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CHAPTER 1

Introduction

Chapter Cover Image: Bracelet made of transparent poly(methyl methacrylate) showing signs of crazing. Photo: Evan
Guston. © J. Paul Getty Trust.
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CHAPTER 1

1.1  TRANSPARENT PLASTICS AND THEIR CONSERVATION ISSUES

Transparent plastics have been extensively developed and used since the early 20th century,
particularly from the beginning of World War Il. The earliest examples, historically known as
‘organic glasses’, include materials such as cellulose nitrate (CN), cellulose acetate (CA), and poly
(methyl methacrylate) (PMMA). Organic glasses found widespread applications in the military,
where they were used for aircraft domes, hoods, windows, windshields, and goggles (Figure 1.1).
Beyond military use, they were also employed in ophthalmic lenses, simple lenses, optical flats,

prisms, and lighting fixtures (Smith 1944).

These plastics proved to be effective substitutes for glass due to their exceptional optical
qualities, high surface hardness, resistance to weathering, adequate mechanical and physical

properties, and ease of fabrication at low cost (Smith 1944).

Figure 1.1. Nose sections of bomber aircraft made with the transparent plastic poly(methyl methacrylate), 1942.
Image source: https://www.loc.gov/resource/fsa.8b04483/ (accessed June 19, 2025).

Over the years, many types of transparent plastics—with a wide range of properties—have been
developed, ranging from rigid forms to flexible films. These materials are now found in a broad
variety of items in heritage collections, including art (Figures 1.2 and 1.3), fashion (Figure 1.4),

and design (Figure 1.5).

20


https://www.loc.gov/resource/fsa.8b04483/

Introduction

Figure 1.2. LaszI6 Moholy-Nagy, Leda and the Swan,
1946, poly(methyl methacrylate), 55.9 x 41.3 x 40 cm.
IVAM, Valentia, Spain. © IVAM. Image source:
https://www.wikidata.org/wiki/Q106713713 (accessed
June 19, 2025).
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Figure 1.4. Advertisement for transparent PVC shoes.
Image source:
https://natashaitzcovitz.co.uk/blog/explaining-1960s-
fashion/ (accessed June 19, 2005)

Figure 1.3. Naum Gabo. Construction in Space: Arch,
1937, Plexiglas, sculpture: 47.6 x 81 x 24.1 cm; base:
89.2 x 30.5 x 1.5 cm. Solomon R. Guggenheim
Museum, New York; Image source:
https://jstor.org/stable/community.13333668
(accessed June 19, 2025).

Figure 1.5. Starck, Philippe, Designer, and Kartell,
manufacturer. Louis Ghost Chair. 2003.
Polycarbonate, The Museum of Fine Arts, Houston;
Image source:
https://jstor.org/stable/community.12063710

(accessed June 19, 2025).
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CHAPTER 1

Materials generally classified as transparent plastics include cellulose nitrate, cellulose acetate,
polyvinyl chloride (PVC), polypropylene (PP), regenerated cellulose, polyethylene terephthalate
(PET), PMMA, cast phenolic, unsaturated polyester (UP), epoxy (EP), polystyrene (PS),
polycarbonate (PC), cellulose acetate butyrate (CAB), cellulose acetate propionate (CAP),
polyurethane (PUR), styrene acrylonitrile (SAN), and methyl methacrylate acrylonitrile

butadiene styrene (MABS).

However, while many of these materials appear glass clear when produced as film or sheet, only
a few maintain a glass clarity across all thicknesses and forms, making them suitable for
applications where absolute transparency is essential. According to Williamson (Williamson
1999), these plastics include PMMA, cast phenolic, UP, PS, PC, and CAB. In addition, SAN, MABS,
and PUR (rigid casting resin) have also emerged as materials capable of producing tridimensional

objects with absolute clarity.

While transparent plastics have gained immense popularity across various fields for their
versatility and optical properties, they have also become notorious in the conservation field for

being particularly challenging to conserve once degraded or damaged.

Some transparent plastics, particularly cellulose esters (CN and CA), have proven to be
chemically and physically unstable (Stewart et al. 1995; Shashoua 2008; Littlejohn et al. 2013;
Mazurek et al. 2019; Lagana et al. 2021; Bienholz-Radtke and Roessiger 2022), while all
transparent plastics have shown to be prone to mechanical damage. Condition surveys carried
out over the years have revealed that mechanical damage is the most common and pressing
conservation issue in collections made of plastics, including the transparent ones (Then and

Oakley 1993; Keneghan et al. 2012).

