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ABSTRACT

Each organism has its unique and specific characteristics that have a great imgaetsarvival and adaptation
processes. One of the most amazing and remarkable characteristics in some organisms such as crustaceans, cephalopoc
and some insects is the reversible color change property in their skin. This color change happens foeasoiosis

such as thermoregulation, camouflage, and mating. It occurs due to the existence of the chromatophore, which is a
special sort of pigment cells in their skin compositions. Chameleons are one of the most spectacular organisms that
have thisunique apabi |l ity. This paper aims to demonstrate the
and its applications in Architecture. In order to achieve this goal, different types of materials and glazing technologies
that imitate this property andehi r appl i cations in buildingés skin have
framework inspired from the chameleond skin has been i

Keywords: Color Change, Chromatophores, Chameleon, Chromic, Smart Glazing.

1. INTRODUCTION The property of reversible color change occurs due to

Each organismds its special characteristics that help the existence of one or more types dir@matophores in
to adapt and achieve its needs. One of the most uniqué he ski nos composi tiro n. Ch ron
characteristics is the ability of color change in somefic hr dmao which means fAdyeo an
organi smés skin. 1t has béR@aFioNGA. i ht mdrsy @& cf8f heromic
species such as crustaceans, insects, and ceptiajas ~ 9enerated in the neural crest during the genetic system
seen in Figure 1. [1] development. It is respagible for generating the skin and

eye colors and reflecting light as well. [4] [5] [6]

There are many types of Chromatophores. Bagnara. JT
grouped them according to each type properties, color
appearance, and the spectral of light absorbance, as seen
in Table 1. Some types are pigment cells with specific
color that transform between two colors according to
light wavelength such as Xanthophores. The others are
structural crystalized plates that reflect colors such as
Iridophores. [5][6][7]

Tablel:Cl assi fication of Chromatoph
to properties, color appearance, and light absorbanckb]

(6] [7]
- Properties Color Spectral of Light
P Appearance Absorbance

Figure 1: Ofganis"ms species hat éhane color skin such
as: (a) Cuttlefish [2] and (b) Octopus [3]
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expands the chromatophores, as seen in Figures 2
Brown Through the visible
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Black to 700 nm)
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Structural / nm and 5007600
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silvery
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=) | Structural ) nm especially in the
S White UV R
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Color changing differs from organism to other
according to the chromatop
t he s ki ndvevérahe eitalsgquestiéh is how do
chromatophores work? Many researcheyaductedhat
the color change happens due to two main reasons as
follows: [5] [8] [9]

A The first reason is the chromatophores types that
exist in the skin composition. As each angan
has more than one type of chromatophores to shift
between colors, as seen in Figure 2 a.

Xi sts i

Figure3:Chr omat ophores in Chamel e
composition: (a)skin layers from the left; the dermis,
superficial iridophores, deep iridophores, and
melanophores, (b) while the chameleon is relaxed, (c)
iridophores expand and seem converging, (d) while &
chameleon is excited (e) iridophores are shrink and seem

divergent [8]
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in the skin, (b) while the radial musculesshrink the
chromatophore cell, and (c)while the radial muscles
expand the chromatophore cel[9]

(animal ap;)c.;rs pale) (animal ap;r)c;rs dark)
Figure 2: the schematic design shows the structure and
function of chromatophores types in the skin: (a) different
types of chromatoptores, which exist in skin layers and (b)
how melanophores are aggregated to let the organism
appears dark or spreaded to let the organism appears pale
dye [5]

2. METHODOLOGY

This paper illustrates the property of reversible color
change of the chamel eond
i amazing organisms. Then, many adaptive anthrs
A The second reason is the mechanism of how thetechnologies that imitated this property in architecture

chromatophores  work. There are two have been reviewed. Along with that, some applications

mechanisms. Thérst one is by chromatophores in architecture specifically in the building skin have been
structure, shape, and form in skin structure, asintroduced. Finally, a practical framework inspired by

seen in Figure 3. The second mechanism is thec h a me | e o n 6 n wopdsed. SkeaFigurdSe e

muscles control that disperse, aggregates, or

s ki
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Introducing the Property of Color Change in
Chameleon Skin (process, mechanisms, an
benefits)
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Figure 5: Research methodology is divided into three
stages, drawn by the researcher

3 CHAMELEON' S ADBKIRTI V

ectothermic organism that egulates the body
temperature with the surrounding environment. [10]

can change its skinds col
camouflage or mating. However, the most interesting

output of this changeis¢h body dés t her mal
can reduce the heat gain in the extreme high temperature

by about 45 % through its skin only. [8][1]

E

Chamel eons are one of the

4. ADAPTIVE TECHNOLOGIE S
INSPIRED BY CHAMELEO N’ S S KI N

Many scientists inspired and practiced the property of
color change such as the chameleon's skin in many
different fields. For example, they appligek function of
color change for workersd un
dangerous zones and save their lives, as seen in Figure 7.

