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Abstract

:

With technological advancement, energy consumption and lack of energy supply are inevitable. Approximately 20% of total energy consumption is used for artificial light in standard office buildings. To reduce energy consumption for illumination purposes, a sunlight guiding panel was used to increase the amount of sunlight available indoors. However, in most designs of a sunlight guiding panel, the panel has to be placed on the outdoor surface of a window glass. This type of design is inconvenient for assembling and cleaning. To enhance the practicality of a sunlight guiding panel, we attempted to place the sunlight guiding panel on the indoor surface of a window glass. The simulation results revealed that when the sunlight guiding panel was placed on the indoor surface of a window glass, the aspect ratio of the light-guiding structure of the sunlight guiding panel had to be increased for guiding the sunlight from outdoors so as to increase the amount of sunlight indoors. To fabricate the proposed sunlight guiding panel, UV nanoimprint lithography was applied to pattern the light-guiding structure of the sunlight guiding panel. Moreover, a mold with a high-precision light-guiding structure was used in UV nanoimprint lithography. The mold was fabricated using ultraprecision machining technology. Both analytical and experimental investigations were conducted to confirm the proposed design. The average light-guiding efficiency was 89.9% with a solar elevation angle range of 35° to 65°, and the experimental results agreed well with the simulation results. This study elucidates light-guiding efficiency when the sunlight guiding panel is placed on the indoor surface of a window glass, which can increase the usage convenience and application potential of sunlight guiding panels.
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1. Introduction


With advancement in technology, energy consumption and lack in energy supply are inevitable. In 2015, the energy consumption for lighting in various types of buildings in Taiwan was 10%–30% of the total energy consumed, as shown in Figure 1 [1]. Figure 2 presents the statistical results of energy consumption by each electrical device in the buildings presented in Figure 1. We can clearly see that the energy used for artificial light is approximately 18.8% of the total energy consumed. In recent years, to reduce energy consumption and greenhouse gas emissions, various scholars have been striving to propose developments in two following directions: The development of energy-conserving light sources [2,3] and the effective use of sunlight for indoor lighting [4,5,6,7,8,9]. Sunlight is an essential resource for illumination and is unlikely to run out in the foreseeable future. Thus, sunlight guiding systems have the potential to be developed for conserving energy.



Conventional sunlight guiding systems include applying a flat panel [4,5,6], prismatic refractors [7], and a sunlight guiding panel [8,9]. The three systems are based on the properties of light refraction and reflection. Comparing the three systems, the sunlight guiding panel has the advantages of low cost and low volume. However, in the sunlight guiding panel device, a change in the path of sunlight is based on a microscale or nanoscale light guide structure. Thus, a reliable micromachining or nanomachining technique is required for manufacturing a sunlight guiding panel. Due to the difficulty in producing a sunlight guiding panel, a sunlight guiding panel has to be placed on the outdoor surface of a window glass in most designs of sunlight guiding panels [8,9]. This type of design is inconvenient for assembling and cleaning.



Among the conventional microprocessing or nanoprocessing technologies, nanoimprint lithography [10] has the advantages of high throughput and high-precision dimension control. Note that UV nanoimprint lithography has the excellent advantage of high-throughput efficiency because no heating and cooling processes are required and because of the minimal deformation of the imprint patterns realized using thermal expansion and contraction [11]. However, a mold with a pattern of the light-guiding structure has to be fabricated using nanoimprint lithography for manufacturing a light-guiding structure. To obtain a high-quality sunlight guiding panel, high-precision mold processing technology has to be considered for the fabrication of the patterns of the light-guiding structure. Moreover, various materials have been applied to fabricate the molds, such as silicon, silicon oxide, silicon nitride, nickel, and diamond [12].



The reliable technologies for fabricating the mold used in imprinting process that have been developed so far include e-beam lithography [10,13], LIGA (German Acronym for Lithografie, Galvanoformung, Abformung) and LIGA-like processes [14], and ultraprecision machining technology [15]. In ultraprecision machining technology, the machining profile of the ultraprecision machining technology is controlled via the relative motion of the cutting tool and the workpiece or the shape of a tool tip. As the ultraprecision machining technology advances, formability and product accuracy have greatly improved. The processing feature size and machining surface roughness in ultraprecision machining technology was confirmed to be better than 100 and 10 nm, respectively [16,17]. Based on the machinable features, dimensions, and precision of the ultraprecision machining technology, the technology is suitable for manufacturing light-guiding structures of a sunlight guiding panel. The aim of this study is to develop a novel sunlight guiding panel, which can be placed on the indoor surface of window glass. The production of the sunlight guiding panel will be implemented through nanoimprint technology and ultraprecision machining technology.




