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Abstract

It remains challenging to conduct an efficient dynamic fagade design. In this article authors try to

address this issue introducing the facade daylighting performance improvement (FDPI) indicator adaptive facade

aimed to evaluate the performance of a dynamic (adaptive) facade from its daylighting performance daylight performance

point of view. To illustrate the FDPI application the authors introduced the preliminary dynamic ~ Performance evaluation

facade concept for an office building located in Tel Aviv (Hot-summer Mediterranean Climate Csa)  [2sade daylighting performance Improvement

with further shape modification based on the daylighting performance analysis compared to the . .
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three alternatives representative of different typologies of dynamic fagades. Al Bahr, One Ocean
and The University of Southern Denmark facade systems were simulated under the same weather
and building conditions of the preliminary dynamic facade concept and were considered as a
benchmark for the study. The final dynamic facade concept elaborated by the authors in the
preliminary comparative workflow showed noticeable daylight performance improvement with © The Author(s) 2023
respect to the case studies comparative scenarios. The FDPI metric allowed to estimate a daylighting

performance improvement of 43% of the final dynamic facade concept over the case study

dynamic fagade that showed the best performance in the daylighting simulations.

1 Introduction

The sustainability of buildings is influenced by three challenging
factors: user well-being and IEQ, reduction of building
energy consumption and neutralization of building-related
environmental impacts (Attia 2018a, 2018b). Natural light
provides positive psychological and mental effects on building
occupants (ASRAE 2006; Michael and Heracleous 2017;
Hosseini et al. 2019a). The studies that discuss the lighting
conditions in office buildings show strong relationships
between the illuminance at eye level and the health parameters
(Al Horr et al. 2016): the daylight influences the productivity
(Alrubaih et al. 2013), health conditions (Beute and de Kort
2014) and job satisfaction of employees (Edwards and
Torcellini 2002). Additionally, the available daylight as a
renewable source can reduce artificial lighting using direct
sunlight and diffusing light from the sky and ambient
environment (Hviid et al. 2008). Furthermore, enhancing
useful daylight of interior space, as much as possible, has

E-mail: Lukakimov@gmail.com

been considered as a significant aim of architects, building
engineers and designers. However, adjusting the levels
of the daylight penetration is a challenging work that is
accomplished by the investigation of the features of daylight
that influence the occupants’ visual comfort (Hosseini et al.
2018), since daylight can also cause visual discomfort through
glare and distraction (Alrubaih et al. 2013). The visual
efficiency of the daylight depends on how it is delivered,
and it is recommended to balance the level of the direct
sunlight in areas in which visual activities are required
(Ne’Eman 1974).

Building facade systems play an important role in the
daylight regulations and associated with it IEQ and visual
comfort of occupants.

The design and implementation of new types of building
envelopes, that are interactive, adaptive, and responsive,
may lead to an improvement of the building daylighting
performance (Rafsanjani et al. 2015; Baranova et al. 2018;
Zemitis and Terekh 2018) and respectively improve building’s
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List of symbols

ASE annual sunlight exposure, the percent of an
analysis area that exceeds a specified direct
sunlight illuminance level more than a specified
number of hours per year

CBDM  climate-based daylight metrics

DA daylight autonomy, the percentage of the occupied
hours of the year when a minimum illuminance
threshold is met by daylight alone

DA_500 DA with a set minimum illuminance of 500 Ix

DGP daylight glare probability

FDPI facade daylighting performance improvement

IEQ indoor environmental quality

LENI lighting energy numerical indicator

sDA spatial daylight autonomy, the percent of an
analysis area that meets a minimum daylight
illuminance level for a specified fraction of
the operating hours per year

UDI useful daylight illuminance, the annual
occurrence of daylight levels across the task
area that is considered useful for occupants

UDI-a UDI-autonomous

UDI-e UDI-exceeded

sustainability. The integration of passive and active design
technologies in the building envelope is gaining attention
from the research and development community (Cuce and
Riffat 2015). The dynamic facades or adaptive fagades, as
defined by the European COST Action TU1403 (Adaptive
Facades Network (2014-2018)) (2014), have a profound
effect on achieving the three performance requirements
in terms of occupant’s satisfaction, energy saving, and
environmental impact neutralization. Dynamic facades
are building envelopes that are able to adapt to changing
boundary conditions in the form of short-term weather
fluctuations, diurnal cycles, or seasonal patterns (Knaack
et al. 2015; Attia et al. 2018; Loonen 2018). Dynamic
shading system provides potentially continuous adjustment
according to the variations of the local climate conditions
(e.g. sun position during the day), which could be impractical
to be done by users in case of a static shading implementation
(Rafsanjani et al. 2015). The use of dynamic shading systems
might be efficient in terms of regulation of the daylight
penetration inside the building envelope and, therefore,
regulation of the visual comfort of occupants (Freewan
2014; EN 12665-2011 2011). One of the most ambitious
challenges for designers is to keep the balance between the
daylight harvesting maximization on one hand, and magnitude
of discomfort glare on the other hand (Bellia et al. 2008).
Dynamic fagade systems offer numerous benefits as these
can be applied to allow for winter sun or to block direct
summer sun. Therefore, it is of value to dynamic fagade
both to prevent and control undesirable daylight and solar
radiation, keeping the daylight intensity in comfort levels
(Kirimtat et al. 2016).

However, being such an interesting and promising
technology for regulation of daylight harvesting, associated
indoor comfort and, as a result, lowering building’s energy
demand for artificial lighting, the literature analysis showed
that there are still several open challenges and questions.

Several technical solutions related to dynamic facades

can be acquired in the market (Loonen et al. 2013; Attia et al.
2018), but their performance evaluation is limited (Favoino
et al. 2014). A benchmark performance and simple universal
computational methodology of daylighting performance
evaluation of dynamic fagades that could be used by designers
on the early stage of building design is an open research
question. It remains challenging to assess the performance
of such fagades in early design stage, leading to difficulties
for their efficient design (Favoino et al. 2014; Jin and
Overend 2014; Rafsanjani et al. 2015; Loonen et al. 2017;
Taveres-Cachat et al. 2021). Moreover, the lack of consistent
performance evaluation criteria seriously hinders dynamic
facades widespread use and market penetration (Attia et al.
2016).

Several important studies that discuss the issues of the
dynamic fagade performance assessment in terms of daylight
performance propose different methods of performance
evaluation and quantification. In the study (Le-Thanh et al.
2021) the authors discuss the daylighting performance
evaluation of the dynamic fagade (inspired by the Origami
art) in baseline climatic conditions. The authors present the
simulation-based method that uses the Leed v4 certification
(U.S. Green Building Council 2019) as the benchmark
performance evaluation, taking into consideration such
CBDM as sDA (IES 2012) and ASE (Kim and Clayton
2020). Using the proposed methodology, the authors were
able to design an optimal in daylight performance dynamic
facade system. However, the used methodology has a
limitation - a high computation cost due to the need to
perform communication steps between the number of used
tools via transferred files. Additionally, the authors point
out that the developed fagade solutions might not be feasible
to construct since the applied materials and actuation
mechanisms were not investigated.

