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Abstract: Smart materials with changeable properties responding to environmental changes are studied
in architecture. Shape Memory Polymer (SMP) is preferred among available thermo-responsive
smart materials for architectural applications because of its advantages of reaction temperatures,
deformation patterns, shape-changing behaviors, opportunity for various forms and manufacturing
processing, in addition to the shape memory effect. Of various façade elements, this study focuses on
designing and validating the SMP components as prototypes for shading devices for the Climate
Adaptive Building Skin (CABS), to approach design decisions of optimal activation temperature,
size, arrangements, and operating scenarios using digital models and simulation tools following the
presented research framework in conjunction with design-to-fabrication studies in parallel. Prior to
performance evaluations, the operating principles of SMP shading devices and interpretation of
temperature data in relation to the urban conditions are prescribed. This research is based on a
sustainability assessment of state-of-the-art responsive façade design integrating SMP elements
combining active and passive measures to support a sustainable architectural design that provides
less heat gain and better daylight comfort while demonstrating the simplified performance analysis
method of SMP prototype designs. Following the simulation and comparative analysis of the
results, drawbacks, and cautions inherent in the simulation methods, the potential meaning is
briefly discussed.
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1. Introduction

1.1. Background

The Sustainable Development Goals (SDGs) of the United Nations General Assembly present
the framework to take action on the global challenges towards a sustainable future [1,2]. To achieve
the SDGs, architectural design should be approached to establish the balanced and holistic targets
of sustainability because buildings impact nearly every aspect in our daily lives. Of the numerous
sustainable architecture strategies, interest in the methods and solutions to reduce the amount of
building energy use has increased, thus prompting more research and support by governments and
institutes [1,3–5]. According to the reports published by the International Energy Agency (IEA) [6],
40% of total global energy is consumed by buildings in urban areas, while buildings are responsible for
more than 55% of global electricity consumption [7]. The building sector accounts for about 30%, 24%,
and 56% of primary energy use, respectively, in OECD counties, South Korea, and Seoul [8–10].

For energy saving in the building sector, the IEA placed emphasis on Operational Regulations
for Building Energy Efficiency Ratings globally [6]. At the national level, the Korean government
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enacted the Green Building Promotion Act and Energy Saving Design Standards for Buildings to
promote energy use reduction in buildings, while at the city level, the Metropolitan Government of
Seoul targeted Zero-Energy Building and promoted improvement of building energy efficiency by its
financial support from 2020 [9].

At the level of the architecture and construction industries, as well as for academic researchers,
the aim to enhance the level of sustainability in the built environment introduced innovative technical
devices and design strategies of low-energy buildings [11–14]. Such design strategies included energy
demand reduction from lower heat gain within the building, energy supply from on-site renewables,
and multi-functionality and higher efficiencies of resource uses [13,15,16]. Such energy efficiency also
reduces the CO2 emissions against global warming [17]. For environmentally conscious handling of
energy efficient design [18] in architecture, novel concepts, technologies, and materials have been
developed that concurrently improve indoor environmental comfort [19].

As one of the promising and efficient strategies for the Zero-Energy Building target, Climate-
Adaptive Building Skins (CABSs), which are adaptable to changing outdoor and indoor environments
or exchanging energy between the building and its surroundings, have been the focus of many
researchers and designers [18,20–22]. CABSs respond and adapt to environmental changes and conditions
of both the exterior and the interior [23], while building skins are typically static barriers between
the variable exterior environment and indoor activities. Therefore, CABSs drew our attention as a
key sustainable design strategy to handle immaterial and changeable environmental conditions with
tangible material systems.

1.2. CABS (Climate-Adaptive Building Skin) and Smart-Material-Based Shading Devices

To gain a comprehensive understanding of current research trends and the importance of climate-
adaptive building skins, the literature was searched via online research databases, including Google
Scholar, ScienceDirect, ResearchGate, MDPI, Scopus, and Web of Science, in addition to other resources
such as books and websites. There are similarly used terminologies of “climate-adaptive,” such as
“dynamic,” “responsive,” “intelligent,” “kinetic,” “smart,” “active,” etc. [24]. Many researchers [13,17,25–32]
reviewed the use of different terms from extensive literature reviews, and in this paper, to emphasize
the climatic responsiveness as the central impetus for building skins, the “climate-adaptive” was
accepted as the main term [21].

The approach of CABS requires attention from the early phase of the design process to allow
quality and performance control on the outcomes by design selection and decisions for reduced energy
demand [17]. Through the incorporated design process and management, the CABS can be designed
to constantly change or transform to exploit the climate variations [33] as a sustainable response
to environmental conditions. CABSs were initiated to adjust thermal and optical conditions [32],
optimally balancing energy demand [33–35] and the use of natural light in order to improve the
overall building performance [1,36]. CABSs with dynamic façade components can respond to
weather conditions and comfort preferences [37] to accomplish high-performance building design [13].
As dynamic façade components, CABSs may integrate adaptive materials or technologies to achieve
kinetic changes [1,38] and to enable the interaction of the building surfaces with the environment to
react to external influences within the required timeframes, ranging from seconds to seasons [1,13,24,39],
by adapting their properties, behaviors, and functions repeatedly and reversibly [26,40] according
to feedback from environment [41] and variable performance requirements as well as boundary
conditions [26]. In designing new dynamic components of CABSs, various technologies can be
implemented, ranging from mechanical, electro-mechanical, and passive technological solutions [32],
sensors, and information systems to advanced material technology such as smart materials that
alter the properties of fixed devices or control moving parts [42]. The ultimate goal of the use of
dynamic components in CABSs is to improve the ability of buildings to adapt to the environmental
conditions [43,44].



Sustainability 2020, 12, 4391 3 of 35

However, of all the widely-used strategies toward net zero and net positive energy buildings
in CABSs, external adaptive shading devices [44] that minimize glare and solar gains [7] can be
the key element in CABSs because of their simplicity, effectiveness [17], and high influence on
building energy performance [45]. The external shading devices can reduce the space cooling load by
2–4% [46,47] and simultaneously optimize daylight [6]. The shading devices should be designed to
ensure thermal comfort and energy efficiency by controlling solar radiation that enters through
the building façade and blocking direct sunlight, while enhancing aesthetic quality [36,48–50].
Furthermore, smart transformable shading devices are adaptable to ever-changing climate and
outdoor environments as well as capable of visual comfort optimization, and they ultimately
improve the energy consumption [51]. The kinetic shading devices introduced for energy-saving
and innovative appearance [6] fold, slide, expand, shrink, and transform typically in response to
mechanical, chemical, or electrical stimuli [52]. In addition, innovations such as the autonomous or
material-based shading devices with smart materials are being explored by researchers [46]. According
to analysis of the psychrometric chart and adaptive comfort from Climate Consultant software with
the EnergyPlus climate data of Seoul [21] showing that the shading devices can be controlled by the
temperature, the thermal stimuli to smart materials can be used as the central impetus for performance
of energy-efficient shading devices.

The smart-material-based shading devices can combine the benefits of high-tech intelligent
technologies and low-tech passive design with inherent sensitivity to climatic stimuli of materials
autonomously and independently [1,53–55]. The economic and mechanical complexity of the CABSs
has shifted designers’ and researchers’ interests towards smart-material-based systems [56], opening up
opportunities created by advances in smart materials for novel design elements and integration
of innovative material-specific features [1,57–59]. Researchers in architecture have attempted to
develop smart-material-based adaptive shading devices [60] that respond to changing environmental
conditions in pre-designed manners by material properties [61,62], but without practical applications
yet [36,63]. While books on smart materials in architecture present a series of examples and case
studies [64], scientific journal articles focus mainly on performances or overviews of projects, prototypes,
and products implementing these materials in the field of solar shading devices [63]. In most cases,
the main objectives of the research are sustainability, energy performance, and thermal comfort
optimization [65].

One of main advantages of smart material is the combination of sensor and actuator functions
that respond to an external stimulus [36]. In smart-material-based shading devices, sensors, actuators,
and control systems are all merged into the body of a material [66], thus requiring no external
energy resources [67]. There are smart materials that can be used in thermo-responsive CABSs [68],
shape memory alloys (SMAs), shape memory polymers (SMPs), thermobimetals, thermochromics,
and phase-changing materials (PCMs). After the comparative analysis of listed thermo-responsive
smart materials [21,69,70], the solution for CABSs was suggested by integrating an SMP and a moving
shading device in this study, because of their advantages over other thermo-responsive materials and
their unique shape memory effects, as well as manufacturing methods.

Table 1. Categories and technologies of the studied Climate Adaptive Building Skin (CABS).

