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ABSTRACT

Evidence suggests that energy efficiency is one of the most crucial factors to taldressed in XXI
century by building industry, and the study of the building envelope, which includes passive
systems of dynamic activation that works with intrinsic properties of materials has risen significantly
since the early 2000sas alternative Hernce, there is a growing body of literature that recognizes
the advantages of polymers among others stimulus sensitive materials to define systems of
dynamic activation.

The adaptive building envelopes state of the art, as well as, semictgfline shape memory polymers,
is assessed in this work. In this way, the thernsensitive potential of a composite material based
on a bidirectional shape memory polymer that could be used in responsive building skins was
studied. Crosslinked ethylenevinyl acetate copolymerprestressed,and functionalized sheets were
encapsulated into a polyuethane rubber matrix to obtain a thermosensitive functional composite.

The programming process whichenhance the shape memory effect and the stability of the
phenomenon through thermal cycling were studied, as well agactuator capacity.

CRYSTALLIZATIONINDUCED ELONGATION
SHAPE MEMORY ACTUATOR
ADAPTIVE BUILDING SKINS



EVALUACI oN DEL POTENCI AL DE ACTU
TERMOSENSIBLE DE UN MATERIAL COMPUESTO A

BASE DE UN POLOIMERO SEMI CRI TALI N
DE FORMA BIDIRECCIONAL

RESUMEN

La evidencia sugiere que la eficiencia energética es uno de los factores mas importantes a abordar en
el siglo XXI poila industria de la construccionEs asi como e¢studo de la envolvente del edificique
incluye sistemas pasivos de activacion dinamican propiedades intrinsecas de lawateriales ha
aumentado desde el2000 como alternativa. Por lo tanto, existe un cuerpo creciente de literatura que
reconoce las ventajas de los polimerabre otros materiales sensibles @stimulcs para definir
sistemas de activacion dinamica.

En este trabajo se evalla el estadiel arte de las envolventes de construccion adaptables, asi como
los polimerossemi cristalinos conmemoria de forma. De esta forma, se estudié el potencial
termosensible de un material compuesto basado en un polimero de memoria de forma bidireccional
gue podria usarse en pielearquitectonicasadaptativas Copolimero reticulado de etileneacetato de
vinilo pretensado, y laminas funcionalizadas se encapsularon en una matriz de caucho de poliuretano
para obtener un compuesto funcional termosensible.

Se estidi6 el proceso de programacion qumejora el efecto de memoria de forma y la estabilidad del
fendmeno a través del ciclo térmico, asi como la capacidad del actuador.
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ACTUADOR CON MEMORIA DEORMA
Pl ELES ARQUI TECTONI CAS A
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What is
happening

What is being
done

Buildings have been rated as the responsible for about onehird of the total anthropogenic CO-
emissions to the atmospherg1] and at least 40% ofthe energy produced is consumed by buildings
[2]. This consumption is presented from the moment when the building is constructed, as capital
energy (CE), and during its life cyclesaoperating energy (OE), measured in an estimated period of
50 years. In the case of housing, the OEonstitutes approximately 65%3] of the total energy
required by the building, a remarkable percentage not only for housing butany kind of building.
The OE is mainly used as HVAC because of their direct influence on the contfperception. Thus,
the OE represent more than a half of the energy consumed by the building activity.

Several strategies have been formulated by government organizations on the field of the energy
consumption, for instance,the net-zero energy buildings (NZEB)[4], [5]. Strategy focused on
achieving a balance close to zero, between the consumed and the praded energy by buildings,
with the aim to reach selfsufficient buildings unplugged from the network. Some countries have
been implemented the NZEB as the strategy to diminish the energy consumption and the
environmental impact of buildings to the short and medium term[6]8[8].

In the case of Colombia, theMinisterio de Vivienda, Ciudad y Territoritssued the 0549 resolution
from July 10 of 2015, where the water and energy mandatory reduction percentages by new
buildings were established; Thisesolution isnowadaysan applicable law in the whole nation.The
resolution considers the use of active stategies (systems which energy is required for the operation)
and passive strategies (systems which energy is not required for the operation) as well.

Architecture has had evolved and developed to satisfy human and city necessities since its origin.
Every day, new essentials in addition to severe weather changes need to be solved by buildings.
This process, in the lasyears has been accelerated becausef the complexity of the "modern life"
and their impact on the environment [9]. For those reasons, in response to these fluctuating
variables, the architecture needs toadapt permanently to remain current.

The bioclimatic strategy, as an approximation for the energy consumption issue, in one of his areas
has been focused on thefacade orbuilding envelope. The strategy looks for the compatibilization
between buildings and the local weather of their surrounding area to reduce the additional energy
consumption. Nevertheless, the strategy is focused on the air conditioning of large areas and not
in the individual space's needs; it means that the efficiency of the strategy could be improved.

In accordance with Kolaveric and Parlafl0]dpassive systems of dynamic activation that works tti
intrinsic properties of materials are perhaps the most promising direction for development adaptive
building envelopesd For those reasons, the development of systems witreduced in size elements
and independent controls is introduced as the stake tomprove building energy performance, in
front of the general weather and micra climate variations.



The buildings adaptation has two dimensions, the first one,as the relationship between
architecture and the users, and the second oneas the relationship between architecture
and the environment. The last one, through theenvelope, as the element, which limits the
inside and the outside [11] has been focused on affording comfort and secuty inside
buildings. It makes the envelope a crucial component of the building aesthetics and its
internal environment.

As the skin in the human body, envelope in buildings has the responsibility to regulate
internal physical condition§l2] The envelope has become since the last century @a
lightweight and flexible component, instead to be robust and heavy,improving its
performance [13] These buildings and systems, are being developeillowing the state of
the art technology and together with disciplines as materials science and engineering
achieving every time a more interactive and efficient interfacgl4], [15]

As was addressed, the improvement of the building as humanmade shelter managed by

the architecture, cannot be done without the support of other disciplines. XXI century
buildings, as | think, cannot be static anymore; they must be developed reactively or
responsively withthe user necessities andhe microclimate variations because they change
continuously, the building interfaces need to be flexible and do the same. Therefore,
architects as the responsible of the norstructural elements of the building phy an essential
role in the definition of those interfaces.

The objective of this study is to determine at laboratory scale,the thermomechanical
potential of a composite material based on a lowcost commodity shape memory
semicrysalline polymer under thermal cycling, as a thermesensitive actuator with the
potential to be used in passive adaptive building skins.

This workhas three different scopes to reach the proposed objective as follow.

Theoretical To define the state of theart of the building facade development as adaptation
to the environment, from dynamic envelopes to responsive architectural skins. As well as
the study of shape memory polymers as stimulusesponsive materials focused on the state
of the art of semicrystalline networks.

Experimental. Thermosensitive laminate functional composite synthesis based on shape

memory semicrystalline polymer as reinforcement.

Study. Thermosensitive potential, programming processing parameters, actuation
response

In this way,the path to define the scope was the following: an exploration of the adaptive
building envelopes and the definition of state of the art focused on the materiality was
done to define a work line with the potential to be broader. Oncethe line was recognized,
a state of the art of the shape memory semicrystalline polymers, as stimukresponsive
material, was done and a work line to improve the application of the system as an actuatg
was identified as well as the work scope.

=
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How can be
seen

What is
proposed



How is
presented

This study is organized intofive sections. Sectionone provides the panorama and the motivation
for developing, as an architect, the evaluation of the thermomechanical potential of a composite
material based on a stimulusresponsive materialcapable of being used in a building.

Sectiontwo addresses the systems and materials used in the building's envelope adaptation to the
environment in concordance to the state of art technology of every decade. A brief overview of
facade development inthe last century is presented, and then the activeadaptive envelopesare
introduced with a focus on their protocol and actuator classedsrinally, passivadaptive skin systems
as the most promising researctdirection, are classifieddescribed and analyzed by every variable of
control and the physical or chemical protocol followed to obtain a dynamic response.

Section three reviews the shape memory polymers SMP as stimulugsponsive material and
compare them with shape memory alloysSMA as the most used shape memory material SMM.
Then the one-way shape memory effect OWSME and the thermally induced shape memory effect
is assessed, to finally describe the 2¥Y8ME focused on the semicrystalline polymers. Thisst apart
is divided into the parameters which affect the phenomenon and the polymer networks which
evidence this effect reported was presented.

Section four addresses thefunctional composite experimental study The research problem is
defined, the guiding question is presented, aswell as, the objectives and the sc@e of the
experimental study Moreover, the materials and methodsare presented focuses on the shape
memory properties study, the surface properties study, and the laminate agator composites

Moreover, experimental sudies of the thermomechantcal behavior are presented, theresults and
discussion are focused on the synthesis of both reinforcement lamina and laminate composite, as
well as, the twoway shape memory behavior of the lamina and the composite thermocycling
evaluation.

Finally, section five provides overall conckions applicable to both theoretical and experimental
developed studies, as well as, recommendations for future works and an approximation proposal
for an architectural application of the composite material evaluated.
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Fig.1The Curia. The meeting house of the Senate
Rome,

©Bertholf (2007)

Fig.2 North rose window, inside view, Notre Dam
Cathedral,

©Nyetta, Ken (2013)

Fig.3 Seagram Building, Ludwig Mies Van der Roh
Main entrance view,

©Fernandez, Gabriel (2015

13



14

2.1 INTRODUCTION

Building envelope as the limit between inside and outside, defined by horizontal (roof) and vertical
(facade) elements hasbeen developed by the architecture taking concepts, features, angystems
from other disciplines, bllowing the state of the art technologyof each decade The relationship
between buildings and environment has transcended, from a hole ira wall as can be seen in a
structure built around 238 CEn RomeFig. 1, to a one based on complex systems as can be seen in
Fig. 6, these developments have been allowed structures tbetter adjusted to the necessities of
each interior space and the fluctiating conditions of their surrounding environment.

The most remarkable changes on the architectural envelope are directed related to the materials
and the structural systemof the building. As we can see in Fig. Notre Dame Cathedral (Paris 1345)
the incorporation of flying buttress as exoskeleton structurg16] enabled the redistribution of the
envelope mass and newlarge aperture sizes to the outsidecan be achieved

Another significant change comes withthe modern architecture movement[17], [18] established

after the World War | with the incorporation of new materials as, steel, concrete, and glassgether

with the mass fabrication technologies added into the building industry These new features allowed
the facade for releasingfrom their structural function, snce this moment, it stopped being heavy
and solid to being lightweight and translucent[19]20]. For the first time, the limits between inside
and outside were blurred, as can be seenn Fig. 3, Seagram Building[21] (New York, 1954)Snce

this moment the facade can be referred as an envelope, and their developmertan focuson their

primary function, ensure internal buildingcomfort conditions.

After the moment when architectural envelope released from their structural function and start to
be translucent, the changes in their development are focused on kinetic systems with a dynamic
response[22] with the aim to have reattime control over outdoor variables. These systems can be
divided into two main categories, on the one hand active, responsive systems which need the
electric current to keep their components running, and on the other hand passive, responsive
systems which do not requireelectrical current because they can move or react in response to a
specific stimul[23].



Signal to sense Sensor
—>

Signal reconditioning Transducer Analog Digital
: Converter ADC
Actuator Microcontroller
4—

Fig.4 Data Acquisition protocol of close loop

Signal: Physic stimulus to being measure swhtemperature, light, humidity, pressure, as well as presence. Sensor: a compone
direct contact with the environment and the variable to be measured. Signal reconditioning: a process where the signal fiteetsr
by the sensor is adjusted, amplifiechd filtered on demand. Transducer: a process where the magnitude measured by the sens
taken and traduced to an operative magnitude for the system. ADC: a process where an analog signal was converted to ad#ha
Microcontroller: a process whereiby a logic control the work method is sequenced and controlled. Actuator: control compone
which makes a specific motion function, such as electric, mechanic, hydraulic and others.

Fig.5 multi-layer Skins

New dynamicenvelope interfaces
are developed as multilaye
systems, according to the stimuli 0
control, the active layer can be
located on the outside (direct
contact with the environment),
between the layers of the systen
(in the middle), or in the inside
(direct mntact with the interior).
Most of them are made of matrixeg
of repetitive elements with
independent control that make up
a continuum surface, due to the
similitude with the organ that
covers the living beings, thesé
systems are called as architectur
skis.

Inside

Maintenance
layer

Second
Control
Layer

Dynamic Control Second IsolatedLayer
Layer

Dynamic
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2.2 ACTIVE
ADAPTIVEENVELOPES

Until recent times, the attention to improving building envelope was focused on increasing thermal
insulation. Nevertheless, those systems are not enough to solve the efficiency challenges in the
nowadays buildings[24], because of the remarkable use of glass and the increasing of additional
energetic reliance on HVAC systems before thmodern architecture movement.

A noticeable change about architectural skins appeared in the second half XX century by some
postmodern architecture movements[18] they incorporate into the envelope, electromechaical
systems equipped with sensors, processing units, and actuators that can be program and answer in
real time to weather changes. Obtaining In this way, a dynamic interfad@5], These active systems
are basedon Data Acquisition Systems (DAS) of a closed loop protoc{6], operation diagram can
be seen in Fig. 4there, the stimuli are sensed, and their processings usedas a control device.

In the DAS protocol, the components that are in contact with the environment are sensors and
actuators. The system sensing the stimuli from the environment and generate an electric pulse that
can be processed?27]. Any physical variable can be measured, such as temperatutight, pressure,
force, moisture, among others, even two or more variables can be controlled asan be seen in Fig.
5, by the same system through a multilayer skin. Although until now, the systems incorporated on
buildings have focused on controlling light and temperature. As can be seen in Table ]1different
actuators and mechanisms are reported orthe control of these variablesas follow.

Table 1 Active Control Systems

Response  Physical Variable Protocol Actuator Author
Reactive @ Light/ Heat-gain control Data Acquisition Pneumatic [28]
Systems of closed = Electric [29]0[32]
Temperature / Air-flow control loop Hydraulic [33]

Protocol and actuators reported by active dynamic system all of them are base their operation under the Data
Acquisition System of close loop.



Fig.6. Arab world institute (Paris) envelope panel.

The South elevation skin are one of the first with a
dynamic layer, it is made up 30.000 stainless steel light
sensitive diaphragms, like mechanical irises, ©Melki, Ser
(2009).

Fig.7 Arab world institute (Paris) Diaphragms
Everypanel has modules with different sizes and
orientations that work with a parametric discretized
aperture.

.' \\\
o\

Fig.8. Kiefer technic Showroom (Bad Gleichenber; Fig.9. Al Bahar Towers (Abu Dhabi
the exterior finishing made of individual metal layer panels system controlled by a central processing unit linked in-
moved by a mechanical actuator in a vertical pat climatological stations in the surrounding area. The acti
succession. The system can be actuated autonomously layer was located on the outside after a first glass skin, ew
weat her changes as wel | a unitmade of ETFE fibes actuated by a pneumatic systerr
©Ernst (2007) AHR (2012)

Fig.1Q RMIT Design Hub (Melbourne
skin made of reflecting and photovoltaic coated glas Fig.11Q1 ThyssenKrupp Quarter (Esse
modules, every unit is in a stainlesteel frame which allows  outside layer made of thin stainlessteel lamella as brise
movement to reflect suarays and catch them to generate soleil arranged in a vertical actuator as movement axis
electric current all day long, ©Deutscher, Rob (201 discretized angles, ©Arnoldious (2011
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Light active control systems

The light is the most controlled variable in dynamic systems in buildings skins. Nouvel & Partners
(1987), were pioneers with the development of an envelope with automatic control of the light
indoors in the 90"s decade. As aabe seen in Fig. 6, the south elevation of the Arab World Institute
is formed by a matrix of mechanical diaphragms between two glass sheets, which permits entry of
10 to 30% of daylight controlled by individual light sensor$34]; every Diaphragm has a discretized
aperture shown in Fig. 7.

Different systems were focused on thecontrol of light and sun heat-gain through a layer located
outside of the building. Giselbrecht and AEDA$30],[35] , developed systens where a mechanical
actuator turns bi-dimensional sheets one by one ito three-dimensional elementsShown in Fig. 8.
These systems after a signal by the sensor, allow the tigindoors, the visual connection with the
exterior, the heatgain control by shadowing, and in the case of AEDAS, sand storms protecti@s
can be seen in Fig. 9and improve the HAVC reducing heat gain in 50%0therwise Architekten +
Chaix & Morel et Aseciésand Godsell [32] developed systems where a matrix of elementsoves
to reflect the sun-raysshown in FHg. 1Q FHg 11 those system allowsthe heat-gain control and visual
contact. Thanks to their location, in dect contact with the environment, these systems enable the
control of more than one feature.



