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1     INTRODUCTION 

Civil engineering has a decisive role in the search for solutions that provide comfort and safety in 
construction through a more efficient and sustainable management of natural resources. Adaptive 
facades and double skin facades are designed within the scope of this goal. Both solutions provide 
advantages concerning the diminishing of mechanical ventilation systems of buildings and increasing of 
light penetration.	The aim of the present study is to develop a double skin facade prototype with shape 
memory materials that maximizes the use of natural ventilation in the facade air cavity, thus, avoiding 
the use of mechanical systems. The focus of this work lies on creating an active facade system 
stimulated by the Joule effect. The possibility of making this adaptive facade system independent of 
electric current, turning it passive, is also explored. The behavior of shape memory materials is key 
regarding the functioning mechanism of the prototype. This material, in the form of wire alloy, presents 
two main properties, superelasticity and shape memory. The second is destined to assure the facade's 
autonomous behavior. Shape memory behavior allows the alloy to obtain two different reversible lengths 
of the material, through temperature difference and applied stress.	A numerical model is conducted to 
compare practical and theoretical results through a finite elements method simulation by the program 
SAP2000. 
	

2     STATE OF THE ART	
 

2.1    Adaptive facades 
 

Adaptive facades arise with the objective to reduce energy costs for buildings, while also promoting 
peoples’ comfort and sustainability of the cities (Wigginton and Harris, 2002). In the past few decades, 
low energy solutions in buildings have taken two clear directions. On the one hand, there are buildings 
whose sustainability is ensured through the introduction of active technologic devices, whose energy 
capture is renewable or non-renewable, but of high efficiency. On the other hand, there are passive 
solutions for buildings where the construction itself plays the role of capturing, storing and distributing 
solar and wind energy, replacing the consumption of fossil fuels for heating and lighting (Loonen et al., 
2013). Loonen et al. (2013) state that “a climate adaptive building shell has the ability to repeatedly and 
reversibly change some of its functions, features or behavior over time in response to changing 
performance requirements and variable boundary conditions, and does this with the aim of improving 
overall building performance”. Therefore, facades that are adaptive no longer only constitute a physical 
barrier between the exterior and interior of buildings. 
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2.1    Double skin facades 
 

A double skin facade consists of a system of two vertical glazed panels with an air cavity between them, 
separating the interior from the exterior of a building. The depth of the cavity stands between 0,10 and 
2,00 meters. The major purposes of this system are the need to improve the interior environment of 
buildings, the need to reduce noise in urbanized cities, the decrease in energy consumption of buildings 
and the desire to achieve transparent glass facades (Poizaris, 2004). In fact, the transparency of facade 
buildings is often associated to elegance and modernity, hence the usage of this facade system in 
tertiary sector buildings.  
Throughout literature, double skin facades are often classified by their ventilation type, ventilation mode 
and facade typology. The first is function of the type of force that causes the movement of air in the 
cavity. Its types are natural, mechanical or hybrid. The ventilation mode refers to the different 
combinations of the location of the air inlet and outlet in the system, and can be exhaust air, supply air, 
static buffer, external air curtain or internal air curtain. The facade typology refers to the way the facade 
is physically divided. The four existing typologies are box window, corridor, shaft box and multi-storey 
(Gomes, 2010). 
Among the most discussed advantages of double skin facades are the thermal and acoustic insulation, 
the reduction of energy consumption through the decreasing use of ventilation systems or electricity and 
the possibility of including a shading device inside the cavity. On the other hand, double skin facades 
have a high initial cost, present a risk of overheating in the hot seasons, cause lack of privacy and 
diminish area of construction (Gomes, 2010). 
 