Category of Technologies Studied Technologies

Material Shape Memory Polymer (SMP)
Component Shading device

Façade System Glass Curtain wall

Following the categorization of technologies for the adaptive façades by Juaristi et al.—(1) an
element; (2) a component; and (3) a façade-system [26]—the smart-material-based system in this study
is summarized in Table 1. An element is defined as a material manufactured with a specific geometry
and configuration with an adaptive thermal behavior. Juaristi et al. [26] also included SMPs as kinetic
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behavioral elements with similar hygrothermal performances, such as no unwanted energy loss,
solar heat gain, thermal dissipation, and thermal storage. A component is the combination of elements
presenting a dynamic performance. The component is presented as a shading device. A façade system
is the combination of components and elements. Glass curtain walls are the dominant type of envelope
for office buildings [6] in Seoul, South Korea. Therefore, the typical glass curtain wall meeting the local
energy standard was set as the façade system.

1.3. Research Direction

The SMP shading devices were studied as CABSs, focusing on the current trends and research
status by a literature review [14,69] and the prototype design-to-fabrication study [21,70,71]. However,
in the preceding studies, it was concluded that performance analyses of proposed designs should be
further developed for validation of the kinetics and performance of SMP applications [21]. Meanwhile,
the SMP shading devices were focused on the deploying mechanism after design-to-fabrication
study in four different types, based upon precedent studies. Among explored prototypes, this paper
focuses on the deployable swirl-shaped type [71,72] only for integration of simulation and design,
excluding detailed fabrication methods and results of prototypes [71,72].

This paper addresses questions regarding simulation and design of the SMP shading devices
on three levels. On the first level, the activation temperature of the SMP and its relation to the
thermal environmental conditions are discussed and examined with data to justify the selection of
glass transition temperature and operation of the SMP in the local climate in Seoul. On the second
level, solar radiation and daylight simulations are conducted as simplified performance analysis
methods to compare geometrical factors—sizes and arrangements—of one design of an SMP shading
device. On the last level, simulations are conducted to test different open–close mechanism scenarios
of the same SMP shading device design, to fine-tune the design direction of the SMP shading device
and provide feedback to the prototype fabrication study. It is important to evaluate performance
impact by various parameters and behaviors, thus to provide feedback regarding the design of a
shading device [48].

The remainder of this paper is structured in four parts: base design, methods, performance
validation and design optimization, results, and conclusion. The base design section includes a
brief description of SMP principles, building conditions, and the prototype design used to drive
the simulations. The methods section explains the performance criteria and research framework,
and temperature study in consideration of weather data and operative temperature of SMP elements,
simplified performance analysis methods, and design optimization. From radiation and daylight
simulation and comparative analysis, calibrations of various compositions in geometry and mechanisms
are explored in the results section in parts. The main findings, sustainability values, and the direction
for future work are also discussed. This research is based on the sustainability assessment of the
state-of-the-art CABS integrating SMP elements that combine active and passive measures to support a
sustainable architectural design, fabrication, and implementation, while pursuing the comparative
analysis as a self-evaluation of our ongoing SMP design and fabrication studies.

2. Base Design

2.1. SMP Principles

Between SMPs and SMAs having the shape memory effect [73] in response to a specific
temperature range, the SMP is preferred [21,70] because of advantages in manufacturing cost,
toxicity, limited recovery, complicated surgical problems [74,75], thermal conductivity, fabrication
methods, and extensive opportunities for various investigation, design interpretation [29,76–78],
and manufacturing processing. The SMP is also useful owing to light weight, high shape deformability
and high shape recoverability [79].
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The shape memory effect shows a plastic deformation as a temporary shape when an external
stimulus is applied and recovers to the original shape from the temporary shape. In ongoing fabrication
experiments, FFF (Fused Filament Fabrication) was applied to prototyping [70], as shown in Figure 1.
During fabrication, a thermo-mechanical procedure on the material conducts programming [80].
The behavior of the material can be predictably controlled in a designed way, thus the dynamic
mechanism is embedded in the element configuration and structure. Research regarding material
behavior requires the study of relationships between material composition and capacities to negotiate
internal properties and external conditions. To integrate required functionality and inherent
responsiveness, material compositions need to be fine-tuned for appropriate performance by handling
properties of topology, forces, and materiality [81].
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Fiorito et al. [36] listed principles for designing shape-morphing shading devices: (1) responses
to shading devices with a manual or automatic control; (2) integration of renewable energy systems
in shading devices; (3) efficient movement; and (4) materials. The SMP shading device is a
material-based automatic responsive system with zero energy use when the two-way mechanism
is resolved. Additionally, Fiorito et al. [36] analyzed shape-morphing solar shadings with SMAs,
SMPs, DEAPs (Dielectric electro active polymers), and SMHs (Shape Memory Hybrids) by focusing on
thermal triggering. In their study, different activation temperatures were presented as per materials,
but requiring more than 70 ◦C in the case of thte lowest activation temperature. However, the SMP was
selected among a wide range of glass transition temperatures (Tg) of 25, 35, 45, 55, 65, 75, and 90 ◦C [82].
In selecting the SMP, the activation temperature in response to the exterior environmental conditions
in conjunction with fabrication feasibility should be considered [21,70]. We conducted fabrication
experiments with an SMP of Tg of 25, 35, and 55 ◦C, but the question in this research lies in the operative
temperature of the SMP when it is applied as a shading device for the CABS.

When moving the material-based façade design further toward parametric design, the concept
of feature-controlled composition should be identified to integrate a great number of the factors to
control the design [1,83,84]. Parameters to achieve sustainability aspects have been integrated to
achieve the design strategies for buildings [30,32,35] and technologies of active façade systems [1].
Therefore, in designing the thermo-responsive SMP façade system, parameters concerning solar heat
gain, exposure, and daylight related to energy consumption and comfort need to be investigated
with activation temperature, configuration, and shape-morphing mechanisms to control the material
behavior, component performance, and system dynamics. The actual challenge in the holistic design
approach is to integrate the appearance and aesthetics of building components and materials with
performances of systems [14].

2.2. Building Conditions

When energy consumption is discussed in architecture, different building typologies are
approached with specific research interests. When shading devices are investigated as sustainable
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building solutions, office buildings are mainly examined [6,48,50,85–87]. According to the statistical
data [88], office buildings account for 5.7% of the entire building stock in Seoul as of 2018, being regarded
as the main source of energy consumption, except for residential buildings in the building sector.
Particularly, office buildings in the districts of Jung-gu, Jongro-gu, and Kangnam-gu occupy 18.6%,
15.1%, and 11.9%, respectively, of the whole building areas [88]. In these areas, the urban condition and
street structure lead to south–north facing buildings. In addition, glass curtain wall is the dominant
type of envelope for office buildings [6] in Seoul. Therefore, in this study, the simulation studies were
conducted for south-facing glass curtain walls of an office building in Seoul, without consideration of
shadow by adjacent buildings. In the simulation studies, the required criteria of energy use set points
and average heat coefficient requirements of the total building envelope needed to be employed as per
the standards and regulations. The average thermal transmission coefficient requirement was set at
1500 W/m2

·K for glazing as a baseline [21].

2.3. Prototype

It is apparent that the shading typology is selectively determined by consideration of various factors,
including the façade geometry, the design concept, the environmental requirements, energy efficiency,
occupant comfort, and the technological performance [51]. In this study, a prototype design was
selected from hands-on manufacturing experiment results to employ a simple active mechanism to
reverse the SMP passive mechanism from various SMP element designs applied to deployable shading
devices [71,72], for performance validation and design optimization.

Starting from the case studies of CABSs and relevant components and systems, kinetic mechanisms
such as rotating, retracting, deploying, rotating, bending, and twisting were identified with the SMP
and the component typologies were categorized into: cell; aperture; membrane; and lamella [69–71].
The dominant types of kinetic shading devices were rotating and folding systems [52]. However,
the combination of rotation and folding allowed a deployable mechanism and structure to have the
subsequent opening and closing effect. Of the studied types, cell types and membrane types were noted
to achieve simpler mechanisms and manifold implementations in addition to extensive researches
ranging from design, simulation, and hands-on fabrication. The deployable mechanism attracted
attention in the study of membrane types. However, the definition of membrane type was more tied to
morphologies and material types, although its main mechanism is deploying.

As for the thermodynamic structure of a shading prototypes, we focused more on the deployable
structure and previously studied morphological types and prototypes were selected and redefined [71].
The term deployable structure is not well defined and widely differing structural systems have been
presented in the technical literature. It is clear that the term implies a transition, both in location and in
geometry, from a compact stowed condition to the final functional state [89]. Deployable structures
can be classified into: (1) lattice or skeletal structures with covering surfaces such as membranes;
(2) continuous or stressed-skin structures; and (3) hybrid structures [89]. Another categorization of
deployable mechanisms in SMPs is based upon morphology and geometry of the component, material
composition, and construction, in addition to function and kinematic properties of SMPs [71]. From cell
types, kirigami and origami types were selected as deployable prototypes, while folding grip and
frame types were included in deployable prototypes [71]. From analysis of deploying mechanisms
and characteristics of material composition and construction, deployable shading prototypes were
redefined into: (1) Porous folding: lattice, swirl and blossom; (2) solid folding: homogeneous solid,
homogeneous porous, combined materials, formal variation; and (3) frame folding with combined
materials of rigid structures, deformable surfaces and joints [71]. Among the previously studied
prototypes, the effort to simplify the shape-reversible programming and control method called attention
toward the swirl-shaped deployable shading prototype, exhibited in Figure 2.
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The swirl-type shading device can be automatically closed to the fabricated form when the
temperature reaches the Tg. When the shading is not necessary when the temperature is lower than the
operative temperature, the shading device can be open by the simple pushing force of a mechanical
device. Currently, the prototype is considered for two different material compositions—one with SMP
surface materials and another with flexible membrane and SMP actuators. Swirl-type was initiated as
a homogeneous porous surface structure in SMP but developed as a hybrid of lattice structure and
SMP actuator. The kinematic properties are closely related to deployment technology [89], and in
this case, the SMP becomes the deployable technology introducing the kinetic movements and forms,
designed for decreasing or increasing solar heat and light penetration [49].