Kim and Clayton (2020) presented a multi-objective
optimization (MOO) framework and a parametric behaviour
map that aim to support a decision-making process in
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adaptive facade design. The authors focused on such design
criteria as minimizing cooling loads and maximizing
daylighting conditions with the use of the proposed
methodology. Two dynamic facades were tested with various
operation scenarios to reach the optimal operation scenario
that provides optimal performance in a given climatic
conditions. However, the main limitation of the proposed
methodology is that it is focused on the operation profile
of the already chosen dynamic fagade design and does not
include the shape finding issue. Additionally, the methodology
incur high computational costs (took 4 days to test each
model).

Another important study on the matter (Hosseini et al.
2019b) discusses the advantages of the 3-dimensional
dynamic fagade over 2-dimensional in the specific climatic
conditions. The authors provide a comprehensive review
of the existing static and dynamic shading solutions with
the analysis of the type of dynamic shading movements.
The authors use the simulation approach to find out that
implementation of the 3D dynamic fagade shape change
showed better results in daylight performance in comparison
to 2D dynamic fagcade shape change. To conduct a
performance estimation the authors used such CBDM as
DA (Li 2010), UDI (Nabil and Mardaljevic 2005) and DGP
(Wienold and Christoffersen 2006). However, the authors
compare only specific 3D and 2D geometries with specific
motion properties of dynamic facades in the simulation
without deriving universal methodology to actually evaluate
daylight performance of the dynamic fagade.

Overall, the performance evaluation of dynamic facade
systems has been investigated by many scholars. In addition
to the mentioned studies, Kasinalis et al. (2014) developed
a framework based on a genetic algorithm (GA) to analyze
and quantify the energy and daylighting performance of
dynamic facades. Attia et al. (2018) proposed an evaluation
structure that includes key performance indicators, proposing
an evaluation of the necessity, performance criteria, and
technical qualitative characteristics of dynamic facade systems.
Battisti et al. (2019) developed a life cycle assessment tool
to evaluate the sustainability of the initial stages of dynamic
facade technology. Yitmen et al. (2022) proposed an analytical
network process model to determine the evaluation criteria
for dynamic facades in complex commercial buildings. An
adaptive evaluation framework for dynamic facades was
proposed in Sadegh et al. (2022), emphasizing the combination
of top-down and bottom-up approaches to evaluate kinetic
facades.

A common limitation of the above-mentioned studies
is that the dynamic fagade performance evaluation criteria
are inconsistent and lack quantification (Zhang et al. 2022).

The authors propose the dynamic facade design
methodology that would ensure a simple and straight-

forward dynamic facade design at the early design stage
without high computational costs. It is based on the fagade
daylighting performance indicator (FDPI). Being a part of
the FDPI comparative workflow, FDPI allows to consider
several parameters in the dynamic facade performance
evaluation and provides quantitative performance estimation
results in comparative terms. FDPI could be efficiently used
in a preliminary design stage.

In this research, authors illustrate the use of the FDPI-
workflow in the process of the dynamic facade design that
would ensure the occupants comfort inside the building.
In order to do so, the authors established several baseline
conditions and simulation assumptions, such as climatic
conditions, building description (office building) and
daylighting zone definition. The authors selected several
existing efficient dynamic fagade solutions representatives
of different typologies of dynamic fagades and introduced
the preliminary dynamic facade concept the motion properties
of which merges the types of movement of the analysed
existing facades. The preliminary dynamic facade concept
was further compared to the selected existing ones in terms
of fagade daylight performance. By changing the dynamic
facade’s shape, the authors were able to achieve better
results in its performance from daylight availability and,
therefore, visual comfort points of view. The performance
evaluation criteria is the daylighting (or visual) performance
of the dynamic facades was analysed using commonly used
dynamic metrics - UDI, DA and DGP that constitute the
FDPI

Apart from process challenges in the design phase, that
includes difficulties in performance quantification and fagade’s
performance evaluation (Wienold and Christoffersen 2006;
Struk et al. 2009; Kassem and Mitchell 2015; Attia et al. 2018;
Zhang et al. 2022), there are other types of barriers
influencing the adoption of dynamic facade technologies.
One of which is related to the feasibility and implementation
of the analytical dynamic fagade model (Attia et al. 2018).
With the well-being of occupants (El-Arnaouty et al. 2020)
being the ultimate goal of performance evaluation (Attia et
al. 2019), other factors, such as dynamic fagade durability,
feasibility, mechanical properties of the applied materials
need to be balanced. Therefore, the transitions from dynamic
facade’s analytical model to physical model, that is one of
the existing challenges in the dynamic fagade design, is also
considered a part of the FDPI-workflow.

It is important to mention, that in this research only
daylighting performance as the performance evaluation part
of the workflow was taken into consideration, focusing on
the aspect that influence the occupants’ comfort. The salient
feature of the dynamic fagade is the variability of its responses
to indoor visual comfort conditions and outdoor climate
changes; however, many variables such as climate factors
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and occupant requirements exist, and integrating multiple
variables for performance evaluation is challenging (Favoino
et al. 2014; Alexander 2016; Kuru et al. 2022). Pilechiha
et al. (2020) pointed out that the comprehensive building
facade design has to include simultaneous evaluation of such
factors as daylighting efficiency (Uribe et al. 2017) in terms
of visual comfort, and energy performance. These factors
are a function of such exterior dynamic fagade components
as external shading (Manzan and Padovan 2015). These
interdependent factors have not been simultaneously
considered in the building design (Pilechiha et al. 2020).
Multiple design criteria might as well be considered in the
methodology simultaneously since FDPI is a universal
parameter that in comparative terms allows to evaluate the
performance improvement of the facade under investigation
including the parameters that are of interest of the designer.

From the analysed literature, a comprehensive analysis
of the daylight availability in the office spaces may lead to
significant advantages in energy savings. Since approximately
30%-50% of the total commercial building -electricity
demand is used for artificial lighting (Yang et al. 2021) with
significant variation from one building to another (Krarti
2016), and taking into account that lighting energy savings
regarding daylight harvesting vary from 20% to 87% (Yu
and Su 2015), the addition of the energy savings aspect to
the FDPI might be beneficial. Since daylight penetration
solely is not enough to lead energy savings automatically,
unless it is linked to shading and lighting control strategies
(Akimov et al. 2021a), the dynamic fagade systems may
play an important role in the daylighting and artificial lighting
systems regulation (Rafsanjani et al. 2015).

The simultaneous evaluation of the parameters that
consider energy performance, daylight gain, and visual
comfort (sDA, ASE, parameters that evaluate the glazed facade
performance from energy-efficiency point of view) has been
examined within a multi-objective framework for the office
building windows system design in the study (Pilechiha et al.
2020). Aiming to minimize energy usage while maximizing
received daylight and quality of the view, using the approach
that allowed the simultaneous evaluation of the mentioned
parameters, the authors were able to conduct an optimization
of the windows system in a specific building using this
framework. The research showed that approach that includes
the simultaneous evaluation of daylighting and energy
performance parameters is beneficial in the windows design,
though the research did not take into consideration the
shading system design (neither static, nor dynamic).

Similarly, to make a multi-objective framework for the
dynamic facade design, the methodology proposed in this
research can be extended by the parameter that accounts
for the artificial lighting energy demand evaluation. The
inclusion of the LENI (Akimov et al. 2021a) in the FDPI

methodology is an efficient way of creating universal
parameter that would be useful for detailed dynamic fagade
analysis from both daylighting performance and energy-
efficiency points of view. The LENI inclusion would not bring
any conflict to the FDPI-based daylighting performance
evaluation since the basic LENI calculation, proposed by
the European Normative EN15193-1:2017 (2017) includes
the daylight availability estimation in the zone under
evaluation. The mentioned aspect is as well discussed in the
research.

