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			1. Introduction

			Human life has been dominated by daylighting ever since being early inhabitants in caves. For centuries, it has been the only light source available [1, 2]. On the one hand the sun allows human beings to distinguish day from night and on the other hand provides heat to mankind. Around the year 2800 B.C., during the time of the Ancient Egyptian civilization, daily life was equally conditioned by the use of natural light as shown in the Egyptian pyramids, which represent the religious architecture of the epoch. Greek cultures began to design their houses in such ways as to capture solar radiation during the winter and avoid the sun’s heating in summer, giving priority to solar design over other considerations. Later, the Romans adopted the Greek architectural technique. The lack of natural resources used for heating for long periods conditioned the development of solar design in architecture, adapting it to the different climates of the empire [3]. The use of glass as an architectural element by Roman glassmakers was one of the most important innovations of the era and was used in pavements, plates for wall cladding and in the sealing of holes and windows fixtures [4]. With the incorporation of colourless glass towards the end of the 1st century A.D., the use of solar energy increased as a source of heat in various areas such as greenhouses or hot springs. Later, due to the rise, of Christianity in the Middle Ages (Fig. 1.1), the most important glass production was carried out in the decoration of churches [5] and temples, and standing out among the glazed elements were the iconic stained glass (windows).

			In the seventeenth and eighteenth centuries great technological advances in different fields such as optics or chemistry provided improvements in the manufacturing processes. Finally, a decisive boost of growth was realized in the 19th century due to the mass production of flat glass plates that provide greater luminosity and improve the appearance of large buildings through the construction of large windows. In the nineteenth century the popularity of stoves as a heat source was so widespread that the correct orientation of the façades of buildings was neglected, eroding concerns about solar effects.

			[image: ]			Figure 1.1. Burgos Cathedral, Spain. Night-time illumination, stained-glass windows.

			In another way, artificial light is incorporated definitively at the end of the 19th century, providing new possibilities of architectural design related to the temporal and spatial independence in illumination. Architects reformulated the concept of natural lighting in order to give it an adequate use in relation to the life of the occupants. Current efects of global warming together with its aesthetic possibilities and the ability to meet man’s biological needs increases interest in its use in the present century [6].

			The Sun, and therefore solar radiation harnessed by the Earth in its orbit, is the main source of renewable energy within our reach, energy that is available indefinitely and in a predictable proportion, although with some variations [7, 8]. The solar constant is the amount of energy received in the form of solar radiation at the edge of the Earth’s atmosphere during a specific time and is approximately 1.35 kW/m2 [9].

			Highly variable quantities at ground level change with aspects such as latitude, seasons of the year and climatology.

			Sunlight is increasingly being integrated into buildings as an architectural tool for saving energy, but the physical and psychological effects caused by illumination in humans also have to be considered as they can provide benefits as significant as that of saving energy. The beneficial effect of natural light on the health of people has been known since antiquity and thanks to advances in multiple sciences such as medicine or biology have once again come into focus to improve the health and well-being of individuals [10, 11, 12].

			Natural light varies in intensity and quality at every moment of the day, and the amount of variation which is tolerable and desirable in the illumination of spaces depends on each particular use. Lighting requirements, according to the country regulations, are very strict in some cases, in some cases, for instance, in museums, and more flexible in others, such as in leisure spaces. Light sources can generate discomfort, glare in the visual field, resulting in visual irritation and reducing overall productivity in exposed humans [13] so the control of the admission of natural light within spaces requires a careful design [14]. In order to provide a good lighting, there are three basic factors to take into account: quality, quantity and distribution. An optimal natural lighting strategy regulates the level of illumination inside the building and controls the directionality of the light, optimizing the quality of the environment.

			Today, natural lighting is of high importance in architecture due to the need in society for the reduction of energy expenditure in order to prevent global warming. Since the 1970s, daylight guidance systems have been one of the most important areas of study and innovation with the aim of giving it an adequate use in relation to the conservation of energy [15, 16]. The incorporation of elements usually used as windows is a fundamental part in the design of buildings. However, its use has some limitations, such as the possibility of producing discomfort glare, high contrast and excessive brightness. The light flow they provide affects mainly the close proximity of their location so they require artificial auxiliary lighting systems [17] or systems of luminous control. The increase of buildings during the last decades (Fig. 1.2 and Fig. 1.3) requires the development of innovative systems that allow distribution of natural light in inner areas where the traditional elements are not effective [18, 19].

			 [image: ]
			Figure 1.2. Faculty of Optics and Optometry, University Complutense of Madrid, Spain. Natural-lighting design in architecture.

			We can divide the strategies of natural lighting design development into two large groups [20, 21, 22]. The first includes lateral lighting systems, in which the light is captured from the side of the building towards the interior. Currently, there is a great variety of developments that direct and distribute light although the examples more widely used are windows. The second group includes roof lighting systems (ceiling) whereby light is captured from the top of the building and distributed inside. An example of this are skylights, which can be defined as open windows in the ceiling or in the higher segments the walls where light enters. Changing the orientation of these systems, as well as their size and location, has been able to increase their effectiveness.

			[image: ]
			Figure 1.3. Interior view of Museum of Human Evolution, Burgos, Spain. Natural-lighting design in architecture.

			Innovative daylighting systems are designed to redirect the sunlight or the sky towards the places where it is required without producing glare, using developments in the fields of optics that make use of the laws of reflection and refraction in the materials. One of the main design challenges of the systems in lighting lies in optimizing efficiency. This is achieved by acting on the various elements that make up the system, such as minimizing the size of the area of capture by incorporating materials with high reflectance or transmittance and changing the geometry of the components. Innovative systems include optical elements such as mirrors, prismatic glasses, shelves, atriums and guides of light. Mirrors can be used to direct and reflect direct sunlight.

			Prismatic glasses, among other applications, alter the direction of sunlight and avoid glare caused by direct light. Light shelves work with the principle of reflection and can redirect, diffuse and also direct light to avoid glare from the sky. They are usually located horizontally and on top of windows or inside buildings, reflecting the light towards the ceiling in a diffuse way, helping in this way to obtain a greater uniformity of light in the desired area. Atriums provide more light in the constructions of large dimensions, increasing the comfort of the occupants.

			In 1881, William Wheeler [23] developed an illumination system based on hollow light guides. Thereafter, these systems were developed to distribute natural light in spaces where it is absent [24, 25]. Hollow light guides are considered to be the most widely applied innovative systems worldwide [26], which can provide an increase in natural light, lowering the total expense of electricity.

			[image: ]
			Figure 1.4. Basic components of the hollow light guides integrated into a building: vertical (1) and horizontal system (2).

			In the basic guiding mechanism (shown in figure 1.4), light strikes a collector system located on the outside of the construction and is guided into the interior of the building through a tubular system, usually vertical (1) or horizontal (2), internally coated from a highly reflective material like aluminum to be expelled by means of an extractor system or diffuser. Transparent hollow light guides incorporating prismatic films have improved compared to aluminum-based ones as an increase in efficiency for certain angles of light [27]. The incorporation of hollow light guides allows to increase the luminous flux without an increase of temperature in summer or thermal losses in winter, improving on the construction and design alternatives. In this book, innovative optical designs are proposed such as the lateral extraction system and angular guides, which offer improvements in the guided light through hollow prismatic light guides. These designs allow the orientation of direct light in space using nonimaging optics, by means of dielectric materials and reflective efficiency. Through theoretical calculations and experimental models, several efficiency, analysis and colorimetric calculations have been carried out in hollow light guides of different geometries and materials. The development of a mathematical model for the calculation of the light transmission of hollow prismatic light guides, shows the efficiency of the system associated with an analysis of the prismatic film to micrometric scale. The mathematical model allows to quantify the influence of several parameters that characterize it as well as the defects that exist in the surface of the material that composes it. To quantify the topographic defects, they have been studied by means of different techniques of microscopy on a micrometric scale. The model adjustment is carried out through optimization procedures based on the obtained flux data in simulations with ray tracing software using realistic models and verifications with an experimental model. Finally, a technique is proposed of morphological analysis, using image processing algorithms to evaluate the influence of flexion on the deformation of a flexible prismatic film. This technique shows the relationship between the curvature of the film, the deformation and the flux of transmitted light.

			The present work provides a quantitative estimation of the influence of numerous factors that affect the transport of light in hollow prismatic light guides in order to contribute to the prediction of light losses, such as the influence of defects or the modeling of optical systems.

			The book is divided into six chapters. Chapter one contains an introduction to general lighting in architecture. Chapter two deals with the main aspects and design parameters related to artificial lighting in architecture. Chapter three presents a review of the main theoretical concepts related to light and its measurement and analyzes the advantages and disadvantages of solar light guidance systems. The current state of the art is also presented and discussed in the technology of prismatic light guides. In chapter four, various developments in guiding and extracting light by means of calculations are described, as well as theoretical and experimental analysies of efficiency. Colorimetric calculations in hollow light guides of different geometries and materials are shown, in addition to the techniques of optic analysis used and the instrumentation applied. In chapter five, the analysis and characterization of a microprism surface is shown, an experimental prototype is developed to determine the efficiency in the guides of light and, subsequently, a semiempirical mathematical model is proposed. Chapter six provides a method of characterizing the deformation produced in a prismatic film induced by changes in the curvature of the cylindrical guide that contains it. This method is based on recognition procedures and image analysis. Experimental and theoretical quantifications are also discussed as well as losses of light due to these changes through analysis of optical transmittance.

		


		
			2. Light and architecture

			Light and architecture require a mutual harmony among themselves to serve man. The deep correlation between space, form and light has always been studied and expressed in poetic forms at times. Le Corbusier was one of the pioneers of what is now called modern architecture [28]. He claimed that “Architecture is a wise craft magnificent correct of volumes under the exposure of light” and “Architecture is the meeting point of light and form”. In his texts, he stated:

			Architecture is the correct, magnificent, masterful match of reunited masses in light. Our eyes are made for visualising different forms of light; light and shade reveal these forms, cubes, cones, spheres, cylindrical and pyramidal are among the major primary forms revealed in light.

			Other great masters of modern architecture such as Louis Kahn or Alberto Campo Baeza did not hesitate in stating that “The sun didn’t rejoice greatness until it happened to glare the faҫade of a building”, and “Light isn’t vague or diffuse just due to the fact of its constant presence, it should never be taken for granted. Doesn’t rise in vain everyday”. The research on the value of light in the field of architecture still remains of vital importance in the quest for urban sustainable premises and comfortable in habitable spaces. Making the most of our natural resources is one of the most prevalent aspects, as well as reducing the progressive impact on the environment in the search for a system that endures future generations.

			2.1. Radiation and human life

			Radiation is a part of the physical environment that surrounds us. In the evolution of living beings, its presence is adapted in many different forms. The visual organs have been the primary base of human perceptions, thereby providing a better way of discovering ourselves, our material transcendence. The relationship with our equals, their way of being, temperament, their way of thinking, has to a large extent in the light and in the perception of body language one of its most valuable instruments.

			2.2. Sunlight and sense perceptions

			Sunlight is basical for our visual perceptions and the most comfortable type of ilumination for our vision. In a radiation spectrum, the energy of which our naked eyes capture the once with the wavelength range of approximately 380 to 780 nanometers. There lies a direct correlation in the feeling of comfort and the amount of illumination during the performance of our day to day activity. Even further, the input received by our senses, such as hearing, touch, taste, smell, is classified  the way the light in a determinant manner by our sight due to way the light enters our retina.

			As the classics of gnoseology explained, in our cognitive capacity, the agent intellect is capable of elaborating, in an internal operation, an object after a conversion ad phantasmata, an internal object that is in our intelligence and that we relate it to reality existing in terms of true. Light, and especially natural light, plays an irreplaceable role in the whole cognitive process of human being.

			2.3. Light and architecture

			The reality we live in usually tends to have light spread all over it and causes interest in our sense perceptions of contemplation, passion and evocation. We might often wonder how would be the existence of our forefathers as cavesmen, hundreds of thousands of years ago as cavemen, how the discovery of fire dominated their assembling in groups, their paintings, which espressed their existence and their sense of transcendence. After thousands of years, man has been able to create architecture in order to build the appropriate environment for the needs of his existence. Making the most of natural light would be a determinant factor to achieve an architectural capacity to fulfil his vital needs.

			[image: ]
			Figure 2.1. Patio of the Bañuelo or Walnut bath. Granada. 11th Century. Octagonal skylights used for lighting and ventilation. Photographer: José Amorós.

			The presence of material has narrow correlation with light. The space is defined by the light falling on, reflected, bathed and suspended. The amount of natural environmental light and shades have been explored by the growing needs and demands by man in various examples of religious architecture, public buildings, common places of urban gathenings (Fig. 2.1 and 2.2). In The Republic Plato [29] depicted how prisoners chained in the caverns were used to the darkness they lived in. They could hardly outline the shadows of their bodies by being kept away from the light entering through the main entry. At the beginning, the man was blinded by pitch darkness. Later on, his pupils dilated, thereby starting to feel the light as if it were tangible. His eyes began to discover material beauty through penumbra and twilight. “Instead of using light to reveal other things, the light its selves should have been the revelation” [30]. As Louis Kahn added, “I feel the light an artifice of all presence and the material as light spent. All that creates light, projects a shade, the shade belongs to light” [31].

			[image: ]
			Figure 2.2. Pantheon. Rome. Circular hole in the roof to illuminate the main space. Photographer: Fernando Echarri.

			2.4. Architecture and climate

			The correlation between the architectural spaces and the light takes into account the radiation that ends being transformed into thermal energy, leading to a determinate ocurrence happening in many cases to the conditions of thermal comfort. The radiation absorbed by the exterior and interior parameters of an architectural project transforms into heat due to effusiveness migrating towards the inward particles of the material, increasing the temperature and generating heat towards the surrounding object. Man will uses natural light to create his laboural, private, institution or family premises, but they have to adjust them to the climatic conditions in which they are made or subjected to.

			[image: ]
			Figure 2.3. Santa Teresa-Ganduxer school. Barcelona. Façade with hanging metal structure and ceramic that shifts thermally and luminously the interior. Architect: Pich Architects. Flexbrick system. Photographer: Simón García.

			Solar protections have been very frequent in the history of architecture; lattice-work, Venetian blinds, sunshade, shutters, etc. have always been a challenge for the architects (Fig. 2.3 and 2.4), a source of constant improvement in the indoor atmosphere as well as in the preservation of objects kept in the interior. The contrast of lights and shades provides an emotional character to architectural spaces. As said by Eliade, “The association of man to the darkness and light is intimately closely linked to the natal experience from the point to view that enables him, the transformation of an immediate reality” [32].

			2.5. Architecture, light and contemplation

			Man is considered a creature drawn to contemplation [29]. Natural light and its correlation with architectural spaces has been since the past a source of resources for this objective (Fig. 2.5 and 2.6). The studies and reflection of Plummer concluded that “The patterns and content of the lightening phenomena in the archaic societies and the first religions showed us man’s need for luminosity and the myths inherited by luminosity” [33]. Light collaborated decisively in man’s emotions too. Numerous great thinkers and artists have been in agreement with this transcendental aspect. As stated by Nieto Alcaide:

			[image: ]
			Figure 2.4. Classroom III. University of Alicante. Windows sheathed with steel lattice- work. Architect: Javier García-Soler. Photographer: Víctor Echarri.

			“Light isn’t just a physical phenomenon that illuminates the objects, but an emotional thing” (Jorge Oteiza). The stained glass of a gothic cathedral is made through a filter that transforms the worldly light (...). The control of light in an architectural space was the starting point to transform the interior of an unequipped room of natural material and similarities of a natural space [34].

			[image: ]
			Figure 2.5. INTRAS Foundation. Valladolid. Use of natural light to illuminate the interior of the building. Architect: amas4 Architecture. Photographer: Pedro I. Ramos.

			Also the contemplation of the landscape from the inside, or the relationship of the architectural work with the landscape or external environment, have been a source of study, of analysis of reality, of the search for suitable spaces for the expression of the spirit of time in that the social life of human beings developed.

			[image: ]
			Figure 2.6. Botín Foundation. Santander. Façade composed by slightly rounded ceramic tiles, pearl-colored and vibrant, that reflect the sunlight, the sparkle of the water, and the rarefied atmosphere. Architect: Renzo Piano. Photographer: Fernando Echarri.

			2.6. The reflected light

			Our eyes can capture the sunlight that is reflected. The effects derived from a sunlight container, such as the reflection of radiation due to the absorption and reflection properties of the material, variations in color and wavelength, texture, inclination of the surface with respect to the incident radiation, etc., are of an enormous variety. Throughout centuries, man has experimented with the materials that were available or these were elaborated artificially like cement, morter, gypsum and concrete, as a constant search for appropriate ways of creating/building architectural spaces for their emotional dimensions (Fig. 2.7).

			[image: ]
			Figure 2.7. Tokyo Cathedral, light passing through the glazed gaps (left). On the streets of Lisbon (right). Photographer: Fernando Echarri.

			Tanizaki carried out a research that was significant in the role of shades in architectural spaces under the Japanese cultural frame [35]. He sustained that the space of shade was not only a space but also thought, therefore an essential factor in architectural perception. The role of filters in its dialogue with light and shade is essential for the conception of the Japanese spirit and soul [36].

			The reflection of light has always inspired a culture in its quest for transcendence. Focillon looked into the symbols generated by light on figures between heaven and earth, concluding that they reproduce the eternal transfiguration that happens incessantly to the traces of life, and that they vibrately project resulting forms for another life [37].

			2.7. Reflected light and colour: Temporary variations

			One of the most important characteristics of the reflection of light over the materials which compose the architecture of a building is the varied radiation suffered throughout the day and throughout the complete cycle of a year. Concening this, man has experimented with diverse methods that happened to produce an unexpected vibration of light, a varied effect on color or a mirror effect on the material on which it is reflected in a genuine way or in a distorted fashion (Fig. 2.8). There are various examples of varnished ceramics, metallic material and glazed tiles.

