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Abstract
Purpose –This study aims to develop amethodology that extracts an architectural concept from a biological
analogy that integrates forms and kinetic behavior to identify whether complex forms work better or simple
forms with proper kinetic behavior for improving visual comfort and daylight performance.
Design/methodology/approach – The research employs a transdisciplinary approach using several
methods consisting of a biomimetic functional-morphological approach, kinetic design strategy, case study
comparison using algorithmic workflow and parametric simulation and inverse design, to develop an
interactive kinetic façade with optimized daylight performance.
Findings – A key development is the introduction of a periodic interactive region (PIR), which draws
inspiration from the butterfly wings’ nanostructure. These findings challenge conventional perspectives on
façade complexity, highlighting the efficacy of simpler shapes paired with appropriate kinetic behavior for
improving visual comfort. The results show the façade with a simpler “Bookshelf” shape integrated with a
tapered shape of the periodic interactive region, outperforms its more complex counterpart (Hyperbolic
Paraboloid component) in terms of daylight performance and glare control, especially in southern orientations,
ensuring occupant visual comfort by keeping cases in the imperceptible range while also delivering sufficient
average spatial Daylight Autonomy of 89.07%, Useful Daylight Illuminance of 94.53% and Exceeded Useful
Daylight Illuminance of 5.11%.
Originality/value – The investigation of kinetic façade studies reveals that precedent literature mostly
focused on engineering and building physics aspects, leaving the architectural aspect underutilized during the
development phase. Recent studies applied a biomimetic approach for involving the architectural elements
besides the other aspects. While the biomimetic method has proven effective in meeting occupants’ visual
comfort needs, its emphasis has been primarily on the complex form which is difficult to apply within the
kinetic façade development. This study can address two gaps: (1) the lack of an architectural aspect in the
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kinetic façade design specifically in the development of conceptual form and kinetic behavior dimensions and
(2) exchanging the superficial biomimetic considerations with an in-depth investigation.
Keywords Kinetic façade, Biomimetic, Daylight control, Façade form, Parametric design
Paper type Research paper

Nomenclature

PIR Periodic Interactive Region
UFV User Field of Vision
HP Hyperbolic Paraboloid
BS Book-shelf
HP_C Hyperbolic Paraboloid

component and circular
PIR

BS_T Bookshelf component and
tapered PIR

DC Daylight Coefficient

E Illuminance Matrix
S Sky Matrix
CBDM Climate-Based Daylight

Modeling
sDA spatial Daylight Autonomy
UDI Useful Daylight

Illuminance
EUDI Exceeded Useful Daylight

Illuminance
DGP Daylight Glare Probability

1. Introduction
Buildings’ façades play a significant role in providing sufficient adequate useable daylight
within interior spaces. This significance arises from the profound impact of incident solar
radiation, which varies based on the specific angle at which the receiving surface interacts
with the direction of sunlight (Ostermeyer, 2010). Given the continuous variability in
daylight’s dynamic features over time, it becomes imperative to address this by employing
an appropriate kinetic form and behavior for the façade. There is a high potential to use
interactive kinetic façades (Hosseini et al., 2019a), adaptive (Loonen, 2015; Tabadkani et al.,
2019) and responsive building skins (Shahin, 2019) to modify their morphologies in real-time
with respect to the dynamic sun-timing positions and occupant activities. Given the
numerous advantageous effects of daylight on the physical, psychological and mental well-
being of occupants’ health, implementing an interactive kinetic façade can offer a visually
comforting and friendly design, leading to increased productivity and well-being of the
occupants (Luna-Navarro et al., 2020). Parametric modeling enables the design of interactive
kinetic facadeswith intricate three-dimensionalmotions. The interactive kinetic façade holds
significant promise and effectiveness for buildings with glazed curtain walls. These
buildings frequently encounter challenges related to dynamic daylight, visual discomfort
and overheating in close proximity to the façade (Al-Masrani et al., 2018; Attia et al., 2019;
Hosseini et al., 2024).
The Kiefer Technic Showroom’s facade, located in Bad Gleichenberg, Austria and

designed by Ernst Giselbrechtþ Partner, and a responsive kinetic façade located in Kolding,
Denmark (Kuipers, 2015), are examples of responsive facades that provide optimal visual
comfort and daylight performance by regulating solar heat gain and preventing glare using
modular kinetic components. Additionally, the Al Bahar Towers in Abu Dhabi (Hosseini
et al., 2019a) are other examples of responsive facades that utilize similar mechanisms to
enhance the building’s performance and sustainability (Figure 1).

1.1 The state of the art
The adaptive kinetic façade represents a highly advanced and interdisciplinary element
within building design, encompassing the realms of architecture, building physics and
engineering. This innovative feature incorporates a range of cutting-edge design techniques,
materials and control strategies, including complex fenestration systems, operable solar
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shading, switchable windows and non-conventional façades. By harnessing these
technologies, the façade aims to achieve multiple objectives, primarily centered around
optimizing visual comfort for occupants and improving daylight performance within the
space (Kim and Clayton, 2020; Taveres-Cachat et al., 2021).
Reviewing prior studies (Table 1) indicates that the majority of research studies

extensively rely on parametric and algorithmic methodologies to investigate kinetic facades
through several methods consisting of building performance simulation (Kim, 2023), kinetic
façade design strategy (Megahed, 2017), biomimetic (Hosseini, 2021a, Hosseini and Heidari,
2022; Kim, 2023; Kuru et al., 2021; Soliman and Bo, 2023), advanced genetic algorithms (Le-
Thanh et al., 2021; Rizi and Eltaweel, 2021; Sadegh et al., 2022), brute force analysis and
comprehensive comparative scrutiny (Hosseini et al., 2020; Hosseini and Heidari, 2022) and
multi-faceted optimization techniques (Kim and Clayton, 2020). Moreover, on the one hand,
the exploration of the kinetic facade subject has predominantly focused on engineering and
building physics aspects, consequently leaving the architectural aspect, specifically
conceptual form design and kinetic behavior dimensions, largely overlooked and
underutilized during the development phase. A recent study (Hinkle et al., 2022), for
instance, demonstrated an automated optimization through parametric modeling and
simulation to investigate building geometry and façade material. They improve energy
saving by up to 19% by manipulating standard architectural elements such as window
fraction, sill height, head height, site location, building rotation and location, volume fraction
and length-wide aspect ratio. The parametric study lacks an underlying architectural
concept for form-finding. Another study by Le et al. (2022) integrated parametric simulation
and sensitivity analysis for developing multi-criteria decision-making to optimize view,
daylighting, energy use and thermal and visual comfort. The study uses Grasshopper and
ClimateStudio to conduct a parametric simulation to explore advanced façade systems with
roller blinds and Low-E coating glazing. The authors stated that the roller blinds “were either
fully opened or fully closed,” and there is no intermediate option (Le et al., 2022). The study
combines principles from building physics and engineering to formulate an innovative logic
for kinetic façades while omitting any input from architectural perspectives regarding the
façade’s design and form. Wang et al. (2022) applied questionnaires, Convolutional Neural
Networks and parametric modeling to develop a control system for adaptive façade
according to occupants’ postures and positions in the space. Incorporating occupant
behavior into the façade adjustment improves personalized thermal and visual comfort
(Wang et al., 2022). The study used a complex form as the adaptive façade form that can
rotate between 180 and �180. There is no architectural design concept behind the choice of
this form, the authors addressed the façade form as the area which needs more investigation
and development. Valitabar et al. (2022) proposed an advanced control to adjust the tilt
angles of multiple sections of a Venetian blind independently to improve visual comfort,

Figure 1.
(a) SDU Campus

(Kuipers, 2015), (b) Al
Bahr Tower (Hosseini
et al., 2019a) and (c)

Kiefer Technic
showroom

(Kuipers, 2015)
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NOVEL
VARIABLE
BUILDING SKIN
(WANG ET AL.,
2024) 

Cwa PM,
PS,
BPS,
MOO

LB,
RH, 
GH, R

- R, 3D CF/ 
H

VT DP, GP,
RTDC,
SSD, 
EP

SU,
MP

Integrating 
hexagonal module 
with Fresnel lens
to concentrate
solar rays, Sun 
Tracking system

S DC,
IE

LIGHT-
RESPONSIVE
BIOMIMETICS 
KINETIC
FAÇADE
(SOMMESE ET
AL., 2024)