Therefore, given the prevalence of mechanical damage as a primary conservation concern, this
thesis focuses on exploring treatment solutions for mechanical damage to transparent plastics,
excluding issues related to their chemical and physical degradation from the scope of this

research.

Mechanical damage to plastic objects is generally caused by improper handling and
transportation, accidental impacts, and, as stated by Shashoua (2008), occasionally by the use

of the object prior to entering a collection.

The types of damage typically found in objects made of transparent plastics include: scratches,
which are linear indentations caused by sharp elements (Figure 1.6 a); abrasions, where friction

or rubbing removes surface material, affecting a larger area than scratches and often leaving the
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surface rough (Figure 1.6 b); chips, which are small pieces of material that break off, often leaving
jagged edges (Figure 1.6 c); losses, where larger sections of material are missing, extending
beyond simple chips (Figure 1.6 d); breaks, which involve the object separating into two or more
pieces (Figure 1.6 e); and blind cracks, also known as blind-end cracks, in which a line of failure

does not penetrate the entire thickness of the material (Figure 1.6 f).

Figure 1.6. Types of typical mechanical damage: scratches (a); scratches and abrasions (b); chip (c); loss (d);
breaks (e); blind crack (f). Photos (a,b,d,e,f): Anna Lagana. Images courtesy: Cultural Heritage Agency of the
Netherlands and Océ Company. Photo credit and image courtesy (c): Beau Ott.

All types of mechanical damage reduce the significance and function of plastic objects (Shashoua
2008) and are a major concern for conservation professionals, particularly when dealing with
transparent plastics. Due to the inherent clarity of these materials, even the smallest scratch
becomes highly visible. This leaves little room for tolerating imperfections, especially from the
perspective of the artist or designer who generally choose clear materials to allow the viewer to
look through the object. As the American artist Helen Pashgian stated about her pristine PMMA
works: "On any of these works, if there is a scratch, that’s all you see" (Rivenc, Richardson, and

Learner 2011) (Figure 1.7).
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Figure 1.7. Two Helen Pashgian’s pieces, illustrating how transparency is central to her practice and how any
damage could significantly affect the viewer’s experience. Left: Untitled, 1968-69, polyester resin and acrylic,
20.32 cm. Image source: https://jstor.org/stable/community.10667693. Right: Untitled. 1968-69. Cast polyester

resin and acrylic insert. Height: 21.27 cm; diameter: 21.91 cm. LACMA collection. Image source:
https://collections.lacma.org/node/221523 © Helen Pashgian.

Repairing mechanical damage on transparent plastics, as also pointed out by several researchers
in their studies on transparent PMMA (Sale 1988, 1993, 1995; Lorne 1999; Comiotto and Egger

2009; Sale 2011), is extremely challenging for conservators for a variety of reasons.

In conservation, adhesives and fillers are commonly used to repair damaged objects. Adhesives
are used to reattach broken parts or bond fragments, restoring the structural and visual integrity
of the object. Fillers, on the other hand, are used to reconstruct losses and, in the case of glass
conservation, also to fill blind cracks and surface damages such as chips (Davison 1998, 2003;
Koob 2006). However, many of these materials contain organic solvents or produce heat during
curing, which can cause damage to plastics, considerably narrowing the choice of material that
could be used for repairs. Organic solvents may interact with plastics, causing swelling,
dissolution, or the extraction of additives (such as colorants or plasticizers) impacting their
appearance, properties and stability (Sale 1988; Morgan 1991; Sale 1995). Similarly, the heat

generated during the curing of some conservation products can soften or even melt the plastic.

Another damage phenomenon that must be considered, particularly when repairing transparent
plastics, is crazing. Crazing involves the formation of interconnecting micro fissures (crazes) in
the body of the polymeric material, the plastic. This polymer separation at microscale allows air
into clear plastics. Due to the different refractive indices of air and plastics, these micro-fractures

are visible as white or silver lines like a very fine crack (Shashoua 2008) (Figures 1.8).
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Figure 1.8. Two examples of crazing in PMMA objects. (a) Bracelet from Private Collection. (b) Perspex label
National Museum of Scotland. Photo (a): Anna Lagana. Photo (b) image source:(Quye and Williamson 1999)

Crazing can result from stress alone, or from stress combined with exposure to specific fluids;
the latter is commonly referred to as ‘Environmental Stress-Crazing / Cracking’ (ESC). These fluids
(e.g. solvents, monomers, catalysts) can be present in bonding materials, including adhesives, or
in fillers. Wright (1996) reports that the absorption of these fluids can plasticize® the transparent
plastic reducing its yield strength, and release stresses through craze formation. The greater the

concentration of absorbed fluid, the lower the yield strength.

