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Abstract:

The purpose of this thesis is to explore the integration of auxetic materials into responsive facades
for optimizing daylighting and visual comfort in office buildings. By using their negative Poisson's
ratio (NPR), auxetic structures passively adapt to solar exposure by expanding perpendicularly to
applied forces, enabling dynamic shading without mechanical systems.

Through parametric modeling, 36 facade configurations were generated and structurally validated
using Karamba3D. Climate-based simulations (Honeybee/Ladybug) evaluated performance using
three metrics: Useful Daylight Illuminance (UDI): % of time illuminance stays within 300—-3000
lux (optimal range), Spatial Daylight Autonomy (sDA): % of floor area receiving >300 lux for
>50% of occupied hours, and Daylight Glare Probability (DGP): % of time glare remains <0.45
(acceptable comfort). The 4x6 panel configuration at 90° actuation (Scenario 24) achieved the best
balance: 79% UDI (daylight availability), 61.36% sDA (spatial coverage), and 93.71% glare
comfort (6.6% improvement over the unshaded baseline).

These results validate auxetic facades as a passive, energy-efficient solution that simultaneously
enhances daylight sufficiency (meeting LEED standards) and visual comfort, advancing
sustainable building envelope design.

Keywords: Auxetic materials, Responsive facades, Daylighting optimization, Parametric design
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1. Introduction

1.1 Background and Context

There is an ongoing climate crisis that poses a significant challenge to human health and the
environment, emphasizing the importance of reducing global carbon dioxide (CO2) emissions as
soon as possible. Buildings are contributing significantly to this problem, with approximately 27%
of global CO2 emissions resulting from using operational energy to maintain indoor comfort.
Moreover, 11% of emissions are attributed to the production of construction materials.
Approximately 37% of all emissions are attributed to the built environment [I1].

Facades play a crucial role in ensuring occupant comfort and reducing energy consumption. The
use of adaptive facades has demonstrated significant potential for reducing the use of active heating
and cooling systems. As these facades respond to external conditions, such as sunlight and
temperature, they can optimize the indoor climate control. By modifying their orientation,
geometry, or thermal properties, adaptive shading systems can increase building energy efficiency
and minimize their environmental footprint [2].

1.2 Auxetic Materials and Their Unique Behavior

Auxetic materials, characterized by their Negative Poisson’s Ratio (NPR), have garnered
significant attention due to their unconventional mechanical behavior and advancements in
fabrication technologies [3]. Unlike conventional materials, which contract laterally when
stretched, auxetic materials expand perpendicular to the applied force. This unique behavior, first
reported by Lakes in 1987, has opened new avenues for innovative applications across various
fields. However, the complexity of fabricating auxetic geometries initially limited their practical
use [4]. Recent advancements in additive manufacturing (AM) have addressed these challenges,
enabling precise and scalable production of auxetic materials. Techniques such as fused filament
fabrication (FFF) and laser powder bed fusion facilitate the creation of polymeric and metallic
auxetic structures with tailored properties [5]. Figure 1.1 demonstrates the variation in material
behavior under tensile stress according to their Poisson's ratios.



-1< Poisson Ratio <0

Figure 1.1. Responses of materials under tensile stress, differentiated by Poisson's ratios: positive, zero, and negative
— Source: Author's illustration

Numerous industries have used auxetic materials, including apparel [6], automotive [7], acrospace
[8], pharmaceuticals [9], sports [10], military [11], biomedical systems [12], and engineering [13].
This unusual behavior is rare in natural materials but can sometimes be observed. More commonly,
auxetic properties are engineered through the design of Metamaterials [14] specifically crafted to
exhibit properties not typically found in nature that are highly desirable for application in different
fields due to their distinctive mechanical characteristics [15]. The properties of auxetic material
could include the ability to absorb more energy [16], resist indentation [17], withstand high shear
forces [18], resist impacts and fractures [19], enhance acoustic damping [20], conduct heat, and
electricity efficiently [21], and adjust permeability based on the load applied [22] allowing them
to dynamically respond to varying mechanical forces, which is particularly advantageous in
applications like adaptive filtration, fluid management, and pressure-sensitive devices [23].

1.3. Daylighting and Glare

Window openings play a crucial role in inviting daylight into interior spaces, serving not only to
connect the indoor and outdoor environments and enhance human health and well-being, but also
to harness daylight as a valuable energy resource, reducing reliance on artificial lighting. In this
context, employees work approximately 2,000 hours each year, with beneficial daylight being
accessible for more than 75% of those hours, underscoring the effectiveness of well-designed
openings in optimizing natural light utilization. In modern office buildings, the desire for clear and
attractive facades often results in a high proportion of windows to walls [24]. This allows more
solar radiation to enter, increasing the need for air conditioning to keep the interior comfortable
[25]. Architectural shading can help block this radiation, but if not designed properly, it can also
reduce daylight access and outside views [26]. Finding the right balance between allowing
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daylight, preserving views, and reducing energy use is a key challenge. Additionally, while
integrating daylight into indoor environments has been shown to enhance user satisfaction and
support energy efficiency, improperly controlled daylight can result in excessive brightness. This
often leads to glare and visual discomfort, negatively affecting focus and visual comfort [27].
According to recent studies, optimizing these elements can substantially improve occupant
satisfaction and productivity [28].

Dynamic daylight metrics—such as spatial Daylight Autonomy (sDA), and Useful Daylight
[lluminance (UDI) are particularly effective for assessing indoor daylight distribution, glare
potential, and daylight-responsive lighting controls.

1.3.1. Useful Daylight Illuminance (UDI)

Useful Daylight Illuminance (UDI) quantifies daylight availability as the percentage of annual
occupied hours when illuminance levels remain within the optimal 300-3000 lux range at a given
point. Following IESNA standards [29], a space is considered adequately daylit when it achieves
>300 lux for at least 50% of occupied hours. In this study, UDI is calculated as:

i < i <
UDI — Hours with 300 < I]lu_t}:unance < 3000 lux « 100
Total occupied hours

Equation 1.1. Useful Daylight Illuminance formula

UDI (% Daylight .
. Performance Interpretation
of time)
Level
<50% Poor Space fails to meet minimum daylight requirements

for most occupied hours
Space meets basic daylight autonomy but may need
supplemental lighting
70-85% Good Well-daylit space with minimal glare risk
~85% Excellent Optimal dayl1ghtCa(;/rilrl(e;})illelzte};1 Z&gth potential glare

50-70% Moderate

Table 1.1. UDI performance classification based on the percentage of occupied hours within 300—-3000 lux range [29]
1.3.2. Spatial Daylight Autonomy (Sda)

Spatial Daylight Autonomy (sDA) defines what amount of a space collects enough daylight.
Precisely, it defines the percentage of floor zone that obtains no less than 350 lux for at least 50%
of the yearly inhabited hours. The rate of sDA results varies from 0 to 100%. While spatial Daylight
Autonomy (sDA) effectively predicts daylight distribution and uniformity, it does not evaluate
visual glare.



sDA Status
0-50% LEED failed
50-75 % Accepted
More than 75% Preferred

Table 1.2. sDA classification based on LEED daylighting credit thresholds

1.3.3. Daylight Glare Probability (DGP)

To address this limitation, Daylight Glare Probability (DGP) evaluates visual comfort by
analyzing luminance distributions within space. The metric calculates glare risk on a scale from 0
to 1, where lower values indicate better comfort. This study measures DGP as the percentage of
annual occupied hours below the 0.45 threshold, with classifications adapted from [30]:

DGP Range Visual Comfort Interpretation
Level
DGP <0.35 High Comfort Glare is imperceptible
0.35<DGP<0.40 Moderate Comfort Glare is perceptible but not
disturbing
0.40 <DGP<0.45 Acceptable Comfort | Glare may be noticeable but

remains tolerable

. 5 — .
DGP > 0.45 in > 5% of occupied time Discomfort Glare Visual discomfort is likely:

mitigation recommended

Table 1.3. DGP-based classification of visual comfort levels, adapted from [30]

Higher percentages of time spent in lower DGP ranges (<0.45) indicate superior visual comfort.
The metric is derived from high dynamic range (HDR) imaging of luminance distributions in the
field of view.

