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Abstract. This study focuses on deployable systems actuatesthdpe memory
alloys in the perspective of designing adaptive sading devices for building
facades. We first set the context of smart matef@l adaptive facades and un-
derline the remarkable characteristics of shapeongalloys for mechanical ac-
tuation purposes. After outlining the constraimglte integration of this material
into deployable structures, we introduce threeeddifit prototypes actuated by
shape memory alloy wires. They have been fabricateidests have been carried
out on two of them. Finally, we present some patpes on the use of these
actuators for solar shading systems in fagade eagimg.

Keywords: Shape memory alloys, Actuator, Adaptive structubeEployable
structures.

1 Introduction

The building envelope presents an increasing anafumechanical devices: the build-
ing can thus adapt to changing operating conditiamsmeet strong technical require-
ments, including energy consumption specificatidigwever, common mechanical
systems like electrical motors and rigid-link megisans are not fully satisfying in ar-
chitecture [3]. A whole range of new materials bagn researched in the last years:
the so-called “smart materials” are able to rea@ternal stimuli and produce an out-
put that can be exploited by engineers and desigidrey can convert one form of
energy (mechanical, thermal, electric, magnetienaibal, etc...) into another [7]. In
particular, those materials could lead to new kinelements in facades which must
adapt to climatic changes. We focus on deployabler shading systems: the large
glass facades in office buildings require an effitisun protection. But current prod-
ucts only offer limited geometrical freedom, andf-changing materials could foster
the emergence of new architectural components.estmgmory alloys (SMA) present
some remarkable properties and are being investightough the design and analysis
of prototypes resorting to different actuation piates.



2 Shape Memory Alloys

Morphing smart materials include SMA, shape menmatymers [1], bimetals and pi-
ezoelectric materials. Standing out among thesenmit, SMA can undergo large de-
formations (up to 8%) and return to their origislhpe with a high recovery force when
heated, which is known as the “shape-memory effdlttis feature relies on a solid-
solid phase change at the crystal lattice levelnifaustenite to martensite and con-
versely) resulting in a coupling between tempemamd mechanical loads. SMA are
widely used as actuators or shape-changing deinicescroelectronics, biomedicine
and aerospace applications [5]. Nickel-Titaniurthis most widespread alloy because
of its satisfying fatigue properties and exceptl@wuation qualities. However, SMA
have not been used at a large scale in architegiiren spite of some remarkable
features like their silent actuation, an ultra-laxight, the ability to both sense and
actuate, and the freedom of shape they allow.

One main characteristic of SMA actuators is theials stroke and high output force:
in order to develop kinetic shading devices, an ldivgtion of that small stroke is
needed. Hysteresis is another characteristic ah#r@nomechanical response of SMA,
and it has consequences on the behavior of SMAdeas®ators. Either upon mechan-
ical loading or upon thermal loading, the beha@b8MA is not the same during load-
ing and during unloading. This hysteresis is relatethe solid-solid phase change hap-
pening in SMA. The consequence for SMA actuatotisasthe position of the structure
cannot be determined only by knowing the curreméwemperature: it also depends on
the loading history.

3 Integration into Morphing Structures

SMA can be manufactured in various shapes (wile=ets, tubes, etc...). Due to their
high cost and significant environmental footpritte use of those alloys can only be
considered for a small actuating part of a facaeiment, transmitting efforts to a larger
structure made of cheaper materials. Becauseoh#ed to minimize the SMA quan-
tity, and because the simulation of its complexe¢hdimensional thermomechanical
behavior is numerically challenging, we chose mfon SMA traction wires and their
one-dimensional behavior. In this case, the SMAesvineed to be pre-strained in order
to undergo the shape-memory effect upon heatiregwthe will try to recover its initial,
unstrained shape, or, if kinematically constraimveitl, generate high stresses which can
be used for actuation. A computationally efficighermomechanical SMA model has
been developed in a parallel research [4] and eaexploited to analyse the response
of SMA actuators: the algorithm’s one-dimensioriaiification enables to simulate
systems including SMA wires, which can also be etdlee into a host material or fixed
to a host structure. A User-Material subroutine (WM has been implemented for the
finite-element code ABAQUS.

For shading applications, changes of temperatuedaaddition of ambient temper-
ature and absorption of the material under soldiatimn could heat the Nickel-Tita-
nium wires, resulting in a truly passive devicet &u electrical heating by Joule effect



has been chosen for a better control of the deBd&A wires actuated by shape-
memory effect must initially find themselves in eefstrained state. For this reason,
such devices actuated by shape-memory effect needtarnal spring-back force in

order to return to their pre-strained shape aft&sagion.

Various kinematic amplification strategies can #entified in engineering [2], in
particular the eccentricity of the actuator, thiayer effect, controlled buckling, and
torsion-induced movements. They were adapted tasheof SMA as an actuator. Dif-
ferent prototypes of shape morphing devices fohisecture could be designed and
fabricated.