Fig.12 One Ocean
Theme Pavilion
(Jeollanamdo)

skin made of glass
fiber reinforced

polymer triggered
by pneumatic act

uators SOMA 2017

Fig.13 Lamella One
Ocean Theme
Pavilion (Jeollanam
do)
every lamellais|
compressed/stressec |
changing their shape
to allow natural air

circulation

o
Room h Y“Y sensor Actuator/
temperature Compressed Lamella

13
Fig.14 Arab World Institute (Paris) actuator
An actuator of diaphragms broken. The elements ¢
the envelope have high, codt and burdensome
maintenance rate; for those reasons, this skin enter:
disuse of their dynamic components at an earl
stagd36].
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Temperature active control systems

Temperature as a variable of control on buildings must be developed as a singlayer system
because its performance is based on the exchange of losses and gains with the environment. On
those systems, the direct contact between inside and outside is neetl As the case of SOMA33],

to enable the contact with the outside in the Ocean Thematic Paviliona succession of vertical strips
was arranged to obtain a deformation and a change of lamella orientation. This movement was
achieved by a pneumatic actuator compression shown in Fig. 12, allowing thermal losses frohet
inside as can be seen in Fig. 13.

The versatility of the DAS protocol of closed loop was highlighted, as it was seen, it enables the
development of systems with different kind of actuators (mechanical, pneumatic, hydraulic). A
broad-spectrum envelope materials and sizes frombrise soleilunto laminar structures of some
floors have been used. Moreover, Multilayer systems has been used to achieve a real time
response to solar radiation and outdoor temperature firstly[37], becauseof their influence on
thermal and visual comfort.

Nevertheless, all of them requires, firstly an external electric current source to operaf88], and
secondly, they are made of mechanical systems with multiple components with high maintenance
rate. Both conditions take these activesystems to a rapid state of obsolescencg36], for instance,
in the Novelds building (1987) the active el
the project opened, because of the costly maintenance. Moreover, some actuator componentge
broken as can be seen in Fig. 14~or those reasons, current research developments of building
envelopes are improving their performance to be more efficient exploring flexible andointless
solutions with other disciplines, as follow.

em
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Fig.15 Hierarchical location of stimuliesponsive materials on the materials world

Adapted from [39].
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2.3 PASSIVEADAPTIVE
SKINS

Even when active systems changed the conceptualization of architectural envelopes in the second
half XX century and continues being produced nowadays, their energy supply dependence and
obsolescence triggered a new change on theerspective of the building skins development[40].
So that, now to translate properties from nane to macro-scale, is the challenge to the architecture
as a discipline to adapted in a passive waj41] Therefore, by the hand of material science and
engineering as an active member in tté multidiscipline development[42]. This work has been
focused on the research and application of smart materials, with a reversible change of shape
capabilities by external activatiorin response to the increase irHAVCenergy demand in buildings

A hierarchical classificationof this materials can be seen in Fig. 15, Other authors as RittE3]
proposed a classification of smart materials by their use in architecture and a brief overviewas
done, but it was not focused on shape menory properties, and a review of the new reports must
be done. These systems through the study and application of materials from microscopic to the
macroscopic scales show kinetic properties and can move without motors, electricity or mechanical
parts improving buildings performance44].

In this way,in accordancewith Kolaveric and Parlag10]passive systems of dynamic activation that
works with intrinsic properties of materials are perhaps the most promising direction for
development adaptive building envelopes. Hence, from this moment, building endepe can be a
skin like the organ in human beings, this kind of systems can take buildings to an autonomous
homeostatic state without additional energetic sources and contribute to adapt it to their
environment.



PASSIVE ADAPTIVE ACTIVATION
PROTOCOLS

Building performance can be improved with passive systems in their energy consumption levels
and greenhouse gas emissions as wel45], and new dynamic building interfaces to control
outdoor conditions can be done [46]. In this way, prior the application in buildings, performance
prediction must be done [47], nevertheless this field is in an early stage and new developments
must be focused on the integration between design, material and operationafeatures [48]
because of the substantial diffeences between active and passive kinetic systems, as follow.

In active systems, sensors and actuators are part of an integrative system, but in the case of passive
ones, they are the system by itself. From microscopic to macroscopic scale passive systenesge
sensing and actuating functions[49], for this reason, they do not follow a general activation
protocol; the protocol is relative to each material properties.

Nano- and smart-materials application into architecture and building as a new field have been
classified byDaveiga[50] Loonen [51] Basarir[52] Fiorito[53]; In spite of those classifications, in
architecture skins these systems are being used mainly to control physical variables, for this reason,
the classification of the newest reports W be done by the outdoor weather variables to control,
the chemical or physical protocol followed, and the materials proposed to achieve ifAs can be
seen in table 2, the passive systems reported are listed and then break down by each protocol of
activation.
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Response
Physical
Variable
Protocol

Hygroscopy

Humidity/Rain water Control/ Air flow Control

Hydrophilicity

Table 2. Passive control systems reported

Class / effect Material Author
Shape memoryHybrid co-polyester composite with high cellulose  [54]
content
Fagus sylvatica veneer - Polyethylene [55]
Terephthalate
Limeveneer- nylon - plastic [56]

Birchveneer- Epoxy resin Fiberglass textile [57]

Fagus sylvatica, Acer pseudoplatanus, Pici [58]
abies venner- polyurethane HBS309 / HB
S709 Henkel®

Picea abies Fagus sylvatica venner - [59]

polyurethane HB S709, Henkel
Shape memory Gel Sodium Polyacrylate [60]

Sodium Polyacrylate 1mm powder, 7mm [61]
Crystals, 20 mm Spheres Clay- Rubber

Sodium Polyacrylate- Gelatin - Glycerin- = [62]

Passive

24

Temperature / Air flow control

/ Heat-gain control

Sunrays / Heatgain control

Differential
Thermal

Reversible nondiffusional phase change

Expansion

Elastic hydrophobic fabric
Shape memory Hybrid Silicon - Latex - Expanding Hydromorph [63]
composite
Shape memory Hybrid Thermobimetal [45], [64]
Shape memory Alloy NiTi [65]0[76]
Thermo-chromic effect Al-doped VO, [77]
VO, -ZnO [78]
VO; Single Crystals [79]
W- and Fdoped VO, [80]
VO,/SiO, composite [81]
VO, [82]0[86]
W- VO, [87]
Zr-doped VO, [88]
Eu/Th/W- codoped VO, [89]
Hydroxypropy! cellulose [90]
Crosslinked polymer [90]
WO;3 - O2/Ar - HolAr [91]
Thermochromic pigments [92]



Class / effect Material Author

3 —
5 82 3
=2 oo 8
3 28 S
4 a > a
Latent heat thermal = Waxes, Paraffin, Salt hydrates [93],
energy storage [94]
Shape stabilized PCM [95]
Paraffin wax/expanded graphite [95]
Paraffin wax/polyurethane [95]
Tetradecanol [95]
Hexadecanol [95]
g Caprylic acid [95]
§ o Capric acid [95]
=S § Butyl Stearate [95]
§ % Capric stearic acid/White Carbon Black [96]
- 8 Paraffin [97],
[
) . [98]
5 Paraffin / polymeric matrix [99]
@ MgCl-6H,0 / CaCh-2H,0 [100]
1-Tetradecanol / bisphenol A /Wood [86]
Paraffinrwax capsule / Concrete matrix [101p
[103]
.029 Organic paraffin [104]
ﬁ Paraffin MG29 [105]
[a¥
Azobenzene dopant- Paraffin /Wax [106]
S o Shape memory Elastomer Corrugated Silver Electrodes [107]
% g Hybryd VHB Elastomer / Carbon Black / Silicone Cooper [108P
5] o electrodes [112]
s 7 EAP/PET/ETFE [113]
3 =
£
5 g
5 c Electrochromic Alumina [73]
o o
£ § s W oxide /Ni oxide [114]
z =) Sage® Glass [115]
§ dg
< 5 = WOs; [116]
=y
I 2 Shape memory Polyurethane [117]
g _ polymer Veritex® SMP [118],
S ES [119]
S 20 Polyolefin shrink tape [120]
g > &
c aF
o
w

Physic Variables, protocol and materials used by passive responsive syst€msent uses and experimentgbroposals in architecture. It does
not mean that other variables which affect building comfort cannot be controlled with this kind of passive responsive systems
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HUMIDITY PASSIVE CONTROL SYSTEMS

Hygroscopicbased protocol

Hygroscopyis a property of physical systems of absorbed or give humidity to the environment. In
this way, systems that attract water as steam or liquid from their medium are hygroscopic. Wood as
a material with that feature, through the cellulose as their constituentattract water molecules from
the environment when it is dry, and give water to the environment whentiis wet, to be in the
balance[121] hygroscopic properties of different classes of wood was evaluated by Glag22]

This property is usually seen as a disadvantages a building material,so that thermal treatment
effect on the hygroscopic properties of some wood spices was studiedb inhibit it to react with
moisture [123] Nevertheless ly This phenomenon, cellular structure and wood fiber orientation
allow a dimensional change up to 10% in the grain perpendicular orientatiofi.l24] Expansion and
contraction in a specific direction can be obtained by anisotropic deformation controlled by cell
wall architecture through cellulose swelling and shrinkaggl25] In this way, changes in the cellulose
volume by humidity exchange, allows movement Fig. &, for instance, the pine conescales
hydrated/dried behavior [126]

Recentlyby this protocol, different authors have reported the application of hygoscopic properties
on buildings passivecontrol [127P[129]as remarkable examples, three types of individual laminate
pieces systems with a specific fibers direction were reported, as a principal component to obtain a
moisture responsive with autonomous movement An architectural skin withclose modules under
low humidity conditions and open modules under high humidity conditions as can be seen inFig
17 was reported by Correa[54], this system was applied on an experimental hyro-sensitive pavilion
(Orléansla-Sourcg. Otherwise with the same protocol, Chen [56] achieved the same goal with a
performative architectural surface and a sensor of wehade of a matrix of tiles made of lime veneer,
nylon and plastic with hydro sensitive capabilities because of different porous desities

Different class of veneer woodPrunus serotinal, Acer saccharum, Juglans nigaad Fagus sylvatica
was evaluated and analyzed to shaped up a bilayer dynamic system which finally was compose by
Polyethylene Terephthalate and-agus sylvaticaveneer with a specific fiber orientation joined by an
epoxy resin[55].
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Fiber

orientation

Swollen “\
Bending
ST, Scale ___..------
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Fig.16 pinecone scales. Axial cut view Fig.17 3D printed programmable hygroscopic material

Dried and swelled state, upper and lower tissue cellulo through additive manufacturing of a cepolyester composite
orientation can be seen on one scale. The first one is locat thermoplastic with high cellulose content from wood fibers, layerghw
parallel to scale axis, and the second one found perpendiculi different orientation and thickness was obtained as well as
Because both tissues are linked, the system shrink in the a multidirectional movemen{54]

direction of each tissue allowing bending when are wet. Fig.18 Motion with Moisture.

Responsivdbiomimetic bilayer module viewith two positions A low
humidity, B high humidity, A close final module, B completed open fir
module [55]

A

H20

Crosslink

Fig.19 Sodium Polyacrylate Swollen proces

A. Polymer in coiled chains state (dry). B. Swollen polyn
ionized with water molecules caught by carboxylic groups t
hydrogen bonding into their crosslinked network (wef

Chain
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This bilayer composite allows the development of a biomimetienodule that can be seen in Fig. &

in a closed and open position, this system can be applied in an envelope system sensible to humidity
in the meso- environment and the macro environment as well. Other studies focused on different
bilayer veneer made ofPicea abies Karst, Fagus sylvaticand Birchveneer was reported byVailati
[59] Torres[57], and hygroscopic actuated wood elements with simple upscaling and shape complex
were proposed by Wood [58].

Hydrophilic Swelling/shrinkage based

protocol

Synthetic Superabsorbent polymersas hydrogels were introduced in early 70°s inreplace of
cellulosic fibers, which based their absorption properties in their hygroscopic behavior without
significant swelling of ther fibers [130] They are a hydrophilic polymers that can swell in water , for
instance, cosslinked sodium polyacrylate gel is the most used hydrogel ipharmaceutical and
cosmetic industries because of theiabsorption properties, 10-1000 % above their original weight
[131] and their facile synthesis with sodium to obtain a neutral pH product.

The polyacrylic hydroges are commonly obtained by agueous polymerization of acrylic acid and
crosslinked with vinyl groups; the result is an anionic polyelectrolyte with negative charged
carboxylic groups in the main chain[131] This group ionizes in water, and the negative charge
make they repel each othercompelling the polymer net to expand, then polar water molecules were
attracted to the negative charged carboxylic groups, and they stay caught into the chains between
crosslinks. Without those crosslinks, the polymer would coltese [130] and dissolution with the
solvent, in this case, water will be obtainedso that, more crosslinks conduce &ss water absorption.

This class of environmentally sensitive polymergl32] was incorporated in dynamic envelope
systems with two different approaches based on their properties. The first one, is focused on the
capacity of the materialto retain large amounts of water, and the second one, is focused on in the
change of volume by swollen. As the first approach, a multavity system that catch rainwater, made
of clay and filled with hydrogel spheres was proposed byitrofanova [61] The system is focused
on the passive cooling of an envelope module looking for the store of water for longterm and their
slowly release through the day to improve thermal exchanges from the building to the outdoors.



Fig.20. Hydroceramic. Scheme of the components of t
cooling systems module

Sodium polyacrylate spheres held into clay layers for th
slowly water/moisture releasing

Fig.21 Bimetal Strip.
Two metals bonded together with different expansiol
coefficients.

Fig.22. Bloom Research Installation (Los AngelPshel
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As the second approach, a force generating systems to be used in an envelope was developed by
Kyriakou [60] and Ayala[62]; the devices are based on an acrylipiece attached to hydrophobic
fabric pockets filled with sodium polyacrylate spheres with a mesh in contact with it. When the
humidity goes through, the change of volume of the pockets is triggered and the systems can allow
movement from one side to other or can open to allows airflow.

A different system which uses the generating force of hydrogels was reported igoth [63], a surface
made of a matrix of silicone scales fixed by a composite based on polyacrylates was pax®ed.
When the surface is in contact with water or moisture the composite net points swells, and the
scales can open and close when it shrinks.

TEMPERATURE PASSIVE CONTROL
SYSTEMS

Thermal expansion protocol

Hybrid shape memory materials are a class of stimulusesponsive material made of two different
materials, whichdo not have shape memory independent capabilities[39]. Bimetallic shape
memory strips are made from two metallic pieces with different thermal expansion coefficient
bonded by an elasticadhesive.The system operation is based on the asymmetric stress distribution
between both surfaces, because of the expansion/contraction of each strip independently by
thermal gradient differences. This phenomenon allowshape changes as bendingshown in Fig. 21,
by direct or indirect heating.

This principle has been applied with the scope of obtaining architectural surfaces with active thermal
features triggered by sun rays as well as weather thermal changes. An early report focused on the
behavior of thermo-bimetals in architecture was done by Sund45] , after that, a matrix madeof
crossing panel pieces of bimetallic strips were applied in a physical real scale pavilidr33]

The proposed pavilion has a surface were closed modules were achieved when the temperature
goes down and porous ones when it risesshownin Fig. 2. The proposed system enables sun
protect by shading and natural air circulation. Another bimetal application waseported by Garcia
[64], with the same scope commercial bimetal flat springs were incorporated into a matrix of
intertwined bar shape elements, the system was developed to be deployed on windows and ahle
sun rays protection.



Fig.23. non-diffusional phase
change Austenit® deformed
martensite.
The system changes shap
macroscopically, as the
martensite grows or decreases
with a mechanical strain. The
evolution ofform can be
created in a specific directior
obtaining deformed martensite;
for this reason, the materia|
needs to be deformed
previously as training.

A. Room temperature

B. high temperature

Fig.25. kinetic facade actuated by NiTi wires
ﬁ% A. close module wire stressed. B. Open module wire contraction
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Reversible phase transition protocol

SMA stressinducedmartensite

This protocol bases their operation on the use of Shape Memory Alloys SMA, a class of S39],
as their active component, SMA has several features as shape memory eff8MB, super elasticity
and high damping capacity [134] The first one SMEhas been used to achieve a bidirectional
movement by a martensitic reversible transformation because of warming or cooling. This
phenomenon is responsible for the SMEThe second one,super elasticityhas been applied in civil
buildings as bridges, and robust behavior was demonstrated under dynamic load435]

The martensitic transformation takes place in a facecentered cubic unit cell structure, solid state
austenite, by a cooperative atoms movement without any compositional change. A uniform
distorted crystalline network is achieved because of atoms are movedunder the inter-atomic
distances, producing a new martensite phasas can be seen inFig. 23. It does not mean that the
movement occurs at the same time, but, the transformation spreads through the networkl36]

The uses of SMA in architecturesither as a dynamic system by itself or as a part of a bigger one,
has shown importantimprovement in performance and energy consumption[137] NiTi is the most
reported SMA in responsive envelope systems developed followy the non-diffusional phase
transition protocol as an actuator because it is an SMA with one of the most reliable mechanic
performance [39]. Focused on the control of heat and light on buildings, several dynamic surfaces
were reported using NiTi matrix asan actuator. These systems base the operatn in prestressed
springs or wires which try to recover their original shape because of thermal fluctuations generating
mechanical force in the process.