1.4. Responsive Facade

An innovative architectural approach to enhancing both energy efficiency and occupant comfort
is responsive facades, a design concept that adapts to environmental conditions. A variety of
mechanisms are used in these systems to respond to factors such as sunlight, temperature, and the
needs of occupants, thus maximizing the performance of the building. Responsive facades often
incorporate kinetic elements, such as hexagonal modules or origami-inspired designs, which adjust
to sunlight exposure, reducing solar heat gain and glare [31].

1.5. Parametric Design

To analyze and predict the performance of responsive facades, computational models are often
employed early in the design process to facilitate informed decision-making. These models enable
designers to assess and refine their approaches, enhancing the functionality and efficiency of the



facades. [32]. One of these computational software is Grasshopper. Grasshopper is a plug-in for
Rhinoceros that shows the users with a visual interface language to make and modify geometry.
Grasshopper is based on nodes, components and graphs put on canvas to make the map that flows
relations from parameters to user-defined functions. Each change on parameter will change other
parameters.

Honeybee and Ladybug are simulation tools integrated with the Grasshopper plugin for
Rhinoceros, designed to enhance building performance through environmental analysis. Honeybee
facilitates detailed energy and daylight simulations, aiding in optimizing a building's energy
efficiency. Ladybug, conversely, allows for the analysis and visualization of weather data,
providing insights into climatic conditions to inform sustainable design decisions. Together, these
tools are instrumental in enabling architects to create buildings that are both energy-efficient and
harmoniously attuned to their environments [33].

1.6. Problem Statement

One of the most challenging aspects of integrating daylight as a primary source of lighting in office
buildings is managing glare while maintaining an adequate level of daylight and external views. A
traditional fixed shading system may not adapt to the changing sun position throughout the day
and across seasons, resulting in excess glare or reduced daylight and obstructed views. This trade-
off limits the effectiveness of daylight strategies and negatively impacts the comfort and
productivity of occupants.

While responsive facades offer greater flexibility due to their dynamic adjustment to solar
conditions, most current systems rely on conventional materials and mechanisms that may not
respond efficiently or seamlessly. The unique properties of auxetic materials allow them to be used
to create facade geometries that are adaptable to climate conditions, allowing daylight to be
managed and glare to be minimized without compromising visibility.

Although auxetic materials have been extensively studied in fields such as engineering and
biomedical applications, their potential for integration into architectural systems, particularly for
daylight optimization in adaptive facades, remains largely underexplored. This study seeks to
bridge this gap by leveraging the unique mechanical properties of auxetic to design responsive
facade systems, with a focus on enhancing indoor environmental quality.

1.7. Research Questions

-What are the optimal design parameters (e.g., Cell Size, Number of Cells, Actuators Angel) for
achieving the desired Negative Poisson’s Ratio (NPR) and improving daylight performance
metrics such as UDI, DGP, and sDA?

-Can auxetic materials be effectively integrated into responsive facade systems to optimize
daylighting and energy efficiency in office buildings?



-Which actuation mechanisms are most suitable for deforming auxetic structures in response to
sunlight exposure, and how can they be integrated into facade systems?

1.4. Research Objectives

-Explore Applications of Auxetic Materials in Other Disciplines

Conduct a comprehensive review of the properties and applications of auxetic materials in fields
such as medical science, aerospace, and sports engineering. Emphasize their unique
mechanical characteristics and functional advantages in these disciplines to identify transferable
principles relevant to architectural systems.

-Adapt Non-Architectural Strategies for Facade Design

Analyze design methodologies, material configurations, and functional uses of auxetic materials
in non-architectural applications, such as biomedical devices (e.g., stents, implants). Extract and
reinterpret these strategies to inform the development of adaptive, high-performance facade
systems.

-Develop Parametric Models for Responsive Facade Systems

Employ advanced parametric modeling tools, including Rhino and Grasshopper, to design
facades incorporating auxetic geometries. Investigate design parameters such as cell size, cell
number, and actuator angles to optimize both daylighting performance and structural
efficiency.

-Assess Feasibility of Auxetic Facades

Validate the mechanical and structural behavior of the proposed auxetic facade systems using
simulation platforms named Karamba3D. Simultaneously, evaluate their daylighting
performance through comprehensive annual daylight simulations using tools like Ladybug and
Honeybee to ensure their practical applicability and effectiveness in real-world contexts.

-Propose Innovative Facade Solutions for Energy Efficiency

Develop cutting-edge responsive facade systems that dynamically adjust to environmental
conditions, particularly sunlight exposure. Optimize these designs for enhanced daylight
penetration and glare control, contributing to sustainable and human-centric architectural
practices.

1.8. Significance of Study

This research pioneers the use of auxetic materials in architectural applications, addressing
environmental challenges and advancing daylighting strategies. It proposes energy-efficient
facade systems that reduce reliance on artificial lighting, improve occupant comfort, and
contribute to sustainable building practices. Leveraging interdisciplinary insights and parametric



design tools, this study offers a practical framework for integrating auxetic materials into
responsive architectural systems.

1.9. Limitations

Although this research aims to provide a thorough understanding of how auxetic materials can
enhance building facades, there are a few limitations to keep in mind:

1. Material Availability: Auxetic materials are not widely available and may be expensive,
which could limit how feasible it is to implement these designs on a larger scale.

2. Simulation-Based Results: The study relies on computer simulations to model and test the
designs. While these tools are highly advanced, they may not perfectly represent how the
facades would perform in real-life scenarios. Physical prototypes and testing are not
included in this study.

3. Specific Climatic Context: The findings of this study are primarily focused on office
buildings in Norman, Oklahoma, which may limit external validity when applied to
different climatic regions or building types. Future research should explore the
adaptability of auxetic facades in other environmental and architectural contexts.

4. Design Constraints: The study assumes ideal conditions for auxetic materials and does not
address challenges like manufacturing or construction hurdles that might arise in practice.

1.10. Structure of the thesis

This thesis is organized into five chapters that guide the reader through the research process, from
the initial context to the final findings and conclusions.

Chapter 1: Introduction

Provides an overview of the climate crisis and the role of buildings in energy consumption,
followed by a discussion on daylighting, glare, responsive facades, and auxetic materials. The
chapter concludes with the problem statement and outlines the significance and scope of the
research.

Chapter 2: Literature Review

Examines existing research related to auxetic materials, their mechanical behavior, and
applications in architecture. It also explores studies on daylighting performance, glare control,
and responsive facade systems. This chapter identifies knowledge gaps and establishes the
theoretical foundation for the study.