2. Principle and Method


In this study, a novel sunlight guiding panel was proposed. Figure 3 displays the conceptual design of the proposed sunlight guiding panel. To enhance the practicality of the sunlight guiding panel, we attempted to place the panel on the indoor surface of a window glass. Figure 4 displays the feature of the proposed sunlight guiding panel and the predicted optical path of sunlight. Figure 4a illustrates the feature of the proposed sunlight guiding panel. The panel has four structural parameters that are denoted as L1, L2, R, and θ and are used to define the sunlight guiding panel’s polygonal prism shape. L1 is the period of the polygonal prism, L2 is the horizontal length of the polygonal prism, R is the radius of the arc that comprises the main and second slopes, and θ is the main slope’s angle of inclination. Figure 4b shows the predicted optical path of sunlight that is determined by the law of reflection (θi = θr, where θi and θr are the angles of incidence and reflection, respectively) and the law of refraction (Snell’s law, ni × sin θi = nr × sin θr, where ni and nr are the indices of refraction for the medium containing the incident ray and refracted ray, respectively, and θi and θr are the angles of incidence and refraction, respectively). Thus, the polygonal prism of the sunlight guiding panel has the potential to alter the direction of incoming sunlight toward the room’s ceiling. Moreover, when the sunlight is directed to a room’s ceiling, the brightness in the core area of the room can be increased.



The polygonal prism that is periodically arranged on the surface of the sunlight guiding panel is a key component for changing the path of sunlight. The effect of the geometrical dimensions of the polygonal prism on the light-guiding efficiency was simulated using a ray-tracing technique. In this study, the Advanced Systems Analysis Program software (version 2015, ASAP, Breault Research Organization, Inc., Tucson, AZ, USA), an optical simulation software, was used to simulate the path of sunlight through the proposed guiding panel and its light-guiding efficiency. The simulation model is as described in Figure 4a. The center wavelength of the sunlight spectrum was set to 550 nm for analysis. Four structural parameters—L1, L2, R, and θ—that are presented in Figure 4a were used to define the shape of the polygonal prism and optimize light-guiding efficiency. Moreover, the refractive indices of the substrate of the sunlight guiding panel and the polygonal prism were set to 1.5 and 1.47, respectively. The refractive indices of the outdoor and indoor areas were set to 1. Based on the optical properties of sunlight, the light source was assumed to comprise parallel rays in the simulation model. Moreover, ray tracing of 1,000,000 rays [18,19] was selected to obtain accurate analysis results. The effective light for indoor lighting was determined using the outgoing angle of light through the proposed guiding panel. Based on the description in Figure 4a, the outgoing light angles between 120° and 180° are effective for indoor lighting. Moreover, the solar elevation angle varies with the time of the day. To understand the performance of the sunlight guiding panel at different times, the angle of solar elevation was varied from 20° to 80° in the simulation model.



The fabrication of the sunlight guiding panel is conducted based on the simulation analysis results. The fabrication of the sunlight guiding panel can be divided into three procedures: Cutting the pattern of the polygonal prism on the surface of the electroless nickel mold, transferring the surface pattern of the electroless nickel mold to the polydimethylsiloxane mold (PDMS), and imprinting the sunlight guiding panel through the PDMS mold, as shown in Figure 5a–c, respectively. Figure 5a displays the schematic diagram of the processing procedure of the polygonal prism pattern. The structural shape and size optimization of the polygonal prism are conducted on the surface of an electroless nickel mold through the ultraprecision machining technology. A precision end-cutting machine was used to cut the polygonal prism pattern through a single crystal diamond tool. The angle formed by the adjacent polygonal prism is shaped according to the tip profile of the single crystal diamond tool. After cutting the angle formed by the adjacent triangles, the single crystal diamond tool turns to cut the profile of the second slope. To maintain the surface quality of the polygonal prism and avoid tool wear-associated damage, the cutting depth is controlled to be <10 µm. In our study case, the fabrication of the angle between adjacent polygonal prisms was performed using 10 repetitive cuts.



After completing the fabrication of the electroless nickel mold, the pattern of the electroless nickel mold was transferred to the PDMS mold, as shown in Figure 5b. The PDMS mold was fabricated by coating a 10:1 mixture of PDMS prepolymer and curing agent (Sylgard 184, Dow Corning, Midland, MI, USA) and then curing for 72 h at a temperature of 20–25 °C. After completing the fabrication of the PDMS mold, the sunlight guiding panel was fabricated using nanoimprint lithography, as shown in Figure 5c. The PDMS mold was used to form the polygonal prism pattern of the sunlight guiding panel. Here, the imprinted material was UV glue (FL060, Everwide Chemical Co., Ltd., Taiwan), and the substrate of the sunlight guiding panel was polyethylene terephthalate (PET) thin-film.



