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ABSTRACT
The revival of traditional latticework mashrabiyya is continually urged in the 
Middle East and North Africa to address conflicting needs since it optimally 
balances environmental, social, and aesthetic functions. However, its material 
and craftsmanship costs and inflexibility are significant barriers. This study aims 
to provide a preliminary design for a green, smart mashrabiyya-like shutter 
responsive to climatic conditions and privacy needs in Egypt, manufactured 
with palm midribs, a waste material available in the MENA region due to annual 
trimming. The simple, yet responsive and traditional design outlined in this 
study has a considerable potential for residential applications not only in Egypt, 
but also in similar socio-environmental contexts. The design generation is 
based on three steps: 1) constructing a static model that maintains the basic 
socio-environmental needs, manufactured with palm midrib patterns, 2) mod-
eling dynamic functions, using Grasshopper/Ladybug, through standardizing 
slats and deciding upon visibility and adjustable parts, and 3) integrating smart 
controls based on comfort indexes and indoor climatic readings. Using a simple 
circuit fitted with sensors, actuators, and a microcontroller, the design of 
a latticework shutter responsive to climate and privacy was generated. The 
concept depends on computing indoor weather data and comparing them to 
thermal, daylight, and wind comfort indexes. Consequently, automated deci-
sions could be made to regulate the shutter parts in two ways: 1) its opening 
angle and 2) openness between the slats. Ultimately, the operating concept of 
the smart shutter in a room and automated flowcharts that make decisions in 
daytime and nighttime modes were proposed.
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Introduction

The current study aims to provide a preliminary conceptual design for 
a green, smart mashrabiyya-like shutter for residential applications that is 
responsive to climate and privacy requirements. To reach this goal, the paper 
begins by looking into the research background, explaining the objectives, 
and providing a literature review on this topic. Second, it describes the 
materials and methods used to achieve this goal, including the methodology 
followed, the suggested functions and materials of the shutter, its design 
tools and software, and selected comfort indexes. Finally, the findings present 
and discuss the proposed dynamic shutter, which includes integrated smart 
controls, an electronic circuit, and automated flowcharts.

Research background

Most urban and increasingly rural households in Egypt live in apartment blocks. 
Their façades often incorporate glass panels and wood shutters called sheesh. 
Windows with glass panels, open balconies, and Venetian blinds known as sheesh 
were discovered as early as the 1870s. Khedive Ismail of Egypt reigned from 1863 
until 1879, and his involvement at the Exposition Universelle in Paris impacted his 
architectural style. The large numbers of Italian architects and technicians hired 
by the Egyptian Ministry of Public Works, as well as the owners of private palaces 
and mansions, are attributed to their clear Italian influences [1,2]. Sheesh-related 
concerns were numerically investigated by Abdel Gelil M. and Badawy [3]. While 
it keeps direct sunlight out and offers privacy, it restricts ventilation, natural light, 
and views. When the window is opened for ventilation, it creates glare, sun 
exposure, and a loss of privacy. Sheesh is becoming less popular as a result of the 
exorbitant expense of imported wood. True, wood is a low-carbon resource that 
needs little energy; however, several countries import wood to suit local needs. It 
becomes unsustainable when imported, since 30% of its emissions originate 
from production and 70% from international trade [4,5]. In addition, Egypt’s 
market is entirely dependent on imported raw wood since, like the majority of 
Arab nations, it is arid and has little vegetation. For instance, to satisfy local 
demand, more than 4 million cubic meters of sawnwood and roundwood were 
imported in 2020 [6], making wood expensive and ecologically hazardous. 
A number of architects and researchers in the Arab world are advocating for 
the revival of the Islamic latticework known as mashrabiyya (Figure 1) in order to 
solve issues related to heat stress and social norms, as it optimally balances social 
and environmental concerns [7]. It refers to a turned wood process used to create 
lattice-like screens to embellish windows in traditional residential architecture. In 
Egypt, the word mashrabiyya is derived from the Arabic verb shariba, ‘to drink’, 
and originally described a place for drinking. It was also said that the term is 
derived from the word Musharrafiya, i.e. the place from which women overlook 
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the outside. Lane [8] defined a mashrabiyya as a piece of latticework from which 
small sections projected; these sections were used to put and cool earthen water 
drinking bottles by exposing them to airflow [8–10].

