear educational implications.
One of the current limitations, however, is the appearance of edge effects for areas
of skin larger than those described. This can be resolved by developing a movable
pickup to acquire images, which could then be jointly connected and transformed
into the associated surface meshes and CAD files.

Our process can also be utilized to analyze parameters such as the average rugosity
and the depth of the wrinkles and to conduct additional studies on the influence of
age or cutaneous pathologies on texture (Smalls et al. 2005) and the subsequent
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aspect of human skin, as well as in activities involving human recognition. It also
has potential applications in veterinary medicine and zoology.

In terms of the rapid manufacture of complex surface microtextures, previous
research has helped to validate the use of conventional rapid prototyping tech-
nologies to obtain biomimetic surface details on the order of 0.4—4 mm (Diaz
Lantada et al. 2010a). Other manufacturing processes based on copying biological
structures by using physical or chemical vapor-deposition methods to produce
micro-scaffolds have attained details on a scale of tens of microns (Lakhtakia
et al. 2009; Pulsifer et al. 2010).

In any case, there are multiple computer-aided manufacturing techniques that
can utilize the information in CAD files to produce objects with biomimetic micro-
textures using multiple materials. A brief comparison of those technologies is
included in Chaps. 10 and 11.

A similar method, based on processing high-resolution photographs, can be
applied to a multitude of other biological organisms to mimic surface textures with
which to achieve special visual or contact phenomena effects and apply them to
surfaces on consumer products, as already employed by fabrics based on the mor-
phology of shark skin (Speedo Fastskin), surfaces of components based on dolphin
skin (Pavlov 2006), paints and lacquers that aid in achieving self-cleaning surfaces
and based on the surface of lotus flower leaves (Barthlott and Neinhuis 1997), and
other applications.

The method can also be carried out starting directly from SEM images of the
surfaces of different animals and plants, depending on the desired degree of preci-
sion and without needing complex and expensive technologies (sometimes also
needing specific installations and protected laboratories) such as nuclear magnetic
resonance (NMR) and computed tomography (CT), whose application fields and
levels of detail attainable are also discussed in next sections, providing also a couple
of case studies.

This proposal also has applications in the field of tissue engineering, since it can
aid in producing CAD files with geometries that imitate the surface characteristics
of different fabrics for subsequent simulation of their behavior with the aid of
FEM-CFD software, as has already been done with certain biomimetic surfaces
(Pavlov 2006). It should prove interesting to use this type of file to assess the
response | of tissues with different designs in terms of their surface texture and the
response of different fluids so as to analyze their hydrophobic and impermeability
characteristics.

Regarding the reproduction of biological structures, the proposed design method,
with the help of high-precision additive manufacturing technologies, may well be
an important complement to current bioreplication techniques, such as sol—gel,
atomic layer deposition, PVD/CVD, or imprint lithography and casting, for several
industrial applications (Pulsifier and Lakhtakia 2011). For large series of parts, soft-
lithographic approaches and micro-replication techniques, such as micro hot-
embossing and microinjection molding, may also be good choices (see Chaps. 11
and 12).
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5.4 Case Study: Personalized Prosthesis Adapted
to Hard Tissue

The case study detailed in this section as an example details the process for produc-
ing a customized hip prosthesis design from the helpful information of medical
images. The aim was to produce a non-cemented prosthesis where the metal part is
pressure mounted inside the femur and must therefore be made to fit the available
space. More detailed information may be found in the references (Osuna 2008;
Ojeda Diaz 2009; Ojeda Diaz et al. 2009).

Just as a brief revision, hip replacement is a surgical procedure in which the hip
of the patient is replaced by a prosthetic hip. Such joint replacement orthopaedic
surgery is generally conducted to relieve arthritis and related pain or to fix severe
physical joint damage as part of hip fracture treatment. A total hip replacement
(total hip arthroplasty) consists of replacing both the acetabulum and the femoral
head, while hemi- (or half) arthroplasty generally only replaces the femoral head.

The prosthesis used in hip replacement consists of different parts, the acetabular
cup, the femoral component, in which this case study focuses and the articular inter-
face. The femoral component is designed to fit in the femur, normally by removing
a part of the bone and shaping the remaining part to accept the prosthetic
component.

There are two main types of femoral components, cemented, based on adhesive
fixation between prosthesis and bone, and uncemented, based on friction for pro-
moting stability. Final prosthesis-type selection depends on several factors, includ-
ing age of the patient, mechanical strength of the bone, as assessed with the help of
medical imaging, life expectancy, among others.

Even though the potential benefits of personalized femoral components for hip
replacement is still controversial, it is clear that, if taking the geometry of patient’s
femur as design input for the femoral component, required bone adaptation (through
boring, milling and cutting) during surgical intervention should be lower and lighter.

The usual procedure for carrying out a customized examination with a view to
using a prosthetic device usually begins either by taking a computerized tomogra-
phy (CT) or a nuclear magnetic resonance (MRI/NMRI) of the patient needing the
prosthesis.

Then, with the aid of .dicom or .dem (Digital Communications in Medicine)
format, the information from the CT or MRI can be transferred to a program such
as “Mimics,” so that it can be displayed in 3D. These programs usually include
modules that allow selecting part of the patient’s bone geometry and storing it in .stl
or .igs formats that can be read by other CAD programs, for ad hoc design opera-
tions, after processing the images (Fig. 5.4) “slice by slice.”

Having selected the relevant part of the patient’s femur (in this example, the
internal cavity, to which the metal part of a customized prosthesis must be adapted),
this three-dimensional geometry can be transferred to a valid format for a design
program and this femoral zone can be used as the basis for a customized prosthesis
design, as can be seen in Fig. 5.5.
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Fig. 5.4 3D reconstruction
of femur based on the
information from NMR
images. Mimics software for
computer-aided designs
based on medical images

In this case it has been done by using a “surface through curves” command for
obtaining external surface of the femoral component. Final solid part is obtained by
closing such external surface with simple geometrical elements and accepting the
automatic Solid Edge’s proposal of “converting to solid.” The CAD designs can
further be converted into formats recognized by CAE programs, for verifying
through FEM-based simulations that final biodevice will withstand service loads.

Similar developments are simple to carry out, especially when trying to adapt a
design to a hard tissue, which is normally very well highlighted in CT/NMR medi-
cal images. Important applications include the design of all kind of bone prosthesis,
as well as scaffolds for tissue engineering, whose biomimetic design is now pro-
moted thanks to advanced in quality and precision of acquisition systems, as dis-
cussed in Chap. 14. Designs adapted to soft tissues are less common, as soft tissue
density is normally more similar to that of surrounding fluids, cartilages and bio-
structures, In any case next section provides an interesting example linked to cardio-
vascular surgery.


http://dx.doi.org/10.1007/978-1-4614-6789-2_14
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Fig.5.5 Example of personalized prosthesis designed from the information of CT images. Mimics
combined with solid edge as software support tools

5.5 Case Study: Personalized Prosthesis Adapted to Soft Tissue

Previous chapter provided some brief notes on cardiovascular surgery and on the
use of annuloplasty rings for mechanically supporting the cardiac tissue of the left
atrioventricular union and reducing the problem of mitral valve insufficiency.

The large number of alternative designs for annuloplasty rings (at least 20 mod-
els are extensively used) chosen according to the patient, their pathology, and the
cardiologist or heart surgeon’s experience shows that the design of these rings is a
problem that is not yet solved. In fact, on most occasions various models and sizes
of these implants are set out on the operating table, so that the most suitable one can
be chosen, by direct inspection during the operation itself, thereby increasing the
number of decisions to be made and the schedule of the operation.

Although the use of personalized annuloplasty rings, manufactured for each
patient according to the size and morphology of their valve complex, could be very
beneficial for the treatment of mitral insufficiency, this possibility has been limited
for reasons of deadlines and costs, as well as for design and manufacturing difficul-
ties. This section attempts to explain a possible alternative, which thanks to the state
of current technology may lead to the treatment of mitral insufficiency using per-
sonalized annuloplasty rings.

In order to begin the personalized design procedure, we need inner information
of patient’s heart morphology; what has been managed with the help of a Philips
helicoidal CT with 64 detectors (Fig. 5.6 shows some examples of the kind of
graphical information obtainable).
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Fig. 5.6 Image of the left atrioventricular union, where mitral valve is place (leff) and slice
showing the leaflet insertion points marked in blue (right) (Courtesy of Raquel del Valle — Lennox
Hill Heart and Vascular Institute NY)

Main problem for this personalized procedure is that the density of the mitral
ring (fibrous tissue) is very similar to that of the auricular and ventricular myocar-
dium and that of the valve leaflets, which means it is not identified as a separate
structure by any of the imaging techniques currently available for clinical evalua-
tion. In fact, the main advances linked to the development of personalized prosthe-
ses have been traditionally linked to bone structures, since bone tissue density is
very different from surrounding biostructures and tissues and can thus be more eas-
ily identified for subsequent computer-aided design tasks.

In this study we have to resort to the use of an alternative way for assessing the
morphology of mitral valve by measuring “slice by slice.” Using the Philips TC
software, the valve leaflets insertion points can be located “slice by slice” (as marked
in Fig. 5.6 in blue) and in consequence obtain a three-dimensional form of the
patient’s mitral annulus.

However, such software does not include output format for CAD programs so the
Cartesian coordinates of the mentioned insertion points have to be written down, as
provided by the Philips software, for subsequent introduction in the CAD program.
Such introduction can be directly done by constructing points with the associated
CAD command or by importing the coordinates directly from an Excel file.

Once the 3D location of the insertion points is clear, a spline can be constructed
as basis for the solid ring, either “point by point” or “through table.” After the men-
tioned spline (Fig. 5.7 upper image), adapted to the form of patient’s mitral valve, is
obtained, a point of the spline is selected and a reference plane, normal to the spline
and containing such point, is constructed.

A 2.5-mm circumference contained in the reference plane and with center on the
intersection point between plane and spline is then drafted. By using the “sweep”
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Fig. 5.7 Annuloplasty ring for mitral valve insufficiency: personalized design with the help of MI
and computer-aided design resources

command, the circle is made to follow the whole spline, hence leading to final solid
annuloplasty ring of Fig. 5.7. Additional details of the whole design process, here
just summarized for providing an outline of case study, can be found by consulting
the reference section (Diaz Lantada et al. 2010b).

This biodevice has been again designed with the help of Solid Edge, whose
“spline” command allows the easy introduction of points by their (X, y, z) 3D coor-
dinates, just as contained in an Excel table. Such connection with MS Excel is
especially noteworthy, as already remarked in Chap. 4, and simplifies designs based
on splines and 3D curves. Other CAD resources, even when capable of importing
coordinates from tables, do not always provide such a direct process.

Future in vitro and in vivo trials will provide additional validation to the pro-
posed methodology; however, we believe that combination of medical imaging
technologies with designs programs constitutes a powerful tool for virtual valida-
tion and design optimization, before carrying out more time and cost expensive
trials, as those analyzed in Chap. 15.


http://dx.doi.org/10.1007/978-1-4614-6789-2_4
http://dx.doi.org/10.1007/978-1-4614-6789-2_15

92 A.D. Lantada et al.

5.6 Main Conclusions and Future Research

Several technological advances during the last two decades have promoted novel
approaches to product design and development. The generalized use of computer-
aided design and simulation tools, together with the advances in materials science
and manufacturing technologies, has enabled the development of more complex
geometries and products.

The additional possibility of using the information obtained from medical imaging
(MI) technologies as input for computer-aided design and for computer-aided engi-
neering programs has opened up new horizons for carrying out personalized and
ergonomic designs, as well as for promoting all kinds of tasks linked to product
design and reverse engineering (reconstruction of damaged products, reproduction
of delicate parts and studies related to inner non-visible geometries, among others),
whose applications in Biomedical Engineering are highly relevant.

This chapter has tried to cover some of the most important applications for such
combination of medical imaging and design technologies, including some case
studies related to successful developments of biodevices and prostheses, so as to
analyze the most common procedures and in order to provide advice for conven-
tional difficulties.

It is important to note that the impact of combining information from medical
imaging technologies with the advantages of novel design and manufacturing tools
is so remarkable, and its applications so widespread, that we can speak of “MI-aided
product development” or even “MI-aided engineering.”

Main present challenges for improving the end quality and industrial impact of
such developments are linked to further increasing MI precision (although some
remarkable recent advances on micro-CT are commented on Chap. 14) and usability,
probably by means of augmented reality, simplifying the connection between
medical imaging equipments and CAD resources and producing easier to acquire
equipments, whose current cost is typically above 100,000-200,000 €.

Regarding such costs of digitization equipment, laser scanners, and CCD
(charge coupled device) film digitizers are much more economic (around 1,000—
60,000 €) than CT scanners or NMR equipment (from 150,000 even up to 500,000 €).
However, laser and optical systems do not allow the reproduction of inner details, so
important not only for personalized design processes but also for noninvasive in-
service verifications.

