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Abstract

As an aesthetic architectural thermal barrier, the building envelope is considered vital and contributes substantially to improving the
overall building performance. Responsive Facades bring in a revolutionary transformation to the static building skins by changing them
into an adaptive fagade that responds to the external climatic conditions like solar heat gain, light and temperature variations. The key
objective of the paper is to evaluate the potential of PTFE (Polytetrafluoroethylene) in enhancing the building energy efficiency and
thermal comfort index of the users in comparison to a static, Energy Conservation Building Code (ECBC) compliant base case test model,
under identical environmental conditions. Evaluation is based on the simulation analysis conducted on the high-rise office building in
Jaipur, India, a region characterised by a composite climate with hot summers and cold winters. The complete assessment is derived by
using DesignBuilder V7.0 with the EnergyPlus engine. This research focuses on the performance of PTFE as a climate-responsive mate-
rial when used in adaptive building envelopes. Performance metrics include annual heating, ventilation, and air conditioning HVAC en-
ergy consumption (kWh/m?), thermal discomfort hours, Predicted Mean Vote (PMV), and Predicted Percentage of Dissatisfied (PPD).
Results demonstrate that the ECBC-compliant static facade recorded an annual HVAC energy use of 96 kWh/m?, 1,588 discomfort hours,
a PPD of 25.3%, and PMV of +0.82. In comparison, the PTFE kinetic facade achieved an energy use reduction of 95 kWh/m? (1.3%
lower), reduced discomfort hours to 1,532 and improved thermal comfort with a PPD of 24.1% and PMV of +0.76. These findings have
highlighted the uniqueness of Responsive facades while analysing their capability in enhancing the thermal comfort index and lowering
energy consumption, supporting sustainable and climate-responsive building design.

Keywords: Adaptive Building Facades, Building Energy Simulation, Climate Responsive Facades, Energy Efficiency, Thermal Comfort
Index

1. Introduction

The high-rise commercial buildings are significant contributors to global energy consumption and carbon emissions, largely due to ex-
cessive solar heat gain through their facades [2—4]. The buildings often consume more than 50% of their electricity annually for space
cooling and heating [7][1], which complicates the environmental adverse effects of climate change and urban development. Considering
these challenges, there is a necessary requirement to integrate the building design with climate resilient and high energy efficient innova-
tions. Conventional fixed facades have been proven to inadequately manage the shifting and unstable environmental conditions. As a
result, architects and engineers are increasingly stressing on the use of adaptive building envelopes. Such facade systems are capable to
react in real time to the external climatic stimuli that involves solar radiation, temperature fluctuation and changing daylight availabil-
ity[1][2]. Additionally improving the thermal efficiency, these innovative adaptive facades drastically reduce the demand for dynamic
HVAC systems, which minimizes the energy consumption. A fluoropolymer, PTFE known for its exceptional properties in terms of
thermal stability, chemical resistance, and lightweight properties, is being explored widely as a unique material for dynamic building
facades. The transparency, flexibility and resistance to the challenging weather conditions, makes this material optimal for the use in the
responsive building envelopes, contributing to both occupant thermal comfort and energy efficiency of the building[4][5]. The increasing
energy demands and environmental degradation have necessitated the standards and building codes in India, to focus on the energy effi-
cient building design. The Bureau of Energy Efficiency (BEE) under the Ministry of Power in 2007, launched the Energy Conservation
Building Code (ECBC)[3][4][5], which defines minimum energy performance guidelines for commercial buildings with a prime focus on
the components of the building encompassing building envelopes, lighting and HVAC systems. Simultaneously additional technical di-
rection is given by the international standards, like American Society of Heating, Refrigerating and Airconditioning Engineers
(ASHRAE 55) for thermal comfort and ASHRAE 90.1 for energy performance, ensuring the buildings are both energy efficient and oc-
cupant friendly. To encourage data-driven design, ECBC recommends the inclusion of the BPS (Building Performance Simulation) tools,
such as DesignBuilder V7.0, powered by the EnergyPlus engine [9]. These tools enable architects and engineers to analyse the impact of
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different design approaches and the application of materials on a building’s energy consumption and thermal comfort, which helps in
deciding on solutions for sustainable and efficient facade systems [10][11][12]. As defined by these standards and guidelines, a simula-
tion test is conducted on a high rise office building in Jaipur, India reflecting a composite climate with hot summers and cold winters was
considered as a base case with a conventional static fagade. Subsequently, the same model was modified to include PTFE as an adaptive
facade, assumed to dynamically react to environmental conditions by changing its parameters, such as thermal resistance and, solar
transmittance. This allowed for a comparative assessment of annual energy consumption, discomfort hours, PMV and, PPD, under simi-
lar environmental and occupancy conditions. This study aims to quantify and demonstrate the valuable contribution of PTFE, a climate
responsive material using simulation modelling methods [13][14][15][16][17]. The scientific analyses intend in advancing adaptive fa-
cade systems towards climate resilient and energy efficient urbanization. A holistic literature review on PTFE as a novel material for
adaptive facades, is discussed in the following sections, while assessing its thermal, mechanical, environmental performance properties
and its applicability in climate-responsive building envelopes. The simulation test, including building model development, integration of
weather-related data and specification parameters for design as per the ECBC and ASHRAE standards, are subsequently explained. With
the objective to evaluate and compare the base case (static facade) and the adaptive PTFE facade under the same operational conditions,
the research employs mandatory performance metrics like annual energy consumption, thermal discomfort hours, PMV (Predicted Mean
Vote), and PPD (Predicted Percentage of Dissatisfied). Findings of this comparative analysis provide considerable insight into the poten-
tial of PTFE-based adaptive facades to improve occupant thermal comfort, and building energy efficiency, in high-rise commercial build-
ings located in composite climates. The paper, finally concludes with an assessment of the results expanded implications discusses the
broader implications for sustainable facade design, illustrating the integral role of adaptive building envelopes fostering the development
of energy-efficient and climate-resilient building design [18][19].