Mashrabiyya is connected with 16th–19th-century Egyptian urban archi-
tecture, where main goals were to keep Muslim women from being seen by 
men and to help with the heat and dryness of the weather. Its parts include 
[7,11–13]: 1) The primary mashrabiyya, which consists of a lower part below 
the eye level with a tight latticework and an upper part above the eye level 
with a wide lattice pattern. The bottom half provided privacy and shade from 
Cairo’s harsh weather, while the top part allowed for light and ventilation. 2) 
An overhang directly above the mashrabiyya to prevent sun from penetrating 
through the top section’s more open latticework. Currently, mashrabiyyas are 
seldom utilized for windows or balconies [14]. Its superior craftsmanship, high 
expense, difficulty in maintenance, lack of adaptability, and changes in urban 
surroundings are significant barriers to its reintroduction. Abdel Gelil M. [12] 
and Abdel Gelil M. and Badawy [3] attempted to develop a simple mashra-
biyya shutter for Egyptian residences.

In contrast, date palm midribs have been used as an alternative to wood in 
countryside areas for generations and are abundant in North Africa and the 
Middle East owing to yearly trimming [15,16]. These regions alone account for 
90% of worldwide date harvest, with Egypt leading the way in 2020 (18%) [17]. 
The date palm may survive for 100 years, producing around 13 leaves per palm as 
agricultural waste [16]. In rural areas, midribs are being used instead of wood to 
make roofs, fences, furniture, and crates; and leaflets are used in tools like baskets 
and brooms [15,18]. Despite being technologically advanced, the advent of 
plastic and changing Egyptian consumer habits have resulted in a reduction in 
date palm-related commodities since the mid-20th century [15]. Ain Shams 
University academics have been experimenting with date palm leaf midrib 

Figure 1. A mashrabiyya in Zaynab Khatoun House. (drawings and photo by the author).
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(DPLM) as a wood replacement since 1991. Because of its distinctive flexible 
tissue, which can resist scorching desert winds and millions of cyclic loads with-
out cracking [15,16,19], it possesses physio-mechanical properties comparable to 
conventional timbers [15,20]. Efforts were made to use the material to manufac-
ture boards and blocks, but their applications are confined to small-scale pro-
ducts owing to costly machines and time-consuming processing [15,20,21].

Research aim

This study aims to provide a preliminary conceptual design for a green, smart 
mashrabiyya-like shutter responsive to climate and privacy requirements, for 
residential applications. The proposed system consists of a combination of 
latticework patterns utilizing DPLM craftsmanship, as well as smart functions to 
control heat stress, daylight, glare, and wind velocity. The automated concept is 
based on monitoring indoor climatic data and calculating comfort levels, with 
thermal comfort given the highest priority, and the need for privacy is taken into 
account during design and operation. The adaptive model relies on simple, low- 
cost solutions to make its implementation in residential contexts feasible. The 
paper discusses previous research on the subject, the materials and methods 
used to develop the design, and the static, dynamic, and smart design and 
functions used to generate the proposed shutter concept. At the end, it proposes 
a control circuit design equipped with sensors, actuators, and controllers, 
describes how the system works in a room, and provides potential flowcharts 
for daytime and nighttime automated modes in summer.

Literature review

The majority of responsive façade research focuses on expensive high-tech smart 
features and glazing improvement, addresses domestic static blinds, or proposes 
dynamic blinds for offices and commercial buildings with an emphasis on illumi-
nation and glare. Responsive or dynamic façades are envelopes that can respond 
to weather and seasonal trends [22]. According to COST Action-Adaptive Façades 
Network, such façades have a significant influence on occupant satisfaction, 
energy conservation, and environmental impact mitigation [22,23]. The survey 
conducted by Attia, et al. [22] found that occupant comfort and decentralized 
control via customization and smart automation have emerged as the most 
leading trends on the market of adaptable façade technologies and solutions. 
Extensive analysis in the same survey defines adaptive façade technologies into 
four categories: ‘dynamic shading’, ‘chromogenic’, ‘solar active’, and ‘active venti-
lated’ façades. Changing from static to responsive building façades, however, is 
often associated with increased expenses [24], complexity in terms of the system, 
and contradictory functions to meet varying needs [25]. The solutions found in the 
literature mainly concentrate on the thermal behavior and insulating performance 
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of walls and windows [23], as well as costly high-tech smart features, which indeed 
have a significant influence on decreasing heating and cooling expenses in build-
ings compared to traditional window systems [24]. The majority of window-related 
research has been on the improvement of glazing behavior, such as the explora-
tion of novel window material, the enhancement of the optical characteristics of 
glazing, and thermal bridges [23]. Jiang, et al. [26] proposed using a thermo- 
response hydrogel smart window component for dynamic solar control of com-
mercial façades. Fazel, et al. [24] offer smart window glazing that changes based on 
the temperature and the laws of thermodynamics.