New trends in the medical imaging industry are trying also to mount different
technologies, for combining their respective advantages, in one machine (CT +PET,
CT + SPEC-single photon emission tomography...) and regarding biodevice devel-
opment process enhancement, perhaps it would be very positive to combine in one
machine the fastness of laser scans with the capabilities of reproducing inner details
of computed tomography. Such advances, together with an increase in precision and
more competitive prices will help to spread the industrial applications of these tech-
nologies and their final impact on biomedical science and health.
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Standards and Associations Related to Medical Imaging

e DICOM standard — Digital Imaging and Communications in Medicine: Strategic
Document (http://medical.nema.org).

e Medical Imaging and Technology Alliance (www.medicalimaging.org).

e NEMA - The Association of Electrical and Medical Imaging Equipment
Manufacturers (www.nema.org).
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Chapter 6
Fractal Geometry for Biomimetic
Design of Biodevices

Andrés Diaz Lantada and Jesus Carrillo Gil

Abstract Computer-aided design helps to enhance product development process in
an indeed remarkable way, especially as it can also be combined with computer-
aided engineering and manufacturing resources. However, due to its initial applica-
tions in the automotive and aeronautic industries, the geometries typically attainable
with these CAD resources can be described as soft and simple, as such simplicity is
very well suited for production.

When designing novel biodevices adapted to biological systems or trying to
mimic the complex characteristics of organs and biostructures, for promoting more
adequate interactions, CAD resources are sometimes limited, as features, such as
porosity, roughness and surface—volume ratio, among others, cannot be easily con-
trolled with conventional design operations.

Fractal geometries, usually defined recursively or based on random processes,
are more adequate for modelling and mimicking the complexity of biosystems and
are starting to be used in biodevice design, as recent advances on manufacturing
technology and also on materials science allow their automated production.

In this chapter, we focus on some relevant fractal models for better controlling
the aforementioned features and describe an adequate design procedure for using
such geometries in CAD resources. Some case studies linked to prostheses design
and tissue engineering are also included, as an introduction to more complex devices
included in forthcoming chapters about additive manufacturing technologies and
micro-fabrication.
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6.1 Fractals and Nature

Euclidean geometry is limited for describing and modelling the complexity of our
Universe. Some of Euclid’s axioms were in fact revised during nineteenth and
twentieth centuries, by the introduction of alternative geometries, more adequate for
describing complex objects and phenomena, such as elliptic and hyperbolic geom-
etries for describing planets and perceptual distortions (Bolyai and Lobachevsky) or
even studying the nature of light (Einstein’s Theory of General Relativity). More
recently, the complexity and auto-similarity of several natural systems and natural
occurring phenomena has given birth to the field of fractal geometry.

The use of fractal models for mimicking such natural surfaces can prove to be
useful for design tasks. Fractals are rough or fragmented geometric shapes that can
be split into parts, each of which is (at least approximately) a reduced-size copy of
the whole. The term fractal was coined by Benoit Mandelbrot in 1975 and derives
from the Latin fractus meaning “broken” or “fractured”; benchmark handbook on
fractal geometry and nature explains the birth of this novel geometry in depth
(Mandelbrot 1983). The term is used to describe complex geometries that are too
intricate to be formulated in conventional Euclidean terms, with properties like self-
similarity and defined usually with simple recursive procedures. The mathematical
equations defining fractals are “nowhere differentiable” and cannot be measured in
conventional terms.

A fractal usually has a “fractal dimension” exceeding its topological dimension
and that may fall between the integers. For instance, fractal surfaces, due to their
roughness and intricate appearance (when looked at close range), are more than
bidimensional, even though their overall appearance (when looked from the dis-
tance) is planar. Additionally fractal and random paths, even though their unifilar
appearance, can end up covering the whole reference plane, when the path length
increases, thus being sometimes even bidimensional. Several definitions of fractal
dimensions can be found in the references (Mandelbrot 1983; Falconer 2003), and
the details are out of the scope of this handbook; although, in some models used
latter on, we will refer to the fractal dimension of some surfaces (with fractal dimen-
sions between 2 and 3), normally directly connected with a parameter of the defin-
ing equation.

Since the early works linked to fractal geometry, it became clear that they could
be used for describing the geometries, patterns and roughness of natural objects.
Although fractals are commonly considered to be infinitely complex (due to their
usual recursive definitions), “approximate fractals” are easily found in nature, which
usually display self-similar structure over an extended, but finite, scale.

By limiting the steps applied in a recursive definition of a conventional fractal,
approximate fractals can be obtained, which mimic very complex natural geometries.
Natural objects that are approximated by fractals include clouds, mountains, light-
ning bolts, coastlines, snowflakes, various vegetables and several corporal and
animal geometries (Mandelbrot 1983; Falconer 2003).
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6.2 Overview of Applications for Biodevices

Several studies have focused on the importance of surface topography and micro-
texture for promoting positive effects in all kinds of biomedical devices (De la
Guerra Ochoa et al. 2012), from implantable prosthesis to extracellular matrixes and
scaffolds for cell growth and tissue engineering. These textures have a significant
influence in osseointegration of prosthesis, cell proliferation and tissue growth
given that those cells and tissues seem to be more “comfortable” and spread more
quickly when faced with biodevices with similar surface properties.

In addition the use of biomimetic surfaces can help to introduce numerous desir-
able phenomena in machine, mechanical and structural elements, thus improving
contact between parts, reducing wear or even obtaining self-cleaning objects
(Barthlott and Neinhuis 1997; Groenendijk 2007). However, the process of intro-
ducing desired roughness on the surfaces of man-made objects is still mainly linked
to carrying out machining operations, laser processing or chemical attacks. In all
these cases, post-processing operations can be difficult to control, and it would be
very positive to directly impose special topographies from the design stage.

During the last decade, increasing attention has been paid to using fractals for
promoting modelling, design and simulation tasks in several areas of biomedical
engineering; some of them also linked to the development process of novel biode-
vices. The most remarkable ones include:

* Modelling the behaviour of microorganisms. Several studies have been reported
on the use of fractal models for describing the growth and expansion rate of bac-
teria and for evaluating the dynamics of coexisting species of microorganisms
(Tsyganov et al. 2007).

* Modelling complex organisms and their systems. Regarding complex organisms
(including human anatomy), fractals have been applied to modelling systems of
pulmonary and blood vessels and vascular networks as well as for carrying out
subsequent fluid mechanics simulations (Lin et al. 2004).

* Modelling the surfaces of organs and tissues. Recent interest has appeared in the
use of fractals for mimicking the surfaces of organs and tissues and thus improv-
ing the designs and in vivo performance of several prosthetic devices (Longoni
and Sartori 2010).

* Designing biomimetic biodevices, such as scaffolds for tissue engineering or
prostheses with improved tribological properties (Diaz Lantada 2010a, b, and c;
2012a, b).

In fact, very recent interest has appeared in the use of fractals for mimicking the
surfaces of organs and tissues and thus improving the designs and in vivo perfor-
mance of several prosthetic devices, although some limitations linked to the design
procedure still have to be overcome.

The processes explained in this chapter allow defining and controlling the texture
and roughness of surfaces from the design stage, with help of computer-aided
design tools. Its application to obtaining biomimetic surfaces based on different
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fractal models, with further application in the development of scaffolds for tissue
engineering and biomimetic surfaces with enhanced tribological behaviour (super-
hydrophobic and super-hydrophilic, among others), is also detailed

The mentioned computer-aided designs, together with additional calculation and
manufacturing technologies, (the already-explained CAD-CAE-CAM), have
become essential tools for developing products and have important impact on the
development of these kind of fractal-based biodevices, as described here and further
discussed in Chaps. 10, 11, 12 and 14.

Next section details some adequate fractal/non-Euclidean models for their appli-
cation in further design tasks linked to biodevices. The whole process including
application to concrete biodevices and final manufacture is additionally detailed
towards the end of this chapter.

6.3 Useful Fractal Models for Designing Biodevices

We propose and explain in this section the use of mathematical fractal models for
designing the complex and highly irregular surfaces of biomimetic objects. In this
way, parameters such as roughness, waviness and skewness can be controlled from
the design stage and adapted in a more efficient way to the requirements of final
application.

Final multi-scale surface z(x,y) can be considered as the sum of two different
surfaces (z_ (x,y) for the micro-texture and z_(x,y) for the nano-texture), each pro-
viding a relevant component at a different scale level. Fractal models can be applied
to controlling both the micro- and nano-texture or just for providing a micro- or
nano-texture upon an already available geometry (planar of wavy surfaces in some
of the following examples).

Therefore, this proposed process offers the possibility of tailoring the surface
micro-/nano-texture (in combination with adequate manufacturing technologies)
for inducing important contact phenomena, such as super-hydrophobicity/super-
hydrophilicity, enhanced osseointegration and improved lubrication.

The following designs of surfaces and substrates, as a basis for further design of
prostheses and biodevices, are based either on static or on dynamic models. The
static models used here included fractional Brownian fractal surface models and on
Mandelbrot—Weierstrass equations, while the dynamic models are developed upon
Kardar—Parisi—Zhang and Langevin equations.

Information regarding the different terms of such equations and main design
parameters is included further on, even though more precise details can be found in
relevant references of the field of fractal geometry (Weierstrass 1886; Mandelbrot
and Van Ness 1968; Mandelbrot 1983; Berry and Lewis 1980; Kardar et al. 1986;
Falconer 2003; Coffey et al. 2004).


http://dx.doi.org/10.1007/978-1-4614-6789-2_10
http://dx.doi.org/10.1007/978-1-4614-6789-2_11
http://dx.doi.org/10.1007/978-1-4614-6789-2_12
http://dx.doi.org/10.1007/978-1-4614-6789-2_14
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6.3.1 Designs Based on the Combination of Mandelbrot-
Weierstrass Equations

Several formulations of the basic Mandelbrot—Weierstrass equation can be used for
obtaining fractal geometries. In our case, we detail in the following pages the influ-
ence of parameter change for the two formulations included below, one using prod-
uct of summatories and the other using sum of summatories.

Even though fractals usually have a recursive definition, infinitely complex, nat-
ural fractals can be modelled by limiting such definitions to a finite extent. In the
cases here exposed, such limitation consists of programming the process for obtain-
ing the matrix of heights Z(x,y), stopping the summatories when a finite number
n=k is reached. Otherwise an infinite loop would appear and computation would
lead nowhere.

Hence, each value z(x,y) is obtained by using the following expressions, but
limiting the number of terms of the summatories to n=100, even though lower val-
ues, even with n~ 10, can be also adequate for obtaining fractal surfaces if our
computation resources are more limited. Once the matrix with surface point coordi-
nates is obtained, the Matlab “surf” command helps to represent it. Some additional
details on computation can be found by having a look at the Matlab (The Mathworks
Inc.) code of the different programmes included in the Annexes of the handbook.

cos(2my" x) <= sen(2mwy"y)
Z(-x7y) = AD IE (2 D)n 2 (2 D)n
n=1

= cos(2my " x) i~ sen(2my"y)
Z(X,Y)=AD IZ?DY)""'BD 12 (2.02:

n=1 n=1

A = constant
B = constant
1£D=2
ry=1

neN

In such expressions, A and B are constants, normally for scale adaptation, and D
and vy are also constants for tuning aspects such as roughness or fractal dimension.
The following Figs. 6.1-6.6 show the effect of parameter change on surface texture
and morphology. Depending also on the square grid used, more or less “spiky” sur-
faces can be obtained. In any case, design should be always made on the basis of
final application, that is, if the final device is going to interact with cells, details
should be needed in the range of tens of microns, while if final device is intended to
promote additional antibacterial or special tribological properties, details in the
range of hundreds of nanometres may be needed.
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6.3.2 Designs Based on Fractional Brownian Models

Fractional Brownian fractal surfaces have proved to be very adequate for modelling
the micro-textures of natural surfaces (Mandelbrot 1983; Falconer 2003) and their
application to biodevices, such as scaffolds for promoting cell growth, and the
beginning of tissue formation has been already validated by our team (D{az Lantada
2012a).

Further studies linked to its application to the design of alternative biodevices for
several applications, such as promoting osseointegration of implants and especial
contact phenomena, should be addressed and the following explained design proce-
dure may be consequently of help.

The following equation gives the height “z” of the mentioned fractional Brownian
fractal surfaces, when assessing the function over a grid of points given by their
(x,y) coordinates. The model uses several random functions A, B, C), several
control constants (A, o, m) and an initial height function *“z;” can also be
introduced:

2(x,y)=z,+ i Ck%"’“°sin(/”tk [xecos(B,)+ yssin(B,)+ A1)

k=1

Figure 6.7 shows the result of evaluating a fractional Brownian fractal function
over a grid of 60x60 points (corresponding to a scaffold of 30 mmx30 mm) and
the influence of introducing changes in the control parameter “o”.

In this example, we use a planar surface (z,=0) as basis for the fractal, although
multi-scale-based design approaches may wish to combine, for instance, an initial
surface with micrometric features, upon which fractal nanometric details are applied
or even combinations of fractal surfaces with different levels of detail.

Upper image of Fig. 6.7 corresponds to a=0.8 (fractal dimension around 2.2
with maximum roughness depth reaching 1.2 mm), and lower image of Fig. 6.7 cor-
responds to a=0.2 (fractal dimension around 2.8 with maximum roughness depth
reaching 2.5 mm). Even though we are referring in this example to a mm X mm X mm
scale, it is important to note that the matrixes obtained give just numerical values
and, depending on final application, we can focus on mm, microns, or nanometres.
In any case, we have to take into account the level of desired detail of the biostruc-
ture being mimicked and the level of detail subsequently attainable with final manu-
facturing technologies.

