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Abstract

Collaborations between different disciplines provides unique opportunities for integrating ideas and methods, infusing skills, sharing tools, utilizing teamwork, improving cognitive abilities, and thinking critically to develop and form new knowledge and products. 

The process of designing, prototyping, and evaluating the performance of a contemporary building with smart colored windows can assist the students in architecture programs to be more involved in interdisciplinary projects that are inspired by use of knowledge from other fields. 

This paper presents interdisciplinary activities that can be used in senior design projects, independent studies, and graduate theses by both undergraduate and graduate students in architecture and interior design programs. The proposed hands-on activities include design and implementation of smart color coating for glass windows, determination of optical properties and characteristics of the colored windows by using ultraviolet-visible spectroscopy method, and performance evaluation of the designed colored windows by using Rhino software along with its Grasshopper and DIVA plug-in modules. 

In the proposed activities, students gain practical interdisciplinary experience by utilizing the data obtained from design and implementation in laboratory environment for testing and evaluating the design in simulation environment. These activities also improve students professional and team work skills that are crucial attributes in contemporary working environments. 

Introduction	

Innovation arises from the intersections of different disciplines, as it is declared by the U.S. National Innovation Initiative [1]. The training of students as innovative thinkers in dealing with today’s complexity of global challenges requires interdisciplinary education, which integrates information, data, techniques, tools, perspectives, concepts and theories from two or more disciplines and answers questions beyond the scope of a single discipline [2]–[12]. 

Materials science by promoting smart materials that can improve energy efficiency, users’ comfort and well-being, and  decreasing CO2 emission in build environment can be considered as one of the frontiers in sustainability [13]-[14]. Working closely with materials scientists can provide an opportunity for architectures to generate, synthesize, and implement innovative sustainable ideas in design practices [15]-[16]. 

The building responsive facade is one of the main contributors of providing users’ comfort and well-being in sustainable indoor environment [17]–[21]. The implementation of advanced material-based technologies have provided a capability for responsive facade systems to continuously change its own functions, features, or behavior over time in response to environmental stimuli and occupants’ preferences in order to improve facade thermal and visual performance [22].

Different types of smart materials such as electrochromic [23]-[25], thermochromic [26], gasochromic [27], liquid crystal [28], and photochromic [29]  have been utilized to develop smart windows for responsive facade systems. The coating of photochromic materials can be applied on the surface of window glass as a thin film to provide a capability for glass to dynamically adjust its own color, transparency, and consequently its reflective properties upon exposure to various intensity of sunlight [29]-[31]. 

The range of colors created with photochromic materials not only decrease the transmittance of visible light, but also reduce the transmittance of ultraviolet (UV) and Infrared (IR) wavelengths, which are considered harmful to human skin, furniture materials, and paints up to 60% compared to the standard float glasses [29], [31]-[32]. 

In an effort to provide students of interior design program at Eastern Michigan University an opportunity to get involved in an interdisciplinary project that promotes sustainable concepts in building design, a set of hands-on modules for the process of designing, prototyping, and evaluating the performance of responsive facade system utilizing smart colored windows have been developed. The proposed modules are designed for use by both undergraduate and graduate students in architecture and interior design programs as independent studies, senior design projects, or graduate theses. 


The Proposed Interdisciplinary Activities 

The proposed activities consist of four modules that provide students with hands-on experience of working on the design, implementation, and performance evaluation of a responsive facade system using colored windows as an interdisciplinary project. The relationship between the modules and the activities is demonstrated in Figure 1. 
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Figure 1. The relationship between proposed hands-on modules

[bookmark: _Hlk30280327]The first two modules concentrate on the design and development of smart windows with photochromic coating formulation and the optical properties and characteristics of the coated glass substrates of the windows in a laboratory environment. The last two modules use the laboratory data obtained in the first two modules to design and simulate a responsive facade system with the designed smart color windows and then evaluate performance of the facade system by utilizing various software.

The goals of the activities are: 
· To enable students to identify smart coating materials,
· To enable students to understand the smart coating formulation process,
· To introduce optical properties and how these affect the thermal and visual performance of the facade,
· To enable students to characterize the optical properties of coated glass substrates using Ultraviolet-visible spectroscopy method,
· To improve students’ skills in evaluating the performance of colored smart windows using the optical properties,
· To engage students in analyzing the data obtained from the performance evaluation of a facade system with smart colored windows,
· To improve student’s collaboration skills in multidisciplinary groups,
· To increase students’ skills in written and oral presentations,


Module #1: Development of coatings

The purpose of this module is to familiarize students with primary principles of coating and how these principles are applied to develop a colored glass. In this activity, students are introduced to the theoretical concepts related to coatings, photochromic dyes, and development of photochromic coating glasses prior to practical experimentation. 