Chapter 3: Methodology
Describes the research approach, including parametric modeling using Rhino and Grasshopper,
structural analysis with Karamba3D, and daylight simulation with Honeybee and Ladybug. It



details how auxetic geometries are integrated into responsive facade systems and outlines the
criteria for performance evaluation.

Chapter 4: Results and Discussion

Presents the outcomes of the simulations and analysis, focusing on daylight metrics such as UDI,
sDA, and DGP. The results are discussed in relation to facade design variables, such as cell size
and actuator rotation, with insights into how auxetic behavior influences daylight performance
and visual comfort.

Chapter 5: Conclusion and Recommendations

Summarizes the key findings of the study, reflects on the research contributions, and offers
recommendations for future applications of auxetic materials in architectural facades.
Suggestions for further research are also included.

2. Literature Review

In recent years, advancements in materials engineering have driven significant interest in
adapting innovative materials to improve building performance, addressing challenges related to
energy efficiency, sustainability, and occupant comfort

2.1. Auxetic Materials

In recent years, advancements in materials engineering have driven significant interest in adapting
innovative materials to improve building performance, addressing challenges related to energy
efficiency, sustainability, and occupant comfort [34].
One such breakthrough is the development and application of auxetic materials, which exhibit
extraordinary mechanical properties compared to conventional materials. When a material is
stretched, it typically becomes longer in the direction of the stretch and narrower across it. This
behavior is described by Poisson’s ratio (i), a measure of how much a material shrinks or expands
sideways when stretched or compressed. Most materials have a positive Poisson’s ratio, meaning
they get thinner when stretched and thicker when compressed. Auxetic materials, however, exhibit
the opposite behavior—they expand sideways when stretched and become narrower when
compressed, making them fundamentally different from conventional materials [35]. Poisson’s
ratio (v) is defined as the negative ratio of transverse strain to axial strain:

Etransverse
V=

£axial

Equation 2.1: Definition of Poisson’s Ratio

Where:



- gaxial is the strain in the direction of applied load
- gtransverse is the strain perpendicular to the load direction.

For most conventional materials, Poisson’s ratio is positive, meaning they become thinner in the
transverse direction when stretched. For example, for metals and polymers, —0.25 <v <0.3.
Glasses and minerals are more compressible, and for these v — 0. For gases and cork, v= 0.

For auxetic materials, v< 0. This negative value of Poisson’s ratio signifies that the material or
structure exhibits auxetic properties, meaning they expand laterally when stretched and contract
laterally when compressed [36].

The mechanical properties of auxetic materials, characterized by their negative Poisson's ratio,
enhance their performance in a wide range of applications. Their properties improve their
performance in various applications. To fully understand these enhanced mechanical behaviors, it
is essential to explore the theoretical framework that governs material deformation, particularly
the principles of elasticity derived from Hooke’s Law. This foundation provides insight into how
auxetic materials respond uniquely to applied stress compared to conventional materials.

Hooke’s Law is fundamental in describing the elastic behavior of materials when subjected to
external forces. It states that the force F required to extend or compress a material is proportional
to displacement X, and is expressed mathematically as:

F=kX
Equation 2.2: Hooke’s Law — force-displacement relationship
Where:
-F is the applied force,
-X is the resulting displacement,
-k is the stiffness constant (specific to the material).

This relationship applies to ideal linear elastic materials and serves as the basis for defining other
important mechanical properties such as Young’s modulus (E), Shear modulus (G) and Bulk
modulus (K). These constants help quantify a material’s resistance to various types of
deformation.

For isotropic materials, the following relationships hold:

E E
G=—— and K= ——
o1+w) 3(1—2)

Equation 2.3: Relationships between Young’s modulus E, shear modulus G, bulk modulus K, and Poisson’s ratio v

Where:



-v is Poisson’s ratio,

-E is Young’s modulus,
-G is shear modulus,
-K is bulk modulus.

These formulas demonstrate how changes in Poisson’s ratio—particularly when negative in
auxetic materials—significantly influence a material’s shear and volumetric response, thereby
contributing to their enhanced mechanical performance.

Also referred to as the tensile modulus or elastic modulus, Young’s modulus measures a
material's stiffness under uniaxial stress. It is defined as:

=2
£

Equation 2.4: Definition of Young’s Modulus — stress—strain relationship
Where:
-G is tensile stress (force per unit area)«
-¢ 1s tensile strain (relative deformation).

This modulus describes how resistant a material is to being stretched or compressed, with higher
values indicating greater stiffness. The SI unit is Pascal (Pa).

The shear modulus quantifies a material's response to shear stress—forces acting parallel to its
surface. It is calculated using the formula:

Where:

- L
A-Ax
Equation 2.5: Shear modulus based on applied force and displacement in a material
-F is the applied tangential force,
-1 is the initial length,
-A is the area over which the force is applied,
-Ax is the transverse displacement.

The shear modulus reflects how a material deforms under twisting or shearing forces.

The bulk modulus measures a material’s resistance to uniform compression. It is expressed as:
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Where:

Equation 2.6: Bulk modulus as the ratio of pressure change to volume change
-V is the original volume,
-AP is the change in pressure,
-AV is the change in volume.

A high bulk modulus indicates that a material is less compressible, which is especially relevant in
structures exposed to high-pressure environments. These theoretical relationships help explain the
origin of the exceptional mechanical behaviors observed in auxetic materials. With a clearer
understanding of the underlying elastic principles, we can now examine the key mechanical
properties that make auxetic materials valuable across various industries and scientific
applications.