The calculations have been carried out with help of Matlab software (Mathworks,
version R2009) and the data obtained are stored in three-column matrixes [X, Y, Z].
The command “surf” helps to represent the surfaces linked to the mentioned
matrixes. Some additional details on computation can be found by having a look at
the Matlab (The Mathworks Inc.) code of the different programmes included in the
Annexes of the handbook, hoping it may be of help for carrying out future designs
of biodevices and medical appliances.
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Fig. 6.7 Fractal surfaces based on fractional fractal Brownian surfaces for further design of bio-
devices. Effect of parameter change: Upper image — a=0,8 leading to fractal dimension 2,2.
Lower image — a=0,2 leading to fractal dimension 2,8

6.3.3 Designs Based on (Evolutive) Kardar-Parisi-Zhang/
Langevin Models

These “evolutive” models, leading to similar results, start from a surface, whose
height at every point varies with time (z(x,y)=z(x,y,t)), what can be programmed
using height matrixes varying step-by-step. Equations governing such evolutions
are shown below for both models.
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Kardar—Parisi—Zhang model can be written down as:

z(t+dt) = z(t)+ %dt
ot
? = uV>z(F,0)+ A(Vz(Z 1))’ +n(%,1)

n(x,t) : Gaussian white noise.

p, A: Control constants.

For this model, two examples are provided in the following pages. Figure 6.8
shows its application starting from a planar surface z(x,y)=0, and Fig. 6.9 shows its
application starting from a wavy surface z(x,y)=sen(x) - sen(y). It can be appreciated
that the degree of fractality of irregularity increases with time and the adequate final
step for the simulation has to be adapted to the objective of final device. Otherwise
too low or too high roughness or inappropriate details could be obtained.

Langevin model can be written down as:

z(t+dt) = z(t)+ %dt
ot

’ az(axt, y) _ —VV(2)+ &)

&(1) : White noise.

v: Control constants.

V(z): A potential function of z(x,y).

Although these evolutive models can be used for design purposes, their actually
more relevant field of application is the modelling of corrosion or wear phenomena,
with impact on in silico assessing the service life of implantable devices as well as
the modelling of biological colonisation processes, in which the surface of an object
changes due to the appearance of microorganisms.

6.4 Design Procedure: From Fractal Models to CAD Files

Once the Matlab surfaces have been obtained, using some of the models previously
detailed or alternative ones, the related geometrical information can be stored in the
form of a [X, Y, Z] matrix and can be further converted into .stl or a similar universal
format, so that the surface can be recognised and imported with a CAD programme,
for additional design operations (i.e. providing the surface with a thickness different
to zero, copying the surface atop a previously designed geometry...).

Figure 6.10 shows the CAD model achieved after importing a fractal surface
from Fig. 6.7 with a CAD programme and extruding such surface for obtaining a
virtual prototype of a fractal scaffold and a fractal mould for mass production of
such scaffolds. The design process, including also advices for serial manufacture, is
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Fig. 6.8 Fractal surfaces based on Kardar—Parisi—Zhang/Langevin models for further design of
biodevices. Evolutive design starting from a planar surface: Fractal surfaces obtained after 1, 5 and
10 iterations (iteration step=0,1 s)



110 A.D. Lantada and J.C. Gil
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Fig. 6.9 Fractal surfaces based on Kardar—Parisi—Zhang/Langevin models for further design of
biodevices. Evolutive design starting from a wavy surface: Fractal surfaces obtained after 1, 5 and
10 iterations (iteration step=0,1 s)

currently patent pending (Dfaz Lantada 2010a, b, and c, Spanish Patent and
Trademark Office P201030957 document).

Some additional biodevices based on this process for fractal-based biomimetic
design, including scaffolds for cell growth and tissue engineering-related procedures,
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Fig. 6.10 Scheme for fractal-based biomimetic design of biodevices (Patent pending: Spanish
Patent and Trademark Office P201030957)

as well as microsystems for studying cell motility can be found in Chaps. 10, 11 and
12, when focusing on the manufacture of biodevices with micro- and even
nanofeatures.

Until now the chapter has focused on the design process of biodevices based on
fractal surfaces, thus leading to textured devices but with an overall geometry
clearly “planar”, which may be somehow limited for obtaining three-dimensional
implants and prostheses.

Fractal models may also be of help for reproducing the spatial morphology of
tissues and organs and for providing a way of controlling aspects such as porosity,
surface/volume ratio, stiffness..., which are decisive for promoting some chemical
reactions and biological processes.

We would like to introduce here the use of “fractal spheres” or “fractal seeds”,
whose distribution for filling the 3D space and subsequent Boolean combination
with the solid object of a prosthesis, organ or structure can lead to three-dimensional
porous structures for being used as support for 3D cell growth, both in tissue engi-
neering and in the novel field of biofabrication.

The process is schematically described in Fig. 6.11 and is based on combining
“fractal spheres”, which can be defined by the equations detailed below. A fractal
sphere, by adapting the definition of fractional Brownian fractal surface, can be
defined by an almost randomly changing radius in the form:

r(X) =1+ Co A% esin(A s [+ A,)
k=1


http://dx.doi.org/10.1007/978-1-4614-6789-2_10
http://dx.doi.org/10.1007/978-1-4614-6789-2_11
http://dx.doi.org/10.1007/978-1-4614-6789-2_12
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Fig. 6.11 Scheme for fractal-based design of structures for biofabrication (Patented process:
Spanish Patent and Trademark Office P201030957)

Such expression describes the fractal sphere radius as a function of the position
vector (X ) of each point of an initially regular spherical mesh (as can be obtained
for instance with the “sphere” command of Matlab).

Applying the expression to the initially regular sphere, the initial radius 1, is
forced to change by the summatory of terms including random functions (4,, C))
and control parameters (o, A). The summatory must again be limited, so as to avoid
an infinite loop, but the approximate fractal sphere obtained may well be of use for
several applications.

Additional details on the computation of fractal spheres can be found by having
a look at the Matlab (The Mathworks Inc.) code of the different programmes
included in the Annexes of the handbook.

Similar and novel ways of extending the texturisation process, based on fractal
biomimetic models, to the external features of several prostheses and to the features
of tissue engineering scaffolds may promote interesting biological phenomena. The
progressive incorporation as an additional command (i.e. “apply roughness” or
“apply fractality”) to conventional CAD programmes is also matter of research.

Of course these complex geometries can be even impossible to manufacture with
conventional subtractive procedures, due to their inner porosity, irregular features
and fractality. Some advices linked to manufacture of fractals and fractal-based
designs are provided in the following section.

Alternative uses of such fractal spheres and fractals applied to modifying the
surfaces of three-dimensional objects are also linked to conventional prostheses, for
instance, for trying to provide additional roughness and increase friction coefficient
and for the promotion of primary stability and subsequent osseointegration, and also
promoted by textures and edges to which osteoblasts typically attach properly.
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Fig. 6.12 Biomimetic micro-textured fractal-based design of the acetabulum of a hip prosthesis
for improved primary stability and osseointegration

Fig. 6.13 Manufacture of fractional Brownian fractal surfaces, with the help of laser stereolithog-
raphy (3D Systems), with different fractal dimension

Figure 6.12 provides an additional example linked to the design of the outer
surface of the acetabulum of a total hip prosthesis. Inner part of the acetabulum is
normally manufactured using UHMWPE (ultra-high molecular weight polyethyl-
ene), a polymer with a very low friction coefficient, to promote low friction and
wear, when the head of the femoral component slides inside the acetabulum.

However, the outer surface of the acetabulum is in direct contact with patient’s
bone, and sometimes metallic or ceramic coating or covers are used for helping
proper attachment to bone. A possible alternative is depicted in Fig. 6.13, as a fractal
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sphere based on fractional Brownian fractal models, whose “spiky” features can
promote such anchorage to bone and help with primary stability, when the patient is
recovering from surgical intervention.

Some additional possibilities more linked to the biomimetic design of biological
systems and structures are provided in Chap. 14, when explaining the importance of
biomimetic design inputs for promoting relevant advances in the field of
biofabrication.

We have focused here on the use of fractals for the design of irregular complex
surfaces and of fractal three-dimensional objects such as spheres, perhaps not hav-
ing adequately focused on linear fractal models, as they are easier to generate and
widely covered in the literature and websites.

In fact fractal paths and related models (diffusion limited aggregation, lattice
random walks, random branching processes, among others) can be also helpful for
several tasks linked to biomedical engineering and have great potential for the
development of microsystems, lab-on-a-chip devices and appliances linked to tissue
engineering and cell motility studies (prototypes for electrophoresis, prototypes
with controllable capillarity), as further discussed in Chap. 12, when focusing on
micro-manufacturing technologies and related photolithographic approaches.

In the near future, biofabrication (see Chap. 14) will also benefit from CAD
designs based on fractal paths and similar models (i.e. branching processes for
mimicking bronchia and blood capillaries...) as well as from advances on high-
precision medical imaging technologies. Probably biomimetic approaches will
combine several disciplines, as mathematical modelling, computer-aided design
process and reverse engineering technologies (including the combined use of medi-
cal imaging and CAD), for providing more versatile solutions.

6.5 Manufacture of Fractal Geometries

We propose the use of the rapid prototyping technologies based on additive manu-
facturing approaches (see Chap. 10), for directly manufacturing fractal scaffolds
and related devices from the previously explained designs. Some enterprises already
provide their customers with rapid-prototyped biodevices; however, they are nor-
mally designed using conventional CAD design operations (holes, grooves, extru-
sions), and the related prototypes do not provide the desired complexity, when
trying to mimic the features of organs and biostructures.

The design and manufacturing approach proposed here provides additional
control tools and helps to obtain biomimetic fractal-based designs, which can be
directly manufactured. Figure 6.13 shows an example of physical prototypes of
fractal surfaces manufactured through laser stereolithography in epoxy resin
(Accura 60, 3D Systems), directly from the CAD file of the part. They have been
manufactured using the SLA-3500 machine from 3D Systems which can manufac-
ture details down to around 150 pm. Figure 6.14 shows the topography obtained, in
which the “layers” of the additive process can be appreciated.


http://dx.doi.org/10.1007/978-1-4614-6789-2_14
http://dx.doi.org/10.1007/978-1-4614-6789-2_12
http://dx.doi.org/10.1007/978-1-4614-6789-2_14
http://dx.doi.org/10.1007/978-1-4614-6789-2_10

Fig. 6.14 Surface topography of rapid prototypes based on designs with different fractal
dimension (From upper to lower image: 2.2; 2.4; 2.6; 2.8). Area measured 7 x5 mm?, courtesy of
Laser Centre at UPM
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Although the photopolymerisable epoxy resin used for these prototypes is not a
medical grade polymer, and therefore cannot be used for the manufacture of implant-
able devices, it is important to mention some recent advances in the development of
biocompatible photopolymerisable resins for several additive manufacturing pro-
cesses, whose accuracy is also noteworthy (even down to 0,1 pm), as well as the
possibility of using rapid-form copying processes replicating these geometries in
biomaterials. All these possibilities are covered in depth in Chaps. 10, 11 and 12,
providing examples or real biodevices with fractal-based designs.

It is important to note that using a layer manufacturing technology allows the
obtaining of very complex geometries, even with inner details and porosity, even
unable to be manufactured using other processes. Aspects like roughness, waviness,
skewness or fractal dimension can be precisely controlled from the design stage and
adapted in a personalised way to the requirements of the application.

6.6 Main Conclusions and Future Research

The possibility of designing parts with surfaces mimicking those from natural
organisms, thanks to the incorporation of fractal models to the design procedure
(see Fig. 6.15 below), can prove to be of great value for incorporating advanced
contact phenomena into devices for several industries, thus promoting interactions
with surrounding elements (if the part is integrated within a complex device) or tis-
sues or organs (in the case of an implant).

Among most promising applications, we would propose to focus in the near
future on the design of implants with optimised biocompatibility, devices with
self-cleaning properties, devices with ad hoc improved hydrophobicity or

Surface mathematical model:
Regular suface for micrometric details and
Fractal surface for nanometric irregularities

Matrix generation with X, y, z coordinates

Conversion from math software to .stl file

Conversion from .stl to solid CAD file

Fig. 6.15 Process scheme of

biomimetic design based on Advanced FEM Rapid
fractal surfaces (Spanish biomimetic Calculations manufacturing
patent document OEPM designs & Advanced  of prototypes

P20103947) simulations
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hydrophilicity, scaffolds for cell and tissue growth and prototypes for research
linked to tribological phenomena, including adhesion, lubrication, friction and
wear. Some of these examples are further studied and validated in forthcoming
chapters.

In addition, combining novel advances in micro-CT and medical imaging soft-
ware (i.e. Mimics, Materialise NV) for obtaining precise CAD data of organs and
biostructures (Shi et al. 2008; Guo et al. 2010), with the possibility of incorporating
even nanometric, can be of great help for research, not only linked to the enhanced
modelling of biosystems but also to the final development of implants with highly
relevant special features.