After the completion of the fabrication of the sunlight guiding panel, an experimental measurement was conducted for verifying the simulation results. Figure 6 illustrates the optical measurement system. The system comprises of a diode laser (650 nm) as a light source, two reflecting mirrors, a diaphragm, a polarizer, a 1/4 λ wave plate, a lens, two co-axial rotation stages (SGSP-60YAW, Sigma-Koki, Tokyo, Japan), and a power detector (PD300, Ophir Optronics Ltd., Jerusalem, Israel). Here, the flat mirrors were used to adjust the ray path for obtaining a proper optical path. The polarizer and 1/4 λ wave plate were used to make the light source characteristics similar to those of sunlight. The diaphragm and lens were used to control the beam size of the light beam and improve the divergence of the light beam, respectively.



To measure the intensity of the outgoing light at different angles of solar elevation, the sunlight guiding panel and detector were fixed on the inner and outer rotation stages, respectively. The penetration spectra at different solar elevation angles were obtained by rotating the two co-axial rotation stages. The rotation of the inner rotation stage represents the variation in the solar elevation angles, and the rotation of the outside rotation stage was used to collect light intensity data at different angles of the outgoing light.




3. Optical Analysis


The analysis results of the structural optimization of the polygonal prism are presented in Figure 7, in which the horizontal axis is the solar elevation angle and the vertical axis is the light-guiding efficiency. Figure 7a shows the influence of L1 on light-guiding efficiency of the sunlight guiding panel. L1 was varied from 50 to 60 μm. L2, R, and θ are fixed at 60, 160 μm, and 83°, respectively. The results revealed that L1 values of 50 and 55 μm exhibited a better light-guiding efficiency than L1 values of 60 μm. We attempted to further compare the cases with L1 values of 50 and 55 μm, although the L1 value of 55 μm had a better light-guiding efficiency in the solar elevation angle range of 50° to 60°, the L1 value of 50 μm had a relatively uniform light-guiding efficiency in the solar elevation angle range of 20° to 80°. Thus, a L1 value of approximately 50 µm was selected for the experimental study.



Figure 7b presents the influence of the L2 length of the sunlight guiding panel on light-guiding efficiency. The length of L2 varies from 50 to 70 µm. L1, R, and θ are fixed at 55, 160 μm, and 83°, respectively. The results revealed that an increase in L2 resulted in an increase in the light-guiding efficiency. Moreover, in this study, the pattern of the polygonal prism on the electroless nickel mold was manufactured using the ultraprecision machining technology. Based on the processing mechanism, an increase in the cutting depth may reduce the cutting accuracy and surface quality, and the aspect ratio of the cutting trench should not exceed 2. Thus, a L2 value of approximately 70 µm was selected for the experimental study.



Figure 7c presents the influence of R of the light guiding panel on light-guiding efficiency. R was varied from 140 to 180 μm. L1, L2, and θ are fixed at 55, 60 μm, and 83°, respectively. The cases with R values of 160 and 180 µm exhibited a similar spectra for the analyzed solar elevation angles, and the light-guiding efficiencies in these cases was better than that in the case with a R value of 140 µm. Moreover, by analyzing the different cases, it was found that the case with a R value of 180 µm exhibited the best light-guiding efficiency with solar elevation angles between 50° and 60°. Based on the above analysis results and discussion, a R value of approximately 180 µm was selected for the experimental study.



Figure 7d presents the influence of θ of the light-guiding panel’s light-guiding efficiency. θ was varied from 79 to 87°. L1, L2, and R are fixed at 55, 60, and 160 μm, respectively. A solar elevation angle that can cause the best light-guiding efficiency is highly affected by θ. A lower θ value results in a lower solar elevation angle with the best light-guiding efficiency. The best light-guiding efficiencies were 96%, 95%, and 89%, when θ was set to 79°, 83°, and 87°, respectively. However, in the solar elevation angle range of 20° to 80°, the overall light-guiding efficiency at 83° was slightly better than that at 79°. Thus, the θ value of 83° was proposed for experimental study.



Figure 8 shows the light-guiding efficiency of the proposed sunlight guiding panel after structural optimization. Here, L1, L2, R, and θ were 50, 70, 180 μm, and 83°, respectively. The proposed sunlight guiding panel can maintain a light-guiding efficiency >60% in a solar elevation angle range of 35° to 65°. The average light-guiding efficiency was 68% in a solar elevation angle range of 20° to 80°. The simulation results confirmed the feasibility of placing the sunlight panel on the indoor surface of a window glass. However, the aspect ratio of the polygonal prism of the sunlight guiding panel was 1.4, which is very higher than that of the sunlight guiding panel installed outdoors (e.g., the aspect ratio is 1 in reference [8]). The manufacturing of the proposed sunlight guiding panel is more difficult than previous designs.