2. Literature Review

With the increase in climate-adaptive architecture for the development of sustainable cities, the role of building envelopes has shifted
from passive barriers to intelligent and interactive structures capable of improving the energy efficiency of the building and occupant
thermal comfort index. In this aspect, PTFE has gained a remarkable recognition for its exceptional durability, flexibility, resistance to
UV, and thermal resilience. These attributes have encouraged PTFE, as one amongst the widely accepted responsive material for adap-
tive facade systems in buildings. The application of PTFE in adaptive building envelopes, that respond to environmental stimuli as solar
radiation and changes in temperature, remain relatively unexplored in scholarly and scientific research. The need to lower operational
carbon in high-rise buildings, especially in locations with highly variable climate, PTFE provides unique advantages in delivering the
advance performance, and relatively low-maintenance solutions. This literature review critically focuses on the current state of research
on PTFE in this sector. The data emphasize key performance attributes, existing issues, and its scope to sustainable urban design.

2.1. Introduction to PTFE in Architectural Applications

PTFE was coincidentally discovered on April 6, 1938, by Dr. Roy J. Plunkett during performing experimental research involving Freon-
related gases at DuPont’s Jackson Laboratory. A white, waxy solid with a unique set of physicochemical properties, including high ther-
mal stability [20], chemical inertness [21][22], low surface energy, non-flammability, non-toxicity, and a remarkably low coefficient of
friction[23][24] was developed the unforseen polymeric reaction of a gaseous tetrafluoroethylene specimen. The material exhibits excep-
tional performance across a broad operational temperature range, with a high degree of crystallinity (90-95%) and a melting point of
approximately 327°C, making it an unique material among high-performance fluoropolymers [25][26]. It is mostly utilised in construc-
tion application as a coating on fiberglass membranes, setting up in a composite material that is mechanically strong and visually trans-
parent. Furthermore, with the dual functionality of structural efficiency and aesthetic adaptability, these membranes are also being in-
creasingly utilized in lightweight tensile structures and advanced fagade systems [27][28]. Being light weighted the material's capacity to
transmit diffused natural daylight while reducing glare, enhances visual comfort within built environments is also quite significant. This
parameter adds to overall energy usage reduction by enhancing occupant well-being but lowering resort on the artificial lighting systems.
In addition to this, PTFE membranes also offer more efficient operation of HVAC systems by minimizing solar heat gain and lowering
internal heat loads. In align with the current objectives in sustainable building design, PTFE based constructional options offer a compre-
hensive integration of environmental performance, energy efficiency, and future material resilience.