Coatings are thin films applied on the surfaces of objects for two primary functions, enhancement of aesthetics aspects and surface protection. They can be found everywhere from interior applications such as walls, furniture, kitchen appliances, and electronic devices to exterior uses such as facades, automobiles, power cables, air crafts, roads, etc. [33]–[36]. 

Coatings formulations usually comprise of four main ingredients [36]. First, a binder, which acts as a film former and holds all the ingredients together. Second, pigments and/or dyes, which provide color and opacity. Third, additives, which are used in very small quantities to enhance special properties. Finally, solvents, which are usually used to adjust the flow of the coatings. Photochromic coatings are a specific class of smart coatings, which typically contain a photochromic dye in their formulation. Photochromic dyes are in crystalline powder form that could reversibly change color when dissolved in proper solvents and exposed to ultraviolet light.The entire activities are designed to be completed within a laboratory period of about 2.5 hours as presented in Table 1. 



Table 1. Overview of the main experimental activities in the first module
	[bookmark: _Hlk30444065]                           Activity #1: Description
	Time
(min)

	1
	Introduce students to coatings, photochromic dyes, color perception, and smart windows through a brief lecture
	    30

	2
	Describe the safety lab rules, and experimental procedure; assign students into groups and distribute tasks among group members
	    15

	3
	Label the vials, prepare the dye solutions with various colors
	    30

	4
	Formulate the coatings by blending the dye solutions with resins and additives
	    15

	5
	Clean the glass substrates and application of coatings using square film applicators
	    30

	6
	Safely Organize/clean the glassware, equipment, and supplies 
	    30

	      Total time for all activities
	   150



It should be mentioned that these experiments could be easily performed in modern university laboratories to provide a brief overview of the smart coatings landscape. Furthermore, nearly all of the experiments can be conducted on the benchtop without the need for specialized equipment.


Module #2: Optical characterization of the coatings

Visible light is composed of a range of wavelengths of light. The color of an object is determined by what wavelengths of light the object absorbs and reflects. According to additive Red-Green-Blue (RGB) [30], [37] and subtractive Cyan-Magenta-Yellow (CMY) color models [38], the color we perceive is complementary to the light colors absorbed by an object. Complementary colors are two colors that are on opposite sides of the color wheel as shown in Figure 2. For instance, a cyan dye solution absorbs red (the complementary color to cyan), leaving the green and blue light to reflect. 
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Figure 2. Complimentary colors in RGB and CMY systems [retrieved from          http://jesusgilhernandez.com/2012/10/19/color-systems-and-color-wheels/

Ultraviolet-visible (UV-VIS) spectroscopy is a popular analytical method used to quantify the optical characteristics of materials. The instrument used in UV-VIS spectroscopy is called UV-VIS spectrophotometer. It measures the intensity of light after passing through a material (I) and compares it to the intensity of light before it passes through the sample, I0. 

The ratio, I/I0, is called Transmittance (T) and is usually expressed as a percentage (%T), which is equal to 100T. Transmittance is mathematically related to absorbance (A) as demonstrated in equation (1) [39].

A = - log (%T/100) = 2 – log %T                                                            		(1)
          
Then, the Transmissivity is calculated using equation (2).

Transmissivity = (sqrt (0.8402528435 + 0.0072522239 * T2) - 0.9166530661) / 0.0036261119 / T)						          		           (2)   
    
This module deals with how to run the UV-VIS spectroscopy in order to study the optical characteristics of the photochromic coatings. To start this activity, first Toluene as the baseline is charged into a quartz cuvette, which is a small tube-like container used in UV-VIS spectrophotometer. A baseline measurement is similar to a "zero" measurement in which a "baseline" measures a "zero" correction for each wavelength in a scan. After scanning the baseline, the cuvette is charged with the photochromic solution and is scanned (bleach state). 

Next, the solution is irradiated with a UV-lamp for 30 seconds, and immediately is scanned (color state). This process is performed for each color that has been used. Then, the data is imported into Excel spreadsheets and the transmittance and transmissivity variables using equations (1) and (2) are calculated. Then, the calculated data is imported to the simulation in the next module. This module is also designed to be completed within a laboratory period of about 2.5 hours as indicated in Table 2.



Table 2. Overview of the main experimental activities in the second module
	Activity#2: Description
	Time
(min)

	1
	Introduce students to the fundamentals of color perception and UV-VIS spectroscopy
	    30

	2
	Review the safety lab rules and experimental procedure
	    15

	3
	[bookmark: _Hlk30455420]Instruct each group to run UV-VIS spectroscopy on the photochromic solutions
	    60

	4
	Import the UV-VIS data into an excel spreadsheet and plot it
	    15

	5
	Calculate the variables needed for simulation
	    30

	Total time for all activities
	   150




Module #3: Simulation process

The purpose of this module is to use Rhinoceros software to simulate two-pane windows made of low-e glass for exterior and photochromic coated glass for interior sides. In this module, the data obtained from UV-visible spectroscopy is utilized for the simulation of three shades of photochromic glasses. 

