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the concept of adaptive building skin appeared. Adaptive
building skin can be interpreted as an envelope that can
change its features and flexibly manage the building
envelope's different parameters [2]. Change can be
achieved in several ways, including by movement or
chemical change in building materials [3].

Consequently, there is an increased interest in
converting building facades from 'static' to 'dynamic’ in
order to improve building performance and promote indoor
thermal comfort. These objectives necessitate the
development of novel techniques, strategies, materials, and
concepts that support the hyper-cell mechanism design as
an adaptive sensitive building skin with dynamic and
responsive technologies. The primary objective of this
notion is to provide buildings with systems and elements
that can always respond to users’ demands as well as
weather changes [4].

Architectural patterns are an effective tool for
architectural expression, and typical motifs are also used to
mark typical functions. The issue of installing panels on a
complex surface also led to the development of the
associative and parametric modeling system for
""generative components” with its primary notion of the
population of a complex host surface with computational
self-elements. In addition, the classic installment
comprises designing an inherently variable component
determined via a set of surface parameters. In order to
guarantee complete compatibility, each instance is adapted
parametrically to its particular location on the surface of
the host, called a "parametric pattern”. Parametricism
transforms the parametric pattern design technique into a
powerful as well as a new powerful expression register.
The critical step that inaugurated the ‘parametric
patterning' was transitioning from adaptive compensation
to amplifying differences. Basic surface variance is used as
a data set that can lead to radical pattern differentiation.
The primary surface differentiation is consequently more
enhanced and amplified [5].

The main question of this research is how the parametric
hyper-cell patterns are designed utilizing parametric tools
to improve the buildings by ensuring adequate daylight and
external solar radiation because there is no clear strategy
for designing these dynamic patterns and they are still new
to the field of architecture. Conceptually, utilizing
parametric  tools that enable various geometry,
optimization algorithms, as well as simulation software can
assist the designer in determining the optimal performing
solutions for design questions for a contemporary design
that fits the Egyptian identity.

Therefore, this research attempts to design a framework
for a design strategy for the adaptive dynamic patterns
through parametric hyper-cell systems and thus designing a
flexible interface prototype "parametric hyper-cell" based
on preconfigured components and achievements through
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non-standard and experimental processes, which contain
subsystems capable of collecting input from outside and
reformulating it to provide adaptive and improved
response.

The research hypothesis assumes that logy will provide
an innovative and effective solution to some of the
environmental and design problems in different countries,
as well as their use helps to make a revolution in the facade
designs, which could turn the building into a tourist
attraction.

The methodology of the research is divided into four
parts. The first one presents the literature review discussing
the history of parametric hyper-cell facades as well their
digital fabrication, the parametric term, modelling
strategies, the parametric design, parametric pattern types
as well as technology.

The second section proposes the parametric hyper-cell
facades' framework design matrix.

The third section refers to applying two prototypes
designed to fit a case study that the project has chosen
"Epic complex new capital” administrative building is
situated in the center of the downtown area within the new
administrative capital, Cairo, Egypt. The fourth section
examines and simulates the suggested hyper-cell to
investigate and evaluate this hypothesis.

2. Overview of Parametric Term

2.1. Appearance of the Parametric Term

The term “parameter" was initially introduced to
mathematics, as demonstrated in (Figure 1), as an array of
amounts explicating functions as well as a number of
independent variables referred to as "parameters” [6].

In the computer science field, the expression parameters
and variables were borrowed from mathematics in the
mid-20th century, and the vocabulary of algorithms was
also assimilated. These algorithms are designed by a
number of parameters formed in a series of "loops”, the
first use of loops was in the “coding” process that helped
for creating a system that can combine two parameters such
as dimensions and tolerances in order to design
components, which is a theoretical approach to explaining
how dimensions and perspectives are combined to define a
shape [7], and appeared in architecture by the Italian
architect Luigi Moretti in the 1940s, who inferred
"parametric architecture” studying a system that specifies
correlations between components depending on parameters.
Moretti illustrated in the 1960 exhibition "Parametric
Architecture” at the twentieth Milan Triennale that the
patterns that constituted his sports stadium, as depicted in
(Figure 2), were the result of nineteen criteria for viewing
angles and concrete costs [8].
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Parametric
describing methods 1n math that
mtroduce an extra, independent variable
called a parameter to make them work.