Stresses can be introduced to transparent plastics, such as PMMA, during molding or extrusion,
machining and finishing (sawing, drilling, sanding, polishing) or through excessive pressure
applied during bonding (e.g. by jig or clamps) (Rohm & Haas Company 1976; Altuglas
International Arkema 2006; Evonik Industries 2019; Quinn-Plastics Ante 2013) as further

elaborated in Chapter 2.

Another important consideration is that many conservation materials, such as adhesives and
fillers, are often based on synthetic polymers. These polymers are selected for their suitable
properties; however, they frequently have solubility parameters close to those of the plastics
being repaired. This similarity can make ethical requirements of reversibility or re-treatability?

challenging, and therefore the stability of these products upon aging becomes especially crucial.

1 The addition of a soluble, generally low-molecular-weight component to a polymer results in the plasticization of
the polymer (Lampmann 2003).

2 In conservation, the ethical requirement of reversibility or re-treatability refers to the principle that treatments
should be carried out with the understanding that they might be removed or modified in the future. This principle
ensures that future conservators can remove repair materials that might change over time (e.g., discolor), address
new issues, or apply improved techniques without causing further damage to the artwork. It also acknowledges that
our understanding of materials and conservation techniques evolves, and treatments should not preclude future
interventions. Here are some sources that discuss these principles in more detail: (Appelbaum 1987, 2012; Mufoz-
Vifias 2012; Udina 2021).
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In addition, conservation materials used for the repair of transparent plastics should be able to
provide invisible repairs. This expectation is echoed by many artists, such as the American artist
Craig Kauffmann, whose work with transparent plastics is characterized by a seamless

appearance; as cited by Rivenc, he considers any visible repair unacceptable (Rivenc 2016).

However, invisible repairs are very difficult to achieve (Figure 1.9), as is also the case in glass
conservation. This difficulty arises from the inherent clarity of both types of materials. Davison
(2003), in her manual on the conservation and restoration of glass, explains well the complexity

of obtaining aesthetically pleasing repairs on glass and recovering its transparency.

Figure 1.9. An example of a visible repair on a broken PMMA object, where the adhesive bond is clearly visible.
Photo: Anna Lagana. Image source: European project POPART (Preservation of Plastics Artefacts in Museum
Collection- Survey Database.

The first challenge lies in matching the optical properties of glass such as its refractive index (RI).
Theoretically, the refractive index of an adhesive should match that of the glass exactly to avoid
reflections that result from light striking the surface of breaks or fractures. The significance of
the Rl of adhesives for the repair of glass has been reported by Tennent and Townsend (1984),
who have shown that a match of c. 0.01 can lead to an almost invisible repair, and that a

mismatch of c. 0.04 can leave the break or crack readily visible.

In addition, the fracture surfaces are often irregular, which complicates achieving a seamless
joint. These irregular edges can result in gaps or uneven bonding, making the repair more
noticeable, even if the refractive index of the adhesive matches the glass. The way light interacts

with these irregular surfaces can create additional visual cues that draw attention to the repair.
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Furthermore, even if an ideal optical match is achieved at the time of repair, over time some
adhesives might yellow causing the repair to become more visible, adding another layer of

difficulty in ensuring that the repair remains inconspicuous.

Achieving a perfect and non-visible bond in transparent materials is not only challenging when
performing repairs, but also when creating an object by bonding together pieces of transparent
plastic. As observed by conservators examining PMMA bonded objects in collections (Lorne
1999; Lagana 2008), bonds often show a variety of defects and failures that makes them very

visible and interferes with the desired clarity (Figures 1.10).

Figure 1.10. Close-up views of three bonded PMMA objects, each exhibiting defects that affect the clarity and
transparency of the bond. Photos: Anna Lagana. (a) Collection Museo del Novecento, Courtesy of Archivio
Marotta and Museo del Novecento, Milan; (b and c) Courtesy of Cultural Heritage Agency of the Netherlands
(RCE).