Overall, the FDPI-workflow is a simple dynamic facade
design methodology that allows to consider multiple design
criteria, such as the dynamic fagade daylighting performance
estimation, the shape finding approach and transition from
analytical to physical model (as illustrated in this research).
This methodology can be used at the early-stage design of
the dynamic fagade since does not incur high computational
costs.

2 Materials and Methods

2.1  The FDPIl-workflow definition

The dynamic fagade design is a cross-disciplinary multi-
objective design process, in which the fagade designer should
balance the optimal trade-offs between the performance
indicators by adopting an appropriate combination of
various fagade design variables, such as fagade-intrinsic
variables (dynamic facade’s shape and design, shading
materials) and fagade-extrinsic variables (such as building
location, layout, orientation, usage and other) (Jin and
Overend 2014). The aim of the FDPI-workflow is to make
a dynamic facade design at the early stage of the design
process efficient from the performance of the dynamic facade
(“daylighting performance” as the focus of this research)
and the feasibility of the designed dynamic fagade points of
view.

The basis of the FDPI-workflow is the comparative analysis
of the designed dynamic facade’s daylighting performance
to the daylighting performance of the existing proved to
be efficient dynamic facade solutions, representatives of
different dynamic facade typologies, evaluated in the same
baseline conditions. This analysis allows the designer to
understand which typology and its specific geometrical
property influences the dynamic fagade’s performance.

The designed dynamic fagade (at the first design iteration
called “initial dynamic fagade”) performance in the specific
baseline conditions is compared to the chosen for the
analysis existing facades’ performance in the same baseline
conditions. The specific dynamic facade properties (geometry,
materials, translucency of the shading unit, etc.), that
constitute the dynamic fagade typology, are taken into the
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consideration in the dynamic facade performance evaluation
in the specific baseline conditions. The “shape finding” of
the desired dynamic facade (the last design iteration that
shows the best performance results in the comparative
analysis) is based on the indication of the analyzed dynamic
fagades properties that influence the facade’s performance
improvement with their further adoption to the design.

The transition from the analytical dynamic fagade
model to the physical dynamic fagade model is done by
adopting an actuation mechanism, facade’s materials to the
analytical model and integrating the dynamic facade into
the curtain wall bearing structure. This process may as well
lead to a dynamic facade’s shape optimization. The designed
dynamic facade has to obtain not only desirable daylighting
properties, but also mechanical, structural and durability
properties, have executable design that would allow to provide
acceptable maintenance.

The FDPI-workflow definition is present in Figure 1.

2.2 Choice of the baseline conditions: Simulation

assumptions

The baseline building used for the comparative analysis is
an office building with daily (weekdays) operating hours
from 8 a.m. to 6 p.m. The building consists of 5 floors, 4 m
in height each (measuring from the floor level to the ceiling
level). To make an evaluation of the daylight availability
inside the building space, the authors picked one representative
room of the building under consideration. This room is
hereafter referred to as “daylighting zone” (or DZ). Figure 2
illustrates the geometry of the building and the DZ location.
Since the visual transmittance parameter change reduces
proportionally an amount of daylight inside the building
space, the authors modelled a raw building carcass opening
meaning that no windows were modelled in the envelope.
This was done to estimate a daylight availability inside the
DZ and to have an idea of the maximum daylight potential

The modeled dynamic
facade geometry performs

Choose the baseline
conditions: location, building

Physical (real) model

Adopt gears and actuation

better than the
comparative case-studies
Model the initial geometry of
the dynamic fagade

Model the comparative
dynamic fagades
representatives of different
typologies

Conduct

FDPIl-analysis of the
“analytical model”

The modeled dynamic
facade geometry performs
worse than the
comparative case-studies

geometry (“shape finding”)

mechanism
Adopt materials

v

——x T

Design bearing substructure ]

Optimize dynamic fagcade “phVSical model” loop

|

The modeled dynamic
fagade geometry performs
worse than the
comparative case-studies

Conduct
= FDPI-analysis of the
“physical model”

Final dynamic fagade geometry

v
The modeled dynamic
facade geometry performs
better than the
comparative case-studies

Fig. 1 The FDPI-workflow definition

Daylighting zone:
South-West facade

Fig. 2 The baseline building: building’s shape and orientation and DZ location
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related to each system. This assumption would omit every
parameter related to glazing angular properties, leaving
only dynamic facade’s properties impact on the daylight
availability inside the DZ.

The performance of shading systems (including dynamic
facades) depends heavily on the climatic conditions, and
for hot climates, the dynamic facade systems are usually set
to control the transmitted solar radiation (Ruck et al. 2000).
The study by Hosseini et al. (2019a) demonstrates that
the dynamic fagades may greatly improve visual comfort
levels in hot and dry climates. To make a dynamic fagade
design and conduct the comparative analysis the authors
decided to choose climatic conditions with high solar gains
levels throughout the year. For this reason, a hot-summer
Mediterranean climate (Csa according to Koppen climates
classification (Peel et al. 2007)), that is characterized by dry
summers with high solar gains and a great impact of solar
radiation on the ambient visual comfort conditions, was
chosen as the baseline climate for the analysis. Specifically,
the Mediterranean Sea facing office district in Tel Aviv,
Israel (latitude: 32°05’, longitude: 34°48’) was chosen as the
baseline building site.

Test points for daylight availability estimation were
generated on the work plane situated at 0.8 m height above
the floor level of the DZ (EN 15193-1:2017 2017). The work
plane was split into a grid with 0.5 by 0.5 m spacing. Table 1
summarizes the DZ properties.

2.3 Existing dynamic facade systems selected for the
comparative analysis (“Case Studies”)

Dynamic facade is a complex mechanical system in which a
certain kind of motions like displacing, sliding, expanding,
folding or transforming, ensure variable geometries and
mobility of the system (Tabadkani et al. 2021). These fagades
require efficient-tuning to outdoor boundary conditions and
actuation force to generate movement (Sharaidin 2014).
The dynamic facade systems might play an essential
role in the building’s appearance while providing improved
insulation across a window or other types of openings
due to their modular construction. The design emphasis
on various building structures has maintained pressure
on the industry to continue creating unique coverings
for architectural openings. As some successful examples: Al
Bahr (Attia 2018c), The University of Southern Denmark
facade (Fakourian and Asefi 2019) and One Ocean (Knippers

et al. 2013) are among the most recognizable efficient
dynamic facade solutions where the performance of the fagade
can be managed with high spatiotemporal resolution by
separately addressable modules (Tabadkani et al. 2019).

Having different types of movement (“in plane”, “out
of plane” and combination of “in plane” and “out of plane”
with respect to the envelope plane types of movement) of
separately addressable modules, providing either vertical
or horizontal shading, proved to be efficient executed
dynamic facade solutions (Tabadkani et al. 2019), Al Bahr
(Attia 2018c), The University of Southern Denmark facade
(Fakourian and Asefi 2019; Sood and Patil 2021) and One
Ocean (Knippers et al. 2013) were modeled as representatives
of different typologies of the realized dynamic facades
(henceforth referred to as “Case Studies”) for the sake of
comparative analysis as the step of the FDPI-workflow.
These facades were adopted to the baseline building under
the baseline climatic conditions.