			[image: ]
			Figure 2.8. Auditorium of La Alguea Pinoso, Alicante. The use of a ceramic coating allows generating a vibrant volume in constant change due to changes in lighting or movement of the observer. Architect: COR ASOCIADOS ARQUITECTOS. Jesús Olivares y Miguel Rodenas. Photographer: David Frutos.

			2.8. Natural and artificial light

			Interior spaces require an appropriate combination of natural light, taking into account the importance of climatic conditioning. The variation of solar radiation levels requires the use of artificial illumination, especially the corridors that are surrounded by other spaces in the interior. The introduction of natural light through strategic openings fill up the trappings surfaces until reaching the optimum space desired, guided by natural light as shown below (Fig. 2.9). It shows a higher quality of architectural design but at the same time reduces considerably the annual energetic demand and the associated environmental impact.

			[image: ]
			Figure 2.9. Children’s school Les Fontanelles. Benidorm. Buildings that involves both setting natural and artificial lights. Architect: Rafael Landete and Víctor Echarri.

			2.9. Buildings and night lighting

			The usage of glass in façades is prevalent in our times and does not dodge criticism for its inefficience in terms of energy consumption. This could lead to making buildings become the bearers of the light that crackle in public spaces at night (Fig. 2.10). The city requires a new dimension, leading to a space of exceptionally high value for a society yearning safety and freedom.

			[image: ]
			Figure 2.10. Children’s school Les Fontanelles. Benidorm. Glass façades allow to illuminating the interior of the building with natural light during the day and the surroundings at night. Architect: Rafael Landete and Víctor Echarri.

			2.10. Light and architecture: Beauty

			Light is a humanizing factor of existence. Our quest for good and truth is not extent from the quest for beauty. Currently beauty and truth have lost importance and relief. Modern science tries to bring about arguments based exclusively on the reasoning of audio-visual media and beauty is overcome by what is creatively made up based on pure intellect. However, beauty is the center of our existence. It is present in the sublime but also in ordinary things by those radical aspects in our own daily lives. Light is a part of our daily experience. It is a decisive factor in our understanding of material and immaterial reality to find the beauty of individuals in our current situation of experience.

			The beauty in architecture makes light sublime. The relation of spaces and their configuring elements with light is an essential part of this function and the art of expressing and the significance of architecture (Fig. 2.11). As stated by Jose Manuel Mora Fandos, a man is enriched by exercising the ability to be astonished even on a rainy day in Rome:

			[image: ]
			Figure 2.11. Housing between medianeras. Pomegranate. Architect: Juan Domingo Ramos. Photographer: Valentín García.

			I say this because a big city under the rain has an invisible charm for its citizens, would be a proportional part of the imperfection that underlies everything in our life because what I intend to talk about is to look. One spends his own life looking so there must be a reason. I feel like saying something about this habit and a few other things. As for the city of Rome, the water curtain untares the perspectives, or what makes the Colosseum a conjecture or one of the funds of daily lives (...). But, who discovers its sense? For example, who sees that the rain in twenty minutes has substituted the dry drama of the brightness and the shadows with the poem of a dim and wet light that screens everything with that sepia filter? [38].

			Day light makes our lives poetic. The beauty of architecture, the beauty of light that bathes, surrounds, caresses, colors and enriches our spirit and lifts us towards the contemplation of transcendental realities. Hopefully this quest of new correlations between architecture and light that accompanies indubitably this research shall always be guided by the unreachable quest for beauty.

		


		
			3. Basic lighting concepts in architecture

			3.1. Research on light

			Light is one of the most fascinating physical phenomena in existence and therefore is a great source of interest for many scientists who have tried to describe its origin and explain its nature, proposing diferent models of behavior throughout history. The historical trajectory of theories about the nature of light has consecutively established both its double wave and corpuscular character. The first elaborate proposals on the nature of light are found in Ancient Greece [39], advancing the subject of vision in a large number of works. A first corpuscular conception of light appears, supported by the so-called atomists. Democrito, a pre-Socratic Greek philosopher and mathematician who lived between the 5th and 4th century B.C., assumed that bodies emitted atoms carrying its image. One can find precedents of the wave model on part of the work of the Greek philosopher Aristoteles (384-322 B.C.), explaining how objects can be observed by the modification of the medium interposed between the eye and the object seen. The ideas of the Greek philosophers were transmitted to Europe by the Arabs, and among then by the philosopher Alkindi, who at the end of the 8th century translated the writings of the Greek philosophers and revised the theories of vision and light. Subsequently, Alhacen (965-1039 C.E.) wrote the first extensive treatise on lenses and carried out important studies with optical mirror systems [40].

			It was in the 17th century, during the establishment of classical physics, when the real debate about the nature of light began, with two clearly marked trends: on the one hand, the consideration of the light formed by corpuscle, which was Newton’s theory, and on the other hand, the wave nature of light that can be found in the work of Huygens. In 1671, Newton revitalized ideas previously held by Empedocles (5th century B.C.) on the nature of light through the theory of emission. He proposed that light is composed of small particles or corpuscles that propagate in a straight line if not subjected to a force [41]. This theory explains phenomena like the rectilinear propagation of light, absorption, reflection and refraction. Seven years later, in 1678, Huygens proposed the theory of light wave, corresponding to the specific movement of light as it propagates through an invisible medium called ether, demonstrating the laws of reflection and refraction [42]. 

			Subsequently, the work of Thomas Young (1804) revealed the phenomena of interference and diffraction [43], which were inexplicable according to the corpuscular theory. The experiments carried out were decisive for the proposal made by Huygens to be taken into account. Also, Goethe (1810) showed a great interest in light and color, developing a subjective theory of color that today is called color psychology [44].

			In 1865, the ideas of the physicist James Clerk Maxwell were added to existing theories. Maxwell [45, 46] discovered the fundamental relationships between perturbations of both electric and magnetic character propagating in vacuum and gave such waves the name of electromagnetic waves. He determined the speed of propagation of an electromagnetic field, which coincided with light in vacuum, what made him affirm that light waves are electromagnetic waves. The speed of propagation c relates to the electric constant (vacuum permittivity), ϵo [47] and the magnetic constant (vacuum permeability) of the void µo [48] through the equation:

				[image: ].	(3.1)
			Electromagnetic radiation is a wave phenomenon of energy transport, formed by a magnetic field and an electric field perpendicular to each other, whose displacement speed in the vacuum is c = 299792458 m/s, differing very little in its value in the case of airborne propagation. Electromagnetic radiation, being a wave phenomenon, has an associated wavelength λ and a frequency ν, both related to each other by the expression:

				c = λν.	(3.2)

			The refractive index is a fundamental physical property of a medium that indicates its “optical density”. The absolute refractive index of the medium n is defined as the quotient between the propagation velocity of an electromagnetic wave in the vacuity c and the propagation velocity of the wave in the medium v:

				[image: ].	(3.3)
			By 984 (A.D.), Ibn Sahl had already used the law of refraction to obtain forms of lenses that focus light without geometrical aberrations. Subsequently, the concept of “index of refraction” is used in 1807 by Tomas Young [49] and several other authors [41, 50], applying it in relation to the strength of refraction. Through the Poynting Theorem, developed by John Henry Poynting and published in 1884 [51], the law of conservation of energy within electromagnetism is expressed, establishing that the decrease in electromagnetic energy in a field is due to dissipation in the form of heat as a result of the Joule effect as well as the flow towards the exterior as defined by the Poynting vector. In 1900, Max Planck discovered a fundamental constant, the so-called Planck constant h, used to calculate the energy of a photon, and formulated the quantum hypothesis in which the energy radiates in separated small units called quanta. He also theoretically interpreted the curves of radiation of bodies [52]. For visible light, the energy carried by a photon is around 4 ∙ 10−19 joules, enough energy to stimulate the vision [53]. Planck’s law states that the energy of each quantum is equal to the universal Planck constant multiplied by the frequency of radiation:

				E = hν,	(3.4)

			Being the Planck constant of an approximate value of h = 6.63 ∙ 10−34 J s. The bodies receiving thermal radiation absorb and consecutively emit radiant energy in the form of electromagnetic waves, which only correspond to the visible spectrum if the body reaches a certain temperature. The discoveries of Planck supposed the birth of a whole new field of physics known as quantum mechanics and provided the foundation for research in fields such as atomic energy [54, 55].

			Albert Einstein established a mathematical description of the photoelectric effect in 1905, explaining why the energy of electrons depended exclusively on the frequency of the incident ray of light and not of its intensity. He formulated the foundations of the theory of relativity [56] and gave shape to the notion of photon [57]. In 1916, he established the laws of the photoelectric effect to be corroborated experimentally [58, 59].

			With the birth of quantum mechanics in the early 20th century, the existence of waves of matter was proposed, solving the existing problem in relation to the interpretation of the theory of electromagnetic radiation. Louis-Victor de Broglie in his doctoral thesis (1924) postulated that each particle corresponds to an associated wave [60]. From here, wave mechanics emerged, which established both the corpuscular nature of light in its interaction with matter in the processes of emission and absorption and the electromagnetic nature of its propagation. The duality corpuscular-wave that represents the photon not only is an exceptional behavior, but it is considered a law of nature. Every particle of mass m and velocity v has associated a wave whose wavelength λ is defined as:

				[image: ]	(3.5)
			After De Broglie proposed the theoretical foundation of electron beams having properties of electromagnetic radiation, the development of assumptions in the field of wave mechanics increased, being applied in many different cases and making use of mechanical-optical analogies. For example, Hans Busch showed in 1926 that magnetic lenses could be used to direct electrons in the same way as optical lenses can be used to direct light. This advance represents an important step for the development of the first electron microscope by Max Knoll and Ernst Ruska in 1932 [61].

			3.2. Lighting measurements and standards

			During the 20th century, great importance has been given to the understanding of concepts related with radiation [62, 63]. Also, efforts were made to standardize and generalize the given terminology and symbols, as well as radiometrical and photometrical units of measurement. One of the main international institutions of terminology in this field is the CIE (International Commission of Illumination or Commission Internationale de l’Eclairage). This organization developed around 1931 a large number of basic concepts and standard procedures of methodology in the field of light and illumination [64].

			The National Bureau of Standars (NBS), currently called the National Institute of Standards and Technology (NIST), has provided a series of reports through the development of advances in metrology, standards and technology in order to improve general economic stability and quality of human life. Organizations such as the recognized authority of illumination called IESNA (Illuminating Engineering Society of North America), founded in 1906, carries out, among other activities, recommendations of the quantities and necessary qualities in terms of illuminating environments according to human biological needs. These recommendations are collected in prestigious publications such as the IESNA Lighting Handbook [65]. ANSI (American National Standards Institute) oversees the development of standards for products, services, processes and systems in the United States. Additionally, ISO (International Organization of Standardization) seeks standardization of products and safety standards for corporations and organizations at an international level. In Spain, the “Real Decreto” (Royal Decree) 314/2006, ratified on March 17, 2006, approved the Technical Building Code (CTE), which establishes specifications in terms of lighting concerning the reduction of energy consumption in buildings to acceptable limits, as well as requiring that part of this consumption derives from renewable sources.

			3.2.1. Measurements of optical radiation: Radiometry and photometry

			Radiometry is a branch of physics used to describe and measure the propagation of electromagnetic radiation [66]. The fundamental scope when studying a radiometric system is the radiant flow or flux ϕe defined as the number of particles flowing through a medium, transporting an amount of radiant energy Q (units: joule) and with a certain probability when interacting with the surface per unit of time t. Its unit is watts (W) and its value is given by the following equation:

				[image: ]	(3.6)
			Irradiance Ee is used to quantify the radiant flux per unit area S and is defined as the amount of energy that arrives at or exits from (in this case called Exitance Me) a given area or specific surface per unit of time and surface unit, in this case regardless of the angular or directional distribution of the radiation in question. It is measured in W/m2 and is defined as:

				[image: ]	(3.7)
			The solid angle Ω is the spatial angle that encompasses an object seen from a point given and corresponds to the area of space confined by a conical surface. It measures the apparent size of that object and is defined as the ratio of a portion of the surface area of a sphere in relation to the square of the radius of the sphere (dΩ = dScosθ/R2), its unit is the steradian sr. In the case of a spherical cap whose radius is seen under an “angle” from the center of the sphere, it will be defined as Ω = 2ϕ(1 − cosθ). The radiant intensity Ie is the radiant flux per unit of solid angle, which affects or emerges from a specific point in space in a specific direction. The terminology commonly used to define radiant intensity is W/sr: 

				[image: ]	(3.8)
			Radiance Le is the radiant flux ϕe per unit of projected area S and unit of solid angle that in a certain direction impinges, crosses or emerges from a specific point on a specific surface (projected area: dS cos θ) and is measured in W/m2sr:

				[image: ]	(3.9)
			All the radiometric quantities that are defined depend on the wavelength, so in order to explicitly define this dependence it is necessary to add the exchange ratio with respect to λ. When radiation is detected by the human eye, a restricted area of the electromagnetic spectrum is used in the calculations, such that the units are in agreement with the sensitivity of the human eye in relation to the wavelengths that form the visible spectrum. The visible range, in terms of wavelength, varies between approximately 380 nm and 780 nm and represents but a small part of the electromagnetic spectrum.

			Photometry studies the capacity of electromagnetic radiation within the visible range of the spectrum. It is based on a statistical model of the visual response of the human eye under certain conditions, introducing this fact by pondering the different radiometric magnitudes measured for each wavelength per a factor that represents the sensitivity of the eye for that wavelength. The function defining these loads is called spectral sensitivity function and is represented as V (λ) [67]. This function differs depending on the eye’s adaption to either daylight conditions (photopic view) or nocturnal light (scotopic vision). The relative stimulation of daylight vision therefore varies with the wavelength, with about 555 nm being the maximum value in photopic view. In a scotopic or nocturnal vision, it has a similar response, but in this case the maximum is about 500 nm. The luminous flux ϕv is considered the energy per unit of time (dQ/dt) that is radiated from a source over the wavelengths of the visible spectrum. If we acknowledge the spectral density as dϕ/dλ, we can obtain the luminous flux ϕv, whose unit is the lumen (lm) and is defined by the following expression: 

				[image: ]	(3.10)
			where K = 638 (lm/W) is the constant used to relate the radiometric magnitudes with the photometrical in photopic conditions. The illuminance Ev is the total amount of luminous flux that affects a surface per unit of area. Illuminance is equivalent to irradiance but compensated with the response curve of the human eye. The standard illuminance unit is lux, which is defined as lumen by area (lm/m2):

				[image: ]	(3.11)
			It is generally known as luminous intensity Iv, measured in candela (cd) and equivalent to lm/sr, to the luminous flux emitted by a light source in a certain direction per unit solid angle:

				[image: ]	(3.12)
			Therefore:
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			Luminance Lv is the photometric measure of radiance and is defined as the luminous flux emitted per unit of projected area and per unit of solid angle in a certain direction. It is measured in cd/m2 or lm/m2sr. Mathematically its expression is as follows:

				[image: ]	(3.14)
			3.3. Lighting design in architecture

			Lighting technology is a field of knowledge dealing with the design of lighted spaces and systems in architectural environments. There are several factors to consider in the design of a lighting system such as the influence on human activity and the behavior of the luminous flux, which must be provided in relation to the given conditions in a specific environment.

			There exists an extensive bibliography related to lighting technology and also an applicable regulation where one can find the definitions of this terminology [65]. There are also computer programs allowing calculations with enough accuracy within the main parameters of importance in an interior lighting design. One of them is Dialux [68], a free software accepted by the relevant manufacturers of the sector of lighting capable of determining values such as illuminance, uniformity, the uniform glare index UGR and the efficiency of the installation through the use of realistic simulations. However, there are very few publications oriented to lighting design that show an interest for the creation of a different environment of light, making it more interesting to the user by either creating new sensations or applying a more attractive design, leaving the common parameters used in lighting technology in the background.

			3.3.1. Color temperature and its use in architecture

			In physics, a black body is defined as a theoretical or ideal object that absorbs all light and all radiant energy which falls on it [69, 70]. The energy emitted by a black body is called black body radiation and depends on the temperature of the object. The color temperature of a lamp is the temperature at which a black body acquires the same color as the lamp in question. To understand the behavior of the black body we can analyze what happens if we heat up a piece of metal at one of its ends at high temperatures as shown in figure 3.1. The cooler part of the metal remains dark, the heated parts emit a reddish light at first, then orange, yellow and, finally, white in zones with the highest temperatures. In this example, we observe how the type of light emitted depends on the temperature of the area at which it is located.

			The law of Stefan Boltzmann [71] indicates that the radiant flow emitted by a black body is proportional to the fourth power of its temperature. This law has been used in the evolution of incandescent as well as discharge lamps in order to achieve greater radiant luminous flux by increasing the color temperature of the lamp. In the graph of figure 3.2 the spectral distribution curves of the black body are observed. The sun radiates approximately as a black body at 5800 K, with a maximum in the area of the visible spectrum, confirming that the human eye has adapted in its evolution to obtain the best vision within full daylight (cold light).
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			Figure 3.1. Color change of a piece of metal as a function of temperature.
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			Figure 3.2. Black body spectral distribution curves.

			For interior lighting purposes, DIN 5035 (Artificial lighting; terminology and general requirements), includes the classification of the light emitted by a lamp and differs by three color intervals depending on the temperature: warm white for values below 3300 K, neutral white for values from 3300 to 5000 K and cold white in values above 5000 K. Warm light is identified as provided by the classic incandescent filament bulb [65], currently in disuse due to its low efficiency. In the example of metal as shown in figure 3.1, the light emitted by this type of lamp would correspond with the zone next to the yellow tonality. Cold light is generally identified as daylight and was also emitted by the first fluorescent lamps manufactured in the past. In the example of the hot metal, the figure would correspond to the intense white tonality. Currently, fluorescent lamps are available in temperatures ranging from warm to cold light, passing through neutral. Neutral light is situated in an intermediate range of both color shades. Figure 3.3 shows the decorative lighting provided by two types of color temperatures: warm light (left) and cold light (right).
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			Figure 3.3. Decorative tree lighting with warm light (left) and cold light (right).