Prior to use of this activity, students are required to study high-performance facade systems by focusing on responsive facades with material-based control technologies. This would educate them how one could integrate sensors, actuators, and control systems of a responsive facade system into the body of a photochromic glass. Students also need to learn about how to customize material in DIVA-for-Rhinoceros, how to characterize two-pane windows using the transmittance and transmissivity, and how to evaluate the performance of coated glasses. This module is designed to be completed in about 2 hours as shown in Table 3.


Module #4: Evaluating the performance 

This activity provides an opportunity for students to evaluate performance of the designed two-pane windows in a responsive facade system. It starts by simulating a simple office room located in a desired location by using Rhinoceros software. Then,  visual performance evaluation are determined by utilizing DIVA-for-Rhinoceros to measure indoor illuminance, Useful Daylight Illuminance (UDI) and Daylight Glare Probability (DGP). 

Table 3. Overview of the main simulation activities in the third module
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	Time
(min)

	1
	Study and learn about high-performance buildings, responsive facades, facade control technologies, material-based control systems, low-e windows and photochromic windows
	    20

	2
	Simulate two-pane windows constructed from exterior low-e glass and interior photo chromic glasses using Rhinoceros
	    20

	3
	Utilize DIVA-for- Rhinoceros for Characterizing two-pane windows using the transmittance and transmissivity 
	    30

	4
	Students learn about visual comfort concepts, visual metrics, and their related formulas. In addition, students learn how to measure visual metrics using DIVA such as UDI and DGP
	    50

	      Total time for all activities
	   120




The visual performance of various colored photochromic windows are evaluated and compared to identify the best photochromic shades for controlling daylight. The building performance considering Energy Plus Weather files (EPW), sky condition, sunlight patterns, and time parameters are obtained. In addition, glare discomfort effects are evaluated by utilizing the measured hourly DGP in the specific point of the simulated office. This module is designed to be completed in about 3 hours as shown in Table 4.

Table 4. Overview of the main simulation activities in the fourth module
	                           Activity#4 Description
	Time
(min)

	1
	Utilize Rhinoceros to simulate a simple office room and apply three designed two-pane windows to its facade in order to evaluate its visual performance 
	    20

	2
	Set-up building performance simulation considering EPW climate files, sky condition and sunlight patterns, time parameters and façade orientations
	    10

	3
	Run performance evaluation by using DIVA to measure selected metrics, indoor illuminance, UDI and DGP. 
	    50

	4
	Use Microsoft Excel for importing, interpreting, analyzing, visualizing and recording the generated data. 
	    50

	5
	Analysis the data and propose advices for improving the designed responsive facade for future research
	    60

	      Total time for all activities
	   190


Test of the Proposed Modules

An interdisciplinary team of students from the interior design and polymers and coating programs at Eastern Michigan University used the proposed modules to develop and create seven different shades of  smart photochromic coated glass windows. 

For module #1, after a lecture on the coatings principles, the students started the experiment by preparing the photochromic dye solutions to make different color shades. This was done by dissolving the required amounts of dyes in Toluene solvent and storing the resulting solutions in the labeled vials. Next, they prepared the coating formulations by mixing the different coating ingredients according to Table 5 as shown in Figure 3-a. Then, they were instructed how to apply a film of photochromic coating on the glasses using a square film applicator as shown in Figure 3-b. After the application, the coated glasses were kept at room temperature in a closed cabinet to prevent dirt pick-up during the drying period. 

Table 5. Formulation of the photochromic coatings
	Ingredients
	Weight (gr)

	Binder
	93.5

	Photochromic dye solution
	4

	UV absorber
	2

	light stabilizer
	1

	Leveling agent
	0.5

	Total weight
	100



One attractive and exciting feature of photochromic phenomenon during the preparation of the coated glasses was observation of the color change upon exposure to UV-light, which was conducted using a 40 watt UV lamp  as presented in Figure 3-c. In this experiment,  seven different coated glass substrates was created as depicted in Figure 4.
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     Figure 3. Illustration of the total procedure: (a) Preparation of the photochromic coating formulations; (b) Application of the coatings on glass; (c) Photochromic activity of coatings by light exposure.
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Figure 4. The developed photochromic coatings upon exposure to UV for a specific time
For module #2, after review of the safety rules, experimental procedures, fundamentals and use of UV-VIS spectroscopy for obtaining the optical characteristics of the photochromic coatings,  the experiment started with charging Toluene, as the baseline, into a quartz cuvette. 

