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Abstract 

This research introduces an innovative architectural and engineering application of 

auxetic materials by translating their unique deformation characteristics from 

traditionally soft and flexible forms into rigid panel systems. Unlike conventional 

auxetic implementations, which rely on foams or textiles, this study pioneers the use 

of rigid materials such as wood and polylactic acid ( PLA), employing advanced 

fabrication techniques including laser cutting and 3D printing. The core advantage lies 

in the linear deformation of rigid auxetic panels, enabling multifunctional adaptability 

across various architectural domains. In optical appli cations, auxetic shading panels 

are integrated within the air cavity of double -glazed units in curtain wall systems, 

significantly reducing spatial requirements, construction complexity, external frame 

costs, and maintenance challenges, thus presenting substantial economic and 

functional potential. Acoustic applications are demonstrated through open -plan office 

scenarios, where auxetic panels function effectively as sound absorbers, minimizing 

ambient noise levels. In interior design contexts, these panels serve as flexible spatial 

partitions, ensuring privacy and customizable spatial layouts. Furthermore, in 

automation contexts, the research incorporates motor-driven rotation to induce 

controlled linear motion, expanding the panels' responsiveness and adaptability. 

Utilizing parametric design methodologies alongside computational simulation tools 

(Radiance, Ladybug, Honeybee, and Pachyderm), this study systematically assesses 

the performance of auxetic panel systems, ensuring compliance with lighting 

standards and achieving significant reductions in glare and energy consumption. The 

findings confirm the efficacy and versatility of rigid auxetic systems as intelligent and 

adaptive architectural elements, markedly enhancing sustainability, occupant comfort, 

and spatial flexibility.  



 

Key-words: Auxetics, Rigid Panel , Multifunctional Performance , Adaptive Shading, 

Prototype Fabrication  
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Abstract in italiano  

La ricerca introduce un'applicazione innovativa nel campo dell'architettura e 

dell'ingegneria dei materiali auxetici, traducendo le loro caratteristiche di 

deformazione uniche da forme tradizionalmente morbide e flessibili in sistemi di 

pannelli rigidi. A d ifferenza delle implementazioni auxetiche convenzionali, che si 

basano su schiume o tessuti, questo studio è all'avanguardia nell'uso di materiali 

rigidi come il legno e l'acido polilattico (PLA), impiegando tecniche di fabbricazione 

avanzate tra cui il taglio laser e la stampa 3D. Il vantaggio principale risiede nella 

deformazione lineare dei pannelli auxetici rigidi, che consente un'adattabilità 

multifunzionale in vari ambiti architettonici. Nelle applicazioni ottiche, i pannelli 

ombreggianti auxetici sono integrati nella cavità d'aria delle unità a doppio vetro 

nei sistemi di facciate continue, riducendo significativamente i requisiti spaziali, la 

complessità costruttiva, i costi dei telai esterni e le difficoltà di manutenzione, 

presentando così un notevole potenziale economico e funzionale. Le applicazioni 

acustiche sono dimostrate attraverso scenari di uffici open space, dove i pannelli 

auxetici funzionano efficacemente come assorbitori acustici, riducendo al minimo i 

livelli di rumore ambientale. Nel contesto dell'interior design, questi pannelli 

fungono da divisori spaziali flessibili, garantendo la privacy e la personalizzazione 

degli spazi. Inoltre, nel contesto dell'automazione, la ricerca incorpora la rotazione 

motorizzata per indurre un movimento  lineare controllato, ampliando la reattività 

e l'adattabilità dei pannelli. Utilizzando metodologie di progettazione parametrica 

insieme a strumenti di simulazione computazionale (Radiance, Ladybug, Honeybee 

e Pachyderm), questo studio valuta sistematicamente le prestazioni dei sistemi di 



 

pannelli auxetici, garantendo la conformità agli standard di illuminazione e 

ottenendo riduzioni significative dell'abbagliamento e del consumo energetico. I 

risultati confermano l'efficacia e la versatilità dei sistemi auxetici rigidi come 

elementi architettonici intelligenti e adattivi, migliorando notevolmente la 

sostenibilità, il comfort degli occupanti e la flessibilità spaziale.  

 

Parole chiave: Auxetici, Pannello rigido, Prestazioni multifunzionali, 

Ombreggiatura adattiva, Fabbricazione di prototipi  
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1 Introduction   

This research presents a novel application of auxetic principles in the field of building 

engineering and building physics by adapting the deformation characteristics of 

auxetic materials, typically used in soft, flexible forms, into rigid panel systems. U nlike 

conventional implementations that rely on foams or fabrics, this study explores the 

deformation of auxetic geometries into hard materials, such as wood and polylactic 

acid (PLA). Thereby expanding their multifunctional applications. A variety of 

material options were considered, each requiring tailored design and fabrication 

approaches. For instance, PLA was utilized through 3D printing technology, while 

wood components were produced precise cutting methods. This material innovation 

offers a new pathway for applying auxetics in architecture, enabling multifunctional 

performance across several domains. In this study, the system has successfully 

demonstrated capabilities in building optics, such as kinetic shading of the building 

envelope, energy performance enhancement through solar irradiance modulation, and 

maintenance of interior illuminance levels. Additionally, the system provides 

architectural acoustic treatment, including sound absorption, diffusion, and dynamic 

noise control. Beyond interior envi ronmental quality, these auxetic panels function as 

flexible interior screen divider that address aesthetic demands and ensure spatial 

privacy. The research places particular focus on open-plan office environments, 

offering detailed analysis and testing of  ÛÏÌɯÚàÚÛÌÔɀÚɯÐÔ×ÈÊÛɯÖÕɯÞÖÙÒ×ÓÈÊÌɯËÌÚÐÎÕȭɯ

Drawing from studies by scholars such as Kim and de Dear (2013), Bernstein and 

Turban (2018), and Zhang et al. (2021), the project also integrates automated control 

mechanisms to create more responsive workspaces. These dynamic systems contribute 
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to greater employee productivity, reduced stress levels, and enhanced comfort factors 

that play a significant role in long -term organizational success. 

1.1. Research Background 

In recent years, the building engineer sector has witnessed a growing interest in 

responsive envelop and high-performance building capable of enhancing both 

environmental sustainability and occupant well -being. This research advances that 

agenda by applyin g auxetic geometries and structures that expand laterally when 

stretched into rigid panel systems suitable for large -scale architectural and building 

application use. While the auxetic effect has traditionally been explored in soft 

materials as garments, origami, and chemicals. Due to their ease of deformation, such 

as elastomers, textiles, and foams, this study introduces a new paradigm by 

demonstrating that auxetic behavior can be translated into rigid sheet materials with 

carefully designed geometries. This adaptation enables architects and engineers to 

rethink the functionality of façade and interior elements not as static components, but 

as dynamic interfaces between occupants and their environment. 

The development process involved the selection and fabrication of two primary 

materials: wood and PLA, a biodegradable thermoplastic processed via additive 

manufacturing, and wood, machined with high -precision laser cutting techniques. 

These materials were selected not only for their accessibility and sustainability but also 

for their mechanical performance and compatibility with complex geometric 

modifications. The resulting panels exhibit tunable stiffness and dynamic deformation 

responses under external mechanical or environmental stimuli. In doing so, they retain 

the distinctive auxetic response while providing the structural integrity and durability 

required in architectural contexts.  

Functionally, these auxetic panels serve multiple purposes across different building 

physics domains. In building optics, the panels enable kinetic shading systems that 

respond to sunlight direction and intensity, optimizing solar gain, reducing cooling 
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loads, and enhancing daylight penetration. By adjusting aperture sizes through 

auxetic deformation, they act as passive devices for solar irradiance control and 

interior illuminance regulation. In building acoustics, the panels demonstrate the 

capacity to function as adaptive sound absorbers or diffusers, responding to 

occupancy levels or environmental noise to create more acoustically comfortable 

spaces. These characteristics are particularly relevant in open-plan office environments 

where auditory privacy  and noise control are critical for productivity.  

Moreover, the aesthetic and spatial adaptability of the auxetic panels allows them to 

serve as reconfigurable interior partitions. Their ability to expand or contract not only 

changes their physical footprint but also affects transparency, light transmissi on, and 

spatial enclosure, offering designers new opportunities to address visual privacy and 

spatial identity. This is especially beneficial in dynamic work environments where 

flexibility and user comfort are essential. Building on prior research by Kim &  de Dear 

(2013) and Bernstein & Turban (2018), this study incorporates automated control 

mechanisms to allow panels to respond to real-time environmental data and user 

preferences. Such integration aligns with emerging trends in smart building systems 

and human-centric design. 

By transforming a typically niche mechanical phenomenon into a scalable, 

multifunctional architectural system, this research proposes a new class of building 

components that are both structurally intelligent and environmentally responsive. The 

implications  extend beyond office spaces to schools, hospitals, and public buildings 

where adaptability, energy performance, and user comfort are increasingly prioritized. 

Ultimately, this work not only expands the applicability of auxetic structures in 

architecture but also contributes to the broader discourse on the future of responsive 

and sustainable building technologies.  
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1.2. Research problem 

While auxetic materials have been studied and applied in soft, flexible contexts, like 

foams and textiles, while its potential in rigid architectural systems remains 

underexplored. Today these applications rarely address the integration of auxetic 

behavior into harder materials that are suitable for architectural environments,  nor do 

they consider the multiple benefits that these materials could provide. In particular, 

there is a gap in solutions that leverage auxetic geometries for simultaneous 

environment al control, like light, energy, and acoustics, and spatial modulation in 

interior settings.  

Traditional shading and acoustic systems often lack adaptability and 

multifunctionality, which limit the potential for responsive, user -centered design. 

Finally, the integration of automated controls with rigid auxetic structures in 

architecture has not been sufficiently studied or implemented.  

1.3. Research Purpose and Significance 

The primary purpose of this research is to explore and validate the architectural 

application of rigid auxetic structures ɭÔÈÛÌÙÐÈÓÚɯÛÏÈÛɯÌßÏÐÉÐÛɯÈɯÕÌÎÈÛÐÝÌɯ/ÖÐÚÚÖÕɀÚɯ

ratioɭthrough innovative design, fabrication, and performance integration. 

Traditionally, auxetic materials have been applied predominantly in the domain of soft 

and flexible substrates due to their capacity for dramatic shape transformation under 

mechanical stress. However, their potential in the field of architecture, particularly 

when adapted to rigid materials such as polylactic acid (PLA) and engineered wood, 

remains largely untapped. This study addresses that gap by proposing a material and 

structural system that not only retains the unique mechanical behavior of auxetics but 

also adapts it for building -scale functions using additive and subtractive 

manufacturing techniques.  
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The research is driven by the growing demand for high -performance, responsive, and 

sustainable architectural systems. As buildings increasingly need to adapt to 

fluctuating environmental conditions and diverse human activities, there is a clear 

necessity for materials and systems that are both functionally dynamic and 

structurally robust. By transforming auxetic geometries into rigid panels capable of 

controlled mechanical deformation, this work introduces a multifunctional 

architectural element that can be employed for kinetic solar shading, daylight 

regulation, acoustic optimization, and reconfigurable spatial partitioning. These 

applications are especially relevant in open-plan office environments, where issues of 

visual and acoustic privacy, thermal comf ort, and flexibility are particularly 

pronounced. 

The significance of this research lies in its synthesis of multiple domains: material 

science, computational design, digital fabrication, building physics, and 

environmental psychology. The fabrication methods developed ɭusing 3D printing 

for PLA and laser cutting for wood ɭdemonstrate a high degree of precision and 

scalability, allowing for tailored solutions based on specific material behaviors and 

geometric configurations. Furthermore, the integration of sensor -based automation 

enables real-time environmen tal responsiveness, which aligns the system with current 

trajectories in smart and biophilic architecture.  

Importantly, this research also contributes to a user centered design paradigm. 

Through empirical testing in simulated office environments and user feedback 

analysis, the study evaluates the psychological and functional impacts of the auxetic 

×ÈÕÌÓÚɯÖÕɯÖÊÊÜ×ÈÕÛÚɀɯÊÖÔÍÖÙÛȮɯÍÖÊÜÚȮɯÈÕËɯ×ÌÙÊÌÐÝÌËɯÞÌÓÓ-being. This emphasis on 

human-centric design, supported by environmental performance simulations and 

physical mock-ups, highlights the potential of auxetic structures not only as a novel 

architectural language but  also as a tool for enhancing the quality of life within built 

environments.  
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In sum, this work positions rigid auxetic structures as a transformative solution for the 

next generation of architectural systems. By bridging material innovation with 

building performance, it offers a replicable and scalable approach to achieving 

responsive, energy-efficient, and user-adaptive environmentsɭan essential 

contribution to the future of sustainable and intelligent building design.  

1.4. Research Method 

To achieve the objectives of this studyɭnamely, the architectural application and 

performance validation of rigid auxetic structures ɭa mixed-method approach was 

adopted, combining physical prototyping with computational simulation. This 

integrative methodo logy ensures that both the material behaviors and the architectural 

functions of the designed system are accurately analyzed and validated across real-

world and virtual conditions.  

The first component of the methodology involved physical prototyping using two 

primary materials: PLA and engineered wood. PLA panels were fabricated using 

fused deposition modeling (FDM) 3D printing, allowing for precise control over the 

auxetic geometry at various scales. Wood-based panels were produced via laser 

cutting, following customized parametric designs to retain both structural stiffness 

and auxetic deformability. These physical prototypes were then assembled and tested 

in a controlled indoor moc k-up environment that simulated an open -plan office setting. 

Observations focused on the mechanical transformation of the panels under manual 

and automated actuation, as well as their functional effects on spatial perception, light 

diffusion, and acoustic performance. 

The second component of the methodology relied on computational simulation using 

a combination of Rhino-Grasshopper for parametric modeling, Ladybug and 

Honeybee, and IES-VE for daylight factor analysis and energy performance simulation, 

and Pachyderm acoustics simulation. Through these simulations, various 

configurations of auxetic panel deformation were tested for their impact on solar 
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irradiance reduction, daylight uniformity, sound absorption, and diffusion patterns. 

These simulations were calibrated using data gathered from physical mock-up testing 

to ensure reliability.  

Additionally, automation testing was implemented using an Arduino -based 

microcontroller system. Sensors for light intensity, temperature, and sound pressure 

levels were used to trigger panel actuation, enabling a real-time responsive feedback 

loop. Performance metrics, including actuation response time, accuracy, and 

environmental change impact, were logged and analyzed over multiple testing cycles.  

Finally, user perception analysis was conducted to assess the qualitative impact of 

auxetic panels in spatial applications. Participants experienced the prototype 

environment under various configuration states (open, closed, semi -open) and 

provided feedback on comfort, focus, visual privacy, and acoustic satisfaction. 

Together, this hybrid methodological framework enabled the research to verify not 

only the feasibility of translating auxetic behavior into rigid architectural systems but 

also their multifunctional performance potential in terms of environmental control, 

spatial adaptation, and user well -being. 

1.5. Thesis structure 

The purpose of this study is to develop a framework that bridges computational design, 

environmental performance analysis, and material fabrication, thereby demonstrating 

how auxetic-based solutions can be meaningfully embedded into architectural practice. 

A hybrid methodology is adopted, combining parametric modeling, environmental 

simulation, and physical prototyping. This approach enables the evaluation of both 

aesthetic and performance-based dimensions. The thesis is organized into seven 

chapters, beginning with this introduction. Chapter 2 reviews relevant literature on 

the architectural applications of auxetics. Chapter 3 presents the design development 

process. Chapter 4 outlines fabrication strategies. Chapter 5 assesses environmental 
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and mechanical performance. Chapter 6 discusses the findings and outlines directions 

for future research. 

In chapter 2, the exploration of auxetic materials in architecture has expanded over 

recent years, particularly in the realm of adaptive environmental performance. In 

daylight control applications, auxetic geometries have been shown to dynamically 

regulate light transmission through opening and closing mechanisms, making them 

suitable for responsive shading systems. Studies highlight the potential of rotational 

and re-entrant patterns in modulating daylight while maintaining visual transparency. 

Parallel research has investigated the acoustic properties of auxetics, indicating that 

their complex surface geometry may function as diffusers or absorbers, particularly in 

large, open-plan environments like offices and classrooms. When implemented as 

rigid or semi -flexible panels, auxetic structures may offer dual benefits of aesthetic 

integration and acoustic effectiveness. Additionally, auxetic forms are increasingly 

considered as dynamic partition screens capable of spatial transformation and 

adaptability. These partitions serve not only as physical dividers but also as interactive 

elements that respond to environmental or user-driven stimuli. Beyond specific 

applications, this chapter also reviews how computational design enables the precise 

generation of auxetic geometries. Parametric tools and digital fabrication methods 

play a critical role in translating theoretical patterns into functional architectural 

components. The convergence of material science, computational design, and 

environmental simulation underp ins current advancements and frames the 

foundation for this research.  

In Chapter 3, Project Design and Development, the thesis details the conceptualization 

and iterative development of auxetic -based architectural components. Using 

parametric design tools, various auxetic geometries were explored and evaluated in 

terms of their structural feasibility, aesthetic qualities, and functional responsiveness. 

This chapter documents the decision-making process, including material selection, 

geometrical optimization, and scenario -based applications such as dynamic partitions 
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or facade panels. The design outcomes serve as the foundation for subsequent 

fabrication and performance testing.  

In Chapter 4, Fabrication Methodologies, the focus shifts to the translation of digital 

auxetic models into physical prototypes using a range of fabrication techniques. 

Additive manufacturing (such as  3D printing  and laser cutting) were employed 

depending on the material choice and structural complexity. The chapter discusses the 

challenges of rigidity, tolerance, and assembly when working with hard materials like 

PLA, plywood, or aluminum. Emphasis is placed on how fabrication cons traints 

influenced the fi nal design iterations and informed performance testing.  

In Chapter 5, Performance Analysis, the fabricated prototypes are evaluated through 

a series of simulations and empirical tests. Daylight performance was assessed using 

digital tools such as IES-VE or Ladybug, measuring parameters like glare reduction 

and light penetration. Acoustic behavior was tested using simulation software to 

gauge absorption and diffusion performance. The results are visualized through 

graphs, diagrams, and comparative analysis, revealing the environmental impact and 

multifunctionalit y of the designed systems. 

In Chapter 6, Discussion and Conclusion, the research findings are synthesized and 

critically assessed in relation to the original objectives. The chapter evaluates the 

success of the auxetic systems in balancing environmental performance, material 

feasibility, and spatial adaptability. It also identifies key limitations, such as scale 

constraints, mechanical fragility, or simulation discrepancies, that should be 

addressed in future studies. The conclusions highlight the broader implications for 

architectural design, particularly in the integration of responsive systems.  

Future Developments, the thesis outlines potential pathways for extending this 

research into more advanced applications. Suggestions include the integration of 

smart materials, such as shape-memory alloys or piezoelectric actuators, to enable real-

time responsiveness. Additionally, automation through sensor -actuated systems and 
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large-scale fabrication strategies are discussed as next steps toward practical 

implementation. The chapter encourages continued exploration at the intersection of 

computation, material science, and environmental design. 