[11]
=N,
It i s
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Figure 7: Chameleon cloth as arapplication of the color
Chameleon is one of the most incredible organism that change property: (a) clothsat different concentrations of

o Pxygen gnf (b) tﬁ?d?(ﬂoé/cr‘aﬁg%s whergtgxgosessiqy c h - a's

Nitrogen in the air flow [11]

r L ati n.. |t
Ano'([ihgr Hvelier appl?cation is the-gkin device that
Is applied in the prosthesis' industry. Theki is a

It is obvious from Fi gu sigtchable deyice that changes cqlomegity ghe user | j

consists of four layers. In addition to epidermis, two
types of chromatghores exist in the skin. The first type

is two layers of Iridophores and the second type is the
melanophores. The mechanism that the chameleor

follows for color change is the transformation of the

superficial Iridophores structure, form, and shape, as

sea in Figure 6. [8]

Figure 6: Two shapes and layers of iridophores in
chameleon skin: (a)2D and (b) 3D structural and form
transformations of the superficail iridophores layer when
the chameleon is excited and (c) unorganizedd different
shapes of the deep iridophores laygB]

when the prosthesis exposes to pressure, as seen in
Figure 8. [1]

SWNT-coated PDMS

Electrochromic polymer
(act as pigment cells)

SWNT-coated PDMS

SWNT-coated pyramid layer
(act as tactile sensing)

Figure 8: E-Skin proposal is inspired from chameleon skin
and consists of four compacted layers: electrochromic
polymer stacked between double lagrs of SWNT coated
and SWNT coated pyramid layer[1]

5. MATERIALS AND TECHNOLOGIES
INSPIRED BY CHAMELEON’ S SKI
IN ARCHITECTURE

5.1 Chromic Materials

Chromic materials, also termed as chromogenic or
chameleonic, are smart materials that exchange color due
to a dfferent external stimulus such as light or
temperature conditions or by an induced stimulus such as
chemicals, electrical, or mechanical. There are many
types of chromic materials. Some of them are applied
and commercialized successfully but the othees siill
at the developmental stage. See Figuf@®].[13] [14]
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Figure 9. The five groups of chromic materials [14]

5.1.1 Stimulated Color Change Materials
Stimulated color change materials are one of the mos
vital smart chromic matials generally and in the

architecture particularly. They change color from a color Panes: (&) while glazing is at low temperature, it becomes
transparent and (b) while it is at high temperature, it

to another, from colored to colorless, or from light to
dark due to the exposure to an external stimulus that
changes electrons equilibrium in a material. This process

iscall ed Achr omi s mo. The ¢
the material 6s chemical bo
make some changes in the

such as reflectivity, absorption or transmission. When Figure 12: Thermochromic glazing system while switching

the stimulus stops, the material eleosoreturn to its
original state and regain the initial color or transparency
properties[12][13][14][15][16]

Color change chromogenic materials are representedis e ver al building such as
different types of switching smart glazing. They are skin in Cambridge university campus in UK order to
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color during different hours [17]

'ep
or ca
pertie

Thermochromic glazing system has been applied in

t he

classified according to the stimulukat causes the maintain the thermal comfort for users, as seen in Figure
changing of color. However, they could be also classified13. [18][19][20] It has been also applied in the National
as shown in Figure 10: [15] [16] Disability Insurance Agency [NDIA] Headquarter,

Geelong in Australia, 2016, as seen in Figure 14. [21]

Although this system hadeen applied in many
countries, it doesnot
commercial market due to its high cost, unpleasant color
and low visible daylight transmission, in addition,
works effectively only in hot climates. [15] [17]