Prestressed springs as a bracket of a flexible laminate fabric as dynamic surfaces were reported by
Verma [65], Sushant [66], Abdelmohsen [69], and Jun [74], [75] In this system, when he
temperature increases up 48C, the austenite phase for this compositiorstarts, the springs return

to their original shape allowing changes in the orientation of the laminate of every modulgshown

in Fig. 24. With the same protocol but with the use of wireg68] and springs[70]8[73], [76]applied

in more stiff and robust panels skinsshown in Fig. 25 dynamicindirect illumination and heat-gain
control by shadowing was obtained because of the mechanical force obtained by NiTi phase
transformation. Finally,the relation between building and userswere explored as welby using SMA
actuatorsinto integrative systems[67].
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Thermochromic effect, nonoclinic to rutile

phase

Inorganic materials have a change of color by temperature. Electronic properties tiiese materials
at different temperatures cause thehermochromic effect [138} some of them exhibit a more drastic
change of color and variations on their optical properties as transmittanceand reflectance.
Vanadium dioxide VQ and trioxide VOs;aspart of this group, are the most used and study inorganic
material with optical temperature-dependent properties [91],[139], [140]

Vanadium dioxide has a start critical temperature a68°C for the phase changdrom semiconductor
low-temperature monoclinic phase to metallic hightemperature rutile phase shown in Fig 26.
Differences in optical properties are achievedbecause of changes in W bonds angles and
interatomic distances[141] In applications where a thermochromic effect is needed it, as smart
windows, this critic temperature is too high in contrast with room temperature, decisive to ensure
building thermal comfort. In fact, this is not the only disadvantage of this class of smart coatings,
the low transmittance in the semiconducting state and low reflecting rate in the rutile phase as well
limits their applicationson these areas.

For those reasons to improve this kind of systems to be used on smart windows, several
investigations were focused on the most critic features, transition temperature, light transmittance
rate, as well as alternative synthesize methods. Igeneral, the VQ pure polymorphous coating
cannot achieve those goals, for that reason the general performance has been improved by doping
or addition as follow.

In the case of the alternative methods and additions, the incorporation otzinc oxide polycrystalline
film as a buffer layer between the glass and V& 78], and solgel alternative synthesis process with
tungsten doping [80], [85], [87] has shown thermal transition reduction, higher transmittance rate
and hydrophilicity properties of the coating. Likewise in the line of the synthesis, the introduction of
impurities in the VO; single crystals growth[79] does not show effects on theenergy behavior.

Critical transition-phase temperature has been studied through the doping of VQ with: Aluminum
where a reduction of temperature and higher transmittance rate were foundby Ji at al.[77],
Zirconium ions were the temperature is reduced without modifies transmittancg88]. Rareearth
and tungsten (Tb/w, Eu/W) codoping has shown temperature reduction and transmittance
enhanced in 60% in the visible range as well as the doping with SjOwith a 55.6% of
transmittancg89] [81]



Energy storage Energy releasing

0 i
=] i
© i
o LH : LH
2 !
£ :
a') 1
= :
Solid Melting Liguid |  Liquid Solidification Solid

v

Fig.28. Temperature against time PCM behavior

The Latent Heat is stored and released in function of the temperature of the medium, based on © Pazrev, 2014.

35



36

Nevertheless, regardless these limitations, the incorporation of thermochromic coatings to building
glazing can reduce the energy dependence for HAV({142] through this systems, reduction on the
thermal gain by sunrays can be obtained ashown in Fig. Z. For those reasons, their application in
real buildings was studiedtrough dynamic simulation [82] [83] and full scale application [84], they
concluded that nearinfrared spectrum thermochromic sensible windows are needed instead visible
light thermochromic ones, although 20% energy savings waachieved

The critic temperature adjustments must look for the temperature of the glass surfaces and not
room or outdoor temperature in the development of those devices, as well as,at least 50%
transmittance is neeckd it in the semiconductor state to be energetically efficientwere found.
Otherwise, different projects not based onvanadium dioxide have been developed. Thermotropic
smart windows based on hydroxypropyl cellulose with 22% of energy savings was reported Bylen
[90], and Thermochromic pigments incorporated into architectural surfaces was proposed by
Bhaktavatsald92] to display reattime data through the building envelope as a communication way

Phase change potocol, liquid-solid

Phase change material$PCM)are substances with the ability to have a phase transition at a specific
temperature range[143] During the phase transition a heat absorptionor emission calls latent heat
(LH)exist In the solid-liquid phase transition heat is absorbed and relased, the case induced by
weather isshown in Fig. 28this LH can be stored, and this process has been classifying as the most
efficient way to store thermal energy with the higher storage density and smaller temperature
changes [144] transition temperature and amount of LH, in this case, used into the fusion are
different for each material[95].

Afterward the identification of their efficiency, this protocol has been used in buildings through the
inclusion of PCMs n constructive elements withtwo different scopes.On the one hand, has been
used to store the heat gained through the day and liberate it in the night andvice versaOn the
other hand, has been used in the avoidance of direct thermal transfer from the outdoors to the
indoors [145] becausewith the use of PCMsthe heat received is used as LH to change of state,
instead to be transmitted as can be seen in Fig. 28This development is largely focused on the
architectural envelope elements[96], [146]

The inclusionof PCMs in elements of construction has been assessedenvelopesas follow:window
panels[105] Dynamic shading sysems [94], opaque building envelope elements[97], [147] trombe
solarwalls[103] light weight floors [99] concrete blocks[100]and celluloseinsulation [98]. As well
as different elements based on: woodcomposite materials [86] multifunctional concretes [101]
doped concretes[102] and mortar based construction material§104]}
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Likewise,simulation and evaluation methods are proposed to passivecooling envelopes [148]
reduced scale evalution of performance [149] and others focused on generaloptimization of
buildings [150] and more precisely toresidential and commercial establishment§151]and local
climate case studiesperformance [93]. Finally, the actualstate of the art allows the life cycle
assessment of PCMs inclusionin buildings [152] and the Improvement in the synthesis,in
accordance with the first scopeto obtain long term heat storage systems[106]

LIGHT PASSIVE CONTROL SYSTEMS

Attraction-repulsion electrostatic forces

protocol

Following the Coulomb's law, with the use of ElectroActive Polymers(EAB, an elastomer which has
electric conduction features[153][154] a dielectric systemhas been obtained. The system is a
multilayer hybrid defined by a dielectric elastomeric layer restricted both sides by electdes. The

dynamic behavior is triggered when an electric currentas stimulus, goes through the laminate rising
the electrostatic forcesgenerating a contractionof the elastomer. As a resulta dimensional change

for instance from a thick plate to a flat and thin, is obtained as shown in Fig.29, allowing the

development of components that can be deformed in a predicted direction[155]

In this way, this protocol is presented as a route to enhanced reactive buildings with the outdoors
and users as wel[110], [156)With the aim of control sunlight inside a building, a network made of
an elastomer coated with silver electrdes limited by glass layersvas developedby Decker[107] as
shown in Hg. 30. A bi-directional movement was produced, in the first position, when sunlight is
into the building; the elastomersare compressedblocking and reflecting the light,and in the second
one, the elastomerrecoverstheir original shape,allowing the direct contact from the inside to the
outside as can be seen in Fig. B

Different homeostatic skin projects with the use of electreresponsive elementswas developed.A
lightweight and semitranslucent actuator film defined by a high elastic elastomeric film, coated
with a conductive carbon black powder and insulated by a



Electrochromic  Electrolyte
Film
Glass

lon migration

M’\

Fig.32. Electrochromic multilaye
system.
The basis is a glass or plast
covered by a transparent
conducting film, on multiple
cathodic electroactivdayersis
affixed A layer of ion conductor
follows these, on its turn|
followed by an iorrstorage film
or one (or multiple)
complimentary anodic|  Transparent
electroactive layers and anothe|  glectrical
transparent conducting film | ~onductor

7T

e— | Glass

Transparent
electrical conductd

=

Electrochromic
Film

One

Fig.33. Tungsten Oxide Electrochromic coated window.
the processof change of conductive and reflecting properties From A (blue) to F (transparenf)\d* P WOz" xM* +xe
Gesimat (2009).



40

liquid silicone layer was reported byJoucka[108],and Kretzer[111][112]In another approximation,
an EAP laminate was joined to water as the second stimulus yranzke[109] to obtain a hydro-
active responsive system.

Finally,as envelope proposals, translucent ETFE cushions actuated by a EAP tape a was reported by
Biloria[113]and EAP plates into double glazing fagade were simulated dgrietemeyer[157]showing
improvement in the energy performance. Nevertheless, in the reviewed proposals, the high voltage
needed to actuate the systems, limits the application and detriment theverall efficiency.

Electrochromic protocol

Changes in optical properties is a characteristic of inorganic materials; for instance, the
electrochromic effect occurs in partially hydrated transition metal oxide§158] The effectis a
reversible electrochemical reaction where oxides are formed by an ion extraction and insertion. The
process triggers changes in physical properties aspnductivity, IR absorption, and colofirstly. The
coated systens are made of several thin layersshown in Fig. 2, mainly conform by oxides in an
insulator state,and then in a second state as quasimetallic, through a reversible change if an
external potential is applied.

The electroactive layers change their optical properties between their oxidized and reduced form
because of electron flow in the systemin the case of tungsten oxide WO3used in the amorphous
state in electrochromic coatings as themost studied [158] the ions exchange usd to be H+ or
Li+ [159] allowing the change in IR absagstion as can be seen inFig 33. The system can be
customized to obtain different time response as well asbsorbing /reflecting rate.

Although, electrochromic thin layers was developed since 1978160] their most promising
application, architecturalsmart windows[161], [162hre designed and commercialized just in the
last decade These systems appliedrough flexible layers that can be inserted ito a glass or polymer
as a substrate with transparent conductors with high electronic conductivity [114] to allow
performance of few volts

The performance of this kind of systems was evaluated in comparison to other glazing technologies
as well as by building uses. The evaluation diitted glass windows and Electrochromic coated
windows (EC)reported by Malekafzali[163] shown that EC has significant better performance
because it provides a glare control in the areas of the facade with the sun is in contact with,
meanwhile, the other zones remain in the visible mode allowing the entry of diffuse light avoiding
the use of artificial light sources.
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The use of EC was evaluated in office buildings located in hot and coltbnes by Sbar[115], 45% of
energy savings and from 35% to 50% of carbon emissions reduction was achieved with EC panels
in comparison with no-treated glass windows. Moreover, a longerm performance study of
tungsten dioxide coating for 20 months was reported byLee[164], were a 26 £ 15% energy savings
was obtained. Meanwhile, efficiency simulations conducted shows 16% of energy savifitjt6], [165],
[166]

Despite the use of electric current, this kind of passive systemittraction-repulsion electrostatic
forces and electrochromic protocols,differs from active ones, because the electron flow is used
plainly as the stimulus, whichtriggers the change of shape and properties of the systemand has
shown important energy savings In the case of active systems based on DAS protocol, electric
current is used as an additional continuous resource to ensure the operatn of the electronic
components.

Elongation induced bythermal transitions

Shape memory polymers (SMPs) are stable polymer networks with reversible switching transitions
triggered by several stimuli as temperature, pH, electricity, magnetic field, light, and ions mainly
[154] There ae multiple molecular structures which drive SME in polymers; it is not a property of
the material by itself, it is a result of a mix of chemical and processing featuregthey have been used

in several technological areas because of their wideange stimul responsiveness

In the case of thermalresponsive SMPs, they can be based on a polymer with molecule
entanglement, chemical crosslinking, crystallization and interpenetrated networkihe reversible
switching transitions are crystallization/melting and vitrification/glass shown in Fig. 3, in this
process can be obtained a change of shape or mechanical force as well.

Based on this protocol, crystallization/melting and Vitrification/glass transitions, ommercial
temperature SMPhave been used torealize self standing structures actuated by dynamic actuators
as flexible hinges[117], [119s can be seen in Fig. 35as well as lightweight 2D structure with no
structural elements with prestressed SMP embeddefl 18] Likewise, arSMP tape was proposed as
an actuator of a flexible metamaterial as indoors light contrdlL20]



2.4 CONCLUSIONS AND
FURTHER WORKS

Adaptive building envelopes / skins

As was seen, passive systems of dynamic control in buildings thus far developed has obtained favorabled
promising results.However, on the one hand, passive systems which use responsive materials cannot be turned off
or work just by one-user preferences, limitation to be recognized, likewise thermal, and comfort indexes must be
evaluated on those new experimental projectsOn the other hand, they have onlybeen created or applied in
buildings in the last decades, for this reason, most of them are found in an experimental phase, where is still
necessary continued proving, verifying and optimizing to tuning and spread this kind of envelopes systems
massively because nowadays, among others, the systems high costs limits their ajmaitions, as follow.

The systems reviewed be in a different state of the art. On the one hand, PCMs as well as thermochromic and
photochromic coated windows, were incorporated in buildingindustry for more than a decade and nowadays are

in a stage of evaluation, alternative methods of synthesis, and improving to enhanced building performance. On
the other hand, hygroscopic systems,lg®pe memory alloys, bimetallic strips, and shape memory polymersall of
those are in an experimental stage were measure systems units, legislation or robust commercial solutions cannot
be found. All of them presents interesting and different ways to look at the issue of passive response to miero
environmental fluctuations.

The stimulusresponsive materials evaluated are just a part of the categories presented, reversible phase change
protocol and elongation induced by crystallization or vitrification the rest are just shape memory hybrids, the more
used type of stimulus-responsive systems in architectural envelopes. The use of hybrids is based on several features;
to the development of the systems a strong background is not needed it, is based on some basic concepts, and
are made of easily accessible materials; for thesreasons are the most extensive responsive systems applied.
Nevertheless, other categories of this group of materials are still unknown by architecture. Therefore, the
possibilities of new developments are broad to improve building efficiency and adaptatin from ceramics to
polymers.

In this way, Shape Memory/responsive Polymers SMP has been growing research and development because it has
some competitive differential features. Widespectrum stimuli responsiveness, multiple reaction mechanisms, and
programming versatility, among others, this group nowadays is the focus of functional materials in several industries
as, medical, pharmaceutical, aerospace, among others. These features establish SMP as a group of materials to
focus on near future responsive buding skins research because they can shape up active components
independently, compound materials or be part of hybrid ones. Studies and possibilities are not just for skins as well
selfassembly building components (potential 4D printing),dynamic user nterfaces or kinetic to electric building
energy production.
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Table3. SMA and SMP Comparative primary features

Feature SMA SMP
Mechanical strength High Low
Shape recovery stress High Low
Recoverable strain Low High
Stiffness High Low
Global cost High Low
Density High Low
Temperature range Narrow Wide
Thermomechanical properties Fixed Fitted
Stimuliresponsiveness Narrow Wide
Chemical stability Low High
SME Single Multiple

Comparative features between SMA and SMP in relation with the SME, basp®adf[171]172], [173]

|\
AL
Tt

Molecular entanglement Chemical crosslinking  Crystallization

Interpenetrated networks

Fig.36. Stable molecular structures, bases of BEIE in polymers
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3.1INTRODUCTION

As was saw in the previous section, SMP’s have differential advantages abasber stimulus
responsive materials (SRM), because, among others, they are synthetic systems where properties
can be tailored by variation of precursors, synthesis, and programming conditionsFor those
reasons, a review of the shape memory polymeric systems will be addressed, with the aim of
identifying a polymeric system which could be assessed in passive dynamic applicatiowith no
additional energy supply, focuses on architectural envelopes systems.

SRM are materials able to respond to a specific stimulus by changing particular macroscopic
properties, as physical, optical, chemical, among other§l67], [174] Two types of stimulus
responsive materials have a chage in their physical properties as a change of shape, as can be seen
in Fig. 15. On the one hand, shape change materials (SCM) where the change is instant and
spontaneous, on the other hand, shape memory materials (SMM) with a memory type change.
Materials with those capabilities can be found in metals, ceramics, polymers and their
composites/hybrids [168] The difference between both are based on the energy barrier from a
temporary shape to permanent shape, in the case of SMM this barrier is high enough to need an
additional driving force; in the case of SCM, a small energy barrier is found in the viscotedastic
recovery[175]

For a long time, shape memory alloys (SMA) because of properties as superelasticity, shape
memory, and high damping capacity was the ideal material for shape memory applications.
However, in the case of polymers, the research interest on this group of SRM has been rising in the
last decades, because of some comparable properties and features listed in Tale The most
remar kabl e characteristic fr om sWMBes opvte800%%ENg A
compared with the 8% of SMA[177] In industries asengineering [178][179] and medical[180][181]
[182] several works were carried out.