 

2.3    Shape Memory Alloys 
 
Shape memory alloys (SMA) are mostly known for two properties: shape memory effect and 
superelasticity. The phenomenon of shape memory effect can be separated into one-way or two-way. 
One-way shape memory effect happens when the alloy has the capability, after deforming, to restore its 
original shape and size by increasing the temperature. Two-way shape memory effect happens when, 
after a thermomechanical treatment of the alloy, it is possible to change the shape of the alloy between 
two different shapes, through heating and cooling. Superelasticity occurs when, at a certain 
temperature, the alloy presents a superelastic behavior. This means that all the strains triggered through 
stress are recovered after removing the load applied.  
All of this happens under the shifting of two metal phases, austenite and martensite. Austenite is stable 
at high temperatures and presents a stiff behavior. When the alloy is 100% austenitic, it presents a 
superelastic behavior. Martensite is the low temperature phase and has two variants: twinned or 
detwinned martensite. In this phase, the alloy is deformable and only recovers its shape after heating 
(Jani et al., 2014). 
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Figure 1 shows all the processes regarding the behavior of SMA, relating temperature, stress and strain. 
Ms and Mf are the start and finish temperatures of martensite and As and Af are the start and finish 
temperatures of austenite. Md is a temperature in which the properties of these alloys are lost. 
The most common shape memory alloys are Nickel-Titanium. They present the best recovery strains 
(among all shape memory materials), good corrosion resistance, and their temperature transition 
phases can be set during fabrication of the alloy. On the other hand, its cost is quite high due to its 
manufacture process, although this covers all shape memory alloys (Pereira, 2011). 
 
 

2.4    Previous studies 
 

There are few studies in literature that include all three topics mentioned above. In fact, most studies 
have been done regarding the presence of shape memory alloys only in adaptive facades. Almost all of 
them have facade shading purposes. “Pixelskin02” (Brownel, 2008) is a project where a grid constituted 
of “pixels” to be used on a facade is developed. The grids open or close according to the electric current 
induced to the alloys through a programmed algorithm. LiftArchitects (2011) inspired in “Pixelskin02”, 
where the heating process used was through convection of the air. Formentini and Lenci (2018) 
developed a prototype suitable for ventilated facades and adjustable to diverse climatic zones, where 
two panels open or close, creating openings in the facade. Miri (2018) created a prototype of a flexible 
skin facade with two different configurations concerning the assembly of the SMA wires, applicable for 
double-skin facades. Furthermore, Coelho and Maes (2009), Lazarovich et al. (2015), Pesenti et al. 
(2015), Verma and Devadass (2013) and others, all contributed for creating shading solutions in 
adaptive facades exploiting SMA’s unique behavior. 
 
 
 
 
 
 

Figure 1 – Stress-strain-temperature graph of the processes of SMA (Jani et al., 2014) 
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3     CREATION AND DEVELOPMENT OF THE PROTOTYPE 
 

The state of the art demonstrated that there is a scarce number of studies regarding the combination of 
adaptive facades, double skin facades and shape memory alloys. The present work intends to contribute 
to the development of a prototype that combines these three topics.  
The prototype is composed by two main parts: the main frame and a wooden frame recreating an air 
gap. The main frame was printed in a 3D printer (Prusa i3 MK3), suitable for prototyping plastic pieces. 
All pieces are PLA thermoplastic, except for the outer facade skin which is made from PETG. The main 
frame embodies the outer skin window of a double skin facade, where shape memory alloys will allow 
the opening of its flexible skin.  

 
 

The opening is triggered by the reduction of length of 4 SMA wires (Flexinol) that are installed in both 
vertical tracks. These shape memory alloy actuator wires are made of Nickel-Titanium and contract from 
2% to 5% of their length when electrically driven or heated (Dynalloy, n.d.). Each wire is restrained in 
two different parts. When one side of the wire is fixed to the skeleton, the other is fixed into a piece that 
slides vertically on both vertical tracks. In order to create openings in the upper and lower part of the 
prototype, 2 sliding pieces were conceived. When the alloys are heated, and reach a certain 
temperature, its shrinkage forces these pieces to rise or descend. This movement will force the outer 
facade skin to bend, creating the dynamic shape seen in Figure 2. Upon decrease of temperature, the 
wires recover their original size, fostered by a much-needed restitution force. This recovery allows the 
outer skin to close again. 
 