2.2 Auxetic Materials Properties

Auxetic materials have a high specific energy absorption (SEA), so they can efficiently absorb and
dissipate energy during high-velocity impacts or sudden forces, such as car crashes or falls. Due
to their unique geometry, they deform significantly under stress, [37] making them ideal for
automotive crash protection and protective gear applications, which must absorb impact energy to
reduce injuries and damage [38]. For instance, an asymmetrical re-entrant triangular honeycomb
structure increases specific energy absorption (SEA) by 291% over a traditional honeycomb
structure [39]. Furthermore, they enhances a material's Young's modulus, which measures its
stiffness and ability to resist deformation under various loads. Due to this enhancement, auxetic
materials are precious in sectors requiring high structural integrity and resilience. Optimizing the
stiffness-to-weight ratio is vital in aerospace and civil engineering [40]. As a result, auxetic
materials and structures perform better under mechanical stress, extending their lifespan and
functionality [41]. For example, auxetic carbon fiber composites demonstrate significantly higher
buckling strength than non-auxetic composites. Experimental and simulation studies reveal that
the critical buckling loads of auxetic composites are approximately three times higher,
emphasizing the impact of the negative Poisson's ratio on enhancing yield strength [42].
In addition to these properties, auxetic textiles and polymeric materials exhibit superior shear
resistance and fracture toughness [43]. They perform mechanically under stress because of their
unique structural configurations, such as chiral and re-entrant geometries [44].
It is also important to highlight that materials with auxetic properties have increased indentation
resistance, making them suitable for protective applications. These materials can resist localized
pressures or forces without permanently deforming. Because auxetic materials have a negative
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Poisson's ratio when subjected to localized stress, surface damage and denting are less likely to
occur [45]. They also offer improved vibration-dampening and sound absorption capabilities,
which are beneficial in various industrial and consumer settings [46]. Another significant attribute
is the High flexural modulus of auxetic materials which measures their resistance to bending [47].
This can prevent them from failing under higher flexural loads [48]. This property is crucial in
applications where structural components, such as beams and panels, are subject to bending forces
[49]. They have a high strain tolerance, which allows them to withstand significant deformations
without breaking. As a result, they are ideal for applications requiring high levels of flexibility and
durability [50]. Materials with auxetic properties can also adjust their porosity due to mechanical
stress, enabling them to control fluid or gas flow [51]. The ability to dynamically regulate
permeability is vital in filtration systems, breathable fabrics, and medical devices where
permeability can be controlled dynamically [52]. Acoustic damping is another area where auxetic
materials excel, they effectively absorb and dissipate sound energy [53]. Due to their unique
structure, they are ideal for noise reduction applications in industries like construction, automotive,
and soundproofing [54]. Moreover, auxetic materials with negative thermal expansion contract
when heated, unlike most materials that expand. This property is valuable in precision engineering
applications, such as aerospace and electronics, where maintaining dimensional stability under
varying temperatures is critical [55]. Additionally, they can form synclastic curvatures, meaning
they bend into dome-like shapes when stretched [56]. This unique ability makes them ideal for
applications requiring curved, load-bearing structures, such as helmets, architectural components,
and protective gear [57], and the last one is their programmability and reconfigurability refer to
the ability of these materials to dynamically change shape in response to external stimuli, [ 58] such
as temperature, pressure, or mechanical forces [59]. Because of this adaptive ability, auxetic
materials are ideal for use in innovative materials, robotics, and wearable technology, where
dynamic performance and flexibility are required [60].
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Figure 2.1. Mechanical properties of auxetic materials, including energy absorption, enhanced strength, and
programmable reconfigurability. Source: Author’s illustration.

2.3 Applications of Auxetic Materials in Other Disciplines

While auxetic materials have not yet been widely adopted in architecture, their application across
fields such as biomedical engineering [61], sports equipment [62], fashion [63], automotive [64],
and aerospace industries [65] demonstrates their remarkable potential for structural and adaptive
innovation. For example, in Biomedical they are used for stent [66], Implant [67], wound dressing
[68], Scaffold [69], Sensors [70]. These applications demonstrate properties that could be
translated into architecture, such as adaptive facades that respond to wind or sunlight, impact-
resistant cladding, or ventilated panels that respond to environmental input. Therefore, auxetic
materials represent a promising direction for future architectural research, particularly in relation
to performance-driven, responsive envelope systems.
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The use of auxetic materials in architectural facade systems continues to be largely unexplored,
despite their widespread use in fields such as biomedical engineering, sportswear, and aerospace
for their exceptional mechanical properties. With auxetic structures' potential to expand laterally
under tensile stress, they provide a valuable opportunity for designing passively responsive
facades, especially for climate-responsive and occupant-centered buildings.

Currently, not enough research has been conducted on how auxetic geometries can be incorporated
into building envelopes to improve daylighting performance, especially when using simulation-
based approaches. The majority of current daylighting studies in architecture emphasize
mechanically operated or static shading systems without taking into account how auxetic behavior
may influence passively light penetration and glare control.

Additionally, there are few studies that provide a unified parametric workflow that integrates the
evaluation of structural and environmental performance of auxetic systems.

Given these gaps, this thesis proposes a novel investigation into how auxetic materials can be
parametrically modeled, structurally validated, and environmentally optimized for responsive
facades in office buildings. The study bridges disciplines by leveraging auxetic mechanical
adaptability not only for structural performance but also for enhancing daylight distribution,
reducing glare, and supporting visual comfort critical aspects of occupant well-being.

3. Research Methodology

The aim of this thesis is to propose an algorithmic and parametric-based auxetic shading design as
a responsive facade strategy for office buildings in Norman. This strategy reduces uncomfortable
glare, improves daylight quality, and preserves outward views by physically allowing the facade
to respond to sunlight. The approach addresses occupant needs and environmental demands
through a material-informed geometric system that deforms in reaction to solar exposure. The
overall workflow is illustrated in Figure 3.1., outlining the three main phases of the research
process.
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Step 1 Step 2

BUILD UP SHOEBOX MODEL MESHING AND STRUCTURAL DAYLIGHT SIMULATION,
WITH AUXETIC PANELS ANALYSIS VISUALIZATION AND ANALYSIS
— %, A K 2 175
RUNGCERGS  CRASSRORFER Y AoveuG . HONEYBEE

Annual daylight and glare simulations were
South-facing shoebox model configured with deformation and stress distibution using performed using Honeybee and Ladybug to

auxetic panel array KarambaaD with orthofropic material assun‘rpﬁons evaluate UDI, sDA, and DGP performance under
variable actuator angles

Finite element analysis of auxefic panel

Figure 3.1. Research workflow for the design, structural analysis, and daylight performance evaluation of auxetic
fagades using Rhinoceros, Grasshopper, Karamba3D, Ladybug, and Honeybee. Source. Author s illustration.

Phase 1: Shoebox Model Build-Up

The first phase focuses on developing a simplified office space model to serve as the testing ground
for the auxetic shading system. A shoebox-type office is created using Rhinoceros 3D and
Grasshopper, with a south-facing facade. The responsive shading system is modeled parametrically
using an auxetic pattern applied to the glazing. Design variables such as cell size, unit count, and
actuator angles are controlled to simulate geometric responsiveness to solar exposure.
Polyurethane-based shape memory polymers (PU-SMPs) are considered as a potential real-world
material for implementing the responsive mechanism due to their thermal adaptability and shape
recovery characteristics.

Phase 2: Meshing and Structural Analysis

The second phase investigates the structural behavior and auxetic characteristics of the proposed
shading system. The parametric geometry is transformed into a mesh and analyzed using
Karamba3D, a structural simulation plugin within the Grasshopper environment. The material is
modeled as orthotropic with properties suitable for flexible architectural components. Simulations
are conducted under axial loading to evaluate deformation patterns. The resulting negative
Poisson’s ratio confirms the auxetic response of the system, validating its suitability for a
responsive facade that can dynamically adapt to environmental stimuli.

Phase 3: Daylight Simulation and Analysis
15



The third phase of this study evaluates the environmental performance of the responsive auxetic
facade through climate-based daylight simulations. The analysis is conducted using the Ladybug
and Honeybee plugins in Grasshopper, applying local climate data from Norman, Oklahoma. A
simplified office model is used to simulate daylighting conditions for a total of 36 auxetic shading
setups, each varying in cell number, size and actuator rotation. The performance of each
configuration is assessed using key daylight metrics, including Useful Daylight [lluminance (UDI),
Spatial Daylight Autonomy (sDA), and Daylight Glare Probability (DGP). This phase focuses on
understanding how responsive auxetic geometry affects daylight penetration and glare control in
office spaces, laying the groundwork for analysis in the following chapter.

4.Result and Discussion

This chapter presents and analyzes the results from simulation studies on the performance of
auxetic shading systems in office buildings. It focuses on how different configurations of auxetic
materials affect daylight distribution, glare control, and the responsiveness of facades under
specific climatic conditions. Through parametric modeling and computational analysis, the study
assesses the potential of auxetic-based shading to enhance visual comfort, energy efficiency, and
architectural adaptability.