Figure 1. Definition of parametric, the author

Figure 2. The plans for the stadium model by Luigi Moretti, [9]

An architectural 3D form is designed using a series of
parametric equations resolved using digital computing.
Parametric thinking generally refers to complex systems
that use a merge of algorithms and parametric equations,
which is the "parametric design."”

2.2. Parametric Design

The term "metric design" refers to the use of algorithmic
thinking to solve design challenges by translating the
connections between external and internal factors
impacting the design components into parameters.
Consequently, parametric design is translating an idea
through parameters into action, and it has a historical
background from the analog to the digital age, as shown in
(Figure 3).

2.2.1. The Ancient Egyptian Architecture
The ancient Egyptian architects were the first to develop

facades utilizing mathematical relations, which is the
simplest kind of parametric design. In their designs, they
employed three basic triangles: the 3-4-5 triangle and the
equilateral triangle, known as the Egyptian triangle. The
Egyptian triangle is related to the equilateral triangle, and
the ratio between the base and the height may be
approximated by the ratio of 8:5 [9], as demonstrated in
(Figure 4).

2.2.2. The Ancient Greek & Roman Architecture

The Golden Ratio concept as well as its impact on the
capacity to perceive and integrate architectural facades was
extensively employed following its discovery. We will
now investigate some of the civilizations, in which
construction was entirely based on mathematical principles
[11].

2.2.3. The Islamic Architecture

Geometry in Islamic designs signifies order, beauty and
harmony in calculations, proportion, and scale. It is found
in the design of facades, plans, patterns, and ornaments.
The major proportions of the Islamic style are based on
square proportions (e.g., Islamic proportion 1: v2), where
the square is the main module form that creates geometric
patterns like the octagonal Islamic rose or star [12], as
depicted in (Figure 5).

2.2.4. The 19" Century "Modern History"

The experience of two pioneer architects in this field:
Antonio Gaudi and Frei Otto. Antonio Gaudi used an
analogue system to generate complex structural forms
based on parametrical experiments. While designing the
church of Colonia Guell, he used an analog upside-down
structural model made of strings weighted down with
birdshot to design interconnected arches and vaulted
ceilings (Figure 6).

During the form-finding process, Otto added a new set
of parameters called the material's characteristics. He
utilized soap films to determine and create tensile
membranes as well as structures. As demonstrated in
(Figure 7), the specified boundaries provided by soap have
the direction to build a film surface, attempting to diminish
its tension and area by its molecules [13].
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Figure 7. Otto's experimental model with bubbles for simulating tensile structure, [13]

Mathematical

equations

Figure 8. Parametric design phases in the digital age, the author

2.2.5 Digital Age

In the early 1950s, computer graphics technology
evolved, which was the emergence of a novel technology
that assisted architects in discovering a new world of
designs using complicated computations, thus influencing
architectural design as well as the methodology and
ideology of implementing the parametrical design.

Geometric terms and Computer-Aided Design (CAD)
technologies assist with making models using geometrical
correlations. Parametric design software is a new tool
introduced in 2008 and created by various organizations
and software providers, including 3DMAX, Catia, 3D
Maya, Rivet/Grasshopper based on Rhinoceros 3D, and
Dynamo, generative components methods, which
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contribute to giving rise to "parametric modeling” [15].
This progress of parametric design technology goes
through three phases, as depicted in (Figure 8).

2.3. Strategies of Parametric Designs

The Parametric Design Strategies process is structured
in three steps: analysis, implementation, and
experimentation (Figure 9).

The analysis step is assisted by depicting a freehand
drawing action to represent the various steps characterizing
the modeling process, and the implementation step
depends on the visual programming languages "Rhino/
Grasshopper" that have become popular among design
communities for the digital modeling and fabrication to
generate the parametric model, as shown in (Figure 10).