4 Prototyping

4.1 A Bilayer-type Actuator

The first prototyped actuator exploits the bilagéect: two thin materials are kinemat-
ically constrained together, and both materialsehdifferent thermal behaviors. A
change of temperature results in different strénboth materials, which bring the
whole structure to bend. In our case, the firstemalkis a 1 mm thick wooden lamella,
whose reaction to a temperature change is negigitlie second material is a 0.5 mm
diameter pre-strained SMA wire provided by InggaiabH, which shortens upon heat-
ing. They have been fixed with a humidity-curedyetiased instant adhesive (Loctite).
When the heated wire contracts due to the shapeenyeeifect, the wood-SMA la-
mella bends, and upon cooling it return to its inagstate (the springback force is the
elastic strain energy contained in the wooden lEheNotice that in the non-actuated
state, the structure is still bent, because ofwtine pre-strain, as seen in Fig. 1. This
prototype is similar to the adaptive SMA-composigam presented in [8].



Fig. 1. Bilayer-type actuator composed of a wooden lanetid an SMA wire: initial state at
ambient temperature

Actuation tests were carried out on this prototythe, SMA wire, initially at ambient
temperature, being actuated by resistive heatiogléJeffect). The wire temperature
was measured by a thermocouple fixed on the witle avhighly thermally conductive
silicon paste. Indeed, the resistivities of the tamsitic and austenitic phase are differ-
ent: the wire temperature cannot be inferred froendlectrical input power. The radius
of curvature of the lamella has been measured ditatlimage correlation (DIC) with
the commercial software GOM Correlate (Fig. 2&dh be observed that the curvature
is homogeneous along the lamella. Indeed, lochllySMA wire can be modelled as
an excentric force acting on the lamella. Considgthe lamella as a beam, uniform
stresses in the wire lead to a uniform bendindheflamella.



Fig. 2. Curvature measurements for the bilayer-type actuimitial state at ambient temperature
(left), actuated state with resistive heating (fjgh

The presented test has been carried out after dpmpately 10 previous actuation cy-
cles. Two consecutive tests gave similar measuresnand we can thus suppose that
the system’s behavior is stabilised. The curvatidréne lamella has then been plotted
with respect to the wire temperature in Fig. 3. Tieasurements highlight the actua-
tor's hysteresis described in Sect. 1: there iz@ng difference between the heating
and the cooling curve. The cooling curve does nobmetely reach the initial state,
maybe because of some residual strains in the woladeella, and probably because
the test was interrupted too early. We can iderditable “hot” state: at temperatures
higher than 58°C, the prototype always presentsanee curvature. In the same way,
if the difference between ambient temperature amdaion temperature were higher
we could identify a “cold” state, with no geome#tivariations below a certain tem-
perature. Between those two temperatures, the fegdeprevents from being able to
determine the curvature at a given temperaturetodeing history has to be known.
This hysteresis is a material property which isted to the dissipative nature of the
phase change, it does not vary with cycling anddé&e considered in any design with
SMA.
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Fig. 3. Actuation test: Measurements of the actuator'aisadf curvature with respect to the wire
temperature — Heating curve and cooling curve

This way of embedding or fixing SMA into/onto a td@émensional host material (rib-
bon, thin shell) is very promising in architectunehereas the actuator and the moving
element are often dissociated, this combinatioddda visually interesting kinematics
where the material itself deforms.

4.2 A Buckling Actuator

The second means of displacement amplificationstithted in Fig. 4, relies on con-
trolled buckling of elastic materials. We exploitdte Euler buckling of two elastic
steel ribbons with 1 mm thickness and 10 mm wiilttg prototype similar to the one
presented in [6]. Both ribbons contribute to reatize actuation movement and provide
a spring-back force. 3D-printed hinges were martufad in order to receive these
steel ribbons as well as to crimp one central SM#& (0.5 mm diameter). At ambient
temperature (initial state), the steel ribbonskaet and the wire is thus pre-strained.
Upon heating, the wire shortens and thus bringsittiens to bend more. Upon cool-
ing, the elastic strain energy contained in theaiis provides the springback force to
bring back the wire in its pre-strained state.
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Fig. 4. Buckling actuator: initial state at ambient tengtere

Actuation tests were also carried out on this pgym®, with the same experimental
method, starting at ambient temperature, with dilhgahase followed by a cooling
phase. In this experiment, the curvatures of thelsibbons have been measured by
DIC in order to determine the maximum distance leetwboth ribbons, which we
called the actuator’s “opening”, highlighted in Fig

Fig. 5. Curvature and distance measurements for the Imgckictuator: initial state at ambient
temperature (left), actuated state with resistigatimg (right). We define the actuator’s “open-
ing” as the length of the green arrow

The opening has thus been plotted with respetigtovire temperature in Fig. 6. In the
same way as for the first prototype, the measuré&nteghlight the actuator’s hysteresis
(See Sect. 1). We can identify a hot” and a “caldite: above 64°C or below 23°C, the
actuator’'s geometry does not change. Between thaséemperatures, the actuator’s
geometry depends on the loading history. The kitienaanplification described in
Sect. 2 is illustrated here by the actuator’s opgnvhich increases by 19mm during
actuation while the SMA wire shrinks by approxinhaté%, which represents 7mm.
This system had already been actuated many tinfeselthe experiment, and we can
thus consider that the studied behavior is alrestalyilized.
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Fig. 6. Actuation test: Measurements of the actuator'snopelength with respect to the wire
temperature — Heating curve and cooling curve

4.3 A Torsional Buckling Actuator

Torsional movements have also been investigatesh@sn in Fig. 7: a slender elastic
steel ribbon undergoing rotations at its suppaatsgroduce a large displacement. The
supports can freely rotate around their verticas,aand one SMA wire is stretched
between each side of the support: by heating ore e supports rotate in two oppo-
site directions, inducing the torsional bucklingwement of the elastic ribbon. In the
specific material and geometric configuration & thanufactured prototype, the struc-
ture can remain in the deployed state without &rridctuation, due to gravity. Upon
heating the other wire, the supports rotate backthe structure returns to its original
position.