Considering the scale of façade elements and feasible 3D printing processes or fabrication methods,
multiple sizes of elements needed to be simulated and compared in their performances for selection.
Also, arrangements of shading devices can impact on the performances and aesthetics of facades.
Moreover, the swirl-type can be applied in multiple operating scenarios with a combination of rotating
SMP hinges. All the scenarios needed to be evaluated for radiation and daylight performances,
to validate the optimal shading design.

3. Methods: Performance Validation and Design Optimization

3.1. Performance Criteria and Framework

In the sustainable design of an office building, solar heat gains and daylight are perhaps the
dominant issues [51], requiring control and functionality from external shading devices in building
design optimization [43,90], with a substantial share of the appearance. Therefore, the performance
validation indicators involved solar radiation, which ensures thermal comfort and energy reduction,
in addition to illuminance during working hours [48,91]. Solar radiation is the most cited parameter
driving shading control [48]. A change in solar radiation by a thermo-responsive SMP shading device
reduces solar heat gain and cooling load [92]. Illuminance was also a major factor in evaluating the
shading performance. Typically, an illuminance range between 500 and 1200 lux is evaluated as
acceptable for office activities [34]. Detailed recommended illuminance ranges are presented in Table 2.
Therefore, in this study, two criteria of solar radiation and illuminance were assessed mainly though
sequential simulations and design optimizations.

Table 2. Illuminance (lux) recommendations for offices.

Source Task Recommendations Range

[48]
Computer-based tasks 100–300

Paper-based tasks 200–600
Maximum values 1280–1800

[43]
Working spaces with occasional visual tasks 100–200

Performance of visual tasks of high contrast/Large size 200–500
Performance of visual tasks of low contrast/Small size 1000–2000
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Generally, optimization of dynamic formal variation is hardly taken into consideration [90], but for
material-based systems, the shape-changing transformations of components in shading devices should
be addressed in early design processes. Understanding the mechanism of SMP components allows for
applicable abstraction into design principles that can be used for solution thinking and performative
simulations in designing thermo-responsive shading devices. It is necessary to predict the optimal
adaptation of geometric shapes and positions, as well as to identify such responsive configurations
before simulating environmentally responsive components. It is also necessary to test the design
of morphological variation and control strategies of kinetic components [90] for better performance
achievements in solar radiation and daylight.

For the sustainability assessment of the selected SMP shading device, a research framework was
set up as presented in Figure 3. The general criteria was inferred from the review of worldwide adopted
building sustainability assessment tools, in consideration of the specific material and its application
in buildings. From the previously proposed smart material sustainability assessment criteria [14],
items that were relevant to shape memory polymer shading devices were extracted. However, all the
data and information to evaluate all the noted criteria were not collected. The essential and significant
performances and design-to-fabrication processing were not fed into the criteria. However, adaptability,
energy performance, control of heat load, efficiency in the building system, and thermal comfort were
linked to the performance of façade elements. Additionally, as a shading device, daylight control
was also included in the assessment. From this perspective, the evaluation of the SMP application
as a shading device was made with simulations of solar radiation and daylight in this study to
demonstrate the effects of multiple compositions of SMP mechanisms as well as optimized dimensions
of façade elements. The simulated results were fed into the design process to further develop prototype
productions in future research.

1 

 

Zxuxucu 

 

 

 

 

 

Figure 3. Research framework.
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Although many researches have been conducted in computational models and simulations,
the work on CABSs is not widespread [93]. A computational approach to the design process allows
a comparative analysis of variant design components and better informed and performance-based
decision-making [23,94]. The use of modeling and simulation can guide and support design of a
smart-material-based CABS [95] (p. 17) to achieve the optimal performance. The material’s behavior
can potentially be simplified, computed [56], and evaluated by identifying the main material system
principles and input variability of SMP shading devices.

Prior to assessing the adaptability of SMP elements in simulations, the temperature data should
be examined to reflect the radiant heat from buildings and grounds in consideration of the operation of
SMP shading devices, because SMP activation temperature is related to the energy control. This step
relates to the adequate SMP programming temperature and the operating time of shading devices on
monthly, daily, and hourly bases for simulation. This process was conducted in the temperature study.

Our approach included a bottom-up iterative process of simulations and design optimizations
that focused on the development of the material-based behavioral components. The research findings
from solar radiation and daylight simulations suggested the integration of material, geometry,
and their operations in the design of the SMP shading device. These simulations would allow
defining the parameters related to geometry, arrangement, and open–close positions of shading
devices that mainly affect the system performance in terms of cooling and lighting [96] (p. 115).
Design alternatives can be quantitatively and qualitatively compared with relatively simple but
analytical performance evaluations [97]. It would help us to explore design scenarios and control
strategies of SMP shading devices, although the main drawback of the proposed method was that
it tended to rely on approximations or simplifications that might risk the credibility of simulation
outcomes [95] (p. 29). This process as a concept-of-proof would assist in directing the design decision
in the early development phase.

3.2. Temperature Study

3.2.1. Temperature Data and Urban Heat Island Effects

As mentioned earlier, temperature plays a crucial role in sensing the environmental conditions
and activating the system in SMP-based shading devices. However, the meteorological temperature
is different from the environmental temperature to which the SMP component responds. Therefore,
to set up the simulation, careful examination of temperature data and interpretation was essential.
With the available temperature data, literature review, and reference-based calculations, this study
presented the hypothetical temperature adjustment for simulation.

Typically, hourly weather data from the EnergyPlus website is widely used to simulate building
energy consumption [92]. However, the databases available on the EnergyPlus website did not
include Seoul. The weather data for simulation in this study was retrieved from the website
Climate.OneBuilding.org [98]. The site contained climate data to support building simulations.
Provided files were Typical Meteorological Years (TMYs), provided by a variety of organizations and
public sources. The data for Seoul was provided by Passive House Institute Korea (PHIKO). The data
source was measured at the location of N 37◦34.00’ E 126◦57.00’, in 2015, as indicated in Figure 4.

However, office buildings in Seoul are generally located in the metropolitan area, as aforementioned
and shown in Figure 4, which may be affected by Urban Heat Island (UHI) [99], and the database used
as input to the software needed to take this phenomenon into account [100]. UHIs generally result
from the widespread use of heat-absorbing surfaces, hardscape, and building materials, in addition to
the release of artificial heat in urban areas [101–103]. The majority of models in up-to-date researches
are based on the enormous datasets obtained from remote sensing imagery because of the complexity
and diversity of influential factors on UHIs [104]. Still, there are some researches that attempt to model
UHIs. Ackerman et al. [101] applied methods for simulating UHI effects in four parts, using Rhino,
Grasshopper, Ladybug, Dragonfly, Honeybee, and OpenFOAM, to create the simulation for larger-scale
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urban design projects. However, they pointed out limits caused by the process of engaging so many
pieces of software, and the trial and error involved.
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Several studies demonstrate that urban microclimate affecting building energy consumption
and calculations based on typical meteorological year could misestimate their actual energy
consumption [105]. Comparative analysis of the roof surface temperature to atmospheric temperature [105]
indicates the difference between these two data and the influence of actual weather data in the annual
energy performance calculation. In our experiment on 22 July 2019 to examine the operation of the
SMP shading prototype, it was also found that the roof surface temperature was higher than the
ambient temperature around the roof, which was again higher than the meteorological data from the
Korea Meteorological Administration (KMA). When it was measured at 30.2 ◦C by the KMA, the air
temperature was 35.3 ◦C and the surface temperature was 46.3 ◦C. The wider the temperature difference
between the building and air was, the higher the heat absorption and release [106]. In addition,
Eom et al. [107] simulated the land surface temperature (LST) in the metropolitan apartment complex
as of 11 August 2016, using ENVI-met. As a result, the highest LST rose up to 59.0 ◦C, while the KMA
data showed 36.4 ◦C as its highest temperature.

To accurately evaluate the building-scale thermal environment in a specific urban environment,
UHIs have to be considered. As Moonen et al. [108] conducted an extensive literature review to
identify and discuss eminent problems in urban climate simulation due to UHI effect and energy use of
buildings, the building radiation balance depends to a large extent on the urban setting. Nevertheless,
little attention is paid to the implications of climate data on the energy-related performance [100] because
of complexity, difficulty, and imprecision of simulations. Therefore, we adopted the temperature
variation data from literature and simplified the temperature simulation by approximate speculation
to conduct the following performance simulation after justifying the activation temperature of the
SMP system.