Cfb PD, 
PS,B
PS, B

LB,
RH, 
GH, R

Functional 
principles of the 
Gazania flower 
reaction to Sun 
light in macro 
scale

S, 3D HS,
CF/
R 

SM DP, GP,
RTDC,
SSD

SU,
MP

Identification of
Focal and
Peripheral regions 
on facade

S DC,
IU

ADAPTIVE
BUILDING
ENVELOPE BY
MERGING
BIOLOGICAL
MECHANISMS
(SOLIMAN & BO, 
2023) 

BWh B,
BPS 

Lessons from 
multiple plants
including Mimosa 
pudica, Cactus, 
Stone Plant in 
macro scale

SS,
R,
Fo,
3D

CF/ 
H

PG T,
RTDC,
EE

S Foldable surfaces 
with hexagonal 
shapes, multiple
layers, self-
shading features,
and symmetrical
triangular fins 

T DC,
IE

FLEXIBLE 
DAYLIGHT-
ADAPTIVE
SHADING 
FAÇADE (KIM,
2023) 

Dwa B,
PD,
BPS,
FEA,
F

Lessons from 
honeycomb
shapes and plant
breathing through 
stomata

C, 3D CF/ 
H

SM DP,
RTD

S Real-time façade
shape change,
Flexural 
hexagonal shapes 

S CC, 
IE

ADAPTIVE
FAÇADE BASED
ON OCCUPANT-
CENTRIC
DESIGN (WANG
ETAL., 2022)

Dwa S,
PM,
BPS,
ML,
MOO

LB,
RH, 
GH, R,
EP

- R, 3D CF,
HS/
R 

VT DP, T,
GP,
SSD,
RTDC,
EE

SU, P,
OP

Posture definition,
adjusting shading 
unit, sun angle, 
temperature

S
CC, 
IU

MULTI
OBJECTIVE 
OPTIMIZATION
OF ADAPTIVE 
FAÇADE
(LE ETAL., 2022) 

Aw, 
Cfa,
Cfa,
Dfb,
BSk 

PS, 
MOO
, SA

RH, 
GH,
CS, R,
EP

- Ro,
2D

RB VT, 
OF

DP, T,
GP,
SSD,R
TDC, 
EE,
VCE 

S Window to wall 
ratio, glazing, 
blind, threshold,
either fully
opened or fully
closed without 
intermediate
change 

S
CC, 
IE

INTERACTIVE 
KINETIC
FAÇADE
(HOSSEINI, 2022) 

BWh B,
GMA
, PM,
PS,
BPS,
MOO

LB,
RH, 
GH, R

Lessons from 
butterfly wing's
nano structure and 
Orosi windows 

R,
Sc, S,
3D

CF,
HS/ 
H

CG DP, GP,
SSD,
RTDC 

SU,
MP

Geometrical
changes (different
depth and scales), 
composition of 
colored glass,
periodic changes
based on sun-
timing positions
and user
positions/ DC

S DC,
IU

ADVANCE
CONTROL OF
INDOOR AND
OUTDOOR 
VENETIAN
BLIND
(VALITABAR ET
AL., 2022)

Csa PD, 
PS,
MOO

LB,
RH, 
GH, R

- R, 3D VB/ 
R 

VT DP, GP,
SSD,
VCE 

MU,
MP

Integration of
interior light-
shelves and
exterior venetian
blind,
independently
adjustable tilt

S DC,
IU

(continued )

Table 1.
Review on kinetic
façade characteristics
based on forms, control
logics and function of
daylighting systems
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daylight performance and visual contact with the exterior. However, the system has
individual control on each piece to find the proper configuration for the whole façade which
needs to consume more time and energy to reach the optimal configuration (Valitabar
et al., 2022).
On the other hand, some recent studies in the field have concentrated on the application

of biomimetic approach, origami and floral patterns for the creation of facade forms.
Although top-down (Hosseini and Heidari, 2022) and bottom-up (Sokhandan and

angles of multiple
sections of facade

FORM-FINDING 
OF KINETIC 
FACADE
(SADEGH ETAL.,
2022) 

Csa PD,
PS,
MOO

LB,
RH, 
GH, R

- R,S,3
D

PS/ 
R 

C DP S Shape changes,
Tessellated form

S CC, 
IE

BIO-INSPIRED
KINETIC
FAÇADE
(HOSSEINI, 2021) 

BWh B, 
PM,
PS,
BPS 

D, RH,
GH, R

Plant's stomata
movement and 
kinetic behavior 
principles

R, S, 
3D

CF,
HS/ 
R 

VT DP, GP,
SSD,R
TDC 

MU,
MP

dynamic
transitory-
sensitive area
Symmetrical
element,
hierarchical
arrangement, 
Immediate
reconfiguration

S
DC,
IU

ADAPTIVE
SHADING 
CONTROL
(TABADKANI ET
AL., 2021)

Af,
BSh,
Cfb, 
BWh, 
Csa, 
Dfb 

PM,
PS,
BPS 

LB,
RH, 
GH, R,
EP

- R, 3D VB/ 
R 

VT DP, T,
GP,
SSD,
RTDC,
EE

S Climate zone,
window-to-wall 
ratio, building
orientation,
shading control
strategy and its 
activation
threshold, 
Rotating range
from 0◦ to 90◦

T CC, 
IE

BIOMIMETIC 
KINETIC
SHADING 
FACADE
(HOSSEINI,
2021B) 

BWh B, 
PM,
PS,
BPS 

D, RH,
GH, R

Inspiration from
Tree configuration 

C, 3D CF/
R 

DP, GP,
SSD,R
TDC 

SU,
OP

Multilayered skin,
Kinetic curvature
movement, 
Intersected
element

S IE

Source(s): Authors’ own creation 

Note(s): Climate_ Tropical rainforest: Af, Humid continental: Dfb, Humid continental 
climate: Dwa. Temperate: Cfb, Humid Subtropical Climate: Cfa, Warm desert: BWh, Marine 
West Coast: Cfb, Mild, semi-humid: Csa, monsoonal humid subtropical climate: Cwa, 
Tropical savanna: Aw, Semi-arid: BSh;  Method_ Parametric design: PD, Parametric 
simulation: PS, Building Performance Simulation: BPS, Biomimetic: B, General 
morphological analysis: GMA, Fabrication: F, Multi-objective optimization: MOO, Survey: S,
Machine Learning: ML, Sensitivity analysis: SA, Finite element analysis: FEA; Tools/
Software_ Ladybug Tools: LB, DIVA: D, Climate Studio: CS, Design Builder: DB, 
Rhinoceros: RH, Grasshopper: GH, WUFI Plus: WP, Energy Plus: EP, Radiance: R; 
Movement type:_ Flap:F, Fold: Fo, Rotate: R, Retractable: Ret, Rolling: Ro, Pivot: P, Slide: S,
Scale: Sc, Swelling and Shrinking: SS, Curve: C, Three dimension: 3D, Two dimension: 2D; 
Geometric Form_ Complex Form: CF, Hierarchical Structure: HS, Roller blind: RB, 
Venetian Blind: VB, Primary Shape: PS; Grid_ Rectangular: R, Triangular, T, Hexagonal: H; 
Material_ Constant: C, Smart material: SM, Visible transmittance: VT, Openness Factor: OF, 
Colorful glass: CG, Photochromic glazing: PG; Functions_ Thermoregulation: T, Daylight 
performance: DP, Energy Efficiency: EE, Energy Production: EP, Aesthetic: A, Glare 
Protection: GP, Sufficient Supply of Daylight: SSD, Real-Time Daylight Control: RTDC, 
Visual Contact to Exterior: VCE; Users’ Detection and Estimation_ Single User: SU, Multiple
Users: MU, Space: S, Postures: P, One Position: OP, Multiple Position: MP; Environmental 
trigger_ Sun: S, Temperature: T; Control Logic_ Decentralized control: DC, Centralized 
control: CC, Interactive to Environment: IE, Interactive to User: IU