Dynamic Smart Switching
Glazing

Passive
BNy

Figure 10: The dynamic smart glazingthat applied
chromogenic materials is divided into passive glazing and
active glazing [15] [16]

A. Thermochromic Glazing (Passive
Material)
Passive materials are smart organic and inorganic
materials that can change their properties due to external

T agaen
TR

stimulus such as light, temperature, solar radiation, or Figure 13 Applying thermochromic glazing in the Civil

pressure. Thermochromic glazing st is considered

as a reversible smart type of the passive materials.
Thermochromic material could be coating or film
manufactured from solid chemical compounds such as
Vanadium dioxide, which works as semiconductor layer
and stacked between double glazemhes, as seen in
Figure 11. It can change its optical phase due to chemical

reactions at a specific Atran

temperature is low, the material becomes transparent,

and when the temperature is higher, the system becomes

opaque. SeFigure 12. [15] [17]

engineering facades, Cambridge University, United
Kingdom, to maintain thermal comfort [18]

——
Figure 14: Thermochromic glazing facades of NDIA

headquarter, Geelong in Austrdia [20]
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B. Electrochromic Glazing (Active
Material)

Active material is a type of smart materials. It
responds also to the changes in the external stimulus
such as the passive material but it needs an electrical
field to switch their optical properties. lisa can be
controlled by a computerized building management
system or by smartphones as a remote control. [15]

The electrochromic glazing is considered the most
popular and useful application of the active chromic
materials in the commercial market. Itgsesented as a , | &
cathode_ thin film sugh_ as Tgngsten trlelde or as an Figure 17: Electrochromic glazing is used in the Festo
anode film such as Iridium oxide. It consists of two ions  z tomation Center facades Esslingen, Germany () an
layers; a conductor layer and storage layer stackedexternal view of the whole building and (b) A focus on some
between sandwiched glass panels in transparent facades’ wunits [24]
conductive oxide, as seen irghre 15. [22]

When applying an electrical voltage, ions are extracted
from the storage layer and pass to the electrochromic
layer, which thereby change optical properties. When it
is turned off, the ions return to the storage layer and
make the electrochmic layer transparent again, as seen
in Figures 16. [15]

@
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electrochromic glazing system (a) while opaque modmd
(b) while transparent mode[15]

Figure 18: Electrochromic glazing is used in thesouth
facade ofthe Yard, Chicago Shakespeare in USA (a) the
facade is opaque at daytime to control heat gain and (b) the

‘ "5_, glazing facade is transparent at night [26]
h “ 5.2 Adaptive Fritted System

Figure 16: Electrochromic glazing system while it is The adaptive fritted system is a functional unique
switching during different hours [23] technology that acts as the skin of the Namaqua
) , _ . . Chameleon. The system was innovated to provide the
The electrochromic glazing also has been applied ingchitects with a new tool that can increase the
several buildings such as the Festo Automation Cemeﬁransparency of the glazing facades whitaded. It is
building, Esslingen in Germany to reduce lightd 554 ysed for controlling the solar heat gain.
thermal transmittance, whilst maintaining transparency, Adaptive fritted system is a mulayer of a fixed
as seen in Figure 17. [24] The Yard, Chicago naterm of circled acrylic stacked together in orthogonal
Shakespeare_ in US_A is another example for applyingayes  These axes motions are controlled by an
electrochromic glazing on the south fagade only 10 gjeciromagnetic motor that spread thiecles as fan
provide the thermal comfort and outdoor visiom fbe wings to cover the interspaces between them. The
users, as seen in Figure 18. [25] glazing panel modulates between opaque and transparent
states through the fritted system converging or diverging
respectively, as seen in Figures 19 & 20.




The Adaptive Fritted system was digeed in 2009 by
Hoberman Associates for the Harvard Graduate School s
of Design building, in Cambridge USA, as an initiative J
adaptive building shading technology. It has been used
for internal partitions to provide privacy for the users, as
seen in Figure 2 [27] [28] [29]

= T e
°q Yo o 0 o ¥a o o OO0 T Figure 23: Transparent and opaque partsin the Interactive
o U 500 Bia N P, S ‘,;‘ volre -3:_*"%'? cope headquarterfacades (a) at day [31] and (b) at night
000 BOOO 0oC VOO 10000 [30]

O O 0 000 O O O O OO OO O
Figure 19: Adjustment the fritted density by a motorized .