2.2. PTFE in Building Envelopes and kinetic facade systems

A highly efficient fluoropolymer, PTFE has become a known material in construction industry, due to its exceptional durability, weather
resistance, and mechanical stability. This material plays a pivotal role in both traditional and modern building envelope systems as con-
struction thinking progresses towards environmental adaptability, and sustainability.

The application of PTFE in tensile architecture, particularly for roofs and atriums in large-scale infrastructure like stadiums, airports, and
transport hubs [29]. Due to its high resistance to UV radiation, moisture, and temperature extremes, this material is highly durable over
long operational lifespans[30]. Additionally, it is ideal for sustainable and low-maintenance envelopes [31][32][33] because of its non-
flammable, self-cleaning, and mechanical properties. By implementing PTFE into layered and composite fagade systems, recent advanc-
es in materials science have further strengthened its value. These advancements promote the development of energy-efficient building
envelopes by improving thermal insulation performance and adaptability in climate-responsive architectural designs. Different fabric
densities and coatings, can be used to design PTFE membranes, that may impact their light transmittance (typically 6—14%) and insula-
tion performance with reported U-values ranging from 1.6 to 3.5 W/m?K, depending on construction [34][35].The building engineering
incorporates adaptive design is industry increasingly embraces responsive architecture concepts and techniques, PTFE has emerged as
the preferable material with unique properties responsive adaptive fagade systems. To maximize occupant thermal comfort and minimize
the energy consumption, these systems are configured to adjust dynamically to altering changing environmental conditions. Its flexibility,
and lightweight nature make it applicable for installation into active facade elements like folding panels, retractable shading devices, and
shape-shifting envelope structures. These systems frequently include pneumatic, hydraulic or motorized actuators, allow real-time modu-
lation of solar gain, glare, ventilation, and daylight [36] [37][38][39][40].

2.3. Challenges and Opportunities
Inspite of its benefits, there are few constraints limiting PTFE from being used extensively. wider adoption is limited by certain con-
straints. Technical installation procedures, high initial expenses and minimal recyclable qualities provide challenges specifically when
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used in adaptive assemblies The structural support required for PTFE membranes also demands careful engineering, especially when
used in kinetic assemblies that are subjected to movement and environmental loads. However, breakthroughs in adaptive facade systems
and material science continue making this novel material in this responsive faced system more attainable. The inclusion of smart sensors,
real-time environmental feedback loops, and automated control systems with this material, places it at the core of responsive architecture
for the future generation. Although PTFE is widely acknowledged in material science industry for its persistent durability, longevity, and
low maintenance, there are several research gaps which limit its extended utilization in intelligent fagade systems. widespread adoption
in advanced fagade systems. There is an inadequate research studies on the complete long term evaluation which includes detailed data
on energy consumption, and options for disposal and recycling of the material. PTFE material is chemically inactive and durable, but its
non-biodegradable character prompts concerns regarding its effect on the environment. There is only limited tangible performance vali-
dation of energy simulation model using various simulation tools [41]. In addition, there is not enough substantial study on combining
the PTFE membranes with innovative materials like PCM (Phase changing materials), nanostructured coatings, or photovoltaic lay-
ers[42][43]. Though PTFE has been implemented on responsive fagade structure that is Leadership in Energy and Environmental Design
LEED accredited, like Al Bahar, in Abu Dhabi, specific requirements and regulations for its application in adaptive systems are still una-
vailable. This complicates the further utilization of this intelligent material for large scale usage.

2.4. Conclusion of Literature Review

PTFE retains a lot of possibility to construct modern building envelopes, in particular for energy efficient and climate responsive struc-
tures. Based on its exceptional material traits, it can be used for adaptive fagade skins. Future research prioritise on the quantitative anal-
ysis of its energy efficiency, thermal performance and the integration with other smart materials to enable to fully comprehend its func-
tion in sustainable and efficient construction design. Extensive environmental impact evaluation and performance-oriented norms con-
cerning the use of PTFE in responsive adaptive facades are further needed.