To date, no studies have investigated or clarified the causes of these phenomena or their impact
on the material, except for crazing (Quye and Williamson 1999; Shashoua 2008; Waentig 2008;

Lavédrine, Fournier, and Martin 2012).

Due to all these challenges, conservation solutions (materials and methods) proposed for
repairing transparent plastics have remained limited. When this research began, only a few
valuable treatment studies were available, primarily focusing on bonding transparent PMMA

(Sale 1993, 1995; Lorne 1999; Lagana 2008; Comiotto and Egger 2009).

This scarcity of solutions has for instance led to the use of invasive treatments, such as re-
sanding and re-polishing for the repair of surface damage (e.g., scratches, abrasions, chips)
(Figure 1.11). Such methods are based on physical removal of the damage, rather than its repair,
causing the loss of original surface material, often on areas much larger than the damage itself,

and sometimes even extending over the entire piece (Learner, Rivenc, and Richardson 2011).
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These treatments are recurrently used on damaged transparent artworks with polished,
seamless surfaces, where maintaining clarity is often essential to the artist’s vision. In a 2011
interview with the Getty Conservation Institute, the American artist De Wain Valentine
expressed the dilemma of maintaining the pristine-look and clarity of his polyester works (Figure

1.12) while acknowledging the extreme consequences of these approaches:

[

i

Figure 1.11. Artist De Wain Valentine sanding down a local
surface defect, 1975-76. © De Wain Valentine. Image source:
(Learner, Rivenc, and Richardson 2011).

Figure 1.12. Valentine de Wain, 1936.
Concave Circle. 1970. Cast polyester resin, 94
x 94 x 12". Image source:
https://jstor.org/stable/community.1357599
5

“My polyester work needs to be pristine, because if there is a scratch anywhere, all you see is
the scratch. The surface needs to disappear as much as possible, so you can look through it to
the inside of the piece and out to the other side... So they get finished whenever it’s needed. Of
course, when you do that, a small amount of material is always removed from all over the
surface, so | guess if you kept doing it, the object would eventually get completely worn away...”

(Learner, Rivenc, and Richardson 2011).

Moreover, polishing to reduce scratches may also carry the risk of erasing traces of an object's
original fabrication, such as tool marks, which can contribute to a piece’s aesthetic as shown in

Figure 1.13.
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Figure 1.13. Detail of Kauffman, Untitled, 1999, made of synthetic polymer on PMMA, showing clamp marks
magnified in the shadow. © The Estate of Craig Kauffman. Photo: Holly Brobst. Source: (Rivenc 2016).

In addition to the removal of original material, as previously mentioned, these finishing methods
(polishing and sanding) can also induce stresses in certain transparent plastics, making them
prone to crazing. Crazing may then develop further upon exposure to solvents present in

polishing products (Rohm & Haas Company 1976).

Alongside the issues posed by invasive treatments, the lack of suitable repair solutions for
severely damaged transparent objects often results in their removal from public view. Many of
these objects are permanently relegated to storage (Figure 1.14) and, in extreme cases, de-

accessioned from collections as a 'total loss' (Figure 1.15), or even re-fabricated (Figure 1.16).
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Figure 1.14. Gino Marotta, Giraffa Artificiale, 1973,
poly(methyl methacrylate), Collection Museo del
Novecento, Milano. The image shows the sculpture
in the storage facilities of Museo del Novecento,
where it has been kept since being damaged in
2002. Photo: Marco Demmelbauer. Courtesy of the
Archivio Gino Marotta and Museo del Novecento.

Figure 1.15. H.A. de Moor, Untitled, 1991, unsaturated
polyester, Collection Cultural Heritage Agency of the
Netherlands (RCE). Due to damage, the sculpture was
considered a total loss and de-accessioned from the RCE.
It is currently part of its study collection. Photo: Anna
Lagana. Courtesy of the RCE.

Yet, re-fabrication is not always a straightforward solution. It raises ethical concerns and presents

often practical challenges, particularly with transparent colored plastics and complex molded

shapes. Replicating the original color of a plastic can be challenging, or even impossible, due to

changes in color production over time, and accurately reproducing these types of shapes

presents further complications.