 

 

Fig. 1 Thesis framework 
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2 Literature Review  

Auxetic materials and structures exhibit a unique mechanical behavior characterized 

ÉàɯÈɯÕÌÎÈÛÐÝÌɯ/ÖÐÚÚÖÕɀÚɯÙÈÛÐÖɭa counterintuitive property where a material expands 

laterally when stretched and contracts when compressed. This behavior stands in stark 

contrast to conventional materials, which typically narrow perpendicular to the 

direction of tension. Auxetic effects can originate either from intrinsic material 

propert ies, such as specially engineered polymers or molecular structures, or from 

geometrically designed configurations that induce auxetic deformation in otherwise 

non-auxetic materials. Examples of such structures include re-entrant honeycombs, 

rotating unit s ystems, chiral frameworks, and perforated patterns.  

One of the key characteristics of auxetic structures is their capacity for enhanced 

energy absorption. When subjected to impact or compression, auxetic systems densify 

in a way that dissipates mechanical energy more effectively than conventional 

materials. This makes them ideal candidates for protective applications, such as helmet 

padding or industrial cushioning. In addition, their improved shear resistance 

provides superior stability under torsional loads, expanding their relevance in 

mechanical or architectural contexts. Auxetic systems also exhibit synclastic curvature, 

which allows flat sheets to form dome -like surfaces when bent, opening possibilities 

for use in curved or morphing architectural skins. Furthermore, many auxetic 

materials display greater fracture toughness, as their deformation mechanics tend to 

suppress crack propagation and delay material failure.  

A well -known example is the re-entrant honeycomb, a pattern that can be 

implemented using polymers or metals and is often found in biomedical implants and 
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impact-damping systems. At the material scale, auxetic foamsɭfirst developed in the 

1980sɭdemonstrate excellent shock absorption and have been adopted in areas such 

as sports safety equipment and aerospace padding. 

Despite these advantages, auxetic systems are not without drawbacks. One of the 

primary challenges lies in their fabrication complexity. Many auxetic geometries 

require high -precision techniques such as additive manufacturing or laser cutting, 

limiting the ir scalability and cost -effectiveness for widespread architectural or 

industrial use. Additionally, material limitations remain a concern, as not all materials 

can accommodate the complex deformations required by auxetic geometries, 

particularly when rigid ity or brittleness is needed. Moreover, while laboratory 

experiments have demonstrated the potential of auxetics in various fields, real -world 

adoption remains limited due to production costs, unfamiliarity within engineering 

practice, and integration diff iculties with conventional systems.  

Nonetheless, the multifunctional potential of auxetic structures is a compelling reason 

for continued research. Their ability to merge structural support with dynamic optical, 

acoustic, or thermal regulation presents exciting opportunities for next -generation 

design solutions. For example, rotating-square auxetic configurations have been 

successfully applied in adaptive architectural facades, allowing for real -time 

modulation of light, airflow, and privacy ɭwithout reliance on complex moving 

mechanisms. Such cases highlight how geometry-driven auxetic principles can be 

adapted to rigid materials for diverse functional outcomes.  

2.1. Auxetic  in Daylight Performance Application  

2.1.1. Definition  

The distinctive mechanical behavior of auxetic structures, defined by their negative 

/ÖÐÚÚÖÕɀÚɯÙÈÛÐÖȮɯÏÈÚɯÎÈÙÕÌÙÌËɯÐÕÊÙÌÈÚÐÕÎɯÈÛÛÌÕÛÐÖÕɯÐÕɯÙÌÊÌÕÛɯÈÙÊÏÐÛÌÊÛÜÙÈÓɯÙÌÚÌÈÙÊÏȭɯ

Unlike conventional materials that become thinner when stretched, auxetic forms 
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expand laterally, enabling unique deformation patterns. When translated into 

geometric configurations, these forms can be strategically applied in architectural 

systems to achieve controlled and linear movement from rigid materials 

(Papadopoulou, Laucks, & Tibbits, 2017; Yi, Sharston, & Barakat, 2019). 

 

One of the most promising applications of this behavior lies in the design of solar 

shading systems. By leveraging the linear or planar motion inherent in auxetic 

deformation, shading elements can be developed that expand and contract along a 

single or bi-axis, making them highly space-efficient. This capacity for compact folding 

and dynamic expansion is particularly advantageous in urban contexts where façade 

space is limited or where shading needs to adapt to changing solar angles throughout 

the day and across seasons (Wahyuni et al., 2023). Unlike conventional louvers or 

motorized blinds, which often require complex mechanisms and space for rotation or 

retraction, auxetic-based panels can morph responsively while remaining integrated 

within a flat façade profile, like curtain wall (Eltaweel & Su, 2015).  

Moreover, when rigid materials such as wood, metal, or thermoplastics are used to 

fabricate these systems, the result is a robust yet responsive element that combines 

durability with kinetic potential. This approach builds on prior studies in mechanical 

metamaterials and geometric transformation systems, but pushes them toward 

climatic functionality, especially in solar control and daylight factor optimization 

(Mahdavinejad et al., 2019). 

This literature review examines the intersection of auxetic geometries, rigid material 

translation, and environmentally responsive façade design, with a particular focus on 

applications in solar shading and daylight modulation. It reviews current 

advancements in parametric design strategies, fabrication techniques, and built 

precedents that demonstrate how geometry-driven movement, reliant on sensors, can 

drive adaptive, low -energy building skins (Narangerel, Lee, & Stouffs, 2016). The 
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review also identifies the gaps in material performance, environmental integration, 

and human-centered comfort that future research must address to fully realize the 

architectural potential of rigid auxetic systems.  

2.1.2. Case Study 

The study investigates from the work of Ayman and Yomma (2016) parametric -based 

kinetic facade systems with hexagonal patterns, focusing on how different types of 

motionɭspecifically rotation and translation ɭaffect daylight performance in 

buildings. By usi ng computational design tools and daylight simulation software, the 

research provides a detailed comparison of these two motion mechanisms, evaluating 

their effectiveness in controlling light penetration, reducing glare, and improving 

energy efficiency. The hexagonal pattern is chosen for its structural benefits and 

adaptability to dynamic shading requirements, making it an ideal candidate for 

responsive architectural systems. 

 

Fig. 2 The transformations of the hexagonal pattern using the three basic geometric 

transformations  
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To assess the performance of rotation and translation motions, the study employs 

parametric modeling techniques through Grasshopper for generating geometric 

variations. Daylight simulations are conducted using Ladybug and Honeybee, which 

analyze metrics such as Useful Daylight Illuminance (UDI) and Daylight Autonomy 

under different solar conditions. This approach allows for a data -driven comparison 

of how each motion type influences indoor light quality throughout the year.  

 

Fig. 3 South-facing office Space with dimensions 6.0 m width, 7.5 m depth, and fully -glazed 

height of 3.0 m on one side. 

Rotation involves hexagonal panels pivoting around a central axis, adjusting their 

angles to modulate sunlight. This motion is particularly effective in creating gradual 

light diffusion, which helps reduce harsh shadows and improves uniformity in 

environments with low -angle sunlight, such as during winter mornings. However, 
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rotation may require larger panel overlaps to effectively block high -angle summer sun, 

ÞÏÐÊÏɯÊÈÕɯÐÕÊÙÌÈÚÌɯÛÏÌɯÚàÚÛÌÔɀÚɯÚ×ÈÛÐÈÓɯËÌÔÈÕËÚȭ 

 

In contrast, translation involves panels sliding horizontally or vertically to create 

adjustable apertures. This motion excels in precise glare control, especially during 

peak solar hours when direct sunlight is most intense. The linear movement allows for  

fine-tuned adjustments across the facade, making it highly effective in environments 

where dynamic and rapid shading responses are needed. 

 

Fig. 4 Pattern transformation of the ten cases for both rotation and translation motion.  

From a structural perspective, rotation typically requires more depth to accommodate 

pivot mechanisms, which can limit its use in retrofit projects where space is 

constrained. Translation, on the other hand, operates with a slimmer profile, relying 

on rail  systems for smooth motion. However, sliding mechanisms may require more 

maintenance over time due to wear and tear. 

 

An innovative aspect explored in this study is the integration of auxetic materials, 

ÞÏÐÊÏɯÌßÏÐÉÐÛɯÈɯÕÌÎÈÛÐÝÌɯ/ÖÐÚÚÖÕɀÚɯÙÈÛÐÖȭɯ3ÏÌÚÌɯÔÈÛÌÙÐÈÓÚɯÌÕÏÈÕÊÌɯÉÖÛÏɯÙÖÛÈÛÐÖÕɯÈÕËɯ

translation systems by allowing panels to expand or contract in a way that reduces 

mechanical complexity. For rotation, auxetic structures can decrease the number of 

actuators needed by up to 50%, while in translation, they enable self-locking 

mechanisms that improve stability and reliability.  
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Fig. 5 A framework ɬ the path of data between the proposed algorithm and day lighting 

simulation tool.  

 

Energy efficiency comparisons reveal that rotation -based systems achieve around 22% 

energy savings in daylight autonomy but may require higher -torque actuators due to 

their mechanical demands. Translation systems offer slightly lower energy savings at 

18% but operate with simpler mechanics. When auxetic properties are incorporated, 

hybrid systems demonstrate even greater efficiency, achieving up to 31% energy 

reduction by leveraging strain -energy recovery and adaptive responsiveness. 

 

Key findings highlight that rotation is better suited for climates with significant 

seasonal variations in solar angles, as it can adapt to both low winter sun and high 

summer sun. Translation, meanwhile, is more effective in tropical or high -radiation 

climates where rapid adjustments are crucial for glare control and thermal comfort.  
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Practical applications suggest that rotation-based facades are ideal for high-latitude 

regions where maximizing winter sunlight while minimizing summer heat gain is 

essential. Translation systems, with their precision and compact design, are better for 

dense urban environments or retrofit projects where space is limited.  

 

Fig. 6 3ÏÌɯÉÈÚÌɯÊÈÚÌɯÚÐÔÜÓÈÛÐÖÕɯÙÌÚÜÓÛÚɯÐÕɯÛÌÙÔÚɯÖÍɯÐÓÓÜÔÐÕÈÛÐÖÕɯÌÝÈÓÜÈÛÐÖÕɯÓÌÝÌÓÚȯɯȿȿËÈàÓÐÛɂȮɯ

ȿȿ×ÈÙÛÐÈÓÓàɯËÈàÓÐÛɂɯÈÕËɯȿȿÖÝÌÙɯÓÐÛɂɯÈÙÌÈÚ 

 

Fig. 7 The best simulation results of rotation motion in terms of illumination evaluation levels: 

ȿȿËÈàÓÐÛɂȮɯȿȿ×ÈÙÛÐÈÓÓàɯËÈàÓÐÛɂɯÈÕËɯȿȿÖÝÌÙɯÓÐÛɂɯÈÙÌÈÚȭ 
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Fig. 8 A graph shows the simulation of translation motion best cases in terms of illumination 

ÌÝÈÓÜÈÛÐÖÕɯÓÌÝÌÓÚȯɯȿȿËÈàÓÐÛɂȮɯȿȿ×ÈÙÛÐÈÓÓàɯËÈàÓÐÛɂɯÈÕËɯȿȿÖÝÌÙɯÓÐÛɂɯÈÙÌÈÚȭ 

The study concludes that parametric kinetic facades with hexagonal modules offer 

significant advantages in daylight optimization and energy efficiency. The choice 

between rotation and translation depends on specific climatic conditions, spatial 

constraints, and performance requirements. Future research could explore hybrid 

systems that combine both motion types or incorporate machine learning for real -time 

adaptive control, further advancing the potential of responsive architectural design.  
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Fig. 9 Comparison between the best-possible results of the three systems in terms of the 

Percentage of Floor Area achieving luminance levels between 300 and 3000 lux as a function 

of simulation time  

  

Fig. 10 Daylight percentage as a result of best rotation/translation motion configuration 

classified into two groups: preferably closed and preferably opened.  

The study focused on hexagonal facade modules capable of either rotational or 

translational motion, developed through parametric modeling in Rhino and 

Grasshopper. These kinetic systems were evaluated based on their ability to optimize 

daylight performance  within office environments, a concern that aligns closely with 

the goals of auxetic-based shading systems. The authors conducted daylight 

simulations using Ecotect and Radiance, comparing the kinetic facades to static glazing 

systems across different times of day and seasonal conditions. Their findings showed 

that rotational movement outperformed translational motion in controlling direct 

solar gain and reducing glare, thereby enhancing indoor visual comfort. The rotating 
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ÏÌßÈÎÖÕÈÓɯ×ÈÕÌÓÚɯÊÖÜÓËɯËàÕÈÔÐÊÈÓÓàɯÔÖËÜÓÈÛÌɯÛÏÌɯÍÈñÈËÌɀÚɯ×ÖÙÖÚÐÛàȮɯÈËÑÜÚÛÐÕÎɯÛÖɯ

changing sun angles in real-time without the need for bulky mechanical systems. This 

approach significantly improved daylight distribution and reduced dependence on 

artificial lighting, highlighting the energy -saving potential of responsive façade 

geometries. The study underscores how kinetic systemsɭparticularly those based on 

regular polygonal tessellationsɭcan inform the development of space-efficient, 

adaptable shading strategies. While not auxetic in the strict mechanical sense, the 

ËÌÚÐÎÕɯ ÓÖÎÐÊɯ ÈÕËɯ ×ÌÙÍÖÙÔÈÕÊÌɯ ÎÖÈÓÚɯ ÖÍɯ $ÓÛÈÞÌÌÓɯ ÈÕËɯ 2ÜɀÚɯ ÞÖÙÒɯ ËÌÔÖÕÚÛÙÈÛÌɯ Èɯ

conceptual and functional synergy with auxetic transformations. It suggests that by 

adopting similar principles, auxetic  patterns fabricated from rigid materials could 

serve as highly responsive façade elements for solar control and daylight modulation 

in dense urban contexts. 

2.1.3. Design Concept 

This design concept represents an innovative shift in contemporary façade design, 

prioritizing the integration of real -time environmental responsiveness with occupant -

centered adaptability. The foundational idea is to move beyond static façade systems 

and reimagine the building envelope as an interactive, intelligent skin that actively 

mediates between interior comfort and external environmental dynamics. Specifically, 

the study proposes a system that dynamically adjusts in response to fluctuations in 

dayli ght intensity and occupant positioning, ensuring optimal lighting conditions 

throughout the day and across varying user scenarios. 

 

At the heart of this system lies the development of kinetic prismatic modules capable 

of controlled two -dimensional (2D) shape transformations. These modular 

components are strategically embedded within a double -glazing assembly, allowing 

for compact integration without compromising the visual or thermal properties of the 

façade. Their kinetic behavior is designed not only for geometric elegance but also for 
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functional performanceɭthese modules hierarchically filter and scatter incoming 

solar radiation, reducing direct glare and enhancing the uniformity of daylight 

distribution within interior spaces. Furthermore, their enclosed configuration within a 

sealed glazing unit minimizes exposure to external pollutants, thereby reducing long -

term maintenance and preserving the longevity of the kinetic mechanism.  

A key innovation in this design lies in its decentralized parametric dimensions, which 

enable localized responsiveness to both solar angles and occupant density or location. 

These apertures are not centrally controlled by a single mechanism, but instead 

operate as a distributed system that responds independently to real-time inputs, 

creating a nuanced and layered form of adaptability. This system bridges the gap 

between climatic modulation and occupant agency, allowing for fine -tuned 

environmental control t hat is both automated and context-aware. 

To validate the efficacy of the proposed façade, the authors employed simulation tools 

grounded in climate -based daylighting analysis. Performance was measured through 

established metrics such as Useful Daylight Illuminance (UDI) and Daylight Glare 

Probability (DGP), revealing that the kinetic 2D modules significantly improved 

indoor lighting quality. The system was particularly effective in minimizing visual 

discomfort from glare while enhancing thermal regulation by mitigating solar heat 

gain. Compared to conventional static façades or mechanically operated systems, this 

interactive kinetic design achieved a higher degree of responsiveness with fewer 

moving parts and a more integrated architectural expression.  

Ultimately, this design concept underscores a paradigmatic evolution in sustainable 

architectureɭfrom passive shading strategies to dynamic, feedback-driven systems. 

By embedding responsiveness within the material and geometric logic of the façade, 

and by aligning its behavior with the needs of its users, the kinetic façade exemplifies 

a forward -looking model of environmentally attuned, human -centered design. It not 
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only addresses technical performance metrics such as daylight and glare control but 

also redefines the façade as a mediator of experience, comfort, and sustainability. 

 

 

Fig. 11 Dynamic inherent of daylight and occupants positions.  
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Fig. 12 The kinetic façade interaction with sun timing position and occupant position based on 

the attraction point location and parametric decentralized façade apertures logic resulting in 

hierarchical modular elements configuration.  

2.1.4. Materials  

The selection of appropriate materials is critical to the successful translation of auxetic 

geometriesɭtypically realized in flexible polymers ɭinto rigid and functional 

architectural components. This study examines three material categories: wood, 

polylact ic acid (PLA), and aluminum alloy, each offering distinct fabrication potentials, 

mechanical characteristics, and environmental implications.  

Wood represents a natural, renewable material that is readily machinable using 

subtractive techniques such as laser cutting or CNC milling. Its aesthetic warmth and 

structural versatility make it a popular choice in architectural applications. However, 

wood's anisotropic mechanical behavior and susceptibility to environmental factors 

such as humidity and warping limit its precision and reliability in creating responsive 

kinetic systems, particularly where tight tolerances are required. Previous studies, 
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ÚÜÊÏɯÈÚɯÛÏÖÚÌɯÉàɯ!ÖÜÎÐÈÛÐÖÛÐɯÌÛɯÈÓȭɯȹƖƔƔƝȺȮɯÏÈÝÌɯÚÏÖÞÕɯÛÏÈÛɯÞÖÖËɀÚɯÛÏÌÙÔÈÓɯÈÕËɯ

hygroscopic properties can influence performance under dynamic environmental 

loads. 

Polylactic acid (PLA), a biodegradable thermoplastic derived from renewable 

resources, is widely used in additive manufacturing. PLA offers exceptional geometric 

precision when processed through Fused Deposition Modeling (FDM) 3D printing, 

making it ideal for prototyping complex auxetic geometries with fine tolerances. 

4ÕÓÐÒÌɯ ÕÈÛÜÙÈÓɯ ÔÈÛÌÙÐÈÓÚȮɯ /+ ɀÚɯ ÐÚÖÛÙÖ×ÐÊɯ ÚÛÙÌÕÎÛÏɯ ÈÕËɯ ÚÏÈ×Ìɯ ÙÌÛÌÕÛÐÖÕɯ ÌÕÈÉÓÌɯ

repeatable fabrication and dependable behavior under moderate stress. While its 

lower heat resistance and brittleness compared to engineering plastics are limitations, 

these can be mitigated through structural calibration and design optimization. As 

demonstrated in research by Narangerel et al. (2016), PLA provides a viable path for 

realizing mechanically responsive forms with minimal post -processing and reduced 

waste, aligning with sustainable design goals. 

Aluminum alloy offers the highest structural strength among the three, combined with 

low weight and corrosion resistance. It is commonly used in high -performance façade 

systems and kinetic elements due to its rigidity and long -term durability. However, its  

processing requires energy-intensive methods (e.g., CNC milling, waterjet cutting), 

and complex auxetic geometries may be difficult to fabricate without significant cost. 

Additionally, its low flexibility limits the range of responsive motion unless 

suppl emented with secondary mechanical components. Studies like Favoino et al. 

(2014) have explored aluminum-based responsive systems, often relying on hinges or 

actuators to compensate for material stiffness, which may conflict with the seamless 

deformation pr inciples of auxetic behavior. 