Reverse elongation during heating and cooling is thesame feature studied in SMA and SMP and is
in the most cases always entropydriven. Polymers in contrast to SMA has high versatilityt 83] but
low mechanical strength, to overcoming that inherent deficiency mesoporous nanoparticles,
nanotubes, nanocellulose and nanocomposite membranes have been incorporated into SMP
matrixes to improve mechanical properties as well as widening stimuli responsivess§184]

Both shape changing polymers (SCP) and shape memory polymers (SMP) have as a prereqeisi
their composition: functional groups, stimulisensitivedomains or at least, two segregated domains
[185]
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Fig.37. Stimulus sensitive domairtgansitions

Table 4. Polymeric systems andeversible switch transitions in OWSME reported

SME Reversible Switch Mechanism Functional group/Molecule/Matrix Stimuli
Physically polyurethanes, polynorbornene, Temperature
crosslinked 3-caprolactone and Llactide block copolymers,p

polyethylene terephthalate polyethylene oxide
block copolymers
< Chemically shape memory epoxy, shape memor
- ﬁ crosslinked polyst.yre-ne, crosslinking polycyclooctent
9 = crosslinking acrylate, unsaturated polyestel
§ % crosslinking polyurethane, crosslinking poly(l
E 5’ caprolactone), polyethylene.
% E) Hydrogel poly (propylene oxide) and two hydrophilic Water, temperatur
85 blocks ofpoly (ethylene oxide)
U= Phase transition Silicon + tin powder nanoparticles Temperature
Photodimerization cinnamamide polycaprolactone diol, poly(L- Light

9 Lo ki lactic acid) diol, N,Nbis(2hydroxyethyl)

% B 3 ig‘ cinnamamide

g‘ %% § DielsAlder cyclopentadien@pyridinyldithioformate, fura® Temperature

qE_, x E 3} Reaction mal ei mi daaprolaptanésy ( U

E Oxidation/Redox  Mercapto group Chemicals

E T:J S S Hydrogen bonding N,N-bis(2hydroxylethyl) isonicotinamine. Water

% S .§ § photo-crosslinkable benzophenone Light

= § < 'g 2 Metal/ligant Metal salt + low molecular weight Temperature,

g 5,‘)‘ % § coordination poly(butadiene) end-capped with 4o0xy-2,6- light, chemicals

bis(N-methylbenzimidazolyl)pyridine
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When thosedomains or functional groups are stimulated with a precise stimulus as light, moisture,
electric or magnetic field, pH, and heat among other$168], [L74]acts as a switch andhe movement

is triggered in a macroscopic scaleSCP can change their shape under the exposure of a specific
stimulus, but when it is removed, it returns to their original shapfL67] In the case of SMP to achieve
this effect, a temporary shape must be fixed, and when it is exposed to the stimulus the original
shape can be recovered169], [174]this work is focused on the second one.

The shape memory effect (SME) in polymers is not an intrinsic property, is the response of a
chemical and molecular structure with specific processing parameters. The basis of the effect is
focused on a stable molecular structure, as can be seen in Fig. 36. Net points as covalent bonds
(crosslinking by polymerization or polyaddition) and physical interaction (hydrogen bonds,
crystalline regions, ionic assembly and microdomains, chain entanglemen{d)76] Nevertheless, as
well as stable structure, elastic capabilities is needed it to allows molecular chamobility when this

is activated by a specific stimulus. As a second requisite, stimulus sensitive domains must be
incorporated into the matrix, or a structure with at least two segregated domains must be addressed
to reach a stimulussensitive polymericsystem, as can be seen in Fig. 37.

Once these requirements are met the SME can be addressed, there are two types of SME in a
polymer network. On the one hand, oneway shape memory effect (OWSME) a system where just
one cycle of change of shape can be rached. On the other hand, tweway shape memory effect
(2W-SME), where the change of shape is reversible and more than one cycle between permanent
and temporary shape can be achievedln both cases, at least two domains are needed it, a hard
and a soft domain [175] the first one maintain the original shape of the macrostructure, and the
soft domain through a reversible change of shape drive the fixation and recoverjl72]

27
ONEWAY SHAPE MEMORY EFFECT

In the case of the OWSME, The phenomenon takes place when a sample is deformed to "quasi
plastic" levels in a norequilibrium state, in this state, the molecular chains have held fixing a
temporary shape, nevertheless, once the sample is under appropriasgimulus the recovery of the
permanent shape is triggered. The amount of energy that the network needs to recover the mobility
of their chains is transferred by the stimulus, in this way they return to the original position by an
entropic-driven phenomenon.

The phenomenon addressed only occurs once; each new cycle requires the fixation of the temporary
shape. This process of fixation describes the principal limitation iapplications where more than
one cycle is needed it. However, several polymeric systes have been reported with water,
temperature, light, and chemical as stimulus, as can be seen in Table 4.



Fig.38. Thermally induced SMBprogramming process

1The permanent shapeis obtained after the synthesi®. The sample is deformed under higtemperature
conditions. 3. The temporary shape is fixed by crystallization or vitrification 4. The recovery of the perma
shape isreached once the sample is heated again

Table5. Thermally induced shape memory polymers reported

Block Segmented polyurethenes

5 copolymers
"é PolyethyleneTerephthalate & Polyethylene Oxide copolymers
_g- Polystyrene and Poly(1-dutadiene) copolymers
g § Polybutadiene/PS copolymers
E 5 Triblock copolymers poly(tetrahydrofuran) and poly{2ethy}2-oxazoline
3 Polycaprolactonepolyamide copolymers
= .
5 High- Polynorborene
S molecular
5 )
> weight
Tg polymers
'g B PolyethyleneNylon 6 graft copolymers
L5

[

g

]

Crosslinked polyethylene
Partlycrosslinked/thermosetting SMPU
crosslinked poly (Ecaprolactone)
Thermosetting epoxy resins

liquid crystalline elastomers
Polyolefines

Thermosetting Polystyrenes
Polysiloxanes

Polyethylene (Vinyl acetate) copolymers

(Thermosetting)

Chemically crosdinked




3.3 THERMALLY INDUCED SME

The case of heat, as stimulus, is the most studied SME polymers (as temperature variations)

because of the sensibility of the polymers network by temperature véaations. In thatcase, the SME
phenomenon is driven by a thermal phasetransition, even severalactivation mechanisms to obtain
this kind of transition were developed for conditions where the surrounding temperature cannot be
varied. Hectrical, magnetic, optical, acoustiand chemical energy can all be converted into thermal
energy and cause heating within material$172]

The thermo-sensitive polymer systems which exhibit SME are based on a reversible
glass/vitrification (amorphous) and a melting/crystallization transition (semicrystalline). In these
polymer systems, Under Fig. 36the stable structure is given by a chemically crosslinked glassy
polymers, chemically crosslinked semicrystalline polymers, physically crosslinked glassy, and
physically crosslinked semicrystalline polymers[186] In addition to these structures, the two
domains could be semicrystalline, and the amorphous segments or tharchitecture could have
domains with different thermal transitions temperaturesThe first one, hard domain, must have the
highest thermal transition temperature, and the soft domain has the second higher transition. The
last one is the responsible for diwving the change of shape as switching domairi174]

As the SME is not an intrinsic property of the materiabnce the matrix was synthesized processing
stepas O pr o g [la7vimust begiane, as can be seen in Fig. 38 and explained as follow:

The sample is exposed to temperatures abovefor Ty, as appropriate, in this state the sample
becomes soft and deformation can be quickly done, in this condition a temporary shape is fixed by
mechanical deformation.

Programming

Fixation | After the deformation under high temperature, the temperature drops to a low one, once the
sample is below T or Ty, as appropriate, themetastable structure with low entropy energy is formed
and the temporary shape is fixed. The work performed on the samplés stored as latent strain
energy when the recovery of the sample is forbidden by crystallization or vitrificatiqa76], [184]

Subsequent heating above the criticatransition temperature Ty or Ty must be done to trigger the
recovery. The stored entropy energy is releaed, the molecular chains gairhigh mobility and can
actuation | come back to their highest entiopy state (lowest energy) which corresponds with their permanent
shape[176]

Recovery /

Using this kind ofchange of shape, thermal transitions as a trigger, several physically and chemically
crosslinked polymer systems have beaereported, as can be seen in Table 5Nevertheless, the
chemically based is more efficient because the change is reached in a short@me, in the case of
physicalones, it is associated to the glass transition which has more extensive temperature range
to occur.
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HDPE drawn

Fig.39. Lamellae TEM Image
Left undeformed crosdinked HDPE Rightiniaxially stretched during nonisothermal crystallization under load (the arr
shows the load direction), Adapted fron{188]

Table 6. Reversible switch transitions in 2WSME reported in polymer systems.

SME Reversible Switch Mechanism Functional group/Molecule/Matrix Stimuli
NematicIsotropic Liquid Cristal 2-tert-Butyl1,4bis-4-(4- Temperatu
transition Polymer pentenyloxy)benzoylhydroquinone re
Stressinduced Semicrystalline polyurethane,polyhedral oligomeric Temperatu
crystallization polymer under si | sesqui -capalacene)pol y ( (re

constant stress net wor ks, cr os s-taproldcteng)
(PCL)based polyesterurethane, linearthree-
and fourar m s t a r-caprofactchey
functionalized with methacrylate,poly(ethylene
co-vinyl acetate)

Reversible trans-cis Azobenzene Light
Isomerization

Reversible 4+4 9-anthracene carboxylic acid Light
dimerization

Poly(4vinyl pyridine) with 7(carboxymethoxy) Light
4-methylcoumarin.

Photo-thermal polydimethylsiloxane, crosslinked mubtlock Light
effect polyaryl ami de c4dntl
polyethyl ene oxi-tdel

polyarylamide blocks
Addition/fragmen photocleavage pentaerythritol  tetra(3mercaptopropionate)

tation chain (PETMP), 2nethylenepropane 1,3di(thioethyl
transferreaction vinyl ether) (MDTVE) and 25 wt% of idethyk
7-methylene 1,5dithiacyclooctane (MDTO).
dielectric  effect Columb forces filled copper phthalocyanine into e-
f/ions migration polyaniline/polyurethane, electrostrictive

cellulose  paper, poly(ethylene  oxid@)
poly(ethylene glycol),chitosan, poly(vinylider
fluoride-tri-

fluoroethylene) (P(VDHTFE)), poly(3,4
ethylenedioxythiophene) doped with poly¢
styrenesulfonate) (PEDOT/PSS),

Two-Way shape memory effect
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3.4
TWOWAY SHAPE MEMORY EFFECT

In the 2W-SME, no additional deformation is needed it to achieve the temporary shag#68], in
every new cycle, the phenomenon iglriven by each sensitive domain orunder the exposure of a
suitable stimulus. Each sensitive domain or functional group, shown in Fig. 37, has a different
activation protocol and effect on the network which allows he macroscopic change of shape, in
Table 6, the polymeric systems reported with evidence of 2¥W6ME are shown.

For a long, the isotropic-nematic transition in liquid crystal polymers (LCP) were the only systems
capable of achieving a 2WSME because of terperature variations as hedtl77] Nevertheless, the
complex process of synthesis reduces the scope of applications of this kind of systems, taking a
researchers group to evaluate a polymericystem which has a good OWSME performance with
evidence to obtain a reversible effect. In 2008 a crosslinked semicrystalline network was evaluated
by Chung et al.[177] a reversible SME becae of heat variations were reached when the sample
was under constant stress load. The report of Chung et al. opens a new way to achieved 28WE

in a cheaper and 0Veragsemitrystplineongsol y mer syst emo

Because of the report of a reversiblehange of shapephenomenon induced by temperature, in a
o0osimpled and ofacil ed p o lthgathercomplgxones, the analysicobtinep a r
2W effect was focused on semicrystalline systemsvo-way semicrystalline shape memory polymers
2W-SSMP. Moreover, it has potential to be scaled into the architectural building envelope control
systems by the low costs of materials and processingimong others.

Until now the process of fixation and recovery of the shape was entirely driven by a flexiblentropy
phenomenon, where the sample was deformed, and it could return to their original shape by
shrinkage. A complementary phenomenon which also drives the fixity of the shape, measured as
Fixity Ratio R and the recovery of the shape, measured as recovgratio R, were found by Chung

et al.

As was addressed before, the reported semicrystalline system was under constant stress load; this
condition is responsible for the complementary phenomenon which allows the sample to fix the
temporary shape between thermal cycles, this is the difference between these and the O\@ME.
The fixity of the temporary shape is now partially driven by a phenomenon calledtretchinduced
crystallization(SIC), orcrystallizationinduced elongation(CIE)[189]as follow.

Without stress load conditions, the crystallization pattern of crystalline segments of the network is
a lamellae arrangement in a spherulite structurevith no preferred direction [190] as can be seen
under atransmission electron microscopgTBM) in Fig. 39left.



Table7. Semicrystalline networks with evidence of 2WEME reported

Matrix Crosslinker agent  Author
Poly(cyclooctene) (PCO) DCP [191]
[192]
[193]
Poly(ethyleneco-vinyl acetate) (PEVA) DCP [194]
Poly(ethyleneco-vinyl acetate) (PEVA) DCP [195F
Poly(ethyleneco-vinyl acetate) (PEVA) + butylated hydroxytoluene (BHT) as DCP [196F
inhibitor
Thermoplastic poly[ethylenecdethyl acylate)co-(maleic DCP [181]
anhydride)][(PEEAMA)
high-densitypolyethylene (HDPE) +-tbctene copolymers (EOC) DHBP [197]
Highdensity polyethylene (HDPE) + ethylerfeoctene copolymers (EOCs) DHBP [198]
Low density polyethylene (type LD100BW) + CB nanoparticles {30m) + DHBP [199]
dibutylphthalate number (DBP)
2-Ethyt2-(hydroxymethyl)propanel,3-diol 6-hydroxycaproates ¥ o dibutyl tin oxide [187F

pentadecalactone -l & caprolactone + dibutyl tindilaurate

Poly(tetramethylene glycol) (PTMG) + polycaprolactone diol {8CGCLo | )- - dibutyltin dilaurate [200}

methylenebis(phenyl isocyanate) + dhéxamethylene dsiocyanate (DBTDL)

(HMDI) + 1,4butanediol (BD)

Octylene Adipate (OA) Oligomers +i2ocyanatoethyl methacrylate TMPMP [201F

Poly(octylene adipate) (POA)adipic acid + 1,8ctanediol Scandium triflate  [202]

Methacrylate terminated PCLs with linear or sthranched (threearm and DCP [203]

four-arm)

a,u-hydroxytterminated poly(+caprolactone) 3-(triethoxysilyl) [204]
propyl isocyanate
(ICPTS)

hydroxytterminated PCL 2-isocyanatoethyl [189]
methacrylate (2
IEM)

lonomer poly(ethyleneco-methacrylic acid) ionic clusters in [205]
the ionomer

Polydopaminegrafted- (poly(Ecaprolactone) 4,4 [178]
Methylenediphenyl
diisocyanate

The poly(ester urethane) (PEU) + poly¢bhdtylene adipate) (PBA) + 1.4 4,4 [206]

butanediol methylenediphenyl

diisocyanate

poly(D,L:lactide) (PDLLA) + poly(tetramethylene oxide) glycol (PTMEG)+ 365 nm UV light [207]
hydroxymethylanthracene (AN)

Poly (PEG/PCL/PDMS urethane) copolymd?oly(ethylene glycol) (PEG) dibutyltin [208]
poly(caprolactone)diol (PCLdiol)+ Dihydroxylterminated dilaurate (DBT)
polydimethylsiloxane (PDM8#iol)

o | i gpentatecalactone) (OPDL) + three arm OPDL (AOPDL) + magne 1,6hexane [209]
nanoparticles (MNP) + dibutyltin dilaurate (DBTDL) diisocyanate (HDI)

PPD starshaped hydroxytelechelic oligomes # -pentadecalactone+ dibutyl aliphatic [189]
tinoxide (DBTO) diisocyanate

U , -hydroxytterminated PCL + 2isocyanatoethylmethacrylate (PEEM) DCP [210]




In contrast, under stress load the crystallization pattern is changed, distorted crystalline segments
are obtained with a preferred lamellae orientation in the perpendicular direction of the lad Fig. 39
Right this phenomenon is the responsiblefor obtaining a macroscopic change of shape in the
direction of the load by the crystallization under cooling. The process of the CIE (oriented
crystallization) can be graphically viewed in Fig. 4@sthe case of shape fixitywhere the segregated
domains amorphous and semicrystalline segments are showiThis process of crystallization was
studied in poly(esterurethane) PEU networks by Bothe and Pretsdi206], and the nanostructural
changes of the crystallization in poly(ethylengvinylacetate) copolymer EVA netvorks by Nochel

et al. [211]

In the case of the shape recovery, the phenomenon is known aselting induced contraction(MIC),

a complementary effect to the flexible entropy where the shrinkage of the sample is partially driven
by the melting of the oriented crystalline segments. In this way, several works were carried out
focused on proofing the evidence of the bidirectianal feature on certain semicrystalline polymer
networks as can be seen in Table 7.