			The application of the same color temperature in the illumination of different zones of a building can produce some monotony for the viewer, so that it might be interesting to use different color temperatures in order to create contrasts between different surfaces of the exteriors of buildings or in architecturally designed interiors. It is also compelling to combine different color temperatures distinguishing environments according to their usefulness, such as work zones and relaxation areas. Outdoor lighting projects have combined high pressure sodium vapor lamps with metal halides or other types of discharge lamps in urban environments. Along these lines, one can differentiate between environments illuminated in a functional way (street lighting) and others with a more eye-catching lighting (commercial or advertising). This same combination of lamp types also allows highlighting the features or windows of a building in contrast to the rest of surfaces, thus improving the perception of the façade of a building. Consequently, it is interesting to note the difference when using a variety of color temperatures which produce contrasts when used between different surfaces of the exterior of buildings (Fig. 3.4) or in architectural interiors. This diversity allows one to distinguish environments in function of their usefulness, such as work zones and relaxation areas.
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			Figure 3.4. Toledo’s Cathedral Tower with combined lighting of different color temperatures.

			This effect can be achieved by light sources whose color variation is defined by RGB drivers. These devices allow continuous changes of the color of light to attract the viewer, used in shops as advertising hooks, distinguishing them from nearby activities that applying a rather conventional illumination (Fig. 3.5).

			[image: ]
			Figure 3.5. The use of RGB lamps used as advertisement in commerce.

			The use of different color temperatures in indoor lighting has certain influence on the mood of users [72, 73]. Warm light produces a feeling of relaxation in humans, and therefore, its use is more suitable in bedrooms, areas of relaxation or in places where one likes to enjoy a peaceful meal. Cold light, however, accelerates human biorhythms and is used in work environments where it is intended to help maintain concentration. Neutral light is usually used for stages of intermediate activity. The combination of lamps with temperatures in both warm color and cold color range with the help of lighting level regulation has also been used to influence human moods. The use of both a cold lamp (6500K) and a warm lamp (2700K) in the same luminaire allows the regulation of the intensity in a complement being able to change from warm light (0% cold light and 100% warm light) through intermediate temperatures (light neutral) to the maximum of cold light (100% cold light and 0% warm light).

			This system of changes in color temperature can, therefore, help to activate the human body, using cold light after getting up in the morning, followed by a warm/neutral light at meal times, neutral/cold light in the afternoon and ending the day again with warm light as one approaches the time to rest. Humans have become accustomed over time to the use of differentiated color temperatures. In the mediterranean area, the use of cold light is more widespread whereas nordic countries prefer the use of warm light.

			3.3.2. Perception of volume with light

			The perception of closed spaces varies according to the level of light coated on surfaces [74, 75, 76]. The location of luminaires, their typology and their way of projecting light play a fundamental role in the perception of spaces. Clear or well-lit walls visually extend space where dark walls visually contract it, as shown in the first two images of the figure 3.6. Similarly, a dark ceiling gives an impression of proximity (third image). Perimeter lighting with the directionality of the light downwards will make a wall seem higher. If it is a narrow corridor it will increase the perception of the height / width ratio (fourth image).
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			Figure 3.6. Computer simulation showing the changes in the perception of equal spaces with different levels of illumination on its surfaces.

			3.3.3. Visualization of light

			In order to be able to observe light it is necessary for an object to exist to project it on, since it is not possible to perceive it in vacuum or in the outer atmosphere, unless it contains a sufficient degree of humidity, dust or some element on which to reflect the light. The perception of light in the environment can easily be achieved using a vapor particle generator and illuminating said particles in areas of recreation or culture such as theaters 3.7, but there are hardly applications at the level of functional or decorative lighting outdoors.
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			Figure 3.7. Projected image achieved with a vapor generating equipment.

			3.3.4. Light distribution: Direct vs. indirect lighting

			Lighting design can be classified according to the directionality of the luminous flux provided by the luminaire. Within the numerous classifications in existence, the most general is differentiating direct light from indirect light. Direct lighting is mainly used in areas that are suitable for its specific usage. In indirect lighting the environment is illuminated the reflection of by reflecting light on surfaces, preventing glare and providing a sensation of comfort. This type of lighting has been used extensively in interior lighting of buildings of architectural relevance during the last century [77, 78]. The energy required to achieve an adequate level of flow through indirect illumination, projected on a white ceiling so that it reflects and adequately influences the illuminated working plane can be more than three times higher than the energy necessary for direct illumination [65]. The constant increase in energy prices and the heightened concern for the environment hinders this way of illuminating significantly, since it implies a considerable and unjustifiable expenditure of energy and currently has alternative solutions that archive a similar effect.

			The extra energy cost of indirect lighting is further increased if the surfaces of reflection are not bright or mirrored. The theoretical values of reflection of light used in function of their tonality can be classified on a basic tone scale: very light, clear, medium and dark colors, which correspond with reflectances of 0.7, 0.5, 0.3 and 0.1.

			It is necessary to increase respectively more than double the illumination to achieve the same level (0.7/0.3=2.3) if we go from a surface of reflection very clear to medium.

			An alternative to indirect lighting is the use of stretched fabrics with retroprojective characteristics (backlighting). This solution can simulate natural direct illumination by choosing the right color temperature, which would be provided by apertures like windows. Figure 3.8 shows a space illuminated by artificial light and also natural light from a window, which could be simulated by backlighting with cold light. One can simulate scenes representing different hours of the day by varying the color temperature of the lamp that backlights the window, using bright cold light during peak hours of the day and warm light with low levels of lighting around the hours of dusk and dawn.
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			Figure 3.8. Space illuminated by both natural and artificial light.

			3.3.5. Solid State Lighting (SSL)

			Solid State Lighting (SSL) is perhaps the most significant advancement in illumination since the invention of the electric light bulb by Joseph Swann more than a century ago. Lighting applications, which use Light Emitting Diodes (LEDs), Organic Light-Emitting Diodes (OLEDs), or Light-Emitting Polymers (PLEDs), are commonly referred to as Solid-State Lighting [79]. Solid state light sources based on inorganic semiconductors will revolutionize modern lighting due to their unique properties such as long lifetime, colour tuneability, and instantaneous switching. But most importantly: LEDs are mercury-free and will become the light source with the highest energy-efficiency in the near future. Thus, LEDs are able to outperform all existing light sources and save significant amounts of energy, which will not only reduce CO2 emissions but also lower the energy consumption of consumers.

			It is a usual practise in architectural projects to hide or conceal certain facilities so that they do not distort the perception of the building. A fundamental advantage of LEDs compared to other lamps is that they provide a high luminic flow at a small size. With current technology, a high quality luminaire with high efficiency fluorescent tubes type TL5 of 2x49 for example provides a usable flow of about 6000 lm and occupies about (45dm3), while a strip of LEDs with the same luminous flux and its dissipator can occupy a volume of (1.3 dm3). So, with this latter solution the presence of lighting installations is diminished by a ratio 1/35 considering that the power supply system of the equipment may be hidden in a false ceiling or in an electrical cabinet. In addition to having LED equipment for conventional solutions of illumination with hanging or recessed luminaires in a false ceiling, new forms of lighting design are created thanks to different aluminum lineaments, which manufacturers have brought to the market with linear flush-mounted solutions, attachable to surfaces, corner solutions to finish encounters between planes or create regular or irregular geometrical figures hanging from ceilings.

			3.3.6. LED lighting examples

			The small size of the LED lamps facilitates their integration into furniture, showcases, illumination of façades or statues. This approach of the point of light to illuminated element significantly improves the efficiency of light in two aspects:

			
					It is more efficient, since the illumination level (lux) decreases when the point of light and the illuminated object are separated by decreasing the utilization factor.

					The light attracts the viewer. Therefore, if we focus the lighting on the element that we intend to illuminate, it encourages us to observe it.
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			Figure 3.9. Images taken from the Lluria 2017 catalog (www.lluria.com).

			In the illumination of works of art in museums, where the past years have brought a significant change in the lighting systems, from illuminating projectors hanging from the ceiling of the rooms to smaller LED lamps closer to the exhibition pieces, sometimes integrated into the showcases themselves.

			[image: ]
			Figure 3.10. Exposition at MARQ (Archaeological Museum of Alicante) in Alicante “To the beauty of the human body”, 2009.

			One can observe in figure 3.10 how to maintain a low level of illumination in transit zones and a high level on the works of art, as these become even more of a protagonist. Another advantage one gets when lighting with small LED projectors incorporated in vitrines and showcases is the energy saving that is achieved. In this intervention, an energy saving of 80% in the showcase area is achieved by changing the lighting system from a conventional lighting with halogen lamps located in roof rails to an LED lighting with mini projectors located inside the showcases. Another example of LED lighting is the creation of simulated landscapes or certain themes as we see the restaurant of figure 3.11 in order to achieve a more relaxing environment.
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			Figure 3.11. Restaurant on the Costa Blanca (Spain), simulating a tropical environment.

			Retroprojection or illumination with luminaires that make up continuous surfaces are also used in walls, doors or other settings. And the employment of luminaires with color variation (RGB) brings proposals for changing decorations. The combination of the use of water and light in saunas is usually utilized in order to modify human wellbeing and mood (chromotherapy).
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			Figure 3.12. Use of water and light in saunas.

			It is also used in garden lighting to highlight some colors instead of others. If one illuminates a plant or garden with lamps intensifying greens, one will get a more spring-like fresh look, while if warm light lamps are used, they tend to intensify yellow or brown tones and hence the appearance would be more autumnal. Figure 3.13 shows this effect achieved in an artificial garden.
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			Figure 3.13. Artificial garden.

			The application of LED technology in lighting has been so important over the last years that a majority of manufacturers have focused their production on this system, leaving the manufacture of conventional lamps for sale of replacement equipment. The success of the LED can only be diminished or complemented with the appearance of new technologies and ways of interpreting lighting. Optical guiding systems suppose a technological advancement helping in this evolution, as we will see in later chapters.

		


		
			4. Principles on light guidance

			4.1. Propagation of light in optical media

			Light is considered a transverse electromagnetic wave and is characterized by showing a behavior responding to Maxwell’s equations. Its study by this approach is often arduous in simple optical systems and is rather perplexing in complex systems, so it is convenient to consider some approximations of the optical phenomena for their application in systems [80, 81, 82]. In the calculations commonly used in optical systems, since the sizes of the wavelengths belonging to the visible spectrum are much smaller than the dimensions of the optical system with which they interact, it is possible to despise its influence. When the wavelength is assumed zero, the diffraction effects also tend to zero. With this approximation one enters the description of the behavior of light by means of geometrical optics.

			Geometrical optics describes the propagation of light by means of assumptions that allow to predict the behavior of rays in pre-established boundary conditions. If one considers lightning as the trajectory following the light in its propagation, it is possible to represent the behavior of light by various theories: lightning would represent the trajectory of a photon in the corpuscular theory, the direction of propagation of the waves in relation to wave motion and the direction and thrust of the Poynting vector in electromagnetic theory.

			The description of the propagation of light by Fermat’s principle allows one to develop the study of optics establishing geometrical fundamentals. The principle of Fermat, also known as the principle of least time, affirms that the trajectory of a ray of light to go from point A to B is such that the time spent on traversing it is minimal. In the case of the medium being homogenous, the trajectory is always straight [83]. Alternatively, the Huygens principle is an applied method of analysis for wave propagation problems proposing that every point on an initial wave front can be considered as a source of secondary spherical waves extending in all directions with the same speed, frequency and wave length than the original wave front [42]. With the aid of both principles, the laws of reflection and refraction can be deduced which describe the behavior of light when propagated by transparent means.

			4.1.1. Reflection and refraction

			When a wave or ray of light reaches the separating surface of two media it can basically produce two phenomena, that of reflection and that of refraction. Reflection is the change of direction that the beam undergoes when it affects a medium of different composition from its origin in such a way that the light returns to the medium from which it left initially. The law of reflection establishes that

			the ray reflected by a surface will be  contained  in the plane defined by the incident ray and the normal to the surface at the point of incidence (incidence plane), being the angle between the incident ray with  the normal, equal to the angle between the reflected ray and said normal (θi = θr).
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			Figure 4.1. Specular reflection on a smooth surface (a) and diffuse reflection of a beam of light hitting a Lambertian surface (b).

			On a polished surface, reflected light is conducted in a single direction called specular reflection (Fig. 4.1 [a]); if the surface is not specular, it is reflected in various directions depending on the characteristics of the material. In this case, it is called diffuse reflection, and diferent scattering models can be presented in function of its surface roughness. In the Lambertian dispersion model represented in figure 4.1 (b), the rays represent the luminous intensity at which the radiation is reflected equally in all directions. Heinrich Johann Lambert characterized the function that defines the intensity observed from an ideal diffusely reflecting surface or ideal diffuse radiator as being proportional to the cosine of the angle between the normal to the surface and the path defined by the trajectory of the radiant emitter [84]. In 1621, Willebrord Snell observed that in function of the speed of light and when penetrating in another medium of different density from which it stems, light suffered a deviation that was related to the incidence angle and the medium refractive index. Snell’s law states that 

			the refracted ray will be found in the same plane as the one defined by the incident ray and the normal, the ratio being between the sinuses of the incidence angles θi and of refraction θf inversely proportional to the ratio of the refractive indices:

				ni sinθi = nf sinθf .	(4.1)

			4.1.2. Total Internal Reflection

			When light reaches a separating surface of different media where the refractive index of the first medium n is greater than the refractive index of the second medium n0 (n > n0), then, as the incidence angle increases, the refracted ray moves farther away from the normal function as illustrated in figure 4.2. The incidence angle for which the refracted ray emerges tangent to the surface is called limit angle or critical angle and is defined as the angle from which there is no refraction at all and all the incident light is reflected to the same medium from which it originates. If the incidence angle is greater than the ’critical angle’, the incident rays with a superior angle to the limit do not pass to the other medium, but are “fully reflected” on the surface of separation producing the Total Internal Reflection (TIR). The limit angle can be calculated as the incidence angle whose sine is equal to the ratio n0/n.
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			Figure 4.2. Phenomena of light propagation from one medium of higher index to another medium of minor index: absence of deviation (ray 0), refraction (ray 1), partial reflection (dashed arrow), 90º refractive angle (ray 2) and TIR (ray 3).

			It is necessary to bear in mind that the reflection of light on a surface does not appear suddenly for the limit angle, but it approaches the total reflection in a gradual mode as seen in figure 4.2. When a luminous ray strikes the separation surface of two transparent media under a smaller angle than the limit (θl), both the reflection and the refraction phenomena occur, as represented in the figure 4.2 by rays 1 and 2.

			According to the increase θi incidence angle, the refracted ray moves away more and more from the normal. Ray 2 emerges flush to the surface, forming a 90º refractive angle. The angle of incidence for which refraction is 90º is called the limit or “critical” θl (ray 2); above this angle the phenomenon of TIR occurs.

			The TIR phenomenon is widely employed in the design of optical systems and applied in light guidance systems in fields such as illumination and photonics. Optical fiber and hollow prismatic guides are examples of optical systems using this behavior as a means of propagating light (see Fig. 4.3 ray 3). Optical fiber cables are thin and flexible, their interior is composed of a nucleus of plastic or glass of high transmittance (Figure 4.3 [a]) and it is coated by a material of lower refractive index.

			Fiber optics are widely used in lighting, in addition to being applied in various fields such as telecommunications and medicine. Hollow prismatic guides are usually cylinders structures, internally covered with a thin prism-like laminate transmitting light at long distances without large losses through total internal reflections inside its structure as illustrated in the figure 4.3 (b). They are applied usually as a guiding element of natural light in architectural spaces in which the transmission of a large amount of light is required since they allow the transport of high quantity of luminous flux with high efficiency.
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			Figure 4.3. Representation of the phenomena of refraction (ray 1) and total internal reflection (ray 3) when going from a medium of higher index (no) to another medium of lower index inside an optical fiber (a) and a hollow prismatic guide (b).

			4.2. Light guidance systems in architecture

			Currently, light guidance systems are in constant development in many fields of science since they constitute a practical conductive method for transporting high amounts of flow over great distances [85, 86]. Architecture, museums, road and automotive lighting, medicine, signaling, decorative illumination and many of the fields included in new technologies use the waveguide of the visible electromagnetic field. Its properties, like the absence of overheating, electrical safety and durability make them a valuable resource in illumination. Subsequently, a brief description of the basic guidance systems is made and the main aspect to consider detailed, namely natural lighting in architecture by hollow guides due to its enormous potential as an energy saving resource and the benefits it provides for human health.

			Natural light guidance systems are being widely used in architecture since they can send direct and diffused sunlight into the interior of spaces avoiding unwanted effects of glare or overheating [85]. Due to the limitations of its use as a source of exclusive lighting, one can make three classifications depending on the source of light used in its development:

			
					The first group uses natural illumination by capturing daylight. In this case, the guides are called solar light guidance systems. The CIE has set up the technical committee TC 3-38, reflecting international standards to regulate the development of this type of guide [87].

					The second group includes artificial processes that emit light. It has been applied mainly in industrial buildings and places with difficult maintenance or with security constrains.

					The third group is the one that uses a hybrid lighting system that incorporates both sources of natural and artificial light in its development [88, 89].

			

			The lighting guidance in the system is carried out in three parts: a system of collectors, the transport or guidance system and the extractor system or diffuser.