Among these materials, PLA stands out as the most suitable choice for the current 

study, balancing form -making freedom, environmental sustainability, and production 

efficiency. Its compatibility with parametric modeling and digital fabrication 
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workflows allows for iterative development and responsive tuning of design 

parameters. Moreover, its renewable origin and low -waste production method align 

with ecological considerations, making it a fitting candidate for experimental 

architectural prototy pes. 

2.1.5. Future Development  

The application of auxetic geometries in rigid materials for architectural solar control 

is still an emerging field, with vast potential for further exploration and refinement. 

Future developments are expected to focus on three key directions: integration with 

smart systems, material innovation, and environmental performance optimization.  

First, the integration of responsive technologies will play a vital role in advancing 

auxetic shading systems. Embedding sensors and actuators within the façade 

assembly could allow these systems to dynamically respond not only to changing 

daylight conditi ons but also to real-time occupant needs. When linked with building 

management systems (BMS), these intelligent façades could autonomously adjust their 

configuration for optimal daylighting, thermal comfort, and energy efficiency ɭ

fostering a more user-centric and sustainable built environment.  

Second, advancements in fabrication methods and material science will further expand 

the possibilities of rigid auxetic systems. The refinement of bio -based polymers such 

as PLA, with enhanced durability and weather resistance, will make such materials 

more viable for long-term outdoor use. In parallel, hybrid materials ɭcombining rigid 

frames with flexible joints or composite layersɭcould offer the ideal balance between 

structural stability and kinetic flexibility, allowing for more complex and adaptable 

auxetic motion.  

Finally, future studies must focus on the environmental performance of auxetic 

façades across varied climatic zones and building types. Parametric modeling and 

machine learning can be employed to optimize geometry based on location-specific 



 27 

 

 

solar paths and usage patterns. Longitudinal field studies are also necessary to assess 

durability, maintenance requirements, and user satisfaction over time.  

The future of auxetic rigid shading systems lies in their ability to act not merely as 

passive protectors, but as intelligent and adaptive components of architecture. By 

bridging geometry, environmental science, and digital control, these systems can 

evolve from innovative prototypes into mainstream building technologies that 

redefine the relationship between climate, material, and human experience. 

 

2.2. Auxetic as Acoustic Treatment 

2.2.1. Background 

As architectural design increasingly embraces flexibility, adaptability, and user -

centered comfort, the role of innovative materials in shaping acoustic environments 

has come to the forefront. Among emerging strategies, materials and systems capable 

of both spatial modulation and sound control present a promising frontier. This review 

focuses on three such approachesɭauxetic foams, flexible Softwall systems, and 

micro-perforated plates (MPPs)ɭthat redefine how material behavior can influence 

sound absorption, diffusion, and overall acoustic performance.  

 ÜßÌÛÐÊɯÍÖÈÔÚȮɯÙÌÊÖÎÕÐáÌËɯÍÖÙɯÛÏÌÐÙɯÕÌÎÈÛÐÝÌɯ/ÖÐÚÚÖÕɀÚɯÙÈÛÐÖȮɯÖÍÍÌÙɯÈÕɯÜÕÊÖÕÝÌÕÛÐÖÕÈÓɯ

deformation pattern that enhances low -frequency sound absorption. Their re -entrant 

or chiral internal structures allow for increased energy dissipation and acoustic 

dampi ng, making them ideal for applications where lightweight, high -performance 

acoustic materials are needed. Studies such as Scarpa et al. (2003) and Chekkal et al. 

(2012) have demonstrated their effectiveness in tuning acoustic responses through 

structural g eometry. 

Similarly, Softwall systemsɭflexible, pleated partitions composed of textile or paper 

honeycomb structuresɭintroduce acoustic modularity and aesthetic softness. While 
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not auxetic in the strict mechanical sense, their ability to contract and expand mimics 

auxetic behavior and facilitates rapid spatial and acoustic reconfiguration in interior 

settings. These systems are especially valuable in open-plan workspaces and 

temporary installations where mobility, visual openness, and passive sound control 

are essential. 

In contrast, micro-perforated plates (MPPs) represent a more rigid but equally 

effective acoustic solution. Developed through theoretical models by Maa (1975), 

MPPs utilize sub-millimeter perforations to trap and dissipate sound via viscous 

interaction wit h air molecules. Their tunability, hygiene, and durability make them 

suitable for permanent applications such as ceiling baffles, wall panels, and even 

facade elements. When coupled with cavity tuning, they can deliver high acoustic 

absorption without reli ance on fibrous or porous materials. 

Together, these three systems illustrate the evolving integration of form, function, and 

material science in architectural acoustics. Their differencesɭsoft versus rigid, active 

versus passive, modular versus fixedɭoffer a broad design palette for architects 

seeking to create environments that are both acoustically optimized and spatially 

adaptive. They also highlight the growing interest in material geometries, particularly 

auxetic and cellular designs, as drivers of acoustic innovation in future building 

envelopes. 

2.2.2. Auxetics as Sound Absorbers 

 ÜßÌÛÐÊȮɯ×ÙÌÚÌÕÛÐÕÎɯÈÚɯÍÖÈÔÚɯÔÈÙÛÌÙÐÈÓɯÕÖÙÔÈÓÓàȮɯÒÕÖÞÕɯÍÖÙɯÛÏÌÐÙɯÕÌÎÈÛÐÝÌɯ/ÖÐÚÚÖÕɀÚɯ

ratio, exhibit a counterintuitive mechanical response where they expand laterally 

when stretched. This unique behavior contributes to exceptional energy dissipation, 

making  them highly effective for acoustic absorption, especially in the low -frequency 

range where conventional materials often struggle. The microstructure of auxetic 

foams typically consists of re-entrant or chiral cell geometries. When sound waves 

interact wit h these complex geometries, they are scattered and trapped within the 
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porous network, leading to enhanced absorption. The dynamic deformation under 

acoustic loading further augments damping by increasing the frictional interaction 

among internal structures.  

Sound Absorbers in Open Plan Office Environments  

The acoustic challenges in open-plan officesɭsuch as elevated noise levels, lack of 

speech privacy, and increased cognitive loadɭhave catalyzed a surge of research and 

design innovation in architectural sound absorbers. Unlike enclosed office 

configuration s, open spaces amplify the need for integrated sound control systems that 

do not compromise spatial openness or daylight access. This has led to the application 

of passive sound absorbers as an essential strategy for improving acoustic comfort. 

 

Fig. 13 Non-traditional sound absorbers: a) Esparto grass (EG); b) Cigarette butts (CB); c) 

Recycled PET (RP). 

Ceiling -mounted baffles and acoustic clouds are among the most common 

installations. Suspended horizontally, these systems absorb sound waves that would 

otherwise reflect between floor and ceiling. Their form factor allows unobstructed 

lighting and airflow while significantly reducing reverberation time. Materials such as 

polyester fiber, mineral wool, and microperforated aluminum are widely used due to 

their high sound absorption coefficien ts and design flexibility.  
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Fig. 14 Suspended sound absorber in (a)conference room and (b)classroom. 

Freestanding and modular acoustic panels also play a vital role. These elements can be 

strategically placed between workstations to mitigate direct speech propagation, 

providing a degree of acoustic shielding without impeding visual openness. The 

integrati on of auxetic geometries or origami-inspired forms enhances their spatial 

efficiency and adaptability ɭfolding or expanding in response to user configuration 

needs (Papadopoulou et al., 2017).  
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Fig. 15 View of a potential working space in office achieving the different interior layout  

Moreover, furniture -integrated absorbers, such as upholstered booths, fabric-covered 

partition walls, and acoustically treated shelving, offer dual functionality ɭspace 

division and noise control. In sustainable practices, biodegradable or recycled 

materials (e.g., PLA from 3D printing) are increasingly employed in such acoustic 

solutions, offering ecological benefits alongside performance. 
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Fig. 16 (a) The layout of the open-plan office (9.41 m × 8.94 m × 2.55 m) indicating 12 

workstations. The sound source, S, was in the corner workstation. The measurements were 

made in the workstations A1ɬA3 and B1ɬB3. (b) A photograph of a workstation when the 

screen height was 1.4 m. 

 

Fig. 17 Sound absorption coefficients of materials used in the acoustic modeling. Varnished 

wood  (VW), Glass wool (GW), PU foam (PU), Esparto grass (EG), Cigarette butts (CB), 

Recycled PET (RP). 

2.2.3. Softwall Systems: Flexible Sound absorber Acoustic Partition  

Softwall, designed by Forsythe and MacAllen, is a modular spatial partition system 

made of pleated textile or paper-based materials with honeycomb geometry. While not 
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inherently auxetic, its flexible form and deformable geometry mimic auxetic behavior 

in creating dynamic acoustic barriers. 

 

Fig. 18 molo softwall as flexible and acoustic room dividers  

These walls can expand and contract accordion-style, allowing for rapid 

reconfiguration of space while also functioning as lightweight acoustic buffers. The 

internal cavities created by the honeycomb structure trap sound waves and reduce 

reverberation, especially useful in open -plan interiors such as museums, pop-up 

installations, and co-working spaces. 

In contemporary open -plan office environments, flexible acoustic partitions have 

emerged as a viable and increasingly popular strategy for managing acoustics while 

maintaining spatial fluidity. These systems typically consist of lightweight, sound -

absorbing materials such as polyester fiberboard, felt, foam, or textile composites, 

configured into mobile panels, hanging elements, or reconfigurable wall units. One of 

their core advantages lies in their adaptability; they can be easily rearranged, removed, 

or repositioned to accommodate shifting work patterns, including hot -desking, team-

based collaboration, and temporary meetings. This high degree of spatial flexibility 

supports agile workplace strategies, enabling organizations to optimize space usage 

without  the need for permanent architectural modifications (Mahdavi & Kumar, 2021). 

Moreover, flexible partitions contribute to psychoacoustic comfort by reducing visual 

distractions and reinforcing zones of perceived privacy ɭboth of which have been 

shown to enhance task performance and satisfaction (Jahncke et al., 2013; Sundstrom 
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et al., 1994). These benefits are particularly relevant in settings where full enclosures 

are undesirable or impractical, such as coworking spaces, libraries, or creative studios. 

Despite their advantages, flexible acoustic partitions face several limitations. 

Acoustically, while they are effective in dampening mid - to high -frequency noise 

through absorption, they provide minimal sound isolation between adjacent zones 

due to their l imited mass and non-sealed edges. This makes them inadequate for 

environments that require high levels of acoustic privacy or confidentiality, such as 

executive offices or consultation rooms (Hongisto, 2005). In addition, their material 

compositionɭoften porous and fabric-basedɭrenders them vulnerable to wear, 

sagging, or contamination over time, especially in high -traffic or poorly maintained 

settings. Cleaning protocols may be more complex compared to hard-surface 

alternatives, raising concerns about hygiene, particularly in post -pandemic workplace 

design. Aesthetic integration also poses challenges: while flexible systems can 

introduce texture and softness, they may conflict with minimalist or high -design 

interiors that emphasize clean lines and material continuity. Furthermore, most 

flexible systems remain passiveɭwithout built -in mechanisms for dynamic response 

to fluctuating acoustic loads or occupancy levelsɭthus limiting their potential in smart 

building ecosystems. Only when paired with digital senso rs or responsive 

technologies do they begin to approach the performance of adaptive architectural 

systems (Haapakangas et al., 2014). As such, while flexible partitions offer a low-cost, 

reconfigurable acoustic treatment suitable for general office needs, they should be 

selected with careful consideration of their context, maintenance requirements, and 

performance expectations. 

2.2.4. Sound Diffuser: Micro -Perforated Plates 

Micro -perforated plates are rigid materials ɭ typically aluminum, steel, or 

polycarbonate ɭ perforated with sub -millimeter holes. Despite being structurally stiff, 

these plates exhibit excellent acoustic absorption due to viscous and thermal boundary 
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layer effects that occur when sound waves enter the perforations. Unlike fibrous or 

foam materials, MPPs can be cleaned, are resistant to moisture and fire, and can be 

fully integrated into aesthetic architectural surfaces like ceiling tiles, walls, or fac ades. 

This makes them ideal for public buildings where hygiene, durability, and formality 

are important.  

Acoustic Mechanism: When sound enters the micro-holes, air viscosity causes 

dissipation through friction. Back cavities can be tuned to absorb specific frequency 

bands by adjusting depth and plate spacing. 

 

Fig. 19 Schematic representation of a MPP: (a) Detailed view; and (b) backed by an air 

cavity to achieve an acoustic resonator. 

The research conducted by Carbajo, Nam, and Fang (2024) presents a significant 

advancement in the field of acoustic material engineering by exploring the fabrication 

of Micro -Perforated Panels (MPPs) using Digital Light Processing (DLP) 3D printing 

technology. Traditionally, MPPs are rigid, non -porous panelsɭtypically made of 

aluminum, polycarbonate, or other polymers ɭwith sub -millimeter holes that 

dissipate acoustic energy through viscous and thermal interactions within the micro -



 36 

 

 

perforations. Their capacity to absorb sound without the use of fibrous materials 

makes them attractive for hygienic, moisture -resistant, and fire-safe applications, 

especially in public and institutional architecture. However, the challenge in precisely 

manufacturing micro -perforations at such a fine scale has often restricted the design 

freedom and cost-efficiency of MPPs. In response to this limitation, the authors 

employed DLPɭa photopolymer -based additive manufacturing method with high 

spatial resoluti onɭto fabricate MPPs with precise, tunable hole geometries. By 

adjusting exposure times during the printing process, they achieved meticulous 

control over perforation diameters, a key parameter in determining acoustic 

performance. This tunability enabled t he researchers to tailor the panels for optimal 

performance within specific frequency ranges.  

 

Fig. 20  Geometrical characterization of the MPP samples fabricated using DLP technology: (a) 

Microscopic images of MPP samples fabricated with different exposure times (corresponding 

hole diameters d in parenthesis): 10 s, 18 s, 20 s, and 23 s, and (b) hole diameter (black square 
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markers) and overcured part size (blue square markers) as a function of the exposure time (red 

circular markers stand for the sum of both sizes). 

To evaluate the functional viability of these 3D printed MPPs, the study employed 

impedance tube measurements to assess sound absorption coefficients and compared 

ÛÏÌɯÌÔ×ÐÙÐÊÈÓɯÙÌÚÜÓÛÚɯÛÖɯ×ÙÌËÐÊÛÐÖÕÚɯËÌÙÐÝÌËɯÍÙÖÔɯ,ÈÈɀÚɯÛÏÌÖÙÌÛÐÊÈÓɯÔÖËÌÓȮɯÞÏÐÊÏɯ

governs the acoustic behavior of MPPs. The DLP-fabricated samples demonstrated 

excellent agreement with theoretical expectations, particularly in the mid -frequency 

range, which is critical for many architectural acoustic applications. This alignment 

confirms that DLP printing can reliably produce acoustically effective microstructures. 

Beyond validating performance, the research also highlighted the potential for design 

customization and rapid prototyping ɭfeatures that are often absent in traditional 

MPP manufacturing.  The integration of computational design and digital fabrication 

paves the way for architecturally integrated sound absorbers that can be geometrically 

expressive while remaining functionally precise.  

In summary, this study showcases how DLP 3D printing serves as a powerful tool in 

bridging the gap between theoretical acoustic models and real-world material 

implementation. The approach not only enhances the manufacturability of micro -scale 

absorptive structures but also introduces new design flexibility that could support 

emerging trends in responsive architecture, such as modular panels with variable 

acoustic properties. The implications of this research extend to sectors ranging from 

architectural acoustics to transportation and product design, offering a sustainable and 

scalable method for developing high -performance, non-fibrous sound absorbers 

suited to modern built environments.  

2.2.5. Future Development  

As architectural environments continue to demand greater adaptability, sustainability, 

and sensory comfort, the future development of acoustic strategies rooted in material 

innovation will be driven by convergence across geometry, digital fabrication, and 

environmental responsiveness. Auxetic structures offer fertile ground for exploration. 
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While their use in foam -based sound absorbers has demonstrated efficacy in low-

frequency ranges, future iterations could focus on translating these geometries into 

semi-rigid or composite materials that retain deformation capabilities while increasing 

durability and integration with structural elements. The potential for tunable acoustic 

behavior through responsive or hybrid auxetic materials ɭsuch as smart polymers or 

layered compositesɭcould further expand their function from passive absorption to 

real-tim e modulation.  

For flexible acoustic partitions, their evolution lies in the integration of active control 

mechanisms. Most current systems remain passive and are limited in their adaptability 

to fluctuating acoustic demands. Embedding sensors, shape-memory materials, or  

actuators into modular fabric -based systems could enable them to morph dynamically 

in response to occupancy density, ambient noise levels, or user input. Such kinetic and 

intelligent behavior would align these partitions with the broader paradigm of 

responsive architecture, facilitating workplace environments that adapt in real -time to 

cognitive, visual, and acoustic needs. Additionally, future iterations should explore 

surface treatments and modular anchoring strategies that enhance durability, facilitate  

maintenance, and align better with varied architectural aesthetics.  

For micro-perforated panels (MPPs), the promising application of high -resolution DLP 

3D printing opens pathways to unprecedented precision and design flexibility. 

Moving forward, future research may focus on the use of biodegradable or recycled 

photopolyme r resins, expanding the environmental sustainability of MPPs beyond 

their already fiber -free composition. Furthermore, computational optimization 

methods, such as genetic algorithms or AI-based simulations, can be employed to tune 

panel geometry and cavity  configurations for specific site acoustics. The development 

of modular MPP panels with interchangeable back cavities or perforation overlays 

could also support adaptive performance in multifunctional spaces like classrooms, 

auditoriums, or open -plan offic es. 
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In summary, the future of acoustic material systemsɭespecially those involving 

auxetic geometries and digitally fabricated microstructures ɭpoints toward more 

integrated, adaptive, and intelligent assemblies. By merging computational design 

with responsive material science and additive manufacturing, next -generation sound 

absorbers will likely move beyond static performance, becoming dynamic contributors 

to environmental quality, spatial flexibility, and user -centered comfort in architectural 

design. 

2.3. Auxetic as Partition Screens  

2.3.1. Definition  

Partition screens, also known as room dividers or spatial separators, have been 

elements of interior design, art, and architecture serving both as an aesthetical piece 

and for functional purposes. Traditionally, they were used to create privacy, delineate 

spaces, and enhance an interiors design or aesthetic. Now, with new advancements in 

materials sciences and design methodologies, dividers have evolved to integrate 

innovative structures and created to have responsive behaviors, such as auxetic 

systems.  

2.3.2. Design Concept 

2.3.2.1. Tradition and Origin  

Partition screens, or room dividers, are originally from Japan, and are characterized 

by their use of natural materials and craftsmanship, which often reflects the cultural 

and regional identities.  

Shoji  Screens are sliding panels made of translucent washi paper over a wooden lattice 

frame. These allow light diffusion while maintaining privacy and are integral to the 

Japanese tradition and architecture. Shoji screens are popular in modern homes and 

apartments because of their minimalist design and their ability to let light pass through 

while, creating a sense of privacy (Todorva, 2023).  
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Fusuma screens are also from Japan and are opaque sliding panels used to partition 

rooms. These are typically covered with decorative paper or cloth, serving both as 

functional and aesthetic roles.  

*ÐÊÏĥɯ2ÊÙÌÌÕÚɯÈÙÌɯ×ÖÙÛÈÉÓÌɯÔÜÓÛÐ-paneled silk partitions supported by a T -pole, used 

in aristocratic households during the Heian period, also in Japan.  