Table 1.
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Monadjemi, 2016) approaches are two different ways of applying biomimicry in design,
most of the precedent studies applied the top-down approach. The approach involves
identifying a specific design problem and then searching for existing biological models or
analogies that can provide a solution. The developed studies that used a top-down approach
employ a variety of unique geometric forms, including complex and flexible designs (Globa
et al., 2022), convertible and hierarchical configurations (Le-Thanh et al., 2021), each with its
specific benefits. Applying the architectural concept extracted from the biomimetic
approach leads to shortening the size of the problem and creating a meaningful exploration
area by eliminating irrelevant parameters. Thus, the studies can benefit from the Brute-
force algorithm to evaluate every possible solution or combination of parameters and reach
the most optimal results with the highest accuracy. While these methods have proven
effective in meeting occupants’ visual comfort needs, their emphasis has been primarily on
the complex form, particularly in the realm of biomimetics. As an illustration, multiple
biomimetic kinetic facades studies use complex forms to achieve high performance in the
building, including the identification of focal and peripheral regions on the façade (Sommese
et al., 2024), multilayer and multiscale interference (Hosseini and Heidari, 2022), foldable
surfaces in multiple layers (Soliman and Bo, 2023), decentralized-hierarchical rotatable
elements (Hosseini, 2021a), flexural hexagonal shapes (Kim, 2023), swelling and shrinking
rib-structure (Kuru et al., 2021) and kinetic curvature movement and intersected element
(Hosseini, 2021b). However, these studies extracted the biomimetic principles by superficial
considerations, not an in-depth investigation, resulting in neglecting some bio-inspired
principles that can provide unique features for developing kinetic façade design
interactions. To solve this problem, there is a need to develop an approach to identify
functional convergences between buildings and nature in order to uncover special features
of biological phenomena, such as form and behavior, for reaching environmental adaptation
(Badarnah, 2017). This approach focuses on identifying the functional requirements and
constraints of a system before searching for relevant biological analogies. By doing so, the
approach aims to avoid the pursuit of irrelevant or overly complex biological analogies in
the initial stages of the process, allowing for a more efficient exploration of potential
solutions (Hosseini et al., 2019b). Furthermore, a thorough exploration of biological
analogies has resulted in the emergence of a novel attribute that integrates simple form and
appropriate kinetic behavior, thereby enabling prompt reaction to environmental stimuli.
This feature has not been previously explored in literature, making it a promising avenue
for further research. Considering everything, this study aims to develop a methodology that
extracts an architectural concept from a biological analogy that integrates forms and kinetic
behavior to identify whether complex formswork better or simple formswith proper kinetic
behavior for regulating dynamic daylight. The resulting kinetic principles are then
translated into design solutions for the development of a biomimetic interactive kinetic
facade aimed at improving occupant visual comfort. As such, the research seeks to address
the following questions:

(1) How can a biomimetic functional-morphological approach be defined for detecting a
proper biological analogy to extract suitable bioinspired principles for controlling
dynamic daylight?

(2) How can the extracted biomimicry principles contribute to the development of kinetic
facade forms and movement mechanisms?

(3) What is the improvement of daylight performance according to a case study
comparison between a complex form and a simple formwith proper kinetic behavior?
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The paper uses several methods in three phases involving architectural design concepts,
mechanisms and evaluation to establish a circular workflow of kinetic façade design (Section
2). Then, the study provides information about building typology, climate context, modeling
settings and details of the case study used in the parametric simulation workflow (Section 3).
(Section 4) represents the output of the parametric simulation study using required diagrams
and tables for base case (Section 4.1), Hyperbolic Paraboloid component (Section 4.2) and
Bookshelf (BS) component (Section 4.3). Section 4.4 rounds off this section with a
performance comparison between the various case studies. Following that, the discussion
and conclusion sections are presented as Sections 5 and 6, respectively.

2. Methods
The kinetic design strategy presents a robust framework for the systematic development of a
kinetic facade, encompassing architectural design conceptualization, mechanism and
evaluation stages for establishing a circular workflow of kinetic façade design (Figure 2).
The methodology aims to address two gaps: (1) the lack of an architectural aspect in the
kinetic facade design, specifically in the development of conceptual form and kinetic
behavior dimensions and (2) exchanging the superficial biomimetic considerations with an
in-depth investigation. This approach focuses on identifying the functional requirements
and constraints of a system before looking for relevant biological analogies. This is to avoid
searching for irrelevant or overly complex biological analogies in the initial phase of the
process, allowing for a more efficient exploration of potential solutions.We can highlight the
transdisciplinary approach of this study and emphasize the architectural design concept
through the biomimetic functional-morphological approach in Section 2.1, which uses
functional convergence to identify a proper biological analogy (Section 2.1.1). Then it
conducts a comprehensive literature review analysis for detecting multiple biomimetic
principles of forms and kinetic behavior within the chosen analogy (Section 2.1.2). In the next
step, the extracted principles are applied to create a novel kinetic façade interaction in Section
2.2 as a mechanism. The evaluation Section 2.3 defines appropriate metrics and acceptable
thresholds for assessing and comparing kinetic facades’ alternatives based on daylight
performance and visual comfort criteria (Section 2.3). The collected materials from the
previous sections are arranged in a reliable framework to establish a circular kinetic facade
design algorithmic workflow (Section 2.4).

2.1 Architectural design concept through biomimetic functional-morphological approach
2.1.1 Functional convergence to identify a proper biological analogy. The transformation of
façades can enhance daylight performance and visual comfort by regulating daylight
through scattering, redirecting and reflecting. To effectively explore nature and identify the
appropriate analogy, this research focuses on living organisms with specific morphologies
(i.e. functional convergence) that can redirect and reflect light. Numerous examples of
geometric, symmetrical, regular and irregular spatial patterns can be observed in nature. For

Figure 2.
Methodological
framework for

establishing kinetic
façade design circular

workflow
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instance, the iridescence of Morpho butterfly wings, the bright metallic reflection of a jewel
beetle’s elytron and the brilliant eye pattern of a peacock feather are some notable examples
(Freyer and Stavenga, 2020; Hariyama, 2005; Yoshioka, 2013). In certain species, the
phenomenon of structural color is observed, wherein the colors of the organism are generated
by the interaction of light with microscopic structures on their surface rather than through
pigments. These structures can be arranged in a way that selectively reflects and absorbs
specific wavelengths of light, resulting in the appearance of color. The resulting colors can
possess high reflectance qualities and vividness and may exhibit iridescence, wherein their
hue changes depending on the angle of light and the observer’s perspective (Song et al., 2014;
Thom�e et al., 2020; Yoshioka, 2013).
Real-time daylight control needs immediate action and morphological adaptation, which

is frequently observed in living organisms. The functional convergence can lead to finding a
relevant analogy resulting in valuable kinetic movements and behavior for responding to
dynamic daylight features. Redirecting, scattering and reflecting the light contribute to
optical characteristics such as iridescence and high reflectance, especially in Morpho
butterfly wings. Thus, the study determines a functional convergence between visual
comfort and iridescence (structural color) (Table 2). Investigating the iridescence phenomena
of Morpho butterfly wings leads to achieving variousmorphological adaptations and kinetic
behavior for controlling dynamic light.
Consequently, it is imperative to investigate the iridescence phenomenon exhibited by

Morpho butterfly wings at the nano-scale. This investigation will involve a thorough
analysis of existing literature, aiming to identify various biomimetic principles related to the
role of forms, shapes and kinetic behavior in redirecting, scattering and reflecting light.

2.1.2 Biomimetic lessons of Morpho butterfly wings. The Genus Morpho butterfly
comprises multiple species, including Rhetenor and didius, known for their brilliant blue
color that exhibits iridescent colorationwith high reflectivity and low angle dependence. The
notable characteristics of the Morpho butterfly’s color have attracted significant scientific
attention (Chung et al., 2012; Song et al., 2014; Yoshioka, 2013). The high reflectivity of the
blue color can be explained by interference among the multilayers and multi-scale wing
elements, geometric forms andmovement behavior (Kawabe et al., 2020; K€ochling et al., 2020;
Steindorfer et al., 2012; Wang et al., 2013). Table 3 analyzes Peacock feathers and jewel
beetle’s elytron, mostly the Morpho butterfly wings to investigate the constitution of the
structural color through geometric form, movement behavior in different layers and scales.
The optical properties of the Morpho butterfly wing include iridescence, high reflectance,

strong polarization, thermoregulation,mating and camouflage (Kawabe et al., 2020; K€ochling
et al., 2020; Siddique et al., 2013; Yoshioka, 2013). These features have been made by
reflecting, diffusing and scattering light in multilayer and multi-scale nanostructures
existing in Morpho butterfly wings (Li et al., 2010; Thom�e et al., 2020). The most crucial
factors influencing the optical properties are morphology (geometrical form) and kinetic
behavior (Figure 3). Regarding the optical properties, several morphological approaches
have been employed, consisting of lattice frames, roof tiles, hexagonal tiles, treelike
structures (Christmas tree), BS structures, grating-like structures, ridge and saddle shape