4.1. Auxetic Panel Configurations

The following table illustrates various configurations of auxetic panels tested in simulation studies
designing in rhino, grasshopper. Each panel configuration is represented at different actuator
angels, cell number and cell size demonstrating how the geometry adapts and aligns with
environmental factors such as sunlight angle. This visual representation supports the analysis of
how each configuration contributes to daylight optimization and glare reduction.
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table 4.1. Complete matrix of the 36 auxetic fagade design scenarios used in this study, showing two auxetic design
types across three panel sizes (4x6, 6x10, 12x18) and six actuator angles (15°, 30°, 45°, 60°, 75°, 90°). These
variations were parametrically modeled in Grasshopper and used for both structural and daylight simulation.
Source: Author’s parametric model outputs.

Building on the discussion of auxetic panel configurations, the innovative use of shape memory
polymers (SMPs) particularly polyurethane-based SMPs (PU-SMPs)—significantly enhances
the dynamic functionality of facade systems. These materials serve as intrinsic actuators, enabling
the facade to autonomously adapt to solar exposure through their thermally responsive shape-
memory behavior.

Our panel is composed of two distinct parts: the outer layer, which features the SMPs that react to
temperature changes, and the inner layer, designed with a flexible auxetic structure that
mechanically responds to the movements of the outer layer.
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1. The outer layer of each panel, made from polyurethane-based SMPs, actively responds to
changes in solar heat. As the temperature increases, these SMPs are triggered, reverting
from a temporarily deformed state to their original shape. This transformation is crucial as
it drives the mechanical action of the facade system, enabling the panels to rotate and thus
adjust their orientation to optimally manage sunlight exposure.

Key characteristics of the SMP layer
Activation Tunable Tg to match climatic conditions
threshold
Recovery >90% strain recovery, ensuring consistent actuation over repeated cycles
efficiency
Durability Resistance to UV degradation and thermal fatigue

Table 4.2. Key performance characteristics of the Shape Memory Polymer (SMP) layer used in the responsive
fagade system. Source: Author’s synthesis from material specifications.

2. The inner layer accompanying the active outer layer, the inner layer of the panels
supports and enhances the overall adaptive mechanism. Made from materials that
complement the SMPs, such as high-density flexible polymers, this layer maintains
structural integrity while facilitating necessary deformations. This dual-layer setup
ensures that the facade not only responds dynamically to environmental conditions but
also remains durable and effective over time.

. INN_ER PART .
Auxetic expansion/ contraction
OL:TER P.':\RT K\_\: E.'-_;\-'g"-'-'-'-;::-:} /,,
Heat-trigpered deformation @ AN </ CLOSE
— / - —
S Porosity 58.6
OPEN
Porosity 69.4
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o Porosity 75.2
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Figure 4.1. Comparison of two auxetic panel designs illustrating responsive behavior through inner auxetic
deformation and outer SMP activation. Each panel transitions between open and closed states to adapt to
environmental conditions. Source: Authors parametric simulation outputs.

4.2. Structural Validation of Auxetic Behavior Using Karamba3D

To validate the auxetic properties of the facade panels, Karamba3D, an advanced parametric
structural analysis tool integrated with Grasshopper and Rhino, was employed. This tool allows
for a detailed analysis of complex structures under varied loading conditions, making it ideal for
assessing the behavior of materials designed with specific mechanical properties. Karamba3D was
utilized to simulate the real-world mechanical stresses that facade panels would likely encounter.
The panels, composed of an orthotropic material known for its negative Poisson's ratio, were
subjected to axial loads. The response measured both axial and transverse strains, which are pivotal
in determining the Poisson’s ratio and thereby confirming the auxetic nature of the material.

Two key simulations were performed. In the first case, the axial strain was -0.66 and the transverse
strain was -0.571579, resulting in a Poisson’s ratio of approximately -1.154. In the second case,
with an axial strain of -0.34641 and a transverse strain of -0.3775, Poisson’s ratio was calculated
as -1.09. These negative values confirm that the panels are auxetic, expanding laterally when
compressed longitudinally, a unique behavior that can enhance energy absorption and mechanical
performance in structural applications.

For a detailed overview of the mechanical properties utilized in these simulations, please refer to
the Auxetic Material Properties Table. Additionally, the specific results from the simulations are
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comprehensively presented in the Simulation Results Table. These tables provide a clear and
structured presentation of both the intrinsic properties of the materials and the empirical data
derived from the testing process.

Auxetic Material Properties
Young’s Modulus 10000
Transverse and In-plane Shear Modulus 6250
In-plane Lateral Contraction Coefficient -0.2
Specific Weight 7.85
Material Type Orthotropic

Table 4.3. Mechanical properties assigned to the auxetic material used in structural simulations. Values represent
orthotropic behavior, including negative in-plane contraction and defined stiffness parameters for accurate
Karamba3D analysis. Source: Author’s simulation input data

Simulation Result

Axial Strain type 1 AL=-0.66
Transverse Strain type 1 AW=-0.571579
Poisson Ratio : v=- (Axial Strain/Transverse Strain) -(-0.571579/0.66) = -1.154

It is Auxetic!

table 4.4. Structural simulation output showing the auxetic behavior of the panel under axial strain. The calculated
Poisson’s ratio is approximately —1.15, confirming negative lateral expansion and auxetic characteristics. The color
gradient visualizes strain distribution across the geometry. Source: Author s Karamba3D structural analysis.
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Simulation Result

Axial Strain type 2 AL=-0.34641
Transverse Strain type 2 AW=-0.3775
Poisson Ratio : v=- (Axial Strain/Transverse Strain) -(-0.3775 /0.34641) = -1.09

It is Auxetic!

table 4.5. Simulation result for the second auxetic configuration. The calculated Poisson’s ratio of approximately —
1.09 confirms the material’s auxetic behavior, with visual deformation shown through the strain distribution plot.
Source: Author’s Karamba3D analysis.

4.3. Daylight Simulation Results

Our next step in the evaluation process was to analyze the daylighting performance of the auxetic
facade configurations. This involved conducting annual daylight simulations to understand how
variations in geometry and actuation influence the amount of natural light entering space and the
resulting visual comfort for occupants.

For this purpose, an annual climate-based daylight simulation was conducted to evaluate the
performance of various auxetic shading configurations in an office space located in Norman,
Oklahoma. A simplified shoebox model measuring 4 meters in width, 9 meters in length, and 3
meters in height was developed to represent a typical office environment. The simulation
considered standard working hours from 8:00 AM to 5:00 PM, Monday through Friday. The
local climatic conditions were modeled using the Energy Plus Weather (EPW) file for Norman,
imported through the Ladybug plugin to ensure accurate environmental input. Daylight
performance was assessed using a parametric workflow in Grasshopper, integrating Honeybee
and Ladybug to analyze the effectiveness of the facade designs. Key daylighting metrics—
including:

Useful Daylight Illuminance (UDI), Measures the percentage of time illuminance falls within
the range of 300-3000 lux, indicating comfortable lighting conditions.

Spatial Daylight Autonomy (sDA), Quantifies the percentage of floor area receiving at least
300 lux for 50% of occupied hours. And Daylight Glare Probability (DGP), Evaluates the risk
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of glare, with values below 0.35 considered acceptable,
were used to determine how each auxetic configuration influenced daylight distribution and
visual comfort within space.