			4.2.1. Light collection systems

			The collector system or light collection device is the element on which either direct sunlight or the diffuse light of the sky enters (Figure 4.4). The collector system is of high importance since it is the element that conditions the amount of directed radiation into the system. Sometimes it is accompanied by a concentrator focusing the solar energy on a smaller area or alternatively directing the light by varying the angle of incidence in the guidance system and may be composed of anidolic optical systems or non-imagers, which transmit light in an efficient and controlled way. To define the build of the solar light guidance systems, CIE provide a classification according to solar capture systems [87]:

			
					Active zenith: composed of reflective or refractive systems such as he­liostats, which incorporate solar tracking systems [90]. Active collectors are more efficient but raise the overall system cost since they need additional technological implements to activate the movement and follow the position of the sun on the sky since this varies according to the season of the year, the day and the hour.

					Passive zenith: constituted by a cupola or dome collecting the light of the sun with geometric patterns engraved on its molded material to optimize the guidance [91, 92, 93]. Passive collectors are usually composed of a transparent polycarbonate dome with the same guidance diameter [94]. These systems are cheaper but less efficient than active collective systems.

					Horizontal: carries out the transport of light in a horizontal direction on facades usually oriented towards the south. It can also incorporate reflective systems and refractors with geometric patterns or active systems [95].

			

			[image: ]
			Figure 4.4. Horizontal Hollow prismatic guide system.

			4.2.2. Light transport systems

			The second part of the guidance system is the guide itself, which channels or transports the light captured by the collector towards the spaces to be illuminated. There are different designs of guides with a variety of materials and geometries used: hollow mirrored guides, fiber optic guides and hollow prismatic guides. In addition to these, other current optical designs with materials such as transparent plastics provide novel guiding alternatives [96]. Occasionally, the inner surface of the guide is specifically designed in order to extract part of the light to the outside of the guide. Also, the body of the guide can be complemented with lenses, mirrors or optical devices in order to direct light properly [97]. The size and shape of the guide, as well as the spatial distribution of the light extractor systems are specifically chosen to control the light distribution.

			4.2.3. Light extraction systems

			The final component of light guides is the emitter or extractor system. The system of extraction is composed of plastic materials, crystals and metallized particles. Usually designed to obtain an optimal distribution of light in spaces, it prevents the incidence of direct light and avoids glare by an adequate distribution of light [98, 99]. Figure 4.3 shows a components scheme of a horizontal hollow prism guide with a light extraction system [95].

			4.2.4. Fiber optic guides

			The usage and demand of optical fiber guides has grown enormously in recent times due to its numerous applications: lighting, telecommunications, biomedical industry, telemedicine and intelligent transport systems are but a few examples among others [100, 101]. The main advantage of the use of optical fiber in lighting is that light can be turned and directed towards individual targets. Optical fibers are usually composed of glass and materials such as silicone or Poly (methyl methacrylate) (PMMA). A characteristic of this type of system is that it requires a high concentration of light at the entrance point to carry out the guidance in an efficient way. The attenuation P of light that indicates the loss of power through the medium and is expressed in decibels (dB), is accumulated resulting in an exponential decrease [102]. The attenuation expressed in decibels is defined as: 

				[image: ]	(4.2)
			where Pe and Ps are defined as the input and output power respectively.

			4.2.5. Hollow light guides

			Hollow light guides are among the most used guidance systems with minimum loss and can function as a efficiency luminaire. They are composed of tubes allowing light to be transported to areas that require greater light intensity and quality, minimizing the use of artificial lighting and making use of microprismatic sheets or high reflectance materials on their surfaces like aluminum coatings with a high degree of reflectance that usually varies between 0.95 and 0.995. Light is guided inside for a multitude of incidence angles and wavelengths within the spectral range of interest. The transmittance of the guide will depend on the length of the guide, the angle of incidence and the content of diffuse radiation of the incident light since these parameters determine the number of reflections the rays will undergo [103, 26, 104]. Most of the guides have circular or rectangular shapes, although cylindrical guides are more widely used due to the ease of installation and a lower requirement of material usage, making them more economical.

			4.2.5.1. Prismatic optical lighting film

			The prismatic sheet composing the prismatic guide is an optical element made of plastic material with a high degree of transparency and with functions of light guidance thanks to its geometric configuration [105]. One of the sheet surfaces is flat and the other consists of prismatic microstructures whose surfaces are inclined 45º with respect to the flat surface (Fig. 4.5). This design provides light guidance under the optical principle of Total Internal Reflection (TIR) when light falls on the flat surface under an angular range determined by the characteristics of the plastic material that composes it. In figure 4.8, a polycarbonate prismatic sheet (refractive index n = 1.59) immersed in air (n = 1), three rays strike the film at different incidence angles. 1 and 2 undergo total internal reflection, 3 crosses through the film. The prismatic sheet can be used by replacing metal coatings with minimal loss in the lighting systems. Figure 4.5 shows a cross section through a cut of the sheet made by optical microscopy, figure 4.6 presents a top view of the prismatic sheet and figure 4.7 offers a perspective view of the prismatic sheet.
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			Figure 4.5. Profile image of the prismatic sheet made by optical microscopy (57X).
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			Figure 4.6. Top view of the prismatic sheet made by optical microscopy (57X).
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			Figure 4.7. Perspective view of the prismatic sheet surface.

			[image: ]
			Figure 4.8. Detail of light ray tracing in prismatic film. Three rays strike a polycarbonate prismatic sheet (refractive index n = 1.59) immersed in air (n = 1) at different incidence angles. Rays 1 and 2 undergo total internal reflection; 3 crosses through the film.

			Snell’s law defines the relationship between angles of incidence and refraction for a ray impinging on an interface between two media with different indices of refraction. The vector form of Snell’s law is used for calculating the direction of transmitted vectors of rays of light.

			[image: ]
			Figure 4.9. Refractive optical surface represented by tracing vector rays.

			Snell’s law can be described using the direction vectors of the incident and refracted rays k and k′ and the surface normal vector, N (Eq. 4.3). These vectors are coplanar, so that both k and k′ may be expressed as a linear combination of two vectors in the plane of incidence, the normal N and the tangent vector T. Hence, we need an equation that gives us k′ directly as a function of k, N, n and n′. Figure 4.9 shows an incident ray defined by a vector k with an angle of incidence θ. After refraction at the surface, the refracted ray is defined by a vector k′ with an angle of refraction θ’. The normal to the surface at the point of intersection of the ray with the surface is denoted by a vector N.

			We can define a vector in the plane of k, k′ and N, and parallel to the surface at the point of incidence. This unit vector is denoted by T.

				nk × N = n′k′ × N	(4.3)

			Derived from figure 4.9 we can see that:

				k = cosθN + sinθT,	(4.4)

			Hence, the vector in the direction of propagation is given by:

				k′ = cosθ′N + sinθ′T,	(4.5)

			Equation 4.4 can be combined with 4.5 to result in:

				[image: ]	(4.6)
			and, using Snell’s law:

				(k − Ncosθ)n = (k′ − Ncosθ′)n′.	(4.7)

			The general expression for Snell’s law in vector form can be summarized by the expression:

				n′k′ − nk = N(n′cosθ′ − ncosθ).	(4.8)

			In a prismatic sheet, the light that hits the flat surface will undergo numerous internal reflections. There is an angular range in which light shows the phenomenon of TIR and will fulfill the conditions to be transmitted internally in prismatic hollow guidance systems. The boundary angle, whose prism angle is 90º, defines the angular range where TIR is produced and within which rays are guided along the prismatic system. Figure 4.10 shows the angular range where TIR is produced by the director angles that show the positive directions of the coordinate axes: α (degrees), the angle formed with the positive direction of the x axis and β (degrees), the angle formed with the positive direction of the y axis. The black colored area shows rays transmitted outside the prisms depending on the point of incidence, in some cases the ray will suffer internal reflection and in others not. The gray area shows the rays which were reflected back by total internal reflections (TIR).

			4.2.5.2. Hollow Prismatic Light Guides

			Within the classification of hollow guides, prismatic guides offer an innovative alternative with minimum loss and excellent quality. Thanks to the microprismatic geometry of the optical sheet composing them and their high degree of transparency, a large part of the light is directed through the interior of the guide, while a minimal part is directed outwards. Otherwise the light guide is designed to be extracted, in both cases the light will be useful.

			[image: ]
			 Figure 4.10. Classification of rays that undergo TIR in a right angle prism.

			Hollow prismatic light guides allow the modification of the direction of the incident light and direct it. A daylighting system achieved through a large-sized prismatic cylindrical guide is shown in figure 4.11 (0.3 m diameter 12 m length). Figure 4.12 shows a signal lighting system based on a hollow prismatic guide illuminated with a LED light source.

			[image: ]
			Figure 4.11. Daylighting system through a large-sized Hollow Cylindrical Prismatic Light Guide.

			[image: ]
			Figure 4.12. Signal lighting system based on a hollow prismatic guide illuminated with a LED light source.

		


		
			5. Lighting by Hollow Prismatic Light Guides

			Controlling natural lighting in buildings is an essential condition for the improvement of human life’s quality, the increase of the comfort of the occupants, the reduction of the energetic consumption and the cutback of the overall costs. Therefore, the use of natural light is a basic requirement in sustainable architecture oriented to the user and hollow prismatic light guides are optical elements providing a wide range of design alternatives in order to reach that goal. The application of natural light in architectural spaces makes it necessary to transmit a large amount of luminous flux with both efficiency and high performance. The optical guidance of light is one of the systems that presents promising applications at the same time as some restrictions.

			In this chapter several optical developments are presented that allow important improvements in the luminous flux transmittance by using prismatic sheets as a guiding element. Primarily, the design of an optical system of lange dimensions for guiding light, allowing light to be extracted in a controlled manner in an office building is presented. Secondly, an optical design is shown, which allows to direct light in the spin of the hollow light guides, increasing the efficiency with respect to the standard design. Various colorimetric studies are also shown with guides of various geometries and materials.

			5.1. Light extraction system applied to buildings

			The following section shows the optical design of a lighting system that directs natural light into the interior of buildings and allows to balance the flow in different spaces efficiently in search of a sustainable construction [106, 107]. The main objective of the model is to obtain adequate levels of lighting and a correct light distribution within the spaces of the building. Figure 5.1 shows an example of a real application of the vertical guidance and extraction system in an office building [108].
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			Figure 5.1. Light extraction system installed in an office building, Ruiz Larrea & Asociados.

			5.1.1. Daylight illumination system by vertical Hollow Prismatic Light Guide for an office building

			The first step in the design of an optical system is to determine the model that meets the required specifications. The definition of the model has been determined by the search for a design that balances flow levels and light distribution in different floors of an office building according to the fixed dimensions.

			The optical design consists of a collector system, a guidance system and an extractor system. The proposed design is made up of a collector system composed of two mobile spherical heliostats of 0.9 m in diameter [106], which direct solar radiation towards the entrance surface of a cylindrical guide of 2 m in diameter and 16.7 m in length in such a way that it improves the global efficiency of the system along the day. Figure 5.2 shows a representation of the lighting guidance system showing the different elements of the office building composing it [108].
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			Figure 5.2. Configuration of the lighting guidance system showing the different elements composing it, Ruiz Larrea & Asociados.

			The vertical system for guiding and extracting light has been made with the help of 3D modeling programs and by configuring various possible systems to meet the proposed objectives. These configurations include the incorporation of various optical elements into the collection, guidance and extraction systems. Subsequently, the luminous flux calculations of the various configurations have been carried out using Tracepro ray tracing software [109] based on the Monte Carlo method. The analysis of optical systems by means of this method (although complex and time consuming), allows to realize calculations of illumination in the systems using the principles of geometric optics with statistical methods. The Monte Carlo method provides a solution to complex systems in which the propagation of light is carried out in different media, simulating phenomena such as reflection, transmission, scattering and absorption of light. The analysis of the results has allowed to make modifications and adjustments in the design parameters to optimize the results according to the requirements.

			A transparent diffusing sheet is placed at the entrance of the guide to disperse light uniformly around the inner surface of the guide. This sheet provides a luminous distribution that allows the angular distribution of the radiation on a surface to be reflected, optimizing the system to the maximum. Figure 5.3 shows the rectangular (a) and polar (b) photometric diagram of the diffuser sheet used in the simulations with ray tracing. The behavior of the rays through the lamina revealed in tracing of rays by software is represented in section (c).
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			Figure 5.3. Rectangular (a) and polar (b) photometric diagrams for normal incidence showing the behavior of the diffuser sheet used in the simulations with ray tracing (c).

			The vertical optical system performing the functions of guiding and extracting light consists of a hollow cylindrical guide with a perimetral layer that uses two types of transparent prismatic sheets without the need for additional external or internal elements for proper operation. To achieve this objective, the sheet carrying out the light guiding function has the vertices of the prisms positioned longitudinally with respect to the axis of the guide and directed towards the outside, as shown in figure 5.4. The sheet that performs the extraction function has them located transversely to the axis of the guide and oriented towards its interior.
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			Figure 5.4. Prismatic light guide with detail of the prismatic film working as a light extraction system.

			The cylindrical guide is therefore formed by two types of prismatic sheets, one of them transports the light by means of TIR and has an angle in its prisms of 90º, which are arranged coinciding longitudinally with the axis of the cylindrical guide, the other sheet, whose prisms have a 70º angle are container in a plane perpendicular to the axis of the cylinder acting as a light extractor. The angular configuration of the sheet is defined to achieve an adequate distribution of light in various spaces according to the incident radiation. Finally, a mirror (Miro 20) is located at the end of the guide, providing an improvement in the distribution of light on the ground floor of the building. Ray tracing software allows to validate the optical behavior of the system and define the design by quantifying the amount of flux and the light distribution in different spaces. In optical simulations using ray tracing software, the building is divided into four floors of identical areas (21 m x 21 m) with a height of 3.85 m. Solar radiation affecting the optical system depends on several factors such as the geographical coordinates in which the solar capture surface is located, the positioning of the sun throughout the day and the composition and state of the atmosphere. The geographic coordinates of reference that are used in the study coincide with Isla de la Cartuja in Seville (Spain) and are 37.41º 24’ 48.497” latitude north and 5º 59’ 57.348” latitude west and is the place where an office building has been built for the Andalusian Energy Agency. The position of the sun is defined by the elevation angle and the azimuth. Different seasonal periods and illuminances are indicated in Table 5.1. Also, the data provided include the contributions of two elements that conform the basis of the study: the direct sun and the heliostats.

			
			Table 5.1. Illuminance and luminance data of the solar model used for different solar elevation angles in winter and summer.

				
					
					
					
					
				
				
					
							
							
							Winter

							(9 y 15 h)

						
							
							Summer

							(8 y 16 h)

						
							
							Summer

							(11 y 13 h)

						
					

					
							
							Elevation (◦)

						
							
							16

						
							
							40

						
							
							72

						
					

					
							
							Azimuth (◦)

						
							
							45

						
							
							90

						
							
							45

						
					

					
							
							Sunshine illuminance (Klx)

						
							
							15

						
							
							62

						
							
							98

						
					

					
							
							Heliostats flux (Klm)

						
							
							9.19

						
							
							26.67

						
							
							15.60

						
					

					
							
							Direct sunshine flux (Klm)

						
							
							9.90

						
							
							95.42

						
							
							223.16

						
					

					
							
							Total flux (Klm)

						
							
							19.09

						
							
							122.09

						
							
							238.76

						
					

				
			

			The luminous flux received by the guide input area on account of the heliostats θh and the direct sun θSun are calculated according to the expressions:

				[image: ]	(5.1)
				[image: ]	(5.2)
			where the surface of the heliostats is represented as Se and Sg is the one of the entrance of the guide, E is the illuminance of the Sun at a height h and ϑelev is the solar altitude or elevation angle.

			5.1.2. Evaluation of the luminous flux of the prismatic extraction system

			With the purpose of evaluating the influence of the extractor system, the distribution the luminous flux obtained by means of two models of prismatic guides has been compared. The first model, called Model 1, represents a prismatic hollow guide formed by the prism sheet of 90º without the contribution of any extractor system. In the second model, called Model 2, the light extractor system is incorporated, being composed of two transparent sheets of 0.5 meters width in each plant of formed by the prismatic structure of 70º whose axis is perpendicular to that of the guide. These sheets are located at the top and bottom of the second and third floors in order to increase the light flow of the intermediate floors while controlling glare. An experimental mockup of the cylindrical guide is shown in Figure 5.5. In section (a) one can see the difference in intensity between the two emitting surfaces. In section (b) one can observe the directionality of the rays exiting the extractor system.

			[image: ]
			Figure 5.5. Experimental model of the extractor system. Front view (a) and lateral view (b).
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			Figure 5.6. Section of the ray tracing in the system. Model 1 (a) and Model 2 (b).

			Figure 5.6 shows the ray tracing of both models. The obtained luminous flux in the different floors of the building under the influence of the solar models described in Table 5.1 is shown in Figure 5.7, detailing the contribution of the sun and the two heliostats. Section (a) shows the flow obtained in Model 1, that is, through the use of a hollow prismatic guide without the extractor system. In this case there is an increase in flow in the upper and lower floors of the building. In section (b), the results obtained in the optimized system called Model 2 show an increase in flow in the intermediate floors with respect to Model 1 thanks to the contribution of the extractor system, which provides a more equitable distribution of light at the full length of the system.
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			Figure 5.7. Luminous flux at different elevation angles (15º, 40º and 72º) in model 1 (a) and 2 (b).

			With the efficiency Tg of the system defined as: 

				[image: ]	(5.3)
			where ϕd is the flow at the exit and ϕi is the flow at the entrance of the guide.  

			It is possible to determine the efficiency ratio Re, comparing the efficiency obtained in Model 2 Tm2 with respect to that obtained in Model 1 Tm1: 

				[image: ]	(5.4)
			Table 5.2 shows the efficiency ratio in each of the building’s floors (P1, P2, P3) in three solar positions. The ratio obtained is between 23 and 64 times higher in the first and second floors with the built-in extraction system.

			
			Table 5.2. Luminous flux ratio of Model 2 with respect to Model 1 in each of the building’s floors (P1, P2, P3) for various solar positions.