The experimentation level is a virtual evaluation
accomplished through simulation algorithms and tools
using parametric models (Ladybug and Honeybee) [16].
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2.4, Parametric Modelling

A set of tasks collects information, processes data, and
generates results. Typically, a component will accept some
data from one or more sources and provide the output, as
demonstrated in (Figure 11).

2.4.1. Main Parametric Modelling Generation Tools

Design data must be translated into values identifiable
by algorithms, such as Booleans, strings, and numerical
data. In addition, designers must supply a variety of data
types for design algorithms [17]. Parametric modelling
tools are divided into three categories, as demonstrated in
(Figure 12).

Sketching by numbers tool algorithms start with math
and numbers. Some components can provide one or
multiple numerical value(s), range of numbers, series of
numbers in a domain, and random value(s), as depicted in
(Figure 13).

Figure 9. Parametric Design process, the author
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Figure 11. Parametric Modelling basics, the author
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Parametric modelling generation tools

Sketching by Numbers

Points and Point Grids.

Preparations and Functions.

Figure 12. Diagram for the parametric modelling tools, the author
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Figure 13. The number of values in the series set to generate a pattern, the author

Figure 14. Generating a grid of points by <series> and <Point XYZ > to generate geometries, the author
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Figure 15. Mathematical graph of all x values from -3 to 3 of the function f(x) = x, the author
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Points and Point Grids are the fundamental components
for producing geometries in parametric modeling. They
may be the start points of curves, the centers of circles, and
the origins of planes, as demonstrated in (Figure 14).

Preparations and functions are math operations that are
straightforward to generate numerical sequences and are
capable of performing math functions in Grasshopper
(Math > Script), as shown in (Figure 15).

Therefore, the research will discuss the types of
parametric patterns for the adaptive building skin patterns
for submitting the hyper-cell mechanism.

2.5. Parametric Design Patterns

Patterns are a significant feature of design (interior,
architectural facades, urban, and landscape). The patterns
generated from the interactions between multiple systems
are produced the number of different dimensional levels;
the parametric pattern types are shown in (Figure 16).

Parametric patterns
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2.5.1. Static Parametric Modular Patterns

Repetition is the simple act of copying an element
multiple times. In mathematics, tilling is the arrangement
of planar objects to overlap across a certain area partially.
Subdivision refers to dividing the surface into random tiles
through the application of some rules of separating the
surface into smaller components via cutting or tracing lines
[18]. Weaving is a simple process that makes fabric by
interlacing two threads at right angles to each other, weft
and warp, and branching is a system in nature that are
self-recurring and self-similar to fractal such as tree
branches [19].

2.5.2. Dynamic parametric patterns

Complex  transformation  combines the basic
transformation, like moving and rotation, to create and
produce more complex motion [20].

- Static Pattern

Dynaimc Pattern

Figure 16. Types Of parametric Patterns, the author

Table 1. Types of Static Parametric modular patterns, the author

Repetition

Tilling

Subdivision

P S/ S/
Weaving Branching

WARP \¥.3 N,

i ’ ':f‘g‘l‘;'.: l).;;‘"
F.%éf L |
AP L Ill al
Bl R BT BTy k ¥ ’Qé: ,%
oo gy R Y o s \\J Y rr{_f_'_;- /ﬁ
o= ey o O o B 2 ot i o B .- :";M\“s \f)f -

\ “{\;{ A
III (1 1] II- L1 ] Y ‘,. IJ |
I- Ll L] L] Ll L1 1] 1! ;’}:):‘r LY i
ey gy VL
oV N2




3054

Parametric Hypercell Mechanism for Adaptive Building Skin: A Case Study in New Administrative Capital, Egypt

Table 2. Types of dynamic parametric modular patterns, the author

Basic transformation

Rotate

Scale

{/’As’—

Complex transformation

Folding: Sliding and Retracting

Balloon: Inflate and Deflate

Twisting

2.6. Generative Parametric Geometries System

The development of generative systems as well as
design alternatives, the last step in determining the most
effective design, may be divided into two categories, as
demonstrated in (Figure 17).