Intended function
Functional convergence compliance
Building elements Natural phenomenon

Redirecting, reflecting,
scattering light

Glazing Unit and
Shading Devices

Iridescence and high reflectance phenomenon of
Morpho Butterfly Wings in nano-scale

Source(s): Authors’ own creation

Table 2.
Identifying a proper
biological analogy for
investigation through
functional convergence
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References Creature name Function Processes
Geometric
form Influential element

movement’s
behavior

Geometry
type/scale

Yoshioka (2013) Morpho Cypris
Butterfly

Ir S, D, R RT, RS, SS The regular arrangement, Structural
irregularity in the height of the ridges

PA MLI, MSC

Wang et al.
(2013)

Morpho
butterflies

Ir S, D, R TS lamellae distribution PA, TA MSC

Steindorfer et al.
(2012)

Morpho rhetenor
butterfly

Ir S, R BS Structure distance, Shelf width, Shelf distance,
Shelf height and offset

PGC MLI

Song et al. (2014) Morpho
butterflies

Ir S, R BS Ridge structure PGC MLI

Chung et al.
(2012)

Morpho rhetenor
butterfly

Ir S, D, R RS, SS Ridge structure PA MLI, MSC

Kawabe et al.
(2020)

Morpho butterfly T S, D, R RS Surface structure PGC MLI

Jiang et al. (2012) Morpho butterfly Ir S, D, R GS Transparent cover scale asymmetrically
arranged layers with different widths

PA MLI, MSC

Thom�e et al.
(2020)

Morpho butterfly Ir S, D, R LF The architecture of the lamellae, The presence
of micro ribs

PA MLI

Li et al. (2010) Papilio peranthus
Fabricius

Ir S, D, R HT, RS, TS The presence of micro ribs PA, TA MLI

K€ochling et al.
(2020)

Morpho butterfly M, C, T S, D, R RS, TS The architecture of the ridges, Densities of the
ridges, The importance of cover scales

PGC, PDC, TA MSC

Shen et al. (2015) Morpho butterfly Ir S, D, R RS, BS Hierarchical nanostructure, offset in layer
positions

PGC MLI, MSC

Siddique et al.
(2013)

Morpho butterfly Ir S, D, R TS Alternating lamellae layers and Offsets between
neighboring ridges

PGC, TA MLI, MSC

Note(s): Function_ Iridescence: Ir, High reflectance: HR, Strong polarization: SP, Thermoregulation: T, Mating: M, Camouflage: C
Processes_ Scattering: S, Diffusing: D, Reflecting: R
Geometric form_ Lattice Frame: LF, Roof Tiles: RT, Hexagonal Tiles: HT, Treelike Structure (Christmas tree): TS, Bookshelf Structure: BS, Grating-like Structure: GS,
Ridge Structure: RS, Saddle Shape: SS
movement’s behavior_ Periodic arrangement: PA, Periodic geometrical change: PGC, Particle’s density change: PDC, Tapered Arrangement: TA
Geometry type/scale_ Multilayer interference: MLI, Multiscale components: MSC
Source(s): Authors’ own creation
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structures (Freyer and Stavenga, 2020; Jiang et al., 2012; K€ochling et al., 2020; Thom�e et al.,
2020; Yoshioka, 2013). Likewise, kinetic behaviors empowered the optical properties through
periodic arrangement (Yoshioka, 2013), periodic geometrical change (Steindorfer et al., 2012),
particle density change (Freyer and Stavenga, 2020) and tapered arrangement (K€ochling
et al., 2020). For example, K€ochling et al. (2020) (K€ochling et al., 2020) mentioned that periodic
geometrical and particle density changes in a tapered shape transform the architecture of the
ridges inside the wing’s nanostructure. Similarly, Steindorfer et al. (2012) explained BS
structure and its periodic geometrical change using lamellae distribution in a tapered shape.
The extracted forms and movement behavior can be abstracted and translated to design

solutions for developing a new generation of interactive kinetic façade. Based on Figure 4, a
new generation of kinetic facades can benefit from the geometric form of roof tiles, BS
structure and saddle shape modules in a grid form. Moreover, these forms can interact with
dynamic stimuli by using periodic geometrical change, tapered arrangement and particle
density change. Undoubtedly, the control logic of the façade has been enhanced to enable
efficient communication between dynamic and effective parameters during real-time
operation.

2.2 Mechanism
Two alternatives for biomimetic façade are developed by a combination of design solutions
(Figure 5). Based on the morphological viewpoint, the options can be divided into kinetic
façades with Hyperbolic Paraboloid (HP) and BS components. Considering the kinetic
behavior, integration of periodic geometrical change, periodic arrangement and particle

Figure 3.
Extracted biomimicry
principles from
Morpho Butterfly
wings based on the
morphology and
kinetic behavior
adapted from
Yoshioka (2013),
Thom�e et al. (2020),
K€ochling et al. (2020),
Shen et al. (2015) and
Siddique et al. (2013)

SASBE



density change leads to identifying a periodic interactive region (PIR) of the façade. The
shapes of the region are circular and tapered based on the biomimicry procedure (Figure 5).
Therefore, the biomimetic kinetic façade alternatives can benefit from PIR in circular and
tapered shapes. The kinetic elements inside the PIR have periodic geometrical changes and
arrangements based on the rapid fluctuations of dynamic stimuli such as sun timing
positions and dynamic occupant’s position. As Figure 5 displays, the area of PIR is changed
in different situations so that the number of kinetic elements in operation would be increased
or decreased. The facades can avoid the extra movement of the kinetic components by
employing PIR logic. Therefore, it consumes less energy for operation while providing more
useful daylight in the interior space.

Figure 4.
Exploring and
abstracting

biomimicry principles
of Morpho butterfly

wings and translating
them to design

solutions, adapted
from Badarnah (2017)

Figure 5.
Developing two
alternatives of

biomimetic interactive
kinetic façade by

combining the design
solutions
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The design of the kinetic façade draws inspiration from the nano-scale structure and
kinetic behavior of the Morpho butterfly wing. It transforms the façade into an interactive
and responsive medium that adapts to the dynamic features of daylight and occupants. The
three-phase design process enables the transition from a static to an interactive-kinetic state.
Phase 1) The wing’s nanostructure’s lattice frame and grating-like shape allow for the use of
a grid form and the placement of kinetic components on the façade (Figure 5).
Phase 2) Establishing the logic for dynamic attraction points in the facade involves a two-

step process (Figure 6a): (1) Creating aUFV line that connects the position of the sun at various
times with the positions of occupants within an office; and (2) Identification of the attraction
points by determining the intersections between the UFV lines and the façade surface.

Figure 6.
Establishing the logic
of interaction of façade
with dynamic
occupant’s position
and sun timing
position: (a) creating a
UFV line that connects
the position of the sun
at various times with
the positions of
occupants within an
office and
identification of the
attraction points by
determining the
intersections between
the UFV lines and the
surface of the façade (b)
defining the logic of
PIR with tapered and
circular regions
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Phase 3) Defining the logic of PIR on a façade in two shapes (Figure 6b):

(1) Using the attraction point as a center of the circular region for HP modular
components. The geometry (width and height) of HP components is periodically
changed according to the distance between the attraction point position and their
central points’ location. The amount of R is defined as half of the width of the office
room. Moreover, the radius of the PIR can be changed in the range of 0.5R–2Rwith an
interval of 0.5.

(2) Employing a tapered shape for BSmodular components based on the attraction point
location and its height (H) from the floor. The height (H) of the tapered shape comes
from the distance between the attraction point location and its projection point
position on the ground. The lower width of the tapered shape equals 2H, while the
upper width is 0.5H.