In some cases, a combination of regular surfaces, for describing the micrometric
structure, and an additional fractal component, for providing the final nanometric
details, can be used for multilevel biomimesis of biological systems and of the
devices designed to interacting with them.

Regarding the manufacture of fractal surfaces, our previous research has helped
to validate the use of rapid prototyping for obtaining physical prototypes with
details in the range of 0.3—4 mm (D{az Lantada 2010a, b, and c; Diaz Lantada et al.
2012a, b); a couple of examples have been treated here and some additional ones are
included along the handbook. The manufacture of more precise geometries can be
accomplished by using some of the additive manufacturing technologies described
in Chap. 10, which also includes some additional examples with details in the range
of 25-100 pm.

The different fractal surfaces and spheres described in this chapter serve as a
basis for designing several biodevices and microsystems for studying cell-scaffold
interactions, analysing micro-fluidic effects and developing lab-on-a-chip devices,
among other direct applications.

However, further research efforts have to focus on the application of these fractal
geometries upon all kinds of 3D surfaces. It would be very beneficial to incorporate,
in conventional CAD resources, a new “fractal” command, capable of applying a
desired roughness to the surface of an already designed 3D geometry or aimed at
controlling its final fractal dimension.
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Chapter 7
Porous and Lattice Structures for Biodevices
with Advanced Properties

Andrés Diaz Lantada and Juan Carlos Alvarez Elipe

Abstract During their development, biological systems have to continuously work
with a limited amount of energy, and, therefore, their own materials and structures
are built trying to maximise the resistance-weight relationship, which leads to
finally obtaining porous or hollow materials and structures.

Biomimetic design of medical appliances and biodevices can be promoted by
using conventional or novel computer-aided design software, staring from solid
models and systematically eliminating material from such solid parts, for instance,
using Boolean subtractive operations with 3D sphere matrixes or cubes. Hollow
biomimetic structures can be also designed in an additive way, firstly by obtaining a
lattice cell unit, repeating such cell unit for filling the space and using Boolean
intersections using solids with the desired final part external geometry.

Using the mentioned approach, materials and structures can even be tailored ad
hoc for final application, including precise control of density, Young modulus,
Poisson ratio (even with negative values by using auxetic structures) and others,
with results very adequate for designing prostheses with mechanical features
adapted to those of human body, in order to limit negative phenomena like stress
shielding and bone resorption.

This chapter provides examples of both approaches, linked to prostheses design
and tissue engineering, comparing the advantages and disadvantages of porous,
lattice and auxetic structures and discussing main additional resources for simplify-
ing the whole process. Production of these complex porous, hollow and lattice
structures is also discussed, as it would have been thought impossible just a couple
of decades ago. Novel advances on “layer by layer” or “additive manufacturing
technologies” can be used for its automated production, as additionally explained in
forthcoming chapters.
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7.1 Brief Introduction to Porous and Lattice Materials
and Structures (Metamaterials) in Bioengineering

Metamaterials are artificial materials engineered to have properties that may not be
found in nature or only in strange and expensive materials. Metamaterials usually
gain their properties from structure rather than composition, using small inhomoge-
neities or usually based on the periodic repetition of a unit cell, to create special
macroscopic behaviours (Capolino 2009a).

Most current applications of metamaterials are oriented to the development of
devices for controlling electromagnetic waves in the fields of optoelectronics and
electronic engineering. Photonic crystals, plasmonic structures and sensors, super-
lenses, light cloaks and frequency selective surfaces, among other applications, ben-
efit from ad hoc designed or engineered metamaterials, whose performance depends
on the designed periodic structure, much more than on their chemical composition
(Capolino 2009b).

In more traditional engineering fields, such as mechanical and aeronautical engi-
neering as well as architecture, metamaterials are used for improving mechanical
characteristics, by adequately designing and manufacturing porous or lattice struc-
tures, with results that are also highly beneficial for the development of several
biodevices linked to biomedical engineering, as the present chapter details.

For example, the use of porous materials for product design and the use of lattice
structures in architecture are normally aimed at obtaining much lighter structures,
with remarkable relationships between Young modulus and overall density and
between resistance and weight, either for less energy consumption during perfor-
mance or for enhancing long-term performance.

In a similar way, biological systems, as they have to manufacture their own mate-
rials and structures and subsequently endure their weight, both tasks being highly
expensive in energetic terms tend to optimise the relationship between resistance
and weight, and porous materials structures (trabecular bone, natural foams) and
lattice structures (supporting skeletons or exoskeletons) provide very often optimal
solutions.

Novel advances in computer-aided design and engineering (covered in Chaps. 4
and 8) and in solid free-form fabrication (detailed in Chap. 10) offer designers and
engineers the possibility of constructing a wide set of cell units for subsequent peri-
odical reproduction, so as to obtain all kinds of imaginable metamaterials, with
mechanical properties tailored to the requirements of final applications.

In the field of biomedical engineering, the use of metamaterials is relevant for
developing novel scaffolds and cell sheets for tissue engineering (for instance, based
on auxetic geometries for avoiding wrinkles when stressed), for obtaining light
(porous or lattice) prostheses with improved resistance-weight relationship, for
developing minimally implantable devices (with the help of lattice auxetic geome-
tries), among other highly innovative solutions, as explained in the next sections
including some case studies.
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7.2 Design of Porous and Lattice Structures for Biodevices:
Boolean Operations and Special Resources

The design of porous and lattice structures with the help of CAD resources is in fact
simple and rapid, once a couple of operations are adequately combined. In fact the
introductory examples provided in the present handbook as a way of showing the
capabilities of CAD programs (see Sect. 4.4) are linked to porous and lattice
structures.

The process, for lattice structures, normally includes combination of solid opera-
tions (cylinders, piles, etc.) for obtaining a unit cell and pattern or periodic replica-
tion of such solids and unit cells. Intersecting the obtained lattice with a solid
implant leads to final device. In the case of porous structures, the process instead of
additive is subtractive. It normally begins with a cube, from which smaller spheres
and cubes are usually subtracted. The porous structure (or metamaterial) obtained
can additionally be intersected with the geometry of a solid prosthesis, for finally
obtaining a porous implant. Both processes are schematised in Fig. 7.1 included
below.

Even though all conventional CAD programs already commented (Solid Edge,
NX-8.0, Catia v.5, Solid Works, Autodesk-Inventor, etc.) include several operations
for designing unit cells and replicating them, for applying pores to solid objects and
Boolean operations for applying an outer geometry to a lattice structure, novel CAD
resources are being specifically developed for promoting the application of meta-
materials to product development.

Among ad hoc CAD software oriented to the design of lattice and porous struc-
tures, for improved control of aspects such as density, stiffness and resistance of
final geometries, we would like to cite “Within” (www.within-lab.com) and also
“Netfabb” (www.netfabb.com), as the most advance ones and with direct applica-
tion in biomedical engineering.

Recent advances in topological optimisation, a mathematical approach that opti-
mises material layout within a given design space, for a given set of loads and
boundary conditions, are also helpful for deriving into lattice and porous structures
and progressively being incorporated to conventional CAD resources (Bendsoe and
Sigmund 2003; Schramm and Zhou 2006).

Figure 7.2 provides some examples of cubic lattice structures with different den-
sity and stiffness due to different geometrical configurations. They have been
designed with the help of a NetFabb 30-day trial version available at www.netfabb.
com. From the different available software for designing lattice structures, surely
NetFabb offers the best quality/price relationship, with the licence from its basic

Design of Periodic Design of Boolean
Fig. 7.1 Schematic unit cell replication solid object operation
processes for designing

biodevices with lattice and Solid Type of Periodic pore Boolean
porous structures object pore distribution operation
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Fig. 7.2 Example of bidimensional and three-dimensional auxetic structures

product “NetFabb Studio” starting from 699€. Such a competitive price can indeed
be strategic for their software being used as support for teaching-learning tasks in
universities and research centres. Their website includes support for research proj-
ects and services for converting solid .stl files into lattice structures and also subse-
quent 3D printing of prototypes.

A main alternative, also ad hoc oriented to the development of lattice structures,
Within (www.within-lab.com) is also useful for designing implants with improved
stiffness versus density, although basic licence starts from £3.000 and a licence with
FEM simulation capabilities is around £20.000, going up to £30.000 if geometrical
optimisation is included. Less specific but much more versatile and widespread,
CAD-CAE software, such as NX-8.0 Siemens PLM Solutions, offer complete
design and simulation resources (including static, dynamic, thermal and fluidic
simulations) for less than 4.000€.

After the three-dimensional space is filled with the lattice or porous structure of
a metamaterial, with adequately engineered properties for final application, the use
of Boolean operations (in this case intersection) with the CAD design of a solid
prosthesis can lead to special implants as those shown in Fig. 7.3.

The use of FEM (finite element method)-based simulations (as detailed in Chap. 8)
helps to predict in silico how a biodevice will behave in vivo, which has several
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Fig. 7.4 Examples of FEM-based simulations for analysing the stress, strain and displacement
fields in different lattice structures under service loads

advantages including schedule and cost optimisation and a very relevant reduction
of the number of trials using animal models required for placing a novel implant
into market. Such simulations, among other studies, can help to assess the mechani-
cal stiffness of different geometrical configurations, in this case different lattice
structures, so as to assess those most adequate for mimicking the properties of bone
or related organs or biostructures that will interact with the implant.

Figure 7.4 provides a brief comparison between two lattice/porous structures,
showing the results of stress fields, mapped on the deformed structures, after load-
ing them uniaxially. In both cases the maximum stresses obtained under the applied
loads would be in the range of 10—15 MPa, what would not suppose any problem for
a conventional polymeric material, as has been here selected.
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The apparent stiffness of such lattice structures can be also obtained and the dif-
ferent structures represented in form of Ashby’s diagrams showing, for instance,
adimensional apparent Young modulus (effective Young modulus/Young modulus
of the bulk material) versus adimensional apparent density (effective density/den-
sity of the bulk material).

Such graphics or diagrams (grouping materials by families and subfamilies) pro-
vide a very useful tool for material selection processes, in parallel to the whole
product development, helping to consider different factor to be optimised, such as
stiffness, resistance, weight, cost and manufacturability, among others (Ashby and
Jones 1996, 1998; Ashby 2005).

It is also relevant to cite the development of material selection software based on
the Ashby’s methodology for helping engineers and designers to handle these infor-
mation and graphics in an easier way. The mentioned software is commercialised
under the name “CES Selector” by Granta (www.grantadesign.com), and several
teaching resources and professional packages oriented to different industries,
including the medical device industry, are offered.

The combination of CES Selector with more specific databases of material prop-
erties, for example, “CampusPlastics” (www.campusplastics.com) for polymer
technology, can be a source of valuable information for novel product development
projects, even though quality control and verification through personal trials that the
materials provided by the suppliers fulfil specifications is always a very advisable
procedure.

In many cases, in projects linked to medical devices, novel or special functional-
ities are provided by the use of recently discovered biomaterials, what normally
requires special attention to characterisation tasks for obtaining the valuable infor-
mation needed for the design process.

7.3 Design of Lattice Auxetic Structures and Devices:
Application to Expandable Devices

When a material is stretched, there is normally an accompanying reduction in width,
normally linked to mass conservation. A measure of this dimensional change can be
defined by Poisson’s ratio, v=—dslmm/d8axial, being € e and € i the transverse and
axial strains when the material is stretched or compressed in the axial direction. In
a more general case, Vi is the Poisson ratio that corresponds to a contraction in
direction “j” when an extension is applied in direction “i”.

For most materials this value is positive and reflects a need to conserve volume.
Auxetic materials (or metamaterials) are those with a negative Poisson ratio (NPR)
and display the unexpected property of lateral expansion when stretched, as well as
an equal and opposing densification when compressed (Lakes 1987; Evans 1991;
He et al. 2005; Liu and Hu 2010). Natural (some minerals, skins, etc.) and man-
made (foams, Gore-Tex®, polymeric foams) auxetics have been described, and
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very special attention is being paid to the development of auxetic structures designed
and controlled on a molecular scale (Griffin et al. 2005).

Auxetic geometries are being progressively employed in the development of
novel products, especially in the fields of intelligent expandable actuators, shape
morphing structures and minimally invasive implantable devices. Regarding smart
actuators based on an auxetic structure, it is important to cite some recent progress
linked to auxetic shape-memory alloys (SMA) for developing deployable satellite
antennas (Scarpa et al. 2010) and some research on the characterisation of polyure-
thane foams with shape-memory behaviour and auxetic properties, promoted thanks
to several post-processing stages (Bianchi et al. 2010).

In the area of medical devices, recent research has also assessed the behaviour of
a few auxetic geometries for implementing expandable stents (Tan et al. 2011), and
their application to other implantable biodevices is clearly a matter of research.

The use of auxetic devices in the biomedical field is started to be assessed as use-
ful for the following possibilities:

* Adapting the stiffness of prostheses to that of tissues and organs with which the
biodevice will interact, for promoting more adequate contact phenomena and
minimising stress shielding and related aspects as bone resorption

* Improving implantability of biodevices and promoting minimally invasive surgi-
cal procedures, as explained towards the end of present section

* Obtaining sheet structures for cell growth that do not let wrinkles appear when
stressed, helping implanted tissue to progressively grow and adapt

Figure 7.5 provides a brief extract from a CAD library recently developed by our
team, aimed at providing auxetic cell units for complementing future design inno-
vation tasks linked to their application to implantable devices and scaffolds for tis-
sue engineering (Alvarez Elipe and Dfaz Lantada 2012; Alvarez Elipe 2012). Some
examples of 2D and 3D auxetic structures or metamaterials are provided.