T>T,, F=const. T<T,, Tf const
Applymg Coolmg
A constant load under constant load

Fig.40. Schematic Stretch Induced Crystallization SIC process of a network chain duringaywS8ME

Amorphous, undeformed (A) chain; chain deformed by applying a constant load (B); chain crystallized under constant load
(C). Red points represent net points; white imagined point divides the chain into amorphous and crystallized sub chains.
Adapted from[212]

Once known the phenomenon which drives partially the 2 WSME inthe semicrystallinenetwork,
the most remarkable parametersin the phenomenon must be addressed.Crystallization, mainly
determine the capacity of the covalent networks to evidence 2\ WSME[198]their performance as
the key parameteris directly related with threevariables: The crosslink density, the temperate
range, and the stress loadas follow:

Crossink | This variable is directly related to the stability of the permanent shape; they act as the links between

density | the chain’s network to avoid the slippage of one to another at high temperature under the rubbery
state. At the same ime, crosslinkdrives the network to the shape it must reaches when chains
recover their mobility at high temperature. A direct relation between the degree of crosslinking and
storage modulus when the temperature increases, can be seen in Fig. 41, witkv crosslinking levels
the resistancehas an asymptotic behaviorand drops to OMPa when the temperature increases;
meanwhile higher levels, more than 1%Wprovides stability and resistance of the sample at high
temperatures. Nevertheless, higher levelf crosslink density are not directly related to the high
efficiency of the SME, due to theidual effect in the network[201]




When the crosslink density rises, the network gains more strength and stabilitgrucial to the shape
recovery;but at the same time, the polymer chains are higher constrainedand their capacity to
crystallize is restrictedFor those reasons, the crosslink density must bi@ a certain levelto be high
enough to guarantee shape $ability, but at the same time,to not constrain the chains allowing them
to conform lamellas in any direction; key fact in the fixity of the temporary shapeseveral works have
been focused on the crosslink density & cer t ai n n e tcapoladtone) RCE/bepzoy
peroxide [213] , PCL210], [214]and (meth)acrylate[215]

(Mpa)

— Eval0
Eva 2.0
Eva 3.0
Eva 4.0

Storage Modulus

1 1 1 1 1 1 1

20 40 60 80 100
Temperature

Fig.41 Plot of storage modulus versus temperature.

Each line represents the %Wt. of the crosslinker agent, Adapted fla®b]

y(u

This variable as thestimulus which triggers the SME affect the phenomenon in tw levels; the first| Temperature
one, the programming process to fix the temporary shapeand the second one, on the thermal range

cycling to obtain a reversible effect. In the first case, to obtain the temporary sl the crystals of
the network must be melted, for this reason, the programming stretch is carried out at a temperatur
above the Tn, (the Ty of the hard segment), and then the sample is cooled.

1%

In this way, the thermal cycles once the sample was programnde must be alternated between the
Thigh and Tiow as follow. The Tigh must be defined under the higher T, to provide the energy that the
network requires for the chains recover their mobility; higher temperatures without exceeding th
Tm conduces to HighR: values, as can be seen in table 8. The,d must be fixed below the T; of both

D

segments if the temperature is not low enough the crystallization does not occur, and the CIE is npt

triggered. Instead, the phenomenon just is driven by elasti@ntropy and cannot be reversible.
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Stress loag

jAs was recognized the crystallization is directly affected by the constraining effect of crosslinks, but
obtaining preferred oriented crystalline segments is crucial to reaching a visible macroscopic effect,

this is directly related with the stress inducedo the system. For that reason, the effect of the load

in the bidirectional result in semicrystalline networks was studied by Chung et 4L91Jand Pandani

et al. [203] among others. They found that to trigger the phenomenon; each network has a stress
point from which the effect is ag@ipreciated; th

I f in the pr gugisnatexoeeded, the diress I€els applied are not robust enough to
trigger a favored orientation of the lamellae, and the CIE does not occuf205], [216] Instead, the
phenomenon just is driven by elastieentropy and cannot be reversible. While in contrast, too higher
stress levels conduct obtaining unrecoverable oriented chain segments. Because of induced creep
into the network [210] avoiding achieving Rlevels close to 10%.

The correlation between the set stress level and the crystallization can be showed in the variation
in the Ty, of the programmed network. High oriented crystals melt under high temperatures because

these crystalline segments need more energy to reach #exible state.

The effect of those addressed variables has a direct relation to the efficiency of the SME, measured
by the Rf and the Rr as crucial parameters. Those parameters and the efficiency of the Z3WIE in
the semicrystalline networks reported an be seen in Table 8. Nevertheless, recognizing the
parameters highlighted, identified as a critic to the SME, and the basics of a network needs to
perform a 2W-SME; different precursors and molecular architectures have been studied with the
aim of establshing a relationship between the chemical network and SME phenomenon.

The relation with the precursors asvinyl acetate [194] a n d-caprolactone [217] were assessed
Likewise, different varks have beencarried out looking for the effects ofthe molecular architecture

as follow, different p ol y mer chain | engt-pentalecalantene)t (BPD)@X8] P o |
chemical changes of ester architectur§200] PEG and PDMS segmen{208], crosslinked MACL and
CLEJ219] linear and shortchain branched polyethylene[188], [198]PE/PCL, PE/TORorphology

[220], star shaped PCL[221] poly(octylene adipate) network$201] linear and star branched
PCIL[203], short aramid/PCL[222], Poly(tetramethylene oxide) glycol PTMEG207] continuous
PE/PR223], PPD/PCL224], [225]

Thus, according to those works, the variation of physal parameters, as the molecular weight of the
precursors, different methacrylation, polymerization or polyaddition times, as well as grafted
functional groups, among others,can customize the SME performing conditions, and even lead to
getting a triple SME.



Table 8. Shape Memory Effect key parameters, shape fixity ratio, and shape recovery ratio

Matrix

PCO

EVA

PEEAMA

Linear HDPE

HDPE EOC30

HDPE EOC60

LDPE

Levels
%Wt

1

1,25
1,5
1,75

1,0
15
2,0
110*

270*

190*

Fixed

Stress
MPa
0.6
0.6
0.6
0.6
0.6
0.5
0.7
0.05
0.05
0.05
0.05
Stress
free
Stress
free
Stress
free
Stress
free
Stress
free
Stress
free
Stress
free
Stress
free
Stress
free
0.4
0.5
0.6
0.9

1

1.1
1.2
0.45
0.6
0.75
0.15
0.3
0.45
0.855

€prog
%

Tprog
°C

-r|0W

°Cc

O 0O OO0 o000 oo oo o

N
o

N
o

20

20

20

20

20

20

20

O OO0 00 oo oo

N
ol

Thing °C

100
100
100
100
100
100
100
100
100
100
100
70

70
70
50
60
65
70
80
80

70

70

70

165
165
165
165
140
140
140
120
120
120
130

Xc(%) Re(%)

28,2
27,8
26,8
26,4
25,7

16,16

15,81

14,5
16
15
14
51,8

50,84

29,3

12,3

21,3

118
60
45
38
34
17,4
35,5
63,0
24,5
43,0
12,0
8,41

13,41

16,65

12,0

22,8

21,0

26,0

30,0

12,20

4+1
9+1
17+2

96
219
311
95
97
159
95
111
144
93.9

R (%)

95,5
97,5
98,3
98,8
99,3
99,5
99,0
81,8
98
97
92,01

86,89

89,82

97,91

82+3
70+2
64+3

97
67
64
127
114
81
123
103
73
99.3
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Matrix Levels Stress &g Tprog Tiow  Thing®C Xc(%) R(%) R (%)
%Wt MPa % °C °C

LDPE + BC0.5% Fixed 0.855 - 130 45 130 19,4 927 935
LDPE + BC1.0% Fixed 0.855 - 130 45 130 19,1 931 947
LDPE + BC5.0% Fixed 0.855 - 130 45 130 17,8 922 91.6
LDPE + BC20% Fixed 0.855 - 130 45 130 157 86.6 31.1
PPDPCL Fixed Stress - 90 0 50 - 21 -
free
MPL Fixed Did not show 2WSME
HPT Fixed Did not show 2W-SME
HPL Fixed Stres 100 90 5 50 23+2 75 75
free
OA Fixed Stress 20 80 10 47 36 80 85
free
POA Fixed Stress 20 70 22 51 44 - 23
free
PCLL 2 0.25 0.25 65 -5 65 - - -
0.50 0.50 65 -5 65 - 2.6 82
0.70 0.70 65 -5 65 - 6.6 98
1 1 65 -5 65 32 17.7 98
PCLT 2 0.25 0.25 65 -5 65 - 1.2 68
0.50 0.50 65 -5 65 - 3.8 72
0.70 0.70 65 -5 65 - 10.7 93
1 1 65 -5 65 44 228 95
PCL F 2 0.25 0.25 65 -5 65 - - -
0.50 0.50 65 -5 65 - 4.1 90
0.70 0.70 65 -5 65 - 7.7 98
1 1 65 -5 65 34 159 99
a,-hydroxyltterminated  20% 0.25 0.25 65 -40 65 - 6 98
PCL 2200 g/mot stoichio 0.50 0.50 65 -40 65 - 16 93
metric 0.75 0.75 65 -40 65 - 28 97
excess 1 1 65 -40 65 27 37 96
a,u-hydroxytterminated ~ With 025 025 65 -40 65 - 8 97
PCL 3400 g/mot respect (.50 0.50 65 -40 65 - 19 89
to 0.75 0.75 65 -40 65 - 31 96
hydroxy 1 1 65 -40 65 34 52 96
a,w-hydroxytterminated  190UPS 025 025 65 -40 65 - 9+1 94
PCL 10000 g/mo ofPCL 050 050 65 -40 65 - 26+5 94
0.75 0.75 65 -40 65 - 54+4 9316
1 1 65 -40 65 46 8319 88t1
lonomer poly(ethylene 0.86 79 72 25 65 - 79.1 100
co-methacrylic acid) 0.86 79 72 25 80 50.1 100
Polydopaminegrafted- 0.5 1.7 100 40 150 86-98 69-99
(poly(Ecaprolactone) (PDA)
1 (PDA) 1.7 100 40 150 93-96 82-99
2 (PDA) 1.7 100 40 150 8594 7597

Key parameters which have influence in the-BME and the resultingsRnd R on the differentsemicrystalline networks
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3.5 CONCLUSIONS AND
FURTHER WORKS

2W-SSMP

As was saw, in the last ten years since the evidence of the 2BME in semicrystalline polymers reported by Chung
et al. the assessment and development of several polymer networks have been carried out with satisfactory and
promising results. In this procesghe phenomenon of the crystallization induced elongation and melting induced
contraction were studied deeply, and tte key parametes which affectsit were identified. Likewise on the one hand,
the advantage of achieving a reversible phenomenon over more complex polymeric systems was highlighted, on
the other hand, the restriction in applications where constant strestoad cannot be achieved was highlighted too,

in this way different approaches were developed as follow.

The first one is related to the development of elastomer matrix composites where the 2¥6$SMP as the
reinforcement is encapsulated in a prestressed way tsolve the external stress, based on the transference of stress
to the matrix. The second, a more complex one, the molecular structure were modified using chemically different
domains. The hard domain, with the high thermal transition, acts as a skeletomd has the responsibility of fix the
temporary shape; meanwhile, the soft domain with the second highest temperature transition, acts as actuation
domain conducting the elongation and shrinkage of the samplg202], [226] The second approach i9ased on the
building of a molecular scaffold which cannot be broken under the thermal cycling, while the crystallization of the
soft segments takes place on the interstices.

In addition to those approaches, increase the responsiveness of the matrixes engeras research line, where the
2W-SSMP acts as a matrix and have beearinforced by the inclusion of:Carbon BlacknanoparticledPE[173], [199]
magnetite nan o ppemaddcalactens)[2@], [22yJo (niltiwalled carbon nanotubeg PCL [228], in
these cases with thegoal of obtaining electric and magnetically active systems. As well as that research line, other
focused on the study of alternative synthesis has emerged, nowadays sgeél silica domains as crosslink§204]
polymerization-induced phase separation229], and slide ring movable crosslink230] were addressed.

Whereas the medical industry foased on the minimally invasive surgery and selfleployable in-vivo devices have
been leading the development of these studies, the potential application in several industries in addition to the
aerospace is clear. Nevertheless, the developing spectrum islisoroader, for those reasons is essential to continue
the exploration of precursors which allow adjusting the thermal transitiortemperatures or modify properties as
strength without thermal transition changes. Likewise, continue with the doping to improve responsiveness, and
working on the full fixation and recovery to improve the mechanical performancemust be assessed in further
studies
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Several 2WSSMP precursors were used in rigid semicrystallimetworks as soft domains to drive
the SME as was addressed. One of them, the vinyl acetate, for instance as the soft domain in the
ethylene-vinyl acetate copolymer cEVA, as can be seen in Table. 8, which is described as follow.

cEVA is an ethylene netwd¢ with random vinyl groups, shown inFig.42 , with different properties
because of Web6 of vinyl acetate groups as follow, 4% 11% (hot melt adhesive), 12%40%
(thermoplastic elastomer), and >40% (rubber) used as an additive in several industries. Chemically
crosslinked cEVA is a thermosetting elastomer with toughness features but alsexibility at room
temperature, in comparison with linear ethylene; the crosslinked network also present stability at
high temperatures above the rubbery state, because of the constraining effect of crosslinks against
the chains slippage.

H H H H H H H H
c —C + cC— C ﬁ C —C 44— C — C
H H H o H H H o
C—2o0O cC—o
CH CH,
| _Im[ _In
Ethylene Vinyl Acetate Ethylene Vinyl Acetate Copolymer

In this way, their molecular network has the SME basis, two domains, ethylene as hard, and vinyl
acetate as soft, and crosslinks as the guarantee of the stability. Because of the accomplish of those
basics, and be a commercial polyolefin elastomer soft anélexible, lowcost commaodity polymer;
this polymer network has been evaluated with the aim to study their 2\ASME performance.

Li et al.[194] have verified the evidence of the bidirectional SME of crosslinked cEVA in21) since
that moment, several works have been carried out exploring and improving their performance with
certain applications in the scope as follow. Network modifiers as PEVA/poly(actacide]232] carbon
fiber reinforcement [233] electrical adive carbon nanofiber inclusions [234], triple SME
assessmen35], in this way Behl et al.[236], 2013 have been identifiedhe potential of cEVA as
active building facades temperaturenemory actuaor.

The most promising direction in the building adaptation is passive responsive strategies based on
material properties. In this way polymers, as was addressed in previous sections, hawvesal
advantages above other ®M. Likewise, to building applicatbns, a low-complex polymer system
must be selected as the basis for a possible industrial scaling, for those reasons, in accordance with
Behl et al. crosslinked cEVA was selected to be assessed. Hence, as was addressed, one of the
identified lines to apply the 2W-SME in semicrystalline networks is the encapsulation in a prestressed
way to solve the external stress necessity. This line was identified as the work scope.



The potential of polymers to be used as actuators was previously assessed by lon@37], and the Polymer
wide application spectrum was showed, in this way, the soft actuators development is outlined as @gctyators
important area of development of those matrixes. Other investigations have been reported the
conversation of light into mechanical motion trough polymer systems[238], temperature sensor
based on poly(cyclooctene) networ193] and active origami by 4D printing by Ge et al[239]

With those precedents, shapememory actuators based on binary and ternary polyethylene blend
were assessed by Dolynchung240], cEVA 2WSME was evaluated under stress free conditions by
Qian et al.[195] and High performance artifcial muscles based on EVA was reported by Fan and| Li
in 2017[196]showing favorable results.

Semicrystalline polymer networks have been encapsulated in a prestressed way by Westbrook et al.
[241] The modeling to predict the displacement was carried out, but difference between modeling
and experimental data were found, as one of the reasons, the interface between the reinforcemegnt
and the matrix could be not entirely coherent because of the polymers low energy surfa
Nevertheless, thesurface did not be studied; Likewise, were presumed that the effect could b
enhanced by the reduction of the transversal area between reinforcement and matrix of the
composite.

For those reasonsthe study of the 2W-SME behavior of a semicrystalline polymer, with a potential
to be used as facade temperaturememory actuator previously identified, is defined. Functionalized
crosslinked cEVA strip encapsulated, with variations in the hardness of the matrix is defined as the
scope; Looking for the enhancing of theSME phenomenon their stability in time, and the direction

of the movement because of thermo sensitive actuator applications.

Guiding question

What is thethermosensitivepotential of a composite material
based on a functionalized crosslinked cEVA and what kind of
matrix conditions enhance the 2WSME phenomenon?

75



GENERAL OBJECTIVE

Determine the thermomechanical potential of a composite material
based on a semicrystalline gpmer with bidirectional shape memory
effect (2WSME)

SPECIFIC OBJECTIVES

Complete the synthesis of a semicrystalline polymer matrix with two
domains capable of obtaining a 2\ASME

Establish the levels of the processing program parameters to obtain
the 2WLSME in a semicrystalline polymer network

Complete the synthesis of a functional composite material which
guarantees the permanent stress load of a 28MP encapsulate
lamina.

Evaluate the shape memory stability of a functional thermosensitive
composite under thermal cycling.

ExperimentaWork Scope

The thermosensitive potential angrrogramming processing parametersf the reinforcing
lamina and the composite material alaboratory scale were studied in this work






The used methodology is divided into four phases associated with five main activities. Polymer
reinforcement lamina synthesis; shape memory effect study; reinforcement lamina preparation and
functionalization; experimental matrk design, and thermocycling performance study. Each
experimental procedure has been further addressed in the next sections. The experimental
development divided into phases is presented inTable 9. From the obtained results of each activity,
the next one is carried out; in this way, the procedure allows the improvement of the following
actions.