2.3 Evaluation
The developed kinetic façade provides real-time daylight control to improve daylight
performance and occupants’ visual comfort. This section outlines the utilization of climate-
based and luminance-based metrics to establish the criteria for daylight performance
simulation. These metrics are derived from the daylight performance prediction guidelines
provided by Reinhart (2019). The study then conducts extensive parametric daylight
performance simulations of numerous kinetic facades to examine their visual comfort
improvements. The alternatives are three distinguished options consisting of the base case
(Plain window room), kinetic façadewith Hyperbolic Paraboloid component and circular PIR
(HP_C) and kinetic façade with BS component and tapered PIR (BS_T). To evaluate daylight
performance, widely recognized software and plugins such as Rhino 7, Grasshopper,
Honeybee, Ladybug and Design Explorer are employed. These powerful tools enable
comprehensive analysis and assessment of various aspects related to daylighting. The
Honeybee and Ladybug use the RADIANCE-based daylight simulations that are validated
by Brembilla and Mardaljevic (2019), Reinhart and Walkenhorst (2001).
The research involves an extensive exploration that encompasses both annual daylight

simulations and point-in-time evaluation for a range of proposed dynamic building facade
configurations. In conducting climate-based daylight modeling assessments, a detailed
analysis is carried out, spanning an entire year with time intervals of an hour or less. This
approach effectively captures the intricate nuances of daily and seasonal daylight variations.
Furthermore, the study includes point-in-time simulations utilizing a luminance-based
metric on solstice and equinox days. These simulations assess the degree of visual comfort
satisfaction experienced by occupants.
Climate-based daylight modeling assessments are conventionally undertaken for an

entire year, employing time intervals of 1 h, to capture the intricate daily and seasonal
fluctuations in daylight accurately. The widely used Daylight Coefficient (DC) method
(Tregenza and Waters, 1983) offers an efficient computational approach for simulating a
wide array of diverse daylight scenarios, and this is achieved through the application of the
following formula:

E ¼ DC3 S (1)

where the DCmatrix stores the values describing the relationship between the virtual sensor
points (n) and the 145 sky patches (plus one for the external ground), the skymatrix (S) stores
the luminance values for each of the sky patches at each hour of the year (8,760 h for hourly
time steps), and the resulting illuminance matrix (E) is obtained by multiplication of the
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previous two matrices. The DC matrix has been obtained through the computationally
expensive lighting simulation. After that, the rest of the process (i.e. the derivation of
illuminances) largely includes the relatively rapid multiplication of matrices. Both Climate-
Based Daylight Modeling (CBDM) and Radiance-based techniques draw their foundation
from the Radiance software platform and contain distinct modifications of the DC method
(Brembilla and Mardaljevic, 2019) (Table 4).
To evaluate the daylight performance of the interactive kinetic facade, we employed

climate-based metrics such as spatial Daylight Autonomy (sDA), Useful Daylight
Illuminance (UDI), Exceeded Useful Daylight Illuminance (EUDI), as well as a luminance-
based measure, namely, Daylight Glare Probability (DGP) (Reinhart, 2019). sDA is a metric
that calculates the percentage of occupied hours during a year in which a minimum
illuminance threshold is achieved exclusively through daylight. A point is considered
“daylit,” if its sDA value is equal to or greater than 50% or sDA 300 lux [50%] (Reinhart,
2019). UDI refers to the presence of daylight that falls within the range of 100–3,000 lx in the
back two-thirds of a space. When the UDI exceeds 80%, the space is considered to have
sufficient useful daylight. On the other hand, EUDI is a metric that indicates the presence of
excessive daylight near the façade, with values exceeding 3,000 lx (Reinhart, 2011, 2019).
Glare is a human sensation that occurs when there is a bright light source within the field of
vision that exceeds the brightness to which the eyes have adapted (Reinhart, 2011). DGP is a
metric that has gained popularity in recent years, as suggested by Reinhart (2019), Wienold
and Christoffersen (2006). It utilizes CCD camera-based luminance mapping technology to
assess glare. DGP values are classified into four groups: imperceptible (30–35), perceptible
(35–40), disturbing (40–45) and intolerable (45–100) (Table 4) (Reinhart, 2011).

2.4 Establishing kinetic facade design circular workflow
Figure 7 showcases research exploration through the integration of kinetic design strategy,
biomimetic functional-morphological approach and parametric workflow using inverse
design. The kinetic design strategy, comprising three steps – design concept,mechanism and
evaluation – offers a reliable cycle to transition from static to dynamic. The extracted
principles from the biomimetic section are utilized to support the design concept.
Subsequently, the appropriate morphology and movement behavior are translated into
kinetic logic and specific morphologies, including PIR, periodic geometrical change, circular
and tapered shapes of the region, the dynamic region based on the sun-timing positions and
occupant’s position, grid form with Hyperbolic shape and BS structure. According to the
logic mentioned above and mechanisms, two kinetic façade alternatives are developed. A
parametric workflow for conducting a daylight simulation is applied in the last step.

3. Case study
The case study is an open office on the second floor of an office building called Parmida
(Figure 8c). The architectural team designed a second façade layer using a triangular grid to

Method

Ambient
bounces
(-ab)

Ambient
divisions
(-ad)

Ambient
super-

samples (-as)

Ambient
accuracy
(-aa)

Ambient
resolution
(-ar)

Limit
weight
(-lw)

Daylight
coefficient

5 4,096 512 0.15 512 0.002

Source(s): Authors’ own creation

Table 4.
Radiance ambient
parameters were used
for simulation
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Figure 7.
Research exploration

through the integration
of kinetic design

strategy and
biomimetic functional

approach

Figure 8.
(a) Diurnal averages
(global horizontal
radiation, diffuse

horizontal radiation,
direct normal

radiation, wet bulb
temperature and dry
bulb temperature); (b)
hourly heatmap of
global horizontal

radiation; and (c) case
study building: second-
floor plan of Parmida
building (highlighted
area represented the
selected office room)
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control the intense daylight of the south orientation. However, office spaces located in the
small part of the second floor have a fully glazed façade which causes glare and visual
discomfort within the space. Thus, the space needs a façade design to control glare and
increase daylight performance. The model is a “shoebox” office that represents a south-
facing side-lit office that is not obstructed by neighboring buildings according to Reinhart’s
recommendation for daylighting study (Reinhart, 2018). The developed biomimetic façade
alternatives are applied to the case study. To conduct the simulation, the location chosen for
the office building is Yazd, Iran, which is characterized as having a hot desert climate (BWh)
with clear skies, as per the K€oppen climate classification (Hosseini et al., 2019a). To
accurately simulate the environmental conditions in Yazd, weather data specific to the region
is acquired from the EnergyPlus website (Figures 8a and b) (National Renewable Energy
Laboratory, 2024). Based on a standard office layout, the floor plan dimensions are
determined to be 4.4 m in width and 4.1 m in depth (Neufert and Neufert, 2000; Reinhart,
2018). The building elements, such as walls, ceilings and floors, are modeled with a thickness
of 0.2 m and 0.3 m, respectively (Figure 9). The height of the room, measured from the top of
the floor to the bottom of the ceiling, is determined to be 2.8 m. Additionally, the window is
situated on the south-facing façade with a window-to-wall ratio of 0. 85.
Climate-based metrics are calculated annually for each distinct façade configuration. The

DGP is calculated using the kinetic façade options on the solstice and equinox days,
including the 21st of December, the 21st of March and the 21st of June (Reinhart, 2011, 2019).
This outlines the essential parameters for conducting a daylight performance simulation,
which assumes a clear skywith sun, aminimum illuminance level of 300 lx on thework plane
at a height of 0.85meters from the floor, an occupancy schedule of 8–16, a sensor grid spacing
of 0.5 m, the absence of shading and no use of electrical light (Reinhart, 2011). All modeling
settings of the case study used in the parametric simulation have been listed in Table 5.
Figure 10 illustrates the interior spaces that are perceived by each alternative as well as

kinetic façade elements comprising grid form, rail profile, kinetic louvers and rotatable joints.
To initiate the grid divisions of the alternative hyperbolic paraboloid design, we took into
consideration the façade of the Kiefer Technic Showroom, which was divided into four
sections. According to Construction Specialties company, the louver system can use blades’
depth around 30 cm. Different alternatives are simulated according to daylight performance
criteria. The study performed individual comparisons between alternatives and the base case
Figure 11 represents the inverse design and algorithmic workflow of interactive kinetic
façade during parametric modeling and simulation using biomimetic lessons of Morpho
butterfly wings as input drivers.