Based on the computer-aided design files, structural calculations using the FEM
method can allow us to estimate the Poisson modules and compression ratios of the
auxetic structures, even from the design stage. Aspects such as stiffness and density
can also be assessed rapidly.

Additional information regarding the FEM-based simulation (elements used,
loads and boundary conditions applied) of these and several more structures,
together with a comparative study considering stiffness, density, maximum com-
pression ratio and Poisson ratio, can be found at our more specific report on auxetic
geometries (Alvarez Elipe and Diaz Lantada 2012; Alvarez Elipe 2012), even
though it is not so aimed at medical devices as present section.

Once obtained, CAD files can be also manufactured for carrying out in vitro and
in vivo trials, following the approach mentioned in Sect. 7.4.

As previously introduced, these auxetic structures have also remarkable potential
for the development of implants and medical devices for promoting minimally inva-
sive surgical procedures. A minimally invasive medical procedure is defined as one
that is carried out by entering the body through the skin or through a body cavity or
anatomical opening, but with the smallest damage possible to these structures. The
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Fig. 7.5 Example of bidimensional and three-dimensional auxetic structures

benefits are very relevant, as patients suffer less during the intervention and recover
much more rapidly and with a lower risk of postsurgical complications.

However, for promoting such procedures, implantable medical devices have to
be adapted to them, what often involves designs with bistable (open/closed, com-
pressed/expanded) structural configurations or designs including some kind of actu-
ator for introducing and placing the device (laparoscopy, arthroscopy, other catheter
based techniques, etc.), near to the organ or biological structure under repair, and
subsequent deployment for final attachment.

Many of these minimally invasive surgical solutions incorporate or are based on
the use of “intelligent” or active materials, capable of responding to external stimuli
in a controlled way by changing some of their properties, appearance or geometry.

For example, some materials such as shape-memory alloys respond with struc-
tural modifications to temperature changes, what has been applied to the develop-
ment of auto-expandable stents, devices for treating some septal defects (problems
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in the walls dividing right and left heart cavities), intelligent catheter tips or even
artificial prostheses for heart valve treatment or replacement, among other interest-
ing examples, all of them promoting minimally invasive surgical procedures (Diaz
Lantada 2012).

Similar solutions can be also combined with the advances provided by auxetic
geometries, and it would be interesting to study the use of shape-memory materials
auxetically structured for obtaining morphing structures and deployable actuators
with thermal activation.

Explained below is the design process of two implantable devices, an annulo-
plasty ring for treating mitral valve insufficiency and an expandable stent for cardio-
vascular pathologies, both of them based on an auxetic structure that simplifies the
training process for obtaining a reduced geometry for easier implantation. In con-
ventional devices, such process for obtaining a reduced geometry requires simulta-
neous actuations in different directions, normally by means of additional
workbenches and tools.

However, by using an auxetic structure, the size reduction process is simplified,
as just by applying a uniaxial compressive force, geometric reductions in different
directions are obtained.

For the annuloplasty ring a 3D auxetic structure has been used, and for the stent
a 2D auxetic structure, rolled over itself, has been applied. The design process and
the use of FEM simulations for in silico validating this kind of applications are
detailed further on.

Figure 7.6 shows the design process followed to obtain an auxetic annuloplasty
ring. The process begins with the design of a solid annuloplasty ring, in a similar
way to those exposed in Chaps. 4 and 5. A spline can be constructed as basis for the
solid ring, either “point by point” or “through table”. After the mentioned spline is
obtained, a point of the spline is selected, and a reference plane, normal to the spline
and containing such point, is constructed.

A 2,5-mm circumference contained in the reference plane and with centre on the
intersection point between plane and spline is then drafted. By using the “sweep”
command, the circle is made to follow the whole spline, hence leading to final solid
annuloplasty ring.

In parallel, a 3D auxetic is constructed (based on the auxetic design from the
middle image of the bottom row of Fig. 7.5) filling a cube with dimensions exceed-
ing those from the annuloplasty ring. An intersection is carried out between the
solid annuloplasty ring and the auxetic structure for leading to final part with aux-
etic lattice structure. Figure 7.6 represents different views of the mentioned prosthe-
sis. Future studies will be linked to its manufacture by means of solid free-form
fabrication (additive manufacturing), so as to validate the auxetic behaviour.

Included below, Fig. 7.7 shows the design of an auxetic stent based on chiral
geometries similar to those of middle row of Fig. 7.5. In this case a bended unit cell
was designed and replicated by means of translations and circular patterns for
obtaining final 3D part. Also included in Figs. 7.7 and 7.8 are the results of FEM
simulations used in silico validating the auxetic behaviour (more details about this
kind of simulations can be found in Chap. 8).
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Fig.7.6 Application of Boolean CAD operations for obtaining an implantable device with auxetic
geometry starting from an original solid model. The example is linked to the development process
of an annuloplasty ring for mitral valve with enhanced implantability, thanks to the auxetic proper-
ties of its structure

Fig. 7.7 Auxetic stent: CAD
design and finite element
method simulation of uniaxial
compression for obtaining a
reduced size with enhanced
implantability
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Fig. 7.8 Results from FEM simulations: strains (left) and stresses (right) linked to radial displace-
ments when the auxetic stent is compressed longitudinally

In this simulation example, a polymeric material has been selected and the geom-
etry has been meshes with 10-node 3D tetrahedrons. Vertical displacement has been
restricted in the base of the stent, and progressive vertical (‘-z” direction) displace-
ments have been imposed on the upper part of the stent, so as to analyse the effects
of uniaxial compression. The results show a clear auxetic behaviour, as the prosthe-
sis deforms in radial direction towards a reduced geometry. The stresses obtained
are at every moment below 5 MPa, which according to the simulations provides a
safety coefficient of around 3-5.

This in silico validation through FEM-based simulations constitutes the first vali-
dation step towards obtaining finally implantable devices. The whole process is
explained in more detail in Chaps. 15 and 17. In short, simulations are a great help
with design validation, but the continued use of prototypes along the whole devel-
opment process is even more useful, especially since rapid prototyping technolo-
gies, based usually on additive manufacturing approaches and directly linked to
CAD programs, provide a very easy an rapid way of obtaining several prototypes
for systematic trials.

Next section provides some introductory aspects linked to the manufacture of
complex geometries and its application to auxetics, as well as some indications for
carrying out in vitro trials for validating the auxetic behaviour and for helping to
reproduce the ideal boundary conditions used in the FEM-based simulations (i.e.
restriction of the longitudinal displacements at the base of the stent, while the dis-
placements in transversal directions are completely free) in a real workbench. The
mentioned complete freedom of some freedom degrees is sometimes difficult
indeed to obtain, which can reduce the success of some designs that would work
very properly in ideal conditions.


http://dx.doi.org/10.1007/978-1-4614-6789-2_15
http://dx.doi.org/10.1007/978-1-4614-6789-2_17
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Therefore, the continued use of prototypes helps to analyse the important design
decisions in conditions more similar to those in service, under which final device
has to develop its mission.

7.4 Manufacture of Three-Dimensional Complex Structures
Based on Metamaterials

The complexity of metamaterials, including porous and lattice structures, as well as
auxetics, prevents them from being obtained by conventional subtractive manufac-
turing methods. Instead additive “layer-by-layer” processes are advisable for com-
plex geometries, typical of the bioengineering field, as Chap. 10 discusses in depth.
Figure 7.9 shows, as example, the application of additive manufacturing to the
manufacture of complex 2D and 3D auxetic geometries, what can be applied to
many of the porous and lattice structure previously analysed.

Fig. 7.9 Brief CAD library of 2D and 3D auxetic geometries and automated direct manufacture
of prototypes of auxetics by additive manufacturing, in this case using laser stereolithography
(SLA-3500 from 3D Systems) with epoxy resin


http://dx.doi.org/10.1007/978-1-4614-6789-2_10
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Table 7.1 Properties of the Accura® 60 epoxy resin

material used for prototype - 3
Density 1.21 g/em’

manufacture .
Tensile strength 58-68 MPa
Glass transition temperature 58-62 °C
Young’s modulus below glass transition  2,690-3,100 MPa
Hardness-Shore D scale 86

For beginning with the manufacture, the .stl files with the 3D virtual CAD
geometry of different auxetic designs were transferred to the laser stereolithography
SLA-3500 (3D Systems, 333 Three D Systems Circle, Rock Hill, SC 29730 USA)
machine with the help of 3D Lightyear TM for subsequent direct manufacture.
Different prototypes for further validation of the simulated auxetic behaviour have
been manufactured. The SLA-3500 system mentioned, which is available at the
UPM Product Development Laboratory, allows us to manufacture details down to
around 150 pm, although more recent studies linked to the development and pro-
gressive precision enhancement of micro-stereolithography are reaching features of
around 10-30 pm size (Varadan et al. 2001; Stampfl et al. 2008), which could pro-
mote similar developments of auxetics-based implants and auxetic-based actuators
oriented to the MEMS industry.

The prototyping process by stereolithography can be briefly described as fol-
lows. Laser stereolithography is an additive manufacturing process using a vat of
liquid UV-curable photopolymer or “resin” and a UV laser to build parts layer by
layer in an additive way. On each layer, the laser beam traces a cross-sectional part
pattern on the surface of the liquid resin. Exposure to the UV laser cures (and solidi-
fies) the pattern traced on the resin, causing it to adhere to the layer below.

After a pattern has been traced, the SLA’s elevator platform descends a single
layer thickness, typically 0.05-0.15 mm. Then, a resin-filled blade sweeps across
the cross section of the part, recoating it with fresh material. On this new liquid
surface, the subsequent layer pattern is traced and adheres to the previous layer.
A complete 3D part is formed by repeated iterations of this process. After manufac-
ture, parts are cleaned by immersion in a chemical bath (normally 1-2 min in iso-
propyl alcohol or acetone) and finally post-cured to improve their mechanical
properties in a UV oven for around 10-20 min, depending on the resin’s specifica-
tions (Wohlers 2010).

In this case, as in several trials along the handbook, epoxy resin Accura® 60 (3D
Systems, 333 Three D Systems Circle, Rock Hill, SC 29730 USA) was used as base
material for the auxetic structures, due to restrictions of the additive laser stereo-
lithography prototyping process also used. Isopropyl alcohol was used for cleaning
the prototypes once obtained. Detailed properties are included in Table 7.1, which
have also been used for the aforementioned simulations.
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Alternative additive manufacturing procedures may start from powder or solid
materials that, instead of being photopolymerised, can be sintered or fused layer by
layer obtaining a final part. The versatility of the approach is remarkable.

7.5 Main Conclusions and Future Research

During their development, biological systems have to continuously work with a
limited amount of energy, and, therefore, their own materials and structures are built
trying to maximise the resistance-weight relationship, which leads to finally obtain-
ing porous or hollow materials and structures. The design of prostheses, following
biomimetic principles, can also benefit from geometries similar to those employed
by biological organisms, and providing design procedures and resources with such
biomimetic objective in mind is highly relevant.

Metamaterials based on porous and lattice structures can be tailored ad hoc for
final applications linked to the development of novel products with special features,
including precise control of density, Young modulus and Poisson ratio (even with
negative values by using auxetic structures). Such property control results very ade-
quate for designing prostheses with mechanical features adapted to those of human
body, in order to limit negative phenomena like stress shielding and bone resorption
as well as to benefit from improved mechanical features and reduced weight.

This chapter has provided examples of both approaches, linked to prostheses
design and tissue engineering, compared the advantages and disadvantages of
porous, lattice and auxetic structures and discussed main additional resources for
simplifying the whole process.

Production of these complex porous, hollow and lattice structures has been also
discussed, as it has not been possible until just a couple of decades ago. Novel
advances on “layer by layer” or “additive manufacturing technologies” can be used
for its automated production, as has also been discussed and is additionally explained
in forthcoming chapters.

The case studies provided, linked to hip prostheses, annuloplasty rings and
expandable stents, cover applications linked to soft and hard tissue replacement and
give some indications linked to the use of metamaterials for obtaining improved
relationship between stiffness and for helping with recent surgical advances linked
to minimally invasive procedures.

More recent research has also been linked to obtaining pentamodes or fluidlike
solid structures (based on the periodic repetition of a special cell unit, being thus
metamaterials) (Kadic et al. 2012), whose applications in the bioengineering field
should be further studied.

High-precision additive manufacturing technologies, including direct laser writ-
ing or 3D nanolithography (i.e. NanoScribe GmbH), are already providing excellent
results, when obtaining metamaterials with unit cells sizes even below 1 um?® and
features (wall thicknesses, diameter of trusses, etc.) in the range of 100 nm, what
will prove especially beneficial in applications aimed at interacting at a cellular
level, mainly in the fields of tissue engineering and biofabrication.
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Chapter 8
Computer-Aided Engineering Resources
and FEM for Biodevices

Andrés Diaz Lantada

Abstract Computer-aided engineering (CAE) refers to the general use of software
to aid in engineering tasks, in its broadest sense even including computer-aided
design and computer-aided manufacturing; although in product design, CAD is
perceived as the starting point for designing a part, CAE involves the simulations
carried out upon a CAD part in order to verify geometries and materials, and CAM
is linked to the simulations realized upon a CAD part to prepare manufacturing
processes and to the automated control of machine tools during production.