The remotely sensed LST is widely used in studying surface urban heat islands (SUHIs) [109].
Choi et al. [102] assessed SUHIs over Seoul by using one-year LST data and provided diurnal variation
of the SUHI according to the season: (1) Spring: 13 April 2011; (2) Summer: 21 June 2011; (3) Autumn:
3 October 2011; (4) Winter: 7 January 2012, as well as diurnal variations of LST and AWS (Automatic
Weather System) air temperature on the same dates. We extracted the values of difference between air
temperature and LST as shown in Figure 5 from the reference [102], to calculate the approximate values
of LST, as shown in Figure 6. Also, the representative seasonal hourly values of SUHI intensity were
extracted from the reference [102] as illustrated in Figure 7, to adjust the and adopted the seasonal and
diurnal SUHI intensities over Seoul to simulate the thermal environment without the real measurements
in the early stage of rationalization of material-activation temperature, as in Figure 8. The values
obtained from the reference [102] were considered as seasonal hourly representative values of the
difference between LST and AWS, and SUHI intensity, respectively. Therefore, values from 13 April,
21 June, 3 October, and 7 January were added to hourly temperatures, respectively, from March to May,
from June to August, from September to November, and from December to February.
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We assumed that UHI effects can be accurately described in assessing the material performance
by supplying the simulation with modified meteorological data [105], although the use of real weather
data in performance simulations was required. Lack of weather conditions meant that the referenced
information should be interpreted with caution.Sustainability 2020, 12, x FOR PEER REVIEW 11 of 35 
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3.2.2. Response and Operating Temperature

Although thermo-responsive SMPs have been studied extensively in recent years, most researches
are conducted in controlled conditions [110]. In this research targeting SMP utilization in shading
devices for CABSs, the complicated heat conditions needed to be considered. The critical response and
operating temperature of thermo-responsive material-based systems should be approached as different
from the ambient air temperature. For example, as in Lee et al.’s study [111], when the outdoor air
temperature was comfortable at 24 ◦C, the actual glass temperature of the polymer thermochromic
was measured at 60 ◦C. Their study demonstrated the impacts of radiation on glass temperature
and the need to adjust the actuating temperature of smart-material-based devices [91,111]. As such,
the external SMP shading devices will be impacted by the complicated combination of solar irradiance,
air temperature, and radiant heat from surrounding surfaces. Temperature in urban conditions should
be considered for thermally responsive shading device operation in office districts.

Without consideration of the UHI and radiant heat from buildings, it was noted that the ideal
activation temperature of SMP shading would be between 22 ◦C and 25 ◦C, from analysis of the
psychrometric chard and adaptive comfort from the Climate Consultant software with climate data [21],
while the comparative design-to-fabrication experiments with the SMP resulted in selection of Tg

at 35 ◦C as the activation temperature to apply the SMP shading building skin in consideration
of the surface temperature [70]. The UHI and changes in radiation could exacerbate the energy
consumption implications and are worthy of greater study [92] in the performance evaluation of SMP
shading devices.

3.2.3. Temperature and SMP Operation Schedule Adjustment

From temperature data calculated as in Figure 8, hourly temperature data equal or larger than
35 ◦C SMP Tg were filtered by the algorithm shown in Figure 9. The hourly indexes were converted to
date formats with operating schedules.

The daily operating schedule of SMP shading devices is illustrated in Figure 10, starting from
16 March, 15:00, to 27 November, 15:00, only in working hours, from 09:00 to 18:00, based upon the
calculated SUHI temperature. In general, the shading device will be active the most during working
hours in the summer, while in spring and fall, the device will be operating mainly in the afternoon.
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3.3. Simplified Performance Analysis Methods

3.3.1. Simulation Tool

It is important that performance evaluations of complex shading devices are founded on accurate
characterization of the materials and robust simulation techniques [112]. Modelling and simulation
of CABSs must accurately represent a sequence of time-varying building envelope system states or
properties, instead of a static representation of the building enclosure [19].

Of a number of studies on evaluation of shading devices for CABS, it was noticed that
energy performance and indoor environmental quality were set as performance indicators [34].
Nonetheless, the detailed energy performance simulations and related experiments for CABSs with
thermo-responsive smart materials were not easily discovered [49]. Most researches on smart material
envelopes focus on literature reviews and analysis of trends. Aburas et al. [91] extensively reviewed
literature on thermochromic glass building performance simulation, analyzing simulation tools and
approaches, and performance indicators. In the case of SMA solutions, the modeling with finite
elements was too complicated and time consuming, whereas the calculation with simple equations
was inaccurate [113]. Therefore, the numerical analysis was conducted based on the equation in which
the sum of stored thermal energy, convection and thermal radiation, latent heat for transformation and
mechanical energy was equal to the demanded energy for the SMA actuator.

Throughout the extensive literature search, several examples of simulation experiments for smart
material CABSs were collected, as in Table 3. Most of applications were solar shadings or glazing
solutions. Simulations were utilized to analyze daylight, thermal and energy performances, with a
few for the Finite Element Method (FEM). Although an SMA is known as a difficult material to be
precisely simulated, it was the most often studied thermo-responsive material throughout literatures.
This review revealed the absence of a clear simulation for performance and design applying smart
materials and SMPs in building façade systems. Therefore, while adopting widely used tools for energy
and daylight performance simulations, SMP thermal behaviors and kinetic performances needed to be
simplified to avoid the inefficient calculations as well as imprecise results.

For the energy and daylight simulations of the design case, the component plug-in Ladybug and
Honeybee for Rhinoceros, a modelling tool, and Grasshopper, a parametric interface [86], were utilized.
Ladybug, utilized as an environmental plug-in for inputting time zones and delivering sun position
coordinates [86], uses geometries generated in Rhinoceros for energy and comfort simulations executed
with free environmental analysis software [114]. Merla et al. [115] also regarded Ladybug and Honeybee
as most preferred and capable of performing detailed and reliable parametric analyses in the same
easy-to-use-platform. Ladybug utilizes environmental software such as Radiance [112] and DAYSIM for
daylight simulations, THERM for the calculation of thermal gradient through construction components
of the building envelope, and EnergyPlus for the simulation of energy demand [114]. These combined
plug-ins allow developing customizable and parametric scripts directly in Grasshopper [115]. The goal
of simulation from the early design phase is to bridge the gap between the performance validation
and design-to-fabrication research by providing a various information to support the decision-making
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process. Design decisions for sustainable CABSs should be fully simulated step-by-step throughout the
process and informed by responsive components and interactively changing building performances [90].
As the parametric simulation and design optimizations to fine-tune the selected shading prototype
design, assisted by the feedback from performance validation, this research set up the Rhinoceros
models and Grasshopper script to provide parametrical design variations in conjunction with daylight
and solar radiation simulations throughout the design process. By using this tool, design changes and
calculations were iteratively and variously conducted in parts.

Table 3. Simulation tools and performance criteria of smart material and other CABSs.

Source Application Material Tool Performance
Criteria Objective

[56,116] Shading Shape memory
Alloy (SMA)

Ladybug
Radiance

Solar Irradiation
Incident radiance

SMA thermal model (kinetic
performance)

Neighborhood impact and
configuration pattern

[20] Shading SMP
SMA

Grasshopper
Abaqus™

Daylight
FEM

Validation of two-way
morphing concept

[33] Shading SMA Ladybug
(Grasshopper)

Daylight
Solar radiance Unknown

[40,117] Shading SMA Irradiance for
SketchUp Energy SMA actuator

[118] Shading Polarized Film
(Liquid Crystal)

Evolutionary
Algorithm Tessellation Optimized patterns

[119] Shading Woven Bamboo
On-site

measurement
DIVA-for Rhino

Visible daylight
transmittance
Solar radiation
transmittance

Daylighting, shading, and
mechanical performance

evaluation
Configuration Optimization

[90] Shading Unknown

On-site sensor
DIVA

Grasshopper
IPython

Energy
Irradiance
Daylight

Integration of BPS (Building
Performance Simulation),

optimization of algorithms,
and electronic sensors with

parametric building modeling

[111] Glazing TC
On-site

measurement
EnergyPlus

Incident radiance
Energy Switching temperature range

[40] Glazing SMA Unknown FEM
SMA actuator working

through thermal activation to
control the deformation

[67] Glazing
Opaque Wall

PCM
TP, PC, EC

glazing

On-site
measurement Energy ACRESS prototype evaluation

Abbreviation: (1) TC—Thermochromic; (2) PC—Photochromic; (3) EC: Electrochromic; (4) TP: Thermotropic;
(5) FEM: Finite Element Method.