Therefore, this thesis is motivated by a search to determine non-invasive treatment solutions for

damaged transparent plastic artworks and objects, able to preserve their original materiality,

restore their physical integrity, and recover their transparency.
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Figure 1.16. Woody van Amen (1936), Black Diamond, 1967-1968, various materials, 180 x 180 x 50 cm, ING
Collection. Left: Close-up of the damaged PMMA colored dome. Photo: Anna Lagana. Right: After the dome was
replaced with a new one. The replacement was carried out in collaboration with Woody van Amen. Courtesy of
ING Collection.

1.2 RESEARCH AIMS AND APPROACH

Given the limited number of treatment options for damaged objects made of transparent

plastics, this doctoral thesis has three primary aims:

e establishing a methodological approach that conservators can use to successfully and
safely repair these artifacts

e developing targeted treatment strategies for each type of damage typically found in
transparent plastic objects that are able to preserve the physical integrity of the original
material as well as to recover transparency.

e providing data and practical tools to aid conservators in the condition assessment and

treatment of these materials.

The research presented here specifically focuses on repair solutions for three-dimensional
objects made from rigid molded or cast transparent plastics, excluding flexible forms - such as

films - from the scope of this study.

To achieve these aims, this thesis focuses on investigating repair solutions (materials and
methods) for two transparent plastics commonly found in collections: poly(methyl
methacrylate) (PMMA) and unsaturated polyester (UP). These plastics were selected as
representative of the wider category of transparent plastics, exemplifying their unique

conservation challenges. Both materials have been extensively used by artists, with PMMA also
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widely applied in the creation of design objects and various types of items across multiple

sectors, utilizing diverse manufacturing processes.

By using PMMA and UP as ‘case-study materials’, this research aims to provide not only
treatment solutions for these specific plastics and related types of damage but also a
methodological approach, analytical methods, treatments methods, information on the
properties and aging behavior of materials, and practical tools that altogether can be used by
conservators for the safe and successful treatment of other types of damaged transparent

plastics.

The types of mechanical damage addressed in this research include broken parts and cracks,
surface damages (such as scratches and chips), and material losses, identified by the author—
during prior collection surveys and condition assessments—as the types most commonly

affecting transparent plastics.

To preserve the integrity of the original material, the research thoroughly evaluates the impact
of conservation materials on the stability of the plastic and aims to find alternative conservation
solutions to invasive treatments such as the polishing often used to repair some of these

damages.

The thesis explores the potential of both traditional conservation methods, such as molding and
casting, and cutting-edge technologies, such as 3-D scanning and printing, as alternative and

innovative treatment solutions.

To recover the transparency, the research examines whether principles used in glass
conservation to achieve less visible repairs (Tennent and Townsend 1984) can be applied to
plastics as well. In particular, the goal is to explore the significance of the refractive index when

repairing transparent plastics.

The thesis also explores a previously unexamined aspect: the presence of bonding defects and
failures in bonded transparent objects. These have often been observed, particularly in objects
bonded with transparent PMMA (Lorne 1999; Lagana 2008), but have never been thoroughly

addressed in the conservation literature.

Consequently, there is no established terminology or classification system to help conservators
describe these defects when assessing the condition of such objects. Understanding these
defects is crucial, not only for evaluating if they have an immediate and long-term impact on the
object's condition, but also for determining whether their formation is caused by the bonding

materials and/or techniques used. Therefore, by identifying the causes and consequences of
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bonding failures, this portion of the research aims to contribute to the broader conservation
field by informing the selection of appropriate adhesives and methods for bonding transparent
plastics such as PMMA, thereby supporting the development of safe and effective bonding

treatment strategies in the later stages of this study.
1.2.1 Thesis structure and outline

Following the introduction in Chapter 1, the thesis is structured as follows. Chapter 2 provides
background information on the two transparent plastics investigated: poly(methyl methacrylate)
and unsaturated polyester. Chapters 3 and 4 address the issues and treatment methods for the
repair of UP objects. Chapters 5 through 7 examine the issues and treatment methods for PMMA
objects. Chapter 8 presents the application of the research findings through the examination
and treatment of a representative case study. Finally, Chapter 9 concludes the thesis with

conclusions and future directions.