Although CAE can involve the use of all kinds of software and computer-aided cal-
culations, in product development and linked to computer-aided design, such calcula-
tions are normally carried out by application of the finite element method (FEM), whose
generalization in the final decades of the twentieth century has been essential for pro-
moting the incorporation of CAE analysis tools together with CAD software packages.

Such method allows solving complex engineering problems by using a mesh
discretization of a continuous domain into a set of discrete elements (connected by
nodes) and by transforming initial partial differential equations as well as integral
equations into an approximate system of ordinary differential equations (forced to
be valid in the nodes) for final numerical integration. This method is especially well
suited for solving partial differential equations over complicated domain or geome-
tries, when the domain changes during the whole simulation, when the desired pre-
cision varies over the system under study, or when the solution lacks smoothness.

This chapter provides an overall introduction to the possibilities of CAE tools
and gives several examples of FEM simulations of different phenomena (including
mechanic, dynamic, thermal, and fluidic cases) for studying its effects on organs
and biostructures, medical appliances and biodevices in general, as well as the inter-
actions between implants and organism.
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8.1 Introduction to Computer-Aided Engineering (CAE)
and to the Finite Element Method (FEM)

Computer-aided engineering (CAE) refers to the general use of software to aid in
engineering tasks, in its broadest sense even including computer-aided design and
computer-aided manufacturing; although in product design, CAD is perceived as
the starting point for designing a part, CAE involves the simulations carried out
upon a CAD part in order to verify geometries and materials, and CAM is linked to
the simulations realized upon a CAD part to prepare manufacturing processes and
to the automated control of machine tools during production.

Although CAE can involve the use of all kinds of software and computer-aided
calculations, in product development and linked to computer-aided design, such
calculations are normally carried out by application of the finite element method
(FEM), whose generalization in the final decades of the twentieth century has been
essential for promoting the incorporation of CAE analysis tools together with CAD
software packages.

Such method allows solving complex engineering problems by using a mesh
discretization of a continuous domain into a set of discrete elements (connected
by nodes) and by transforming initial partial differential equations as well as inte-
gral equations into an approximate system of ordinary differential equations
(forced to be valid in the nodes) for final numerical integration. This method is
especially well suited for solving partial differential equations over complicated
domain or geometries, when the domain changes during the whole simulation,
when the desired precision varies over the system under study, or when the solu-
tion lacks smoothness.

The foundations of the FEM method are out of the scope of present handbook
and are well detailed in pioneer works elsewhere (Zienkiewicz et al. 2005). Being
a matrix-based calculation method, it is very adequate for programming, and
most engineers using FEM simulations resort to commercial software; although
for research tasks, it is also common that researchers themselves develop ad hoc
programs for their particular problems. In any case, through present handbook,
we will be using NX-8.0 (Siemens PLM Solutions) for design and FEM-based
simulation tasks.

When using software resources for FEM-based simulations, it is necessary to
understand the working methodology, divided into preprocessing, analysis, and
post-processing, as detailed below:

Preprocessing. s the stage focused on preparing the model, normally starting from
a previous CAD geometry. During this stage, the geometry is discretized into
elements and nodes (meshing), and the material and physical properties, as well
as the loads and boundary conditions, are applied.
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Analysis solver. Is the real computational stage, oriented to verifying the pre-
pared model and to developing the calculations (frequently iterative) and
finally storing the results from stresses, strains, displacements, temperatures,
flows, velocities....

Post-processing. Allows users to represent and study the solutions obtained, which
are normally represented upon the geometries of interest in form of colormaps,
each color showing a different level of stress, strain, displacement, flow, tem-
perature, velocity, among other results.

It is very relevant to note that “red” colors do not mean that a part is breaking and
“green” colors do not mean that a part is properly prepared for service. The color-
maps are just visual helps, and the actual values, for instance, of stress have to be
adequately compared to the values the material is capable to resist, so as to verify
which part is prone to failure in such simulated conditions, simulations which must
be somehow validated or verified.

Therefore, it is always very advisable to have a preliminary estimation of final
simulation results, possibly carried out analytically using simplified geometries, so
as to help verification during the post-processing stage (Diaz Lantada and Lafont
Morgado 2012).

Further detailed validation of simulation results, with the help of real trials car-
ried out using rapid prototypes and different characterization resources, is an excel-
lent way of increasing our confidence in simulation results and of helping with
optimization tasks.

It is also very necessary to note the importance of using a coherent units system
during the preprocessing stage, so that calculation leads to adequate results. In many
cases, when the post-processing stage represents “impossible” results, the actual
cause is linked to an incorrect use of units.

In the last decades, thanks to the progressive advances on CAD tools and to the con-
tinuous incorporation of novel simulation features for helping designers, many CAD-
CAE software offer very comprehensive FEM-based resources for studying different
physical fields (Lorenzo Yustos et al. 2010), as detailed in the following section.

8.2 Conventional CAE Software Modules and Tools

The different modules of conventional CAE software are oriented to solving the
most typical problems of engineering, normally linked to evaluating the mechanical
performance of a system, thermal, and fluidic phenomena that may occur during
service life, failure prevention, and overall optimization.

Stress calculation modules are the most used for solving static problems, as loads
(forces, pressures, accelerations) and boundary conditions (clamped, fixed displace-
ments, fixed rotations) can be defined and final results provide information on stress
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and strain fields, displacements, and even security factors if materials yield strength
is defined properly.

Dynamic response calculations are also possible, as most FEM-based simulation
software include modules for studying natural vibration modes and related frequen-
cies of parts and structures, so as to analyze which kinds of cyclic loads may pro-
mote resonance phenomena and improve service life of structures and mechanical
systems.

Thermal phenomena can also be studied with the help of the finite element
method, what is highly useful for analyzing the in-service behavior of mechanical
systems and structures and predicting the steady-state temperature field they can
develop, due to the heat coming from motors, installations, inner or outer phenom-
ena, fluids and other systems from the environment... as well as the transitory evo-
lutions of such heatings. Heat transmission through conduction, convection, and
radiation can be analyzed and normal results are temperature fields and thermal
fluxes. The temperature maps obtained can be also connected to mechanical simula-
tion modules, so as to analyze the mechanical effects of temperature changes.

Fluid simulations generally allow obtaining velocity fields, pressure fields, and
convection coefficients along a system, from previously defined inlet and outlet
fluids entering and exiting the control volume. Coupled thermal—fluid simulations
can also be carried out. Normally these modules help also to optimize geometries by
realizing aerodynamic/hydrodynamic-related considerations.

Other more specific modules include impact and fatigue calculations, for assess-
ing part life and unexpected phenomena; topological optimization tools, for opti-
mizing geometries; electromagnetic simulations, more linked to telecommunications
and electronics; and some additional resources focused on micro- and nano-
technologies. Figure 8.1 shows a couple of examples of mechanical and thermal
simulations of different mechanical components, including a beam, a gear, a rod, a
prosthesis, an injection molds, and a microprocessor on an electronic plate.

8.3 Simulating the Behavior of Artificial Prostheses

In biomedical engineering, the use of FEM-based simulations helps greatly along
the completed product development process, for analyzing different physical phe-
nomena and interactions. Normally there are three main application fields of FEM
in biomedical engineering, covered, respectively, in Sects. 8.3-8.5.

First of all, FEM-based simulations are used to assess in silico the performance
of medical devices, especially artificial prostheses, so as to validate or optimize the
CAD design. Secondly, FEM-based simulations are used to study the behavior of
organs and biological structures, so as to increase our knowledge about how differ-
ent mechanical, thermal, or fluidic phenomena affect them, aiming also at the dis-
covery of novel diagnostic or therapeutic alternatives. Finally FEM-based
simulations are very useful to analyze the interaction between prostheses and living
tissues, so as to predict their effects on patients once implanted. We aim to provide
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Fig. 8.1 Examples of static, dynamic and thermal simulations

some representative examples of these applications in present and forthcoming
sections, hoping they may be of help for researchers beginning to tackle similar
questions.

8.3.1 Case Study: Mechanical Static Behavior of Knee Prosthesis

Knee replacement, or knee arthroplasty, is a surgical procedure to replace the
weight-bearing surfaces of the knee joint, so as to relieve the pain and disability of
osteoarthritis. It may also be performed for other knee diseases including rheuma-
toid arthritis and psoriatic arthritis. In patients with severe deformity from very
advanced rheumatoid arthritis, trauma, or long standing osteoarthritis, the surgery
may be more complicated and risky. On the other hand, osteoporosis does not typi-
cally cause such severe knee pain, deformity, or inflammations and is not a reason
to perform knee replacement. Other major causes of debilitating pain include menis-
cus wear and tears, cartilage defects, and ligament damage.
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Fig. 8.2 CAD design of knee prosthesis: femoral component, sliding plate, and tibial component
(Design by P. Gémez based on patent WO2010/001010 A1)

Knee replacement surgery can be performed as a partial or a total knee replace-
ment. In general, the surgery consists of replacing the diseased or damaged joint
surfaces of the knee with metal and plastic components shaped to allow continued
motion of the knee. The use of FEM-based simulations can help to optimize the
designs of knee prostheses, as detailed below.

Figure 8.2 shows the CAD design of knee prosthesis, including the femoral com-
ponent, the sliding plate, and the tibial component, as designed by P. Gémez, within
UPM bioengineering subject (please see Chap. 18), based on patent WO2010/001010
Al. Figure 8.3 shows the results from FEM simulation of the tibial component of
such knee prosthesis under load: 10-node tetrahedrons have been used for meshing;
Ti-alloy has been selected as material; upper surface has been loaded with 1,200 N,
a typical value used in assessment of prosthesis performance; and lower surface has
been fixed, as boundary condition. The stress field included shows a maximum
value of around 80 MPa, meaning that the prosthesis withstands the applied load
adequately.

8.3.2 Case Study: Mechanical Dynamic Behavior of Artificial
Hip Prosthesis

Just as a brief revision, hip replacement is a surgical procedure in which the hip of
the patient is replaced by a prosthetic hip. Such joint replacement orthopaedic sur-
gery is generally conducted to relieve arthritis and related pain or to fix severe
physical joint damage as part of hip fracture treatment. A total hip replacement
(total hip arthroplasty) consists of replacing both the acetabulum and the femoral
head, while hemi-(or half) arthroplasty generally only replaces the femoral head.
The prosthesis used in hip replacement consists of different parts, the acetabular
cup, the femoral component, in which this case study focuses, and the articular
interface. The femoral component is designed to fit in the femur, normally by
removing a part of the bone and shaping the remaining part to accept the prosthetic
component. There are two main types of femoral components: cemented, based on
adhesive fixation between prosthesis and bone, and uncemented, based on friction


http://dx.doi.org/10.1007/978-1-4614-6789-2_18

8 Computer-Aided Engineering Resources and FEM for Biodevices 143

Fig. 8.3 FEM simulation of knee prosthesis under load. Boundary conditions, loads applied, and
stress result

for promoting stability. Final prosthesis type selection depends on several factors,
including age of the patient, mechanical strength of the bone, as assessed with the
help of medical imaging, life expectancy, among others.

Previous case study was linked to a static structural analysis on a knee prosthesis,
while this case study is aimed at showing other alternatives of FEM-based mechani-
cal analyses, such as the study of vibration mode shapes, and related frequencies.
We use as starting point the CAD design of the personalized hip prosthesis from
Sect. 5.4 (see Figs. 5.4 and 5.5), obtained by using the information from medical
imaging (Osuna 2008; Ojeda 2009). Prosthesis has been meshed using 10-node
tetrahedron elements and Ti-alloy has been used as material. No loads or boundary
conditions have been applied as we carry out this preliminary approach focusing on
the natural vibration modes and frequencies of the free structure.

Figure 8.4 shows FEM simulation results, including the shapes of the first four
modes for the personalized hip prosthesis, which appear at frequencies of 1,380,
2,330, 4,200, and 6,440 Hz, respectively, corresponding to different bending modes.


http://dx.doi.org/10.1007/978-1-4614-6789-2_5
http://dx.doi.org/10.1007/978-1-4614-6789-2_54
http://dx.doi.org/10.1007/978-1-4614-6789-2_5

144 A.D. Lantada

Fig. 8.4 FEM simulation of natural vibration modes of hip prosthesis
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From the design perspective, it is interesting to understand that cyclic loads applied
to the patient, with frequencies near to the natural frequencies of corporal structures
(or related prostheses), may produce resonance phenomena and increase wear rate,
disturb, and, in the case of implants, produce their loosening or disadjustment. In
this case, such high frequencies show that the prosthesis would not suffer any spe-
cial dynamic problem; as in conventional activities, cyclic loads do not reach such
frequencies. In fact only if driving super motorbikes would it be perhaps possible to
reach such high frequencies, so static calculations would be sufficient. More com-
plete studies can also focus on the interaction between prosthesis and bone and on
the possible effects of cement (in cemented prosthesis) on final response to vibra-
tions (Tan et al. 2004). Normally cement will be more elastic than the prosthesis,
and, consequently, final natural frequencies of the set bone—cement—prosthesis can
be much lower than the values provided in Fig. 8.4 and even promote some undesir-
able vibratory phenomena when driving car or seating in a bus, what must be con-
sidered from the design stage.