Literature on shutters and blinds define them as basic window treatments 
that decrease energy consumption with a lower economic effect than solutions 
that concentrate on glass. Blinds might be divided into three categories [23,27]: 
1) static blinds with no control over their sections; 2) manually operated blinds 
that are regulated by the occupants depending on their own preferences; they 
often do not fulfil thermal, lighting, and visual performance standards; 3) 
dynamic blinds with automatic control (type 1 in Attia, et al. [22]‘s classification), 
responsive to direct sunrays, indoor temperature and light levels. This might be 
further evolved into split-controlled blinds, which have a more complicated 
design so that multiple sectors can be controlled independently. Previous 
research focused on static blinds for domestic applications or dynamic blinds 
for office and commercial buildings [23]. For example, Krippner and Bonfig [28] 
created a static blind shutter utilizing semi-transparent biopolymer sheets 
inspired by the Japanese shoji. It enables sunshine to pass through while 
preventing glare. Two levels of vertically movable louvers were set behind 
each other to manage the sun and view. However, the blinds have to be 
configured differently based on the installed façade. Olbina and Hu [27] pro-
posed dynamic split-controlled blinds to achieve two goals: 1) decreasing energy 
demand for HVAC and artificial lighting; and 2) boosting illuminance levels by 
enhancing daylight penetration. The blind has three sections, and the louvers 
may be rotated according to two preferences: vision or daylighting. To provide 
enough illumination and minimize glare, two sensors were fitted to detect 
illuminance levels close to and distant from the window. The automatic control 
approach was designed with the sole purpose of increasing the degree of 
illumination while reducing glare. The thermal performance of the device was 
tested in the research, although thermal comfort was not included in the blind’s 
control. Do and Chan [29] designed an automated shade that could control light, 
glare, and view for a glazed office space façade.

Materials and methods

The sections that follow describe the methodology employed for generating 
the smart green shutter design; detail the static shutter, including its parts, 
functions, materials, and craftsmanship; shed light on the software utilized to 
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create the dynamic and smart shutter designs; and finally, analyze the selec-
tion of the thermal, daylight, and wind comfort indexes based on Cairo city’s 
climate data. It is vital to note that a static shutter was designed and 
constructed based on earlier research [3,12].

Design methodology

The design methodology (Figure 2) is based on three steps: 1) developing 
a static design that maintains the basic balance between environmental and 
social needs while experimenting its manufacture using palm midrib crafts-
manship. 2) adding dynamic split-controlled functions through standardizing 
midribs slats and deciding upon adjustable sections using parametric model-
ing software 3) smart controlling of the dynamic parts based on indoor climatic 
readings and comfort indexes. This step starts by determining comfort indexes, 
selecting simple sensors and actuators, design and coding of the control 
circuit, and finally developing control flowcharts for the automated decisions.

Manufacturing of the static shutter

During annual pruning, palm leaves are detached from the palm at a length 
determined by cultural norms and are typically between 3 and 6 meters in length 
[18]. The midrib is then obtained by cutting the leaflets; its cross section is 
triangular (Figure 3) that becomes increasingly thinner toward the end to be 
almost a circle. After that, it is sliced into slats of varying thickness and standard 
length and interconnected to create patterns of latticework. The lengths and cross 
sections of the slats were standardized to triangles and circles in order to create the 
prototype. Simultaneously, the slats were arranged so that DPLM patterns were 
maintained. A pesticide was applied to the shutter to protect it from mites.

Figure 2. Design methodology. (the authors).
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The model was initially manufactured using furniture techniques and man-
ual tools with the integration of the craftsmanship patterns, and its main parts 
and functions were inspired from the traditional mashrabiyya functions 
(Figure 4). The shutter is divided into 3 parts: 1) An upper part with wide 
latticework that allows for more lighting and airflow. 2) A middle (main) part 
with tight latticework that ensures privacy and provides natural lighting and 
ventilation while breaking direct sun. 3) A closed lower part to reduce heat 
and to function as a base. The whole shutter opens upward for increased 
lighting and ventilation while providing privacy. The first step to transform the 
shutter into a smart climate-responsive device, dynamic features had to be 
added to its static status as explained in the following sections.