In accordance with the available literature the authors
reconstructed the geometry of each fagade, retaining the
original type of movement and geometrical features. Although
to keep the analysis simple that would not require high
computational costs and would be feasible to conduct in
the preliminary design phase some simplifications were
introduced:

o The systems were modelled fully opaque;
o No operation profile was modelled.

Table 2 summarizes the Case Studies geometrical and

motion properties.

2.4 The initial (preliminary) dynamic facade concept

Designing a complex system that is capable of dynamically
control internal visual (and thermal) conditions by balancing
daylighting levels inside the internal environment requires
comprehensive analysis, that includes appearance of a
facade, it’s durability, capability of modulating amounts of
incoming solar radiation, type of movement and the control
strategies. In most of the cases, the theoretical design solutions
obtained by following solely the daylighting (and/or energy
performance analysis) are impossible to develop and
construct in real life conditions due to complexity of shapes
and movement types (Mahmoud and Elghazi 2016).

The design of a dynamic fagade has to satisfy a criterion
of feasibility of its construction. That is why the preliminary
dynamic fagade design that authors have introduced to the

Table 1 DZ properties

Number of sensor
points

DZ dimensions
Fagade exposure [m]

Floor surface reflectance

Walls surface reflectance  Ceiling surface reflectance
(pr) (pw) (pc)

South-west 6 X 6.5 156

0.2 0.5 0.8
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Table 2 The summary of the Case Studies’ geometrical and motion properties

Case Study 1: Case Study 2: Case Study 3:
Al Bahr The University of Southern Denmark fagade One Ocean Pavilion Expo

Degree of opening: 25%

Degree of opening: 50%

Degree of opening: 75%

Degree of opening: 100%

Geometry of shading Equilateral triangular units: 1.1 Right triangular units: V'ertlcal.ly placed louvers,
units m side length, no perforation legs: 1.33 m x 2.77 m; dimensions:
’ Perforation holes: 80 mm in diameter every 0.3 m  4.00 m x 0.29 m, no perforation

In plane movement (upper and

Motion properties: In plane movement with respect ~ Out of plane rotation with respect to the envelope  lower part) and out (central part)

type of movement to the envelope plane plane of plane rotation with respect to
the envelope plane

Type of shading Vertical and horizontal Vertical and horizontal Vertical

Original orientation of
the facade with applied  All, except north South and north-east South-east
shading

study was based on the idea of merging such technical  perforation/transmittance application. The designed fagade
features as motion properties, geometrical shape and the  was further evaluated using the proposed FDPI metric.

ability to transmit light of the dynamic facade case studies: Additionally, as it is concluded in Tabadkani et al. (2021),
simple actuation pattern, in and out of plane movement, an innovative solution to develop new generations of
the use of the available materials with known properties, = non-conventional dynamic facade is foldable structures
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to implement three-dimensional changes over the facade,
particularly to counterbalance solar radiation, daylight and
view out. Using bending and folding techniques are not
only applicable to perform complex adaptive geometries,
but also reversible deformations.

The case studies dynamic facades technical features and
actuation patterns (described in Section 2.3) as well as the
implementation of the concept of “foldable structure” with
“rotation” and “folding” types of movements (two types
of motion that have been more widely used in high-rise
building practice in recent years) (Shi et al. 2020) can be
found in the already existing engineering solution known
as “Klemen’s Torggler Door” (http://www.torggler.co.at/).
It consists of 4 triangles connected with each other by
piano hinges and a rotating hinge in the middle of the unit.
The actuation structure is based on a plane rotation of top
and bottom triangles and an out of the plane movement
of central triangles, shown in Figure 3. With this type of
movement it is possible to control the opening and closing
of the dynamic fagade.

The illustration of possible degrees of opening of such
concept applied as the dynamic fagade is present in Figure 4.
The degree of opening of this particular facade concept is
assumed as the relative offset (displacement) value of the
central rotary hinge with respect to the edge of the curtain
wall mullion.

@r@%

L b =k b >
pri M ﬁ A@

N

Fig. 3 Klemens Torggler Door type of movement (Klemens
Torggler 2014)

Based on this actuation pattern, the authors were able
to develop 3 different initial dynamic fagade configurations,
changing the size of the shading unit, the distance between
the envelope plane and the dynamic fagade (offset) and
material properties. Further, all these configurations were
tested in terms of daylighting performance to select the best
in performance scenario and compare it to the case studies
dynamic facades. The initial dynamic fagade configurations
are described in Table 3 and are shown in Figure 5.

2.5 Metrics used to evaluate dynamic facade daylight
performance

The metrics used in this study to evaluate the daylighting
performance are dynamic,
comprehensive annual overview rather than focusing on a
specific point in time situations. Hourly results are summarized
according to the established daylighting metrics of UDI
(useful daylight illuminance), DA (daylight autonomy), and
daylighting glare probability (DGP).

UDI proposed by Nabil and Mardaljevic (2005, 2006),
is a dynamic daylight performance metric based on the work
plane illuminances. UDI is defined as the annual occurrence
of daylight levels across the task area that is considered
useful for occupants. Based on different sources (Li et al.
2006; Tzempelikos and Shen 2013; Tian et al. 2021) the
daylight illuminance in the range of 100-3000 lx is considered
to be effective within buildings of various use and various
activities held on the working plane. For office buildings in
particular this range is considered to be effective from 100 Ix
to 2000 Ix: i.e. it is neither too dark (<100 Ix) nor too bright
(>2000 Ix) on the working plane (Reinhart et al. 2006). The
suggested range for office buildings is founded on reported
occupant preferences in daylit offices (Nabil and Mardaljevic
2005). Based on the upper and lower thresholds of 2000 Ix
and 100 Ix, UDI results in three metrics, i.e. the percentages
of the occupied times of the year when the UDI was achieved
(100-2000 Ix) - this domain is also called UDI-a, fell-short
(<100 Ix), or was exceeded (> 2000 Ix) - this domain is
also called UDI-e. The last bin is meant to detect the
likely appearance of thermal discomfort and glare - visual
discomfort (Reinhart et al. 2006; Gonzalez and Fiorito 2015).

intending to provide a

Table 3 The initial dynamic fagade configurations description

CONE# 1

2 3

Title Default

Default 1 m offset Half-dimension

4 m x 2 m size of the shading device unit made of fully
opaque material, fully covering the whole floor height on
the span between two mullions (2 m distance), placed on
the distance of 20 cm from the envelope outer plane

Description

Same as CONFI, but
placed on the distance of 1
m from the envelope outer
plane

Same as CONF]I, but the size of each unit is
2 m x 1 m, placed one under the other to
fully cover the whole floor height on the
span between two mullions (1 m distance)
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vCentral rotary hinge

urtain wall mullion

degree
of opening [%]
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Fig. 4 The illustration of possible degrees of opening of Torggler Door concept applied as the dynamic fagade

DEGREE OF
OPENING

Configuration 2: Configuration 3:

Configuration 1:

25%

50 %

75%

100 %

Fig. 5 The initial dynamic fagade concept configurations illustration

The aim of UDI metrics is to maximize the occurrence of
UDI-a range.

Therefore, considering an office building as the baseline
building, the authors set the desired UDI in a range from
100 Ix to 2000 Ix.