After scanning the baseline, the cuvette was charged with the photochromic solution and was scanned. Then, the solution was irradiated with the UV-lamp for 30 seconds and was immediately scanned. This process was performed for three of the developed photochromic coatings, namely  red, blue, and yellow colors.  The absorbance as a function of wavelength for the red photochromic solution is demonstrated in Figure 5. As discussed before, since this solution absorbs light in the green region (495–570 nm), its color is perceived as red. 



Figure 5. UV-VIS spectrum of the red photochromic solution


Next, students imported the data of optical characteristic of the coatings into Excel spreadsheets and calculated the transmittance and transmissivity using equations (1) and (2) as presented in Table 6.
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	Color
	% Transmittance
	Transmissivity

	Red
	56
	61.04

	Blue
	48
	52.32

	Yellow
	70
	76.3




For module #3, after students educated themselves about responsive facade systems with material-based control technologies, they utilized Rhinoceros software and the data in Table 6 to simulate three different two-pane windows for the designed photochromic glasses. 

Students defined red colored photochromic glass with a 56% of transmittance in DIVA-for-Rhinoceros. Then, rtn, gtn, and btn factors, which are representatives of transmissivity at red, green, and blue wavelengths were derived from the transmittance of the glass, respectively. The definitions of photochromic glasses used in DIVA are shown in Figure 6. 

At the final stage of this activity, students worked on an experiment workflow for evaluating the visual performance of two-pane windows and visualizing it with diagrams. 
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Figure 6. The definition of photochromic glasses in DIVA

For Module #4, students started by simulating a simple office room located in Ann Arbor, Michigan by utilizing Rhinoceros 0.6. The dimensions of the designed office were 4.0 m wide, 9.0 m deep, and 3.0 m high (floor-to-floor). It was assumed that simulated office room has a south faced opening with 2.6 m width and 3.6 m length for a window. 

Then, three different windows were designed for testing. The exterior pane of all three windows was made from low-e, clear glass with a visible light transmittance of 50%. The interior pane of the windows was made from photochromic glasses for three colors of red, blue and yellow. All three developed windows were individually tested as a part of the responsive facade system of the office room. 

At the next step, students used DIVA-for-Rhinoceros to measure indoor illuminance metrics of UDI and DGP. Then, they generated hourly indoor illuminance for June 21 and compared the performance of all three two-pane windows as shown in Figure 7.  

Indoor illuminances in the range of 300 to 2000 Lux are perceived as desirable for office spaces [40], [41]. Student used UDI metric to identify percentage of time in an entire year for the comfort zone range of 300Lux-2000Lux for various areas of the office room. The result of UDI metrics showed red and blue coating colors had higher amount of useful daylight illuminance compare to yellow coating, respectively. This indicates that red coating glasses provide higher percentages of comfort time.
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Figure 7. Hourly indoor illuminance for photochromic glasses on June 21

Next, student run annual glare test, which was calculated by measuring hourly DGP in the specific point of room. The results of annual glare in four different ranges of DGP are shown as heat-maps in Figure 8, which indicates that blue photochromic coating had the desirable performance in controlling glare during summer time from April to September. 

It should be noted that daylight glare probability has been classified in four ranges containing 30-35 (imperceptible), 35-40 (perceptible), 40-45 (disturbing), and 45-100 (intolerable) [42]. 
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Figure 8. Annual glare analysis of photochromic glasses
In addition, students repeatedly tested point-in-time glare during occupancy hours of 8:00 AM to 6:00 PM on 21th of June and 21th of December as shown in Figure 9.  The values of DGP related to red and blue photochromic glasses were reported in the range of imperceptible on June 21 and perceptible on December 21. While the DGP of yellow photochromic glasses were reported intolerable in solar noon on 21th of June and 21th of December. 
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Figure 9.  Hourly Daylight Glare probability on (a) June 21 and (b) December 21

Finally, students generated fish-eye images for glare analysis in DIVA, which provide DGP values of specific point of room at specific time of year as is shown in Figure 10. The blue and red colors approximately met imperceptible rate for glare that is less than 35% of DGP value. The blue color coating indicates high ability to decrease glare in comparison to red color. Yellow color is almost placed in the intolerable area with DGP above 45%.
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Figure 10. Fish-eye images of photochromic glasses on June 21 at 12:00 PM


Conclusions

In this paper, a number of educational activities have been presented that are suitable for architecture, interior design, chemistry, and polymer/coating students who want to gain hands-on learning experience in the design process of an interdisciplinary project on using photochromic glasses for responsive material-based façade systems. 

The presented activities consist of educational modules for the smart photochromic coating formulation, optical properties and characterization of the developed coated glass, and the performance evaluation of the designed colored windows. These activities can be utilized in senior design projects, independent studies, and graduate theses by both undergraduate and graduate students.  
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