8.3.3 Case Study: Mechanical Behavior of Scaffold
for Tissue Repair

As already detailed, a key element involved in tissue engineering processes is the
matrix or scaffold which serves as substrate or framework for cell growth, aggrega-
tion, and tissue formation. These scaffolds must be porous so as to allow cell migra-
tion during the colonization process as well as the transport of nutrients and waste
to and from cells, but they have to be also resistant enough to withstand possible
mechanical demands and long-term stresses, especially if final implantation is
desired.

Aspects such as porosity, pore size, and surface micro-texture promote cell
adherence, migration, and proliferation within the scaffold, for subsequent differen-
tiation into relevant cell types. Thus, the scaffold plays a fundamental role in most
tissue engineering strategies.

In addition mechanical stability of the scaffold is critical, as porous structures
tend to be more fragile and as adequately mimicking the related tissue stiffness is
essential for promoting the desired cell differentiation into expected tissue. The use
of FEM simulations for analyzing if a porous material, with potential of being used
as a scaffold, might provide a satisfactory solution, depending also on the organ or
biostructure to replace, is very remarkable.

The case study here provided is linked to the in silico assessment of poly(HIPE)
foams as scaffolding material. Poly(HIPE)s (HIPE meaning high internal phase
emulsion) are open-cell or closed-cell foams, and they are used as scaffolds in tis-
sue engineering due to its high porosity. Poly(HIPE)s are usually synthesized
through free radical polymerization, and they include both hydrophobic polymers
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Fig. 8.5 FEM simulation of scaffold (polyHIPE) for tissue engineering

synthesized within water-in-oil (W/O) emulsions and hydrophilic polymers synthe-
sized within oil-in-water (O/W) emulsions.

The preparation of the poly(HIPE)s is performed with the curing of the HIPEs
and the subsequent washing and drying. At first polystyrene and another nondegrad-
able materials were used in the preparation of the polyHIPEs, but nowadays
poly(lactic acid) (PLA) or polycaprolactone (PCL) are more used, which are biode-
gradable. Additional information about the synthesis, processing, and characteriza-
tion can be found elsewhere (Fernandez Cid 2012).

Figure 8.5 represents a computer-aided design of a porous structure trying to
mimic that of a porous polymer, the FEM model developed, and the results from a
traction trial, so as to compare simulation results with those obtained in the working
bench (Fernandez Cid 2012).

The porous structure designed includes pores from 30 to 100 um distributed
randomly. Again 10-node tetrahedron elements with a characteristic size of around
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5 um were used, lower surface of the material was fixed, and upper surface was
submitted to progressively increasing loads, so as to reach 0.8—1 MPa of simulated
stress in the inner features of the poly(HIPE). As characterized yield strength is
around 1 MPa, higher load values would produce failure, and the material would
begin to behave nonlinearly.

Simulation results shown in Fig. 8.5, the displacement field, which together with
part dimensions and load applied, allow for the final calculation of the equivalent
Young modulus of the poly(HIPE), providing a value of E~200 MPa, similar to the
value obtained in the trials, so the designed CAD unit cell is validated as a represen-
tative geometry for simulating poly(HIPE)s.

However, it is also a fact that the pore distribution of the cell provided in Fig. 8.4
is not as homogeneous as that from the original material. Currently we are concen-
trating on using fractal spheres for obtaining more adequate results (forthcoming
Master Thesis of B. Pareja Sdnchez, UPM).

8.3.4 Case Study: Mechanical Behavior of Active Prostheses

A very special feature of FEM simulations is the possibility of studying different
parts simultaneously and of simulating their interactions, for example, the different
components of a machine, the different subsystems and components of a prosthe-
sis..., just by defining the adequate contact (in mechanical simulations) or coupling
(in thermal simulations) boundary conditions.

The linkage with CAD resources is especially useful, as complex assemblies
including different parts and constraints can be directly imported to the CAE FEM-
based simulation module and the application of boundary conditions is sometimes
automated.

In biomedical engineering, the possibility of simultaneously analyzing the
interactions between different geometries is very relevant, both for studying the
effects of prostheses on corporal tissues (as Sect. 8.5 details) and also for evalu-
ating the design of active implantable devices, in which an active component
typically forces the displacement of other parts of the implant for adapting them
to the surrounding tissues.

For instance, the design of a compressed stent mounted on a balloon and FEM-
based simulations of the effects of inflating the balloon and the consequent stent
expansion to the desired implanted diameter have already provided results similar
to those obtained in vivo (Diaz Lantada 2012).

In a similar way, the effect of the balloon on the adaptation of Amplatzer devices,
for treating atrial and ventricular septal defects (St Jude Medical) and B-shaped
stents, a coronary sinus implanted stent more adequate for patients with refractory
angina who are not candidates for conventional revascularization procedures
(Banai et al. 2007, Neovasc Ltd.), is also possible.
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The case study exposed further on is precisely linked to the simulation of a
B-shape stent, although the geometry and boundary conditions applied can be easily
changed to simulate and Amplatzer device.

Figure 8.6 shows the FEM model of the B-shaped stent originally mounted on
the balloon in a reduced geometry. Both the balloon and the stent have been meshed
using 10-node tetrahedron elements; boundary conditions fix the radial displace-
ments of the extremes and central part of the stent and define the contact between
outer part of the balloon and inner part of the stent; applied load is just a pressure
inside the balloon, with increasing values, so as to analyze the most adequate infla-
tion pressure.

Results from simulations show an adequate 14 mm radial displacement of the
balloon, and the stent and stress results provide a maximum stress of 0,2 MPa for
the balloon and of 0,1 MPa for the stent, so the prosthesis design can be considered
adequate, even though in vitro trials with prototypes should be carried out for addi-
tional validation.

Including in the CAD design, the coronary sinus would also help to simulate the
final effects of implant on the surrounding tissue and would be interesting indeed,
even though simulation time, due to the incorporation of additional contact bound-
ary conditions, would surely increase importantly.

8.4 Simulating the Behavior of Corporal Geometries
and Tissues

Medical imaging technologies, together with CAD-linked software, for the virtual
reconstruction of corporal geometries, organs, and structures, are a great help for
biomedical designers, as prostheses can be personalized.

They also constitute a continuous source of information and inspiration for
researchers linked to the fields of biomechanics and physiology, as they provide in
silico replicas of complex biological systems, whose feature can be analyzed in
depth by a repeated use of FEM-based simulations, as some case studies provided
here try to highlight.

8.4.1 Case Study: Mechanical Simulation of an Aneurysm

An aneurysm (from Greek aneurusma or dilation) is a localized blood-filled balloon-
like bulge in the wall of a blood vessel. Aneurysms can commonly appear in arteries
at the base of the brain (the circle of Willis) and in the aorta, the main artery carrying
blood from the left ventricle of the heart. When the size of an aneurysm increases,
there is a significant risk of rupture, resulting in severe hemorrhage, other
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Fig. 8.6 FEM simulation of B-shape stent for coronary sinus. Loads and boundary conditions,
displacements, and stress results

complications, or death. Aneurysms can be hereditary or caused by disease, both of
which cause the wall of the blood vessel to weaken, as we simulate further on.
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Fig. 8.7 FEM simulation of aneurysm formation. Displacements and stress results

Intracranial aneurisms are typically treated by clipping or endovascular coiling,
while for aortic aneurisms bypassing the weaken section of the artery with a graft or
using a stent are the common solutions.

Once diagnosed, the patient is commonly given date for surgery, depending on
the existing waiting list and on the possibility of rupture in the short term. FEM-
based simulations can support diagnoses and help to detect those cases with high
risk of rupture, so as to force urgent surgical measures be taken. From the medical
images, it is easy to reconstruct the aneurysm geometry and to analyze the stress and
strains, to which the surrounding tissues are being submitted.

The study carried out here, whose results are shown in Fig. 8.7, is based on a por-
tion of cylindrical artery designed with CAD, in which inner wall, a reduced conical
feature, has been subtracted, so as to reduce wall thickness in a localized place. Ten-
node tetrahedron elements have been used for meshing; the extremes of the artery
have been fixed; and an inner systolic pressure of 120 mmHg has been applied.

Simulation results show a deformed structure (scaled) very similar to that from
real aneurysms when they are beginning to expand, with maximum radial
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displacement of 0,05 mm and maximum stress of 0,25 MPa. Such displacement and
stress values are of course not critical, as critical values can even reach values of
5-20 cm and yield strength of arterial tissue is around 30 MPa, so in this case, thick-
ness is still sufficient. The effect of further reducing wall thickness could be addi-
tionally analyzed.

More precise simulations should consider the three layers of the artery wall
(intima, media, and adventitia), as well as their mechanical characteristics and
aspects such as stress rigidization of corporal tissues.

8.4.2 Case Study: Mechanical Dynamic Behavior in Femur

In a similar way as that related for the femoral component of the artificial hip pros-
thesis studied in Sect. 8.3.2, we concentrate here on the femur itself, so as to analyze
possible undesired vibratory effects, due to the loss of stiffness produced during
surgery by cutting its head.

We use as starting point the CAD design of the femur from Sect. 5.4, recon-
structed from medical imaging information (Fig. 5.5). The femur has been meshed
using 10-node tetrahedron elements and bone (11 GPa) has been used as material.
No loads or boundary conditions have been applied as we carry out this preliminary
approach focusing on the natural vibration modes and frequencies of the free struc-
ture. Figure 8.8 shows FEM simulation results, including the shapes of the first four
modes for the femur, which appear at frequencies of 1,700, 2,460, 4,290, and
4,600 Hz, respectively, corresponding to different bending and torsion modes.
Again the values are high for conventional cyclic loads, and therefore most relevant
calculations can be carried out statically.

8.4.3 Case Study: Vibratory Phenomena in Senses, Effects
on Sight, and Hearing

FEM-based simulations are also proving to be a very appropriate resource for fur-
ther learning the properties and behavior of our senses, including sight and hearing,
as well as for producing improved solutions for their treatment, as the simulation of
the related organs (eye and inner ear) and of the effects of associated prostheses also
helps with the design of novel devices (treatment of glaucoma, eardrum
replacement...).

Here we present two simplified cases of study linked to studying vibratory effects
on the eye and on the eardrum.


http://dx.doi.org/10.1007/978-1-4614-6789-2_5
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Fig. 8.8 FEM simulation of natural vibration modes of a femur
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8.4.3.1 Vibratory Effects on the Eye

Figure 8.9 shows a structure representing ocular globe and four main muscles
responsible for its motion. The globe is represented by an outer more rigid part
(cornea) simulated with a Young modulus of 0,6 MPa and an inner sphere much
more viscous and soft simulated with a Young modulus of 0,01 MPa, while the
muscles have been simulated with a Young modulus of 0,1 MPa. Ten-node tetrahe-
dron elements have been used for meshing; contact boundary conditions have been
applied to the contact cornea muscles and cornea viscous inner part; and the extreme
part of the muscles has been fixed.

After solving the results show the first nine natural vibration modes and related
frequencies, with values starting at around 6-8 Hz for the first modes and with sev-
eral resonant values just around 40 Hz, a value typically considered when designing
seats for cars and motorbikes, due to the negative effects that vibrations near 40 Hz
produce on driver’s sight.

8.4.3.2 Vibratory Effects on the Eardrum

Figure 8.10 represents a FEM model of an eardrum and simulation results for sev-
eral vibration modes and related frequencies. It has been modeled as a 6 mm cir-
cumference (even though it is in fact a conic membrane), with a thickness of 120 um
and a Young modulus of 30 MPa.

We have chosen representative values of geometry and mechanical properties,
taken from mechanical characterization and values used in FEM simulations from
previous research (Nakao 2000; Fay et al. 2006; Lu et al. 2007). The simulations
detailed here are based on some simplified assumptions (circular membrane, instead
of conic; constant Young modulus, instead including tensional rigidization; constant
Young modulus with frequency; homogeneous thickness), as we just want to pro-
vide a basic example and highlight some general aspects, which can indeed be per-
ceived with approximate simulations. More precise simulations, requiring also
more specific FEM tools, such as ANSYS, Comsol, Abaqus..., can be based on
medical imaging combined with CAD—CAE tools (Coleman 2011).

According to simulations, first resonances already appear at a few hundreds of
Hz. In fact, the model serves also to verify that at frequencies above 3 kHz, the
tympanic membrane vibrates chaotically (Fay et al. 2006).

It seems that by having many resonances, the eardrum can transmit the broadest
possible bandwidth of sound with optimal sensitivity. In essence, the eardrum works
best through discord (Fay et al. 2006).
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Fig. 8.9 FEM simulation of natural vibration modes of ocular structure
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Fig. 8.10 FEM simulation of natural vibration modes of tympanic membrane

8.4.4 Case Study: Fluidic Behavior of Arterial Bifurcation

Fluid mechanics and its application to biology and medicine is also greatly
supported by the use of FEM-based simulations, as related analytical equations
involve complex terms, only in some cases with analytical solution.