Parameters Values
Space Dimension 4 m (width) X 9 m (length) %< 3 m (height)
Location Norman
Glass Visible Transmittance = 0.6
Work Plane Height 0.762
Grid Size 0.5
Transmittance of window 0.6

Table 4.6. Key parameters used for daylight simulation, including room dimensions, material properties, and
simulation grid settings.Source: Author s simulation setup in Honeybee.

Table X presents the Radiance simulation parameters applied in this study to ensure consistent and
accurate daylight analysis using the Honeybee plugin in Grasshopper. These settings were
uniformly applied across all auxetic facade configurations to maintain a high level of simulation
quality. An ambient bounce value of 5 (-ab) was used to capture multiple indirect light reflections,
improving the realism of interior daylight distribution. The ambient divisions (-ad) were set to
4096, offering a dense sampling for indirect lighting calculations, while the ambient accuracy (-
aa) was kept at 0.1 to balance precision with computational efficiency. Additionally, an ambient
resolution of 100 (-ar) was applied to control the spatial detail of the ambient light calculations.
These parameters together created a reliable foundation for assessing daylight metrics such as
Useful Daylight Illuminance (UDI), Spatial Daylight Autonomy (sDA), and Daylight Glare
Probability (DGP) in the responsive facade model.

Ambient Ambient divisions Ambient Ambient
bounce (-aa) accuracy Resolution (-ar)
(-ab) (-ad)
5 4096 0.1 100

Table 4.7. Radiance ambient parameters used for annual daylight simulation, including bounce, resolution, accuracy,
and division values to ensure simulation quality and convergence. Source: Author s simulation setup in Honeybee.

Throughout the year, the daylight distribution analysis illustrates the effectiveness of the auxetic
facade system under three conditions: compressed (fully closed), stretched (fully open), and
without shading panels. When the shading panels are fully compressed, daylight penetration is
significantly reduced, resulting in low illuminance levels (under 500 lux) during the summer
months, thereby reducing glare and heat gain. The effect of this configuration, however, is to
produce under-illumination in transitional months such as March and October. On the other hand,
the fully stretched state allows maximum daylight into space, resulting in a more balanced
illumination between 300 and 1000 lux, especially during the spring and autumn months. It
supports a higher level of daylight autonomy and comfort, although it may lead to slight over-
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illumination near the facade during the summer months. As a baseline, the no-shading condition
exhibits consistently high illuminance levels (often above 2000 lux) throughout the year,
particularly from March to October, indicating a high risk of glare and discomfort. Ultimately, the
auxetic facade provides a dynamic and efficient method of managing daylight, enhancing comfort,
and optimizing energy efficiency throughout the year because of its ability to switch between
compressed and stretched states.

June

Compress
Shading Panels

Stretch Shading Panels

No Shading Panels

150.00

Lux

table 4.8. Monthly daylight distribution comparison under three shading scenarios: compressed auxetic panels,

stretched auxetic panels, and no shading. The results illustrate the modulation of illuminance levels across the year,
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highlighting the effectiveness of responsive auxetic systems in controlling light penetration. Source: Author’s annual

simulation results in Honeybee.

4.3.1. Evaluation of Useful Daylight Illuminance (UDI) and Spatial Daylight
Autonomy (sDA)

As a central component of this research, the daylighting performance of two auxetic facade
configurations was rigorously evaluated through simulation, using the Useful Daylight
[lluminance (UDI) and Spatial Daylight Autonomy (sDA) metrics. These simulations were
conducted in Grasshopper with the Honeybee plugin, utilizing Norman, Oklahoma’s climate data
to ensure accurate environmental responsiveness. The goal was to analyze how varying geometric
configurations—specifically, actuator angles and panel densities—affect interior daylight
availability and compliance with LEED v4 daylighting standards.

A total of 36 unique scenarios were developed, representing combinations of three auxetic panel
densities (6x10, 4x6, and 12x18) and six actuation angles (15°, 30°, 45°, 60°, 75°, and 90°) across
two distinct panel designs. Each design was simulated under consistent environmental and material
conditions to isolate the effects of geometry and movement.
The results clearly demonstrate a positive correlation between actuator angle and daylight
performance. For nearly all panel configurations, both UDI and sDA values increased as the
actuator angle increased, suggesting that wider geometric openings allow greater daylight
penetration into the interior spaces.

Number
f
. Num 0 )
Scenarios Auxetic | Actuator | UDI Sda Meet
pa:els Degree % % LEED
(x*y)
1 6*10 15° 58.50 51 Yes
2 6*10 30° 59.84 54 Yes
3 6*10 45° 65.87 55 Yes
4 6*10 60° 69.85 58 Yes
888 : 2=
ittt 5 6*10 75° 74.14 | 62 Yes
6 6*10 90° 76.97 67 Yes
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7 6*10 15 | 6637 | 454 No

8 6*10 300 | 68.45 | 46.43 No

Eg E 9 6*10 45° | 72.51 | 49.54 No

A ’ 10 6*10 60° 7467 | 52.72 | Yes
11 6*10 75° | 7720 | 54 Yes

| 12 | 6*10 90° | 78.25 | 56.36 |  Yes

Table 4.9. UDI, sDA, and LEED compliance for 6x10 auxetic panels at different actuator angles.
Source: Author’s Honeybee simulations.

uDI > 70 %

UDI ANALYSIS FOR 6*10 CONFIGURATION(%)
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Figure 4.2. UDI performance for the 6x10 auxetic panel configuration across two design scenarios. Source:
Author s Honeybee simulation output.
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Figure 4.3. sDA analysis for the 6x10 auxetic panel configuration across actuator angles, comparing two design
scenarios and their LEED compliance. Source: Author’s Honeybee simulation output.

In the 6x10 panel configuration, UDI improved from 58.50% at 15° to 76.97% at 90° in the first
design, with sDA climbing from 51% to 67%. The second design showed a similar trend, although
some of the lower-angle scenarios did not meet LEED requirements (e.g., sDA = 45.4% at 15°).
By 60°, however, both UDI and sDA reached compliant levels, indicating that actuation beyond
45° is  critical  for  effective  daylighting in  this  panel  arrangement.
The 4x6 panel configuration, representing a smaller and more constrained design, showed
slightly lower daylight autonomy overall, especially at smaller angles. For example, sDA values
in the first design rose from 46% at 15° to 64% at 90°, with compliance beginning at 45°. The
second design again outperformed the first in terms of UDI—reaching 79% at 90°—and
maintained LEED compliance from 30° onward. These results suggest that even in smaller facade
systems, proper tuning of actuation can yield strong daylight performance when the geometry is
optimized.

Number
f Actuat
Num Au(:(etic ];eu:e(::r Sda
, g UDI Meet
Scenario panels % LEED
(x*y) %
13 4*6 15° 59.23 46 No




14 4%6 30° 61.46 | 49 No
. 15 4%6 45° 6536 | 52 Yes
16 4%6 60° 7141 | 56 Yes
BB8EBEE
BEO8BR
BESEEE 117 | 476 75" | 75.60 | 59 Yes
18 4%6 90° 77.18 | 64 Yes
19 4%6 15° 7052 | 48.63 | No
el 20 4%6 30° 7255 | 50 Yes
I mmmimj
21 4%6 45° 7466 | 53.18 | Yes
: 22 4%6 60° 76.81 | 55.90 | Yes
23 4%6 75° 78.17 | 58.63 | Yes
24 4%6 90° 79 | 6136 | Yes

Table 4.10. UDI, sDA, and LEED compliance results for 4x6 auxetic panel designs across actuator angles. Source:
Author s Honeybee simulations.