Amakan Screens are woven split-bamboo mats used as walls or partitions originally 

from the Philippines. These are lightweight and allow air circulation, very suitable for 

tropical climates.  

These room dividers are often handcrafted, using materials like wood, paper, bamboo, 

and textiles and normally have a static design, providing optimization of spatial 

separations, or solutions to wide spacious areas.  

2.3.2.2. Modernity and Technology Implemented  

Nowadays, modern room dividers have changed from traditional materials and static 

forms, to embracing new technologies and design philosophies.  

Newer contemporary designs often feature modularity, allowing for spatial 

reconfiguration based on the needs of the client. Materials such as metal, glass, and 

engineered wood are commonly used, therefore introducing modular screens, or 

modular room divide rs.  

Contemporary room dividers have evolved to prioritize flexibility and adaptability, 

aligning with de needs of the spaces. Modular dividers , constructed from materials 

such as metal, glass, and wood, allow for reconfiguration based on spatial 

requirements. These are more beneficial in open-plan environments. Designs like the 

Luxor Modular Wall System exemplify this approach, offering customiz able panels 

that can be assembled to fit various layouts.   

Acoustic panels are designed to absorb sound, which, while dividing spaces, also 

enhance acoustic privacy in open-plan spaces. These are more prevalent in office 
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environments, public areas, museums, and art galleries. In enviroments where sound 

control is important, acoustic panels serve as a divider  but also as means of enhancing 

auditory privacy. These panels are often employed in offices, public areas, museums, 

and art galleries to mitigate noise pollution and improve acoustic quality. Some 

existing commercial products like VersiFold Room Dividers by Acoustical Solutions 

demonstrate how the design and functionality of these pan els converge to create 

effective acoustic partitions.  

Not only do these panels improve sound system in a room but it also aids users with 

hearing difficulties due to their noise-cancelling features made out of heavy foam cores 

and acoustic-ribbed fabric.   

Utilizing electrochromic technology, smart glass partitions can switch between 

transparent and opaque states, offering dynamic control over privacy and lighting.   

 

2.3.2.3. Auxetic Systems in Room Dividers  

Auxetic materials become thicker perpendicular to the applied force when stretched, 

because of its negative Poisson ratio. This particular property has inspired innovative 

designs in room dividers.  

Dynamic Aesthetic. Auxetic structures can change shape and size in response to 

mechanical stimuli, allowing for adjustable transparency and form.  

Enhanced Functionality. The way the structure expands, and contracts enables users 

to modify spatial configurations easily, promoting flexibility in interior layouts , 

especially if integrating motorized systems.  

Material Efficiency. These structures can achieve desired mechanical properties 

through geometry, potentially reducing material usage while maintaining strength.  

Auxetic structures have demonstrated a huge adaptability and visual intrigue making 

it very suitable for dynamic partitioning solutions.  
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2.3.2.4. Comparative Analysis  

Aspect Traditional Dividers  Auxetic Systems Dividers 

Materials Natural (wood, paper, bamboo)  Engineered (composites, 

smart materials) 

Functionality  Static separation Dynamic, reconfigurable  

Aesthetics Cultural and artisanal  Innovative and customizable  

Privacy Control  Fixed Adjustable  

Transmission Dependent on material (if it 

allows light or not)  

Tunable (smart glass, auxetic 

openings, movement). 

Fig. 21 Comparative Analysis  of traditional and auxetic divider in different aspect  

2.3.3. Materials  

The selection of materials for auxetic structures used as room partitions is a critical 

aspect of both functional performance and aesthetic integration. These partitions are 

capable of enhancing spatial existence through movement, texture, and form. 

Consequently, material choices are governed by a combination of client needs, 

intended functionality, and the overall design language of the space.  

Auxetic room dividers can act as extensions of an existing architectural idea or serve 

as a focal point that introduces a sculptural or interactive quality. Therefore, the 

expectation of the client plays a significant role in guiding material selection. Co mmon 

materials used in auxetic partition systems include wood and engineered wood 

products, metals (like aluminum, steel, etc), and PVC and thermoplastics.  

Wood and engineered wood products offer warmth, versatility, and ease of fabrication. 

The facility of wood in terms of fabrication is mostly due to its strength and 

machinability when laser cut or CNC milled into auxetic partners , or shape precision 

in dimension. Wood can visually engage structures that suit both traditional and 

contemporary interiors.  
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Metals are normally preferred when rigidity and durability are the most important. 

These are often used in high-traffic commercial spaces or in areas where an industrial 

aesthetic is desired. Anodizing, powder coating, or brushing can expand the materials 

visual appeal.  

PVC and thermoplastics are lightweight, cost -effective, and suitable for mass 

production. These are often used for installations that require a high moisture 

resistance, ease of cleaning, or complex geometrical forms due to their flexibility and 

moldabilit y. In this case the prototype is done using polylactic acid (PLA) a 

thermoplastic monomer derived from renewable sources because the 3D printing 

process allows for an easy and faster production.  

In terms of functionality requirements of the space, the material selection influences. 

When the partition is necessary primarily for decoration, the emphasis is placed on 

texture, color, and visual complexity. In this case bamboo, rattan, or plywood are 

commonly used.  

When the partition is intended for acoustic functions, the material selected must be 

preferably with sound -absorptive properties, like textile composites, felted wool, 

acoustic foams, or layered porous panels integrated into the structure to diffuse or 

absorb sound accordingly. The auxetic geometry can later contribute to acoustic 

performance by disrupting sound wave paths.  

When the partition requirements are semi-permanent or a modular application, the 

material selected must consider weight, in this case lightweight aluminum frames with 

PVC infills or wood with magnetic joints.  

2.3.4. Future Development  

Looking toward future developments, movable structures have a significant potential 

for expansion beyond static room dividers into multi -functional and technologically 

integrated systems. A promising avenue is the panelization of virtually any material 

wit hin auxetic geometries, enabling a wide array of new applications in both 
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commercial and public environments. Digital fabrications and modular design have 

advanced in so many ways that even non-traditional materials like LED matrices, 

transparent OLEDs, or e-ink panels can be embedded into auxetic frameworks.  

For instance, an auxetic partition system constructed from LED screen panels could 

serve as a spatial divider but also as a dynamic information display. Trade fairs, 

exhibition pavilions, transport terminals, and retail spaces are some settings in which 

this could be convenient. The auxetic mechanism could enable the screens to expand 

or contract, drawing attention or adjusting the display format in real time, enhancing 

both spatial functionality and visual communication.  

On another note, the integration of sensors, microcontrollers, and actuators 

contributed to the development of interactive, responsive partitions reacting to 

environmental stimuli like light, temperature, or motion, or to user interaction like 

touch or voice command, transforming the room divider into an adaptive architectural 

element. For example, a partition in a collaborative workspace could autonomously 

shift form to create private zones based on occupancy levels or acoustic needs, using 

sensor data to trigger mechanical adjustments.  

Systems like these align with broader trends in responsive architecture and smart 

environments, where building components are expected to adapt to change user needs 

and environmental conditions. They also support sustainability goals, as these 

partitions c an reduce the need for permanent construction and enable reconfiguration 

without demolition, extending the lifecycle of interior elements.  

The evolution of auxetic partitions into digitally augmented, interactive, and 

materially diverse systems represents an exciting frontier in architectural design. 

These future applications highlight the versatility of auxetic geometries, not only as 

structural innovations but also as platforms for integrating technology, adaptability, 

and user engagement withing spatial design.  
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2.4. Architecture Meets Computation  

2.4.1. Introduction to Automation in Auxetic Systems   

Automation significantly enhances the adaptive capability of auxetic panels, enabling 

them to dynamically respond to environmental changes and occupant requirements. 

Automated mechanisms utilizing rotational motion to produce linear or planar 

deformation r epresent a critical area of innovation, combining robust mechanical 

engineering with sophisticated control systems. This section addresses the design and 

implementation of automated actuation mechanisms specifically tailored to auxetic 

panel configurations , emphasizing linear motion derived from rotational input.  

 

2.4.2. Rotational Mechanisms and Linear Auxetic Deformation  

The fundamental principle behind automated auxetic panels involves translating 

rotational motion into controlled linear deformation. Our system integrates carefully 

designed PLA (Polylactic Acid) 3D -printed panels, which employ precision rotational 

joints to manage their auxetic transformation. In our research, rotational joints were 

tested extensively to identify optimal mechanical properties, balance structural 

integrity, and achieve smooth motion. Ball bearings initially appeared promising for 

facilitati ng rotation; however, they introduced challenges including substantial gaps 

in the fully closed state, higher costs, and increased assembly complexity, negatively 

impacting overall feasibility for larger -scale deployments (Fig. 33). 

 

Subsequently, cylindrical hinges were evaluated, offering a balanced solution 

regarding performance, visual integration, and affordability. Specifically, an 8 mm 

diameter by 10 mm length cylindrical hinge was tested and found to provide an 

effective compromise between smooth rotational capabilities and secure mechanical 
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connections (Fig. 35). Incremental testing determined that an 8.3 mm diameter hole 

was optimal for these hinges, ensuring consistent operation without excessive friction 

or looseness, thereby enhancing the reliability and durability of automated auxetic 

systems. 

 

2.4.3. Automation and Sensor Integration   

Incorporating automation further required the integration of sensors and actuators 

into the auxetic panels. Passive infrared (IR) sensors were selected for detecting 

occupancy and movement, enabling responsive adaptations such as increased shading 

or priva cy configurations. By linking these sensors to small motor -driven actuators, 

each panel's rotational state could be dynamically adjusted to environmental inputs, 

effectively translating simple rotational commands into controlled linear motion 

through auxet ic deformation.  

 

2.4.4. Case Studies and Precedents  

In a parallel case study from recent literature, Zhu et al. (2024) present a weather-

responsive kinetic façade with rotational sun -tracking panels, offering a useful 

ÉÌÕÊÏÔÈÙÒɯÍÖÙɯÛÏÌɯÈÜÛÏÖÙɀÚɯƗ#-printed louvers system. The system overview (Fig.21) 

of the sun-tracking design shows an array of façade modules each rotating about a 

fixed axis to dynamically respond to sunlight. This contrasts with the louvers panel 

prototypeɀs distributed rotation via many small cylindrical hinges ɬ rather than one 

large pivo t per panel, the louvers geometry embeds multiple rotation points. In the 

ÈÜÛÏÖÙɀÚɯ×ÈÕÌÓÚȮɯÈɯÕÌÛÞÖÙÒɯÖÍɯÔÐÕÐÈÛÜÙÌɯƜmm × 10mm cylindrical door hinges is 

integrated into the PLA print to enable controlled rotation and in -plane expansion. In 

effect, the louvers design transforms a linear actuation input into a synchronized 
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rotation of its lattice units (a Ɂrotation -to-linear motionɂ transformation), whereas Zhu 

et al.ɀs facade uses more direct single-axis rotation for each module.  

The rotation geometry (Fig. 23) in the sun-tracking façade highlights a straightforward 

angular motion (tilting or panning of each panel within a certain range) to follow the 

ÚÜÕɀÚɯ×ÈÛÏȭɯ!àɯÊÖÔ×ÈÙÐÚÖÕȮɯÛÏÌɯlouvers ÚàÚÛÌÔɀÚɯÙÖÛÈÛÐÖÕɯÎÌÖÔÌÛÙàɯÐÚɯÌÕÊÖËÌËɯÐÕɯÐÛÚɯ

hinging pattern ɬ each louvers cell can rotate about its pin joint, cumulatively 

producing a larger shape-change. Careful calibration of hinge tolerance in the 

prototype (e.g. fine-tuning a 8.3 mm hinge socket for smooth movement) was crucial 

to achieving frictionless rotation akin to the precise angular adjustments seen in the 

sun-tracking case. 

 

 

Fig. 22 ȿ$ÕÌÙÎà-saving optimization process and result analysis, in which shading devices: 

SLSW (Static louver shading window) represents for STS strategy, TLSW (Tracking louver 

shading window) and cooling -excited tracking louver shading (CLSW) represents for MCS 

ÚÛÙÈÛÌÎàȮɯÈÕËɯ3 6ɯȹ3ÏÌÙÔÖÊÏÙÖÔÐÊɯÈËÈ×ÛÐÝÌɯÚÏÈËÐÕÎɯÞÐÕËÖÞȺɯÙÌ×ÙÌÚÌÕÛÚɯÍÖÙɯ #2ɯÚÛÙÈÛÌÎàɀ 

Beyond the physical hinges, both systems incorporate automation strategies with 

notable differences in actuation design and control logic (Fig. 22). Zhu et al.ɀs kinetic 

façade employs a weather-responsive control loop that continuously adjusts panel 

angles in real time ɬ likely driven by solar sensors or a pre-programmed sun -path 

algorithm. Figure 22 in their work illustrates a motion path and control logic wherein 
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panel rotation angles are governed by environmental inputs (sun altitude, possibly 

brightness or cloud cover), ensuring the facade optimally tracks the sun throughout 

the day. In the louvers panel system, actuation is presently driven by Passive Infrared 

(PIR) sensors and microcontroller logic, focusing on occupancy-based responsiveness. 

The design framework explicitly includes PIR motion detectors and small rotary 

actuators to trigger panel movement. For instance, in a privacy mode scenario the 

louvers  would automatically rotate closed when a nearby PIR sensor is activated, then 

reopen when no motion is detected. This denotes a more user-centric control approach, 

as opposed to the climatic (sun-focused) automation of the sun-tracking façade. 

Nonetheless, the underlying motion control principles are analogous. The louvers 

ÚàÚÛÌÔɀÚɯ×ÈÙÈÔÌÛÙÐÊɯÔÖËÌÓɯËÌÍÐÕÌÚɯÙÖÛÈÛÐÖÕɯÈÕÎÓÌɯÈÚɯÈɯÊÖÕÛÙÖÓÓÈÉÓÌɯ×ÈÙÈÔÌÛÌÙȮɯÔÈÒÐÕÎɯ

it straightforward to map any sensor signal to a specific panel rotation ɬ much like the 

sun-tracking syÚÛÌÔɯÔÈ×ÚɯÚÖÓÈÙɯËÈÛÈɯÛÖɯ×ÈÕÌÓɯ×ÖÚÐÛÐÖÕÚȭɯ(ÕɯÌÍÍÌÊÛȮɯÞÏÐÓÌɯ9ÏÜɯÌÛɯÈÓȭɀÚɯ

facade optimizes rotational angles in response to solar altitude, showing panel tilt vs. 

sun altitude), the louvers prototype could similarly be programmed to adjust its 

aperture ratio in response to light sensors or climatic data, given its digital control 

integration. The rotational angle response vs. solar altitude  from  the kinetic façade 

study likely shows a near -linear control curve (panels rotating proportionally to the 

sunɀs height angle), which exemplifies a calibrated automation strategy that the 

louvers  system could emulate using its own sensor-actuator feedback loop. 
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Fig. 23 The multi -parameter optimization process based on EnergyPlus and GenOpt 

In summary, this comparison highlights that both systems strive for  adaptive 

mechanical automation ɬ ÜÚÐÕÎɯÙÖÛÈÛÐÖÕɯÛÖɯÈÊÛÐÝÌÓàɯÛÜÕÌɯÛÏÌɯÍÈÊÈËÌɀÚɯÊÖÕÍÐÎÜÙÈÛÐÖÕɯɬ 

but at different scales and with different inputs. The sun -tracking kinetic façade 

emphasizes environmental automation, using a direct rotational mechanism per 

module to track solar angles and thus optimizing daylight autonomously. The louvers 

panel system emphasizes geometric transformability, using an integrated hinge 

network and sensor-driven actuators to morph the façade in response to occupants or 

potentially environmental cues. Crucially, the  mechanical design of the louvers panels  

(with its cylindrical hinges and rotation -to-linear actuation) offers a more integrated, 

multi -point movement, whereas the kinetic sun -tracking system offers a more targeted, 

single-ÈßÐÚɯÙÖÛÈÛÐÖÕȭɯ$ÈÊÏɯÈ××ÙÖÈÊÏɯÏÈÚɯÈËÝÈÕÛÈÎÌÚȯɯÛÏÌɯÈÜßÌÛÐÊɀÚɯÚÐÕÎÓÌɯactuator could 

drive many coupled rotations at once, while the sun -tracking design allows precise 

ÊÖÕÛÙÖÓɯ ÖÍɯ ÌÈÊÏɯ ×ÈÕÌÓɀs angle. From a daylight performance standpoint, both 

approaches can achieve comfortable illuminance levels and glare reduction when 

properly controlled. The lessons from the sun -tracking facade case study ɬ its clear 
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mapping of solar position to actuator response and its demonstrated daylight benefits 

ɬ provide a valuable reference for refining the louvers ÚàÚÛÌÔɀÚɯÊÖÕÛÙÖÓɯÚÛÙÈÛÌÎàȭɯ!àɯ

integrating similar weather -responsive logic and fine-tuned rotational control, the 

ÈÜÛÏÖÙɀÚɯlouvers façade could be further optimized to seamlessly blend occupant -

driven adaptability with climate -driven performance, enhancing its effectiveness as a 

smart kinetic shading system in future implementations.  

 

Fig. 24 The structure and parameter annotation of the louver shading window.  

 

2.4.5. Summary and Future Research  

The implementation of rotational automation in auxetic systems presents significant 

advancements in adaptive architecture. Our study's systematic exploration of 

rotational joints, sensor integration, and actuator technologies confirms the potential 
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for these systems to achieve precise, dynamic responses that significantly enhance 

occupant comfort and building performance. Future research directions will likely 

explore further optimization of actuator configurations, integration with machine 

learning for predictive responsiveness, and expanded deployment across diverse 

climatic and architectural contexts.  

2.5. Conclusion  

Chapter 2 comprehensively reviews the key concepts, historical development, and 

current innovations related to auxetic panel systems. It begins by detailing the 

theoretical foundation of auxetic materials and their unique mechanical properties, 

emphasizing ÛÏÌÐÙɯÕÌÎÈÛÐÝÌɯ/ÖÐÚÚÖÕɀÚɯÙÈÛÐÖɯÈÕËɯÙÌÚÜÓÛÐÕÎɯÔÌÊÏÈÕÐÊÈÓɯÉÌÕÌÍÐÛÚɯÚÜÊÏɯÈÚɯ

enhanced energy absorption, shape adaptability, and improved impact resistance. 

Subsequently, the chapter examines diverse fabrication methods and materials 

employed in creating auxetic structures, including advanced 3D -printing techniques 

using PLA, which provide precise geometrical control essential for achieving targeted 

mechanical behaviors. Automation strategies for auxetic panels are thoroughly 

discussed, highlighting the integr ation of rotational mechanisms and actuator systems, 

which transform rotational motion into linear deformation for adaptive building 

envelopes. This section includes an extensive evaluation of hinge designs, sensor 

integration, and control logic to achieve  responsive and energy-efficient façades. 