Description In the first phase, the synthesis of the chemically crosslinked semicrystalline networksaarried out,
an ethylenevinyl acetate copolymer and dicumyl peroxide as thermal initiator was selected. In the
second phase, the shape memory study was developed according to the literature procedure; and
the reported programming parameters were used aghe basis to define the range of the study. The
third phase was divided into two activities; the first one, the preparation and functionalization of the
reinforcement lamina to enhance the surface wettability the second one, the encapsulation with
polyurethane rubber matrix with various hardnessas variable

Finally, in the fourth phase, the thermocycling experiments were carried out to determine the shape
memory stability of the composite, focused on theguided obtained displacement

Table9. Methodological activities and phases summary

Phase Activity Goal

1. Polymer reinforcement  Synthesis of chemically Obtain a chemically crosslinked

lamina crosslinked cEVA network polymer network with two
segregated domains

2. Shape memory Shape memory Identify the programming parameters to
effect study programming process maximize the 2WSME

3. Polymer Matrix Reinforcement lamina Improve the surface wettability
laminate functionalization
composite Matrix experimental Identify the hardness relation matrix /

study reinforcement to enlarge deformation

4. Thermocycling Thermocycling test Define the thermocycling
performance behavior and work capacity of
study the matrix/reinforcement with

higher deformation rate
The used materials into the experimental development and their main characteristics are shown in
Table1Q

Table10. Used materials

Material Supplier Characteristics
Ethylenevinyl acetate copolymer Regional supplier 18 % vinyl acetate groups
(Asia Polymer Corp.,
Dicumyl peroxide SigmaAldrich Scales 98% purity, analytic grade
Polyurethane rubber Regional supplier Shore A hardness 30
(Smoothon Inc.) Shore A hardness 60

Shore A hardness 80



REINFORCEMENT LAMINA

The reinforcement as theshape shifting component was must be reached at first, to obtain a
functional composite material with thermosensitive capabilities. CIE and MIS drive the shape memory
phenomenon in semicrystalline networks, for that reason, a stable structure with reversible domains
must be synthesizel as the first step to reach the phenomenon. In this way to obtain a crosslinked
semicrystalline network with two domains, the following procedure was carried out.

Shape memory reinforcement sheets cEVWCP samples were prepared by mixing 50g (ethyleng
co-(vinyl acetate)) copolymer with a vinyl acetate content of 18 wt% (Asia polymers Corp.) and 1
(3%Wt.) dicumyl peroxide 99% purity (Sigm&ldrich) in a torque rheometer (Thermo- Fisher
Scientific) at 100°C and 50 rpm. Uncured polymer samples were granulated into 3 mm thickness,
then compression molded and crosslinked was performed at 200 °C under 5MPa for 45 min. Finally
an annealing process at 100°C for 10 minag carried out to remove any residual stress because (¢
the molded by compression. Summary can be seen ifiable 11

Synthesis
¢ curing

—

Table 11 Synthesis and aring summary

Synthesis Sample Blend Curing Annealing
Ethylenevinyl acetate
copolymer cEVA + Dicumyl 100°C 200°C 5MPa
CEVADCP 3 peroxide DCP3W1% 50 rpm 45min 100°C 1Min

The crystallization behavior and thermaltransitions explorationof SMS was investigated byTA|characterization
instruments SDT Q60adlifferential scanning calorimeterunder N, atmosphere 50 ml min. Thermal
transition temperatures were scanned between 40C and 150 °C under a cooling and heating rate¢
of 10 °C mi' %. The first cooling and the subsequent second heating traces were recorded for analysis.
The crystallinity (Xc) of the samples was aallated according to Equation (}:

1%

2o
WW == TUTT
wher g&i gHt he enthalpy of fusion of the perfegct polyet
fusion of the ENYAPEisSRPWAJ¥MH| ue of ¢H

The Chemical verification of the obtained polymer network was performed byATR IR spectrain the
mid-infrared band from 400 to 4000 cm’at 4cm™.

The Mechanical responsethe elongation at breakand toughnesswere measured using a Shimazu
tensile testerat a strainrate of 10 mm/mirl , at room temperatur e. Modul us
an extensometer at a strain rate of Imm/minl at room temperature. The samples evaluated keep|a
thickness of 2.5mm x 6mm. Several samples were evaluated to obtain a reastie estimation of
error.

The temperature dependent stiffness propertiagere performed by dynamic mechanical analysis B
E ,1oss factor Tg, tat) E /{E Samples 0.9 mm 6.0 mm x 50mm. the sample was fixed in tensior]
mode between clamps. From oom temperature to 150°C.

Co
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SHAPE MEMORYeffectSTUDY

As was addressed in section 3 the shape memory effect is not an intrinsic property of a material, is
the result of a chemicaispecific network with specific processing conditions. In this way, once the
network is done, the processing parameters must be adessed as the second step to obtain the
SMEphenomenon.

Different authors have measured the shape memory effect in semicrystalline polymers in a variety of
ways [174] nevertheless, the deformation to fix ashifting shape and the recoverability of the
permanent shape is the most importantproperties to quantify the SME in the macroscopic lesi
[243]. Cyclic thermomechanical experiments have been performed to definghe shape memory
properties of a sample.

Those cyclic thermomechanical testhave beenfocused on determining the percentage of strain
produced on the fixing of the shifting shape, defined as shifting shape fixity ratio R and the
percentage of recoveryof the permanent shape,defined as permanent shape recovery ratiq.R he
test used to be performed in the tensile mode and the changes in the total lengthof the sample is
recording. Inagreement with equations2 and 3 the main parameters can be defined.

Y pnmnb — q Y pmmb — o

Each full cycle consists of a programming and recovery module, to assess the shape memory stahility
and at least five cycles have been performed to describe both, the fixing and recovery ability of the
network. The following procedure was followed in the SME assessment, focused on determining the
thermomechanical processing conditions which enlarge the SMghenomenon. The shape memory
characterizationwas performed using an MTS Universal Materials Testing Fraroé5kN (Digimess)
equipped with a customized forced convection thermal chamber to guarantee the heat distribution
and a temperature controller as carbe seen inFig.43.

Fig.43 Customize
forced
convection
thermal
chamber

with
temperature
controller
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The dog-bone samplesISO 52762 were cut from the thermocompression resulting sheets for the Programming
thermomechanical programming. Different levels of stress were applied through the fixe

temperature reported, as can be seen imable12 to explore the induced crystallization enlargemen

phenomenon.

The program begins at elevated temperature (T > Tm). (1) Deformation: The Sample strip is mLCharacterization
from room temperature to 95 °C during 10 min, then is elongated by increasing the applied loa

from O to the load defined in table 12 at a rate of 0.05 N/min. (2) Fixing: the sample is then cooled
to a temperature below Tm under constant load, in this &p the shifting shapemust quite completely
fix (3) Recovery: Finally, heahduced recovery toward the original length was examined by heatin
to the temperature range defined in Table 13 Eachtemperature range addressed was performed
during five cooling and heating cyclesand the strain was recorded.

A}

The crystallization behavior and thermal transitions exploratiowf SMS was investigated byTA
instruments SDT Q60ifferential scanning calorimeterunder N, atmosphere 50 ml min%, Thermal
transition temperatures were scanned between 40C and 150 °C under a cooling and heating rat
of 10 °C mih % The first coolingand the subsequent second heating traces were recorded for analysis.

(1)

Table12 Programming summary

Programming Sample Temperature Stress Load MPa
0.55
0.75

cEVADCP ISO 5282 95°C 10 min 0.85

Table13 Shape memory study summary

Programming Sample Stress load Temperature range °C
40 660

400 65

Sample with the best performance 40070
cEVADCP ISO 5232 from the programming process 40075

COMPOSITE ACTUATOR

As was concluded in section three, one way to improve shape memory stability in semicrystalline
polymers is the encapsulation of the sample into an elastomeric matrix to guarantee the stress level
to trigger the CIE which partially drives the SME, defining in this way a functional composite material.
Hence, for the synthesis of a polymer matrix compsite, different polyurethane networks were
selected as a matrix because the material in the rubbery state is needed to allow the deformation of
the reinforcement lamina, but also having the toughness, scratch and temperature resistance to
perform thermal cycling.

The interface region is set as a critical fact conforming to the composite materials theary
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There is the region where the stress load is transferred from the matrix to the reinforcement and vice versa. Is
assumed that the interfae region is "rfect" but is notin that way, in fact, many essential phenomena take
place in this region, depending on each structure and the stress generated there; these processes tend to
promote plastic deformation of the matrix and influence the onset and nature thie failure.[244] pp 133.

Previous works focused on the encapsulation of SSMR41] does not take into consideration the
interface study in functional composites as shape memory, and it has an essential effect because the
interface is assumed as perfect into the modeling procesto predict the behavior and the data has
differed from the experimental results Hence, the interface study is an important fact in the synthesis
of a functional composite material based oncrosslinked cEVA lamina in a prestressed way, because
of the performances are based in the transference of load between the reinforcement and the matrix

The bidirectional shape memory capabilities of crosslinked cEVA have been addressed in section
four; nevertheless, cEVA use to be used joined to other materials, aritthas been reported low
adhesion properties because of their low energy surface. Chemical treatments and solvelnased
primers have been used to modify the physical and chemical composition of the surface reaching
higher polar groups rising the surface energy. Although, the uses of chemicabased treatments
must be avoided because of the safety and environmental disposal of the produced toxic waste

Plasma treatment (or plasma irradiation) is a widely used technique for the effective chemical and
physicalmodification of material surface properties[245]0[247]. Generally, several common effects
of plasma treatment can be determined: cleaning, etching, actation, and crosslinking [248]. Plasma

is a totally or partially ionized gas which consists ofarious charge carriers such as electrons, ions
and radicals, and is overall electrically neutral. Thus, each component within plasma may interact
during plasma irradiation

Moreover, plasma exposure can activate a polymer surface by creating new polamfctional groups
including carbonyl, carboxyl, ether, amine and hydroxyl; thus, markedly increasing the free polymer
surface energybecause of modified chemical composition, the wetting characteristics and surface
adhesion of polymeric materials can also & changed [246]. The attractiveness of plasma treatment
amongst other conventional surface modification techniques is an ability to alteonly surface
properties, up to several nanometersthick, without affecting the bulk characteristics of mateals
[249].

Moreover, short-time plasma irradiation does not overheat materials, so their destruction may be
avoided. The critical fact for the treatment of temperature dependent characteristic materials as
semicrystalline polymers, because of treatment with overheat can induce the melting of the scaffold
crystals and erase the programmed shape avoiding theeach of a reversible effect.

Several investigations were carried out focused onhe surface modification of cEVA following
alternative treatments as lowplasma exposure[250], and UV exposureg[251] On the one hand, the
rising of the energy suface was reported by the etching of the surface and the increase in superficial
area from both treatments, on the other hand, chemical functionalization was reportedy the UV
treatment by the incorporation of carboxyl and hydroxyl groups. Nevertheless, & chemical of the
surface on the plasma treatment was not studied.

The surface of two bodies come into contact when are close to each other, In composite materials,
one of them use to be in a liquid form, there the "wetting" concept takes place referringd the ability



of a liquid to spread on a solid surface. The wetting is directed related to the surface energy of the
constituents, and it is improved if their energy is large and the interfacial surface energy is small.

The wettability of a solid by a liqud can be measured by a drop of liquid on the solid surface oran

appropriate atmosphere [252]. The contact angle of a liquid on the solid surface is an esseati

parameter to characterize wettability. it is measured by the deposition of a drop on the surface, and

it is obtained from the tangents along three interfaces: solid/liquid, liquid/vapor, and solid/vapor

The functionalization of cEVA was proposed with the aim of reach an interfacial bond formed
molecular entanglement(A) and mechanical keying(B)shown inFig.45, trough low plasma exposur

Fg. 44. Contact
angle E
surface energies
g for a liquid
drop on a solid
surface
Reproduced
from [244]

unctionalization

treatment. The functionalization of the cEVADCP surface after the programming process previous

the encapsulation was carried out according to the procedure used Y CepedaJimenez et al[250]
The samples were exposure to on-oxidizing Ar and N, atmosphere plasma in a reactor (Quoru

Q150R ES) under a 35mA current; Voltage 358V; varying the exposure time and the polarity as shown

In

Table14

ISP ESIIIOH I II

PO

PP SF P AT LS P LA A AL A

(A) Molecular entanglement ‘

A KL

(B) Mechanical keying

Table 14 Surface treatment summary

Sample Atmosphere  Current Voltage Polarity Exposure Time
300s
600s
Ar 35mA 350V Positive 900 s
300s
Positive/ 600s
cEVADCP 3 N 35mA 350V Negative 900 s

Fig.45.
Interfacial bonds
formed in a
composite
Reproduced
from [244]

Contact angle measurementbetween EVA20 and deionized and bidistilled water were measured jn

aRamedHart 100 goniometer at 25 HE®ith watértFiee difféerdn

chamber

single drops (4 ml) of water were deposited on the surface of the same EVA20 specimen an&urface

measurements were obtaied 10 min after drop deposition in accordance with equation 4.

Characterization
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SurfacgThe surfacewas studiedon the as-received and treated cEVA surfaceby the determination of the

Characterizatio

Composite
Fabrication
process

Fig.46. Machined
stainlesssteel

peaks and ceeps length on the surface by augosimeter in the longitudinal and transverse direction
of the programmed samples.

The Chemical characterizatiorof the as-received and threated samples wergerformed by ATRIR
spedra in the mid-infrared band from 400 to 4000 cni‘at 4cm™

1.Reinforce shape memory strip preparatiomEVADCP3 dogbone samplesISO 5282 were cut
from the sheets and programmed under XX MPa at 95 °C during 10 min. and then cooled to room
temperature, to obtain bars of dimensions of 50 mm x 4 mm x 1 mm the middle section of the
programmed bond sample was sectioned.

2. Reinforcement treatmeh Surface treatment was carried out byB00 segof low plasma radiation
exposure under a nonoxidizing N and Ar atmosphere with positive and negative polarity to
improve wettability according to the addressed procedure inthe functionalization step.

3. Renforcement location Theprogrammed and treated cEVADCPstrip was inserted into the mold
machined with slots on each end located offcenter in the thickness dimension shown inFig. 46,
the enclosed, interior section of the mold was designed to be more extensive than thesquired
actuator dimensions to allow the different transversal relationships shown in

Table 15and the removal of any edge defects that may be introduced in the process.

4. Encapsulation The mold was sealed by securing two Teflon coated glass slides on the top and
bottom using binder clips, and the polyurethane rubber with different hardness, as shown in table
16, was then injected into the sealed mold using aysinge. The material cure for 1ours at 40 °C.

5. Sectioning.The composite was removed to the mold and cut toobtain the desire dimensions

mold with slots

view el
Table15 Composite matrix summary
Sample Reinforcement Surface treatment ~ Matrix Hardness Modulus
SMC 1 30A 65
SMC 2 Low plasma Poly(Ester 60 A 300
SMC 3 cEVADCP radiation exposure  urethané rubber 80 A 400
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Thethermal transitions explorationof SMS was investigated byl'A instruments SDT Q60d@lifferential
scanning calorimeter under N, atmosphere 50 ml min'>. Thermal transition tenperatures were
scanned between 40°C and 150 °C under a cooling and heating rate of 10 °C mih

The Chemical verification of the elastomer matrixes was performed by PerkinElmer ATRIR
spectrometer in the mid-infrared band from 400 to 4000 cni‘at 4cm™,

The Mechanical responsethe elongation at breakand toughnesswere measured using a Shimaz
tensile tester at a strain rate of 10 mmmin™, at room temperature. The samples evaluated keep
thickness of 2.5mm x 6mm. Several samples were evaluated to obtain a reasonable estimatiorn
error.

The adhesionbetween reinforced lamina and polyurethane matrixes were perform to aseceived
and plasma treatedsamples trough TFpeel strength test, using aShimazuuniversaltester at a strain
rate of 10 mm /min-1, at room temperature.A half the reinforced lamina was encapsulated ant th
other half was on the outside of the matrix, the matrix end and the reinfored end lamina were
mounted between the clamps and stressstrain were recorded.

The Shape memory stabilitywas performed by a using aforced air convection Binder 90160196oven
equipped with a customized glass gateand an independent thermometer. Thermal cycles were
performed according to the next procedure. The actuator was mounted inside the oven attached i
a grip, a grid was placed behind the sample for tracking the actuator deformabn via time-lapse
photography as shown in Fig.47.