In this actuator, there is no springback force aupto the movement of the actu-
ators, except the elastic strain energy of thd ste#gon before it buckles. However, the
two SMA wires can be actuated separately: the Hiotuaf one wire enables the other
wire to return to its pre-strained position. Thaosly one wire should be heated at one
time. There is always at least one wire in a praiséd and cold state. For this actuator,
no measurements have been carried on yet.



Fig. 7. Torsional buckling actuator: initial state (ledind deployed state upon actuation (right)

5 Facade Integration

The three presented prototypes could perform thetstral function in sun shading

devices, supporting a large and lightweight elemgpéaque or translucent (membrane,
fabric or composite surface) performing the ocdigdta They could at the same time
be the actuating parts of these sun shades. Exgldite experimental data we can
calculate the mechanical work supplied by the hibatiees to the system constituted
by the bent lamellae, through the following formula

W= %I.EI.()(I? - x?)

Where E is the elastic modulus of the lamellajtsisnoment of inertia, | is its length
andy; andy, are the initial and final curvatures of the laraell The results are pre-
sented in Table 1.

First Prototype | 1,08 GPa | 1,64 mm* | 1,85m™ | 508m™! | 3,56.107%]

(Section 4.1)

Second Proto-| 206 GPa | 0,83mm* | 233m™ | 6,12m™! | 8,23.107Y)

type (Section
4.2)

Table 1.Comparison of the mechanical work supplied by tire ¥ the lamella for two proto-
types

The difference of two orders of magnitude in medatanvork mainly stems from the
difference in stiffnesses of the lamellae. Probatdwd is not the right material for an
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upscaling of the first actuator. However, the cltian for the second prototype can
give us interesting orders of height. The mechanicak supplied by the SMA wire
with respect to its mass is:

€ =980]/kg

The literature shows similar values for the speafiergy of SMA actuators. This is
why only a small quantity of SMA is needed in SM&twators: a traction wire enables
to fully exploit the potential of shape memory goEven for an upscaling to a facade
system, the quantity of SMA needed is expectee@mneain low.

Furthermore, the integration on the outer sidéheffacade needs the sun shades to
be designed for high loads, such as wind loadsaaods loads. This is why, at this step,
an integration into a double-skin facade is planiredrder to avoid high design loads,
to facilitate maintenance, as well as to increaseice life.

Finally, the issue of the actuation temperaturs&laa double skin fagade needs to
be addressed. Indeed, the air gap temperatureasily exceed 70°C on summer days.
For an electric control, the actuation temperatitichave to be superior to the air gap
temperature.

6 Conclusion

This preliminary study aims at proposing some aainagrinciples for SMA-based sun
protection devices. The three manufactured proastypesent the main characteristics
of SMA actuators. First, they are stable below ahdve two temperature limits, but
between these limits they are difficult to conttécause imposing a temperature does
not fully characterize the state of the device. S I8 MA actuators are better suited for
applications only requiring a change from one ahitd a unique final shape. Secondly,
the shape memory effect in SMAs only works in orsywin order to switch between
two positions, an SMA actuator needs a springbantefor different SMA wires actu-
ating the structure in two different ways, at twifedent times. Finally, these 3 proto-
types illustrate some advantages of SMA actuatees conventional actuators, like a
silent actuation and a reduced number of mechaeleaients.

We can also list some remaining technical challerigeSMA actuation. One draw-
back of this type of actuation is the lack of cohtipon the system: it is difficult to
obtain a feedback on the real position of the dotu&ven upon electrical activation,
measuring the resistivity of the wire is not a midht information to determine the
state of the actuator: the wire’s resistivity isighle and depends on the volume frac-
tions of martensite and austenite phase. Furtherntioe energy consumption of these
devices has to be studied and compared to othemoaity used solutions. Indeed,
SMA can provide a high energy output with a rembhkdow weight, but resistive
heating is a poorly efficient energy transfer. Toatinuous heating of SMA wires to
maintain a deployed position can be questioned.

These three prototypes could be the basis elemé¢midaptive shading devices for
building facades. Through this critical analysislfferent actuation principles, the po-
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tential of shape memory alloys for architecture tagdhde engineering has been clari-
fied. This work is being conducted in strong parsh@ with a fagcade consultancy firm.

Material behavior research is being carried oydrallel with the design and analysis
of different prototypes, aiming at realizing SMAt@ators for sun shading devices.
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