4. Experimental Results and Discussion


4.1. Electroless Nickel Mold Fabrication


The picture and scanning electron microscope (SEM) images of the electroless nickel mold are shown in Figure 9. As shown in Figure 9a, the area of the machined surface was approximately 10 mm × 20 mm. Figure 9b displays the top view of the SEM image, whereas Figure 9c presents its cross-sectional view. According to SEM observation, the shape of each polygonal prism in the electroless nickel mold was extremely consistent, as shown in Figure 9b,c. L1, L2, R, and θ of the cut polygonal prism were approximately 49.4, 72.9, 316.5 µm, and 86.6°, respectively. The measured values of L1 and L2 agreed well with the results of the simulation’s optimization. However, a difference of approximately 3.6° was noted between the angles of θ in the experimentation and the simulation’s optimization. The difference was caused by the tip profile of the single crystal diamond tool. It must be mentioned that there was a significant difference between the size of R obtained from the experimentation and the simulation optimization. This difference was caused by the insufficient cutting depth and rotation angle of the diamond tool in the process of cutting the second slope. Based on the geometric definition of the polygonal prism, the cutting depth and rotation angle of a diamond tool were approximately 11 µm and 8° less than the expected design, respectively.




4.2. Fabrication of the PDMS Mold


Figure 10 displays the SEM image of the surface pattern of the PDMS mold. Figure 10a,b reveals the top view and cross-sectional view of PDMS mold, respectively. The surface of the PDMS mold almost completely replicated the pattern of the electroless nickel mold because PDMS is soft and flexible, thus enabling the mold to have intimate contact with the electroless nickel mold, providing a good pattern transfer property. The negative pattern of the PDMS mold had a period of 50.4 μm, a height of 72.0 μm, a tip angle of 32.3°, and the slope’s turning angle of 12.8°.




4.3. Fabrication of the Sunlight Guiding Panel


Figure 11 shows the fabrication results of the sunlight guiding panel. Figure 11a,b reveals the top view and cross-sectional view of the sunlight guiding panel, respectively. Figure 11a shows more than 20 structures of the polygonal prisms, which could be used to prove the homogeneity of the sunlight guiding panel. Comparing Figure 11b with Figure 10b, it can be seen that the surface structure of the PDMS mold was successfully transferred to the surface of the sunlight guiding panel. L1, L2, R, and θ of the imprinted polygonal prism were approximately 44.5, 72.5, 343.5 µm, and 86.5°, respectively. Table 1 lists the feature size of the surface pattern of the electroless nickel mold and sunlight guiding panel. There were some differences between the sizes of the electroless nickel mold and sunlight guiding panel. This slight difference can be attributed to polymer shrinkage. The percentage of the size differences between the surface patterns of the sunlight guiding panel and electroless nickel mold was approximately from 0.1% to 10%. This percentage was calculated based on the following equation: |Ssunlight guiding panel − Selectroless nickel mold|/Selectroless nickel mold, where Ssunlight guiding panel and Selectroless nickel mold are the same feature sizes in the sunlight guiding panel and the electroless nickel mold, respectively.




4.4. Experimental Measurement


Figure 12 shows the experimental penetration spectra and compares them with the simulation penetration spectra. Here, the feature sizes of the fabricated sunlight guiding panel were used as a reference for establishing the simulation model. According to the size of the polygonal prism of the sunlight guiding panel and machining surface roughness in ultraprecision machining technology [16,17], the optical responses of refraction and reflection are much greater than scattering. Thus, the surface roughness of the polygonal prism is ignored in the ray tracing analysis. Figure 12a,b presents the spectra at solar elevation angles of 55° and 60°, respectively. The red line pertains to the analysis result obtained using the actual feature size of the polygonal prism obtained from the SEM analysis, whereas the blue line pertains to the experimental results. The light angles of the peaks in the simulation and experimental results were determined to be similar. However, a difference of approximately 1°–7.3° was noted between the angles. Possible reasons for the difference may be attributed to the measurement error of SEM and positioning error of the sunlight guiding panel in the measurement system [20]. Furthermore, the differences in the refractive index between database and reality also slightly affect the difference between simulation and experiment [20]. In addition, the difference between the spectral profile obtained from experimentation and it being obtained from the simulation needs to be discussed. The distance between the sunlight guiding panel and detector is only approximately 100 mm in the measurement system (the ideal distance should be near infinity). Thus, in the spectral scanning process, the detector could receive the optical energy from the adjacent outgoing angle of light, thus resulting in larger full width at half maximum (FWHM) of spectral peaks. This problem is inevitable and can be found in published journal articles related to sunlight guiding panel [8].