Figure 9.
Test room, occupant
positions, the direction
of views and attraction
points
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4. Results
4.1 Base case (plain window room)
The investigation of the daylight performance of a base case using climate-based daylight
metrics demonstrates that the amount of usable daylight provided is insufficient to meet

Performance criteria
Parameters Name Unit Range

Daylight-related parameters
(Annual daylight simulation
metrics)

Useful daylight
Illuminance (UDI) (100–
3,000 lux)

Percentage [0–100]

Exceed Useful daylight
Illuminance (EUDI)
(>3,000 lx)

Percentage [0–100]

Spatial daylight autonomy
(sDA)

Percentage [0–100]

Visual comfort relate
parameters

Daylight Glare Probability
(DGP)

X < 0.35:
Imperceptible
0.35 < x < 0.4:
Perceptible
0.4< x < 0.45:
Disturbing x > 0.45:
Intolerable

Normalized range:
[0–100]

Model driving
parameters

Hyperbolic
Paraboloid

Periodic arrangement
(Circular shape radius: R
5 Specewidth (L)/2); L5 4

Float 0.25, 0.5, 0.75, 1R

Opening Width Floating point
number

0.30, 0.35, 0.40, 0,45,
0.50

Opening Height Floating point
number

0.30, 0.35, 0.40, 0,45,
0.50

Grid division Integer 4 3 3
Bookshelf
component

Periodic arrangement
(Tapered shape)
Short side: 0.5 H, Long
side: 2 H, Height: H

m H: Height of the
dynamic Attraction
Point from floor

Lamella Depth m 0.3
Lamella Rotation Degree Domain [0–90] 8
Grid division Integer 9 3 8

Model fixed parameters Glazing Ratio Percentage 90
Task Area Height m 0.85
Sensor Grid Spacing m 0.5
Space Width m 4.10
Space Length m 4.40
Space High m 2.8
Single glazing direct
visual transmittance

Percentage 90

Int. Wall Reflectance Percentage 50
Int. Ceiling Reflectance Percentage 80
Int. Floor Reflectance Percentage 20
Ext. Ground Reflectance Percentage 20

Sun timing positions (For Glare
analysis and form changing
parameters)

Month Integer 6-9-12
Day Integer 21
Hour Integer 9–12-15

Climate parameters Weather File for analysis user-defined Hot desert climate
(BWh)

Table 5.
Modeling settings of
the case study used in

the parametric
simulation
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occupants’ requirements. Despite the room receiving an adequate amount of daylight (sDA
94%), the UDI analysis (17%) reveals that most of the incoming light exceeds 3,000 lx,
leading to visual and thermal discomfort. The analysis revealed that the EUDI metric had a
value of 77%, indicating that a significant amount of daylight in the room was above the
recommended threshold of 3,000 lx. Most cases are at the intolerable zone due to DGP
evaluation (Table 6). Table 5 presents the overall visual discomfort experienced by
occupants who are exposed to sun glare throughout the year.

Figure 10.
Interior spaces are
perceived by each
alternative and kinetic
façade elements
including grid forms,
rail profiles, kinetic
louvers and rotatable
joints

Figure 11.
Inverse design of
interactive kinetic
façade using
biomimetic lessons of
Morpho
butterfly wings
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4.2 Biomimetic kinetic façade with hyperbolic paraboloid component and circular periodic
interactive region (HP_C)
Table 7 displays the extensive investigation conducted on the daylight performance of the
kinetic façade, focusing on different areas of PIR during solstice and equinox days at 9:00,
12:00 and 15:00.
The data extracted from Table 5 provides compelling evidence of the positive daylight

performance exhibited by the kinetic façade alternatives, as indicated by the ranges of UDI,
EUDI and sDAvalues, which fall within the respective range of (52.7_74.26), (25.73_47.3) and
(96.88_98.95). Notably, these improvements are achieved while varying the window-to-wall
ratio (WWR) between 0.2349 and 0.4790. The alternative design demonstrates significant
potential in delivering ample daylight into the interior space, with the UDI increasing up to
3.47 times compared to the base case. Furthermore, the façade effectively reduces the EUDI
levels in the room by 66.48%, further enhancing visual comfort for occupants. Parametric
simulation of the façade (Figure 12) shows that the façade with PIR (2R) has the best daylight
performance by an average UDI and EUDI of 72.59 and 27.4. Regarding Figure 13, we can
conclude that there is no significant difference between regions with a radius of 2R, 1.5R, R.
The PIR with a radius of 0.5R has lower daylight performance than the other alternatives

Scenario

Office hours
9:00 12:00 15:00
DGP DGP DGP

Person 1/Mar 21st 0.43 0.52 0.58
Person 1/Jun 21st 0.41 0.48 0.44
Person 1/Dec 21st 0.53 1 1
Person 2/Mar 21st 0.34 0.36 0.31
Person 2/Jun 21st 0.29 0.33 0.29
Person 2/Dec 21st 0.46 0.53 0.36
Person 3/Mar 21st 0.72 0.69 0.45
Person 3/Jun 21st 0.49 0.59 0.42
Person 3/Dec 21st 1 1 0.4
Source(s): Authors’ own creation

Orientation South

Scenario

Office hours

sDA WWR
9:00 12:00 15:00

UDI EUDI UDI EUDI UDI EUDI

PIR (0.5)/Mar 21st 53.47 46.53 74.04 25.96 52.70 47.30 98.83 0.47902
PIR (0.5)/Jun 21st 74.22 25.78 74.26 25.73 73.92 26.07 97.03 0.2448
PIR (0.5)/Dec 21st 69.44 30.55 70.57 29.43 73.88 26.12 98.42 0.2845
PIR (1.0)/Mar 21st 66.09 33.91 73.11 26.88 65.33 34.67 98.95 0.3272
PIR (1.0)/Jun 21st 74.22 25.78 73.37 26.63 73.92 26.07 96.88 0.2456
PIR (1.0)/Dec 21st 68.92 31.08 70 29.99 72.99 27 98.60 0.2612
PIR (1.5)/Mar 21st 66.17 33.83 73.04 26.95 68.41 31.59 98.87 0.3002
PIR (1.5)/Jun 21st 73.84 26.15 73.28 26.71 72.90 27.09 97.33 0.2412
PIR (1.5)/Dec 21st 69.63 30.37 70 29.99 72.97 27.02 98.40 0.2786
PIR (2.0)/Mar 21st 74.11 25.89 73.35 26.65 73.80 26.19 97.63 0.2349
PIR (2.0)/Jun 21st 74.10 25.89 74.04 25.96 72.90 27.09 97.24 0.2395
PIR (2.0)/Dec 21st 69.23 30.76 68.85 31.14 72.97 27.02 98.46 0.2732
Source(s): Authors’ own creation

Table 6.
Basecase daylight

performance
evaluation and DGP

prediction for multiple
occupants’ positions in

the room

Table 7.
Daylight performance

investigation of
biomimetic kinetic

façade with hyperbolic
paraboloid component

and circular PIR
(HP_C) for the South
direction through

climate-based daylight
metrics
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(Figures 14–17). Even though all options provide extremely high UDI and sDA, the average
amount of EUDI (29.21) emphasizes the overheating problem just near the façade.
Table 8 represents DGP and climate-based metric evaluation of the best biomimetic

kinetic façade with Hyperbolic Paraboloid component and circular PIR (HP_C) for the South
direction. Evaluation of DGP proves the facades’ exceptional performance for providing
occupants visual comfort in given directions. All the cases are in the imperceptible range
(DGP < 0.35) except for one scenario on the 21st of December at 12:00. In this scenario, the
DGP amount equals 1, which means the occupant P2 faces an intolerable situation. The
results point out the geometry of the façade has some problems in avoiding glare that
happens at the lowest height in front of the occupant position.