				
					
					
					
					
					
				
				
					
							
							Solar Position

						
							
							Efficiency Re

						
					

					
							
							Elevation (◦)

						
							
							Azimuth (◦)

						
							
							P3

						
							
							P2

						
							
							P1

						
					

					
							
							16

						
							
							45

						
							
							64.17

						
							
							30.58

						
							
							1.00

						
					

					
							
							40

						
							
							90

						
							
							50.21

						
							
							25.32

						
							
							1.00

						
					

					
							
							72

						
							
							45

						
							
							42.26

						
							
							22.68

						
							
							1.00

						
					

				
			

			Model 2 allows one to obtain the advantages listed below:

			
					Extraction of the controlled light along the guide that increases the luminous flux in the intermediate floors of an office building.

					Guided light in transparent media that provides optimal aesthetics.

					High efficiency.

					Reduced weight as it is a hollow guide.

			

			So we conclude that by incorporating suitably designed extractor elements, it is possible to provide improvements in the natural lighting of buildings for a wide range of solar positions. The light guidance depends closely on the optical configuration of the components as well as on the length of the guide.

			5.2. High efficiency customizable elbow

			The main objective of hollow guides in illumination is to transmit light effectively through long distances. In many cases, due to the spatial constrains that exist in architecture, there is a need to rotate the light beam and therefore it is necessary to bend the guide [110]. This fact causes large losses of luminous flux in the elbows or turns of the hollow guides, which supposes a great inconvenience for the efficiency in the guiding as well as a considerable restriction in the design of these systems applied in architecture. The standard design commercially used in the elbows of the guides is usually formed by the rotation of the aluminum pieces that compose it, integrating elbows with angles in the range of 0º to 90º. The geometrical configuration of a standard elbow produces a spatial distribution of inadequate radiation that results in numerous lateral light losses and an increase in the number of reflections in the guidance system. This phenomenon is represented in figure 5.8 in which the behavior of the light rays in red color when crossing a standard elbow of 90º is displayed.
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			Figure 5.8. Behavior of light rays in an optical system formed by a hollow prismatic guide coupled to a standard 90º elbow.

			Due to these limitations, the need of the behavior of the light in the guidance systems, the need arises to improve the design of the elbows in order to increase the transport of luminous flux. The main objective of the design presented in this chapter is the development of an optical system that allows to achieve a high efficiency in guiding light in 90º elbows of hollow guides by minimizing the angle of light at the exit and therefore guiding the light at greater distances [111].

			5.2.1. Design and characterization of a 90º elbow

			In designing the elbow, it is necessary to take into account the key parameters conditioning the efficiency in hollow cylindrical light guides which are the aspect ratio and the reflectance of the material. In the case of aluminum guides, their efficiency is conditioned by the specular reflectance of the surface, and in the case of the prismatic guides, by the critical angle determining the total internal reflections from which a large part of the light traverses the sheet towards the outside. The critical angle of the prismatic guides depends on the composition of the plastic material of the prismatic sheet [27]. The design of the elbow (called ILE Improved Lighting Elbow), based on the Compound Parabolic Concentrator (CPC) [112], which allows to capture light with an acceptance angle defined by the parabolic geometrical configuration. The designed concentrator has been generated from the characterization of two of its geometric parameters that determine an optimal optical coupling of the CPC with the prism guide.

			The first parameter is the size of the largest opening diameter of the CPC, indicated in Figure 5.9 as the CD segment, and coincides with the size of the diameter of the prism guide used. The second parameter corresponds to the angle defined by the axis of the parabola of the concentrator with respect to the main axis, which is the angle that conditions the angular acceptance of the concentrator and is called θc. The angle θc of the CPC has been configured in accordance with the approximate angle determined for optimal guidance in the prism guides and is θg= 30º. Figure 5.9 shows a scheme of the optical system composed of the CPC and the prism guide. The correspondence between the acceptance angle of the CPC and that of the prism guide determines high light uptake and optimal guidance.
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			Figure 5.9. Configuration of the optical system formed by a prism guide and a CPC of 30º to determine high light uptake and optimal guidance.
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			Figure 5.10. Perspective view: Standard elbow (a) and Elbow designed (b).

			Figure 5.10 (a) represents the standard 90º elbow, configured by an adaptation of the material making up the guide at the angle of rotation. The elbow shown in Figure 5.10 (b) is composed of two CPCs joined by their smaller opening diameter (segment AB in Figure 5.9) with a standard elbow. Through this configuration, the flow is transferred in an efficient manner within the guidance system, since the angle of acceptance of the rotation system is maintained with respect to the angle of the prismatic guides. The larger opening of each concentrator is coupled to the prismatic cylindrical guidance system, allowing an increase in efficiency in various angular configurations.

			5.2.2. Theoretical efficiency of 90º elbow

			To evaluate the efficiency of the ILE, the flow transmitted by TracePro ray tracing software with collimated light at different angles of incidence has been calculated. The performance of both systems has been estimated by calculating the efficiency Tc, defined as the ratio between the radiant flux emitted at the output of the system ϕs with respect to the inflow ϕe:

				[image: ]	(5.5)
			Figure 5.11 shows the transmission efficiency Tc in two perpendicular axes, the YX axis and the YZ axis. The efficiency of the system is optimal within the acceptance angle of the CPC set at 30º, obtaining a yield of approximately 80.5% for a material reflectance of 94.8%, an absorptance of 5% and a small remainder due to the dispersion suffered by the radiation on impact on the surface and following a pattern dictated by the BRDF of the material. The angular distribution of the radiant intensity provided by the designed elbow is important in order to quantify the flow transported through the guides.

			[image: ]
			Figure 5.11. Angular efficiency in the Elbow designed in the two main planes.

			Figure 5.12 shows a polar diagram of the distribution of the radiating flow to the outlet in both systems, the standard elbow in (a) and the designed elbow in (b). The standard elbow provides 50% of the incident flow at an angle of 15º, however, in the new system presented, the light is more collimated, obtaining 50% of the flow within the central 5%. The total efficiency obtained in the designed elbow is 80.6% and the flow is highly concentrated in the central 30º, allowing the guidance through the prism system. Although the total efficiency of the standard elbow at the outlet is greater (92.5%), there is a great dispersion of the flow when obtaining high angles that will produce an increase in the number of reflections of light in the guidance systems and consequently the amount of total flow transported will be reduced precipitously.
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			Figure 5.12. Angular distribution of light at the outlet in the Standard elbow (a) and in the Elbow designed of 30º (b).

			The main function of the designed elbow is to collimate the light at the exit with a semi-angle of 30º. In this way, it is possible to minimize the number of reflections that will occur in the coupled prism guide system, increasing the transmitted flow.

			5.2.3. Efficiency of 90º elbow in hollow light guides

			Using ray tracing software, the performance of the designed elbow and the standard elbow was analyzed with an aluminum guide coupled to the output of both. For the analysis, a light emission source whose semiangle is 30º has been placed at the entrance of the elbow. The efficiency calculated by the relationship shown in equation 5.5 increases significantly in the designed elbow system because it responds better to the angular guiding conditions required in the aluminum guides as observed in the results obtained (Fig. 5.13 [a]).
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			Figure 5.13. Flow vs. slenderness in elbow systems with aluminum guide. Efficiency standardized in (a) and elbow designed flow in relation to the standard one (b).

			The efficiency ratio of the designed elbow with respect to the standard is shown in Figure 5.13 (b). As can be seen, the losses decrease and the efficiency of the system increases due to the reduction in the number of reflections suffered by the light. The improvement of the flow obtained with the designed elbow in a slenderness ρ (ρ=Length/Diameter) of 25 is 200% and in the case of a slenderness of 75 an increase of 300% is obtained with respect to the standard elbow.

			5.2.4. Performance in prismatic guides with 90º elbow, experimental prototypes

			In this section, the radiant flux transmission of the designed elbow and the standard elbow with prismatic light guides are checked experimentally. With the aim of weighing the viability of the UCM system and measuring the efficiency of both elbows in a real system, the two scale models have been reproduced in the laboratory. To do this, experimental prototypes of the standard elbow and designed elbow of 90º have been manufactured. The designed elbow has been designed with an acceptance angle of 30º to make the most of the angle necessary for optimal guidance in the prismatic guides. Both systems have been aluminized by vacuum deposition to obtain the same degree of reflectance. Figure 5.14 shows the guiding of a light beam on the inner surface of the designed elbow.
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			Figure 5.14. Elbow designed reflective surface.

			Figure 5.15 represents the scheme of the experimental system in which two prismatic hollow light guides A and B are joined by a standard 90º elbow and also by a designed elbow. The first guide has a length of 0.75 m and the second has a length of 1.5 m, the diameter of both being 45 mm. In the assembly, a LED light source (Lumiled LXHL-PW01) has been incorporated at the entrance of the prism guide A, providing a cone whose angular distribution is 60º. The flow obtained was analyzed by means of a lambertian diffusion screen in transmittance in positions 1, 2 and 3 using a CCD photometry video (Radiant Imaging Prometric 1400).
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			Figure 5.15. Schematic of the experimental system of elbow guidance.

			Figure 5.16 shows the experimental assembly of the 90º designed elbow coupled to a guidance system.
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			Figure 5.16. Experimental setup with the elbow designed showing the light guidance along the prismatic system.

			The irradiance map in degrees obtained at the end of the first guide and before the elbow (position 1) is shown in figure 5.17. The angular distribution to the output is conditioned by the distance from the screen to the output of the system.

			[image: ]
			Figure 5.17. Normalized irradiance map obtained at the exit of the first guide (position 1).

			Figure 5.18 shows the irradiance map in degrees obtained in position 2 in both systems. The standard elbow presents an asymmetrical distribution and great dispersion of light (Fig. 5.18 ([a]). However, the Elbow designed (Fig. 5.18([b]) is characterized by a distribution of symmetrical irradiance with respect to the geometric center and with high concentration of flow in the central area so that more light will be guided until the end of the second tube.
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			Figure 5.18. Irradiance map obtained in the standard elbow exit (a) and in the elbow designed (b) in position 2.

			Figure 5.19 shows the experimental assembly with the emission of the prismatic guide A and the designed elbow by means of a frontal view (a) and a side view (b) in which the luminous emission provided by the angle and the angular distribution can be seen, which provides the designed elbow at its exit (position 2) and corresponds to an angular cone of approximately 60º.
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			Figure 5.19. Front (a) and side (b) view of the propagation of light through a hollow prismatic guide and elbow designed of 90º coupler.

			The results of the irradiance map in degrees obtained at the output of the system (position 3) are shown in figure 5.20.
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			Figure 5.20. Irradiance map obtained at the outlet of the Standard elbow (a) and elbow designed (b) in position 3.

			The transmission of light improves with the new system as shown in figure 4.21, since it provides greater efficiency due to the symmetrical angular distribution and greater concentration with respect to the central axis. The efficiency of the designed elbow is 2.60 times greater than that of the standard elbow in position 3.
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			Figure 5.21. Normalized irradiance profile with respect to the elbow designed at the exit of the experimental system.

			5.3. Illumination system by vertical hollow prismatic light guide with a customizable elbow applied to museums

			The lighting of cultural heritage objects is one of the most challenging and complex areas due to the multiplicity of objectives that must be pursued. There is a need to protect and preserve works of art by fulfilling objectives such as energy conservation and pollution reduction, while the exhibition of the art work is adequate for correct visual recognition when goods of art were made with daylight as it can be found in many cases. The use of Hollow Prismatic Light Guides (HPLGs) offers advantages such as the possibility of reducing the risk of damage to materials with the benefits of reducing energy consumption and providing good quality and optimum color reproduction. In this section, an optical system composed of HPLGs with an angularly adaptable elbow to illuminate spaces with high efficiency is presented. The optical guidance system applied to museums allows a controlled extraction of natural light in spaces for a wide range of solar positions.

			5.3.1. Customizable Bend Lighting System (BLS)

			The proposed system is a compound of a Cylindrical Prismatic Light Guide (CPLG) coupled to a directional customizable lighting system, allowing to optimize the light output angle in such way that it is possible to guide light along higher distances. The design is based on the nesting of two compound parabolic concentrators (CPCs) joined by a standard elbow [111]. The design allows to illuminate spaces by bending at the light beam for a wide range of angular configurations with high efficiency.

			To provide a correct distribution of light in spaces inside of a building, a model that incorporates the following elements has been determined: in the upper part of the building, a heliostat directing sunlight to the interior of the building has been incorporated. At the entrance of the guide, a transparent diffusing sheet allows to scatter the light uniformly and to provide a luminous distribution curve that optimizes the guidance system. A vertically positioned Hollow Cylindrical Prismatic Light Guide transports light to the interior of the building. Finally, the extractor system is placed, composed of an angularly adjustable elbow directing part of the luminous flux to the objects to be illuminated, as for example paintings and works of art. The design of the elbow is based on the composite parabolic concentrator, which allows to guide the light under the acceptance angle of the prismatic cylindrical guides as shown in section 5.2. The elbow, whose angle of rotation is of 30º with respect to the axis of light transmittance, allows directing the light towards the object with an optimal light distribution. The elbow, is composed of 2 CPCs joined by a standard elbow. This configuration makes it possible to maintain the angle of luminous acceptance of the prismatic guide with respect to the entrance of the elbow. Figure 5.22 shows a scheme of the experimental system of Customizable Bend Lighting System (BLS). The distribution of the luminous flux has been calculated theoretically with realistic models and simulations by ray tracing software [109] and has also been reproduced experimentally using a scale model in the laboratory.

			5.3.2. Ray-tracing simulations, bend lighting system performance

			Tridimensional simulations were carried out in a nonsequential optical ray tracing software TracePro 7.4 [109]. A CPLG was modelled as a hollow cylindrical piece of polycarbonate prism film material. The cylindrical guide diameter is 0.2 m and 3.5 m length. In this model, a sheet with constructive parameters adapted to the prismatic material commercially called OLF (Optical Lighting Film) [113] has been simulated in 3D CAD software. To simulate the influence of defects in prisms corners, the 3D guide has 3 µm radius in the prism’s corners [114].
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			Figure 5.22. Scheme of the experimental system of Customizable Bend Lighting System compound of a diffuser on top, a cylindrical prismatic light guide and a directional adjustable elbow as a light extractor system applied to cultural heritage.

			A directional adjustable elbow with a surface characterized as a mirror deflects light that comes from the light guide, maintaining the light beam output with a semiangle of 30º by means of two CPCs. The entrance aperture is considered illuminated with a lambertian emission source, a diffuser which emits in a semiangle of 30º for which the prismatic film provides higher efficiency. The guide transmittance Tg, used to characterize the flux of light transmitted within the interior of the guide, is defined as the fraction of the incident radiation flux intercepted ϕd by the detectors multiplied by the incident radiation flux ϕi (Tg = ϕd/ϕi). In order to study the efficiency of the system, a plane detector records the light flux to the output of the lighting system in a plane located at 1 m in horizontal to the exit of the system. Figure 5.23 shows the map of luminous distribution obtained in the vertical plane, which corresponds to the plane of the object to be illuminated.
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			Figure 5.23. Illuminance map obtained in the vertical plane.

			Results show a Tg of 82.3% at the exit of the CPLG (ρ = 17.35) and 70% at the exit of the BLS. A ratio in wall plane (output plane) of 38% is obtained, conditioned by the specific distance from the system to the output plane. Figure 5.23 shows the illuminance map by the screen, normalized to the maximum flux in a wall plane (output plane). The flux distribution is concentrated in the superior region, defining the position of the object to be illuminated. The size of the interest region varies according to the position of the object observed.

			5.3.3. Experimental customizable Bend Lighting System (BLS)

			A laboratory setup has been developed reproducing the configuration showed in 5.23, corroborating the system performance. The CPLG has 0.75 m length and the aperture diameter is 4.5 cm. This scaled guide simulates a big one used for natural lighting applications. A mirror was located at the top of the light guide to direct solar light in a specific sun position, increasing the transmitted light in the interior. With the aim to get a better uniformity at the entrance of the CPLG, a soft diffuser film spreads the light with high transmission efficiency through the guide.

			[image: ]
			Figure 5.24. Map of luminance obtained in the vertical plane.

			Figure 5.24 shows luminance obtained in the output plane (wall) with the defined configuration. Results can be assimilated to those obtained in software simulations. The proposed design implements an efficient lighting system and aesthetic in museums, distributing natural light optimally and keeping high color reproduction. It is possible to adapt optical elements to the BLS system that allow for the optimization of the luminous flux, adapting it to the objects and art pieces to be illuminated.

			5.4. Outdoor lighting, automotive lighting

			Automotive illumination has undergone considerable technological advances in recent decades such as the use of LEDs, which represent an industry breakthrough in lighting technology and is rapidly becoming one of the most important innovative technologies around the world in the lighting community. The optical fiber is an alternative widely used and it is greatly extended in illumination [115]. It can function as a light pipe to transmit light between the two ends of the fiber [116]. Many lighting systems have been developed that use optical fiber, sometimes coupled to optical devices to alter the optical position to a high intensity light source so as to provide all of the illumination needed for a vehicle. Although new optical fibers of plastic materials (high core diameter up to 12.6 mm) transmit light with little attenuation in the visible spectrum, there are limited ways to extract the light efficiently and controlled during the fiber path. The use of hollow light guides for transporting light has been studied for many years for the possibilities offered in lighting applications. Some recent developments within the automobile industry incorporate optical guides in which the light beam is propagated. Said optical guide includes an output face and one reflection surface, comprising different configurations of prisms. Furthermore, prism rods comprising a reflecting area located and holding a plurality of light-deflecting prisms have been designed with a more homogeneous appearance of lighting surfaces. Light color quality is an important parameter in lighting systems. Prismatic light guides are giving better light quality than other guidance alternatives because they change minimally the color characteristics of the output light at the end of the guide [117]. The prismatic guides have higher light transmission than other alternatives across the spectrum. Therefore, they show high reproductivity of the chromaticity coordinates and therefore less color difference [118]. Shape and size of the pipe can vary depending on the desired optical function and the object to be illuminated. The amount of light extracted in determined areas of the guide can be regulated by making changes in the design and area of the extraction sheets [106]. Daytime Running Lights (DRL) based on CPLG can be developed to guide and extract light in an optimal way. The guide system can transfer the light flux through an optimized elbow inserted in two sections of prismatic hollow light guides (Fig.5.25).