Generative parametric
geometry system

Figure 17. Diagram of the generative parametric design systems, the
author

Linguistic system |

Biomimicry system |

2.6.1. Linguistic System

The linguistic system incorporates formalism-based
laws in which many compositional principles (syntax)
regulate and shape the design (semantics). Shape
grammars are a kind of computational application of
linguistic generative systems that establish and implement
a set of basics to an initial shape in order to build new
complicated shapes and geometrics out of it [21].

2.6.2. Biomimicry System

It is biological generative design systems comprise an
alternative generative method that takes nature and
complex living organisms as a model and applies its laws
to the interpretation, modification, and transformation of
the architectural form [22]. This method aims to draw
inspiration from nature at all stages of design, starting from
concept to modelling to evaluation, [23] and it can operate
on three levels: the organism, its behaviors, and the
ecosystem.

The first level imitates the natural form and its
characteristics, the second level is about the imitation of
behavior, actions and emotions of the organism, and the
third level is for the building design imitation of the natural
process and environmental cycle [24].

3. Parametric Adaptive Facades
System Technology

The classification of parametric adaptive facades'
system technology is depicted in (Figure 18).
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3.1. Control System

3.1.1. Open-Loop System

The CPU reads the sensor's process and delivers a signal
to the actuator to function according to a specified logic, as
demonstrated in (Figure 19).

3.1.2. Closed-Loop System

This system comprises a control unit that can estimate
the output action information utilized as feedback to the
processor. The control unit is suitable for linking the
adaptive envelope to a central building control system [25],
as depicted in (Figure 20).

3.2. Technology Levels

Adaptive shading systems are based on the change of
properties or behavior. Two mechanisms that drive
adaptive behavior are micro-scale as well as macro-scale
levels.
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3.2.1. Macro Scale Level "Active Technology"

The alternations in the building envelope are shaded by
some movable elements or shape-changing (i.e.,
mechanically & Electro-mechanically). It is usually
correlated with the movement of several kinds, including
hinging, sliding, rolling, and folding. "Transformation
patterns."

3.2.2. Micro Scale Level "Passive Technology"

The modifications in the building envelope are
thermo-physical and optical that usually take place in the
shading material, which enhances the shading impact like
the glazing with coating, which changes according to light
intensity (i.e., electrochemically and chemically) or
temperature [26].

3.2. Primary Types of Parametric Hyper-Cell Facades

3.2.1. Intelligent Facades

Intelligent envelopes, consisting of computation,
automated technologies, dynamic hyper-cell devices, and
louvers, are among the adaptive elements utilized in
intelligent building systems that also need a processor for
receiving sensors and data programs to respond to
environmental needs.

3.2.2. Interactive Facades

Interactive terms refer to computerized artworks and
installations rather than envelope systems and structural
components. The term "interactive building exterior cells"
refers to facade systems that employ computer technology
to engage occupants, observers, or public users, usually via
automated parts, digital display, and sensors [27].

INPUT DATA DATA Action
Figure 19. Concept of the open-loop system, the author
INPUT DATA DATA
Information Controller Information Action

Figure 20. Concept of the closed-loop system, the author
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Figure 21. Digital fabrication sequence, the author

3.3. Main Types of Digital Fabrication

For digital fabrication, there are phases or steps. The first
step is to create a virtual model with CAD software,
followed by manufacturing and manufacturing parameters,
which results in a CAM (Computer-aided manufacturing)
software file. Subsequently, it is sent to the device, and the
assembly of manufactured parts may need to achieve their
final properties and considerations before being ready for
use, as shown in (Figure 21) [28].

The main types of digital fabrication techniques, laser
cutting, CNC, 3D printing, and robotics, are shown in
(Figure 22).

Laser-cut

CNC milling & routing

3D printing

Digital fabrication
techniques

Robotics

Figure 22. Main digital fab. Techniques, the author

D.F. Strategies

Figure 23. Strategies of digital fabrication, the author

The steps of digital manufacturing (fabrication)
strategies for assembling and installing digitally designed
units in the digital factory and implementing them on-site
are shown in (Figure 23) [29].