Concluding the chapter, a comparative case study is presented, contrasting the 

author's auxetic panel prototype featuring distributed hinge rotation and PIR sensor -

driven actuation with an existing kinetic façade s ystem that employs solar-responsive 

automation. This comparison underscores critical insights into enhancing the auxetic 

×ÈÕÌÓɯ ÚàÚÛÌÔɀÚɯ ÈËÈ×ÛÐÝÌɯ ×ÌÙÍÖÙÔÈÕÊÌɯ ÛÏÙÖÜÎÏɯ ÙÌÍÐÕÌËɯ ÊÖÕÛÙÖÓɯ ÚÛÙÈÛÌÎÐÌÚɯ ÈÕËɯ

mechanical design integration. 
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3 Design and Development  

3.1. Design Concept and Workflow  

The design explores auxetic rotating-square geometry in rigid panels as a dynamic 

façade and interior element. Auxetic patterns (notably the rotating -square lattice) 

ÌßÏÐÉÐÛɯÈɯÕÌÎÈÛÐÝÌɯ/ÖÐÚÚÖÕɀÚɯÙÈÛÐÖȮɯÔÌÈÕÐÕÎɯÛÏÌàɯÌß×ÈÕËɯÓÈÛÌÙÈÓÓàɯÞÏÌÕɯÚÛÙÌÛÊÏÌËȮɯ

creating tunable apertures. This enables a panel to morph between a mostly solid 

screen and a porous mesh, offering from 0 to around 90% background coverage by 

adjusting the rotation angle of square units. The concept builds on literature 

precedents where adaptive auxetic facades have demonstrated enhanced performance. 

For example, Yun et al. (2019) showed that an auxetic shading structure with varying 

geometries can optimize indoor illuminance and reduce glare by self -adjusting to sky 

conditions. Similarly, Abdel -Rahman & Tafrihi (2018) applied a dynamic auxetic 

screen on a Cairo building and, using simulation, found it significantly improved 

daylighting and reduced energy use compared to a static shading device. These 

studies validate the approach: a self-adjustable geometry provides novel functionality 

and intriguing aesthetics while improving environmental performance. Drawing from 

these precedents, the design model is constructed in Rhino/Grasshopper as a 

parametric assembly of rotating squares connected at their corners. Each square cell is 

a rigid panel segment; the joints allow rotation which alters the overall porosity. The 

parametric model defines rotation angle as a variable parameter controlling aperture 

size and thus panel transparency. At 0° rotation, th e squares densely cover the 

background (achieving around to 90% coverage), whereas at larger angles the 

openings widen (approaching a fully open mesh with ~0% solid background). This 

continuous geometric transform lets the panel respond to design inputs an d 

performance criteria. The parametric definition enables rapid generation of multiple 

configurations, from a nearly opaque partition to a highly open screen. This flexibility 
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is crucial for iterative optimization: different rotation states can be tested and refined 

in simulation, linking geometric design to performance feedback. In summary, the 

concept phase establishes a literature-informed, parametric model of auxetic panels 

that serve as a basis for integrated environmental analysis. 

 

Fig. 25. Design Concept of Auxetic Curtain Wall Façade for Offices building  

 

The façade design concept shows in fig.21, integrates auxetic principles within a 

unitized curtain wall system, specifically tailored for open -plan office environments. 

The design adopts standard curtain wall dimensions, comprising a 1 -meter-high 

opaque fire-resistant layer at the top and a 2-meter-tall transparent glazing section 

beneath, creating a well-balanced façade composition. Beneficially, the necessity of the 

upper fire -resistant layer provides an advantageous "storage" area, strategically 

utilized  for accommodating the deployable shading system. Remarkably, this shading 

assembly occupies only 13.5% of the transparent glazing area, preserving visibility and 

daylight penetration when retracted.   

The shading mechanism itself is ingeniously embedded within the glazing cavity and 

employs a double-layered system of auxetic panels arranged in a rotating-square 
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geometry. Each individual panel measures 10 cm × 10 cm, allowing precise control and 

incremental adjustment of the shading coverage. This geometric arrangement 

facilitates linear and incremental unfolding of the shading panels, capable of achieving 

a shading coverage range from approximately 13.5% (fully retracted) up to nearly 100% 

when fully deployed.  

3ÏÙÌÌɯÖ×ÌÙÈÛÐÖÕÈÓɯÊÖÕÍÐÎÜÙÈÛÐÖÕÚɯÏÈÝÌɯÉÌÌÕɯÐÓÓÜÚÛÙÈÛÌËɯÛÖɯËÌÔÖÕÚÛÙÈÛÌɯÛÏÌɯÚàÚÛÌÔɀÚɯ

versatility. The top row in the provided figure shows the shading fully retracted (0% 

deployment), allowing maximum daylight transmission and external visibility. The 

second row illustrates a partially deployed state, in which the outer layer of auxetic 

panels is fully unfolded, while the inner layer remains retracted, achieving 

approximately 50% shading coverage. This intermediate state represents an optimized 

balance between daylight access and glare reduction, ideal for moderately sunny 

conditions. Finally, the third row displays both inner and outer layers completely 

deployed, maximizing shading at approximately 80% coverage. This configuration is 

designed to significantly  reduce heat gain and glare, enhancing thermal comfort 

during peak sunlight periods.  

The dual-layer configuration not only enables precise daylight modulation and 

effective solar control, but also contributes to interior environmental quality by 

allowing occupants to adaptively respond to changing daylight conditions and 

privacy needs. By embedding the auxetic shading within the glazing interlayer, the 

façade retains a sleek, unobstructed visual appearance, ensuring that aesthetic 

considerations and architectural coherence remain uncompromised. 

In summary, this auxetic façade system exemplifies a forward -thinking approach to 

office building envelope designɭharmoniously integrating structural, environmental, 

and occupant-responsive elements into a cohesive architectural solution. 
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3.2. Multifunctional  Panel System In Different Scenario 

Application  

3.2.1. Climate Data Analysis  

"ÖÕÛÌßÛÜÈÓÐáÐÕÎɯÛÏÌɯËÌÚÐÎÕɯÍÖÙɯ,ÐÓÈÕɀÚɯÊÓÐÔÈÛÌɯÐÚɯÈɯÒÌàɯÚÛÌ×ɯÐÕɯÛÏÌɯÞÖÙÒÍÓÖÞȭɯ,ÐÓÈÕɯÏÈÚɯ

a temperate continental climate with hot summers, significant solar exposure in the 

cooling season, and foggy or overcast winters that demand daylight access. The project 

incorporates climate data (EPW weather files) for Milan through Ladybug Tools, 

ensuring that local sun angles, solar intensities, and sky conditions inform the design. 

4ÚÐÕÎɯ+ÈËàÉÜÎɀÚɯÊÓÐÔÈÛÌɯÈÕÈÓàÚÐÚɯÊÖÔ×ÖÕÌÕÛÚȮɯÛÏÌɯÛÌÈÔɯÐÔ×ÖÙÛÚɯ,ÐÓÈÕɀÚɯ3à×ÐÊÈÓɯ

Meteorological Year data and generates interactive climate graphics (sun path 

diagrams, radiation roses, etc.) to understand environmental drivers. This analysis 

reveals critical factorsɭfor instance, high summer sun angles and intense afternoon 

insolation on west façades, which risk glare and overheating, versus low winter sun 

that might be harnessed for daylight. Integrating these insights, the parametric panel 

ÔÖËÌÓɯÐÚɯÛÜÕÌËɯÛÖɯ,ÐÓÈÕɀÚɯÚÖÓÈÙɯÊÖÕÛÌßÛȭɯ3ÏÌɯÙÖÛÈÛÐÕÎɯ×ÈÕÌÓÚɯÊÈÕɯÉÌɯÈÓÎÖÙÐÛÏÔÐÊÈÓÓàɯ

controlled to respond to seasonal variations: e.g. a more closed configuration during 

peak summer hours to limit solar gain, and a more open configuration on overcast 

winter days to admit diffuse light. Climate data also feeds directly into simulation 

tools. Honeybee/Ladybug uses the EPW data to run climate-based daylight 

simulations (hourly sun and sky conditions) so that the design is evaluated under 

realistic Milan skies. Similarly, the thermal model in IES -VE leverages the weather file 

for dynamic energy simulation acrosÚɯÛÏÌɯàÌÈÙȭɯ!àɯÌÔÉÌËËÐÕÎɯ,ÐÓÈÕɀÚɯÊÓÐÔÈÛÌɯÈÛɯÛÏÌɯ

core of the workflow, the design process remains performance-driven and site -specific. 

The panels are not optimized in a vacuum; instead, their geometry is parametrically 

linked to environmental context, enab ling a truly responsive solution tailored to the 

Milanese open-plan office setting. 
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Fig. 26 ,ÖÕÛÏÓàɯ#Ùàɪ!ÜÓÉɯ3ÌÔ×ÌÙÈÛÜÙÌɯ/ÙÖÍÐÓÌɯÍÖÙɯ,ÐÓÈÕ 

3ÏÌɯÊÓÐÔÈÛÌɯÊÏÈÙÛɯÔÈ×Úɯ,ÐÓÈÕɀÚɯÏÖÜÙÓàɯËÙàɪÉÜÓÉɯÛÌÔ×ÌÙÈÛÜÙÌÚɯȹÉÓÜÌɯÊÓÖÜËȺɯÈÎÈÐÕÚÛɯ

ÌÈÊÏɯÔÖÕÛÏɀÚɯÔÐÕÐÔÈɯȹÖÙÈÕÎÌȺȮɯÔÈßÐÔÈɯȹÎÙÈàȺȮɯÈÕËɯÔÌËÐÈÕɯÝÈÓÜÌÚɯȹàÌÓÓÖÞɯÞÐÛÏɯÌÙÙÖÙɯ

bars showing the interquartile range).  

Winter (DecɬFeb): Median temperatures hover around 2 °C in January and dip to ɬ

2 °C in February, with overnight lows plunging below ɬ8 °C. These cold extremes 

ÊÖÕÍÐÙÔɯÛÏÌɯÕÌÌËɯÍÖÙɯÏÐÎÏɪ×ÌÙÍÖÙÔÈÕÊÌɯ4-value façades and minimal heat loss during 

the heating seasonSpring (MarɬMay): Temperatures rise steadily from a median of 

~5 °C in March to ~15 °C by May, while daily swings narrow. Moderate solar shading 

is sufficient in this shoulder season, allowing more daylight in when direct sun is less 

intense. 

Summer (JunɬAug): Peak medians reach ~24 °C in July and August, with daytime 

highs above 34 °C. These high temperatures underpin the critical importance of 

dynamic shadingɭour auxetic panels must deploy toward ~80 % coverage during 

these months to prevent overheating and glare. 
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Autumn (SepɬNov): Temperatures decline from ~22 °C in September to ~8 °C in 

-ÖÝÌÔÉÌÙȮɯÞÐÛÏɯÚÛÐÓÓɪÕÖÛÐÊÌÈÉÓÌɯËÈÐÓàɯÝÈÙÐÈÛÐÖÕȭɯ/ÈÙÛÐÈÓɯÚÏÈËÐÕÎɯȹÈÙÖÜÕËɯƙƔɯǔȺɯÙÌÔÈÐÕÚɯ

useful in early fall to balance daylight and solar heat gain.  

Overall, the broad blue spread in summer highlights the largest diurnal swings, 

ÚÐÎÕÈÓÓÐÕÎɯÛÏÈÛɯÖÜÙɯÍÈñÈËÌɯÚàÚÛÌÔɀÚɯÙÌÚ×ÖÕÚÐÝÌÕÌÚÚɯȹÉÖÛÏɯÛÖɯÚÖÓÈÙɯÚÌÕÚÖÙÚɯÈÕËɯÖÊÊÜ×ÈÕÛɯ

comfort) must be most active from June through August. Conversely, minimal shading 

or even fully retracted panels in winter help maximize passive solar gains, reducing 

heating loads. This seasonal temperature profile directly informs our control strategy: 

low coverage in cold months, moderate coverage in spring/fall, and high coverage in 

summer, thereby optimizing thermal comfort, energy use, and daylight performance 

year-round.  

3ÏÌɯÍÐÎȭƖƖɯÐÓÓÜÚÛÙÈÛÌÚɯÏÖÞɯÝÈÙàÐÕÎɯÛÏÌɯÚÐáÌɯÖÍɯÈÕɯÐÕËÐÝÐËÜÈÓɯÙÖÛÈÛÐÕÎɪÚØÜÈÙÌɯ×ÈÕÌÓɯ

ËÐÙÌÊÛÓàɯÐÕÍÓÜÌÕÊÌÚɯÖÝÌÙÈÓÓɯÚÏÈËÐÕÎɯÊÖÝÌÙÈÎÌɯÐÕɯÛÏÌɯÊÜÙÛÈÐÕɪÞÈÓÓɯÚàÚÛÌÔ, using 2m x 2m 

dimension of window frame as a basic example. As the panel edge length increases 

from 13 cm to 181 cm, the blue curve shows a steady decline in the number of panels 

needed per unit width (left axis), while the orange curve documents a corresponding 

rise in coverage percentage (right axis). At a 13 cm module size, many small panels are 

requi red, yielding only about 5 % coverage when fully deployed ɭinsufficient to 

mitigate glare. By 41 cm, the system reaches 25 % coverage with a moderate number 

of panels, striking an early balance between daylight admission and sun shading. At 

85 cm, coverage climbs past 35 %, and by 181 cm (two full glazing modules), nearly 

90 % of the window can be shaded when needed. 

This inverse relationship highlights a key design trade -ÖÍÍȯɯÚÔÈÓÓÌÙɯ×ÈÕÌÓÚɯÖÍÍÌÙɯÍÐÕÌɪ

grained control and subtle aesthetic patterning but require more actuators and yield 

limited maximum shading; larger panels deliver high coverage with fewer elements 

but reduce the granularity of light modulation and may appear more monolithic. For 

the Milan office, a mid -range panel size (e.g., around 61 cm, corresponding to ~30 % 
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coverage) was identified as optimalɭachieving effective glare control while 

preserving daylight distribution and maintaining the delicate visual rhythm of the 

rotating -square motif. 

 

Fig. 27 Effect of Rotating-Square Panel Size on Shading Coverage 

3.2.2. Daylight Simulation  

Daylighting performance is analyzed using Radiance (a validated ray -tracing engine) 

via the Ladybug Tools (Honeybee) interface in Rhino/Grasshopper. The parametric 

model of the office space ɬ including open -plan layout, facade glazing, and the auxetic 

panel configuration ɬ is input into the daylight simulation. A key goal is to ensure 

compliance with European indoor lighting standards for offices. As a benchmark, EN 

12464-1 (the lighting standard for workplaces) recommends a minimum 500 lx 

illuminance for t ypical office work areas. Therefore, the simulations assess whether 

the rotating -panel facade can deliver adequate daylight (in terms of illuminance levels 

on workplaces) while mitigating glare. Climate -based daylight modeling is carried out, 

meaning the analysis considers hourly positions of the sun and sky conditions from 

the Milan EPW data (rather than a single overcast sky as in a static Daylight Factor 

calculation). Using Honeybee, the team sets up sensor grids across the open-plan office 

(e.g. at desk height) and runs annual Radiance simulations. For each simulation run, 
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the auxetic panels are assigned a specific rotation state (e.g. corresponding to 0%, 50%, 

or 90% coverage). Multiple panel configurations (from fully open to nearly closed) are 

tested in this manner. The Radiance engine computes illuminance distributions and 

glare metrics for each case. The workflow involves iterating the parametric angle: for 

instance, an initial run with fully open panels might show high daylight levels but also 

potential glare near windows, whereas a fully closed state eliminates glare but yields 

substandard lighting in the interior. By interpolation, an optimal rotation angle can be 

identified that balances these factors ɬ providing sufficient daylight to meet the ~500 

lux requirement without excessive glare. In practice, the design targ ets a configuration 

where a large portion of the open-plan area achieves illuminances within the comfort 

range (e.g. 500ɬ2000 lux) under clear midday conditions, and annual metrics like 

ËÈàÓÐÎÏÛɯ ÈÜÛÖÕÖÔàɯ ÈÙÌɯ ÔÈßÐÔÐáÌËȭɯ 1ÈËÐÈÕÊÌɀÚɯ ÈÊÊÜÙÈÛÌɯ ÙÈà-tracing also allows 

evaluation of glare probability (DGP) or Unified Glare Rating, ensuring that the 

dynamic panels do not introduce problematic contrast. Throughout the daylight 

analysis, parametric workflow logic is emphasized. The panel geometry is linked to 

simulat ion inputs so that any change in the rotation parameter automatically updates 

the Radiance model. This enables a rapid feedback loop: design alternatives are 

quantitatively evaluated and immediately visualized. False -color illuminance 

renderings and lux contour maps inform the design team whether the current iteration 

meets EN 12665/12464 guidelines for visual comfort, or if further tweaking is required. 

In summary, Radiance+Ladybug serves as a virtual light laboratory, guiding the 

optimization of the auxet ic panel design for daylight performance. The outcome is a 

panel configuration that ensures daylight sufficiency and compliance with standards 

ÐÕɯÛÏÌɯ,ÐÓÈÕɯÖÍÍÐÊÌɯÊÖÕÛÌßÛȮɯÞÏÐÓÌɯÓÌÝÌÙÈÎÐÕÎɯÛÏÌɯ×ÈÛÛÌÙÕɀÚɯÈÉÐÓÐÛàɯÛÖɯÔÖËÜÓÈÛÌɯÓÐÎÏÛɯ

transmission dynamically.  

The daylight analysis presented in this research was methodically carried out utilizing 

a comprehensive computational workflow established through the Ladybug and 

Honeybee plugins within the Rhino -Grasshopper environment. The process began 
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with the definition of precise geometric representations of the office zone. This was 

achieved by creating an initial Brep (Boundary Representation), accurately modeling 

the internal volume intended for analysis. Subsequently, this geometry was fed into 

the Mass2Zone component, converting the spatial geometry into Honeybee thermal 

zones, ready for simulation. This critical step included defining specific properties of 

building envelopes, ensuring a reliable and realistic digital representation of the actual  

physical conditions.  

Following the creation of thermal zones, window and glazing parameters were 

carefully managed using the GlazingCreator component. Here, distinct window -to-

wall ratios for each façade orientation (north, south, east, west) were parametrically 

defined, allow ing detailed explorations of different glazing configurations. This 

precision facilitated evaluations of how varying glazing ratios impacted daylight 

penetration, visual comfort, and potential energy consumption across multiple 

scenarios. 

To ensure contextual accuracy, the workflow incorporated location -specific climate 

data. The EPW file for Milan was linked directly into the simulation pipeline using the 

genClimateBasedSky component. This enabled a precise assessment under specific 

climat ic conditionsɭparticularly critical in this case, where June 21 at 14:00 was 

identified as the peak solar intensity time frame. Setting this exact moment enabled 

the model to capture worst -case daylight scenarios, ensuring the robust design of 

shading solutions. 

The analysis proceeded by generating a meticulous analysis grid through the 

genHBZoneTestPts component, employing a fine grid spacing of 0.1 meters. This high-

resolution mesh was strategically positioned at standard workplane heights, 

guaranteeing comprehensive coverage of the floor area and ensuring detailed insights 

into spatial daylight distribution. Each point in this mesh was configured to measure 
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precise illuminance values, effectively serving as virtual illuminance sensors 

distributed throughout the office environment.  

The daylight simulations themselves were executed through the integration of 

Radiance, a validated ray-tracing engine known for high accuracy in daylight 

ÔÖËÌÓÐÕÎȭɯ 2×ÌÊÐÍÐÊÈÓÓàȮɯ ÛÏÌɯ ÞÖÙÒÍÓÖÞɯ ÓÌÝÌÙÈÎÌËɯ 'ÖÕÌàÉÌÌɀÚɯ ÎÙÐË!ÈÚÌË2ÐÔÜÓÈÛÐÖÕɯ

component to coordinate the Radiance calculations seamlessly within the Grasshopper 

environment. Subsequently, the computed data was processed by the 

runDaylightAnalysis component, generating detailed numerical outputs representing 

illuminance values at every analysis grid point.  