Software utilized for the shutter design

‘Grasshopper’ v1.0.0007 was used to perform the entire shutter modeling, whilst 
‘Rhinoceros’ v7.12.21313 was utilized for visualization. The objective was to 
enable independent adjustment of the top and middle part slats as well as the 
angle of the shutter’s opening. The integrated Grasshopper tool ‘Ladybug’ v1.5.1 
was employed to undertake a visibility study to determine the openness factor 
(OF) for privacy. All of the shutter parts can be customized, which is a benefit of 
using parametric tools to build the whole model. The automated control circuit 
was designed using the open-source PCB tool ‘fritzing’ v.0.9.3b, the control 

Figure 3. Date palm midribs. (a) whole leaves, (b) cross-section, (c) slats, (d) common 
table. (photos by the author).

Figure 4. Manufactured static shutter. (a) from outside, (b) from inside, (c) opened, (d) 
slats detail. (photos by the author).
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flowchart was drawn with the diagram tool ‘draw.io’ v.20.3.0, and the code was 
developed with the free-source software ‘Arduino IDE’ v.1.8.19.

Selecting comfort indexes

The concept of the shutter is based on computing indoor weather data and 
comparing it to thermal, daylight, and wind comfort indexes. As a result, the 
shutter system makes automated decisions to regulate its adjustable parts in 
order to achieve the internal user’s comfort. The sections that follow provide 
a more detailed explanation of Cairo’s climatic data as well as the selection of 
these indexes.

Climate of Cairo
According to the Koppen-Geiger classification system, Egypt has a desert 
climate (BWh) typified by hot, dry summers from May to September, tempe-
rate winters, and little precipitation, mostly around the coasts (Figure 5) [30]. 
Summer temperatures range from 35–38° (mean daily maximum) to 16–21° 
(mean daily minimum), and winds are particularly strong near the Red Sea 
(8.0–10.0 m/s) and Mediterranean shores (6.0–6.5 m/s). Egypt is also subject 
to ‘khamasin’ winds, which bring sand and dust to northern Africa. Typically 
occurring between March and May, these khamasin storms may raise the 
temperature by 20°C and can persist for many days [31,32]. 

Thermal comfort index
Common heat stress indexes include Universal Thermal Climate Index 
(UTCI), Wet Bulb Globe Temperature (WBGT), Predicted Mean Vote 
(PMV), Predicted Percentage Dissatisfied (PPD), Standard Effective 
Temperature (SET), and Physiological Equivalent Temperature (PET). 
Zare, et al. [33] carefully compared the precision of their respective 
results. It was shown that UTCI, SET, PET, and WBGT all exhibited strong 

Figure 5. Annual temperature and wind velocities in Cairo. Left, average temperatures; 
right, wind velocities according to no. Of days [30].
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correlations, although UTCI and WBGT are more comparable than the 
other indices, with the exception of the latter, which may be used to 
measure thermal comfort both inside and outside. While PMV and PPD 
assess indoor heat stress, the results are frequently criticized for grossly 
overestimating or underestimating heat stress (according to season) in 
naturally ventilated spaces and for being more appropriate for 
mechanically heated, cooled, or ventilated indoor spaces [34,35]. 
Developed by Yaglou and Minard in 1957, WBGT is widely employed 
in heat stress evaluation [33,35,36]. This indicator provides a more 
precise result than known simple heat indexes since it considers four 
variables: temperature, humidity, wind, and radiation [33,36,37]. Lemke 
and Kjellstrom [36] determined that for measuring WBGT, it is more 
accurate to compute its value using meteorological data as opposed to 
using traditional thermometers directly. The research examined the 
most prevalent equations for calculating WBGT and determined that 
the Bernard formula is the best for calculating WBGTid (indoors). The 
formula has been thoroughly evaluated and verified by Bernard and 
Pourmoghani [38], and used in subsequent studies [35]. Equations 1 
and 2 are for calculating outdoor and indoor WBGT respectively: 

WBGTod ¼ 0:7Tw þ 0:2Tg þ 0:1T (1) 

Tg denotes the ‘globe temperature’ as detected by a thermometer placed in 
a black globe (to estimate solar radiation), T denotes the dry air temperature, 
and Tw denotes the natural ‘wet bulb temperature’. Assuming that there is no 
local source of heat radiation inside, Tg=T, the equation is: 

WBGTid ¼ 0:7Tw þ 0:3T (2) 