While all chapters are interconnected within the overall thesis structure, each is designed to be
read as a self-contained article, enabling a focused understanding of the specific topics

discussed. Below is a detailed outline:

Chapter 2 provides comprehensive background information on UP and PMMA to complement
the following chapters specifically dedicated to the research and the application of its findings.
This chapter outlines their chemical composition and general properties, polymerization and
main manufacturing processes, historical development and use, aging behaviors, and common

signs of damage.

Chapter 3 marks the beginning of the research dedicated to developing treatments for damaged
artifacts made of transparent unsaturated polyester. The chapter provides a methodological
approach and framework (experimental setup) specially designed to identify suitable adhesives
and bonding techniques for safely repairing broken UP objects and restoring their transparency.
Within this framework, it also explores principles, materials, and techniques used in glass
conservation to recover transparency, particularly the significance of the refractive index of
adhesives. The experimental setup includes bonding tests on new UP samples and naturally aged
mock-ups, Fourier Transform Infrared Spectroscopy analysis, refractive index measurements,
accelerated light-aging experiments, mechanical testing, and visual assessment. In addition, a

final evaluation is carried out on a deaccessioned UP object used as a ‘real-life’ case study.

The research on developing treatment for damaged unsaturated polyester objects continues in

Chapter 4. This chapter focuses on the repair of surface damage, such as scratches and chips,
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and the compensation of bigger material losses. For scratches and chips, the research
investigates “additive” or filling methods as alternatives to more invasive “subtractive”
techniques - such as sanding and polishing - commonly used for this type of damage. For loss
compensation, it examines the use of traditional conservation methods, including molding and
casting, as well as new technologies like 3-D scanning and printing to recreate the missing parts
in transparent plastics. The research also considers whether color matching the fill material is
necessary when the UP object has yellowed. The experimental setup developed in Chapter 3 is
adapted and expanded with additional evaluation tools and measurements to assess the

performance of the fill materials and methods.

In Chapter 5 the research on issues and treatment solutions for damaged transparent PMMA
begins. This chapter focuses on the repair of surface damage - such as scratches and chips - on
objects made from this material, including face-mounted photographs. As with UP, the aim is to
explore the use of additive or filling methods as alternatives to subtractive techniques. The same
experimental setup developed for UP is used to evaluate the suitability of both fill materials and
methods. Treatment tests are carried out on both cast and extruded PMMA samples, followed
by evaluations on mock-ups, and finally the treatments are applied to several case studies,

including objects and a face-mounted photograph.

Chapters 6 and 7 both address the bonding of PMMA. Chapter 6 focuses on the investigation of
bonding defects and failures commonly found in PMMA objects. Through a research method
specifically developed for this purpose, the study aims to identify the most recurrent defects,
reproduce them in the lab, understand their causes and formation mechanisms, establish a
terminology to classify them, and ultimately compile a ‘PMMA Bonding Defects Atlas’ to assist
conservators in easily identify bonding issues and their underlying causes. The research method
designed consists of a series of interconnected components which includes surveys of museum
collections, literature review, an historically informed reconstruction of bonded PMMA (mock-
ups), and technical examination and analysis of PMMA bonded mock-ups and objects. Moreover,
this works aims to inform artists, designers, and conservators, on materials and methods that

are unsuitable for bonding PMMA.

After evaluating the defects and failures found in bonded PMMA objects, Chapter 7 focuses on
the challenging task of identifying suitable adhesives for safely bonding broken PMMA and
recovering its transparency. Products from various adhesive categories are tested through

bonding tests (butt and lap joints) on both cast and extruded PMMA samples. In this study the
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experimental setup is further expanded with tensile and shear tests, as well as photoelastic

stress analysis and stress crazing and cracking tests to assess the impact of adhesives on PMMA.

Finally, Chapter 8 explore the applicability of all research findings by bringing the research into
practice through the treatment of a monumental case study: Giraffa Artificiale by the Italian
artist Gino Marotta. This three-meter-tall PMMA sculpture, owned by the Museo del Novecento,
has been in storage for over twenty years due to its poor condition, presenting all the typical
types of damage and challenges posed by the conservation of transparent plastics. The aim of
this final chapter is to serve as a practical guide for conservators, providing a step-by-step
example of how the findings from this PhD research can be applied to the conservation of

transparent plastics.

Chapter 9 provides the conclusions of this thesis, presents preliminary results of current

research to explore future directions, and discusses additional challenges to be addressed.

Finally, the work described in this thesis is summarized in English and in Dutch.
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