 

The resulting numerical dataset was then transformed into intuitive visual 

representations via the reColorMesh component. This step translated raw numerical 

illuminance values into clearly understandable heatmaps with defined color 

gradientsɭranging from l ow illuminance (green tones, below 300 lux) to high 

illuminance (red tones, exceeding 1000 lux). Such visualization provided immediate 

insights into areas of excessive illuminance, glare risks, or underlit zones, facilitating 

rapid interpretation and criti cal feedback into the ongoing design optimization.  

Finally, a detailed, adjustable legend accompanying these visual outputs clearly 

indicated illuminance thresholds aligned with recognized European daylighting 

standards (EN 12655). This allowed the immediate identification of spatial compliance 

or deviatio n, significantly streamlining iterative refinement of façade shading 

strategies. Overall, this integrative and comprehensive workflow supported an in -

depth exploration of daylighting performance, directly informing the architectural 

optimization of the bui lding envelope and ensuring occupant comfort, visual 

performance, and environmental responsiveness within the designed Milan office 

space. 
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Fig. 28 Honeybee Workflow: Geometry Definition, Glazing Properties, and Façade Orientation 

Settings 

 

Fig. 29 Honeybee Workflow: Climate Data Integration, Simulation Time/Date Settings, and 

Analysis Grid Definition  
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Fig. 30 Honeybee Workflow: Simulation Result Visualization, Units Specification, and 

Output Customization  

 

3.2.3. Energy Performance 

In parallel with daylight analysis, the design undergoes thermal and energy 

performance simulation using IES-VE (Integrated Environmental Solutions Virtual 

Environment). IES-VE provides a robust platform for whole -building energy modeling, 

enabling assessment of how the auxetic rotating panels impact heating, cooling, and 

overall energy use. The workflow involves constructing an energy model of the open -

plan office and its façade. Key elements ɬ such as building geometry, material 

properties, internal gains , and HVAC systems ɬ are defined within IES. The unitized 

façade with integrated auxetic panels is modeled by specifying the glazing properties 

ÈÕËɯÈËËÐÕÎɯÈÕɯÌßÛÌÙÕÈÓɯÚÏÈËÐÕÎɯËÌÝÐÊÌɯÛÏÈÛɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯ×ÈÕÌÓȭɯ($2ɀÚɯÚÏÈËÐÕÎɯÔÖËÜÓÌɯ

(SunCast) can be used to import shading profiles or geometries from the Rhino model, 

ÌÕÚÜÙÐÕÎɯ ÍÐËÌÓÐÛàɯ ÖÍɯ ÛÏÌɯ ×ÈÕÌÓɀÚɯ ÍÖÙÔɯ ȹÙÖÛÈÛÐÕÎɯ ÚØÜÈÙÌɯ È×ÌÙÛÜÙÌÚȺɯ ÐÕɯ ÛÏÌɯ ÌÕÌÙÎàɯ

simulation. Climate data for Milan drives the IES simulation, so the model experiences 
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realistic weather patterns over a typical year. The rotating panel design is evaluated in 

several states to find thermal optima. For instance, a scenario with panels fully open 

(maximizing daylight but minimal shading) will have different cooling load 

impl ications than one with panels mostly closed (providing shade but reducing 

daylight). By running seasonal or annual simulations for different panel angles, the 

team identifies the configuration that minimizes energy demand while maintaining 

comfort. Crucial ly, the energy model accounts for lighting energy savings due to 

daylight as well as changes in solar heat gains. A dynamic façade can reduce the 

cooling load by blocking excess sun and also allow lights to be off during daytime ɬ 

both factors are captured in the simulation. Indeed, studies have shown that dynamic 

facades can cut combined cooling-and-lighting energy demand by ~20% while still 

ÐÔ×ÙÖÝÐÕÎɯËÈàÓÐÎÏÛɯÊÖÔÍÖÙÛȭɯ3ÏÐÚɯ×ÙÖÑÌÊÛɀÚɯÚÐÔÜÓÈÛÐÖÕÚɯÚÐÔÐÓÈÙÓàɯÐÕËÐÊÈÛÌɯÛÏÈÛɯÛÏÌɯ

optimal auxetic panel configurati on yields a substantial reduction in cooling 

ÙÌØÜÐÙÌÔÌÕÛÚɯÐÕɯ,ÐÓÈÕɀÚɯÚÜÔÔÌÙɯȹÉàɯ×ÙÌÝÌÕÛÐÕÎɯËÐÙÌÊÛɯÚÜÕɯ×ÌÕÌÛÙÈÛÐÖÕȺɯÈÕËɯÈɯÔÖËÌÚÛɯ

reduction in lighting energy (through daylight harvesting), compared to a static 

baseline. One specific outcome of the thermal analysis is a proposed theoretical U-

value for the unitized façade system. The U-value (overall heat transfer coefficient) 

quantifies the insulation performance of the window -panel assembly. Using IES-5$ɀÚɯ

results, the design team adjusts the assumed U-value of the façade elements to achieve 

indoor thermal comfort and low HVAC loads. For example, if initial simulations with 

a typical double -glazed façade (U ~1.8 W/m²K) show excessive heat losses in winter or 

gains in summer, the model is refined to include h igh-performance glazing and 

insulated panel sections. The goal is to reach a U-value on the order of advanced 

curtain wall systems (approximately 0.8ɬ1.0 W/m²K). Modern unitized façades already 

achieve U-values as low as 0.86 W/m²K with enhanced thermal br eaks, so our design 

aims for a similar range. The theoretical U-value proposed (~0.9 W/m²K) reflects an 

assembly of low-e triple glazing, thermally broken frame, and the auxetic panel (which, 

when closed, adds an extra insulating layer and air gap). In IES-VE, this improved U -
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value is applied and the energy model confirms that winter heating demand stays 

within targets and summer cooling is substantially reduced when combined with the 

×ÈÕÌÓɀÚɯ ÚÏÈËÐÕÎɯ ÌÍÍÌÊÛȭɯ 3ÏÙÖÜÎÏÖÜÛɯ ÛÏÌɯ ($2ɯ ÞÖÙÒÍÓÖÞȮɯ ×ÈÙÈÔÌÛÙÐÊɯ ÓÖÎÐÊɯ ÈÕËɯ

performance feedback guide decisions. The panel rotation angle that was found 

optimal for daylight is cross -checked for thermal performance; if a conflict arises (e.g. 

one angle is best for light, another slightly better for energy), a compromise is reached 

or multi -objective optimization is employed. The simulations also inform control 

strategies ɬ for instance, they might suggest that the panels should be closed during 

peak summer hours (to cut cooling loads) and open in late afternoon or winter (to 

allow passive solar heating). These insights become part of the design concept. 

Ultimately, the IES-VE analysis ensures the auxetic panel system not only illuminates 

the interior well but also contributes to an energy -efficient envelope meeting 

theoretical thermal standards for a Milan office.  

The daylight analysis was conducted using the Ladybug and Honeybee plugins within 

Grasshopper, providing an accurate climate-based daylight simulation for the 

designed open-plan office environment in Milan. Initially, the geometry of the office 

space was defined by creating a Brep representing the indoor zone, which was 

subsequently transformed into a Honeybee thermal zone using the Mass2Zone 

component. The glazing properties were parametrically specified using the 

ȿGlazingCreatorɀ, which allowed detailed c ontrol over window -to-wall ratios and 

glazing configurations on different orientations.  

Climate data specific to Milan was integrated by linking the EPW weather file through 

the ȿgenClimateBasedSkyɀ component, set specifically for June 21 at 14:00, the time 

identified as having maximum solar intensity. The analysis grid was generated within 

the interior space using the ȿgenHBZoneTestPtsɀ component with a grid size of 0.1 m, 

ensuring high -resolution results. 
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The daylight simulation itself was executed using the Radiance engine through the 

ȿgridBasedSimulationɀ and ȿrunDaylightAnalysis ɀ components, producing 

illuminance values at specified sensor points. The results were processed and 

visualized using the ȿreColorMeshɀ component, which translated numerical 

illuminance values into intuitive heatmaps with clearly defined color gradients. The 

visualization included an adjustable legend that ranged from 0 to over 1000 lux, aiding 

interpretation and performance assessment. This comprehensive workflow allowed 

accurate evaluation of daylight availability, ensuring adherence to EN 12655 lighting 

standards and providing critical feedback for further design optimization of the 

ÍÈñÈËÌɀÚɯËàÕÈÔÐÊɯÚÏÈËÐÕÎɯÚàÚÛÌÔȭ 

3.2.4. Acoustic Performance 

Open-plan offices often face challenges in acoustics ɬ excessive noise, lack of speech 

privacy, and long reverberation times can undermine occupant comfort and 

productivity. To address this, the auxetic panels are also leveraged as acoustic 

modulators with in the space. The design uses Rhino + Pachyderm Acoustic (an 

acoustic simulation plugin) to evaluate how the rotating -square panels perform in 

terms of noise control, sound absorption, and reverberation reduction. The same Rhino 

model of the office is imbu ed with acoustic material properties: the floor, ceiling, and 

partitions (including the auxetic panels) are assigned absorption coefficients and 

scattering properties based on their materials (e.g. the rigid panel might be metal or 

wood with optional acous tic backing). Pachyderm traces sound rays or uses an image-

source method to simulate how sound propagates and decays in the open-plan layout. 

Several acoustic performance aspects are studied. First, the noise reduction and 

privacy afforded by the panels is  examined. In their role as space dividers, the auxetic 

panels can be strategically placed between work zones or around meeting pods. When 

rotated to a more closed state, they act as partial sound barriers, blocking line-of-sight 

sound transmission between different areas. The simulation injects a sound source (for 
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example, office chatter or a ringing phone) in one zone and calculates the sound 

pressure levels in adjacent zones with panels open vs. closed. Early results show that 

a closed auxetic screen yields a measurable drop in transmitted sound levels, as it 

interrupts direct sound paths and reflects some noise back. If the panel material is 

perforated or combined with acoustic absorbent layers, it can also absorb mid-to-high 

frequency sound, further damping noise. When the panels are open (more porous), 

they prov ide less obstruction, which is acceptable during collaborative times but less 

so when privacy is needed. This validates the idea of a dynamic acoustic environment: 

the office can acoustically reconfigure by rotating the panels as needed (open for team 

communication across space, closed for focused work or confidential discussions). 

Secondly, the design targets an optimal reverberation time (RT) for the large open-plan 

volume. Excessive reverberation (echo) can make an office hall sound like a cafeteria 

or a church nave, which is undesirable. Many standards and guidelines recommend 

keeping RT60 (the time for sound to decay 60 dB) low in open offices ɬ typically around 

0.5 seconds maximum. The Pachyderm simulation computes RT60 at various 

frequencies by emitting sound impulses and summing the decay in the modeled room. 

The baseline with minimal acoustic treatment might show RT60 well above 1.0 s 

(common in bare open offices). The introduction of the auxetic panels as additional 

surfaces ɬ especially if some are treated with absorptive material or angled to scatter 

sound ɬ helps reduce the reverberation. In simulations, panels rotated to different 

angles are tested to see their effect: a fully closed configuration presents a larger 

surface area to intercept sound, potentially reducing reverberation by increasing 

overall absorption (dependi ng on finish) and breaking up sound reflections. The 

×ÈÛÛÌÙÕɀÚɯ ÐÕÏÌÙÌÕÛɯÎÌÖÔÌÛÙàɯȹÙÌ×ÌÈÛÐÕÎɯ ÚØÜÈÙÌɯ ÝÖÐËÚȺɯ ÊÈÕɯ ÈÓÚÖɯ ÈÊÛɯ ÈÚɯ Èɯ ËÐÍÍÜÚÌÙȮɯ

scattering sound in multiple directions which smooths out hot spots of noise and 

contributes to a more uniform acoustic fi eld. By iterating panel placement and 

openness in the model, the design is tuned until the reverberation times approach the 

0.5 s target in critical mid-frequency bands, indicating a comfortable acoustic 
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environment comparable to WELL or ISO recommendations. The acoustic analysis is 

deeply integrated into the workflow logic. Just as with daylight and thermal, the 

parametric model allows geometry changes to be updated in the acoustic simulation. 

For instance, if simulations indicate a particular zone still has high reverberation, the 

design can incorporate additional panels or adjust their height/angle, and Pachyderm 

re-runs will reflect the improvement. The result is a data -driven acoustic design: the 

final  panel configuration not only lights the space and saves energy, but also damps 

noise and fosters speech privacy. This multifaceted performance-based approach 

ensures that the open-plan office is holistically comfortable ɬ visually and acoustically 

ɬ supporting its functionality as a productive work environment.  

3.2.4.1.  Acoustic Simulation Using Pachyderm in Grasshopper  

This acoustic analysis employs Pachyderm Acoustics within the Grasshopper 

environment to systematically evaluate the acoustic performance of the designed 

auxetic panel system within an architectural context, specifically focusing on open -

plan office scenarios. The workflow can be divided into clear sequential steps, aligning 

closely with previous discussions and established acoustic methodologies: 

 

Step 1: Geometry Preparation (Poly Scene & GeoSrc) 

Initially, the acoustic geometry of the room, including surfaces and auxetic panel 

configurations, was input using the Poly Scene and GeoSrc components. The Poly 

Scene node receives defined rigid geometries (walls, floor, ceiling, and auxetic panels), 

preparing them for accurate acoustic ray tracing. The GeoSrc component specifies the 

acoustic source locations, essential for simulating how sound propagates and interacts 

with room surfaces. 

Step 2: Source and Receiver Definition (StatRec) 
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The simulation requires clearly defined source and receiver points to effectively 

measure acoustic parameters. The StatRec component was configured, linking source 

locations (e.g., a point source representing typical office activity or speech) to receiver 

points strategically placed throughout the modeled open -plan office space, thus 

ensuring comprehensive acoustic data collection 

Step 3: Simulation Parameters (Pach_DS, Pach_IS, Pach_RT) 

3ÏÌɯ ×ÙÐÔÈÙàɯ ÈÊÖÜÚÛÐÊɯ ×ÈÙÈÔÌÛÌÙÚɯ ÞÌÙÌɯ ÚÐÔÜÓÈÛÌËɯ ÜÚÐÕÎɯ /ÈÊÏàËÌÙÔɀÚɯ ÛÏÙÌÌɯ ÊÖÙÌɯ

components: 

Pach_DS calculates diffusion scattering coefficients, providing insights into how 

auxetic geometries influence sound distribution and diffusion.  

 

Pach_IS computes impulse responses (IR) at the defined receivers, crucial for detailed 

analyses of direct sound, reflections, and clarity. 

/ÈÊÏɍ13ɯ ÈÚÚÌÚÚÌÚɯ ÛÏÌɯ ÙÌÝÌÙÉÌÙÈÛÐÖÕɯ ÛÐÔÌɯ ȹ13ƚƔȺȮɯ ÌÝÈÓÜÈÛÐÕÎɯ ÛÏÌɯ ÙÖÖÔɀÚɯ ÈÊÖÜÚÛÐÊɯ

comfort by measuring the time required for sound energy to decay by 60 dB.  

These simulations were executed by specifying relevant input parameters, including 

the number of acoustic rays (set here at 1000 for precise ray tracing) and calculation 

order (here defined with values such as 50 for adequate resolution). 

Step 4: Post-processing and Analysis (ETC and RT Results) 

Post-simulation analysis was conducted through the ETC and subsequent RT 

components. The ETC (Energy Time Curve) component synthesizes the IR data into 

temporal distributions of sound energy, enabling visualization and analysis of how 

sound arrives at the receiver over time. Subsequently, the RT node transforms ETC 

data into specific reverberation time results, crucially informing acoustic treatment 

effectiveness and acoustic comfort assessment within the modeled space. 
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The logic of the Pachyderm components follows a structured acoustic simulation 

process: Input and preparation: Clearly define geometry and acoustic properties.  

Simulation: Compute acoustic phenomena using ray tracing methods, evaluating 

sound distribution, reflections, and energy decay.  

Output and Interpretation: Produce and interpret visual and numerical results, such 

as impulse responses, diffusion characteristics, and reverberation times. 

This structured approach enables comprehensive evaluation and optimization of 

acoustic performance, demonstrating the versatility and effectiveness of rigid auxetic 

panels in acoustical applications. This method confirms the capability of the designed 

auxetic panels to effectively address common acoustic challenges in open-plan office 

environments, such as excessive reverberation, speech intelligibility, and noise control. 

 

 

 

 

Fig. 31 Pachyderm acoustic simulation grasshopper setup: geometry, sources, and receivers 

definition  
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Fig. 32 Pachyderm acoustic analysis grasshopper pipeline: impulse response, energy decay 

curve, and RT60 evaluation 

3.2.5. Interactive Privacy and Aesthetic Integration : Screen Divider 

Rendering 

Beyond environmental performance, the rotating -square panels are conceived as a 

multi -functional architectural element that enhances both aesthetics and user 

experience in the open-plan office. Visually, the pattern provides a distinctive, kinetic 

design language. The rotating squares create dynamic moiré-like patterns of light and 

shadow as they open or close, offering an aesthetic quality that elevates the interior 

design. The panels serve as sculptural screen dividers, partitioning space while 

maintainin g an airy, high-tech feel appropriate for a modern Milan workplace. Their 

auxetic motion ɬ all squares moving in unison to open or contract ɬ becomes an 

architectural expression of adaptability. This speaks to the concept of interactive 

façades and interiors where buildings visibly respond to environmental changes and 

occupant needs, adding a level of visual intrigue that complements their functional 

purpose. Crucially, the design introduces an infrared (IR) sensor -based privacy 

responsiveness for these panels, pushing the concept into the realm of responsive 
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architecture. Each panel (or panel grouping) is equipped with passive IR sensors that 

detect the presence and movement of people, as well as their relative proximity. The 

system is programmed so that when certain conditions are met ɬ for instance, an 

occupant approaches a meeting corner or a desk area signals a need for visual 

seclusion ɬ the nearest panels automatically rotate towards a closed position, 

increasing opacity and privacy. Passive IR sensors, commonly used in motion 

detectors, sense the body heat and movement of occupants; this allows a privacy 

screen function without using cameras, thus respecting occupant privacy while 

enabling it. In practice, an employee who needs to take a private phone call could 

ÈÊÛÐÝÈÛÌɯÈɯɁ×ÙÐÝÈÊàɯÔÖËÌɂɯȹÛÏÙÖÜÎÏɯÈɯÚÐÔ×ÓÌ interface or even a gesture that the sensor 

picks up), and the surrounding auxetic screens would close to form an enclosure. Once 

the meeting or call is finished and no motion is detected, the panels can reopen, 

restoring transparency and openness. The real-time adaptability of the panels ensures 

that the open-plan layout can transform into a set of more intimate spaces on-demand, 

addressing one of the chief complaints of open offices: the lack of on-demand privacy. 

From a workflow perspective, this intera ctive capability is considered in the design 

phase through systems integration and programming logic. While the IR sensor 

behavior is not literally simulated in the Rhino model, the design concept includes 

specifying the necessary hardware (PIR sensors, microcontrollers, and small actuators 

for panel rotation) and designing the panel joints to accommodate motorized 

movement. The parametric model helps with this as well ɬ by defining rotation as a 

parameter, it is straightforward to envisage how a control si gnal (from sensors) will 

translate to a certain angle change. The response speed and degree of rotation can be 

tuned (e.g. a quick 90° rotation for full privacy vs. partial rotation for semi -

transparency). Additionally, the aesthetic impact of this respons iveness is carefully 

considered: transitions are designed to be smooth and quiet, turning the act of panels 

closing into a gentle kinetic choreography rather than a jarring partitioning. The 
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interplay of technology and design is handled such that the panels remain elegant 

elements whether static or in motion.  