3. Methods

DesignBuilder V7.0 with EnergyPlus is used for a simulation-based study to assess the impact of PTFE as a responsive facade material.
ECBC-compliant static facade serving as the baseline, a high-rise office model in Jaipur, India, under a composite climate, with hot
summers and cold winters is used for the whole building energy performance test. The following section outlines the simulation setup,
key assumptions, and performance metrics used to compare total energy consumption and thermal comfort.

3.1. Tools and Simulation setup

An extensive simulation was conducted using whole-building energy modeling to evaluate each facade material under uniform condi-
tions [44]. Building performance simulation is extensively utilised to optimise building envelopes and systems. Without the need of real
prototypes, this technology provides the possibility to analyse how PTFE material as facade affects user thermal comfort and energy
efficiency of the building [45][46]. Due to the improved abilities of DesignBuilder V7.0 (with an EnergyPlus engine) software is chosen
for assessing the building energy performance [47][48]. Seasonal and diurnal shifts in yearly simulations ie January to December is doc-
umented using hourly timestep analysis. Alligned with best recommendations supported by ECBC and ASHRAE 90.1/55 standards, this
tool is well-established for estimating annual energy consumption, thermal comfort indices, and daylighting [6][8]. Figure 1 shows office
block, located in Jaipur, India, having a composite climate region with hot summers and cool winters is the baseline building model that
is utilised for all simulations. Throughout each simulation run, the geometry and orientation of the model remains constant and same.
Standard reference models [49] are implemented to establish the essential building parameters (floor area, number of floors, occupancy
density, internal loads, etc.) and are then subsquentially modified to adjust for the local climate [S0]. The building envelope in the base
case consisted of typical construction materials meeting ECBC 2017 with prescriptive requirements [6] for wall U-values = 0.630
W/m2K, Roof U-value = 0.330 W/m?K, Glass U-value = 3.00 W/m?K and solar heat gain coefficients, SHGC = 0.27, Equipment Power
density (W/m?) = 16.14, Lighting Power density (W/m?) = 9.5 and Occupancy density (People/m?) = 0.05. In the base case, no shading
devices is used, providing a clear performance benchmark under static facade conditions [51].

Fig 1. Building 3D view in DesignBuilder tool

Building details for making Building Simulation Model:

1. Area:375m2 (25m X 15m)

2. Floor to floor height : 3.0m

3. 15 Storey, office building having glazing on the south wall



12 International Journal of Engineering, Science and Information Technology, 5 (4), 2025, pp. 9-18

An EnergyPlus compatible, Jaipur EPW file, that indicated the composite climate is used for weather data and information. To ensure
comparability the identical weather data is used in overall simulations for the different facade scenario. In accordance with the building
load, the HVAC system in the model is programmed as a conventional efficient system (e.g., variable air volume with economizer). In all
cases, internal thermostat setpoints, occupancy, and lighting schedules are kept unchanged. This constant configuration distinguishes the
facade material’s performance as the essential variable.

3.2. Facade model

To establish a performance baseline, after running the base case simulation, introduction of responsive facade systems in one scenario
runs:

PTFE facade: An adopted facade based on PTFE is applied on the external building’s skin. The simulation is achieved by modifying the
envelope abilities to replicate the PTFE facade. This material is highly transparent with relatively low thermal insulating value, its effec-
tive U-value can be much lower. The PTFE facade is assumed to adjust in response to external climatic factors. Effective U-value = 1.6
W/m2K, SHGC = (.25 are taken as reference values for the simulation test based on its specific features.

In the above adaptive scenario, the simulation’s control strategy for adaptive fagade is simplified. The facade is set up to retract or be-
come maximally transparent during cold periods. This on/off control delivers an accurate assessment of potential improvement and cor-
responds a responsive system.

3.3. Performance parameters

To thoroughly evaluate the facade option, several key performance metrics from the simulation results, are analysed:

Energy Use per year (building energy consumption, kWh/m?): It provides the total building energy consumption per unit floor area,
mainly for HVAC (cooling and heating) and fans. Lower values indicate better energy efficiency of the building. It is annotated in watt-
hours per square meter for the analysis period. The stress in this study is on the building energy consumption for HVAC, since facade
changes mostly impact heating/cooling loads.