Once the actuator was mounted, theglass gate and the thermometer waglaced, and a digital video
camera was set up outsideaccording to [253]8[256]. The temperature of the cycling was defineg
according to the range selected in he programming process of the reinforcement lamina, and eacl
of them was performed between the Tow and the Thigh. The displacement détance was measuredria
time-lapse

Characterization

S

of

112

Yy

Fig.47
thermocycling
experiments
assembly
recording

=3
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SHAPE MEMORY LAMINA SYNTHESIS

Raw materials & crosslinking process

As defined in the introduction, 4.1 section, the encapsulation of a 2¥Y8SMP is defined as scope to
improve the shape memory stability and define the direction of the movement to be used in actuator
applications. In this work, a lowcost commodity polymer, with crystallizable/melting switching
domains, ethylenevinyl acetate copolymer and dicumyl peroxide as the crosslinking agent, were
selected as raw materials to obtain a stable network, the chemical structure is shown king. 48, to
synthesize the shape memory component, designated as cEVIBCP reflecting the DCP as thermal
initiator used in the crosslinking process. Likewise, an estbiased urethane rutber, PU, is defined as
the matrix as exoskeleton to ensure external stress reinforcement, further addressed below, defying
in this way a thermally controlled functional composite system.

Fig.48.
r '|_| IH r Chemical
e A H structure of cEVA
IC i: i: i: OHSC C 3 (prepolymgr)
H HI| H o 0 Left, and dicumyl
— — i peroxide (0SS
C=0 H30 CH3 linker agent)
Ic Right, Sigma
& Aldrich®

Before reaching a thermally controlled composite, synthesis of 2¥Y8SMP reinforcement lamina into
prestressed functionalized strips must be addressed. The Chemical characterization was carried out
to verify the composition of the processed material, ATRRdisplayed inFig.49 reveals characteristic
peaks of 2918, 2849, 1467, and 1371 -dnfor CH. Besides, 1738, 1238, and 1020-dnwere found by
the stretching of the carbonyl group (C=0), and the ester group (€0). Some insignificantchanges
(0-4 cm™) in the peak position were seen, not for the material composition, but for the experimental
spectral resolution; the spectra were compared with thePerkirElmer polymers library and a
coincidence of 99.56 % was reach# Effectively a crosslinked PE copolymer with 18% of vinyl groups,
a thermosetting elastomerwas obtained.

[ee]
H
[«]
N

2849
1238

1738

Fig.49. ATRIR
spectra of

k —J cEVA with

) 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumbers [1/cm] groups
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Torque against temperature plot presented inFig. 50 shows the thermally controlled blending
process to avoid precuring of the batch. When the curvehas stabilized, the blending process was
finished. The drop in the torque between 1.9 and 2.2 min. Indicates the addition of the DCP 3%Wi.
Thermal initiator into the blend once the cEVA pellets were melted and mixed, to guarantee the
correct incorporation. According to previous studies [195] DCP 3%Wt addition has shown
remarkable cyclability and the highest Rralues in cEVA networks, likgise, previous works were not
clear about the step of the addition of the thermal initiator agent in the blend.
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Fig.50 Torque 2o 65
against blending 0 0,30,60,91,21,51,82,12,42,7 3 3,33,63,94,24,54,85,15,45,7 6 6,36,66,97,2
time and Blending time(min)
temperature plot.

reaction of cEVA
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Fig.51 Basic
principle of the
main curing

during radical
crosslinking
Adapted from
[257]

The reaction displayed inFig. 51 shows the crosslinking reaction followed by the therme
compression molding in accordance to Hirschl et al.[257], In the crosslinking process the
decomposition of the DCP free radicals takes hydrogen, preferred from the terminal methyl Glof
the vinyl group side chain, letting reactive radicals in the cEVA netwkythe reactive radical bonds
each other reaching chemical bonds between chains. The pale white and soft raw material before
the curing process turns into a transparent and flexible but stable thermosetting elastomer as can
be seen inFig.52.

Pre-polymer Organic peroxide Freeradicals in Chemical bond
decomposition the network between chains
M ROOR \/\/\/\/ \/\/\/\
[, ° - i
H = H = —
N \c/ H\ / e




Fig.52 Raw
material/processed
material
appearance.

(A) Pristine cEVA | (B) Cured cEVADCP

Because of the obtain of sheets with a presence of residual stress after the therrommpression
molding, an annealing process was performed as stress releasing wihtisfactory results. The optical
appearance of the samples was verified beforand after the annealing process by a polarizer sheet
and a polarized light source as can be seen fronfrig. 53 The visualization of different color fringes
in the (A) picture is related to the change in the refraction index because of stress concentration; the
fringes were not seen after the thermaknnealing treatment (B)

—~

| B e

. » : il s Fig.53 Annealing
(A) Asreceived (B) Annealed process pictures

Thermomechanical poperties

Thus far, several studies indicated that the crystallization and melting transitions have a straight
influence on the shape memory effect in semicrystalline polymers, because of the phenomenon is
partially drive by CIE and MIC as waaddressed in section 23. Thermal properties of crosslinked
cEVA were investigated by DSC and are presented iRig. 54 and Table 16 Nonisothermal
crystallization and melting curves of the uncrosslinked and crosslinked cEVA samples were recorded,
the melting point at 86°C was identified in the second heating program and the crystallizédn
temperature at 65.8C in the first cooling as well, corresponding to the PE crystals population in the
copolymer[258].
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Fig.54. Non-
isothermalDSC curve
of cEVAcuredand
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According to DSC analysis, a decrease in the principal thermal transitions in the crosslinked samples
can be seenin Fig. 54, Ty, after crosslinking shifts to 78C and Tc to 53,6C and the intensity of the
peaks decreases as wellespect to typical values of a pristine cEVAT his behavior may have been
attributed to the dual constraining effect of chemical crosslinks, on the one had, in the mobility of

the polymer chains and on the other hand on the growth of crystals[259], [260] reason why the
overall transition temperature decreases because fewer crystals were formed in the crosslinked

network.

Table 16 Thermomechanical properties of the samples

Sample Tm Tc Xc (%) Young's modulus Tensile strength Elongation at break
(MPa) (MPa) (%9

cEVA 86 658 21.42 10.06 19.46 1622,93
CcEVADCP3 75 53.6 15.81 8.690 12.25 946.44



Two transition temperatures may exist in the cEVACP which need to be further conformed. So
that, dynamic thermomechanical analysis was performed to explore the temperaturdependent
properties of the samples directly related with the shape memory behavio
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Temperature samples.

The behavior of the storage modulus at different temperatures is provided inFig. 55, a noticeable

difference in the storage modulus in cured and pristine samplescan be seen. In the pristine sample,
the modulus above T, decreases near to B1Pa, and exhibits flow behavior after the melting

transition, becaus of their thermoplastic nature,the molecules slippage each other.n the case of

the crosslinked sample, once the temperature is above Tm,rabbery plateau is reached up to IMPa.

The crosslinks in the samples define a stable structure of the networfre-requisite to exhibit the

shape memory effect phenomenon, tlereby the slippage of molecular chains is restricted
maintaining a certain level of strength.

The average value ofthe elongation at break point, ywyungds modul us and tensile s
samples are presented inTable 16 The effect of the crosslinks into the mechanical properties of the
samples was also verified through stresstrain experiments as can be seen irrig. 56. Crosslink
influenced the elongation at break, and tensile strength, both decreases in cured samples, this trend
could be attributed to the reduced selfadjustment ability of the chain segments becaise cured
samples have a stablenetwork structure where crosslinks act as mobility blockage.

20 EVA

cEVADCP

Fig.56. Stress
Strain curves,
pristineand
crosslinkedEVA

Nominal stress(MPa)

Nominal strain (%)
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What was
obtained

As was verified through the thermomechanical evaluationa stable polymer network by molecular
crosslinking with stimulussensitive domains was reached. In the network, the stimulus domains are
the crystalline segments sensible to a thermal stimulus, where the response of the system is driven
by a crystallizaton / melting transition, molecular pre-requisites to evidence the shape memory
effect phenomenon.

SHAPE MEMORYeftectSTUDY

Fig.57. Second
heating DSC run
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T 1owand Thigh
Temperatures

As was described irsection 3 the shape memory effect SME in polymers is not an intrinsic property;
the effect is the result of a molecular structure with specific processing conditions. For those reasons,
with the aim of identifying the influence of processing parameters: stress lahand programming
and cycling temperaturesin the SME, once a molecular structure capable of exhibiting this effect
was reached, shape memory effect experiments were performed.

At first step, Temperature programming conditions were explored by DSC analysf the cured
samples. The melting transitions were explored in the nofisothermal second heating run, and the
melting peak of PE crystals was identified between 40°C and 95°C, as showrFig. 57.

According to Lendlein et al.[243], external ¢ress must be applied when crystals are entirely melted
and must be held cooling down until crystallization temperature was reached, to perform a correct
shifting shape fixation Hence, the shifting shape fixation temperatures for cured cEMRCP samples
were defined as Tg=95°C where crystals are entirely melted to correctly induced ahifting shape,
and then cooling down below T. and Tsw = 40°C, to guarantee the formation of the crystalline
scaffold responsible of theshifting shape fixation.

prog

sw

Heat Flow(mW/mg) Endo Up
_|

40 50 60 70 80 90 100 110 120 130 140

Temperature € C '

Once the programming temperature for the shifting shape fixation was defined, the influence of the
stress programming levels and cycling temperatures wersimultaneously evaluated through shape
memory experiments. At first, @arious stres programming levelsU= 300,550, 750, 850 kPa witla
small loading rate of 5mm min* to minimize creep effect urder constant stress conditions, were
used to perform the shifting shape fixation prior the experiment; then, samples were cycled between
temperatures above Ewand below Tprog.
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Fig.59 Second
heating DSC run
Skeleton and
actuator domains
transitions for 2W
SME experiments

Fig.58 presents the summary results of the evolution of the strain against temperature during each
shape memory cycle. From the curves ifrig. 58, a direct relation between programming stress and
the generated strain is noticed. The highest reversible strain 31.3% was detected at the highest
programming stress850 kPa as can be seen ifrig.58 (A), The reversible effect was achieved all over
the stress programming levels evaluated, in fact, programmed samples uedthe lower stress level
300 KPa led to reach strain up to 8%.

Can be observed that the explored tension range was located above the critic stress level nest]
to trigger the shape memory effect in cEVADCP cured samples, nevertheledbe effect is disphyed
more evident at higher load levels, this behavior may due to more align crystalline segments were
reached, but it need to be further confirmed. Moreover, the obtained lower strain in shape memory
experiments can be compared to the max. strain reportedh shape memory alloys, for instance NiTi
6% 8% [261], [262]

The effect of the cycling temperature is also presented irFig. 58, the cycles were conducted
between 40°C to 75°C in all the samples, préeating treatment at lower temperatures of 60°C y
70°C were performed to improve the fixing of the shifting shape and slightly effect was noticed. Pre
heating treatment was previously assessed by Quian et 4l.95], and improvement of the effect, as
well as an increase in the upper temperature, were reported.

The high reversible strain was found a85 °C to 70 °C to 35°C cycling temperatures as can be seen
in Fig.58 (A), in the Thigh exploration meanwhile,the Thigh temperature was increased near to , the
polymer chains are less restrictedOn the one hand, the original shape is more recoverable because
the systems have more entropic energy, on the other hand, the shifting shape cannot be fixed
because tre scaffold as a path is not enough. However, was identified that when the temperature is
above 70°C, the remaining crystalline components cannot be able to orient the free chain, thereby
inducing the loss of reversible strain capacity, and temperature bel 70°C the polymer chains does
not have enough energy to trigger the recover.
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In this way, as can be seen ifrig. 59, 70°C was identified as the &, temperature which defines SD
and AD range for the cEVADCP cured samples, in the case of SD at this temperature, the high strain
is generated undercooling because the scaffold can be maintained vth the crystals unmelted at this
point.



In the case of the AD, on the one hand at 70°C, the crystals are partially melted, and the energy
supplied to the network is enough to recover the original shape patially by a flexible entropy
process. On the other hand, the melted crystals under cooling have the path to crystallize in a
preferred orientation because of the SD. Hence thissd, were selected to perform the temperature
cycle for the shape memory stabity of the shape memory composite.

As Fig. 60 shows, whenDSC traces from samples under various stress programming levels were
compared, the process pesents, for the primary melting run, a narrower and more pronounced peak
as the value of the applied stress increases. The peak corresponding to the secondary melting
process becomes less significant and disappears entirely for the highest load.
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L heating ramp.
35 45 55 65 75 8 95 105 115 125 135 145 various
programming
Temperature ¢C) stress level

It is therefore suggested that the application of higher values of load leads to the nucleation of a
more ordered crystal structure but it need to be further confirmed. When the sample is heated
again, a second heating trace as the previously reported is found for all cEVBBCP samples
independently from the values of stress applied during cooling. The results suggest nevertheless only
slight changes in the heat of fusion, which is higher for the samples subjected to stresses of 750 kPa
and 850 kPa than that measured for lower stress levels.

Once various shape memory experiments were performed, th@rogramming conditions which| \yhat was
enlarge the phenomenon in cEVADCP cured samples were identified. High programming stresgyptained
values lead to obtaining high reversible strain, and the temperature which defines the correct AD

and SD formation were identified to beapplied in thermocycling experiments of the samples.
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FUNCTIONAL COMPOSITE
SYNTHESIS

Surface functionalization

According to the identified approach in section 4.1, the improvement of the SME stability and the
control of displacement of semicrystalline polyners in actuator applications, a prestressed
encapsulation of cEVADCP layers into various poly Esthearethane rubber matrix was proposed.
Nevertheless, before the encapsulation process, a surface functionalization must be madige to the
low energy surfa@ in Ethylenevinyl acetate copolymer with the aim to improve their wettability.

Low plasma discharge has shown favorable results into the surface wettability in polymers as an
alternative to high-risk chemical treatments for water and gil. In this way, bw plasma discharge was
performed to cEVADCP cured and programmed samples under two inert atmospheres Ar and N
with different polarity and exposure time as was defined in the methods section.

Contact angle measurements between water and aseceived andtreated samples were performed
according to Good [263] and Owens & Wendt[264] as shown inFig.61 (A)contact angle in the as
received sampleand water up to 90°can be seen the water advancing contact aigles decreasing in
response of the atmosphere and time exposurdgB) y (C) reaching lower levels up to 10° indicating
that the treatment has an effect in the surface. Contact angle and surface energy measurements are
presented inFig.62 and Fig.63.

(A) Contact angle a-received | (B)Contact angle Ar 600 s low plasmg (C) Contact ande N 300 s lowplasma
surface exposurepositive polarity- exposurenegative polarity

A linear tendency was identified in theAr positive polarity plasma, as shown irFig. 62 when the
exposure time increase, a progressive decrease in the contact angle (increase in the surface energy)
were found. Nevertheless, on the one hand, the lower contact levels were not foanunder Ar
atmosphere, on the other hand, inhomogeneities were found in the surface may due to the
dispersion of the ions in the treatment under the positive polarity of the reactor as shown ifrig. 64.

A).



In the case ofN, atmosphere under positive polarity, 300 svasfound as the critical time of exposure
where low contact angle measurements were reached. Higher exposure times increase the contact
angle again; this trend could be attributed to a physical smoothing effect of the ions in the surface
because of the longterm exposure, where the etchings created in the surface were erased again,
but it needs to be further confirmed.
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Fig. 63 compares the surface energy levels reached by the plasma treatment, negative polarity
exposure under N, atmosphere was shownfavorable results the surface energy increases to 71,16
mJ/m? (the higher value reached) N, (-) has shown lower deviationand more uniform treated
surfaces under the sameexposure times, this effect may due to the concentratiomf radiation under
the negative polarity plasma exposure, as shown iRig.64 (B) Lower exposure time under(-) polarity
was performed, and the surface energy decreases at 150 s, thimé was found not enough to rises
the surface energy yet, the effect was more effective than 600 s of A¢+) polarity exposure.
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It is suitable to remember the effect of plasma treatment above polymers surface; the plasma
radiation can produce chemical and physical modification of the surface up to several nanometers
deep without altering the bulk properties. Effects such as cleanin etching, crosslinking and
activation of the surface can be found because of the mixture of UV radiation, ions, electrons, atoms,
and free radicals between electrodes as shown iRig. 64.
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(A) Positive polarity glow discharge (B) Negative polarity glow discharge

The chemical effect on the treated surfaces was assessed YTR IR spectra taken in a PerkinElmer
infrared spectrometer following the methods section, as can be seen ifrig. 65 (C) the overall
intensity of the 1738 cnt decreases but the width of the band increases due to C=0 bonds of vinyl
acetate groups indicating the formation of new oxygencontaining moieties on the cEVADCP
surface. A similar effect is noticed at 1020 cfpwere the overall intensity of the peak and the width
of the band increases because of the formation of new € bonds, at the surface as shown irFig.
65 (D), these polar groups have been found in the treatment of Blycarbonate films under low-
plasma glow discharge[265]. Some insignificant changes (84 cm™) in the peak position were seen,
not for the material composition, but for the experimental spectral resolution.
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Fig.65 (B)displays the creation of a new broader peak of hydroxyl group©-H [266], on the treated
surface under 300 s Nand negative polarity. Therefore, these new polar groups are responsible for
the surface activation enhancing their wettability by an increase of the surface hydrophilicity of the

cEVADCP films.