operational scheme: (a) while it is tranparent, (b, c) 5.3 Decorative Panels
translucent, and (d) opaque[28] A decorative board is inspired by chameleons for
internal and external facades cladding, external ceiling,
and filling boards. It is designed to show uraisu
appearance and changing color depending on the angle
of view and sunlight rays, such as Chameleons, as seen

. i Iy in Figures 24.
({%—* H e m:[p-@i{{; This board is a manufactured panel produced by
vty %C' = compressing mineral wool boards of volcanic rocks,
then, treated with four layerd water polymer emulsion
b paint on one side, and finished with a unique crystal

Figure 20: Adaptive fritted panel section illustrates (a) layer, Whi_Ch causes color changing. This bogrd may be
stacked up multi panels and (byotational axial mechanism treated with a fifth layer of selfleaning or antgravity

in the stacked Pane[28] material.
Decorative panels have been applied in many

buildings such as Think Tank Innovation Center in
Lincoln University in UK and Les Tréfles primary

school in Anderlecht in Belgium, Europe, as seen in
Figures 25 & 26[32] [33]

The conc_ept _Of the adapti_ve_ frittexystem also has Figure 24: Different Colors of decorative panels [33]
been applied in other buildings; for example the

Interactive cope headquarter building designed by Frank
Gehry. He installed various statically fritting glazing on
the facades in order to control the solar heat gain while
transmit the natad daylight, as seen in Figures 22 & 23.
[28] [30]

Figure 21 Internal partitions of adaptive fritted panels,
Harvard GSD building [28]

Figure 25: The chameleon decorative panels &think Tank
Innovation Center facades, Lincoln University, United
Kingdom [34]

Figure 22: The Interactive cope headquarter office
building: (a) outdoor [29] and (b) internal spaces [31]



Figure 26: The chameleon decorétive panels at Les Trefles
primary school in Anderlecht, Belgium, Europe [35]

6. PRACTICAL FRAMEWORK

This change is du¢o the existence of two types of

chromatophores in its skindé

of Iridophores and Melanophores. The mechanism that
chamel eon applies i s by
structure, shape, and form. This transformation increases
and deceases the distance between the superficial
Iridophores plates to transmit or prevent sun heat
respectively. Due to the transformation mechanism and
crystalized characteristics of Iridophores, the color
change property is resulted from sunlight reflections
different wavelengths.

t r a

The chamel eonds <col or chang

inspired in the development of adaptive applications in
both medical and industrial fields. In addition, many
adaptive technologies have been developed in

Based on the previous review, the adaptive technologyArchitecture.

inspired by chameleon skin could sImmarized as

follows:

A Materials  with

sect

two reflective layers, and an absorptiager, as seen in

specific

properties;

Some inspied materials and technologies in
architecture are mainly depending on the visual concept

these of the color change property of chameleon, such as the

materials are able to absorb and reflect heat.
A Transformation Mechanism; An axial motion of
those materials.

Consequently, the researcher proposed a glazingparacteristics in order to_control the amount of heat gain

i on inspired

by

decorative boards. Other technologies inspired more
than the visual concept. They inspired the
thermoregulatiortoncept, Such as the chromic materials
that can change their own properties and physical

theagpnahmPehed P thlel Wiserh S herm

hypothesized proposal consists of four layers; clear layer, ggin of passive and active smart materials are

changing color though transforming their optical

Figures 27. The clear and absorptive layers are fixedyroperties. The optical properties change in the
The two reflective layers can rotate vertically around ahermochromic glazing through the conversion from
vertical axis. Electric and mechanical components will transparent to opaque mode, while in the electrochromic

support the motion mechanism of these layers. Ingjazingthrough the conversion from light to dark mode.
addition, temperaturesensors should be installed t0 The ‘thermoctomic transformation mechanism is
control automatically when the system opens and closes.;qgyited from chemical reactions. while the

This hypothesized proposal

could be modified gjectrochromic transformation mechanism is resulted

according to many factors such as, the building type, th& v o' m i ons®é movement from a

Iocat_ion, the g:limate, gn_d the energy efficiency  Thermochromic and electrochromic glazingve been
requirements odlifferent building codes.