			5.5. Chromaticity in Hollow Prismatic Light Guides

			Natural light used in the illumination of interior spaces offers many benefits, such as saving energy and a better quality of vision. It is very important to take into account the reflection, transmission and absorption suffered by the light in the design of the elements that make up the guidance systems since the optical effects occurring on the surface play a key role in the efficiency of the systems [119]. Among the variety of materials used in the designs of light guides [120], aluminum and plastic sheets with a prismatic surface are among the most popular. It is important to analyze the differences in color that occur with different systems since their use in office buildings and production centers influences both productivity and comfort of the occupants [121]. The spectral response that determines the chromaticity of the lighting systems is conditioned by factors such as the spectral reflectance of the material, the length of the surface, the spectral composition of the incident light (both direct and diffuse) and the incidence angle of the light. In the case of aluminum guides, the spectral reflectance of the material [103] is a determining factor of the chromatic changes of the light beam. The current manufacturing processes allow to elaborate surfaces of high spectral reflectance that vary between approximately 95% and 99.7%, these values being even lower in the short wavelengths of the spectral range of the visible light. In the case of the prismatic guides, the light is transmitted by TIR on the surface of the prismatic sheet composing it, with the influence of the absorptance of the material being minimal. The distribution of energy emitted by the sun in order of wavelengths is shown in the upper part of figure 5.26. A band of colors is produced when sunlight in refracted and dispersed by a prismatic film and comprises red, orange, yellow, green, blue, indigo and violet. The white color without decomposing spectrum is shown in the lower part of the figure.
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			Figure 5.25. Illuminance map at the output of the DRL system made by ray tracing simulations.
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			5.5.1. Measurement of color

			Since antiquity, interest has been shown in the reproduction of the color of materials. With the development of optical measurement techniques in the 19th century, color could be expressed quantitatively by defined values within the so-called color systems [122, 123]. Color systems can be classified into two types: those based on the perception of color and those based on the mixture of color. In systems of color appearance based on the perception of color, the perceived color depends on the spectral distribution and various factors related to the stimulus, such as: the size, shape, structure and environment of the area, the state of adaptation of the observer and also of the experience that the latter has of the conditions of observation. Although there are very intuitive methods in some cases, the results obtained provide fairly low precision since interpolations and extrapolations are necessary in the analysis of arbitrary colors. One of the most popular color-appearing systems based on perception is the Munsell system [124], in which approximately 1500 color samples are arranged by tone, luminosity and saturation. The color mixing systems are based on the determination of the amount of color needed in a mixture to obtain the match to a reference color. These systems define color in the psychophysical sense by combining physical measurements of spectral radiant energy with data obtained by observers that match colors. Stimuli are determined as a function of experimentally defined values termed triestimulus values, defined as the amount of the three reference stimuli, which in a given trichromatic system are necessary to match the color of the stimulus considered. A system based on color mixing is the CIE 1931 system, widely used due to the high precision of its results and popular in various applications of modern industry. The CIE 1931 colorimetric pattern system is one of the first mathematically defined color spaces allowing the determination of the tristimulus values of any spectral energy distribution [67]. The tristimulus values in this system are determined in relation to the foveal central vision for small stimuli that cover a visual field of 2º (representing a diameter of 17 mm at 0.5 meters distance) and is considered valid for the calculation of fields included between approximately 1º and 4º. In the case of color matching fields that subtend more than 4º in the eye of the observer, it is advisable to use the colorimetric specifications of the color stimulus based on the color matching functions published in the ICD 1964 system [125]. The tristimulus values in the CIE 1931 system are called X, Y and Z and can be calculated as:
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			where ϕλ(λ) is the spectral distribution describing a color stimulus by the spectral concentration of radiance or radiant power as a function of the wavelength and x, y, z are the color matching functions for the observer pattern considered. The definite integrals can be substituted by the sum of the partial integrals that cover wavelength ranges of one nanometer. In reflective objects, the spectral distribution of the color stimulus ϕλ(λ) is replaced by the relative spectral distribution ϕ(λ), defined as:

				ϕ(λ) = R(λ)S(λ)	(5.9)

			where R(λ) is the spectral reflectance factor of the object and S (λ) is the distribution of the relative spectral power of the illuminant. In the case of transmitter objects, the factor of the spectral reflectance will be replaced by that of the spectral transmittance T (λ). In the evaluation of reflective objects or transmitters considered as secondary light sources, the km constant is chosen so that Y = 100 is satisfied for the objects to have a reflectance R or transmittance T equal in unity for all wavelengths, that is to say:
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			The chromaticity of a light source can be obtained from the tristimulus values. The chromaticity of a color stimulus is defined by the chromatic coordinates or chromaticity coordinates, its value being the ratio of each of the tristimulus values and their sum. In the CIE 1931 chromatic diagram the chromatic coordinates x, y, z are therefore calculated in this way:
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			In view of the need to quantify color variations, there are several methods of colorimetry proposed by the CIE [67] in which psychophysical experimentation marks the limits of the scales in the differences and assigns the values. Various methods can be used to define the color properties of light sources in the field of illumination [125, 126, 127, 128]. One of them is the calculation of the color difference (Eab) between two stimuli and is calculated as the Euclidean distance between two points of the perceptual stimuli of color represented in the CIELAB color space. Also Correlated Color Temperature (CCT) is commonly used as an indication of the appearance of the color of the light emitted by a source defined by the proximity of the chromatic coordinates of the light source relative to the position of a black body. Another measure widely used is the Color Rendering Index (CRI) representing the identity in color coordinates of a test with respect to a reference.

			5.5.2. Chromatic difference between prismatic and aluminum cylindrical guides

			In this subsection, the difference in spectral and chromatic content is evaluated between the light transmitted in an aluminum cylindrical light guide and another hollow prismatic plastic working optimally by the principle of total internal reflection (TIR). In order to evaluate these differences, the chromatic displacement experienced by the tristimulus values associated with a light source and those obtained for the resulting spectral distribution after the transmission along guides of different lengths [117, 118] have been calculated for each of the two cases.

			5.5.2.1. Chromatic analysis and theoretical analysis

			In the chromatic analysis, a comparison is made between the spectral transmittance values obtained in an aluminum cylindrical guide and another one covered internally with a prismatic sheet. The comparison is made by semi-empirical studies using a specular reflection model that takes into account the number of reflections within a cylindrical hollow guide. The prism guide consists of a cylindrical tube with a sheet whose outer surface is composed of microprisms arranged at 90º in such a way that rays entering the guide with the appropriate angle experience TIR on its surface. The spectral reflectance of the prismatic sheet is estimated at 99% in the whole spectrum, the rest is considered due to losses resulting from the absorption of the material and small superficial defects of the sheet [113]. The calculations used the spectral distribution of the illuminant proposed by the CIE D65 describing the average lighting conditions on a midday in Western Europe [67]. The curve of the light distribution of the light source used is shown in figure 5.27 (a) and the spectral analysis performed has been restricted to the visual range between 380 and 780 nm.
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			Figure 5.27. Polar emission curve of the light source (a). Spectral reflectance of the aluminum object of study (AlanRh).

			The spectral reflectance of the aluminum is considered isotropic along the guide and has been determined experimentally by means of a Hitachi U-3400 spectrophotometer with the accessory for the measurement of the specular reflectance at 12º of incidence (Fig. 5.27 [b]).

			In order to determine the spectral distribution of the radiation emerging from the guide, we have used the model developed by S. H. Lin [129], in which the number of reflections n that a ray of light undergoes inside hollow cylindrical guides is quantified according to the scheme of figure 5.28 and is given by the following expression:

				[image: ]	(5.14)
			where L is the length of the guide and R the radius. Z1 is the distance from the entrance of the guide to the first point of incidence of the ray along the Z axis. The angle providing the distance from the reference axis X in the XY plane is γ and approaches zero to facilitate the calculations. The angle that the incident ray subtends with on the Z axis in the XZ plane is θ in an angular range that varies from 0 to π/2. The source P is located at the origin of coordinates, considered the geometric center of the entrance opening of the guide. The lengths of the guides are 5, 10 and 15 m and have a diameter of 1 m.
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			Figure 5.28. Geometric parameters that define the number of reflections in the cylindrical guide. Longitudinal (a) and transversal section (b).

			Taking into account the number of reflections in the interior of the guide, the specular properties of the materials and the characteristics of the light source used, it is possible to estimate the chromatic variations suffered by the light at the exit of the guide from the spectral distribution of the radiation S ’ calculated in the form of:

				S′(λ, θ) = SD65(λ)R(λ)nϕ(θ) ∆ λ ∆ θ.	(5.15)

			SD65 being the distribution of the relative spectral power of the primary illuminant, R the spectral reflectance of the material, n the number of reflections suffered by the rays in the guide and ϕ the radiant flux of the incident beam dependent on θ. The values of the chromatic coordinates x and y corresponding to CIE1931 obtained from the spectrum transmitted in the prismatic guide Sp′ differs from those of the aluminum guide (d5m, d10m and d15m) as indicated in fFigure 5.29. A significant color shift towards a yellow tone is observed as the length of the guide increases. In the case of the prism guide, there are no changes in the coordinates of the output spectrum Sp′. In the three cases evaluated, the values coincide with those of the illuminant D65 because the reflectance remains constant throughout the spectrum.
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			Figure 5.29. Chromatic coordinates at the output of both types of guides for various lengths. The three consecutive points d5m, d10m and d15m represent the lengths of the aluminum guide. The results of the illuminant D65 overlap with those of the prism guide Sp′.

			Subsequently, the color differences E were calculated between the color stimulus associated with the primary illuminant D65 and the spectral distribution at the exit of the guides in the Cielab space [126]. This calculation has been made for the different lengths in the two types of guides.
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			Figure 5.30. Graphical representation of the color difference (ΔE) in the analyzed guides with different lengths (5, 10 and 15 m).

			Figure 5.30 represents the color differences in the Cielab color space. As can be seen, there is a significant change in the aluminum guide, with the prism guide presenting less variation. The total reflections that take place on the surface of the prismatic sheet condition a minimum chromatic shift in the resulting output spectrum. However, in the aluminum guide there is a significant chromatic shift due to the pattern of spectral reflectance that takes place on its surface. The analysis of the color difference in the two types of guides shows the improvement obtained in the prismatic guide, reaching 3.4 times that of aluminum in guides of 5 meters in length. Light guides of different materials therefore can be used to transport sunlight, adapting the spectral distribution of the transmitted radiation in benefit of the needs of the illuminated spaces.

			5.5.2.2. Chromaticity in cylindrical guides, experimental setup

			The aim of this section is to analyze the color difference in two real prototypes of Hollow Cylindrical Light Guides [118], one of aluminum whose internal surface is characterized by having a high spectral reflectance (Spectralight Infinity) and another of transparent polycarbonate, internally coated with a prismatic sheet. For this purpose, the spectral characteristics existing in the light transmitted internally in the two systems have been experimentally compared. To carry out the comparison, the color difference (ΔE) in the Cielab color space is evaluated experimentally through 24 Munsell color samples. The guides used in the assembly are shown in figure 5.31.
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			Figure 5.31. Hollow light guide of different reflectances: aluminum (a) and prismatic (b).

			In order to compare the chromatic differences of the light at the output of both guides, the spectral distribution at the input S(λ) and the output S’(λ) was measured at a guide with a slenderness of 15 by means of the spectroradiometer Model EPP 2000, StellarNet Inc. In the experimental assembly, a LED light source (Lumileds LXHL-PW01) was used, whose half-angle of emission is 30º. The chromatic difference of the values in the CieLab space have been obtained experimentally by means of the illuminant D65 and through standardized color samples of the Macbeth ColorChecker chart of 24 colors [130] with the spectradiometer Spectrascan PR655. From the results obtained from the Cielab coordinates on the consecutive samples of the Munsell color Atlas (Fig. 5.32) we obtain experimentally that the difference of color in the Cielab space in the case of the prism guide has an average value of 1.20 units with a standard deviation of 0.33 and in the case of the aluminum guide, an average of 7.44 units with a standard deviation of 2.40. The Cielab color difference values obtained with the prismatic light guide are within the optimal range of 2 units of Cielab chromatic difference, considered as the range of values in which any difference is imperceptible to the human eye [131].
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			Figure 5.32. Cielab color differences obtained in the different color samples of the Colorchecker atlas.

			The results obtained from the experimental measurements indicate that the prismatic guides provide better chromatic reproducibility with respect to the guides composed of specular materials of high reflectance.

			5.5.3. Influence of the geometry of light guides

			The shape and size of the light guide must be configured in order to obtain optimum color quality, a uniform light distribution and high efficiency with minimum use of material. For this reason, it is necessary to carry out a study of the efficiency of the guides as a function of the geometry [132]. In this section two studies are shown, on the one hand a semi-empirical calculation of the spectral energy distribution by Matlab mathematical software to quantify the influence of the cylindrical and rectangular geometries of two hollow guides, one of aluminum and another prism of different length, in Correlated Color Temperature (CCT) and in Chromatic Reproduction Index (CRI). On the other hand, an investigation is carried out using a ray tracing software in which the efficiency obtained in cylindrical and rectangular prismatic guides is compared.

			5.5.4. Color performance in guides by theoretical analysis

			In order to quantify the influence of the cylindrical and rectangular geometries of two hollow guides, one of aluminum and the other prismatic in chromatic reproduction, the theoretical model used in the calculations of section 5.5.2.1. is used to obtain the spectral transmittance of cylindrical guides, with the rectangular geometry conditions proposed by the model developed by Whitehead [133]. According to this model, the number of reflections n per unit length z of a ray of light that falls within a guide is given by the relation:

				[image: ]	(5.16)
			where D is the average distance of the cross section and θ is the angle through which the ray deviates from the axis of the guide. Figure 5.33 shows a schematic of the rectangular geometric model. The opening area of the cylindrical and rectangular guides is leveled in the calculations to match the incident radiant flow conditions, which implies the use of 15% of material in the case of the rectangular guide. The lengths of the guides coincide with the value of the aspect ratio or slenderness and are 5, 10 and 15 meters.
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			Figure 5.33. Geometric parameters of the rectangular guide. Longitudinal section (a) and transversal section (b).

			The spectral ratio is calculated as the ratio between the spectral distribution of the guide, as spectral output in relation to input (5.17):

				[image: ]	(5.17)
			As shown in figure 5.34, the prism guide has high transmission through the spectrum and the spectral ratio is constant since reflectance has been considered uniform. In the aluminum guide there is a downward trend in the short wavelength energy due to the spectral reflectance characteristics of the material.
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			Figure 5.34. Spectral ratio (η) in cylindrical (a) and rectangular (b) guides.

			Following the recommendations of CIE [126] to specify the chromatic reproduction properties of light sources, the correlated color temperature (CCT) is obtained to show the appearance of the color of the light emitted by a source defined by the proximity of the chromatic coordinates of the light source to the position of the black body and the CIE color rendering index (CRI) to represent the identity in color coordinates of a test with respect to the reference of the D65 illuminant in the two types of guides for different lengths (5, 10 and 15 meters).

			
			Table 5.3. Correlated Color Temperature (CCT) and Color Rendering Index (CRI) obtained from the spectral distributions in the two types of guides (cylindrical and rectangular) of different lengths.
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			Table 5.3 shows the values for the correlated Color Temperature (CCT) and Chromatic Performance Index (CRI) obtained from the spectral distributions in the two types of guides (cylindrical and rectangular) of different lengths. The correlated color temperature of the light source provided by the prism guide is equal to the value of the illuminant D65 and has a value of 6503K so that the change obtained is minimal. When analyzing the results of chromatic performance there is a significant change in the aluminum guide. In the case of a rectangular guide of 15 m there is a difference of 21,82% between the aluminum guide and the prism. In the case of a cylindrical guide, the difference between the two materials evaluated is 17.99%.

			5.5.5. Geometry influence in light guides

			The efficiency of two types of cylindrical and rectangular prismatic guides is studied by three-dimensional ray tracing software. Efficiency is derived by calculating the flow transmitted in relation to the inflow. Figure 5.35 shows a side view of the prismatic guides used in the simulations with an enlarged detail showing the prismatic surface. The plastic material of the guides is characterized by transparent polycarbonate with a refractive index 1.59. In this case, the minimal influence of absorption of the material has not been considered.
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			Figure 5.35. Perspective view of the cylindrical (a) and rectangular (b) models used in the ray tracing with detail of the prismatic structure.

			The features of the guides coincide with those previously used in the theoretical simulations and are defined with a scale factor of the prisms of the order of 10. A light source emitting with a cone of a half-angle θ of 30º affects the opening of the guides with a wavelength of 546 nm. The efficiency results, calculated by the relation between the output flow and the input flow (eq. 5.5), are shown in figure 5.36. The cylindrical guide provides a more collimated beam of light than the rectangular one, so the efficiency increases. The difference is also due to the light losses that occur at the corners in the rectangular guide. For example, at 5 m a difference of 2% is obtained. Both prismatic light guides provide high efficiency and the cylindrical geometry shows a slight increase in the transmission with respect to the rectangular ones.
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			Figure 5.36. Efficiency in prismatic guides of cylindrical and rectangular geometry for a wavelength of 546 nm.