Bernard calculates the WBGTid using 1 m/s wind velocity because humans 
generate an actual wind velocity of at least 1 m/s when moving their arms 
and legs; additionally, higher wind velocities have no discernible effect on the 
WBGTid [35]. Tw is precalculated using Stull formula (Equation 3) [39] which 
allows the calculation using measurements acquired from air temperature (T) 
and RH meters: 

Tw ¼ Tatan 0 : 151977 RH%þ 18:313659ð Þ
1=2

h i
þ atan T þ RH%ð Þ � atan

RH% � 1:676331ð Þ þ 0:00391838 RH%ð Þ
3=2atan 0:023101RH%ð Þ � 4:686035

(3) 

WBGT limits are shown in Table 1, where below 18°C means no heat stress is 
experienced.
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Daylight illuminance and daylight glare probability
The daylight needs for residential spaces are difficult to generalize since they 
are strongly dependent on user behavior and individual requirements [40]. For 
office environments, the European Standards (EN17037) and the usable day-
light illuminance recommended by Mardaljevic and Nabil specify a minimum of 
100 lux [27,41,42]. The typical necessary illuminance levels in domestic areas 
range from 100 to 200 lux; with the exception of the kitchen, all other zones 
requiring 100–150 lux illuminance levels [40,43]. Most humans also seem to 
tolerate far lower natural illuminance levels than artificial ones [3]. While 
a minimum acceptable illuminance of 100 lux should be maintained, high 
brightness levels may result in glare [27,41,42]. CGI, DGI, UGR, VCP, and DGP 
are among the indices that seek to identify uncomfortable glare, despite its 
subjective nature. With the exception of ‘daylight glare probability’ (DGP), 
which accounts for vertical illuminance, these metrics primarily consider the 
background and source contrast. In addition, only the ‘daylight glare index’ 
(DGI) and DGP are designed to evaluate glare from natural daylight [42], with 
the earlier being developed to detect glare from large sources [44]. Wienold 
and Christoffersen [44] proposed using vertical eye illuminance as a metric for 
DGI adaption. They created the Daylight Glare Probability after conducting 
extensive testing with 76 people under varied real-world daylight circum-
stances [42,44]. In 2009, Wienold developed and verified a simpler version of 
DGP (DGPs) based on vertical eye illuminance, used when neither sun radiation 
nor its specular reflections strikes the eye [42]. Wienold and Christoffersen [44] 
found a high connection between vertical illuminance and experienced glare 
by users, suggesting that ‘vertical illuminance at eye level’ is an indicator of 
uncomfortable glare [42]. Because the DGPs relies only on vertical eye illumi-
nance (Ev), the value may be simply determined with a single calculation point 
using Equation (4); its levels are shown in Table 2:

DGPs ¼ 6:22:10� 5Ev þ 0:187 (4) 

DGPs were recently used in Do and Chan [29] study to maintain glare at an 
imperceptible level for an automated, adjustable roller shade. If DGP equals 
or is less than 0.35, glare is classified as imperceptible. The shutter prototype 
presented in the present research is intended to detect illumination at two 
sensor locations: one near the shutter to evaluate glare and one in the middle 

Table 1. WBGT levels (oC) [33].
Ranges Description

<18 Unlimited
18–23 Be careful for signs of heat stress
23–28 Activity should be avoided for those who are not adapted
28–30 Activity should be limited for everyone except the well-adapted
≥30 All activities must be discontinued
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of the room to assess daylight. The glare at the first point should not exceed 
0.35 (illuminance = 2670 lux), and the illuminance at the second point should 
not be less than 100 lux.

Wind comfort
According to ANSI/ASHRAE Standard 55–2013, the average airflow velocity in 
HVAC buildings is typically less than 0.2 m/s, whereas the maximum velocity with 
occupant control should not exceed 1.2 m/s in naturally ventilated buildings. If 
occupants have no influence over the local wind velocity, it should not exceed 
0.8 m/s at operative temperatures between 25.5°C and 30°C, based on an insula-
tion value of 0.5 clo for summer clothes. The standard has also mentioned the 
possibility of discomfort from draughts at temperatures below 25.5°C [45–47].

Results and discussion

The research outcomes in the following sections propose a mashrabiyya-like 
shutter with climate-responsive dynamic functions that allow for the adjust-
ment of its parts; the results also suggest smart automated controls with 
a fully integrated control circuit.

Proposed dynamic shutter design

The sections that follow describe the design and functionality of the main 
parts of the dynamic shutter, as well as the DPLM slats design in relation to 
the material’s natural shape and summer sun altitudes. A visibility study that 
determines the openness factor of the intervals between the slats for privacy 
considerations is also provided.