DA measures the annual frequency of targeting a
specified illuminance value only exploiting daylight and is
highly promoted in currently used daylight evaluation
standards (Li 2010). It is represented as a percentage of
annual daytime hours that a given point in space is above a
specified illumination level. This metric uses work plane
illuminance as an indicator of whether there is a sufficient
daylight in a space so that an occupant can work by
daylight alone. The publications (Reinhart and Walkenhorst
2001; Reinhart et al. 2006) redefined DA-metric as the

percentage of the occupied times of the year when the
minimum illuminance requirement at the sensor is met by
daylight alone. In later publications (Reinhart 2002; Reinhart
and Andersen 2006), the concept of DA was further refined
by combining it with a manual blind control model that
predicts the status of movable shading devices at all-time
steps in the year.

Considering DA metric, required minimum illuminance
levels for different space types can be directly taken from
reference documents such as (IESNA 2000). For this particular
research, the choice of the threshold value of DA metric was
related to the comfortable illuminance level on the working
plane for office workers. The research by Akimov et al.
(2021a) defines that the comfortable illuminance level on the
working plane set for an office building is 500 Ix. Therefore,
the authors set a DA with a threshold of 500 Ix (DA_500).

However, more daylight is accompanied by increased
solar gains and possible visual discomfort (glare). Glare is
defined as the contrast lowering effect within a visual field
due to the presence of bright light sources (Galatioto and
Beccali 2016). DGP (Chaloeytoy et al. 2020) is the most
recent index used to evaluate glare from daylight, and it
was extracted by experimental data in private office spaces
involving human test subjects. DGP is considered as the
main climate-based daylight metric for assessing daylight
quality (Cantin and Dubois 2011) and establishing adaptive
zones (Jakubiec and Reinhart 2012). As it is discussed in
Hosseini et al. (2019b) the highest levels of DGP occur
during winter solstice in Csa climate. Therefore, in this
research the glare was analyzed on 21st of December when
the sun position is the lowest in the sky, promoting the
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highest probability of glare in the chosen location (Northern
hemisphere, latitude 32°5’).

2.6 Software used for the algorithm-aided (parametric)
dynamic facade design development and its performance
evaluation

To evaluate UDI, DA and DGP on the working plane in the
DZ the Radiance-based software DAYSIM (2013) was used.
DAYSIM is a daylighting analysis software program that
performs climate-based annual daylight simulations, including
the calculation of annual daylight metrics, and makes it possible
to estimate the daylight availability through the daylighting
metrics. Grasshopper (https://www.grasshopper3d.com), a
graphical algorithm editor integrated with the 3D modelling
tools of Rhino (https://www.rhino3d.com.), alongside with
Rhino was used to set up the parametrical model, create the
dynamic fagades geometries and the mesh for the test-points
on the working plane in the DZ.

The Grasshopper’s plug-ins Honeybee and Ladybug
(https://www.ladybug.tools) were used to connect Grasshopper
to DAYSIM (2013) and OpenStudio (https://www.openstudio.net)
for building daylighting simulations.

2.7 The FDPI introduction

To estimate the performance improvement of the dynamic
facade solution in comparative terms, the authors
propose the metric called fagade daylighting performance
improvement (FDPI). This indicator aims to provide an
information in percentage of “how one dynamic fagade
solution (called “modified configuration”) performs better
(or worse) than the one it is compared to (called “reference
configuration”)” from daylighting performance point of
view (UDI, DA and DGP estimation). Since the sole
calculation of the UDI, DA and DGP is rather difficult to
analyze because of large array of resulting graphical data
(that is further illustrated in Section 3), the FDPI combines
these indicators and allows to simplify the post-processing
of the results decreasing the list of evaluated parameters
to one comprehensive number. The combination of these
parameters in FDPI gives an idea of the daylight availability
effectiveness empathizing both the effective daylight levels
(DA, UDI-a) and exceeding daylight levels (UDI-e, DGP).
The FDPI can be extended by other parameters that are
of interest of the designed (for example, LENI, which is
discussed in Section 2.8) being a part of the comparative
FDPI-workflow and providing result in relative numbers.
The FDPI metric is calculated as follows from Eq. (1):

FDPI = "FDPI,, (1)

where: FDPI,, is the facade daylighting performance
improvement in a certain degree of fagade’s opening, which
can be calculated as follows from Eq. (2):

FDPL,, — || e 1|y Dhow
e UDIr,n% DAl’,Vl%
DGP, ,,
1——=222 X 100] % 2
+[ DGPr,n% J [ 0] ( )

UDI
where: [—"W -

1] is the ratio showing the overall UDI
r,n%

improvement of the a-th modified configuration with n-%
degree of facade’s opening (UDI, ) over the reference

configuration with the same n-% degree of fagade’s opening

DA, ,
(UDIr,n%); [ﬂ -

1] is the ratio showing the overall DA

r,n%

improvement of the a-th modified configuration with n-%

degree of fagade’s opening (DA..x) over the reference

configuration with the same n-% degree of facade’s opening
DGP,

(DA%); [1 -

a,n%

DGP,

] is the ratio showing the overall
r,n%

DGP improvement of the a-th modified configuration with
n-% degree of facade’s opening (DGP,,s) over the reference
configuration with the same n-% degree of facade’s opening
(DGP:.) at the specified point of the testing DZ (where
glare probability is analyzed).

It is required to establish the reference dynamic fagade
(“reference configuration”), the daylighting performance of
which is compared to the daylighting performance of dynamic
facade in question (“modified configuration™).

Since the FDPI is based on the daylighting parameters
that come from the hourly annual-based daylighting
information (annual weather data), the approach allows to
analyze several distinctive discreate dynamic fagade opening
positions significantly simplifying the dynamic facade
performance evaluation matrix. While FDPI, denotes the
daylighting performance difference of evaluated dynamic
facades in certain degree of opening throughout the year,
the final FDPI sums up FDPI,y for n evaluated opening
positions and shows the overall dynamic facade performance
difference on the annual basis. This means that accuracy
of the FDPI results depends on the number of opening
positions analyzed.

Additionally, as it is illustrated in Section 2.8 the FDPI
can be extended by adding LENT estimation to the dynamic
facade evaluation matrix. The addition to the dynamic facade
performance evaluation matrix (FDPI-workflow) of the LENI
provides additional information of the facade’s performance
evaluation from lighting energy efficiency point of view. As
it is discussed in Section 1, the dynamic facade has a profound
effect on achieving the three performance requirements
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in terms of occupant’s satisfaction, energy saving, and
environmental impact neutralization. Therefore, addition
of the LENT to the FDPI-workflow would allow to estimate
another basic dynamic fagade performance requirement -
artificial lighting energy savings achieved by using the
dynamic fagade.

2.8 The LENI inclusion to the FDPI

In order to include the artificial lighting energy saving
estimation to the dynamic facade performance evaluation,
the authors propose to add the LENI parameter to the
FDPI calculation (modifying the Eq. (2)).

The LENI quantifies the annual energy consumption
for lighting per square meter of treated floor area and is
typically expressed in kWh/(m? yr) (EN 15193-1:2017 2017).
The detailed calculation method proposed by EN 15193-1:2017
(2017) can be applied for energy certification related to
lighting energy consumption of buildings.

The LENI itself is in the direct dependence with the
daylight illuminance met on the working or “task” plane
(CEN/TR 2017). The main parameter constituting the LENI
is the estimated lighting energy Wy, required to provide a
zone of the building with adequate illumination. As it is
defined by EN 15193-1:2017 (2017) and Akimov et al
(2021a) Wy, among other factors, depends on the daylight
dependency factor Fp that, being a function of building
location and geometry along with openings geometry,
obstructions presence, shading device presence/absence and
glazing properties, denotes the daylight availability in the
zone under evaluation.