3.3.2. Settings

From the previous simulations [21], the visualizations could not clearly inform performance
variations due to the scale of the SMP components. From adjustment of visualization pixel sizes and
arrangements of shading size variations, representative planar south-oriented building façades of
office buildings were set as 3000~3600 mm in width and 2600~3178 mm in height in Seoul. The initial
3600 × 3000 mm building skin module was chosen for neutral and typical open-office planning bay
and ceiling height. While office buildings should have four thermal zones along the perimeter [23] and
one core zone, in this study, only one thermal zone along the south façade was tested. There were
two types of assigned physical properties in this case study: (1) generic building materials; and (2)
glazing and shading device materials applied to the south-facing glass curtain wall. The floor to floor
glazing was equally distributed on exterior walls and its thermal was maintained constant throughout
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this study. The baseline building envelope was the glass curtain wall that met the code requirements
and was based on common practices for office buildings in Seoul. The daily operating schedule of the
office ranged from 9:00 till 18:00.

Daylight simulation was conducted with the Honeybee Plug-in, which exports geometries to
rad files and runs daylighting simulations. As shown in Table 4, in a search for the adequate scale of
simulation results for comparative analysis and the required time for simulating, daylight simulations
with different grid sizes of visualization were conducted. For daylight simulations, 100 mm was
selected as the grid size.

Table 4. Daylight simulation results as per grid sizes.

Grid (mm) 50 100 200 300 400

Daylight
Simulation

Result
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binary, as shown in Figure 12. 
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In Part 1 of the simulation studies, time samples of the year for daylight comparative analysis
among the possible geometrical configurations and operation scenarios of the SMP components
and behaviors were identified as 15:00 on 16 March, 14:00 on 21 June, and 14:00 on 27 November,
respectively representing the beginning, the middle, and the end of the operation period that SMP
shading devices achieved from the temperature calculations of LST and SUHI.

In Part 2, for each baseline glass curtain wall and other cases with differently sized and positioned
shading devices, solar radiation analysis was carried out through Ladybug for the working hours of the
selected 229 days from 16 March to 27 November. To reduce the necessary computational time, the daily
operation was classified into three types with three phases, as exampled in Figure 11: (1) All-day
Closed position; (2) Open position—Closed position by the end of day; (3) Open position—Closed
position—Open position, by interpreting the SMP operation as binary, as shown in Figure 12.
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A more realistic and effective approach consisted in choosing some illustrative days of the year to
represent extreme and/or average conditions, and limiting the analysis to hours of typical occupation
according to the intended use [20]. Therefore, daylight performance in Part 1 was evaluated at an
hourly and seasonal scale of time as representative examples, while energy comparison in Part 2 was
assessed and compared at both the daily and the annual scale of time. Simulating every hour of the
year would be an impracticable time-consuming work.

3.4. Design Optimization: Geometry-Shading Device Unit Size and Arrangements

Performance and design optimization of smart-material-based shading devices is driven by the
specific requirements for the office building and the desired balance between performance and kinetic
aesthetics [120]. Operating scenarios and schemes for environmental control can be worked out
throughout the bottom-up design optimization process and validated by simulations and parameters
such as solar radiation, illuminance, temperature, thermal demand, and glare indices [44], which are
tuned for the kinetic behavioral components in the SMP iteratively [33,120]. In this research, design
optimizations of simulative development processes involved the geometrical design decision of feasible
shading unit sizes and arrangements of units, as well as the SMP actuations and subsequent kinetic
motions of shading devices. The open–closed elements in the CABSs controlled the solar heat gain
and illuminance level according to thermal environment conditions [49], which are demonstrated as
different combinations of energy and daylight performances.
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While the shading device unit was assumed as 300 mm in diameter in preceding studies without
simulative demonstrations, this study started with an evaluation of configurative determinants
by comparative analysis through radiation and daylight simulations. As presented in Figure 13,
five different sizes in two different arrangements, diagonal array and rectilinear array, were selected
for feasible shading device units. Shading devices were assumed to be installed at a 450-mm distance
from the outer face of the glass curtain wall.
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Figure 13. Geometrical variations: different shading device unit sizes and arrangements.

As already explained, average radiation amounts in kWh/m2 of each size at open and closed
positions of shading device units were calculated from the Ladybug script. The results are illustrated
in Figure 14. Also, daylight analysis results, as shown in Figure 15, were compared. From relative
comparisons among different geometrical variations in sizes and arrangements of radiation and
daylight performances with aesthetic distinctions, 450 mm and 600 mm were selected for further
analytical studies, but in diagonal array.
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Figure 15. Daylight analysis results of D = 750 mm shading devices in two different arrangements.

To have a common surface area with less deviation, the simulated wall surface area was adjusted
as shown in Figure 16, and each shading unit was rearranged on the surface for subsequent studies.
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4. Results

4.1. Results Part 1—Daylight Analysis

Daylight simulation results are shown in Figure 17. In the case of the baseline without any shading
devices, the illuminance levels were too high at 15:00 on 16 March and at 09:00 on 21 June, while they
were acceptable with 717 lux as the average value at 14:00 on 27 November. The average illuminance
levels with open shading devices at 15:00 on March 16 and at 09:00 on 21 June were still high. However,
the case with shape-morphing shading devices at open positions had a high illuminance level at 09:00
on 21 June. In the case of fully closed shading devices, the illuminance levels were acceptable at 15:00,
16 March, and 09:00, 21 June. But at 14:00 on 27 November, some areas had too low an illuminance
level, less than 100 lux.
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Between the two different sizes, there were slight differences in illuminance levels. It is hard to
state that one size showed better daylight condition than another, but it was obvious that 16 March
and 21 June needed closed or filtering shading devices for visual comfort. Meanwhile, it was better not
to have any shading devices or to have open shading devices on 27 November.
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4.2. Results Part 2—Radiation Analysis

Ladybug Radiation Analysis allowed us to obtain the heat gain amount in kWh/m2 for 229 days,
which involved SMP activation of the shading devices during working hours. For detailed comparative
analysis but time-optimized simulations, daily operations were phased according to SMP activation.
Tables A1–A3 in Appendix A exhibit the radiation simulation results of the baseline model, 450-mm
shading devices, and 600-mm shading devices with open and closed positions by rotating mechanisms.

As already discussed in the daylight analysis in Part 1, it was also helpful for radiation to have
open shading devices rather than the baseline case without any solutions. In addition, Figure 18
clearly indicates the benefits of closed shading devices during the operating hours of SMP shading
devices. However, between 450 mm and 600 mm, the larger size showed slightly better effects relating
to radiation, but with an almost unnoticeable distinction.
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4.3. Results Part 3—Operation Hybrids

The mainly studied positions and configurations of SMP shading devices are simply illustrated as
the three types in Figure 19. The open and closed positions of rotating units are visualized as (a) and
(c). The shape-morphing deployable surface is shown as (b) at open position. At the open position,
the shading units inflate outward to create opening gaps between blades. At the closed position,
the units deflate inward to closed positions, which are regarded as closed flat surfaces in the simulation
model, the same as (c).
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This study tried to verify the possibility of integrating a shape-morphing mechanism in addition to
a rotating mechanism of the SMP shading devices in the operation scenario. Therefore, three types are
illustrated in Figure 20. Type 1 indicates the shape-morphing deployable shading device, as fabricated
and tested in the hands-on model. Type 2 is the rotating device, tested in Part 2. Type 3 is a hybrid
of Type 1 and Type 2, having open deflated shading units and closed inflated shading units. Type 3
provides the visual comfort and connection between indoor and outdoor environments while filtering
the sunlight for energy reduction and daylight control.
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As the result of radiation analysis, daily phased radiation amounts were calculated. During SMP
operation hours, Type 2 had the same values of radiation as Type 1. Therefore, Type 1 of each shading
device size was omitted from the graph, as illustrated in Figure 21. Type 1 in 600 mm showed the
best performance, followed by Type 1 in 450 mm, Type 3 in 600 mm, and Type 3 in 450 mm, but the
differences among types were small.Sustainability 2020, 12, x FOR PEER REVIEW 22 of 35 
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Figure 21. Radiation analysis results (kWh/m2) during SMP operating hours, limiting the range to the
period from 26 April to 22 November.

However, due to the configurative and operative differences at open positions, there was a
remarkable difference of radiation between type 1 and the others, if the total daily comparative analysis
was conducted, as shown in Figure 22. It was hard to state that the heat gain was always harmful to
the energy consumption, if we considered the heating load required during non-operating hours of
SMP shading devices, which had low ambient temperature.

4.4. Evaluation and Discussions

4.4.1. Evaluation and Sustainability Values

The information regarding glass transition temperature and kinematic behaviors from design-to-
fabrication experiments as well as geometric determinants, operating scenarios and their impacts
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on daylight and radiation gained from computational models and simulative analysis were used to
develop novel shading device designs. To achieve the balanced and synergistic effects of environment
and aesthetic implementations, the quantitative and qualitative performance results were evaluated
with four indicators: (1) Radiation; (2) Daylight; (3) Visual Connection; (4) Aesthetic, in matrix as
exhibited in Table 6. In any type, 600 mm was preferable to 450 mm as the shading device unit size.
In any case, it was clear that having shading devices would improve the energy and daylight conditions.