Relective Layer as
Iridophores

Layer as
Melanophores

"

% Clear Layer as
. g Epidermis
R

S,

Figure 27: The proposed wall section consists of four

layers; the first is clear, the second and third are reflective

layers, and the fourth is absorptive layer (a) while it is
closing to reflect heatand (b) while it is opening to gain

heat

7. ANALYSIS AND DISCUSSION

Chamel eon

color reversibly. It changes its color not only for mating

and

camoufl

i s

age

one

but

of

al

developed to show a rerkable reduction in energy
consumption for both heating and cooling demand,
through controlling heat transmittance and visible light
while transformation between two specific colored
modes. However, they have a negative impact on
daylight transmission iotthe space as they change their
appearance from light to dark, which could also affect
the visual comfort in working space, in addition to other
negative impacts such as unpleasant and constant
appearance.

Another application that inspires the functional
concept is the Fritted glazing. This glazing system has
been installed in the external facades as a shading device
to control heat gain and provide the users with natural
daylight. It could be also used as an internal partition to
achieve privacy betweenifférent working areas. The
transformation mechanism from transparent to opaque
mode occurs through an electromagnetic motor that
converges or diverges the internal particles, respectively.

organi sms that changes its ski

SO

| a

nos

for its bodyés thermoregul atio
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8. CONCLUSION By Tactile Sensing,Nature Communications, pp. *
10, 2015.
Chameleon is one of the organisms that can chang¢2] D. Stuartfox, "How Do Chameleon and Othe
their skinéds col or due t ©@reatureshGhangeeCrlar,’s 203 N@néne]. Avdilable:
chromatophoresdéd types i n t hbkhitps:/phyk.orgingves/20B-chantelednd i ons. Th
capability is consider ed o0 nceatuwetoloarésdtmle [Aecessedl s18 aNdvampbérat i o
techniques for thermoregulation process in extreme heat, 2018].

in addition to other reasons such as camgefland [3] J. O'CALLAGHAN, "Spot the octopus! Amazing

mating. moment marine creature camouflages itself against a
This unique reversibl e colreefris caplredrog ddeod DailycMad, m Edbriaryn 6 s

skin inspired many researchers in several fields that  2015. [Online]. Available:

serve human. https://www.dailymail.co.uk/sciencetech/article
Architecture is one of the practical fields that 2939261/SpebctopusAmazingmomentmarine

represented many adaptive technologies inspired by creaturecamouflagesagainstreefcaptured

these capabilitiesAlthough few applications inspired the video.html. [Accessed 20 December 2018].

color change as a visual concept, many adaptive[4]S. Nilsson, Atonomic Nerve Function in the

materials inspired the color change as both the functional Vertebrates, vol. 13, Berlin: Springer, 1983, pp.-198

concept of thermoregulation and the visual concept as 201.

well such as the Thermochromic glazing, the [5]J. Kelly and W. Davies, "The Biological Mechanisms

Electrochomic glazing, and the Fritted glazing. and Behavioral Functions of OpsBased Light
Although thermochromic, electrochromic, and fritted Detection by the Skin,'Frontiers in Ecology and

glazing can all control heat transmittance as  Evolution, vol. 4, pp 1-13, 2016.

Chamel eonbds skin, ther moc f6lAo heipedrizay IKaRetratog and R. Ketsin SNeutad r e d

the more closer application to the chameldonthe Crest Cells and Pigmentation,” Neural Crest Cells:
transformatbn mechanism than electrochromic and Evolution, Development and Disease, Academic
fritted glazing. Press, 2014, pp. 28311.

In addition, these previous applications are [7]J. T. Bagnara, "Cytology and cytophysiology of non
representing the color change concept in just two melanophre pigmentells,” International Review of

constant color modes, unlike chameleon. Cytology, pp. 173205, 1966.

Finally, a hypothesized practical framework has [8] J. Teyssier, S. Saenko, D. Marel and M.
been proposed. Th proposed framework would be Milinkovitch, "Photonic Crystals Cause Active
tested in the future to identify the following: Colour Change in Chameleon," Nature

A The convenient materials that could Communications, pp. 27, 2015.
achieve the target. [9] Q. Wang, G. Gossweiler, S. Craig and Zhao,
A The best integrated technology that could "Cephalopoeinspired Design of Electrechane
achieve the highest energy performance. Chemically Responsive Elastomers for-Damand
puor escent NaRm@ Cdmmuinocation, gp. "
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