4. Establishing the Framework Matrix

After analyzing the data to identify general theories of
parametric hyper-cell pattern design, a framework was
created related to the results of this analysis.

The main points of the design framework matrix are
design concept, parametric modelling, technology and
mechanism, application and implementation,
experimentation and simulation, and the digital fabrication
and materials recommended, as shown in (Figure 24).
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5. Materials and Methods

Following the identification of theoretical studies in the
first part of the study, we will address the implementation
of this method by constructing a prototype of a parametric
hyper-cell. The major goal of this design is to create an
adaptable, dynamic pattern system that can be used on any
structure, old or new, to enhance the building facade design
performance. Where the study was developed through
testing, and experimental methods, and then analyze the
results.

The design process was carried out by following the
points of the design framework matrix, from the design
concept to experimentation and simulation. Where the
linguistic and biomimicry systems were combined to
generate a parametric hyper cell that suits the conditions of
the building under study to apply this system on one of its
facades, via using “Rhino/ grasshopper” program for its
ability to achieve the goal of designing a flexible, variable
and appropriate cell in the process of changing parameters
to reach the best design. Two alternatives of cells were
generated to suit the facade module of the building chosen
for the study and to test the mechanism and its
effectiveness, the first proposal is to cover longitudinal
areas, and the other for the wide areas.

Then the examination process is carried out through
simulation programs to ensure its proper application and
performance.

5.1. Design Concept

5.1.1. First Proposal

This design is based on both linguistic and biomimicry
system approaches of the parametric geometries, since
organic morphology and transformation upon vertical
expansion like shy plants movement and the origami
papers geometries as shown in (Figure 25, 26).

Figure 25. (a) Origami forms based on geometric rules, (b) the shy plant
movement, the author

Parametric Hypercell Mechanism for Adaptive Building Skin: A Case Study in New Administrative Capital, Egypt

Figure 26. The first design of Parametric Hyper-cell "Vertical

movement,” the author

5.1.2. Second Proposal

This design is based on biomimicry system approaches
of the parametric geometries since organic morphology
and transformation upon horizontal expansion like lotus
flower plants movement is shown in (Figures 27, 28).

a

o
L

Figure 28. The second design of Parametric Hyper-cell "horizontal
movement", the author

5.2. Modelling and Creating the Pattern

The Parametric definition modelling for the parametric
pattern design using “Rhino/Grasshopper” software which
was used in the design steps of the two proposals, starting
from a simple geometric shape (polygon) to the process of
dividing it into parts to its final shape, with the activation of
the interactive movement of each unit through scripting as
shown in (Figure 29, 31), after applying the hyper cells and
fitting them on the model of the building facades that was
chosen for the study.
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5.2.1. First Proposal

Creating the pattern unit based on the sketching by
numbers and the point grid begins by creating a polygon
with four segments radius of 1m to generate the entire
pattern on the fagade in the existing building as shown in
(Figure30).

The motion of the 1st proposal hyper-cell expansion and
retracting vertically through the axis, using the dynamic
pattern complex transformation "folding,” is depicted in
(Table 3 left).

Lan S VRV %5 o

Ax
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5.2.2. Second Proposal

Creating the pattern begins by creating a rectangle of
2*2.6 m to generate the full pattern on the facade of the
existing building, as shown in (Figure32).

The motion of the 2nd proposal is the hyper-cell
expansion and retracting horizontally through the axis,
using the dynamic pattern complex transformation
"folding" as shown in (Table 3 right).

Figure 29. The design process "steps" for the 1 proposal, the author
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Figure 31. The design process "steps” for the 2™ proposal, the author
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Table 3. The motion of the 2 hyper-cells, the author

Parametric definitions for 2" pattern design using Grasshopper software, the author

1% proposal

2" proposal

Closed

Semi-
opened

opened
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5.3. Application and Implementation

The project that has been selected is "Epic, and complex
new capital " administrative building is located in the heart
of the downtown area within the new administrative capital,
Cairo, Egypt, to apply and examine the hyper-cell
proposals.