As it is set in the experiment from Akimov et al. (2021a),
the artificial light is turned on only when the mean illuminance
met on the task plain is below 500 Ix. This means that LENI
is in the direct dependence with DA_500 (which indicates
the percentage of the occupied hours of the year when an
illuminance of 500 lx is met by daylight alone). Since the
FDPI-workflow present in this study includes the evaluation
of DA_500, and since the higher percentage of DA_500
occupation of the task plane, considering other parameters
that constitute the FDPI stay unaltered, results in higher
FDPI results, the addition of the LENI parameter to the
FDPI calculation would correlate with the results achieved
in this study.

Introducing the LENI estimation to the FDPI, Eq. (2)
would take the following form (Eq. (3)):

UDIa n% DAu n%
SR (R o L |
UDI DA

r,n%

FDPI,, =

r,n%

DGP, LENI,,,,
+1- ' 1— ’

DGP LENI

r,n%

”xloo[%] (3)

1,n%

where [1 - —“"/J is the ratio showing the overall LENI

1,n%
improvement of the a-th modified configuration with n-%
degree of fagade’s opening (LENL,,) over the reference
configuration with the same n-% degree of facade’s opening
(LENL, ).

The results present in Section 3 do not include the LENI
estimation, which is of interest for the further research.

3 Results and discussion

Adopting all the baseline conditions and simulation
assumptions to the analysis, the authors were able to acquire
case studies dynamic facades’ and the initial dynamic fagade
configurations’ daylighting performance results. Further,
following the FDPI analysis the authors were able to change
the initial dynamic facade shape to achieve an improvement
in the daylighting performance results. The actual
improvement was further indicated by the FDPIL. For the
sake of simplification of the dynamic facade performance
evaluation matrix, the FDPI was calculated for 3 distinctive
degrees of opening (25%, 50% and 75%) of the dynamic
facades.

3.1 Daylighting performance of the case studies: results
and discussion

Figure 6 summarizes the results of the daylight availability
performance of the case study facades in the DZ with all the
simulation assumptions and the baseline conditions discussed
in Section 2.

As it can be observed from the false-color figures
presented in Figure 6, the Case Study 3 performs better
than other fagades in case of degrees of opening of 50% and
75% following the biggest coverage of the task plane area of
the UDI_a (100 Ix < UDI < 2000 1x) and having a great part
of the task plane area covered with DA_500 (DA > 500 Ix)
in all opening degrees. Additionally, it can be observed that
the Case Study 3 performs better than the other case studies
following the lowest DGP evaluated in the same DZ viewpoint
position. Case Studies 1 and 2 showed very similar overall
daylight availability performance. This information was
further used to make a change in the initial dynamic fagade
geometry in order to reach the dynamic fagade concept
daylighting performance improvement.

3.2 Daylighting performance of the initial dynamic facade
configurations: results and discussion

Figure 7 summarizes the results of daylighting performance
of the initial dynamic fagade configurations that are discussed
in Section 2.4.
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Fig. 6 The comparative daylighting performance analysis on the working plane in the DZ applying the case-study facades, degrees of opening
of each fagade are 25%, 50% and 75% (the percentage of area covered with 80%-100% of annual operating hours with sufficient daylight
levels is indicated in the DA_500 and 100 Ix < UDI < 2000 Ix columns)
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As it can be observed from the false-color figures presented
in Figure 7, the initial dynamic fagade configuration 2
performs better than other configurations following the
biggest coverage of the task plane area of both the UDI-a
(100 Ix< UDI < 2000 Ix) and DA_500 (DA > 500 Ix) in all
degrees of facade opening. This result means that the biggest
part of the task area is covered with the sufficient illuminance
level with some parts of the area being either too illuminated
or without sufficient level of illuminance.

3.3 The initial dynamic facade configurations and the
case studies daylighting performance comparison using
FDPI metric: results and discussion

The analysis based on the sole comparison of false-color
figures (Figure 6 and Figure 7) makes it rather difficult
to make any informative conclusion of dynamic facades
performance difference. To indicate in the comparative
terms the optimal dynamic facade solution in terms of
daylighting performance, the authors used the FDPI metric,
described in Section 2.7. The use of the FDPI metric made
it possible to analyze the daylighting performance array
of data received from the daylighting simulations inside
the DZ.

As it is discussed in Section 2.7, it is required to select a
“reference configuration” and with respect to its daylighting
performance compare other facades’, named as “modified
configurations”, daylighting performances.

As the first step, the authors made a daylighting
performance comparison of the case study facades. The
Case Study 1 (Table 2 and Figure 6) was selected as the
reference configuration to conduct a comparative analysis
of case study facades in terms of daylighting performance
improvement. Table 4 summarizes the results of the
comparative analysis.

As it can be observed from the FDPI analysis, taken from
Table 4, the daylighting performance of the Case Study 3
showed significant improvement in comparison to the
Case Study 1 (reference) daylighting performance - 257%.
Additionally, it can be observed that overall daylighting
performance of the Case Study 2 showed slightly worse
results than the Case Study 1 daylighting performance - 9%
decrease.

The authors made a similar performance comparison of
the initial dynamic fagade configurations. The Configuration 1
(Table 3 and Figure 7) was selected as the reference
configuration to conduct a comparative analysis of the
initial dynamic fagade configurations. Table 5 summarizes
the results of the comparative analysis.

As it can be observed from the FDPI analysis, taken from
Table 5, the daylighting performance of the initial dynamic
facade Configuration 2 showed significant improvement in

Table 4 Case study fagades FDPI analysis

UDLs, 50, 75% DA2s, 50,75%
[% of area with [% of area with DGPas, 50, 75%

UDI-a] DA_500] [%] FDPIs, 50, 75%

25% degree of the fagades’ opening

Case Study 1 57 56 27 Reference

Case Study 2 40 62 26.9 -19%

Case Study 3 85 52 22 60%
50% degree of the facades’ opening

Case Study 1 62 92 32 Reference

Case Study 2 58 88 31 -8%

Case Study 3 85 56 23 64%
75% degree of the facades’ opening

Case Study 1 42 65 37 Reference

Case Study 2 40 76 35 -18%

Case Study 3 97 87 25 133%

FDPI

Case Study 1 Reference

Case Study 2 -9%

Case Study 3 257%

Table 5 Initial dynamic fagade configurations FDPI analysis

UDs, s0, 75% DA2s, 50, 75%
[% of area with  [% of area with DGPas, 50, 75%
UDI-a] DA_500] [%] FDPIs, 50, 75%

25% degree of the facades’ opening

CONFE. 1 55 15 17.7 Reference

CONE 2 55 45 24.6 161%

CONE 3 65 40 25.4 141%
50% degree of the facades’ opening

CONE. 1 63 40 24.8 Reference

CONE 2 57 83 27.3 88%

CONE 3 77 53 27.3 45%
75% degree of the facades’ opening

CONE. 1 66 37 26.7 Reference

CONE 2 63 90 27.6 135%

CONE 3 90 75 28.4 133%

FDPI

CONE. 1 Reference

CONE 2 384%

CONE 3 319%

comparison to the Configuration 1 (reference) daylighting
performance — 384% improvement.
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The authors made a comparison between two dynamic
facades that showed the best daylighting performance in the
simulations.