 

Fig. 33 Auxetic panel design as interior partition rending  for office environment  

3.3. Conclusion 

In sum, the Design Concept and Workflow orchestrates a complex yet coherent process: 

starting from a parametric auxetic pattern inspired by cutting -edge research, it 

integrates climate-based simulations for daylight, energy modeling for thermal 
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performance, and acoustic analysis for noise control, all feeding back into form-finding 

and optimization. Each tool ɬ Radiance, IES-VE, Pachyderm ɬ provides performance 

data that the design team uses to refine the geometry and configuration of the panels. 

The final outcome is a set of rigid yet transformable panels that fulfill multiple 

ÈÙÊÏÐÛÌÊÛÜÙÈÓɯÍÜÕÊÛÐÖÕÚȯɯÛÏÌàɯÙÌÎÜÓÈÛÌɯÓÐÎÏÛɯÛÖɯÔÌÌÛɯ$-ɯÚÛÈÕËÈÙËɯÐÓÓÜÔÐÕÈÕÊÌɯȹǽƙƔƔɯÓßȺɯ

in the office, they reduce cooling loads and contribute to an efficient façade (targeting 

~0.9 W/m²K U -value in line with high -performance unitized systems), they dampen 

sound and shorten reverberation to comfortable levels (~0.5 s RT60) in the open-plan 

space, and they create a dynamic, responsive environment that can toggle between 

openness and privacy at the wave of an (infrared-detected) hand. This workflow 

exemplifies a parametric performance-driven design approach: by logically 

sequencing simulation feedback loops with creative design, the project achieves a well-

rounded, innovative s olution for the Milan office that is as technically sound as it is 

architecturally expressive. 
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4 Auxetics Fabrication Methodologies  

4.1. Introduction  

Auxetic structures represent a class of materials and geometries characterized by their 

ÕÌÎÈÛÐÝÌɯ /ÖÐÚÚÖÕɀÚɯ ÙÈÛÐÖɯ ȹ-/1Ⱥɭa counterintuitive mechanical behavior where 

materials expand laterally when stretched and contract when compressed. This unique 

property  enables synclastic curvature, high energy absorption, and superior 

mechanical resilience, making auxetic structures valuable in various engineering and 

architectural applications.  

Auxetic behavior can be induced not only by material composition but more often 

through geometric configurations at different scales, such as re-entrant honeycombs, 

rotating units, or microstructural rearrangements  

4.2. Characteristics of Auxetic Materials  

4.2.1. Functional Properties 

Synclastic Curvature Behavior . Unlike conventional materials that form saddle 

shapes under bending, auxetic structures naturally adopt dome -like geometries, which 

are essential in forming complex double -curved surfaces (e.g., architectural shells) [1]. 

Variable Permeability . In micro structured auxetics, stretching increases pore 

openings, allowing controlled filtration and breathability ɭuseful in smart filters, 

textiles, and biomedical membranes [2]. 

Lightweight yet Strong . Owing to their geometric efficiency, auxetics exhibit high 

strength-to-weight ratios and can densify under compression.  

Durability and Stability . Some auxetic configurations, particularly hinged 

mechanisms, combine structural flexibility with robust performance, important for 

adaptive and impact -prone environments.  
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4.2.2. Mechanical Properties 

-ÌÎÈÛÐÝÌɯ/ÖÐÚÚÖÕɀÚɯ1ÈÛÐÖɯȹϠɯǾɯƔȺ. The defining feature of auxetic materials, achieved 

via macro or microstructural design [1].  

High Energy Absorption & Damping . Auxetics can dissipate energy over wider areas, 

lowering peak stresses, making them ideal for seismic applications and protective gear 

[2]. 

Superior Impact Resistance: Impact energy is spread out rather than concentrated, 

reducing failure likelihood.  

Enhanced Shear and Compression Strength . Lateral expansion under tension 

increases the cross-sectional area, improving load -bearing performance [1]. 

4.2.3. Deformation Mechanisms  

4.2.3.1. Geometric Deformations 

Rib Flexion . In re-entrant honeycombs or foams, ribs are angled inward. Under 

tension, they rotate outward, expanding the structure laterally [1].   

Torsional Deformation . Specially designed auxetics can twist open under torque 

instead of contracting, useful in flexible actuators.   

Hinged Deformation (Primary focus of this study) . Features rotating or foldable 

joints. Under tension, they rotate or unfold, enabling large geometric transformations 

while maintaining strength and flexibility [5].  

4.2.3.2. Microstructural Deformations  

Molecular Reorientation . In microporous polymers, molecular chains realign under 

tension, driving lateral expansion [1].  

Internal Porosity . Tensile forces cause reconfiguration or expansion of pores in foams 

or hydrogels, mimicking auxetic behavior.  
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4.2.4. Scales and Structural Typologies 

Auxetic behavior can be designed across multiple length scales:  

Nanoscaleȭɯ,ÖÓÌÊÜÓÈÙɯÈÜßÌÛÐÊÚɯȹÌȭÎȭȮɯáÌÖÓÐÛÌÚȮɯϔ-cristobalite) [2].  

Microscale . Polymeric foams, microporous structures.  

Macroscale. Re-entrant cellular lattices, hinge-based deployable structures.  

Textiles . Knitted or woven auxetic yarns and fibers with shape -adaptive performance 

[1]. 

4.2.5. Fabrication and Simulation Techniques 

4.2.5.1. Fabrication Techniques 

3D Printing / Additive Manufacturing . Essential for realizing customized, hinge-

based or curved geometries [3].  

Microfabrication & Smart Materials . Responsive materials such as shape-memory 

polymers or bimetallic  allow for active deformation (e.g., moisture - or temperature-

sensitive shading skins) [5]. 

4.2.5.2. Simulation and AI Modelling  

Finite Element Analysis (FEA) and machine learning support prediction and 

optimization of auxetic behaviors.  

Molecular modeling helps understand microscale NPR responses in polymers or 

biological tissues. 

 

4.2.6. Applications of Auxetic Structures  

Field  Use Cases 

Architecture & Design  Adaptive facades, dome panels, bending-active 

shells [6] 
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Biomedical Engineering Stents, compression bandages, biosensors 

Protective Equipment  Helmets, body armor, footwear soles 

Textiles & Wearables Shape-conforming clothing, smart fabrics [1]  

Civil & Earthquake 

Engineering 

Seismic dampers, crash structures 

Soft Robotics Deployable structures, flexible grippers  

Fig. 34 Comparison of Auxetics in use applications  

4.2.7. Limitations and Future Research Directions 

4.2.7.1. Challenges 

Complex Manufacturing . Many auxetic designs remain difficult to scale due to 

intricate geometry [3].  

Material Inconsistencies . Mechanical properties may vary depending on deformation 

path and material behavior.  

High Cost . Cost of prototyping and fabrication is a barrier to commercial use.  

4.2.7.2. Opportunities  

Mass-customized Production.  3D printing offers personalization without tooling 

changes [6].  

Integration with Responsive Materials . Enables environmental adaptability.  

Structural Optimization via AI . Advanced modeling to create high -performance 

hybrid systems. 
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4.2.8. Relevance to Architectural Design 

In the architectural context, hinged auxetic systems present the most promising 

pathway for integrating auxetics into functional façade or pavilion components. These 

systems offer both geometric flexibility and structural logic, allowing for dynamic 

curvature with load -bearing potential. Although full structural integration (e.g., like 

FRP shells) is still limited, decorative and adaptive shading applications are 

immediately viable and align with current fabrication technologies.  

 

4.2.9. Advantages and Disadvantages of Auxetic Materials  

 ËÝÈÕÛÈÎÌÚ Disadvantages 

-ÌÎÈÛÐÝÌɯ /ÖÐÚÚÖÕɀÚɯ 1ÈÛÐÖɯ ÌÕÈÉÓÌÚɯ

unique expansion mechanics. 

Lower tensile strength in some 

auxetic geometries. 

Superior energy absorption and 

impact resistance. 

Complex manufacturing processes 

and limited scalability.  

Synclastic curvature allows complex 

form generation  

Material property variation under 

different load paths.  

Enhanced acoustic and vibration 

damping  

High production costs for non -

standardized fabrication.  

High flexibility and adaptability for 

smart systems. 

 

Fig. 35 Comparison Auxetics pro and cons in material aspect 
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4.3. Conclusion 

In conclusion, auxetic structures present transformative opportunities for advancing 

ÝÈÙÐÖÜÚɯÌÕÎÐÕÌÌÙÐÕÎɯÈÕËɯÈÙÊÏÐÛÌÊÛÜÙÈÓɯÈ××ÓÐÊÈÛÐÖÕÚȭɯ3ÏÌÐÙɯÜÕÐØÜÌɯÕÌÎÈÛÐÝÌɯ/ÖÐÚÚÖÕɀÚɯ

ratio facilitates unprecedented mechanical and functional properties, such as 

synclastic curvature, high energy absorption, superior impact resistance, and adaptive 

capabilities. Although manufacturing complexities, material variability, and 

associated high costs pose significant challenges, ongoing advancements in additive 

manufacturing and  computational optimization techniques are progressively 

addressing these barriers. Particularly in architectural contexts, hinged auxetic 

systems demonstrate significant potential, offering dynamic solutions for adaptive 

façades and innovative spatial designs. Continued exploration and optimization in 

auxetic material science promise to unlock even broader applications and integration 

opportunities, underpinning a versatile and responsive approach to contemporary 

structural and design challenges. 
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5 Performance Analysis 

5.1. Introduction  

This chapter presents a comprehensive performance evaluation of the rigid auxetic 

panel systems, rigorously assessing their behavior in four key domains: daylighting, 

energy efficiency, acoustic attenuation, and dynamic mechanical control. In this 

chapter, the fabricated auxetic prototypes are analyzed through an integrati on of 

advanced simulations and empirical tests. A climate -based daylight analysis 

quantifies how the auxetic panels modulate natural light and glare within a model 

open-plan space, verifying that indoor illuminance levels remain within 

recommended comfort thresholds (in line with EN 12464-1 workplace lighting 

standards). In parallel, whole -building energy simulations (using tools like IES -VE) 

examine the impact of the adaptive panels on thermal loads and lighting energy 

ËÌÔÈÕËȮɯËÌÔÖÕÚÛÙÈÛÐÕÎɯÛÏÌɯÚàÚÛÌÔɀÚɯ×ÖÛÌÕÛÐÈÓɯÛÖɯÙÌËÜÊÌɯ'5 "ɯÈÕËɯÌlectrical lighting 

consumption. The acoustic performance of the panel system is likewise evaluated via 

ÈÊÖÜÚÛÐÊɯÔÖËÌÓÐÕÎɯÈÕËɯÛÌÚÛÐÕÎȮɯÊÏÈÙÈÊÛÌÙÐáÐÕÎɯÛÏÌɯ×ÈÕÌÓÚɀɯÈÉÐÓÐÛàɯÛÖɯÈÉÚÖÙÉɯÈÕËɯËÐÍÍÜÚÌɯ

sound in an open office setting for i mproved speech privacy and reduced 

ÙÌÝÌÙÉÌÙÈÛÐÖÕȭɯ%ÐÕÈÓÓàȮɯÛÏÌɯÊÏÈ×ÛÌÙɯÐÕÝÌÚÛÐÎÈÛÌÚɯÛÏÌɯ×ÈÕÌÓÚɀɯÔÖÛÖÙÐáÌËɯÔÌÊÏÈÕÐÊÈÓɯ

control using an Arduino -ËÙÐÝÌÕɯÈÊÛÜÈÛÐÖÕɯÚÌÛÜ×ȮɯÞÏÐÊÏɯÙÌ×ÓÐÊÈÛÌÚɯÛÏÌɯ×ÈÕÌÓɀÚɯÙÖÛÈÛÐÖÕɯ

mechanism in real time and records response metrics. Throughout these investigations, 

the methodology is tightly aligned with the design objectives established in earlier 

chapters: the auxetic panels were conceived as multifunctional architectural elements 

that enhance occupant comfort and energy sustainability, and here those objectives are 

systematically verified. Digital simulation tools (Radiance/Ladybug for daylight, IES -

VE for energy, and Pachyderm for acoustics) are parametrically linked to the panel 

geometry to predict performance outcomes, while phy sical prototyping and sensor -

based measurements are employed to calibrate the simulations and validate real-
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world feasibility. This integration of computational analysis with hands -on 

experiments ensures that each performance facet ɬ daylight control, energy saving, 

acoustic mitigation, and adaptive kinematics ɬ is quantitatively assessed and 

optimized in accord ance with industry standards, thereby confirming the rigid auxetic 

ÚàÚÛÌÔɀÚɯÝÐÈÉÐÓÐÛàɯÈÚɯÈɯÏÐÎÏ-performance, adaptive architectural solution.  

5.2. Methodology  

5.2.1. Prototype Development  

First Draft.  

We start small scale prototype with easy editing material to study the movement of 

the whole system. So, we use clipboard and metal clips to build the first draft, in this 

way the movement and action track can be seen clearly.  

a.  b.  

Fig. 36 a. AÜßÌÛÐÊɯÊÓÐ×ÉÖÈÙËɯ×ÈÕÌÓɯÊÖÕÕÌÊÛÌËɯÞÐÛÏɯȿÍÌÙÔÈÎÓÐɀȮɯÊÓÖÚÌËɯÚÛÈÛÌȰ 

Éȭɯ ÜßÌÛÐÊɯ×ÈÕÌÓɯÊÖÕÕÌÊÛÌËɯÞÐÛÏɯȿÍÌÙÔÈÎÓÐɀȮɯÖ×ÌÕÌËɯÚÛÈÛÌȭ 

we can see the movement involves a network of repeating patterns to rotate and 

reconfigure in a way that cause the structure to expand and contract uniformly in both 

x and y axes. And it is isotropic movement, which is the most unique feature of auxetic, 

meaning that the system changes dimensions in multiple directions at once. 

It is known from previous research that auxetic structure is fascinating, but it also 

comes with several challenges and limitation, and the problem can be reserve clearly 

from this draft prototype: first, mechanical weakness, the connection part of each small 
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×ÈÕÌÓɯÐÚɯÖÝÌÙÓÈ××ÌËɯÈÕËɯÛÏÈÛɯÊÈÕɀÛɯÏÈ××ÌÕɯÐÕɯÙÌÈÓɯÓÐÍÌȮɯÚÌÊÖÕËȮɯÛÏÌɯÊÓÐ×ÉÖÈÙËɯÐÚɯÕÖÛɯÚÛÐÍÍɯ

enough. 

Second Draft.  

Based on previous experience, it was understood that although roller bearings were 

not the most suitable solution in this context, the underlying logic of using hinges was 

sound. Therefore, the team decided to use wood as the panel material to test the 

feasibility of hinge -based connections.  

 

Fig. 37 Auxetic wooden panel connected with butt hinges and screws;  

The team cut nine pieces of cross-laminated timber, each measuring 30mm by 30mm, 

selecting this material due to its relatively light weight compared to other types of 

wood. They then connected each timber panel using butt hinges and nails. This initial 

test demonstrated that employing hinges as the connecting mechanism within the 

system was a feasible approach. Based on these results, the next step in the process is 

to identify and select a more suitable type of hinge for further development.  

Third Draft.   

A notable characteristic of this cylinder hinge is its requirement for high installation 

precision. Initial attempts involved drilling 7 mm and 8 mm holes into the existing 

CLT panels; however, manual inaccuracies proved unavoidable. Moreover, due to the 

material properties of CLT, the wood loosened after drilling, compromising its ability 
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to securely support the hinge. This led to the realization that the installation of this 

type of hinge demands exceptional accuracy, with minimal tolerance for error. 

Consequently, the team opted to switch the panel material to 3D-printed plastic, 

allowing  for precise dimensional control and improved installation reliability.  

 

Fig. 38 Auxetic wooden panel connected with cylinder hinge  

Another critical aspect that had previously been overlooked is the locking system, 

which serves to secure multiple components in a fixed position, thereby preventing 

unintended movement, separation, or unauthorized access. Considering the extremely 

small size of the cylinder hinge, which makes it challenging to incorporate a 

conventional built -in locking mechanism, the team opted for a magnetic locking 

solution. This approach ensures the system operates smoothly while minimizing 

resistance during reopening, thus enhancing both functionality and user experience.   

 

Fig. 39 Auxetic PLA panel embedded with  magnets 
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Based on the aforementioned considerations, two key design requirements were 

identified: first, the hole dimensions on the panel must be precisely controlled to 

ensure seamless installation of the hinge; second, adequate space must be reserved to 

accommodate the locking system. Accordingly, the team developed detailed design 

drawings and utilized 3D printing technology to fabricate four panels. The cylinder 

hinges and magnets were successfully installed, resulting in the prototype model 

shown in the figure below.  

Fourth Draft.  

During the installation process, it was observed that there are two types of 8mm 

diameter cylinder hinges available on the market. In previous tests, the team had 

consistently used the version with an internal screw embedded within the cylindrical 

body. This design allowed for a degree of tolerance in 3D printing: if dimensional 

inaccuracies occurred, the internal screw could be tightened to create an expansion 

effect, thereby securing the hinge more firmly within the pre -drilled hole in the panel.  

However, it was later discovered that the newly purchased cylinder hinges lacked 

internal screws. Instead, these hinges featured two small semicircular recesses on 

either side of the cylinder, intended for external screw installation. Although the 

underlyi ng stabilization principle remains similar ɭusing screw insertion to fill the 

tolerance gap and achieve a tight fitɭthis external fastening method introduces new 

issues. The 3D-printed panels, while rigid, possess low ductility, and the use of 

external screws significantly increases the risk of cracking the material. Additionally, 

inherent material properties and variances in 3D printer extruders can result in 

dimensional tolerances that further complicate precise assembly. 

Given the high precision required by this mechanical configuration, it was concluded 

that cylinder hinges relying on external screws are unsuitable for use in this context.  
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Fig. 40 3D-Printed Auxetic Panel Prototype: Magnet embedment module  

Final Prototype ɬ PLA panel  

Finalizing the 3D -printed prototype of the rotating -square auxetic panel after an 

intensive iterative refinement process consisting of five full test cycles. During each 

cycle, I systematically explored every conceivable geometric variation to determine 

both the most compact overall dimensions and the precise tolerances necessary for 

ÙÌÓÐÈÉÓÌɯÔÌÊÏÈÕÐÊÈÓɯÖ×ÌÙÈÛÐÖÕȭɯ ɯÊÙÐÛÐÊÈÓɯÍÖÊÜÚɯÞÈÚɯÛÏÌɯ×ÈÕÌÓɀÚɯÊÖÙÕÌÙɯËÌÛÈÐÓȯɯ(ɯÛÙÐÈÓÌËɯ

chamfers and fillets at 0.5 mm, 1.0 mm, and 1.5 mm radii to eliminate any risk of 

adjacent panels colliding when rotating between deployed states. Through hands -on 

testing, I discovered that a 1.0 mm chamfer strikes the optimal balanceɭproviding just 

ÌÕÖÜÎÏɯÊÓÌÈÙÈÕÊÌɯÛÖɯ×ÙÌÝÌÕÛɯÉÐÕËÐÕÎɯÞÏÐÓÌɯ×ÙÌÚÌÙÝÐÕÎɯÛÏÌɯ×ÈÕÌÓɀÚɯÚÛÙÜÊÛÜÙÈÓɯÙÐÎÐËÐÛàɯ

and clean visual lines. 