Discomfort Hours: The total number of hours in an entire year when the temperature inside falls beyond a specified comfort range. In this
case the comfort range is determined by standard criteria such as the acceptable range of PMV/PPD per ASHRAE 55 [7][55][52][53].
Lesser discomfort hours depict the building maintains a comfortable environment for occupants most of the time, indicating an effective
facade and HVAC design.

Fanger Predicted Percentage of Dissatisfied (PPD, %): This index predicts the percentage of users who will experience thermal discom-
fort in the indoor environment. It is derived from the Fanger comfort model and related to the PMV. A less PPD percentage indicates a
higher fraction of thermally satisfied users. For instance, PPD = 25% means one in four people may be dissatisfied on average [52].
Fanger Predicted Mean Vote (PMV): The PMV is an indicator of the average thermal sensation on a scale from -3 (cold) to +3 (hot),
with 0 being neutral. It takes several factors like air temperature, radiant temperature, humidity, air speed, metabolic rate, and clothing
level. Values close to 0 (between -0.5 and +0.5) are mainly considered comfortable. In this research, a PMV slightly above 0 indicates a
tendency toward warmth. Lower absolute PMV (closer to zero) signifies better thermal comfort.

The above-mentioned metrics were calculated for every simulation scenario to provide a detailed picture: energy performance (via annual
kWh/m?) and occupant comfort (via discomfort hours, PPD, PMV) [52][53][54][55][56]. All other variables being equal, a facade that
yields lower energy use and improved comfort indices is considered superior. In addition to this, we also note the percentage savings in
energy use for the adaptive cases relative to the base case, to quantify improvement.

4. Result and Discussion

The performance of the adaptive facade material, PTFE is compared against the ECBC-compliant base case after running the simulations
test. Table 1 and 2. depicts the key findings after the subsequent discussion.

4.1. Baseline reference performance

Significantly the ECBC Base Case, without any shading device, got the highest energy consumption and indoor discomfort values. Due
to extensive solar gains and thermal losses through the static facade, the yearly energy consumption was high, resulting in greater HVAC
demand of about 96 kWh/m?. Correspondingly, the base building experienced 1588 discomfort hours over the year, indicating that for
nearly 18% of the time in a year, indoor environment fell outside the comfort zone refer Table 1. The PPD was about 25.3%, meaning
one in four occupants were predicted to be uncomfortable on average, and the PMV of +0.82 suggests the indoor environment tended to
be uncomfortably warm for occupants (near the upper limit of the comfort range). Improvement is needed to increase the energy efficien-
cy of the building and indoor thermal comfort, even though the baseline simulation scenario meets the minimum standards. Figure 2,
Figure 3 and Figure 4 shows the monthly comfort graph, yearly bar chart for comfort and yearly bar chart for energy consumption re-
spectively using ECBC base case.
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Fig 2. ECBC base case - The Comfort Graph (Monthly)
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Fig 3. ECBC base case - Bar Chart for the Comfort (Yearly)
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Fig 4. ECBC base case - Bar Chart for Energy Consumption (Yearly)

4.2. PTFE facade performance

Incorporating a responsive PTFE facade led to a noticeable improvement over the base case. Yearly energy consumption dropped to 95
kWh/m?, which is a 1.30% reduction in HVAC energy consumption relative to the base case. While this energy saving is modest in per-
centage terms, it reflects the PTFE system’s ability to slightly reduce heat gains and losses by adapting to environmental factors. The
discomfort hours decreased to 1532.6 hours, about 56 fewer hours than the base case. This indicates that the PTFE dynamic facade kept
the building in the comfort range for more hours of the year, likely by mitigating extreme thermal conditions. The PPD improved to
24.16%, so fewer occupants are predicted to feel dissatistied, and the PMV moved to +0.76, closer to the neutral comfort point, referring
to Table 1.