Figure 13 shows the actual use of the sunlight guiding panel in the model house. Figure 13a displays the overall appearance of the model house. Sunlight provided the light source used to confirm lighting performance. The style of the model furniture and the corresponding positions were the same in both rooms. The only difference was that the sunlight guiding panel was not used in the first-floor room and was used in the second-floor room. Figure 13b shows the floor plan of the model house used to describe the size of the model house and the position of the windows. The width, height, and depth of each room are 300, 98, and 112 mm, respectively. In addition, each room contains three windows of the same size (20 mm × 20 mm), and the distance between the windows and the room ceiling is 7 mm. Comparing the room brightness of both rooms, we can confirm that the proposed sunlight guiding panel greatly improved the brightness of the model house.





5. Conclusions


This study was dedicated to the development of a light-guiding panel that has the advantages of low production cost and an easy setting-up procedure. In design cases presented in previous studies, the sunlight guiding panel was often placed on the outdoor surface of a window glass to avoid difficulties with producing light-guiding structures. Thus, these past design are inconvenient while assembling and cleaning, and limited types of buildings can use the previously proposed designs of the sunlight guiding panel.



The simulation results revealed that the proposed light-guiding structure could maintain a light-guiding efficiency of >60% when the solar elevation angle was in the range of 35° to 65°. However, the aspect ratio of the proposed light-guiding structure was >1.4. To successfully produce the proposed light-guiding structure, ultraprecision machining technology was employed for generating the pattern of the light-guiding structure and UV namoimprint lithography was used to fabricate the sunlight guiding panel. SEM observation confirmed that the size difference between the patterns of the electroless nickel mold and replicated light-guiding structure could be <10%. Moreover, the experimental results agreed well with ASAP simulation results. This study successfully produced a novel sunlight guiding panel that could be placed on the indoor surface of a window glass. The proposed sunlight guiding panel can not only be applied to various types of buildings but also has the potential for mass production. In addition to its commercial value, the panel could effectively reduce the energy consumption of indoor lighting.
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Figure 1. Analysis of the proportion of energy consumed in various types of buildings in Taiwan [1]. 
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Figure 2. Statistical results of the energy consumption by various electrical devices in buildings. 
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Figure 3. Conceptual design of the proposed sunlight guiding panel. 
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Figure 4. Feature of the proposed sunlight guiding panel. (a) Structure definition method. (b) Predicted optical path for indoor lighting. 
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Figure 5. Fabrication process of the sunlight guiding panel that include: (a) Cutting the pattern of the polygonal prism, (b) transferring the pattern to a polydimethylsiloxane (PDMS) mold, and (c) imprinting the polygonal prism of the sunlight guiding panel. 
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Figure 6. Schematic of the measurement system. 
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Figure 7. Analysis results of the structural optimization of the polygonal prism. Influence of (a) L1, (b) L2, (c) R, and (d) θ on the light-guiding efficiency of the sunlight guiding panel. 
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Figure 8. Light-guiding efficiency of the proposed sunlight guiding panel after structural optimization. 
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Figure 9. Fabrication result of the electroless nickel mold. (a) Photograph of the mold. (b) Top and (c) cross-sectional SEM views. 
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Figure 10. Fabrication result of the PDMS mold. (a) Top and (b) cross-sectional SEM views. 
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Figure 11. Fabrication result of sunlight guiding panel. (a) Top and (b) cross-sectional SEM views. 
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Figure 12. Comparison between the experimental and simulation results at outgoing angles of (a) 55° and (b) 60°. 
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Figure 13. Model house used to confirm lighting performance: (a) Overall appearance of the model house. Here, sunlight guiding panel was not used in the first-floor room and was used in the second-floor room, and (b) floor plan of the model house. 
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Table 1. Comparing the feature sizes of the electroless nickel mold and sunlight guiding panel.






Table 1. Comparing the feature sizes of the electroless nickel mold and sunlight guiding panel.





	Features
	L1 (µm)
	L2 (µm)
	R (µm)
	θ (°)





	Electroless Nickel Mold
	49.4
	72.9
	316.5
	86.6



	Sunlight Guiding Panel
	44.5
	72.5
	343.5
	86.5



	Size Differences (%)
	9.92
	0.55
	8.53
	0.12
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