In parallel, I introduced centrally located circular cut -outs of varying diameters (3.0 

mm, 3.2 mm, 5.0 mm, and 5.2 mm) to future-proof the panels for integration with 

automated actuation hardware. These holes will serve as feed-throughs or mounting 

points for sensors, shafts, or other control elements. Recognizing that different 3D 

printers exhibit slight dimensional deviations, I also developed and tested a bespoke 

embedding pocket for small neodymium magnets (nominally 6 × 3 × 1 mm). After 
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measuring the worst -case tolerances across multiple printer platforms, we arrived at 

an embedding slot of 6.4 × 2.4 × 9 mm. This slightly oversized cavity accommodates 

inter -machine variability and ensures the magnets can be inserted by hand while 

remaining firmly seated once in place. 

 

Fig. 41 Three-view drawing of  30 x 30 mm PLA Auxetic panel 

Each of these refinements was validated by physically rotating panels through their 

full range of motion and by subjecting assembled modules to repeated open/close 

cycles. The result is a robust, dimensionally optimized, and fully functional 3D -printed 

auxetic panel designɭone that meets the stringent requirements for automated 

actuation, reliable kinematic performance, and seamless integration into larger façade 

or partitioning systems.  
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The figure below presents the baseline auxetic shading system consisting of a 3×3 

square panel array in its closed state (0° rotation), effectively establishing the minimum 

coverage of the glazing area at approximately 13.5%. Each panel unit, made of 3D-

printed PLA materi al with precisely designed 1.5 mm chamfered edges, sits nearly 

flush, allowing a largely unobstructed visual connection between interior and exterior 

environments. In this configuration, the minimal auxetic deformation is employed, 

position ing the panels as compactly as possible without significant overlap, thereby 

maximizing daylight penetration and maintaining a clear external view. This setup is 

particularly advantageous during cloudy or mildly sunny days when direct sunlight 

is moderate, as it permits ample natural light to permeate the space, enhancing 

occupant well -being and reducing dependency on artificial illumination. However, 

due to its limited shading capacity, this minimal -coverage state is less effective under 

intense solar conditions, as the modest coverage offers negligible glare mitigation. 

3ÏÜÚȮɯÛÏÐÚɯÉÈÚÌÓÐÕÌɯ×ÙÖÛÖÛà×ÌɯÌÍÍÌÊÛÐÝÌÓàɯÐÓÓÜÚÛÙÈÛÌÚɯÛÏÌɯÚàÚÛÌÔɀÚɯ×ÖÛÌÕÛÐÈÓɯÍÖÙɯÖ×ÛÐÔÈÓɯ

visual transparency and daylight utilization, setting a foundational reference for 

subsequent, more protective configurations.  

 

Fig. 42 3D-Printed Auxetic Panel 3X3 Prototype: Closed Configuration (0° Rotation)  
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The figure below depicts the same 3×3 auxetic panel array in an open state (~45° 

rotation), representing a dynamic intermediate shading configuration. Here, the 

square panels have rotated about their corners, activating the auxetic mechanism and 

enlarging the gap between panels ɬ the coverage ratio is roughly 50%, meaning half 

the façade area is now open to light. This auxetic deformation significantly increases 

spatial openness and permits greater daylight transmission, cutting incident light to 

about half  of what an unobstructed window would transmit. Daylight simulation 

results for such a half-open state confirm a marked reduction in interior illuminance 

(e.g. ~1,016 lux average at midday, versus >2,300 lux with no shading). However, while 

this 50% coverage attenuates direct solar gain substantially, it still exceeds the 

recommended illuminance for offices. Large rotated openings allow patches of 

sunlight to penetrate, so the pattern offers only moderate glare mitigation ɬ visual 

comfort is improved over a n unshaded condition, but not fully ensured under intense 

sun in the worst day. On the positive side, the geometric lattice begins to break up and 

filter the incoming light, softening some harsh shadows. The resulting daylight is more 

modulated and the int erior enjoys a dynamic dappled light pattern, though additional 

shading would be  required to completely eliminate glare and bring light levels into 

the ideal 300ɬ500 lux range for task work 
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Fig. 43 3D-Printed Auxetic Panel 3X3 Prototype: Expanded Configuration (45° Rotation)  

The figure below explores a composite auxetic configuration ɬ a layered 2×2 panel 

array superimposed on the 3×3 grid ɬ achieving approximately 80% shading coverage. 

This multi -layer arrangement dramatically reduces the size of apertures, as the larger-

scale 2×2 panels strÈÛÌÎÐÊÈÓÓàɯÊÖÝÌÙɯÈɯ×ÖÙÛÐÖÕɯÖÍɯÛÏÌɯƗǺƗɯÓÈàÌÙɀÚɯÖ×ÌÕÐÕÎÚȭɯ3ÏÌɯÈÜßÌÛÐÊɯ

deformation in this adaptive state involves both layers rotating and aligning to 

produce a denser, nearly-occluded lattice with only about 20% of incident light passing 

thr ough. Daylight penetration is consequently much lower and more diffuse, which 

daylight simulations predict will bring interior illuminance down near the 

recommended threshold (on the order of 500 lux or below). In practice, this high -

coverage state filters harsh direct beams and primarily admits soft diffuse light. The 

rotating -square auxetic pattern at 80% coverage inherently breaks up incoming 

sunlight and scatters it through many small openings, fostering a more uniform light 

distribution across the space. Glare is largely mitigated ɬ occupants would no longer 

experience intense sun patches, as the small, dispersed apertures prevent any single 

source of glare. Instead, the interior is illuminated by a comfortable ambient glow that 
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supports visual tasks without the need for immediate electric lighting. This composite 

prototype thus demonstrates an effective adaptive high -solar-load response, 

substantially enhancing visual comfort and daylight uniformity through its fine -tuned 

auxetic shading mechanism. 

 

Fig. 44 3D-Printed Auxetic Panel 2X2 + 3X3 Combined Prototype: Expanded Configuration (45° 

Rotation) 

The figure below  pushes the system toward its practical maximum by combining a 3×3 

and a finer 4×4 auxetic panel layer, yielding ~88% total coverage. This expanded 

configuration features two superimposed auxetic grids of differing module sizes, 

which together occlude nearl y the entire opening while leaving a delicate lattice of ~12% 

open area. In this fully deployed state, the auxetic panels are rotated to near-closed 

×ÖÚÐÛÐÖÕÚɯÐÕɯÉÖÛÏɯÓÈàÌÙÚȮɯÈÓÐÎÕÐÕÎɯÛÖɯÊÖÝÌÙɯÌÈÊÏɯÓÈàÌÙɀÚɯÙÌÚÐËÜÈÓɯÎÈ×ÚɯÈÕËɯÈÊÏÐÌÝÐÕÎɯ

near-total shading. The effect on daylight is a profound attenuation: only a small 

fraction of diffuse light permeates, effectively blocking direct sun and glare. Simulated 

daylight performance indicates that this ~88% coverage scenario brings the average 

inter ior illuminance down to about 445 lux at midday ɬ squarely within the 300ɬ500 

lux comfort band. Such a result meets office daylighting standards and confirms that 
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the system can maintain task illumination in the optimal range even under peak solar 

conditions. Glare is virtually eliminated, as the dense two -layer auxetic lattice 

intercepts intense sunlight from all angles, providing comprehensive visual relief for 

occupants. Moreover, the layering of the rotating -square patterns continues to diffuse 

and distribute the incoming light so that any light that does pass through is well -

scattered, avoiding bright spots and ensuring high daylight uniformity. The interior 

ambiance under this configuration is one of uniform, gentle daylight ɬ almost no direct 

beam visibility ɬ which maximizes visual comfort and minimizes the need for blinds 

or supplemental shading. While this near -opaque state sacrifices most view and direct 

suÕȮɯÐÛɯÌ×ÐÛÖÔÐáÌÚɯÛÏÌɯÚàÚÛÌÔɀÚɯÊÈ×ÈÉÐÓÐÛàɯÛÖɯÈËÈ×ÛɯÛÖɯÌßÛÙÌÔÌɯÏÐÎÏ-radiation conditions. 

(ÕɯÚÜÔȮɯÛÏÌɯÍÖÜÙÛÏɯ×ÙÖÛÖÛà×ÌɯÝÈÓÐËÈÛÌÚɯÛÏÌɯËÌÚÐÎÕɀÚɯÜ××ÌÙɯ×ÌÙÍÖÙÔÈÕÊÌɯÉÖÜÕËȯɯÈÕɯ

auxetic façade system that can dynamically modulate from open to nearly closed, 

achieving an optimal balance between ample daylight and glare-free comfort at 

approximately 80ɬ90% coverage for the most demanding sun exposures. 

 

Fig. 45 3D-Printed Auxetic Panel 3X3 + 4X4 Combined Prototype: Expanded Configuration (45° 

Rotation) 
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Fig. 46 Three-view of embedded 6 x 3 x 1 mm magnetic module in auxetic slot 

5.2.2. Connection Mechanics 

To solve these problems, the following design was produced. In this design, the most 

important part is the joint. It is necessary to have a design that can smoothly open and 

close 180 degrees without overlapping the two individual panels. Therefore, ball 

bearings are used as rotational connection. 

 

Fig. 47 Double panel with ball bearing: simulating linear motion through rotational joint  
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The design is to embed two roller bearings in the corners of two adjacent panels one 

above and one below to achieve opening and closing. In this way, the two roller 

bearings can share a central axis but serve their own individual panels independently, 

realizing the independent rotation of a single panel.  

a  b  

Fig. 48 a. auxetic unit expansion: four rigid panels connected via central bearings 

b. auxetic configuration at 45° rotation: demonstrating maximum expansion state  

The problem of this design is also obvious. First, after embedding the roller bearings 

in the panel, there will be a gap at the joint when the entire system is fully closed. The 

size of the gap depends on the diameter of the roller bearing, which will beco me a big 

problem in the future.  Secondly, adding many ball bearing hinges increases cost, 

assembly time, and alignment complexity. This is not the best option for sustainable 

development and large projects. 

Based on the specific requirements of the system, the joint component needed to fulfill 

several key functional criteria: it had to enable smooth rotation around a single axis, 

support a rotational range of 0 - 45 degrees, offer sufficient durability and load -bearing 

capacity, and ideally remain inconspicuous while also being cost -effective. Given these 

considerations, the cylinder hinge emerged as the most suitable option, striking an 

effective balance between performance, aesthetics, and affordability. 

The team identified and procured the smallest available copper cylinder hinge on the 

market, featuring a diameter of 8 mm and a length of 10 mm, to conduct a feasibility 

test of the proposed system.  
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a.  

b. . 

Fig. 49 a. 8mm Brass alloy cylind er barrel hinge (minimum  size from market) 

b. Three-view of 8mm barrel hinge  

To accurately simulate the linear deformation and rotation characteristics inherent to 

auxetic materials within rigid architectural panel systems, particular attention was 

dedicated to developing effective connection mechanics. Specifically, a combination of 

cylindrical door hinges and precisely designed PLA 3D -printed panels was employed 

to achieve controlled linear and rotational motion.  

The primary mechanical challenge addressed was the optimal integration of the 

cylindrical hinges within the panel system. Initial trials involved careful dimensioning 

and testing of cylindrical holes within the panels to accommodate the selected hinge, 

characterized by an 8 mm diameter and 10 mm length. Multiple incremental tests were 
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conducted using hole diameters of 7.5 mm, 8.0 mm, 8.1 mm, 8.2 mm, 8.3 mm, 8.4 mm, 

and 8.5 mm. The objective of these trials was to achieve an optimal balance between 

ease of hinge installation and secure rotational movement without excessive play or 

fricti on. After systematic evaluation, the 8.3 mm diameter hole emerged as the ideal 

size, effectively balancing precise fitment, smooth rotation, and structural stability.  

In addition, a detailed consideration was given to securing the hinge firmly within the 

PLA panels. Therefore, supplementary holes of 1 mm diameter were incorporated to 

accommodate self-tapping screws, ensuring robust attachment and enhanced shear 

rigidity . Practical tests revealed that maintaining a material thickness of between 1.0 

mm to 1.5 mm from the panel edge was essential to provide sufficient resistance to 

shear forces and to sustain long-term mechanical durability without deformation or 

failure. This meticulous approach in the connection mechanics design phase ensured 

the system's reliability and durability, enhancing the auxetic panel's capability for 

effective automated actuation and structural integration.  

One approach for side-to-side panel connections was to use a 20mm × 20mm steel butt 

hinge (with four M 3 screw holes) between adjacent wooden panels. This conventional 

butt hinge provides greater joint stiffness and shear resistance than a small barrel 

(cylindrical) hinge due to its larger steel leaves and multiple screw anchors; the 

connection is more stable and far less prone to detachment under loading or frequent 

motion. However, the hinge and screw assembly increases the combined panel 

thickness to ~20 mm at the joint and adds weight, as the switch to wood (from lighter 

PLA) and steel hardware makes the prototype heavier. Integrating the hinge into a 

hollow or patterned wood panel also complicates fabrication, since solid support is 

needed around each screw (additional internal blocking or inserts may be required to 

ensure the screws hold firmly). Moreover, this screw -mounted hinge design is 

incompatible with purely 3D -printed PLA panels unless supplemental anchoring 

measures (such as embedded nuts or threaded inserts) are used, since driving metal 

screws directly into PLA tends to strip the plastic threads over repeated use. In 
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comparison, the cylindrical hinge design employed in the 3D -printed auxetic panels 

ÖÍÍÌÙÌËɯÈɯÔÖÙÌɯÊÖÔ×ÈÊÛȮɯÍÓÜÚÏɯÊÖÕÕÌÊÛÐÖÕɯÛÏÈÛɯÔÈÐÕÛÈÐÕÌËɯÛÏÌɯ×ÈÕÌÓɀÚɯÛÏÐÕɯ×ÙÖÍÐÓÌȮɯÉÜÛɯ

those 8mm × 10mm barrel hinges demanded high installation precision and generally 

could not match the butt hingeɀs level of rigidity and load tolerance. Thus, the steel 

butt hinge represents a trade-off: it sacrifices slimness and adds weight in return for a 

substantially stronger and more secure panel joint. 

 

Fig. 50 Three-view drawing of 20mm × 20mm Steel Butt Hinge with Four M 3 Screw Mounts 

for  Wooden Auxetics Panel Connection. 
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5.3. Results of Daylight Illuminance Simulation under 

Varying Auxetic Shading Coverage  

The results of our climate-based Radiance simulation for the Milan office at 14:00 on 

June 21 provide compelling evidence of how the rotating -square auxetic shading 

panels regulate interior daylight levels. In the minimally shaded configuration ɭ

where only the 1 m high opaque spandrel occupies the top 13.5 % of the window 

heightɭthe model predicts an average workplane illuminance of 2 346 lux. Such 

extreme over-illumination not only vastly exceeds the recommended 300ɬ500 lux 

range for office tasks but also portends severe glare issues and occupant discomfort, 

necessitating urgent shading intervention.  

Deploying the outer layer of auxetic panels to achieve 50 % coverage yields a markedly 

lower average illuminance of 1 016 lux. While this represents a reduction of more than 

1 300 lux compared to the unshaded case, it still doubles the target illuminance 

threshold. This intermediate state confirms that a half -closed auxetic mesh can 

attenuate direct solar gain substantially, but cannot alone ensure visual comfort under 

high-sun conditions. 

In the near-maximum shading scenario of 88 % coverage, incorporating both inner and 

outer panel layers, the average interior illuminance falls to 445 luxɭwell within the 

ideal 300ɬ500 lux band specified by EN 12655. This configuration successfully filters 

intense midday sun, mitigating glare and preventing over -lighting, while still 

admitting sufficient diffuse daylight to minimize reliance on artificial lighting. The 

dramatic progressionɭfrom 2 346 lux down to 445 luxɭËÌÔÖÕÚÛÙÈÛÌÚɯÛÏÌɯÚàÚÛÌÔɀÚɯ

wide dynamic  range and precise controllability. It affirms that the rotating -square 

panels, when deployed to approximately 80ɬ90 % coverage, provide an optimal 

ÉÈÓÈÕÊÌɯÉÌÛÞÌÌÕɯËÈàÓÐÎÏÛɯ×ÙÖÝÐÚÐÖÕɯÈÕËɯÎÓÈÙÌɯÊÖÕÛÙÖÓɯÐÕɯ,ÐÓÈÕɀÚɯÚÜÔÔÌÙɯÊÓÐÔÈÛÌȭɯ

Consequently, this level of shading emerges as the recommended operating point for 
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peak-sun conditions, ensuring occupant comfort, visual performance, and energy 

efficiency in open-plan office environments.  

 

 

Fig. 51  Rending with 13.5 % Shading Coverage (Minimal Auxetic Deployment)  

 

Fig. 52 Illuminance Distribution with 13.5 % Shading Coverage (Minimal Auxetic Deployment)  
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Fig. 53 Rending with 50 % Shading Coverage (Outer Layer Deployed) 

 

 

Fig. 54 Illuminance Distribution with 50 % Shading Coverage (Outer Layer Deployed)  
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Fig. 55 Rending with 88 % Shading Coverage (Both Layers Fully Deployed) 

 

 

Fig. 56 Illuminance Distribution with 88 % Shading Coverage (Both Layers Fully Deployed)  
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Fig. 57 Diverse shading organization strategy  

5.3.1. Optimized Daylight Control  Strategy 

By directly responding to the stringent requirements of EN 12464 -1:2021, our rotating-

square auxetic façade system delivers several key advantages for open-plan office 

environments:  

1. Consistent Task Illuminance Within Specified Range 

EN 12464-1 mandates maintained illuminance levels (typically 300ɬ500 lux) to support 

efficient, accurate, and sustained visual performance. Our simulations show that by 

deploying the panel layers to achieve approximately 80ɬ90 % coverage, average work-

planÌɯÐÓÓÜÔÐÕÈÕÊÌɯÐÚɯÊÖÕÚÐÚÛÌÕÛÓàɯÏÌÓËɯÈÛɯƘƘƙɯÓÜßȮɯÚØÜÈÙÌÓàɯÞÐÛÏÐÕɯÛÏÌɯÚÛÈÕËÈÙËɀÚɯ

recommended bandɭeven under peak solar conditions. This eliminates both under -

lighting (which leads to eye strain) and over -lighting (which causes glare), ensuring 

that employees can carry out prolonged or repetitive tasks with maximum visual 

comfort and minimal error.  

2. Dynamic Adaptation to Activity and Daylight Conditions  

EN 12464-ƕɯÙÌÊÖÎÕÐáÌÚɯÛÏÈÛɯɁÛÏÌɯËÌÎÙÌÌɯÖÍɯÝÐÚÐÉÐÓÐÛàɯÈÕËɯÊÖÔÍÖÙÛɯÙÌØÜÐÙÌËɯȱɯÐÚɯ

ÎÖÝÌÙÕÌËɯÉàɯÛÏÌɯÛà×ÌɯÈÕËɯËÜÙÈÛÐÖÕɯÖÍɯÛÏÌɯÈÊÛÐÝÐÛàȭɂɯ.ÜÙɯÚàÚÛÌÔɀÚɯ×ÈÙÈÔÌÛÙÐÊɯÎÌÖÔÌÛÙàɯ
























































