The Case Study 3 (Table 2 and Figure 6) was selected
as the reference configuration to conduct a comparative
analysis of the initial dynamic facade Configuration 2 and
the Case Study 3. Table 6 summarizes the results of the
comparative analysis.

The negative result of the FDPI means that the
Configuration 2 daylighting performance did not show the
improvement over the Case Study 3 daylighting performance.
This information was applied by the authors to the initial
dynamic fagade Configuration 2 that showed better daylighting
performance among all the initial dynamic fagade
configurations in the shape finding procedure. The authors
aimed to conduct the shape finding of the dynamic fagade
concept to improve its daylighting performance, which is
discussed in Section 3.4.

Table 6 Initial dynamic facade Configuration 2 and Case Study 3
FDPI analysis

UDs, 50, 75% DA2s, 50, 75%
[% of area with [% of area with DGP2s, 50, 75%

UDI-a] DA_500] [%] FDPLs, 50, 75%

25% degree of the fagades’ opening

Case Study 3 85 52 22 Reference
CONE 2 55 45 24.6 -61%
50% degree of the facades” opening
Case Study 3 85 56 23 Reference
CONE 2 57 83 27.3 -3%
75% degree of the facades’ opening
Case Study 3 97 87 25 Reference
CONE 2 63 90 27.6 —42%
FDPI
Case Study 3 Reference
CONE 2 -106%

3.4 The final dynamic facade concept shape finding

The final dynamic facade concept was customized by the
authors in terms of shape — “shape-finding”. It was assumed
by the authors that the type of movement and the geometrical
features of the Case Study 3 would ensure an improvement
of the daylighting performance of the initial dynamic
facade Configuration 2 (taking into consideration that
the original orientation of the Case Study 3 is partially
South exposed which is similar to the orientation of the DZ
considered in this study).

The studies by Lee et al. (2017) and Akimov et al. (2021b)
discuss that the introduction of vertical shading to the
curtain wall system for the west and south-west exposure
facades is beneficial, since vertical fins mitigate exceeding
daylight illuminance (and harmful solar radiation) coming
from the west exposure during fall and summer periods.
The sun-chart analysis (Akimov et al. 2021b) of the south-
west oriented glazed fagade (facade bearing angle is 46° to
west from south) of the same base-line building used in this
research demonstrated that providing a vertical shading
(0.55 m long vertical fins rotated 45° with respect to the
fagade plane) allows to mitigate 90% of harmful solar
radiation hours. Therefore, it was assumed by the authors
that the shape modification that would provide more vertical
shading would decrease the light entrance through the
transparent envelope parts, which was exceeding in the initial
dynamic fagade Configuration 2 (following the UDI > 2000 Ix
domain, Figure 7) and kept the UDI-a and DA_500 results
lower compared to the Case Study 3.

To make a final dynamic facade design architecturally
attractive, the authors made an analysis of the sun-path of
the baseline building location. The sun-path was analyzed
on December 21* when the sun position is the lowest on
the sky in the given baseline building location. The authors
made the sun-path projection on the fagade plane mirroring
it with respect to the horizontal axis and duplicating it along
the fagade plane (Figure 8).

The final size of each shading element was changed
from 2m (w) x 4m (I) to Im (w) x 8m (I). The perforation
to the upper and lower triangular elements, that move
in-plane (the perforated hole is 10 mm in diameter), was
added following the study by Zapico et al (2022) to lighten
the unit weight and allow the air flow regulation that would
decrease the wind load (the perforation does not affect
the facade transmittance in the simulation). The type of
movement of the facade elements remained the same as the
one described in Section 2.4. In Table 7 the final dynamic
facade concept as well as the demonstration of the type of
its movement are present.

3.5 The final dynamic facade concept daylighting
performance: results and discussion

Figure 9 summarizes the results of daylighting performance
of the final dynamic fagade concept.

3.6 The daylighting performance comparison of the Case
Study 3 dynamic facade solution and the final dynamic
facade concept with the use of the FDPI metric

As the last step of the dynamic facade design, the authors
made a comparison between the final dynamic facade
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1. Sun-path analysis of the location 3. Mirroring and duplication of the sun-path projection
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—— The sun-path projection on the fagade plane
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— Mirrored sun-path projection

Fig. 8 The dynamic fagade shape finding

Table 7 The final dynamic fagade concept illustration

Degree of opening: 0% Degree of opening: 50% Degree of opening: 100%

25%
Dz
viewpoint
50%
-l
75%
Degree of facade DGP=0.27
opening DA_500 100Ix<UDI<2000Ix

Fig. 9 The daylighting performance of the final dynamic fagade concept, degrees of opening of the facade are 25, 50 and 75%
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configuration and the Case Study 3. The initial dynamic fagade
Configuration 2 results were added to the comparative
analysis, so that the amount of improvement after the
optimization process could be seen directly.

The Case Study 3 (Table 2 and Figure 6) was selected
as the reference configuration to conduct a comparative
analysis of the final dynamic facade configuration and
the Case Study 3. Table 8 summarizes the results of the
comparative analysis.

Table 8 Final dynamic fagade configuration, Configuration 2 and
Case Study 3 FDPI analysis

UDIbs, 50, 75% DA:s, 50,75%
[% of area with [% of area with DGP:s, 50, 75%
UDI-a] DA_500] [%] FDPIys, 50, 75%

25% degree of the fagades’ opening

Case Study 3 85 52 22 Reference
CONE. 2 55 45 24.6 —61%
Final CONE 87 60 23 13%
50% degree of the facades’ opening
Case Study 3 85 56 23 Reference
CONE. 2 57 83 27.3 -3%
Final CONE 95 78 25 42%
75% degree of the facades’ opening
Case Study 3 97 87 25 Reference
CONE. 2 63 90 27.6 —42%
Final CONE 93 87 27 -12%
FDPI
Case Study 3 Reference
CONE. 2 -106%
Final CONE 43%

\\\\

As it can be observed from the obtained results, the
FDPI of the final dynamic facade configuration showed
an improvement of 43% following the annual daylighting
analysis of 25%, 50% and 75% degrees of opening.

3.7 Example-based description of the physical dynamic
facade model design

In order to make the design of the dynamic fagade feasible
the authors followed the certain criteria:

(1) The dynamic fagade merges the mechanical properties
of the case studies fagades (physically realized, discussed in
Section 2.3) and/or is based on an existing mechanism,;

(2) The dynamic fagade is able to get integrated into
unitized curtain wall system with additional support that
would not drastically interfere into the structure of the
curtain wall;

(3) The dynamic fagade is designed using existing available
on the market materials, durability and mechanical properties
of which are investigated;

(4) The actuation mechanism is simple to use and
accommodated on the structural part of the curtain wall
system.

The realization of the criteria (1) in the dynamic facade
design is discussed in Section 2.4.

Following the criteria (2):

The dynamic fagade was designed as a simple mechanism
attached to the unitized curtain wall system with an additional
beam structure added. The dynamic fagade load was transferred
to the facade’s structure that consists of transoms and
mullions matrix, the distance between the mullions is 1 m.
The exploded view of the fagade’s substructure is present in
Figure 10.
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Fig. 10 The exploded and axonometric views of the fagade system
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The dynamic fagade was connected to the substructural
beam by rotary hinges/rods (structural elements) on the
top and bottom of the shading structure, the substructural
beam itself (200 mm x 100 mm) was connected to the
structural element of the fagade system (mullion) by 4 bolts
every 0.5 m. The rotary hinge on the top is called active
hinge, since it was connected to the actuation engine and
provides the rotation movement to the screen elements
(Figure 11).