 

2 

Uhuvuv 

 

 

Ugtff 

 

Figure 22. Comparative analysis of daily radiation simulation results (kWh/m2), limiting the range to
the period from 26 April to 22 November.

Table 6. Evaluation matrix of shading device types.

Indicator Type 1 Type 2 Type 3

Radiation +++ ++ ++
Daylight ++ ++ ++

Visual Connection + ++ +++
Aesthetic + ++ +++

+: low performance; ++: medium performance; +++: high performance.

Although heat gains from solar radiation and daylight can be separately evaluated and considered,
as in this research, the performance analysis of one system coordinating design as well as radiation and
daylighting of shading devices suggested an opportunity to integrate thinking and approach in order
to optimize the conditions of thermal and visual comfort, as well as minimize energy demands [121].

Furthermore, to assess the sustainability values of smart materials in buildings, material criteria
needed to be adjusted differently from typical sustainable material assessment tools. Specific and
unique features and advantages of smart materials in buildings needed to be acknowledged for
accompanying efforts, cares, and innovations. However, three tiers of sustainability—environmental,
economic, and social dimensions—should be balanced in approaching the building skin design with
smart materials. In a discussion on smart material sustainability assessment criteria, five categories and
evaluation parameters were proposed [14]. Assessing the studied SMP deployable shading prototype
based upon the proposed criteria, the following parameters can be discussed:

• Environmental Dimension: (1) Material and Resource—Life-Cycle Cost, Climate Change Adaptability;
(2) Energy—Energy Performance, Control of Heat Load, Efficiency of Building System.

• Economic Dimension: Reduced Environmental Impact—Bio-degradable.
• Social Dimension: (1) Indoor Environment—Thermal Comfort, Visual Comfort; (2) Design and

Management—Integrated Design Process, Innovation.

Through the in-depth simulation and hands-on fabrication studies, a sustainability validation of
the SMP shading device was attempted to verify climate change adaptability, energy performance,
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control of heat load, and thermal and visual comfort. The research process itself, in conjunction
with other preceding experiments, testified to the innovative and integrated design and management
process. Other issues such as life-cycle cost and reduced environmental impact needed to be carefully
investigated because the material production, processing, and disposal were complicatedly related,
in addition to material properties and manufacturing methods.

4.4.2. Discussion

• Operating Schedule

Based on the on-site temperature measurements and hands-on fabrication of SMP components, the
temperature simulation in consideration of the SUHI was conducted and the activation hours of SMP
devices were extracted. However, the operating schedule of SMP shading devices with Tg = 35 ◦C did
not exactly match the required shading device hours from the adaptive comfort analysis, as compared
in Table 7. Several factors can be estimated, including: (1) errors in the SUHI temperature; and (2) a
difference of criteria between the temperature range requiring shading devices for adaptive comfort
and the SMP activation temperature range. By empirical estimation, the operating schedules in spring
and fall according to the adaptive comfort analysis and the operating schedules in summer according
to the calculated SUHI temperature seemed to correspond more to the reality in office buildings.
The temperature data measured on site was necessary to assess the actual activation hours of SMP
shading devices. Also, to adjust or optimize the operating schedules, it is suggested to add overwriting
systems, but this solution was inconsistent with the initial motivation to consider SMP autonomous
shading devices.

Table 7. Comparison of operating schedules.

(1) SMP (Tg = 35) Shading Device Operating Phases
According to calculated SUHI Temperature
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• Individual Independent Operations of SMP Units

Although the performance analysis was conducted for the uniform operation of shading units,
the SMP shading device units will be activated and operating individually and independently, with no
regular pattern, as described in Figure 23. The unit operation will be influenced by the radiant heat from
the glass surface and frames, the conductive heat through connections and assemblies, and other exterior
factors such as shadows, air flows, etc. All of these influences cannot be simulated for each unit. Even
the mock-up test did not represent the exact same situations of the SMP shading device installations
because the influential factors kept changing. If the overall performance is validated through the
simplified simulation and analysis, other detailed performances will be left for indeterminacy and
coincidence by the SMP element, although the flexibility and adaptability of SMP systems can be
presented by tailoring activation phases, activation temperatures, and engineering properties.
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It may be possible to simulate and compute the dynamic behaviors of SMP components with the
help of software such as Kangaroo, but it is too onerous to set all the movements of individual SMP
shading devices and too time-consuming to run calculations of performative contributions to daylight
and energy by all the movements and transformations of SMP components. Therefore, it will be useful
to find an optimized and simplified performance analysis method that provides persuasive clues for
design and production of the material-based system, particularly focusing on the key benefits and
originality of the proposed material and its system.

5. Conclusions

The SMP shading devices were proposed as a solution for the CABS to achieve the sustainability
goal. The production-phase evaluation of thermo-responsive SMP shading devices allowed the
comprehensive analysis of design directions and fabrication methods. Before conducting the simulative
evaluation, relations and interpretation methods of the temperature data included in the weather data
file and SMP activation temperature were questioned. Among many factors increasing the ambient
air temperature, this research focused on the UHI effects and adjustment of temperature data of
the weather file. To simplify the process, a reference was adopted to extract adjustment values of
temperature in spite of the inherent risks. From the obtained temperature data, operating schedules
and phases were set for further simulations. Performance evaluation criteria for sustainability in CABS,
thermal comfort, and daylight control were considered in the simulation process, utilizing Rhinoceros,
Grasshopper, Ladybug and Honeybee. Following decision steps of various determinants including
geometry and operating scenarios, solar radiation and daylight analyses were conducted in three parts,
with different scales of time, to optimize the required calculating hours and feed the information into
design decisions. The most important lesson from this research was to evaluate the current stage
of prototyped SMP components, and to recalibrate the design direction of SMP elements. From the
performance evaluation, the shading unit size and arrangements were finally selected as 600 mm in
diameter with diagonal arrangements. Although different operating types showed varying radiation
and daylight performances, in the end, with a combination of kinetic effects and visual openness,
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the shading device with both rotating and shape-morphing mechanisms was selected for the next
development in fabrication. It should be noted that the quantitative analysis results were not always
intended to entirely determine the material-based designs, but to be considered subjectively for
aesthetic accomplishments by material behaviors. In addition, from the simulation-based studies,
the limits of simplified performance analysis were found and further research directions for calibrating
the operating hours of SMP shading devices and acknowledging individual operations by units
were discussed.
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Appendix A

Table A1. Radiation simulation results of the baseline model as per daily operation phases (kWh/m2).

DAY
MONTH

3 4 5 6 7 8 9 10 11
1 1.3769 1.6454 0.2759 1.7387 0.0989 0.2244 0.0820 0.9634 0.3385 2.4418 0.9488 2.3857 0.2901 1.0556 1.4942 0.0235
2 0.1603 0.2673 0.3724 1.3452 1.5261 0.4417 0.9234 0.0137 0.5433 1.6382 0.3846 2.4623 0.3986 0.4467 1.5424 2.8562
3 1.3361 1.4839 0.2407 0.0735 0.9723 0.2268 1.2119 0.2689 0.6481 0.4093 3.2823 0.5332 1.5374 0.1240 1.0218 2.0930
4 0.1868 0.2460 0.4004 0.3566 0.3223 0.0097 0.2514 1.8412 0.0000 0.7445 0.6114 0.7632 2.6635 0.6437 0.7657 0.4963 1.0546 0.0268
5 1.2340 1.5682 0.2595 0.1257 1.7992 0.0256 0.8031 1.9917 0.3048 1.1114 0.6249 2.6386 3.8315 1.0272 0.6543
6 1.9606 0.5844 0.5047 0.3450 1.4978 0.2238 1.7368 1.5574 0.1343 0.6553 1.0921 3.0771 0.6536 0.3136 0.0144
7 0.3864 0.4296 0.0333 0.0769 0.7648 0.2561 1.7429 0.2398 1.8311 0.3824 2.3905 1.1366 3.7054 2.0769 3.0570 0.0998
8 1.7187 1.0575 0.1677 1.0464 1.3339 0.2001 0.3856 1.3605 0.0890 1.4782 0.0685 0.1819 0.3946 2.8353 0.9424 2.2061 0.6368 0.6436 0.0230
9 1.4482 0.7334 0.1221 1.4181 0.7211 0.1258 0.1232 0.4605 0.2284 1.8457 0.1200 1.2759 0.2569 1.2950 1.2325 3.8629 2.0858 2.3274 0.1123