Actuator Degree 90°

Actuator Degree 75°
Actuator Degree 60°
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Figure 4.4. UDI results for 4x6 auxetic panel configuration across actuator angles for both design scenarios. Source:
Author s simulation results in Honeybee.
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Figure 4.5. sDA analysis for 4x6 auxetic panels across actuator angles, highlighting LEED compliance thresholds.
Source: Author’s Honeybee simulation data.

The 4x6 panel configuration, representing a smaller and more constrained design, showed
slightly lower daylight autonomy overall, especially at smaller angles. For example, sDA values
in the first design rose from 46% to 64% at 90°, with compliance beginning at 45°. The second
design again outperformed the first in terms of UDI—reaching 79% at 90°—and maintained
LEED compliance from 30° onward. These results suggest that even in smaller fagade systems,
the proper tuning of actuation can yield strong daylight performance

Number
Num . of . A];tuz;tor Sda
. uxetic egree UDI Meet
Scenario panels % LEED
(x*y) %
25 12*18 15° 60.47 50 Yes
26 12*18 30° 63.13 52 Yes
27 12*18 45° 67.29 54 Yes
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28 | 12*18 60° 7222 | 58 Yes
29 | 12*18 75° 76.12 | 63 Yes
30 | 12*18 90° 7771 | 65 Yes
31 | 12*18 15° 70.62 | 49.54 | No
32 | 1218 30° 7265 | 51 Yes
33 | 12*18 45° 752 | 53.63 | Yes
34 | 1218 60° 76.98 | 56.36 | Yes
=i 35 | 12*18 75° 783 | 57.72 | Yes
36 | 12*18 90° 79.15 | 60 Yes

Table 4.11. Daylight performance results for 12x18 auxetic panels at various actuator angles. All scenarios meet
LEED criteria for sDA. Source: Author’s Honeybee simulation outputs.

UDI > 70 %
UDI ANALYSIS FOR 12*18 CONFIGURATION(%)

Actuator Degree 90" |1 ™

Actuaror Degree 75* |

Actuator Degree 60" |

Actuator Degree 45 | A CCEPTABLE
Actuator Degree 30° | s

Actuator Degree 15 |

0 10 20 30 40 50 60 ?i] 80 90

W Scenario 2 M Scenario 1

Figure 4.6. UDI analysis for 12x18 auxetic configurations. All actuator angles achieved UDI > 70%,
indicating acceptable daylight conditions. Source.: Author s simulation in Honeybee
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SDA ANALYSIS FOR 12*18 CONFIGURATION(%)
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Figure 4.7. sDA results for 12x18 auxetic configurations. Most actuator angles achieved >50% sDA, meeting LEED
daylight compliance. Source: Author s simulation in Honeybee.

The 12x18 panel configuration, due to its larger area and higher number of openings, performed
the best among all three densities. In both designs, UDI exceeded 60% even at the lowest actuation
angles and reached a maximum of 79.15% at 90° in the second design. sDA also remained
consistently strong, ranging from 50% at 15° to 65% at 90°, with most scenarios surpassing LEED
thresholds. The performance stability in this configuration demonstrates the advantage of high-
density auxetic arrays for achieving uniform and sufficient daylight coverage.

Overall, the actuator angle proved to be the most influential parameter, with nearly all
configurations achieving LEED daylight compliance at 60° and above. The panel density also
played a major role in shaping performance: higher densities provided more control over light
diffusion and greater spatial autonomy. Additionally, differences between the two auxetic designs
became more evident at higher angles, with the second design generally achieving slightly better
UDI values, especially in the 4x6 and 12%18 cases.

This phase of the analysis offers valuable insights into the relationship between geometry,
movement, and daylight performance. However, while UDI and sDA address the quantity and
spatial distribution of daylight, they do not capture visual comfort or the potential for glare—
factors that are equally important in the design of habitable workspaces. The next phase of the
study will therefore focus on Daylight Glare Probability (DGP) to complete the evaluation and
identify the most balanced and effective fagade configuration.
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4.3.2. Evaluation of DGP for assessing the visual comfort

Following the daylight sufficiency analysis using UDI and sDA metrics, a detailed evaluation of
visual comfort was conducted using Daylight Glare Probability (DGP). This metric provides
critical insight into whether occupants are likely to experience discomfort glare due to natural
daylight. While UDI and sDA assess how much and where daylight is available, DGP complements
these by evaluating the quality of that daylight from a human perspective.

DGP simulations were conducted using the Honeybee plugin in Grasshopper, which incorporates
Radiance-based annual glare analysis. Rather than reporting glare as isolated point values, the
simulations assessed visual comfort over time at key interior viewpoints. The output is expressed
as the percentage of time occupied during hours when the DGP remains below 0.45, the threshold
commonly used to define acceptable visual conditions. This metric enables clear interpretation.
Higher percentages indicate better visual comfort, as they represent a longer duration during which
the space remains free from disturbing or intolerable glare.
The comfort thresholds used in this study follow standard DGP classification [71].

Each of the 36 scenarios (across three auxetic panel sizes and two design types) was evaluated
under these criteria to determine which configurations maintain optimal comfort levels throughout
the year. To further support the interpretation of Daylight Glare Probability (DGP) results,
Honeybee simulations were visualized using a color-coded percentage scale, illustrating the
proportion of interior space exceeding the discomfort glare threshold (DGP > 0.45). This spatial
representation provides a clearer understanding of how glare is distributed across the occupied
area as illustrated in Figure 5.15. In this visualization system:

-0% (represented in yellow) indicates that no part of the space exceeded the DGP threshold,
meaning the entire interior remained within comfort limits.

-100% (represented in blue) indicates that the entire space exceeded the threshold, signifying
universal discomfort glare.
Intermediate shades (from yellow to blue) represent varying degrees of glare exposure across the
space, where increasing blue indicates worsening conditions and reduced comfort.

These visual maps offer immediate insight into the effectiveness of each shading configuration. In
early scenarios without shading, large portions of the interior, especially those near glazing areas,
were marked in blue—indicating high glare exposure. This confirmed the susceptibility of the
space to discomfort glare in the absence of responsive control strategies.

In contrast, scenarios incorporating dynamic auxetic shading systems, particularly those with
higher actuator angles (60°, 75°, and 90°), showed maps dominated by yellow or light shades.
These results reflect high levels of visual comfort, with DGP remaining below 0.45 across nearly
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the entire monitored area. This shift from blue to yellow across the simulation sequence
demonstrates the effectiveness of auxetic shading in reducing glare and maintaining consistent
comfort under variable daylight conditions.

By visualizing glare performance in this manner, the study not only confirms the numerical DGP
results but also enhances the spatial understanding of glare control — validating the auxetic
system’s ability to improve interior visual quality through geometric adaptation.

Comfort

Discomfort

Figure 4.8. Legend for glare visualization indicates the percentage of time DGP exceeds 0.45. Color gradients range
from yellow (comfort) to dark blue (discomfort). Source: Author’s simulation output from Honeybee.
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Table 4.12. Glare performance results for each scenario based on % Time DGP < 0.45. Visual comfort is illustrated
using color-coded glare maps.
Source: Author’s annual glare simulation using Honeybee.