4.3 Biomimetic kinetic façade with Bookshelf component and tapered periodic interactive
region (BS_T)
Analyzing the results of daylight performance simulation approves the extraordinary
performance of the biomimetic kinetic façade with Bookshelf component and tapered PIR

Figure 12.
Parametric exploration
of biomimetic
interactive kinetic
façade with hyperbolic
paraboloid module and
circular PIR through
climate-based daylight
metrics (a parallel
coordinated graph)

Figure 13.
Annual daylight
performance
evaluation of
biomimetic interactive
kinetic façade with
hyperbolic paraboloid
module and circular
PIR through climate-
based daylight metrics
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(BS_T) to improve visual comfort compared to the base case (Figure 18). Table 7 shows the
daylight performance investigation of the kinetic façade with the tapered shape of PIR in
solstice and equinox days at 9:00, 12:00 and 15:00. Analyzing the data of Table 6 proves the
daylight performance of the kinetic façade alternatives with the amount of UDI, EUDI and
sDA in the range of (89.51_98.63), (1.28_10.49) and (65.61_99.24), respectively. The BS
component with tapered PIR has the potential to supply remarkably high useful daylight in
the interior space by increasing the amount of UDI up to 4.92 times, with respect to the base
case. Moreover, the façade decreases the amount of EUDI in the room by 99.33%, with
respect to the base case.
Table 9 presents the DGP value of the biomimetic kinetic façade with the BS component

and tapered PIR of the South direction based on the occupant’s position in the room on the
solstice and equinox days (Figure 9). The evaluation of DGP reveals the remarkable
performance of the façade in mitigating visual discomfort by effectively reducing DGP
compared to the base case. This improvement is consistently observed across various times
of the day and days. The facade indicates the substantial improvement of DGP values while

Orientation South 

Scenario Office Hours sDA

00:5100:2100:9

UDI EUDI DGP PHOTO UDI EUDI DGP PHOTO UDI EUDI DGP PHOTO

Person 1/ 
Mar 21st 

74.11 25.89 0.23 73.35 26.65 0.26 73.80 26.19 0.28 97.63

Person 1/ 
Jun 21st 

74.10 25.89 0.23 74.04 25.96 0.24 73.92 26.07 0.24 97.24

Person 1/ 
Dec 21st

69.23 30.76 0.22 68.85 31.14 0.27 72.97 27.02 0.3 98.46

Person 2/ 
Mar 21st 

74.10 25.89 0.3 74.04 25.96 0.33 73.80 26.19 0.28 97.13

Person 2/ 
Jun 21st 

74.10 25.89 0.28 74.04 25.96 0.3 73.92 26.07 0.29 97.24

Person 2/ 
Dec 21st

69.63 30.37 0.29 70.57 29.43 1 73.88 26.12 0.29 96.75

Person 3/ 
Mar 21st 

74.10 25.89 0.26 74.04 25.96 0.27 72.90 27.09 0.25 96.50

Person 3/ 
Jun 21st 

73.84 26.15 0.25 74.04 25.96 0.25 72.90 27.09 0.23 98.89

Person 3/ 
Dec 21st

69.63 30.37 0.27 70.57 29.43 0.26 73.88 26.12 0.22 96.75

Source(s): Authors’ own creation

Table 8.
DGP and climate-

based metric
evaluation of the best
biomimetic kinetic

façade with Hyperbolic
Paraboloid component

and circular PIR
(HP_C) for the South

direction
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keeping the sDA in a very satisfactory range. The kinetic façade demonstrates exceptional
performance across all scenarios, consistently remaining within the imperceptible domain.
To summarize, the incorporation of a tapered PIR in the facade design yields remarkable
results. It successfully provides much useful daylight to the interior space while mitigating
visual discomfort and overheating near the facade, particularly when facing south.

4.4 Daylight performance comparison between Bookshelf structure with tapered PIR (BS_
T) and hyperbolic paraboloid with circular PIR (HP_C)
Both facades keep an sDA amount of more than 90% and meet the daylight standard
requirements at a remarkably high rate. However, comparing the UDI and EUDI records
specifies the high daylight performance of the book-shelf component with tapered PIR. BS_T
provides 29.65%useful daylight illuminancemore thanHP_Cwhile dramatically decreasing
EUDI bymore than 31.5%, as Figure 19 demonstrates. Although both facades have a similar
performance regarding DGP evaluation, BS_T keeps all scenarios in the imperceptible range
while HP_C has a case in the intolerable area (Figure 20). It clearly shows the potential of BS_

Orientation
South 

Scenario Office Hours sDA

00:5100:2100:9

UDI EUDI DGP PHOTO UDI EUDI DGP PHOTO UDI EUDI DGP PHOTO

Person 1/ 
Mar 21st 

96.72 3.13 0.24 94.90 5.09 0.27 93.37 6.62 0.29 93.85

Person 1/ 
Jun 21st 

97.13 2.17 0.25 95.14 4.62 0.25 94.32 5.68 0.22 85.93

Person 1/ 
Dec 21st

93.74 6.18 0.32 93.41 6.58 0.27 92.94 7.05 0.28 98.66

Person 2/ 
Mar 21st 

94.68 4.44 0.33 97.3 2.09 0.3 95.53 4.37 0.30 84.5

Person 2/ 
Jun 21st 

95.05 3.85 0.27 97.75 1.28 0.26 93.98 2.15 0.27 65.61

Person 2/ 
Dec 21st

94.48 5.36 0.34 96.43 3.02 0.34 94.61 5.39 0.32 95.09

Person 3/ 
Mar 21st 

96.91 3.09 0.25 93.61 6.39 0.32 91.26 8.74 0.27 95.3

Person 3/ 
Jun 21st 

98.63 1.29 0.22 94.99 5 0.29 92.89 7.11 0.24 83.48

Person 3/ 
Dec 21st

92.18 7.82 0.32 91.01 8.98 0.35 89.51 10.49 0.35 99.24

Source(s): Authors’ own creation

Table 9.
DGP evaluation of the
biomimetic kinetic
façade with Bookshelf
component and
tapered periodic
interactive region
(BS_T)
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T for providing the maximum useful daylight in the interior spaces while keeping Exceed
UDI under 6.4%.

5. Discussion
Integrating biomimetic and the kinetic design strategy through parametric workflow
enables the development of high-performance interactive kinetic façades. The results
provide sufficient evidence to determinewhether complex forms or simple formswith proper
kinetic behavior are more effective in regulating dynamic daylight, which is the main aim of
the study. This biomimetic methodology supports kinetic façade design by integrating
morphology and kinetic behavior inspired by Morpho butterfly wings. The findings of this
study strongly suggest that an optimal combination of morphology and kinetic behavior is

Figure 19.
Daylight performance

comparison of
Bookshelf structure
with tapered PIR and
hyperbolic paraboloid
with circular PIR using
climate-based daylight

metric evaluation

Figure 20.
Daylight glare
probability

comparison of
Bookshelf structure
with tapered PIR

(BS_T) and hyperbolic
paraboloid with

circular PIR (HP_C)
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the most effective way to achieve excellent visual comfort. Using a biomimetic functional-
morphological approach reveals that Morpho butterfly wings benefit from both simple and
complex forms, along with exceptional kinetic behavior that allows for interactivity with
various stimuli. Although façade morphologies have a profound influence, kinetic behavior
can significantly enhance or mitigate their impact on visual comfort. For example, the
Hyperbolic Paraboloid (HP_C) components, which have a complicated shape, perform
exceptionally well in terms of boosting occupant’s visual comfort. However, considering the
performance of Book-shelf (BS_T) components with the same kinetic behavior (PIR) reveals
that using a simple shape integrated with an appropriate kinetic behavior provides more
adaptability and improvement in visual comfort comparing the complex geometry. As
results approve, BS_T provides 29.65% useful daylight illuminance more than HP_C while
remarkably decreasing EUDI by more than 31.5%.
The current study introduces PIR inspired by Morpho butterfly wings. The result is

consistent with that of Hosseini (2021a), which discovers a transitory sensitive area retrieved
from plant stomata. The comparison of the climate-based daylight metrics shows that the
BS_T façade provides more useful daylight than the Bio-inspired façade with an
improvement of 28.57% and 4.06% of sDA and UDI, respectively. Both solutions work
equally well in terms of reducing overheating near the facades. Through a comprehensive
analysis of DGP metrics, considering both occupant positions and dynamic daylight
scenarios, it becomes evident that the BS_T outperforms the alternative design. Notably, the
BS_T consistently maintains all cases within the imperceptible range, indicating its superior
performance in preventing glare-related visual discomfort. The same functions in plant
stomata and Morpho butterfly wings lead to acceptance of the PIR on the façade as major
control logic for achieving more occupant visual comfort.
In comparison to studies that lack architectural concepts, such as the works by Wang