10 0.7141 1.3919 0.2525 0.9633 1.3622 0.2491 0.1442 1.0939 0.4137 0.9902 1.4717 0.2791 0.4539 1.1833 3.4667 0.9807 0.7500 0.2594
11 1.6649 0.9585 0.2472 1.5397 0.9785 0.4902 0.2747 1.6304 0.0358 0.2292 0.1533 1.3126 0.0132 0.1760 0.2191 0.9160 0.0241 2.2546 2.7760 0.6189
12 0.2574 1.6693 0.1668 1.7277 0.4938 0.2476 0.8019 0.3282 1.5018 0.1657 2.7987 2.8692 0.1456
13 0.3309 0.4819 0.2368 0.6533 0.4342 0.3906 0.3293 1.4723 0.1979 1.6658 0.1437 0.3956 0.0198 0.3632 0.3794 0.6118 0.5548 0.0679 0.0000
14 1.5382 0.8622 0.4625 0.1171 1.0182 0.1997 1.8730 0.1128 0.6183 0.0110 0.9157 1.6236 2.8159 0.3187 2.8428 2.5648 0.4621
15 1.0420 1.2994 0.2350 0.4549 1.5969 0.1181 1.6392 0.0296 0.5439 0.5408 2.4772 0.5829 3.9641
16 1.3307 0.6055 0.4786 1.1822 1.3212 0.2341 0.4602 1.6573 0.1726 0.1174 0.0749 0.1950 0.4801 3.6194 1.8115 2.4167 0.0918 2.6097 2.3502 0.3234
17 2.3710 1.3494 0.6115 0.8448 0.3315 0.1989 0.1032 0.6011 0.1559 1.3954 0.0358 0.1654 0.4014 3.0412 1.3320 2.7513 0.2137 2.1915 1.7203 0.0049
18 0.2428 0.0537 0.0039 0.1802 1.7337 0.1992 1.8641 0.2864 2.2001 0.4422 2.9925 1.6467 2.7407 1.9896 1.9148 0.0595
19 0.1674 0.1068 0.0432 1.4256 0.6630 0.1243 0.2315 1.1315 0.0150 0.1280 0.1651 1.4398 0.4831 3.1364 1.3493 2.1231 0.0582 0.9516 1.1580 0.0149
20 2.8458 1.9915 0.3644 0.8159 0.1864 0.1226 1.4277 0.9381 0.2312 0.0468 0.2409 0.1405 1.3624 0.0776 1.2048 0.3256 2.2087 0.5557 1.3019 2.8764 1.5946 0.3835
21 2.0270 1.2347 0.6496 0.3681 0.6026 0.2505 1.7049 0.0402 0.6219 0.3082 2.5949 0.3973 1.6529 1.0686 3.3873 0.1128 0.1449 0.0415
22 1.0939 1.3557 0.1789 1.6270 0.2605 1.9330 0.2259 1.7533 0.2328 2.3718 1.0091 3.7633 1.2469 1.0448 0.2326
23 0.7199 0.8946 0.1167 1.6938 0.2605 1.6650 0.3067 2.3733 0.4224 2.9396 0.9957 2.0801 1.4842 1.9110 0.1228
24 2.1463 0.6118 0.5186 0.5031 1.7170 0.1202 1.7291 0.0613 0.5166 0.3185 2.1567 0.0413 0.1438 1.7110 2.7977 0.2175 2.4515 1.8467 0.1141
25 1.7730 0.7917 0.8991 1.4197 0.9102 0.2270 0.2439 1.6373 0.0476 0.7315 0.3256 2.4277 0.8351 3.3026 3.1095 2.0167 0.8039 2.5477 2.3555 0.0717
26 1.0419 0.4625 0.1730 0.3502 1.5365 0.1789 0.2304 1.7051 1.8371 2.8647 1.0161 3.5209 3.0440 2.1194 0.8278 0.5552 0.2484 0.0460
27 1.8538 1.0511 0.5809 1.2903 0.6425 0.0735 1.8640 0.1842 1.1934 2.4924 1.5003 2.3301 1.4667 0.9150 0.1046 0.1037 0.0461 0.0200
28 1.7376 0.5857 0.1737 0.0281 0.2140 0.2301 1.2973 0.0358 0.4898 2.2383 0.1305 0.3716 1.7380 3.6291 0.2108
29 1.4712 0.9192 0.5046 0.9494 1.1377 0.2149 0.0780 1.7383 0.0586 0.7938 1.3228 0.0700 0.4337 1.3665 3.6815 0.2028
30 0.2516 0.7797 0.2214 0.5174 0.5264 0.2305 0.0940 0.3875 0.2813 1.9782 1.7148 0.2530 2.2901 2.0421 3.7268 0.2270
31 0.1530 1.8534 0.2828 1.5925 0.3105 2.8842 0.8895 2.0128
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Table A2. Radiation simulation results of the Case 1 model with a 450-mm diameter as per daily operation phases (kWh/m2).

DAY
MONTH

3 4 5 6 7 8 9 10 11
1 0.5578 0.6113 0.1405 0.7781 0.0534 0.0630 0.0442 0.2978 0.1801 0.7957 0.4109 0.6403 0.1665 0.5670 0.3496 0.0131
2 0.0860 0.0750 0.2100 0.5556 0.5507 0.2379 0.3195 0.0074 0.1549 0.5334 0.1809 0.8383 0.2108 0.1201 0.7897 0.6456
3 0.5506 0.5558 0.1361 0.0397 0.3399 0.1213 0.3771 0.1483 0.1924 0.1926 1.1421 0.2880 0.4251 0.0729 0.5579 0.4777
4 0.1007 0.0696 0.2187 0.1901 0.0908 0.0053 0.1454 0.7952 0.0000 0.2398 0.1756 0.3179 0.8782 0.3334 0.2029 0.2873 0.2599 0.0153
5 0.4367 0.6170 0.1467 0.0796 0.8315 0.0139 0.2312 0.7410 0.1641 0.3206 0.3275 0.6729 1.8974 0.2455 0.4143
6 0.8116 0.2573 0.2714 0.1913 0.6135 0.1299 0.6758 0.4902 0.0724 0.1838 0.4585 0.8099 0.3599 0.0770 0.0079
7 0.2064 0.1282 0.0181 0.0416 0.2363 0.1440 0.6620 0.1348 0.6063 0.1881 0.7623 0.4587 0.9431 1.0760 0.6580 0.0697
8 0.7397 0.3215 0.0945 0.4902 0.4860 0.1107 0.2107 0.4475 0.0480 0.5056 0.0371 0.0509 0.1947 0.8920 0.4464 0.5671 0.3507 0.1589 0.0131
9 0.6164 0.2162 0.0661 0.6435 0.2351 0.0681 0.0665 0.1298 0.1253 0.7469 0.0647 0.4096 0.1379 0.3652 0.5126 1.0134 1.0694 0.5108 0.0795

10 0.3544 0.4382 0.1456 0.4667 0.5447 0.1415 0.0773 0.3225 0.2200 0.2951 0.4498 0.1488 0.1272 0.5063 0.8716 0.5352 0.1775 0.1621
11 0.6697 0.2943 0.1408 0.5638 0.4238 0.2651 0.1475 0.7452 0.0194 0.0645 0.0822 0.3989 0.0071 0.0492 0.1186 0.2332 0.0132 1.0837 0.5900 0.3941
12 0.1350 0.7874 0.0916 0.6259 0.1389 0.1322 0.2289 0.1710 0.3907 0.1028 1.4749 0.6176 0.1044
13 0.1773 0.1469 0.1327 0.3421 0.1456 0.2101 0.1790 0.5284 0.1190 0.6560 0.0820 0.1110 0.0107 0.1017 0.2027 0.1674 0.2994 0.0185 0.0000
14 0.6066 0.3396 0.2526 0.0629 0.2989 0.1063 0.7275 0.0605 0.1750 0.0059 0.2640 0.7044 0.7115 0.1981 1.5016 0.5336 0.3090
15 0.4911 0.5164 0.1329 0.2453 0.5958 0.0718 0.6533 0.0161 0.1609 0.2717 0.7266 0.2166 0.9562
16 0.6427 0.1687 0.2572 0.5295 0.4957 0.1326 0.2401 0.6993 0.0925 0.0329 0.0405 0.0546 0.2057 1.1303 0.7715 0.5637 0.0582 1.3685 0.4816 0.2135
17 0.8983 0.3705 0.3110 0.4188 0.0937 0.1072 0.0555 0.1698 0.0830 0.4772 0.0194 0.0463 0.1985 0.9048 0.6275 0.6766 0.1337 1.2185 0.3695 0.0026
18 0.1302 0.0150 0.0021 0.1111 0.7714 0.1172 0.7261 0.1561 0.7523 0.2174 0.8788 0.7381 0.6597 1.1015 0.4057 0.0416
19 0.0904 0.0298 0.0234 0.6453 0.2264 0.0712 0.1255 0.3396 0.0081 0.0358 0.0884 0.4330 0.2268 0.9204 0.6346 0.5024 0.0330 0.5357 0.2582 0.0082
20 0.8914 0.5825 0.2000 0.4160 0.0523 0.0664 0.6021 0.3733 0.1312 0.0253 0.0675 0.0753 0.4323 0.0420 0.3797 0.1769 0.6371 0.2968 0.3418 1.5842 0.3397 0.2471
21 0.6902 0.4765 0.3308 0.1928 0.1726 0.1354 0.6327 0.0218 0.1770 0.1577 0.9580 0.2068 0.4518 0.5305 0.8124 0.0618 0.0391 0.0228
22 0.4875 0.5313 0.0956 0.5750 0.1459 0.7407 0.1201 0.5569 0.1193 0.6614 0.4506 0.8888 0.7023 0.2313 0.1503
23 0.2170 0.2576 0.0743 0.8222 0.1443 0.5499 0.1434 0.8424 0.2164 0.8392 0.5255 0.4962 0.8595 0.4226 0.0891
24 0.8624 0.2378 0.2744 0.2656 0.6195 0.0763 0.8286 0.0331 0.1499 0.1700 0.6931 0.0224 0.0402 0.7576 0.6718 0.1400 1.3943 0.3907 0.0830
25 0.6158 0.2982 0.4307 0.6305 0.3511 0.1294 0.1357 0.6301 0.0257 0.2090 0.1481 0.8367 0.3627 0.9513 1.3140 0.4930 0.4698 1.4589 0.4802 0.0513
26 0.5010 0.1361 0.0933 0.1854 0.5598 0.0999 0.1345 0.6582 0.6432 0.9805 0.3954 1.0142 1.2247 0.5116 0.4820 0.3144 0.0648 0.0254
27 0.6797 0.4029 0.3045 0.6144 0.2184 0.0397 0.7709 0.1027 0.3549 0.8657 0.5826 0.6367 0.7828 0.2315 0.0671 0.0564 0.0128 0.0109
28 0.6918 0.1829 0.0937 0.0152 0.0600 0.1296 0.4056 0.0194 0.1380 0.7499 0.0707 0.1034 0.7621 0.8350 0.1374
29 0.6034 0.3297 0.2713 0.4737 0.4396 0.1225 0.0419 0.7016 0.0317 0.2456 0.3894 0.0380 0.1207 0.5767 0.8400 0.1332
30 0.1315 0.2343 0.1264 0.2763 0.1612 0.1311 0.0507 0.1090 0.1543 0.7251 0.5303 0.1322 0.6520 0.9713 0.8513 0.1510
31 0.0945 0.8496 0.1550 0.5171 0.1686 0.9956 0.4735 0.4846