6x10 Panel Configuration (Scenarios 1-12): Both designs within the 6x10 panel group
demonstrated strong glare control across all actuator angles. In the first design (Scenarios 1-6),
the % Time DGP < 0.45 ranged from 95.49% at 15° to 91.81% at 90°, showing a gradual reduction
in visual comfort as actuation increased. This trend suggests that while wider openings allow more
daylight, they also allow for slightly more potential glare, though still within acceptable limits.

The second design (Scenarios 7—12) exhibited a similar pattern, with values ranging from 95.59%
at 15° to 93.59% at 90°. All values across both designs remained above 90%, indicating effective
glare mitigation and confirming that the 6x10 panel configuration maintains a consistently
comfortable visual environment, even as geometry transforms dynamically.
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24 4*6 90° 93.71

Table 4.13. Glare performance results for the 4x6 auxetic panel configuration based on % Time DGP < 0.45. Visual
comfort is illustrated using color-coded glare maps. Source.: Author s annual glare simulation using Honeybee.

4x6 Panel Configuration (Scenarios 13-24): The 4x6 panel configuration yielded some of the
highest DGP comfort scores across the entire dataset. In the first design (Scenarios 13—18), DGP
performance peaked at 96% at 15°, gradually reducing to 91.34% at 90°, following a similar
downward trend observed in other panel groups. However, the second design (Scenarios 19-24)
showed slightly stronger performance overall, with DGP values ranging from 96.63% at 15° to
93.71% at 90°. These consistently high scores across all actuator positions highlight the strength
of the 4x6 panel setup in managing glare, particularly in conjunction with its excellent daylight
performance. For example, Scenario 24 (4x6, 90°) not only maintained 93.71% visual comfort but
also achieved UDI = 79% and sDA = 61.36%, making it a standout in both daylight sufficiency
and glare control.
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Table 4.14. Glare performance results for the 12x18 auxetic panel configuration based on % Time DGP < 0.45. Visual
comfort is represented through color-coded glare maps. Source: Author s annual glare simulation using Honeybee.
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12x18 Panel Configuration (Scenarios 25-36): The 12x18 high-density panel configuration
showed stable and reliable glare control across both designs. The first design (Scenarios 25-30)
ranged from 95.46% at 15° to 92% at 90°, showing a consistent and gradual decrease in comfort
percentage with increasing actuation.

The second design (Scenarios 31-36) followed a similar trend, starting at 94.68% at 15° and ending
at 93.75% at 90°. These results confirm that larger panel densities provide both light diffusion and
robust glare resistance, even under highly open conditions. While these scenarios didn’t reach the
peak daylight performance of some smaller panel configurations, they offered a dependable
balance across all visual comfort metrics.

To contextualize these findings, all auxetic configurations were compared against a baseline (non-
responsive) fagade, which delivered:

Metric Value Value (%)
UDI 83.22
Sda 77
% Time DGP < 0.45 87.1

Table 4.15. Daylighting and glare performance metrics for the baseline fagade configuration with no external shading.
This serves as the comparative benchmark for all auxetic scenarios. Source: Author’s simulation outputs using
Honeybee.

These base values represent a highly efficient design condition with no external shading system
applied, yet still achieving high daylight sufficiency and strong glare control. This performance
demonstrates the effectiveness of the base configuration under clear sky conditions. However,
unlike the base case, the auxetic facade scenarios incorporate responsive, geometry-based shading
strategies, which offer additional adaptability to changing solar positions. This integration allows
the design to maintain visual comfort dynamically and opens new architectural possibilities
through material transformation and parametric control.

Among all tested configurations, Scenario 24 (4x6 panel layout, 90° actuator angle) emerged as
the most balanced and optimal solution, achieving:

Metric Value Value (%)
UDI 79
Sda 61.36
% Time DGP < 0.45 93.71

Table 4.16. Performance metrics of the optimal responsive fagade scenario (4x6 auxetic panel, 90° actuator angle).
sufficiency

This configuration offers the best balance
Source: Author s simulation results using Honeybee.




This comparison illustrates a critical distinction between static, unshaded configurations and
adaptive, geometry-driven systems. While the baseline fagade performed well under standard
conditions—achieving UDI of 83.22%, sDA of 77%, and 87.1% visual comfort time (DGP <
0.45)—its lack of responsiveness to variable sky conditions and solar angles limits its ability to
maintain balanced daylight performance throughout the year. The absence of any shading
intervention, while beneficial for maximizing daylight availability, inherently risks periods of
visual discomfort and overheating during peak sun hours.

In contrast, Scenario 24, featuring a 4x6 auxetic panel array at 90° actuation, demonstrated a highly
effective balance between daylight autonomy and glare mitigation. Despite a slightly lower UDI
(79%) and sDA (61.36%) compared to the base case, this configuration achieved a notably higher
DGP comfort rate of 93.71%, reflecting superior visual comfort performance. This result is
significant given the smaller panel density, which implies material efficiency, structural simplicity,
and potentially lower cost.

What distinguishes Scenario 24 is its adaptive response: the auxetic geometry actively modulates
its aperture in response to solar incidence, controlling daylight penetration and glare
simultaneously. This responsiveness enables the system to maintain comfortable interior lighting
conditions without relying on mechanical systems or static external shading devices. Moreover,
the geometric transformation of the facade presents opportunities for aesthetic variability,
bioclimatic integration, and parametric customization for different climates or building
orientations.

These results validate the research hypothesis that auxetic structures can be effectively employed
in responsive fagade design to enhance visual comfort and daylight performance. Furthermore, this
study contributes to the evolving discourse on adaptive architecture by offering a novel application
of auxetic materials, bridging the gap between material behavior and occupant-centric
environmental performance.

5.Conclusion and Recommendations

This research successfully demonstrates how auxetic materials can transform responsive fagade
design to enhance daylight performance in office buildings. By merging parametric modeling with
structural and environmental simulations, the study reveals how auxetic geometries—with their
unique negative Poisson’s ratio—can passively adapt to sunlight, improving both energy efficiency
and occupant comfort.

The investigation tested 36 distinct panel configurations through a rigorous workflow combining
Rhino/Grasshopper for geometric design, Karamba3D for structural validation, and
Honeybee/Ladybug for daylight analysis. Key findings show that auxetic facades effectively
balance daylight provision and glare control. The standout configuration—4x6 panels at 90°
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actuation—achieved 79% UDI (daylight usability), 61.36% sDA (spatial daylight coverage), and
93.71% glare comfort, outperforming unshaded designs in visual comfort while maintaining
adaptive flexibility.

Structurally, the panels exhibited confirmed auxetic behavior, with Poisson’s ratios as low as -1.15,
proving their mechanical viability. This material-driven approach eliminates the need for complex
mechanical systems, offering a simpler, more sustainable path to dynamic shading.

However, challenges remain in scaling up production and testing real-world performance across
diverse climates. Future work should explore physical prototyping, cost-effective fabrication
methods, and integration with smart building systems.

By bridging material science and architecture, this research opens new possibilities for adaptive,
high-performance building envelopes. The results provide actionable insights for designers
seeking innovative solutions that prioritize both sustainability and human-centric environments,
marking a step forward in the evolution of responsive architecture.
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