		


		
			6. Mathematical transmission efficiency model for Hollow Cylindrical Prismatic Light Guides

			The technical requirements currently applied in lighting of buildings as well as new simulation capabilities through software and process improvements of manufacturing suggest the need to redefine efficiency models already described to predict the behavior of light in prism guides, avoiding previous technological limitations. The increase of the number of hollow light guides installed in the last decades, and the recent innovations in materials they are composed of, make the development of predictive methods necessary in order to quantify their efficiency. Although the processes of current manufacturing allow the development of excellent prismatic films of high optical quality, it is important to analyze the failures that limit its behavior as an optical guidance system, such as, for example, vertices that do not meet the strict angular relationship, surfaces that are not optically smooth and inhomogeneities in the materials used, all acting negatively on efficiency. In this chapter we study the influence that diverse parameters have on the operation of prismatic sheets as an element of guided light, showing how they affect efficiency through a semi-empirical mathematical model.

			6.1. Efficiency in hollow light guides

			Since the beginning of the development of hollow prismatic guides in the 80s, several researchers have studied their main characteristics and have shown some mathematical models to define their operation. For example, Lorne A. Whitehead along with other authors have provided some methods to estimate the efficiency of prismatic guides depending on several parameters that can affect their behavior. One of the proposed models [134] carries out an estimation of light loss as a function of the number of reflections, taking into account the absorption of the material and the imperfections of the prisms; an optical analysis using the Monte Carlo method of raytracing and estimates by statistical approximations.

			There have also been simplified calculation methods proposed [135] that depend on the number of reflections and the various elements which the optical system can contain. Steven G. Saxe [136] has provided some methods to estimate the efficiency or attenuation in guides as a function of several parameters such as the length of the guide and the diameter. These studies show the complexity in the search for a model that determines exactly the behavior of light in these systems. Some methods involve numerous simplifications so that in certain measurement ranges there is imprecision in the results. Other methods have the drawback of requiring a large amount of information to be able to develop them, but they have the advantage of providing more accurate results [104, 137].

			6.2. Characterization method of microprismatic defects

			According to the ideal model, in a Hollow Cylindrical Prismatic Light Guide (CPLG) all the radiation that enters into the interior and meets the conditions of angular acceptance is guided along the system. Figure 6.1 (a) shows the cross-sectional view with a detail of the TIR that the inner ray of the prismatic structure of a perfect guide undergoes. The lower part of figure (b) shows the path of the beam in longitudinally view. For the angle of incidence, the light is guided from the entrance aperture to the exit output aperture.

			Defects in manufacturing and materials lead to irregularities on the surface modifying the behavior of incident rays, producing consequently a progressive reduction of the luminous flux that is transmitted in prismatic films through TIR [138]. Therefore, surface defects are an important factor to take into account in the furtherance of their optical development. Figure 6.2 (a) shows an image of the behavior of a laser ray inside a hollow prism guide. The points of highest luminous concentration are represented by the points of incidence and reflection of the collimated laser light beam in the plastic material (1, 2 and 3). The concentric circles represent the areas of incidence of rays deviating from the main path. Figure 6.2 (b) shows the prismatic film profile.
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			Figure 6.1. Schematic path of a ray of light that undergoes total internal reflection (TIR) inside a perfect prism guide. Cross section with a detail of the TIR inside the prismatic structure (a). Longitudinal view (b).
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			Figure 6.2. Front view of the trajectory of a laser beam undergoing Total Internal Reflection (TIR) inside a prismatic guide: points of incidence 1, 2 and 3 (a). Profile of the prismatic film (b).

			In order to know the characteristics of prismatic surfaces, various studies have analyzed the superficial defects on a micrometric scale with electron microscopy scanners (Scanning Electronic Microscopy SEM) in combination with (Topographic Optical Profilometry by Absorption in Fluids TOPAF) [139]. The surface deterioration of the prismatic film has been determined by the SEM technique, for this, a series of samples have been coated with a deposit of 8 nm gold and subsequently have been analyzed with the electron microscope model Jeol JSM-6400 at an acceleration voltage of 25 kV. Figure 6.3 shows a cross section of the prismatic film using SEM technique.
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			Figure 6.3. SEM image of a cross section in perspective of the prismatic film (50X).

			The SEM technique is useful to obtain a view of the prism surface. Figure 6.4 shows a view of the prism surface obtained by SEM. The outer vertex of the prism is represented as a horizontal line in the centre and the valleys as two parallel lines located above and below and marginal to the vertex. From the images obtained and through digital image processing [140] an estimation of surface defects has been made. Analysis by digitally processing shows the lateral surfaces of the homogeneous and smooth prisms, however, whitish areas show small irregularities that represent 1.5 % of the total area of the prismatic surface. The concentration of defects increases in the vertices (Fig. 6.4 [b]). The average width has been estimated at 4.29 µm with a standard deviation of 2.40 µm. The results obtained with this technique provide an estimate based on data obtained from a two-dimensional image, so it is necessary to complement the SEM analysis with three-dimensional topographic measurements.
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			Figure 6.4. Image of the prismatic surface made by scanning electron microscopy (SEM) (a), expanded detail of the external vertex (b).

			Using the TOPAF topographical analysis technique [139, 141, 142] to measure 3D profiles of complex surfaces and transparent materials, it is possible to determine defects of prismatic surfaces. The topography of the prismatic film is shown in figure 6.5 (a). As shown in figure 6.5 (b), the mean value of the slope obtained is approximately ≈45º, since tg(45º) = 1 except in vertices defects. 
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			Figure 6.5. Topography of the prismatic film obtained by microscopic technique TOPAF (a). Analysis of the slope in absolute values (b).

			A calculation of the absolute slope from the topographic map provides an estimate of the area that is geometrically out of design, referring to gradients with significantly different values of ±45º. There is an increase in the slope in the external vertices (scale 1.1-1.25) and a flattening in the internal ones (scale 0.75-0.95). The surface defects are delimited by a process of analysis in greater detail in the external vertices as shown in figure 6.6 (a) and (b) and in the internal vertices in figure 6.6 (c) and (d). From the analysis of a series of images, the prismatic film has been characterized and the area from which the topographic profile disagrees optimal design values has been estimated.

			This area can be considered as an effective width of losses, in the case of external vertices a width range of 3-7 µm has been obtained and in the internal vertices a value of approximately 2-4 µm.. The average value of 4 µm can be considered as the data representative of width of defects in the vertices of the prisms.
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			Figure 6.6. Images of upper vertices (a, b) and lower vertices (c, d) obtained with TOPAF. Units Z in microns (µm).

			6.2.1. Approximation of defects in vertices in relation to the radius of curvature

			The theoretical calculation of irradiance with ray tracing software [109] allows for the quantification of losses within prismatic guides. To generate a valid three-dimensional model in simulations, it is necessary to approximate the defects considered in the geometric profile. In order to do this, vertices have been equated to a radius of curvature r, determined by the geometric relationship:
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			Figure 6.7. Geometric description in cross section that determines the radius of curvature used in the transmittance model (α = 90◦).

			where x is the length of the arc that subtends the arc of the vertex (Fig. 6.7), α is the angle subtended from the center of the arc and r is the radius defined by the circle that surrounds it. The width of defects x is related to the radius of the form:

				x = 2r sin(α/2).	(6.1)

			Of the width of defects obtained in the microscopic analysis of the vertices, an estimate of the equivalent radius has been obtained. The data by SEM microscopy have provided an average radius of 3.03 µm, while in the case of the TOPAF technique the value is 2.83 µm, resulting in a great correspondence between the radii provided by both techniques.

			6.3. Mathematical model to compute transmission efficiency

			In order to quantify the light losses in the prismatic guides, a mathematical model [114] has been developed estimating the influence of several parameters which condition the flux transfer: the defects in the vertices of the prisms, the coefficient of absorptance of the material and the defects of the film. These parameters depend on the aspect ratio ρ, that is, the relationship between the length and the diameter of the guide. The losses are analyzed through efficiency Tg, to evaluate the system’s capacity in light guidance. The efficiency is defined as:

				[image: ],	(6.2)
			where ϕd is the flux intercepted at different positions of the source and ϕi is the flux at the entrance of the guide. When one wants to describe a physical phenomenon in which the variation of a magnitude decreases proportionally to its signal, it can be considered as a negative exponential model. We can therefore assimilate the phenomenon of attenuation of the transmittance in the prismatic guides to the decreasing process that the luminous intensity of a beam undergoes propagating in an absorbent medium, and thus model the efficiency. It is necessary that the exponential expression that describes the phenomenon contains several independent terms encompassing all sources of losses, therefore, we propose to define the Tg transmittance model as:

				Tg(r, µ, ρ) =  e−ρ(k1r+k2µ+k3),	(6.3)

			where r is the radius of the vertices of the prisms, µ is the absorptance coefficient of the prismatic film and ρ is the aspect ratio of the light guide. The radius r is considered the main source of losses due to the greater concentration of superficial defects located at the vertices of the prisms of the prismatic film. Absorptance µ is the second terminus of the equation, although the losses are minimal due to the difference in thickness of the sheet, its contribution is important to increase the precision of the results and improve the fit. The third variable includes several factors containing residual losses related to defects of the prismatic film: striae, inhomogeneities of the material and other causes not measured independently. k1, k2 y k3 are the parameters of adjustment of each term which are obtained by means of theoretical and experimental calculations. To obtain the adjustment of the independent parameters k1 and k2 of equation 6.3, simulations are carried out using ray tracing software Tracepro 7.4 [109] in prismatic cylindrical guides with radiuses in prisms from 0 to 9 µm. In the case of absorptance, the analysis is on the range of 0 to 0.1 mm−1. The third variable k3 is obtained from data evaluated experimentally. From the results achieved in the measurements of the three-dimensional simulations and the experimental model, an adjustment procedure was used with the Simplex optimization algorithm [143] to procure the values of the adjustment parameters in the equation.

			6.4. Transmission efficiency in Cylindrical Prismatic Light Guides, theoretical analysis

			In this section, various efficiency analysis are shown through the reproduction of models of prismatic guides to real scale which have been realized with ray tracing software. The angular opening of the input light in the guide directly influences the efficiency, so this parameter is analyzed first. Secondly, the efficiency has been evaluated depending on the dimensions of the guide. The prismatic film of the optical system has been modeled with 3D CAD software reproducing the real dimensions: a base of 356 µm and a height of vertices in prisms of 178 µm. The hollow prismatic cylindrical guides have been coated with plastic material (polycarbonate) and with a refractive index of 1.59. To evaluate the influence of the defects of the vertices, different guides have been designed with different radii in the vertices of 0, 3, 6 and 9 µm. In the simulations, the diffraction losses have not been quantified since they are considered minimal [144]. The angular distribution of the light that enters the system is a critical parameter conditioning the efficiency throughout the system [27]. Therefore, the influence on the profile of the irradiance of the incident light beam has been evaluated to specify the angular range of optimal acceptance in the prismatic system by means of an aspect ratio guide 30, uniformly illuminated with an 8 mm lambertian light source and semi-angles of incidence between 0º and 90º in steps of 10º [145].
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			Figure 6.8. Influence of the angle of the cone into which the flux is emitted in a CPLG with aspect ratio of 30 and various radii in vertices.

			Figure 6.8 shows how the efficiency decreases with the increase of the angular cone. The gradient of the curve increases when the semiangle is out of range within which the prismatic film undergoes greater internal total reflections on its surface (0º- 30º); in this case,  the losses are 4.9% in the perfect guide and 29.2% in the guide with a radius in vertices of 3 µm. Based on the results obtained shown in figure 6.8, the analysis of the efficiency for the adjustment in the mathematical model has been made with a light source whose half-angle of acceptance is ≈30º. The absorptance coefficient of the material has been estimated at 10−3 mm−1 although its influence has been analyzed in the range of 0 to 0.1 mm−1. The evaluated guides have 100 mm diameter and various lengths reaching up to 4.8 m.

			[image: ]
			Figure 6.9. Efficiency obtained with different radii in vertices in different guide lengths (Aspect Ratio (ρ = 30º) = Lenght/Diameter) maintaining an angular cone of 30º.

			The results in efficiency are presented in figure 6.9, in which the decrease is highly related to defects in vertices. Its influence is a critical parameter mainly when the aspect ratio of the guide is high. For instance, when the aspect ratio is 49 and the radius of curvature is at the 3 µm vertex, losses will be close to 33.4%. In the perfect prism whose radius in vertices of prisms is 0, the transmittance along the guide is not 100% due to the losses by absorptance of the material. At an aspect ratio of 49, the losses due to absorptance of the material are 3.5%.

			6.5. Transmission efficiency in Cylindrical Prismatic Light Guides, experimental method

			In this section, an analysis of the efficiency in CPLGs is presented by means of an experimental measurement system characterized by having properties analogous to those of the guides used in software simulations. With the obtained results, adjustments will be made in relation to the theoretical data to quantify residual losses that correspond to the parameter k3 of equation 6.3. A polycarbonate guide is internally coated with a prismatic film whose outer face is composed of a 90º microprism structure [113]. The guide has a diameter of 96 mm and a total length of 3 m, inside which a light source is moved to perform the efficiency analysis in 50 mm intervals, obtaining an accurate sampling. A LED is located inside an integrating sphere characterized by having a Lambertian reflectance surface to ensure the same emission conditions of previous software simulations. An opening of 8 mm diameter and three circular diaphragms located coaxially restrict the output of the integrating sphere and reproduce a lambertian emission with an angular cone of 60º (Fig. 6.10, 6.11). Figure 6.12 shows an image of the reflection along the inside of the prismatic guide of the led source. The emitting light source is a Luxeon LXHL-PL01 LED with an emission peak wavelength of 590 nm; this value is the same used in the ray tracing simulations. The radiant flux is measured with a calibrated camera (Monochrome CMOS DMK 72BC02, Imaging Source) that collects the irradiance map obtained in a lambertian screen placed at the end of the guide. The assembly scheme is shown in figure 6.10. The irradiance map obtained at the entrance to the prismatic light guide and at the exit (ρ = 30) are represented in figure 6.13 (a) and (b).
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			Figure 6.10. Scheme of the experimental assembly for the calculation of the irradiance.
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			Figure 6.11. Experimental prototype.
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			Figure 6.12. Interior view of the prismatic guide illuminated by a LED.
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			Figure 6.13. Irradiance map obtained at the entrance (a) and exit (b) of the prismatic guide in the experimental setup (ρ = 30).

			Figure 6.14 shows the decrease in the efficiency results in relation with the aspect ratio of the guide. For example, experimental measurements have revealed an efficiency of 73.79 % in the aspect ratio of 30, which in figure 6.9 would be equivalent to a peak radius between 3 and 6 µm, a value related to that obtained in the microscopic measurements and determined by the process of approximation of defects in peaks explained in section 6.2. The efficiency curve is comparable with the results obtained with the software simulations shown in the graph of figure 6.9. The software simulations take into account the defects of the vertices and the absorptance of the material, but do not take into account some imperfections of the film such as striae, flaws at junctions, coatings of the film, dirt, etc., due to the high requirements in the processing of data and the difficulty of making approximations.
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			Figure 6.14. Transmission efficiency obtained experimentally.

			6.6. Mathematical transmittance model, adjustment procedure

			As a result of the data obtained from the three-dimensional simulations using software and Nelder’s simplex optimization algorithm [143], the values of the parameters k1 and k2 are obtained. The value of k3 is achieved by experimental data.

				Tg(r, µ, ρ) = e−k1rρe−k2µρe−k3ρ.	(6.4)

			The final adjustment parameters are identified as: k1= 2.6 · 103 m−1, k2 = 5.8 · 103 m−1 and k3 = 1.3 · 10−3 m−1. Figure 6.15 shows the contribution of each of the terms in Equation 6.4: the radius in vertices of 3 µm (solid line), the absorptance (dotted line) and the residual losses (dotted line with hyphen). This radius has been determined by microscale measurements with the SEM and TOPAF techniques. From the data obtained, we can conclude that the losses due to defects in the vertices, calculated by an approximation to the radius of the vertex, are approximately five times greater than those related to other factors. We conclude therefore that the decrease in transmittance of CPLGs is highly correlated to the defects in vertices, conditioned by manufacturing limitations.
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			Figure 6.15. Contribution to the efficiency loss of each of the three parameters of the theoretical model evaluated independently in various aspect ratios and with a radius in vertices of 3 µm.

			The results in efficiency of the semi-empirical model have been contrasted with the data of simulations and experimental measurements (Fig. 6.16). The results of the experimental measurements (solid black line) are superimposed on the model fit of Equation 6.4, which is shown by a red continuous line and takes into account all loss factors, that is, k1, k2 and k3 as previously defined. The adjustment with the first two terms of the equation taking into account defects in vertices and the absorptance is represented by the dashed red line. In this case, also a high correlation is achieved with the value obtained with software simulations represented by the dashed blue line.
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			Figure 6.16. Results of the mathematical model of efficiency adjustment, the results obtained in the simulations and those obtained in the experimental measurements.

			6.7. Source size influence

			The size of the light source that affects the guide is a parameter that conditions the amount of flux at the output of the system. Therefore, in Equation 6.4 one can add a fourth term, which implies the influence of the area of the source A when it is evaluated according to its diameter:

				Tg(A, ρ) = e−k4Aρ,	(6.5)

			so that the complete equation is defined as:

				Tg(r, µ, ρ, A) =  e−k1rρe−k2µρe−k3ρe−k4Aρ.	(6.6)

			In order to define the value of the adjustment parameter k4, the influence of the size of the light source in efficiency is evaluated through ray tracing software simulations. The efficiency is analyzed in five sizes of emitting sources normalized in area with respect to the maximum area of the opening (0.01-1), with a radius in vertices of 3 µm, without considering the absorptance for different guide lengths. The source is considered a lambertian circular emitter that is placed in the geometric center of the entrance of the guide, emitting with a half-angle of 30º.
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			Figure 6.17. Influence of the size of the illumination source in normalized units. On the efficiency of CPLGs.