et al. in 2022 involving a complex form and the study by Le et al. in 2022 focusing on adaptive
roller blinds, the Bookshelf component (BS_T) achieves equivalent visual comfort conditions
and superior daylight performance by providing several intermediate options of façade form
transformation not only fully opened or fully closed. It achieves these outcomes through a
straightforward design characterized by the appropriate combination of kinetic behavior
and form, in contrast to the use of genetic algorithms or other probabilistic methods. Indeed,
the utilization of a biomimetic approach strengthens the architectural design concept by
avoiding irrelevant variables in the initial stages of the process, allowing for a more efficient
exploration of potential solutions. Consequently, the algorithmic workflow can employ a
brute force algorithm to evaluate all possible solutions within an efficiently defined
exploration area, achieving high accuracy in finding the global optimum. In this study, our
methodology introduces novel design variables, including PIRs, particle density
adjustments and a tapered arrangement of kinetic elements on the façade. However,
existing research, such as the works by Tabadkani et al. (2021), Valitabar et al. (2022), has
primarily focused on optimizing users’ daylight performance using conventional parameters
like slat rotation, orientation and slat depth in Venetian blinds and using a hexagonalmodule
and sun tracking system in unconventional façade (Wang et al., 2024). In contrast to existing
methods, where Valitabar et al. (2022) andWang et al. (2024) independently adjust tilt angles
for all façade modules—a process that is complex and computationally expensive—our BS_
T façade system takes a different approach. Specifically, our system dynamically adjusts its
elements exclusivelywithin the PIR, following a tapered patternwhile keeping the remaining
elements stationary. By avoiding the need for intricate tilt angle adjustments across all
elements, our system achieves energy efficiency and reduces maintenance demands. This
adaptability enables swift transformations based on dynamic user positions and sun angles.
Studies that incorporate architectural concepts, such as those involving multilayer and
multiscale interference (Hosseini and Heidari, 2022), foldable surfaces in multiple layers
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(Soliman and Bo, 2023), flexural hexagonal shapes (Kim, 2023), focal and peripheral regions
on façade (Sommese et al., 2024), swelling and shrinking rib-structure (Kuru et al., 2021) result
in complex and three-dimensional forms similar to HP_C which provide centralized and
decentralized control for users in the space. Furthermore, there are many criticisms due to
their complexity, energy consumption and capital costs for operating these types of facades
(Al-Masrani et al., 2018). However, the BS_T demonstrates superior daylight performance
and enhanced visual comfort for occupants. Moreover, the BS_T’s advantage lies in its
simple lamella shape and interactive control logic, making it the optimal choice for practical
applications owing to its ease of manufacturing, control and maintenance. As a result, the
BS_T can be implemented in buildings with a louver system, enhancing adaptability to
dynamic sun positions and occupants’ positions in a room. Despite the superficial
consideration of the biomimetic approach in the studies above, the current study conducts a
thorough exploration of the biological analogy (Morpho Butterfly wing). This exploration
has resulted in detecting both simple and complex forms within the same analogy. The
finding demonstrates that natural phenomena offer multiple approaches for adaptation,
including a simple form with appropriate kinetic behavior and a complex form
simultaneously. These forms can be utilized based on specific applications and conditions.
The analysis of the daylight performance of existing kinetic facades, including Al Bahr

Towers and Helio Trace Centre of Architecture building, demonstrates their high potential
for meeting daylight performance criteria. In general, they have the same daylight
performance as BS_T. However, based on the comparison of the detailed results, by
incorporating PIRs, the BS_T design effectively reduces solar heat gain by over 99%
compared to the base case. Al Bahar Towers and the Helio Trace Centre of Architecture have
demonstrated remarkable abilities in reducing solar heat gains, achieving respective
reductions of 50% and 81% (Hosseini et al., 2019b). The comparison confirms the critical role
of PIR in significantly improving occupants’ visual comfort through interactive kinetic
facades.
Several limitations must be considered while evaluating the study’s findings. This study

utilized a parametric daylight simulation approach according to the guidelines of daylight
performance prediction (Reinhart, 2019). However, because glare prediction relies strongly
on human perception, the function of the biomimetic interactive kinetic façade must also be
examined experimentally. Furthermore, since the study is based onmodeling, a collaboration
with laboratory or field data is required. Occupants’ participation in future studies will be
critical for testing research assumptions and formulating interaction with façades based on
post-occupancy evaluations. In addition, it would be advantageous to investigate diverse
types and mechanisms of the kinetic façade and compare their daylight performance with
standard solar shadings such as louver façade and roller shading. The primary objective of
this study is to investigate the iridescence of the Morpho butterfly wing to extract efficient
morphology and kinetic motions for regulating light. The scale of the façade system and the
ideal size of elements are beyond the focus of this study. This optimization option can be
developed as a future study using a proper algorithmic method such as an evolutionary
algorithm and machine learning process. Given the focus of this study on the form and
function of façades, particularly in terms of daylight performance and visual comfort, the
topics of structure and material fall outside the scope of this work. However, future research
should explore materialization to propose optimal combinations of material and structure
that achieve the desired form and function (Reichert et al., 2015). Notably, the material-
dependent behavior of structures can be geometricallymodeled using discretizationmethods
and Finite Element Analysis techniques (Vergauwen et al., 2017). As we do not possess a
biological laboratory, the exploration of Morpho butterfly wing characteristics within the
biomimetic approach has primarily relied on a thorough review of existing literature.
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It is imperative to thoroughly investigate the control logic governing kinetic components,
particularly, the PIR. This exploration should encompass various aspects, including sensor
correlation, interpositions and an analysis of their interactions with other dynamic internal
and external features. Additionally, incorporating occupant behavior into the design process
is crucial. To achieve this multidisciplinary approach, close collaboration among biologists,
structural and architectural engineers and computer science specialists is essential.
Ultimately, this collaborative effort will contribute to the development of versatile façade
componentswithmultiple functions. The enhancement of the periodic interactive zone can be
achieved through the application of a reinforcement learning approach, primarily driven by
optimization objectives. Leveraging evolutionary algorithms, we can optimize the functions
of a kinetic façade, considering various dynamic stimuli. These stimuli include occupant
detection, estimation and interaction, as well as factors related to location, dynamic
environmental features, orientations, space functions and architectural design elements.
Furthermore, as a recommendation for future research, investigating material compatibility
with the façade typology, actuation type and rotational/movement speed of the elements
holds promise.’.

6. Conclusion
The study’s output reveals that incorporating the biomimetic functional-morphological
approach within the kinetic design strategy phases leads to the establishment of a circular
algorithmic workflow of kinetic façade design. Furthermore, the results confirm that simple
formswith proper kinetic behavior outperform the counterpart complex forms for improving
visual comfort and daylight performance.

(1) The research employs amultidisciplinarymethodology through a distinctive blend of
methods as a biomimetic functional-morphological approach, kinetic design strategy,
case study comparison and using algorithmic workflow, parametric simulation and
inverse design to engineer an interactive kinetic facade with optimized performance.

(2) The functional-morphological convergence of the biomimetic approach leads to
finding the iridescence and high reflectance phenomenon, especially in Morpho
butterfly wings that are made by redirecting, scattering and reflecting the light
through a combination of forms and kinetic behavior.

(3) A key development is the introduction of a PIR, which draws inspiration from the
butterfly wings’ nanostructure. This unique feature leverages periodic geometrical
changes, tapered arrangements and particle density modifications to enhance the
facade’s adaptability to environmental stimuli.

(4) Two distinguished forms are extracted from the Morpho butterfly wing’s
nanostructure: Saddle shape as Hyperbolic Paraboloid and BS structure. The
research provides a comparative analysis of two biomimetic kinetic facades, revealing
that the facadewith a simpler “Bookshelf” shape integratedwith a tapered shape of the
PIR outperforms its more complex counterpart (Hyperbolic Paraboloid component) in
terms of daylight performance and glare control, especially in southern orientations.

(5) As results approve, BS_T provides 29.65% useful daylight illuminance more than
HP_C while dramatically decreasing EUDI by more than 31.5%. In particular, the
Book-shelf component with the tapered PIR demonstrates exceptional daylight
performance in the south direction, ensuring occupant visual comfort by keeping
cases in the imperceptible range while also delivering sufficient average sDA of
89.07%, UDI of 94.53% and EUDI of 5.11%.
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(6) Compared to studies that incorporate architectural concepts that result in complex
forms, the BS_T demonstrates outstanding daylight performance and enhanced
visual comfort for occupants. Furthermore, the BS_T stands out due to its
straightforward lamella shape and interactive control system, rendering it the top
choice for practical applications due to its ease of manufacture, control and
maintenance.

The results reveal that there is an immense potential for finding adaptive solutions for kinetic
façade design through the biomimetic functional morphological approach. The next step
would be initiating amultidisciplinary collaborationwith biologists, material science experts
and structural designers to construct a kinetic façade as a multi-functional building
component. In addition, some parameters such as occupant behavior and preferences, space
function and adaptation in the long term are important subjects for further research.
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