Main parts
The dynamic model design (Figure 6) serves three main purposes: 1) The upper 
part has a wide latticework arranged in two layers with its inner slats rotating 
horizontally to provide light and air; 2) the middle part provides privacy, light, 
and air while protecting from heat and glare. It has a tight latticework that is also 
arranged in two layers, with its inner slats rotating horizontally and its outer slats 
fixed and arranged in a tight pattern, and 3) the entire shutter can move upward 
and downward to give user more control over the amount of daylight, air, and 
privacy. The shutter also has a closed lower part that functions as a base and 
protects against climatic conditions at that level. Two vertical rods, one on each 

Table 2. Simplified daylight glare probability levels [29].
imperceptible perceptible disturbing intolerable

DGPs limit ≤.35 .35 < DGPs < .4 0.4 ≤ DGPs < 0.45 ≥0.45
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side, are attached to the upper and middle slats to allow them to rotate. The 
triangular cross-section of the horizontal rotating slats was chosen not only to 
follow the shape of the midrib but also because it could break sun rays and 
reduce glare due to its two inclined surfaces.

Slats design
As stated earlier, slats shapes were determined based on the palm midribs 
triangular and circular cross-sections, where the main movable slats are 
triangular (upper and middle parts) and the tight fixed slats are circular 
(middle and lower parts). They were designed to intercept all direct sunrays 
from May to September (hottest months) considering the sun altitudes from 
12:00 noon to 3:00 pm in Cairo [48]. The shutter can therefore be installed in 
any façade (see Table 3 and Figure 7).

Visibility study
The openness factor (OF, in percent) specifies the capacity to see through the 
shades, allowing for a view even when the shades are closed [29]. According to 
Ariosto, et al. [49], The openness of the slats has a significant impact on the 
functioning of venetian blinds. Major improvements in UV reduction are seen 
with an OF of 5% or less, which is the standard of the majority of shades on the 
market. OF is a crucial characteristic that not only impacts the thermal efficiency 

Figure 6. Proposed dynamic shutter model. (a) opening angles, (b) section, (c) rotating 
slats and their main controlling rod. (the authors).

Table 3. Sun altitudes in summer from 12:00 noon to 3:00 pm in 
Cairo [48].

Month Sun altitude 12:00 noon Sun altitude 15:00

May 79° 46°
June 83o 48°
July 80° 48°
August 71° 44°
September 59° 35o
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of the blinds but also their degree of privacy. Although privacy is fundamentally 
a subjective quality, the indoor view index (the view from the outside to the 
inside) may serve as an indication of privacy levels. When OF is between 5% and 
25% for light-colored screens, the indoor view index (from the outside) is zero, 
indicating complete privacy, and the outdoor view index (the view from inside to 
outside) varies between 0.75 and 0.83, indicating a nearly transparent view. The 
reflections from the external slats to the outdoor viewer limit the inside vision, 
especially at high levels of external light (i.e. daytime), obstructing the indoor 
view during the day while preserving the complete outdoor view [29,50]. 
A visibility analysis was carried out using Ladybug, a Grasshopper tool, and was 
based on the maximum angle of view from the outside through the middle 
section at a height of 1.60 m (Figure 8). The slat spacings and front lattice pattern 
widths were determined using a 5% openness factor when the slats are at 30°. 
Four OFs are possible: 6% when completely opened (0°), 5% when closed 30°, 1% 
when closed 60°, and 0% when fully closed (90°). Using this parametric tool, one 
may adapt the shutter design before its production to the preferred OF by 
altering two parameters: the spacing between rotating horizontal slats and the 
sizes of the front patterned lattice.

Smart controls of the mashrabiyya-shutter

A complete control circuit that consists of actuators (motors), a microcontroller 
kit (connecting board and software), and climatic measurement sensors makes 
up the smart automated control of the proposed shutter. The following sec-
tions will provide an explanation of these components as well as the main 
operating concept of the circuit and its automated decision flowcharts.

Figure 7. Slats cross-section design based on summer sun altitudes in Cairo. Left, sun 
altitude at 12:00 noon; right, sun altitude at 3:00 pm. (the authors).
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Control circuit design
The designed automated control circuit consists of sensors, actuators and 
a control unit as shown in Figure 9. The selection of components (Table 4) is 
based on their availability in the market, price, accuracy and simplicity. They 
are described in the following sections.