* Orange Color Cells indicate the operating hours of the SMP shading devices.
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Table A3. Radiation simulation results of the Case 1 model with a 600-mm diameter as per daily operation phases (kWh/m2).

DAY
MONTH

3 4 5 6 7 8 9 10 11
1 0.5217 0.6001 0.1204 0.7661 0.0518 0.0615 0.0429 0.2910 0.1728 0.7789 0.3978 0.6257 0.1616 0.5543 0.3395 0.0128
2 0.0833 0.0732 0.2019 0.5157 0.5404 0.2231 0.3131 0.0072 0.1511 0.5221 0.1690 0.8200 0.2050 0.1170 0.7711 0.6244
3 0.5112 0.5456 0.1310 0.0385 0.3331 0.1175 0.3690 0.1428 0.1878 0.1804 1.1197 0.2799 0.4140 0.0711 0.5461 0.4629
4 0.0977 0.0679 0.2099 0.1841 0.0886 0.0051 0.1371 0.7827 0.0000 0.2345 0.1714 0.2971 0.8601 0.3243 0.1980 0.2809 0.2519 0.0149
5 0.3917 0.6067 0.1400 0.0718 0.8194 0.0135 0.2257 0.7255 0.1585 0.3128 0.3188 0.6577 1.8521 0.2342 0.4070
6 0.7550 0.2521 0.2551 0.1729 0.6034 0.1232 0.6639 0.4793 0.0702 0.1794 0.4433 0.7901 0.3519 0.0745 0.0077
7 0.1999 0.1252 0.0175 0.0403 0.2309 0.1379 0.6502 0.1302 0.5933 0.1797 0.7460 0.4432 0.9213 1.0496 0.6374 0.0688
8 0.7106 0.3139 0.2026 0.4677 0.4760 0.1068 0.1972 0.4382 0.0465 0.4959 0.0360 0.0497 0.1856 0.8729 0.4331 0.5525 0.3429 0.1549 0.0127
9 0.5922 0.2112 0.0641 0.6041 0.2297 0.0661 0.0645 0.1266 0.1212 0.7346 0.0627 0.4000 0.1335 0.3565 0.4967 0.9874 1.0448 0.4932 0.0785

10 0.3427 0.4280 0.1400 0.4456 0.5342 0.1353 0.0749 0.3150 0.2115 0.2882 0.4393 0.1441 0.1241 0.4912 0.8508 0.5226 0.1715 0.1592
11 0.6422 0.2875 0.1355 0.5036 0.4153 0.2497 0.1293 0.7344 0.0188 0.0629 0.0797 0.3897 0.0069 0.0480 0.1151 0.2275 0.0128 1.0544 0.5687 0.3873
12 0.1160 0.7763 0.0884 0.6141 0.1355 0.1281 0.2233 0.1660 0.3801 0.1006 1.4408 0.5952 0.1032
13 0.1719 0.1432 0.1285 0.3309 0.1425 0.1999 0.1633 0.5181 0.1119 0.6444 0.0796 0.1083 0.0104 0.0992 0.1968 0.1632 0.2922 0.0181 0.0000
14 0.5480 0.3326 0.2403 0.0609 0.2919 0.1028 0.7146 0.0586 0.1708 0.0058 0.2575 0.6882 0.6919 0.1940 1.4666 0.5156 0.3043
15 0.4602 0.5066 0.1276 0.2314 0.5852 0.0648 0.6421 0.0156 0.1570 0.2630 0.7113 0.2104 0.9321
16 0.6245 0.1642 0.2499 0.4925 0.4868 0.1279 0.2258 0.6882 0.0896 0.0321 0.0393 0.0532 0.1944 1.1089 0.7528 0.5504 0.0571 1.3359 0.4655 0.2102
17 0.8717 0.3621 0.3013 0.4040 0.0914 0.1039 0.0538 0.1656 0.0802 0.4674 0.0189 0.0451 0.1912 0.8860 0.6133 0.6574 0.1310 1.1924 0.3565 0.0026
18 0.1262 0.0147 0.0020 0.1036 0.7600 0.1103 0.7128 0.1482 0.7362 0.2095 0.8602 0.7209 0.6419 1.0778 0.3920 0.0411
19 0.0877 0.0291 0.0227 0.6000 0.2215 0.0692 0.1212 0.3317 0.0079 0.0349 0.0856 0.4237 0.2180 0.9012 0.6203 0.4894 0.0321 0.5244 0.2501 0.0080
20 0.8583 0.5696 0.1934 0.4018 0.0510 0.0644 0.5459 0.3660 0.1267 0.0246 0.0658 0.0729 0.4227 0.0407 0.3710 0.1718 0.6217 0.2890 0.3318 1.5490 0.3275 0.2429
21 0.6324 0.4659 0.3092 0.1865 0.1684 0.1304 0.6215 0.0211 0.1727 0.1441 0.9395 0.2000 0.4414 0.5172 0.7894 0.0600 0.0381 0.0222
22 0.4544 0.5218 0.0926 0.5640 0.1397 0.7273 0.1159 0.5440 0.1156 0.6463 0.4384 0.8644 0.6878 0.2239 0.1478
23 0.2094 0.2514 0.0671 0.8113 0.1392 0.5384 0.1294 0.8244 0.2093 0.8210 0.5127 0.4829 0.8428 0.4064 0.0881
24 0.8060 0.2325 0.2604 0.2514 0.6078 0.0694 0.8175 0.0321 0.1463 0.1607 0.6780 0.0218 0.0392 0.7415 0.6502 0.1375 1.3645 0.3774 0.0821
25 0.5626 0.2911 0.4034 0.5771 0.3441 0.1250 0.1311 0.6191 0.0250 0.2040 0.1338 0.8202 0.3506 0.9314 1.2850 0.4762 0.4594 1.4286 0.4626 0.0506
26 0.4822 0.1329 0.0905 0.1781 0.5496 0.0970 0.1271 0.6466 0.6297 0.9602 0.3792 0.9930 1.1960 0.4932 0.4713 0.3066 0.0632 0.0247
27 0.6319 0.3943 0.2855 0.5745 0.2139 0.0385 0.7587 0.0996 0.3467 0.8480 0.5620 0.6228 0.7641 0.2248 0.0659 0.0548 0.0125 0.0106
28 0.6412 0.1786 0.0908 0.0147 0.0585 0.1252 0.3967 0.0188 0.1346 0.7336 0.0686 0.1009 0.7434 0.8091 0.1351
29 0.5709 0.3224 0.2577 0.4435 0.4317 0.1185 0.0406 0.6899 0.0307 0.2399 0.3801 0.0369 0.1177 0.5614 0.8140 0.1309
30 0.1272 0.2289 0.1221 0.2668 0.1575 0.1267 0.0492 0.1063 0.1459 0.7104 0.5188 0.1282 0.6363 0.9478 0.8245 0.1486
31 0.0857 0.8370 0.1478 0.5058 0.1614 0.9764 0.4627 0.4697

* Orange Color Cells indicate the operating hours of the SMP shading devices.
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