 
 
 
 
 
 
 
 
 
The way the outer skin facade curves depends on the design of the sliding piece. Figure 3 shows the 
visual aspect of the lower piece. The green piece is embedded in the gray element and can rotate to 

Figure 2  – Views of the prototype when shape memory alloy wires are activated 

Figure 3 – Sliding piece and its functioning 
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only one side, meaning that the skin can also only bend to this one side. The three holes seen in the 
green part are meant to match three other holes of the window for further screwing. In both sides of this 
gray piece, there are two tiny holes that allow the passage of the shape memory alloy’s wires. 
Moreover, another type of prototype opening was conceived (Figure 4). Instead of a single flexible 
window, a two-rigid window system was designed, where both windows meet in the middle of the model 
in a blue rotating piece. Although this alternative system has advantages, namely the absence of 
stresses in the window, it was not printed nor studied in this work.  
 
 
 
 
 
 
 
 
 
 
 

 
 

The other part of the prototype is a medium density fiber (MDF) hand-made box, created for ventilation 
purposes, as in the cavities of double skin facades (Figure 5). The main frame is expected to fit in the 
box on the front side. Two configurations were set regarding the back side of the box, where each has 
a different volume of air. The distance between the window of the main frame and a thin film of PVB can 
be either 7,5 cm or 15 cm. This film is screwed to the box, allowing it to have a steady and closed inner 
environment. Besides, the installation of an anemometer was considered when designing this box. To 
achieve this, a hole on one of the lateral sides of the box was executed, letting this equipment work in 
the two configurations designed and simultaneously avoiding direct contact with polyurethane expansive 
foam used in the experimental campaigns.  

 

Figure 4 – Alternative window system 

Figure 5 – Views of the wooden frame with its air gap 
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4     EXPERIMENTAL CAMPAIGN 
 
The experimental campaign of this study is constituted by two stages.  
The first part is focused on achieving openings in the main frame by heating the SMA wires by Joule 
effect. The objective of phase 1 is the measurement of parameters such as displacements and 
extensions caused by the unidirectional movement of the sliding pieces of the main frame, and, 
simultaneously, the buckling of the main frame window. The record of this values is analyzed along with 
temperature changes. This first part represents the experimental phase of an active facade. 
The second part is merely an exploratory study. The objective of this part is to assess the possibility of 
creating a passive system, independent of electric current, where the heating of the alloys is achieved 
through convection and/or radiation, inherent in passive facade systems.  
This study represents a possibility to have a cyclic and autonomous system in a facade where the 
opening and closure of the facade openings is simply conducted through changes in temperature of the 
alloys. 
 

4.1     Active facade system 
 

Since the main frame is fragile and vulnerable to unwanted perturbations, a small support structure was 
designed to grasp the prototype and a magnetic heavy plate was rested in the countertop to attach the 
magnetic bases of deflectometers, which required maximum stillness. This small support structure, 
displayed in Figure 6, guarantees the stabilization of the prototype. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Four strain gauges were carefully glued to different positions of the window: centre-centre (CC), centre-
right (CR), centre-down (CD) and down-right (DR). Three deflectometers were placed in different 
positions. Two of them, placed vertically, record the vertical displacement of each sliding piece of the 
main frame. The other, placed horizontally, records the horizontal length generated by the bending of 
the window. Figure 7 shows the locations and set up of the deflectometers and the strain gauge’s 
locations. Additionally, 4 type T thermocouples were glued with adhesive tape to each shape memory 
alloy wire.  

Figure 6 – Assembly of the prototype in the active facade system 
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Regarding the execution of the tests, a total of 20 cycles were carried out, where all had an increase 
followed by a decrease in temperature over time. There were 5 established target temperatures in the 
wires: 40ºC, 50ºC, 60ºC, 70ºC and 80ºC. For each target temperature, the increase and decrease over 
time was performed in two ways, gradually and abruptly. Since the horizontally placed deflectometer 
severely affected the strain gauges’ values, half of the cycles were executed without it. The control of 
the electric current of the wires, and therefore temperature, was manual and ensured by a power supply. 
Due to the absence of practical results concerning the cycles of 40ºC target, no results are presented. 
 