In the first step, setting the parameters to design an
adaptive pattern dependent on daylight, the path of the sun
is needed and recognized in parametric programs as an
attractive point that makes pattern movements based on its
location "Rhino /grasshopper/ ladybug" after finishing the
building model as shown in (Figures 33, 34).

In the cells located in the south and west fagade, the first
proposal fitted in the glazed wall from the second to sixth
level but the second proposal fitted along with the last level
by “Rhino/ grasshopper” software, as demonstrated in
(Figure 35).
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Figure 33. (a) Building location [31], (b) Sun-path of the location, the
author

Figure 34. The existing building facade 3D model, the researcher
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Figure 35. The application of the hyper-cell proposal, the author
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12 AM

12 PM

6 AM
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Figure 36. (a) Simulation definition, (b) Monthly Dry Bulb Temperature, the author
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Table 4. Solar radiation and daylight simulation, the author

Solar radiation "'ladybug/grasshopper* simulation

Existing After applying parametric hyper-cell

Ladybug analysis period from month 6 - 10

kWh/m2
524.39<

'314.63

262.19
209.76
157.32
104.88
52.44
<0.00
kWh/m?2
524.39<
471.95
419.51

Daylight Sun Exposure "*honeybee/grasshopper'* simulation

Existing

After applying parametric hyper-cell

Honey bee analysis period : month 6 - day 20

Closed

Lux
333.00<
300.20
267.40
234.60
201.80
169.00
136.20
103.40
70.60
37.80
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6. Results

6.1. Examination and Simulation

After the design, modeling and application process is
completed, then we track the site analysis stage, during
which it identifies the facades that need a re-design process
through the distribution and application of parametric
hyper-cells to improve the efficiency of the building,
achieve internal visual and thermal comfort, and reduce the
percentage of solar radiation on the facades that are
exposed to the direct sunlight. Then a comparison is made
of the condition of the building before and after the
application to analyze the results internally and externally.

The simulations use "Energy-Plus" and "Radiance,"
which are interacted with “Rhino /Grasshopper /Ladybug
and Honeybee” plug-ins through (.epw file) via software. It
was found that the highest increase in temperature occurs
throughout the summer months, from June until the end of
September, with temperatures averaging between 36 and
42<C, as indicated in (Figure 36).

The southern facade is the most exposed to direct
sunlight, which causes glare and a lack of interior visual
comfort. The solar radiation on the facades was simulated
by grasshopper/ladybug and the hyper-cells were applied
to the study's facades, as illustrated in (Table 4).

The daylight simulation was conducted in an
administrative room in the building facing the southern
facade (5.2 mL, 3.8 m W) before as well as after the
hyper-cells were applied utilizing grasshopper/honeybee
as depicted in (Table 4).

7. Discussion and Conclusion

The current work aims to design and generate parametric
hyper-cell patterns to adapt the design to determine the
relationship between the sun and the movement of the
pattern, which will be implemented by tracking the sun and
considering it as a magnet that affects the movement of the
pattern and the comfort of the occupants of the space. The
control of illumination, distribution, glare, and directivity
of light through adaptive patterns depends on the distances
between the surfaces of the pattern that the movement of
the pattern can modify.

The pattern can be designed in accordance with
formalizing the design idea, can use linguistic or
biomimicry techniques, or both, and is also dependent on
the design concept.

The three fundamental transitions in  focal
transformation are move, rotation, and scaling, coupled to
produce more complicated movements, such as folding,
twisting, ballooning, deflating, and inflating, which are
treated as complex geometric transformations.

Depending on design requirements, the mechanism
technology is necessary to supply optimal daylight.
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The design is performed in the following stages: design
concept, modelling and creating the pattern, setting the
parameters "sun path, solar radiation, bulb temperature,
and daylight” application and implementation,
examination and simulation utilizing simulation software
"grasshopper/ ladybug-honeybee" and the final stage is the
digital fabrication and materialization recommended.

Without changing the current facade design, the
proposed design that was applied in the building "Epic
complex" achieved the required purpose of research in the
process of raising the efficiency of the facade in the design
and environmental terms that, it helped to reduce the solar
radiation on the exposed facades and achieved the visual
comfort by reducing glare from direct daylight.
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