Table 1. Base line Performance vs. PTFE Facade performance
(Annual values are given per square meter of floor area; PPD and PMV are comfort indices)

Facade Scenario Annual HVAC Energy (kWh/m?) Discomfort Hours PPD (%) PMV

ECBC Base Case 96 1588.27 25.28 +0.82

PTFE Facade 95 1532.67 24.16 +0.76
The PTFE adaptive  fa-

cade provided some enhancement in both energy efficiency and indoor environmental comfort, validating the concept that a dynamic
envelope can outperform a static one. Figure 5, Figure 6 and Figure 7 show the monthly comfort graph, yearly bar chart for comfort and
yearly bar chart for energy consumption respectively using PTFE on the fagade as a shading material.
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Fig 5. PTFE — The Comfort Graph (Monthly)
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Table 2. Percentage savings of Base Case vs PTFE Facade Scenario

S.No Material Fuel totals (kWh/m?) Percentage Savings (%)

1 ECBC 96 Base Case

2 PTFE 95 1.30

By assessing the performance of adaptive fagade systems with progressive material, PTFE and comparing it with the conventional ECBC
compliant fixed fagade, this paper extends the current research work. The objective was to analyse and evaluate their impact on building
energy consumption and thermal comfort of the occupant. As per the simulation information, when a static base case facade is modified
by a responsive PTFE fagade, it can result in quantitative increase in thermal comfort metrics and energy efficiency.

The thermal comfort analysis indicated that the ECBC-compliant facade resulted in 1,588 discomfort hours, a Predicted Percentage of
Dissatisfied (PPD) of 25.3%, and a Predicted Mean Vote (PMV) of +0.82. Whereas, the PTFE-based facade reduced discomfort hours to
1,532, improved the PPD to 24.16%, and the PMV to +0.76. These improved values exhibit PTFE’s capability to enhance indoor thermal
comfort while reducing the dependancy on mechanical cooling systems.

PTFE’s thermal performance benefits stem from its inherent material properties such as high thermal stability, flexibility, and durability
under varying climate conditions. These features make it well-suited for use in adaptive fagade systems, offering advantages in both en-
ergy efficiency and long-term maintenance. The lack of specific building guidelines and performance standards that address responsive
facade systems restricts the extended usage of materials like PTFE, though it has been utilized in a few LEED accredited building, Al
Bahar Towers. PTFE has basic properties that makes it best suited for the application on responsive fagade systems. This provides an
improved thermal stability, durability and flexibility under extreme climate changes.

5. Conclusion

This study offers a performance analysis of conventional static building facades and the adaptive facades using PTFE. Under identical
environmental and operational conditions, whole-building energy simulations were conducted on a conventional static facade (ECBC
base case) against the adaptive facade scenario using PTFE. The analysis has been presented with a scientific character and backed by
data concluded from the simulation studies of each fagade material. The findings indicate that with better thermal comfort indicators,
PPD 24.1% and PMV of +0.76, the PTFE kinetic fagade outperformed the conventional materials by 1.3% lower reduction in HVAC
energy consumption of 95 kWh/m? and the fewest discomfort hours 1,532. The ECBC-compliant static fagcade has the highest energy
consumption 96 kWh/m? and occupant discomfort 1,588 hours, a PPD of 25.3%, and PMV of +0.82 underlining the advantages of adap-
tive facade systems. These quantitative analyses confirm that material choice in responsive facades significantly affects building energy
performance and occupant comfort.

This comparative evaluation is a vital addition to the existing literature within the academic domain. As the need for a comfortable built
environment rises on account of global temperature rise, adaptive kinetic facades thoughtfully designed with selected unique and innova-
tive materials will be of a valued significance. The potential of the PTFE material in Kinetic facades may be exemplary, offering dual
benefits, dynamic performance modulation, and consistent thermal performance with increased lifespan. This material is one of the most
efficient contributors to the sustainable urban built environment and defines a progressive approach to develop an energy-efficient build-
ing. This material represents an ideal response to the concerns related to the sustainable urban growth and exhibits a revolutionary ap-
proach to advancing the development of energy -efficient buildings. This material can be essential in improving the research of the future
generation of adaptive and responsive fagade systems by actively fostering thermal control, long term endurance and system sustainabil-
ity. In conclusion, the integration of PTFE material into adaptive facades offers a promising pathway to enhance energy efficiency, occu-
pant comfort, and building envelope durability. This research lays the groundwork for future exploration of novel materials in kinetic
fagade technology and sustainable building design. Additionally, future research can examine the scalability and economic efficiency of
PTFE polymer in large scale building projects.
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