Sensors. The DHT-11 digital temperature and humidity sensor is recom-
mended for detecting ambient temperature and relative humidity. The sensor 
has a temperature and humidity measuring component, as well as an 8-bit 
microcontroller for better quality, rapid response, and anti-interference cap-
ability. This device’s main features are that it can obtain information on 
a single data pin, is small, has a low power range (3 V–5 V), and can send 
signals up to 20 m away. These features make it one of the most widely used 
sensors [51,52]. Photoresistors, also known as light dependent resistors (LDR), 

Figure 8. Visibility analysis using Ladybug. (a) view through the middle part, (b) open-
ness factor of different slat angles. (the authors).

Figure 9. Control circuit design. Left, circuit components and design; right, laboratory 
testing of components. (the authors).
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are suggested for measuring illuminance. The LDR is a variable resistor 
composed of semiconductor material, and its resistance varies with the 
intensity of incoming light. The sensor has been thoroughly researched and 
is employed in a variety of applications, including light sensing and control. It 
has a basic form, very low power consumption, and is the most affordable 
light sensor on the market [53,54]. Although anemometers are often used to 
detect wind velocity, it was found that they were unaffordable. Instead, 
a simulation circuit that relies on the spinning of a conventional 3-wire 
computer fan’s DC motor was used. The circuit consists of the fan, the 
Arduino microcontroller and software (IDE), and a resistor. A pulse from an 
internal sensor (a hall-effect sensor) that detects the rotation of the magnets 
in the motor may be read while the fan rotates. This simple wind velocity 
measurement was calibrated using Equation (5) and is suggested to estimate 
wind velocity in residential areas. It was based on the relationship between 
the angular fan velocity (in rpm) and linear velocity (m/s). 

v m=sð Þ ¼ 2π � r mð Þð Þ=60� N rmmð Þ (5) 

Actuators. A stepper motor is a DC motor whose rotor position can be 
accurately controlled and which operates in discrete steps. It has several 
coils, with each phase being powered to create rotation in increments. 
Stepper motors are the best choice for most applications where precise 
motion control is needed [55,56].

Controller. An Arduino controller is recommended for controlling the pro-
posed shutter. It is an open-source microcontroller board that is simple to 
programme because of its USB connection and Arduino IDE software [57].

Operating system of the smart shutter
Operating concept of the smart control circuit is based on calculating comfort 
indexes, comparing them to actual climatic data, and then making 

Table 4. Circuit components of the automated shutter. (the authors).

Component

Digital 
temperature 
and humidity 

sensor

Light 
dependent 

resistor (LDR)

DC fan 
wind 

sensor
Hybrid stepping 
motor (actuator) Controller

Name DHT11 SL42STH48- 
1504A

Arduino Mega

Image
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mechanical decisions based on predesigned automated flowcharts and 
codes. This is illustrated in more detail below.

Main concept. The shutter is controlled through computing comfort levels 
as follows:

(1) Thermal comfort index WBGT is calculated based on Equation 2, 
explained earlier, using air temperature and humidity (≤18°C).

(2) Daylight comfort is assessed through measuring illuminance in the 
middle of the room (≥100 lux) and glare based on the DGP calculated 
using the illuminance at window level (≤0.35).

(3) The wind velocity is measured in the middle of the room (≤0.8 m/s).

The sensors read meteorological data and transfer it to the Arduino micro-
controller board, as shown in Figure 10. Based on the comfort levels, flow-
charts, and codes, the Arduino IDE software makes mechanical decisions that 
operate actuators 1 and 2 (A1 & A2, connected to the rods that spin the top 
and middle horizontal slats) and actuator 3 (A3, attached to the handle that 
moves the whole shutter frame upward and downward).

Automated flowcharts for summer daytime and nighttime modes. As 
shown in Figures 11 and 12, the Day Mode begins with the upper 

Figure 10. Operating concept of the smart shutter in a room. (the authors).
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and middle parts opened at 6% OF (0°) to provide light and ventilation 
(privacy is already ensured during the daytime). Thermal comfort is 
given the highest priority, followed by daylight comfort, and finally 
wind comfort.