			Figure 6.17 shows the results of the efficiency for different source areas and with various degrees of slenderness. Increasing the diameter varies the optical path that rays follow and increases the number of reflections that occur on the surface, decreasing the flux of light that is guided due to dispersion in the prismatic defects. Therefore, the efficiency will be higher the smaller is the light source. For example, at a slenderness of 30 there is a difference of 5.81% in the extreme values of the evaluated area, being the lowest efficiency value obtained with the maximum area source. With the results obtained, the value of the adjustment parameter k4 obtained by means of an optimization algorithm [143] has been estimated at 2.55 10−2 m−2.

		


		
			7. Characterization of deformation by curvature of prism structure

			As demonstrated in the previous chapter, the efficiency in the propagation of light through prismatic guides is highly influenced by imperfections existing in the prismatic film it is made of, such as deviations from the prismatic angle with regards to suitability, inhomogeneities in the material and the existence of irregularities in the prismatic vertices modifying the behavior of rays [146, 114]. In certain applications, the prismatic film must be curved to adapt to the optical guidance system, which can cause geometric changes in the prisms with consequent losses in the guidance of light. In this chapter, a method of characterizing the deformation produced in a prismatic film induced by changes in the curvature of the guide is provided. This method is based on image recognition and analysis procedures. Experimental and theoretical quantification of the light loss due to these changes through optical transmittance analysis is consequently provided [147, 148].

			7.1. Deformation characterization method of curved prismatic film

			There are several methods for measuring the curvature that occurs in a film under stress [149]. The most common method is based on the principle of substrate flexion, in which the deformation is measured by the tension produced in a microstructure through the study of the displacement of a circular disk or by means of a thin bar subjected to flexion. There are also more sophisticated methods using analytical tools such as x-rays, acoustics, Raman spectroscopy, infrared spectroscopy and electron diffraction techniques. Among the methods employed, the optical techniques provide information on displacement, strain and stress, with advantages such as the possibility of covering a wide field of vision without the need for direct contact with the material [150]. The mechanical properties of polycarbonates, which prismatic film are made of, are of great importance because they condition the optical performance of the system. Polycarbonates are thermoplastic polymers showing a deformation as a function of stress which is linear for low values and is described by Hooke’s Law [151]. However, the mechanical response is more sensitive when increasing the material stress. Such considerations highlight the fact that the variation in the diameter of guides can condition the mechanical deformations in its prismatic films (Fig. 7.1). Therefore, it is important to evaluate such deformations and the influence they have on the efficiency of the prismatic guides. When a plastic body is subjected to deformation (Fig. 7.2), it suffers interior stress, sometimes generating changes in its shape. To evaluate the changes in shape, the theoretical study of elasticity provides valuable solutions in the analysis of simple structures, but the calculations are more complicated in complex structures, so in these cases it is convenient to use experimental techniques to characterize the deformations resulting from stress.
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			Figure 7.1. Prismatic film highly curved showing geometrical deformations.
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			Figure 7.2. Prism guide showing the curved prismatic film inside.

			In order to measure the deformation of the prismatic film under stress produced by different curvatures, an experimental procedure has been carried out. Based on images of the curved film, contour detection by means of digital image processing techniques indicate the changes occurring in the prismatic geometry. Subsequently, the angle defined in the prismatic contour has been quantified as a function of the induced curvature. The angle determined by the prismatic vertex is a key parameter that indicates the correct functioning of the prismatic film as a guidance system. In this study, the deformation of the prismatic film covering a wide range of curvatures has been analyzed from a flat surface to 30 mm in diameter. The parameter that determines the curvature of the flux K is defined as the inverse of the radius R. The evaluated curvatures are 0 (flat), 6.67, 10.00, 20.00, 40.00, 57.14 and 66.67 m−1. In order to analyze the modifications in the prismatic profiles, a cross section has been made by a precision cut in a flux whose base has a typical width of 356 µm and a height of 178 µm. Subsequently, the sample has been coated with magnesium oxide to improve the contrast of the image, eliminating parasite light that may induce errors. The images of the profiles were made in an Optical Microscope (Motic SMZ-143) equipped with a digital camera (Moticam 2000). Figure 7.3 shows the cross section of the prismatic film used to analyze the deformation of the contour and a curvature of 57.14 m−1 with a digital zoom of 100X.
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			Figure 7.3. Image of the cross section of the prismatic film with a curvature of 57.14m−1 used to analyze the deformation of the contour (100 X).

			The edge profile has been obtained by the Canny edge detector [152], analyzing the borders and looking for the local maxima of the gradient of a binary image. The algorithm used in the search calculates the gradient using the derivative of a Gaussian filter and two thresholds, an upper one that marks the pixels with higher value, identifying them as strong edges, and another lower one that identifies pixels whose value is greater as weak edges. Subsequently, the Hough transform (HT) [153] is applied, an image segmentation technique that uses the detection of edges of the contour of the image to generate an image in the Hough domain. This technique determines the set of lines finding aligned points that satisfy the equation of the line. HT is used to identify the criterion of  the line using the equation of the line Y = mX + b, where m is the slope of the line, b is the point of intersection of the line with the axis Y and X is the independent variable of the function Y = f (X). The Canny method of detection of edges and lines by means of groupings of points through the algorithm of automated analysis of Hough solves the inconveniences existing in the detection of figures due to noise in the image, detecting the edges of the prismatic structure with high precision. Figure 7.4 represents the image of the prismatic film with a curvature of 20 m−1, in which the lines identified by HT and the edge of the outline of the figure have been marked in red and white respectively. The scalar value specifying the distance between two line segments associated with the same HT can be modified depending on the size of the image and the resolution of the required values.
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			Figure 7.4. Map of edges of a prismatic film (white line) with the lines of Hough identified in a curvature of 20 m−1 (red lines).

			To avoid the inconveniences that arise when using the parametric representation of the line in the differentiation of vertical and horizontal lines, HT uses the polar representation: ρh = Xcos(θh) + Y sin(θh). The parameter Rho (ρh) indicates the perpendicular distance from the origin of the image to the line through the vector perpendicular to the line, and theta (θh) indicates the angle between the vector perpendicular to the line passing through the origin of coordinates and the positive X axis. The HT takes as input the binary image and produces as output an image that shows the positions of the discontinuities in intensity. The result of the HT is stored in a matrix considered as an accumulator. Each cell of the accumulator represents a line whose parameters can be obtained from the position of the cell. The HT determines the characteristics of the contour while at the same time quantifics them. The accumulator matrix showing the transformation of a film with curvature 20 m−1 is represented in figure 7.5. On the horizontal axis, the angle θh is representated in degrees and in the vertical axis the distance ρh in pixels. Each element of the matrix contains the value of the pixels that are located on the line with the parameters (ρh, θh). The highest value marked with a red square (peak) indicates the most represented line of the input image and shows the angle of inclination of the predominant slope. Each peak corresponds to the slope of a prism, the negative angle corresponds to the edges of negative slope of the image and the positive angle corresponds to the edges of positive slope. The detection of the line is conditioned by a variable defining the jump between two consecutive pixels set at 0.4 and one that conditions the spacing of the Hough transform along the θh axis set at 0.05.
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			Figure 7.5. The matrix of the HT of the image with curvature 20 m−1 shows the peaks of Hough identified by a red square.

			Figure 7.6 represents the values of the Hough peaks obtained with different curvatures. The angle of the prismatic vertex, that is, 2 × θh, is determined as the average of the sum of the positive and negative slopes corresponding to each measure. It can be observed that the most representative angle of the structures analyzed remains stable from the flat flux, referenced in the figure as zero curvature, to the curvature of 20 m−1. Subsequently, there is an increase of 2.5º (from 89.5º to 92º) in the range of 20.00 m−1 to 57.14 m−1. In the last section, the angle remains stable at  92º.
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			Figure 7.6. Representative angle of the prismatic vertex obtained by HT in each curvature.

			The angular changes in each position of the contour of the extreme curvatures of the evaluated range, that is, in the flat film and in the curvature of 66.67 m−1, are shown by Hough’s three-dimensional histogram in figures 7.7 and 7.8. Figure 7.8 shows an increase in values in the surroundings of the peaks with respect to the flat flux (see Fig. 7.7), which represents the increase in deformation of the contour.
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			Figure 7.7. Hough’s three-dimensional histogram with the values of six slopes of prisms in a flat prismatic film.
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			Figure 7.8. Hough’s three-dimensional histogram of six slopes of the prisms in the prismatic film with curvature of 66.67 m−1.

			Figure 7.9 represents the average of the angular displacement obtained in each curvature with respect to the flat prismatic film. There is an increase in angular deformation when changing the curvature on the prism slopes (±45º) and at the ends of the vertices (0º), which varies markedly when the curvature is greater than 20 m−1. 

			According to the analysis, we can conclude that the deformation due to the curvature has greater influence on light guides with diameters from 0.1 m to 0.03 m, corresponding to curvatures from 20 m−1 to 66.67 m−1.
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			Figure 7.9. Angular deviation obtained by the HT with respect to the flat position in different curvatures.

			7.2. Light transmission in cylindrical prismatic guides, experimental model

			Through experimental procedures, associated losses have been quantified in relation to the changes in curvature of hollow prismatic cylindrical guides with various angles of incidence of light. The experimental assembly used consists of a He-Ne laser (JDS Uniphase 1508), whose light beam impinges on the flat surface of a prismatic film of various curvatures, from flat to a curvature of 57.14 m−1. The HeNe laser provides a collimated beam of light with a wavelength of 632.8 nm and a diameter of 4.8 mm. Although the prismatic film produces minimal spectral changes, using a single wavelength, the results are independent of the spectral responses due to the flux. The light that crosses the film has been evaluated with angles of incidence in the range of 15º to 45º of 5º steps, a range large enough to cover the nominal angle of acceptance of the prismatic film (30º) to define its influence.  The angle of incidence φ has  been determined with respect to the axis of the guide as can be seen in the diagram of the experimental assembly represented in figure 7.10 and coincides with the axis of the prisms.

			The figure shows the light distribution map obtained in the detector plane. Figure 7.11 represents an image of the experimental assembly. The results obtained in different positions have been registered with a silicon detector photometer (FlexOptometer, Gamma Scientific) located next to the prismatic surface.
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			Figure 7.10. Side view of the schematic of the experimental assembly used in the calculation of the optical transmittance through the prismatic film.
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			Figure 7.11. Top view of the experimental setup used in the calculation of the optical transmittance through the prismatic film.

			The flux of light passing through the film represents the amount that will not be guided in the system, constituting the loss of light ϕpt. The optical transmittance ϕp defining the loss is the relationship between the flux transmitted through the film ϕpt and the incident flux ϕpi for each curvature and for each angle of incidence.

				[image: ].	(5.17)
			The results obtained are shown in figure 7.12 where a strong dependence between optical transmittance and curvature can be observed. For curvatures above 20 m−1, an average transmittance has been measured that is between 1.5 % and 3.2 %, increasing for higher incidence angles. For instance, at the angle of incidence of 30º, which constitutes approximately the limit angle for guidance by total internal reflection, there is an increase in loss of up to 2 %. Losses are intensified in curvatures above 33 m−1 due to changes in the path of the rays, induced by the curvature itself.
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			Figure 7.12. Optical transmittance (0-1 range) depending on the curvature for various angles of incidence.

			7.3. Light transmission in cylindrical prismatic guides, theoretical analysis

			Software simulations allow for the theoretical evaluation of loss due to the morphological changes of the prisms induced by the curvature in the film. To quantify these losses, simulations have been carried out with TracePro 7.6 ray tracing software with the configuration of the experimental setup of polycarbonate cylindrical prismatic guides shown in section 7.2. In the simulations, a prismatic film has been used whose prism base has a width of 356 µm and a height of 178 µm.
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			Figure 7.13. Various curvatures of prismatic flux reproduced by 3D modeling software.

			In order to estimate the defects in a prismatic film, two approximations have been made. The first one refers to the irregularities in the vertices of the prisms and is carried out by rounding in the prismatic vertices with a radius of the prism tip of 3 µm, according to the approximation model described in section 6.2 of chapter 4. The second approximation refers to the angular increase that occurs between the prisms as the curvature varies. The change produced has an average of 1.13º. The refractive index of the guide has been set at 1.59 and determined by the use of a polycarbonate polymer whose line­ar absorption coefficient is 1 · 10−3 m−1, according to the technical characteris­tics of the film. The light source used is a laser with a diameter of 4.8 mm and a wavelength of 632.8 nm that impinges at an angle of 30º on the flat surface of the prismatic film. The external vertices of the prisms have been placed on top of a detector, collecting the flux transmitted through the film. The results obtained with curvatures of 8.00 m−1 and 57.14 m−1 are presented in figure 7.14. The optical transmittance obtained in the film with curvature 8.00 m−1 is 1.3 % and in the curvature 57.14 m−1 of 1.5 %,  resulting in a percentage of variation between both simulations of 15 % due to the angular increase that is produced between prisms, corresponding to an angular increment between prism of 1.13º.
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			Figure 7.14. Flux distribution obtained in three-dimensional simulations with curvatures of 8.00 m−1 (a) and 57.14 m−1 (b).

			In a flat sheet, twice as much loss is obtained experimentally than previously calculated by software simulation, which provides an estimate of the influence of factors such as surface deformations, scratches, cracks, dust, inhomogeneity of the material and measurement errors. These theoretical transmittance results indicate the need to deepen the study of the system in order to accurately determine optical behavior.

		


		
			8. Conclusions

			The increasing consideration of scientific research and technological development in fields such as energy and new advanced materials, along with the concern for environment and health, creates great interest concerning the integration of natural lighting in architecture. In this book, a detailed analysis of the behaviour of light in optical systems such as hollow prismatic guides, together with the development of new guidance models and methodologies that facilitate the prediction of transported luminous flux, allow to optimize the operation of these systems by improving the efficiency of their applications.

			The design of an optical system for extracting and guiding light for large dimensions applied to a sustainable building has been presented, which allows the extraction of natural light in a controlled manner to its interior of the constructions in a wide range of solar positions, balancing the amount of light in different spaces. A ratio between 23 and 64 times greater has been obtained with the extraction system in the intermediate floors of a four-story building.

			An optical system based on anidolic optics has been developed that allows guiding light in the turns of the hollow guides with a higher efficiency with respect to the standard design, making it possible to use them in buildings in a more global and efficient way. The output flux obtained at 50% has been within the 5º center, making the light output more collimated.

			An optical guidance system applied to museums allows a controlled extraction of natural light in spaces for a wide range of solar positions. The proposed design implements an efficient and aesthetic lighting system in museums, distributing natural light optimally and keeping high color reproduction. It is possible to adapt optical elements to the BLS system that allow for the optimization of the luminous flux, adapting it to the objects and art pieces to be illuminated.

			It has been found that the total internal reflections that take place in the prismatic plastic film used in the hollow light guides produce a minimal chromatic change in the output spectrum. However, for the set of lengths and slenderness used in architecture, in aluminum guides there is a significant chromatic shift that is directed towards yellows due to the pattern of aluminum spectral reflectance that takes place on its surface. For instance, the colour difference is 3.4 times smaller in prismatic polycarbonate guides with respect to aluminum guides with a slenderness of 5.

			It has been experimentally proven that prismatic light guides provide better chromatic reproducibility with respect to guides composed of specular materials of high reflectance. The difference in colour obtained in the Cielab space of prismatic guides presents an average of 1.20 units with a standard deviation of 0.33. However, the aluminum guide presents an average of 7.44 with a standard deviation of 2.40. The Cielab colour difference values obtained with the prism light guide evaluated through 24 Munsell color samples, are within the optimal range of 2 Cielab chromatic difference units.

			The spectral energy distribution of two hollow guides (prismatic and aluminum) with cylindrical and rectangular geometries has been analyzed theoretically. Various colour properties have been quantified in systems such as correlated colour temperature (CCT) and color rendering index (CRI), with improvements in the prismatic path. The CRI results of aluminum guides show a significant chromatic performance change in comparison with the prismatic, in the case of a rectangular guide of 15 m, there is a difference of 21.82% between the aluminum guide and the prism. In the case of a cylindrical guide, the difference is 17.99%.

			The efficiency of cylindrical and rectangular prism guides have been theoretically compared, demonstrating that prismatic cylindrical guides show a slight increase in efficiency with respect to the rectangular ones due to the absence of corners and a more collimated light guide. For example, a difference in efficiency of 2% has been obtained at 5 m with a wavelength of 546 nm.

			It has been shown that the angular distribution of the incident beam on the hollow prismatic guidance system is highly conditioned by the surface defects and is a critical parameter that determines the efficiency along the system. The lateral losses are greater when the semi-angle incident light cone is greater than approximately 30º, decreasing in an order of 30% in a slenderness guide of 30 for an estimation of defects in vertexes of prisms of 3 µm radius, a value quantified experimentally by microscopic techniques. A mathematical model of efficiency in hollow prism guides has been proposed that shows the influence that various parameters have on the guiding of light. These parameters are the defects in the vertices of the prisms, the coefficient of absorptance of the material, residual defects and the size of the light source. This model shows how the defects in the vertices are considered as the main source of losses. For a radius of vertices of 3 µm, a value determined by microscale measurements with the SEM techniques and TOPAF, we can conclude that the losses due to defects in the vertices are approximately five times greater than other factors. This model allows a precise and fast simulation while not requiring large processing capacity and is therefore easily applicable.

			A method of characterization of the deformation induced by changes in the curvature of a prismatic beam has been elaborated, and the associated light losses have been evaluated experimentally and theoretically by the analysis of optical transmittance, verifying that there is an increase in angular deformation in curvatures greater than 20 m−1. The simulation results obtained in transmission indicate the need to deepen the study of the system in order to be able to determine with precision optical behavior. It is possible to conclude that prismatic light guides are a useful daylighting system that can be integrated in architectural design with efficiency, elegance and a esthetic performance.
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Figure 5.16. Experimental setup with the elbow designed showing the light
guidance along the prismatic system.
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