The rotary rod itself is a part of actuation and, at the
same time, is a structural element that was used to hang the
shading unit from below and support the shading unit
from above.

For the translation of rotary movement by 90 degrees’
bevel gears were used. Bevel gears are gears where the axes
of the two shafts intersect and the tooth-bearing faces of
the gears themselves are conically shaped. Bevel gears are
most often mounted on shafts that are 90 degrees’ apart
(Zaretsky and Branzai 2017).

The shading consists of 4 triangular elements: two on
the top and bottom that move only in-plane (rotation) and
two in the center, connected by spherical joint, that move

Detail 01

Cross section of the mullion -
horizontal beam - substructural part.
The beam is needed to provide connection to every
2nd shading device that cannot be connected
directly to mullion, since distance between mullions is
1000 mm and distance between shading units is 500
mm. Also it gives additional structural reinforcement
to the rotary rod that holds shading units. Connection
is provided through 2 bolts 300 x 30 mm bolts that
are working on

Rotary rod - shading unit below is connected to the
ACTIVE rotary hinge - directly connected to the rotary
rod that translates movement from rotary engine

Passive rotary hinge - used to
accommodate the shading unit from above
on the rotary rod. It is connected to the

rotary rod through ring with metal balls

out-of-plane. Connection of the triangles on the top and
bottom with triangles in the middle was designed with the
use of a hidden piano hinge (Figure 12).

From Figure 12, the element that connects two middle
triangles that move out of plane is the spherical joint. This
element is not structural and it controls only the movement
of shading device elements.

Following the criteria (3):

Each triangle was made of perforated aluminum thin
sheet. To provide rigidity to the element, edge of rigidity
was made of the aluminum frame of 25 mm x 25 mm that
was welded to all the edges of each triangle (Figure 13).

Following the criteria (4):

The actuation was done by means of the electrical rotary
engine (Figure 14) that provides rotation motion to the
rod that is connected to the active hinges with the spiral
bevel gear that changes the rotation motion from one axis
to another.

When the engine is actuated, the upper triangles start to
rotate, that promotes middle triangles to move out of plane,
providing discrepancy of triangular pieces.

Since the top triangles of different shading pieces have

Detail 01

structural part and

shear stress.

Fig. 11 An axonometric view of the structural constitution of the shading element
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Fig. 12 The dynamic fagade element connections

4 X B8 MM TAPING SCREW

BALL HINGE RING

IN PLANE TRIANGLE BALL CONNECTION

12 BALL HINGES

MULLION

Screen of the shading consists
of 4 TRIANGULAR ELEMENTS
two on the top and bottom that
move only in-plane (rotation)
two in the center, connected by
spherical joint, that move OUT
OF PLANE.

Each triangle is made of
PERFORATED ALUMINIUM
THIN SHEET To provide ri-
gidity to the element, edge
of rigidity is made of the
aluminum frame of 25x25

mm that is welded to all the
«dges of each triangle.

FROM OUTSIDE

FROM INSIDE

Fig. 13 The materials application

otary rod - connected to the spiral bevel
gear that translates rotation from the axes of
rotary engine to the axes of shading unit.

Fig. 14 The engine accommodation on the beam’s web

different dimensions, corresponding bevel gears also have
different dimensions that allow to make the same degree of
opening to all the shading pieces connected to the same rod
(Guenther et al. 2013). The engine controls the degree of
opening and defines the maximum opening of the shading
system.

4 Conclusions and further developments

In this paper, the authors discussed the FDPI-workflow
which is a simple dynamic fagade design methodology.
It allows to consider multiple design criteria, such as the
dynamic fagade daylighting performance estimation, the
shape finding approach and transition from analytical to
physical model. As the key of the FDPI-workflow, the
new metric - facade daylighting performance improvement
(FDPI) was introduced. It can be used by the designers and
researchers to conduct a comprehensive dynamic fagade
design from daylighting performance point of view at the
early stage of the dynamic facade design since the methodology
does not incur high computational costs. The FDPI is aimed
to address the existing issue of the performance of dynamic
fagade systems assessment and allows to estimate the
performance difference of the compared dynamic fagades,
quantifying it in relative terms. The authors were able to
compare daylighting performance changes of the dynamic
facade concept designed with shape finding analysis.

Analyzing the elements shape features of the case study
that showed the best daylighting performance among case
studies (Case Study 3): long and narrow elements with the
combination of in plane movement (upper and lower part)
and out (central part) of plane rotation with respect to the
envelope plane, that provides mostly “vertical” shading,
the authors emphasized these movement and geometrical
features adding slenderness to the elements of the initial
dynamic fagade configuration that showed the best daylighting
performance among the initial configurations (Configuration 2),
modifying their size, keeping the type of movement unaltered.
The performance improvement rating was indicated using
the FDPI: 43% improvement of the final dynamic facade
configuration over the best in daylighting performance case
study dynamic fagade.

The stage of the transition from the analytical model to
the physical model was as well discussed on the basis of the
example of the dynamic facade design. The introduction
of other parameters for the performance improvement
estimation of the designed dynamic facade to the FDPI-
workflow that would be of interest of the designers, such as
the LENT, is as well discussed in the paper.

However, this study has a certain degree of limitations.
For example, only one typology of building was analysed
in the paper - office building that was set as a baseline
building. The analysis of dynamic fagade performance
that may ensure the effective functioning of engineering
infrastructure of industrial buildings, such as factories of the
future (defined in Burggrif et al. (2019) and Badenko et al.
(2021)), might as well be a part of a detailed analysis in the
future research.
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Another limitation of the study is that it focuses on the
daylight aspects by referring to the visual performance in
terms of user comfort in the context of dynamic facades.
Thus, solar radiation, heat gains in terms of thermal comfort,
visibility of movement of the dynamic facade system and
its control mechanisms in terms of user interaction should
also be mentioned in the context of dynamic fagade design
process and, thus, is of interest for the future research.

Moreover, the research does not cover such aspects
of the dynamic facade design as a single element shape-
finding and automation of its opening focusing on the
occupants’ comfort influenced by the fagade movement.
As it is highlighted in Attia (2018c) the actuation schedule
of the dynamic fagade, its type of movement along with
automation, might result in the users’ discomfort, therefore,
such investigation might be useful for architects and designers
in the process of development of dynamic fagade systems.

Since the introduced methodology is positioned as the
approach that is useful for architects and designers in the
early dynamic facade design stage, in order to speed up the
preliminary dynamic fagade evaluation some simplifications
were introduced to the simulation. For example, the
dynamic facades were analyzed in several distinctive fixed
(discrete) positions which allowed to simplify the FDPI
evaluation matrix (since continuous adjusting of the dynamic
facade would considerably expand the simulation matrix).
Additionally, overlooking the materiality of case study
facades (focusing solely on their geometry and motion)
helped to simplify the approach though adding another
degree of limitation of the study. Therefore, the analysis of
the applied materials properties along with the analysis of
pros and cons of different possible materials that could be
applied as the material of the dynamic fagade’s element (for
example, thin metal facade skins with different perforation
patterns, FRP with different degrees of translucency the
bearing capacity of which was discussed in Akimov et al.
(2021c¢)) should be introduced to the comprehensive dynamic
facade design methodology.
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