The physical effect on the treated surfaces was assessed bgughness profiles taken in anXX
rugosimeter following the methods section.Fig. 66 provides the longitudinal and transversal profiles

taken from asreceived, and treated surfaces, the peako-valleyt h at

exceed

t wo

samples can be associated with the thermocompression molding process because of the marks of
the coated polytetrafluoroethylene fabric used to avoid the adhesion to the mold The peakto-valley
roughness below 11 nfound in treated samples shown inFig.66 (C) (D) may be due to the etching

effect of the plasma exposure in the surfaceyut it need to be further confirmed.
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Fig

100

What was | These results suggest thathe enhanced on the wettability of the treated surfaces is related to both
obtained | chemical and physical effect. On the one hand, due to the increase in the hydrophilicity because of

__PU30
PU 60
~ PUSO

.67. ATRAR
spectra PU
matrixes

the new polar groups generated into the surface, on the other hand, the etchinggenerated on the
surface which raises the surface area and promotes the mechanical keying.

Raw materials and synthesis

Focused on the improvement of the shape memory stability to actuator applications, a composite
material based on a prestressed crosslinked cEVA lamina, tweay shape memory semicrystalline
polymer, encapsulated into polyurethane rubber matrixes with diffegnt toughness was reached,
with the aim of guarantee the shifting shape obtained by the CIE through thermal cycles.

Various poly Estherurethane matrixes were selected because of material in the rubbery state flexible
enough to comply when the SMP laminarecover their permanent shape upon heating is needed,
but also with the toughness to keep the encapsulatdamina straight during cooling. Ester based
urethane rubber also hasscratch and temperature resistace to perform thermal cycling, better
thermo-oxidative stability and property retention at elevated temperatures.

In the first place, ATRIR spectra were taken following the methods section to verify the chemical
composition of the PU matrixes as show in Fig. 67. Efectively a polyester urethane rubber was
obtained after the polymerization by resin and catalyzer based orhe taken spectra, characteristic
peaks of stretching of 1729 C=0 stretching othe ester-carbonyl group [267] were found. Some
insignificant changes (84 cm™) in the peak position wereseen, not for the material compositon,
but for the experimental spectral resolution. The slightly differences were found in the matrixes with
have long soft segments in their composition which affects their hardness.
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Fig. 68 provides the curves obtained from the heating and coding run analysis taken in an TA
instruments differential scanning calorimeter following methods section. There is no evidence of
thermal transitions as T or T in the thermal range explored, so the matrixes are effectaly
elastomers. At 75°C bat deflection temperature HDT was identified in all the samples, but it is
located above the cycling thermal range performed in the shape memory sibility experiments.
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The mechanical behavior of the matrixes was investigated in a tensile test carried out at room
temperature following the methods section. The results obtained are displayed ifrig. 69, the
evaluated matrixes PU30, PU60, and PU8O are mechanically different rubbers, a relation between
hardness, Young's modulus, and tensile strength was found, the sample with the lower hardness also
have lower values ofmodulus and strength, similar behavior for all the samples can be seen Fig.

69.

Nevertheless, significant elongation at break differences was ndbund, all the samples because of
their rubbery nature presents elongation values above 1383 %. Therefore, all the samples can comply
when the reinforced lamina start the recovery of their permanent shape. The average value of the
hardness, elongation at lveak point, Young's modulus and tensile strengthof the samples are
presented inTable 17.

Table 17. Mechanicalproperties of the samples

Sample  Shore A hardness Young'smodulus (MPa) Tensile strength (MPa  Elongation at break (%

PU30 30 0.44 0.66 1460
PU60 60 2.20 4.36 1612
PUB8O 80 3.00 8.16 1383
8 __PU30
PU 60
7 PU 80
6
5
< 4
o
23
%]
o 2
7]
< 1
£
£ o L—
< 0 200 400 600 800 1000 1200 1400 1600 Fig.69. Stress
Nominal strain (%) strain curves PU
matrixes
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Once the raw matrix materials were characterized, thefunctional composite material was
synthesized following the steps highlighted in the methods section. The resulted geometry from the
synthesis can be seen ifrig. 70 (A) multilayered beam actuators with different matrixes were reached

Fig. 70 (B), shape memory composites SMC1 (PU30 matrix), SMC2 (PU60 matrix), SMC3 (PU80
matrix).

—  H1
e |
H2
| PU —— H3
Exoskeleton

Matrix component <.
Fig.70. Obtained

cEVADCP
_actua.tor Reinforcement active
configuration component

views

(A) 3D View (B)2D Section view

As previously addressed, the stress load transference is a crucial fact to obtain the expected behavior
in composite materials, in this way, the adhesion between the reinforcement lamina and the matrixes
was assessed as the first step-peel strength test values were taken from functionalizedtreated
surface) and asreceived encapsulated reinforcing laminan a Shimalzu universal tester framein
accordance to methods section. Looking atFig. 71, it is apparent that the treated samples group

reported high strength values than the asreceived group. The behavior of evenlSMC systemwas
further analyzed as follow.

1,12 L4
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. 3 0,2
Fig.71 T-peel Q
strength values as = 0
received and treated SMC1 as- SMC1 treated SMC2 as- SMC2treated SMC3 as- SMC3 treated
encapsulated . . .
. received received received
composite

Fig. 72 (A) compares asreceives and treated SMC1 samples. the-deel strength in the treated
samples the lower slope curve is obtained because of a neck was formed in the unreinforced section
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then, the neck progresses through the reinforced section and tractioned the interface zone starting
the peeling process, the mechanical response is due to the matrix, as can be seen in videoS&gtion
4.5 Supplementary informatin. In the asreceived SMC1 samples, when the test starts, both matrix
and reinforcement materials support the load reaching a higher slope, but the whole system fails
sooner because of the interface region presents no opposition to the peelNo inflection point was
found in the curves.

In the case of SMC2 and SMC3, matrix samples with a tensile strength above 4MPa a different
behavior wasobserved Two sections with different slops and an inflection point were found as
shown in Fig. 72 (B) (C) On the first section, a combined mechanical response between matrix and
reinforcing was found, leading to getting a higher slope. On the second s&ion the behavior was
changed, a lower slope is reached because a neck was formed in the reinforcing lamina, it starts to
reduced their transverse section and the interface fails, starting the peeling process as showrHig.

73 and S2, S3, S4 videos

Fig.73 T-peel after
test samples. Left as
received, right treatec

(A) SMCilsamples ‘ (B) SMC2samples | (C) sSMC3samples
In thisway, the mechanical behavior of SMC2 and SMC3 shows a combined mechanical response is
shown up to 0,6 MPa is found.

THERMAL CYCLING

Once the adhesion of the asreceived and treated samples was analyzed, thermocycling
experiments were performed with treatedsamples, those reached higher adhesion values, and were
recorded through time-lapse video following the methods section. The transverse displacement was
measured tracking the expected actuation as shown iffrig. 74 by scaling the grid placed behind
samples using a computer assistant drawing software.

The results of the thermocycling experiments can be observed ifig. 74 to Fig. 77. During the
experiments when the temperature rises, the compositeturn to deform as bending in the expected
direction and when the temperature goes down the composite return to their original/permanent
shape. A twoway response in the first and highgrade repeatability in subsequent cycles was found
during the experiment. Nevertheless, a different response was found iSMCXsamples; behavior
further addressed as follow.
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(B)High temperature position

Fig.74 Expected
compositeactuator
response under
thermal cycling

2D view

The actuation behavior in the first thermal cycle of SMC1 samples by pictures taken every 10 min.
are summarized inFig. 75. The experiment starts at room temperature and the temperature rises at
5°C min! following the methods section. When the temperature rises to 45°C the sample starts to
bend; although, the effect is more evident when 60°C is surpassed, anthe full transverse
displacement is observed at 70°. The most massive transverse displacement 64,56 mm where
reached by SMC1 samples but the original shape does not be recover when the temperature is
cooling down, in fact, by every new cycle the bendingesponse is reduced, and the unrecoverable
segment is increased as shown ifig. 76 (A).

25°C 35°C 45°C

| Fig.75Actuator
| response for

| the first thermal
| “ ‘ | cycle SMC1
St : | ‘ G | sample

| 35°C | 55°C | 70°c | e5°C

In the case of SMC2 samples, massive initial displacement is reached, but the unrecoverable segment
is also foundas shown inFig.77 and video S4poth initial transverse displacement and unrecoverable
segment are less pronounced than SMC1 samples, and the response is moralde through the
cycles. The highest bending actuation between cycles 38,35 mm is achieved by SMC2 samples as
shown in Fig. 76 (B).The drop in the displacement values in 7, 18, 30, and 39 cycles is due to these
were the first taken cycle of the day and starts at room temperaure instead to starts at 35°C;
nonetheless the transverse displacement behavior is similahrough the experiment.
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Looking at Fig. 76 (C) it is apparent that substantial transverse displacement was not achieved by
SMC3 samples as can be seen wWideo S5 nevertheless, the permanent shape was almost recovered
in cooling cycles and the most stable bending effecD 10mm during the thermal cycling was found.

40°C

| Fig.77 second

thermal cycle SMC2
samples

The behavior of the bending effect in the thermocycling experiments has two inflection points were
the temporary shape is fixed, and the permanent shape is almost recovered. The temporary shape
(highest transverse displacement) is reached up to 70°C tempature where the reinforced lamina
crystals are partially melted. In the case of the permanent shape, at a temperature below 40°C the
recovery of the shaping process (straight state), is most noticeable, may due to at this temperature
the crystalline segmetts of the reinforced lamina are crystallized in a preferred orientation allowing
to reach that shape, but it needs to be further confirmed.

|

35°C

’ 40°C ‘ 45°C

The differences in the SMCX samples during thermocycling experiments are directgfated with the
tensile strength, hardness and Young's modulus, lower values allow to obtain high transver
displacement, but the matrix cannot return to the original shape. Higher values lead to obtaining
lower displacement values but more stable and réuced unrecoverable segmentsbecause of the
matrix have the toughness to drives the reinforced lamina to their prestressed shape

A further decay of the reverse effect was not seen when the number of cycles increase, just t

What was

5btained
J

differences found in the firstcycles was evidenced.
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CONCLUSIONS

This section has presented the experimental study of a thermosensitive component through the
synthesis of a composite based on a prestressed shape memory semicrystalline polymer. The
purpose of this functional composite synthesis was to reach a displacememmplification, and a
movement in a specific direction triggered through thermal differences that can be incorporated as
an actuator without the need of electronic components into an architecturathermosensitivepassive
dynamic skin.

A directional bending movement driven by a crystallization induced elongation was achieved
because of thermal variations as potential actuator based on a prestressed and functionalized
shape memory polymer cured cEVADCP lamina encapsulated into poly (Esteurethane) rubber
with variation in hardness. After all, the following conclusions were obtained.

In accordance with the reinforcing shapememory lamina can be concluded:

To enhance the SME in cEVMCP cured samples the programming stress load must be up to
850kPa toobtain a reversible strain up to 30%.

AD and SD temperatures have in important role in achieving a twavay shape memory effect
because of both drives partially the process of fixing and recovery of the shape.

In accordance withthe shape memory composie SMC synthesis:

Surface wettability of cEVADCP cured samples can be enhanced by loywlasma exposure by
the creation of polar groups in their surface.

The hardness,tensile strength, and Young's modulus have a significant effect on the
thermosensitive bénavior of reinforced shape memory compositesas follow:

Matrix with hardness up t030 Shore A conduct to obtain higher transverse values but just in
the first cycle, can be used in applications where just one cycle must be performed

Matrix with hardness p to 60 Shore A conduces to obtain the higher transverse displacement
between thermal cycling, but an unrecoverable percent of the shape can be reached.

Matrix with hardness up to 80 Shore A lead to obtaining a more stable reversible bending
actuation but higher transverse displacement cannot be achieved
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FURTHER WORKS

While this section presents an exploration into how programming processing parameters and
encapsulating matrix hardness can be modified to obtain a directional movement, further
development is needed to deep comprehend the phenomenon behind the effect andthe uses of
the material in real applications

The study of the microstructure of the constituents and the interface region as well to know
the mechanisms of the transfer of the load between the matrix and the reinforcemens
needed because this is the crucial fact about the performance of the compotg.

The toughness and Young modulus of the composite is still too low to be able to displace an
architectural skin elementNano-reinforcement to increase those propertieanust be
developed.

Molecular customize must be done to adjust the thermal transitiortemperatures of the
shape memory reinforcement to obtain bending displacement in response to the real
temperatures (outside laboratory conditions),that can be found in an architectural skin.

Moreover, further development is needed to ensure actuator apfications, as follow.

Further displacement amplifier methods such as flexible complaint mechanism, a type of
mechanisms which the performance is based on the deformation of its members, which
enlarge andallow the movementactuation of more prominent elements is needed
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5.1
OVERALLCONCLUSIONS

In the secondsection of this work, active and passive responsive architectural envelope/skins were
assessed, and mechanisms and protocols were reported, defining in this way state of the art and
further lines of research were identified.

Nowadays most of the buildingenvelopes have been restricted by their robust and rigid materiality
to adapted to the micro-climate changes which takes place around it; a reason why the materiality
has started to change and turned into smaklscale pieces to reach a flexible interface.

At first place, activedynamic systems based on electromechanical components driven by sensors
and actuators wereintroduced, and their adaptability has been shown; nevertheless, their rapid
obsolescence triggered adifferent approach.

Not only are complex systems more prone to failure over an extended periodlue to more points of
failure in controllers, connections, energy suppky,but they also tend to be more unreliable when

performing repetitive task$268] pp. 68

At second place, passive dynamicystems as jointless solutions without the need for electricity were
proposed, based on the use of stimulus sensitive materials, this is state of the art. The reported new
and exciting strategies to control microclimate variations have been shown promisingesults;
however, soft actuators are a early-stage approach into architecturaland building fields in contrast
with minimally invasive surgery, robaotics, and aerospace engineering areas where their development
has been carried out for several years.

In this way, in the third section,the exploration into materials capable of confaming soft actuators
conduced to stimulussensitive polymers, because of their advantage above othe stimulus
sensitive materials. 8micrystalline shape memory polymers were dected as a target,because of
being a low-complex synthesis system with thermlastimulus-sensitivefeatures, make it capable of
being scaled into building elements.

Once the experimental program was carried out in section fourth, the requirements of the further
experimental development of large softactuators were evidenced. In fagta movement in a preferred
direction as actuator was achieved because of the response of the composite to a thermatimulus,
but the toughness and mechanical potential of the system is still too lowThe suggested system is
not enough to trigger the displacement of any object but itself; at least envelopes made of fabric
tiles or cushions of lowdensity materials could bean object of actuation nowadays
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5.2

RECOMMENDATIONS FOR
FUTURE WORKS

Following the given facts, transdisciplinarity needs to be the keto the future expansion of soft
actuators based on stimulussensitive materials, in order to achieve their development as the most
promising direction of passive dynamic architectural skins. Moreover, in the coming developments,
the soft and jointless agproach must be maintained, andthe uses of biomimicry in architecture
[269]0[274] could be a pathway.

As an early advance for prospective stud& stimulus sensitive materialsand compliant mechanisms
[275] must be merged as a system.

If something bends to do what it is meant to do, then isicompliant. If the flexibilitythat allowsit to bend also
helps it to accomplish somethinguseful, then it is a compliantmechanism The idea of using compliant
mecdhanisms in products is catchingn, but traditionally when designers need a machinthat moves, they
commonly usevery stiff or rigidparts that are connected with hingeflike a door on its hinge or avheel on an
axle) or sliding joints. But when we tik at nature we see an entirelglifferent idea from rigid parts connected
at joints d most moving things in nature arevery flexible ingead of stiff, and the motion comes from bending
the flexible partg[276] pp. 2.

On the one hand, this kind of mechanisms can admit unconventional activation protocols, in
contrast with rigid body mechanismg[277] which has a difficult response to these actuation schemes
[278] . On the other hand, this integration in the way of translating properties from micro to macre
scale could be a second amplifying step.
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5.3

ARCHITECTURAILSKIN
APPLICATON PROPOSAL

Once the path for future studies
according to the theoretical and
experimental study was defined, an
early proposal for an architectural
skin application was developed
with the aim of giving a closure
returning in the architecture field
and is presented as follow.




Following the biomimicry of process, which is based on the kinetics and dynamics of natufdjmosa
pudica, a plant with seismonastianovement features in leaves was taken as the biomimetic referent
to define a dynamic architectural skinSeismonastic movement inrMimosa pudicaleaves are driven
by an electrochemical and osmotic phenomenon279] which triggers the bending of the pulvinus
as shownin Fig.78 and Fig. 79.

As the actuation response of the Mimosa, the obtained bending because of thermal differences of
the composite material, as can be seen irFig. 74, was used as the basis of a 3D displacement
amplifier compliant mechanism(DaCM) [276]. A compound bridge-type (CBT)[280] was usedas
the fundamental unit as shown inFig. 80
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Fig.78 Mimosa pudica pulvinus left. realexed rigth. bended

Fig.79 Morphing structures of a pulvinus and a petiole movement
Mimosa pudica after thermal stimulation of pinnules and the top of
rachis by a flame, adapted frof281]