Several biological systems benefit from being studied under such approaches,
although in the case of human body, most direct application of fluidic FEM-based
simulation is the study of cardiovascular flow and the effects of pathologies and
implantable devices on deteriorating or improving such flow.

The case study shown in Fig. 8.11 is linked to an arterial bifurcation, which has
been designed by using CAD resources and further simulated for obtaining velocity
and pressure fields, as results from initially known inlet and outlet flows.

The computer-aided design of the arterial bifurcation is based in Murray’s law,
(Murray 19264, b), which states that for “n” daughter branches arising from a com-
mon parent branch, the following relationship should be considered:
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Fig. 8.11 FEM simulation of flow through arterial bifurcation. CAD model, FEM model with
mesh, boundary conditions, velocity, and pressure results

3 _ 3 3 3
Rp =R, +R,"+ +R,,

being R the radius of the parent branch and R ; the radii of the daughter branches
fromi=1... n.

Other design alternatives for more bifurcations using parametric fractal models
by Lindenmayer are also useful (Zamir 2001) and have been also used for computer-
aided additive manufacture of biostructures, linked to the novel field of biofabrica-
tion (Yasar et al. 2007); see Chaps. 10 and 14 on additive manufacturing for medical
devices and biofabrication.

The CAD design has been subsequently meshed using 10-node tetrahedron ele-
ments; a liquid with the viscosity and density of blood has been used; and inlet and
outlet velocities of 2 m/s have been applied. Results from the simulation show a
remarkable speed reduction near the bifurcation as well as an expected pressure
reduction when the blood bifurcates.

Similar studies can be used to analyze the pressure reduction in aneurysms and
the effect of atheroma layers, deposited on the wall, on the flow. Figure 8.12 shows
again an arterial bifurcation but with an aneurysm and a deposition of atheroma, so
as to detail the influence of such pathologies on blood flow and behavior.

Similar modeling and boundary conditions have been used and the model has
been solved using the “flow” solver of NX-8.0. Results show lower pressures and
velocities inside the aneurysm and behind the atheroma layer. The speed reduction
is especially noteworthy in the case of the aneurysm, what constitutes a relevant
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Fig. 8.12 FEM simulation of flow through stenotic arterial bifurcation with aneurysm. Velocity
and pressure results

problem, due to the thixotropic behavior of blood, which tends to coagulate at lower
velocities and to form thrombus, whose effects are dramatic.

Again these cases of study are just examples upon which more complex and
detailed simulations can be constructed. In the field of fluid mechanics, it is relevant
to cite other more specific FEM-based resources, such as Fluent (ANSYS-Fluent).
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8.4.5 Case Study: Effects on Tissue Submitted
to Thermal Ablation

Thermal simulations are also highly interesting, as some surgical procedures involve
the application of high temperatures and some active implantable devices could
potentially affect the temperature of surrounding tissues. Therefore, related thermal
simulations can help with surgical planning and also with risk assessment of some
specific active implantable devices (Diaz Lantada 2009).

Here we provide a case study linked to the thermal ablation of the mitral valve
tissue, as an alternative way to annuloplasty (previously discussed in Chaps. 4 and 5),
when trying to improve the mechanical stiffness of patient’s muscular mitral valve
annulus. Localized thermal ablation can lead to small areas of more stiff tissue, but
the whole surgery has to be especially controlled, so as not to damage greater zones
than expected. In this case, the steady state is not so important, what is indeed rel-
evant to simulate is the transitory heating process, in order to obtain an idea of how
long the activation of the device for thermal ablation should be applied.

The CAD structure resembling the left atrioventricular union has been taken
from my Ph.D. thesis. It is a 2 mm width trunk cone and has been meshed using
10-node tetrahedron elements. Density is similar to that from soft tissue, a specific
heat cp=3,500 J/(kg-K) (Huang and Wilber 2000) and a thermal conductivity
k=0,6 W(m-K) (Koncan et al. 2000) have been used. A heat convection coefficient
h=500 W/(m?- K), for taking into account the heat transfer to the surrounding fluids
at 37°C, has been considered.

In any case, it is important to note the complex measurement of heat convection
coefficient in the surroundings from mitral valve. Several different values have been
found in other research (Tangwongsan et al. 2004; Shah et al. 2006), so here we
have just selected a mean value and simulation can initially just be considered as
estimation. Only empirical results from in vitro/in vivo trials can help to further
adjust such coefficients.

A localized heating load of 2 W has been applied to the zone of the mitral valve
annulus. During the transitory heating, tissue should reach between 50 °C and 100 °C
(Williams et al. 2002), and studying the transitory is indeed interesting, as it pro-
vides useful information for the surgical intervention (although prior to that ade-
quate in vitro and in vivo trials in animal models should be made).

After solving, using the thermal flow solver from NX-8.0, post-processing
(Fig. 8.13) provides temperature results for r=1s, t=5s, t=10 s, and =15 s to
assess and prepare the typical surgical treatment. In just 15 s, temperatures above
90 °C are reached, what is in consonance with results and advice from previous
research (Huang and Wilber 2000).
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Fig. 8.13 FEM simulation of cardiac tissue heating during thermal ablation process for treating
mitral valve insufficiency and different aneurysms. Temperature results for =1, t=5s, t=10's,
and #=15 s to assess and prepare the typical surgical treatment

8.5 Simulating the Interaction Between Prostheses
and Biological Tissues

8.5.1 Case Study: Interaction Between Artificial Prosthesis
and Hard Tissue

The prosthesis and femur already analyzed in Sects. 8.3.2 and 8.4.2 are now assem-
bled and analyzed together under static loading. It is relevant to carry out this kind
of studies, especially in the case of personalized prostheses, as in some cases, the
remaining bones or biological structures can extremely suffer, when the prostheses
are loaded. Also common is the stress-shielding phenomenon, based on the different
stiffness between prosthesis and bone, which promotes nonuniform loading of the
bone and resorption in the less-loaded parts (Ojeda Diaz et al. 2009).

Figure 8.14 shows the FEM model of the assembly, similar to previous ones, just
including a contact boundary condition between bone and prosthesis and a load of
1,200 N. Results from displacements and stresses are also included. It is relevant to
note that the contact between prosthesis and bone is not homogeneously loaded,
which can promote stress shielding, even though the maximum stress of 80 MPa in
the prosthesis and 30 MPa in the bone are, in principle, adequate.
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Fig. 8.14 FEM simulation of interaction between hip prosthesis and femur. Personalized CAD
design, FEM model, displacement, and stress results

8.5.2 Case Study: Interaction Between Artificial Prosthesis
and Soft Tissue

The interaction between soft tissues and prostheses can also be assessed by means
of FEM-based simulations. Here we focus on assessing the mechanical performance
of different designs of annuloplasty rings, which are loaded due to the effect of heart
pumping and to the deformation of the cardiac tissue to which they are attached. It
helps also to show in more detail the relevance of inserting such kind of prosthetic
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Fig. 8.15 FEM models of different annuloplasty rings attached to cardiac tissue for studying their
mechanical performance

rings, for providing additional structural support to the typically loosened tissue of
an insufficient mitral valve.

Figure 8.15 shows the different FEM models, using 10-node tetrahedron ele-
ments for meshing; 85 kPa as Young modulus for heart tissue (even though values
from other research differ from 60 kPa to 1 MPa, Mirsky et al. 1974; Dagum et al.
2001; Choi and Zheng 2005); 1,750 MPa as Young modulus for the prosthetic ring;
120 mmHg as inner systolic pressure; and contact boundary conditions for simulat-
ing the union between rings and tissues. Lower part of the geometry representing
the atrioventricular union is fixed, representing more rigid structures than the loos-
ened mitral tissue in the case of insufficiency.

oxok

After solving, post-processing results are shown in Fig. 8.16. The stress contours
help to verify that the expansions of soft tissues are limited by the different rings,
which become stressed. In the most critical parts of the different geometries, rings
reach around 4 MPa, while yield strength is around 20 MPa, what helps to confirm
the validity of the different designs, based on commercial ones, each of them
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Fig. 8.16 FEM simulation of the mechanical performance of different annuloplasty rings during
cardiac cycle: stress results

selected depending on patients’ morphology and surgeons’ personal tastes or expe-
rience (Diaz Lantada et al. 2010).

Even though each of the aforementioned case studies could cover at least a whole
chapter and even a whole handbook, or even a book series, could be arranged focus-
ing on FEM-based simulations for biomedical engineering, we hope to have pro-
vided here a brief summary of the possibilities for simulating the behavior of
prostheses, of biological systems and tissues, and of the interactions between syn-
thetic biodevices and biological structures.

8.6 Main Conclusions and Future Research

Computer-aided engineering (CAE), as already detailed, refers to the general use of
software to aid in engineering tasks, in its broadest sense even including computer-
aided design and computer-aided manufacturing; although in product design, CAD
is perceived as the starting point for designing a part, CAE involves the simulations
carried out upon a CAD part in order to verify geometries and materials, and CAM



8 Computer-Aided Engineering Resources and FEM for Biodevices 163

is linked to the simulations realized upon a CAD part to prepare manufacturing
processes and to the automated control of machine tools during production.
Although CAE can involve the use of all kinds of software and computer-aided
calculations, in product development and linked to computer-aided design, such
calculations are normally carried out by application of the finite element method
(FEM), whose generalization in the final decades of the twentieth century has been
essential for promoting the incorporation of CAE analysis tools together with CAD
software packages.

Such method allows solving complex engineering problems by using a mesh
discretization of a continuous domain into a set of discrete elements (connected by
nodes) and by transforming initial partial differential equations as well as integral
equations, into an approximate system of ordinary differential equations (forced to
be valid in the nodes) for final numerical integration. This method is especially well
suited for solving partial differential equations over complicated domain or geome-
tries, when the domain changes during the whole simulation, when the desired pre-
cision varies over the system under study, or when the solution lacks smoothness.

This chapter has provided an overall introduction to the possibilities of CAE
tools, focusing on main applications in the biomedical engineering field, revised
further on. First of all, FEM-based simulations are used to assess in silico the per-
formance of medical devices, especially artificial prostheses, so as to validate or
optimize the CAD design. Secondly, FEM-based simulations are used to study the
behavior of organs and biological structures, so as to increase our knowledge about
how different mechanical, thermal, or fluidic phenomena affect them, aiming also at
the discovery of novel diagnostic or therapeutic alternatives. Finally FEM-based
simulations are very useful to analyze the interaction between prostheses and living
tissues, so as to predict their effects on patients once implanted.

Several examples of FEM simulations of different phenomena (including
mechanic, dynamic, thermal, and fluidic cases) for studying its effects on organs
and biostructures, medical appliances, and biodevices in general, as well as the
interactions between implants and organism, have been provided for covering main
application fields previously detailed.

A final remark is linked to the need of validating simulation results by using
in vitro, ex vivo, or in vivo trials. The use of prototypes for such validations is fur-
ther described in Chaps. 10 and 11 and some additional indications on trials are
given in Chap. 15.
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Chapter 9
Computer-Aided Manufacturing (CAM)

of Biodevices

Andrés Diaz Lantada, Pilar Lafont Morgado,
and Carlos Jahel Ojeda Diaz

Abstract Computer-aided manufacturing (CAM) is the use of software to prepare
part manufacture and to control machine tools and related machinery during part or
product fabrication. A more advanced and complete approach includes also all the
computer-based simulation tools for preparing and adequately managing a whole
production plant and its manufacturing processes.

Initially it was mainly linked to preparing and controlling numerical control
machining, in most cases starting from the information provided by a computer-
aided design of the part to be produced. Progressively, more complex procedures,
such as high-speed machining, multifunction machining, and 5-axis machining,
among others, have benefited from CAM resources, and final integration into the
product life cycle management (PLM) is now also much more direct.

Nowadays the simulation of other relevant industrial manufacturing processes,
such as plastic injection molding, metal injection molding, extrusion, lamination,
and stamping, is also common, and final parts benefit from quality improvements,
being final production also optimized.

This chapter introduces CAM technologies and its main applications, especially
focusing on the biomedical industry and related products. Case studies of a couple
of medical appliances are provided, showing manufacturing simulations and also
subsequent automated manufacture in the case study linked to CNC machining.

The simulation of other more novel manufacturing processes is also discussed,
together with an analysis of present challenges and future directions, many of them
connected with the additive manufacturing technologies and approaches explained
in forthcoming chapters.
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9.1 Introduction to Computer-Aided Manufacturing (CAM)

Computer-aided manufacturing is the use of computer software to prepare part man-
ufacture and to control machine tools and related machinery during part or product
fabrication.

Traditionally CAM has been directly associated to computer numerical control
machining, aimed at the direct generation of a code to drive the machine tool, start-
ing from the information included in the 2D or 3D CAD part geometries. The whole
machining process is aided and aspects such as tool velocity, precision required, and
tool change, among others, can be defined and automated, what normally involves
processes such as roughing (from raw material to a rough shape of the part), semi-
finishing (further working on the rough part), finishing (based on much slower
passes across the surface for increased acc