The main shutter is closed downwards to prevent heat stress. If the 
WBGT comfort level (≤ 18°C) is not met, decisions are taken to alter the 
middle part slats (A2) (the upper part compensates for light and ventila-
tion). Three 30° closing loops are made until thermal comfort is reached 
(10 min delay). The same adjustments are then made to the upper part 
(A1). If not met, the system will stop. If reached, Arduino checks for 
daylight comfort (I ≥ 100 lux at DL1; DGP ≤ 0.35 at DL2) and begins reg-
ulating the upper part by rotating the slats to open 30° at a time (three 
loops), followed by the middle part (three loops), and finally the whole 
shutter (A3) by 15° at a time (thermal check is performed at the end 
whether comfort is reached or not). After achieving thermal and daylight 
comforts, the system checks wind comfort (≤0.8 m/s). If comfort is not 
achieved, the mechanism closes the shutter downward (A3), then the 
middle part (A2), and finally the upper part (A1). In Night Mode, the 
system begins with the upper and middle parts open, and the shutter 
closed downward (privacy focus). The system regulates the shutter by 
opening it upward at 15° angles (A3), followed by the middle part. The 
wind comfort is managed similarly to Day Mode. A preliminary code for 
the control circuit components is proposed in Figure 13, while the com-
plete code is under development.

Figure 11. Simplified description of the automated decisions in day mode and night 
mode in summer. (the authors).
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Figure 12. Proposed automated flowcharts for day and night modes in summer. (the 
authors).
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Conclusion

The majority of responsive façade research focuses on expensive high-tech 
smart features and glazing improvement, addresses domestic static blinds, or 
proposes dynamic blinds for offices and commercial buildings with an 
emphasis on illumination and glare. This research presented a simple, yet 
responsive smart green shutter that is adaptive to climate and privacy 
requirements, manufactured with a local material. The device is inspired 
from traditional mashrabiyya, which optimally combined environmental, 
social, and aesthetic considerations, and is proposed to replace existing 
window treatments that fail to satisfy competing environmental and social 
needs. The study outlined the static, dynamic, and smart design and opera-
tions of the proposed shutter as follows:

Figure 13. A preliminary code for the control circuit. (the authors).
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● The static design consists of three major slatted parts and features 
latticework patterns created of date palm leaf midribs, a waste material 
utilized as a wood alternative in rural areas and readily available owing 
to annual trimming.

● Its dynamic components perform three primary functions: 1) an upper 
wide latticework arranged in two layers, with its inner slats rotating 
horizontally to provide daylight and air; 2) a middle part arranged in 
two layers, with its inner slats rotating horizontally and its outer slats 
assembled in a tight pattern to provide privacy, daylight, and air while 
protecting from heat and glare; and 3) the entire shutter moves upward 
and downward to allow for greater control over the degree of daylight, 
air and privacy. A privacy visibility analysis was performed to determine 
the ‘openness factor’ ranges of the intervals.

● The smart system is equipped with sensors, actuators, and 
a microcontroller. The sensors read meteorological data and transfer it 
to the Arduino microcontroller board. Based on the comfort levels, 
flowcharts, and codes, the Arduino IDE software makes mechanical 
decisions that operate the actuators fitted in the shutter’s parts. The 
dynamic parts of the shutter are individually regulated in two ways: 1) 
openness between the slats and 2) its opening angle, with thermal 
comfort being given the highest priority and the need for privacy 
being considered throughout design and operation.

● Thermal comfort index WBGT is calculated using air temperature and 
humidity data received from the DHT-11 digital sensor. Daylight comfort 
is assessed through measuring illuminance and glare, both using data 
received from light dependent resistors sensors (LDR). The wind velocity 
is calculated based on the spinning of a conventional 3-wire computer 
fan’s DC motor instead of using high-cost anemometers.

● The study also provided automated flowcharts for summer daytime and 
nighttime modes that Arduino IDE software uses to make mechanical 
decisions, with thermal comfort being given the highest priority, fol-
lowed by daylight comfort, and finally wind comfort.

The shutter has significant potential for residential applications, not only in 
Egypt but also in similar socio-environmental contexts. However, there are 
several research limitations and improvements that should be considered in 
future research. For example:

● While the static model was fully constructed and laboratory tests on the 
circuit components were completed in this study, a simulated assess-
ment is indispensable to test the model.

● Real-world construction and evaluation, with the integration of the 
dynamic and smart functions, should be performed.

248 N. ABDEL GELIL MOHAMED ET AL.



● An environmental analysis with key performance indicators should be 
conducted.

● The study of the shutter design and details in relation to typical internal 
spaces, structural systems and building regulations in Egypt, is required 
for the development of the proposal.

● Cost-effectiveness and affordability assessment is significant to the pro-
posal feasibility.

● Social needs and acceptance surveys should be conducted.
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