Concerning the tests with the horizontally placed deflectometer, results show that the initial reaction of 
the alloys occurs at temperatures between 38ºC and 49ºC. However, it is noted that this reaction is not 
visible to the naked eye, as it occurs for displacements of less than 1mm. It is verified, for the cycles 
regarding the temperatures of 60ºC, 70ºC and 80ºC, that the fast increase in temperature is more 
effective for the initial reaction of the alloys, starting in these cases at lower temperatures compared to 
the cycles in which the control is gradual. 
 

The displacement stabilization occurs, in the first 4 cycles (50ºC and 60ºC, imposed both gradually and 
abruptly), at maximum temperatures. In the next 4 cycles (70ºC and 80ºC, both gradually and abruptly), 
the same does not occurs. Therefore, regardless of the value of the displacements or the maximum 
temperature reached, the stabilization of these values happens at temperatures around 70ºC. Another 
conclusion to be drawn is that the beginning of recovery always occurs at temperatures below of those 
seen during stabilization. Moreover, the temperature of the beginning of shape recovery depends on 
the maximum temperature reached, thus leading to distant recovery temperature values throughout the 
cycles, something that should not occur. 
 

Regarding the tests without the horizontal deflectometer, as expected, the strains registered in the 
center of the window obtained the highest values, with the strain gauge on the right (CR) obtaining the 
highest value of all. This may be explained by the fact that	shape memory alloys contracted more on 
the right side than on the left side, leading to a stricter bend on this side of the window. Also, irregularity 
in the values was found in the lower strain. The lower strains (CD and DR), close the sliding piece, 
increased when the temperature started to decrease, following the rate of decrease of the centrally 
located strains. 
 

 

Figure 7 – Setup of measuring equipment 
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4.2     Passive facade system 
 

Concerning the passive facade system approach, three attempts were performed to heat the 
temperature of the wires passively through convection and radiation heat transfer phenomena. In the 
first attempt, a climatic chamber (Fitoclima 4600 – Aralab) was used to heat the air gap temperature, 
and thus, the wires by convection. The external wooden frame was assembled in one of the openings 
of the chamber (Figure 8). The physical insulation of both environments, exterior and interior, was 
assured by the filling of expansive polyurethane foam around the box. During the heating test, the air 
gap temperature only reached 55ºC which proved insufficient to activate the system. In fact, the wires 
only reached 40ºC.  
 
 
 
 
 
 
 

 
 
 

To reach higher temperatures, an oven (Heratherm) was used to heat the air gap of the prototype. A 
MDF board was cut to fit in the opening of the oven, glued with stone wool (Figure 9). Before this attempt, 
there was a known risk concerning the melting of the plastic of the main frame. In fact, when gradually 
increasing the temperature to 110ºC over an hour, the plastic effectively melt down. Nevertheless, even 
though the wires reached a temperature of 54ºC, the prototype never opened itself throughout this cycle. 
A last attempt was carried out to evaluate the possible influence of direct radiation in the wires. To 
achieve this, two light bulbs were placed directly inside the air gap. (Figure 10). The objective of this 
attempt was purely experimental, given the damage of the main frame. Results were also unsuccessful, 
where no movement was registered.  
 

 
 
 
 
 
 
 
 
 
 

 

Figure 8 – Prototype assembled in the climatic chamber 

Figure 10 – Prototype assembled with lighting bulbs Figure 9 – Prototype assembled in Heratherm oven 
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In fact, all three tests did not show any displacements. The attempt to heat the main frame in the oven 
resulted in the melting of the plastic of the main frame, damaging permanently the prototype. 
Nevertheless, some conclusions could be drawn. The pace in which the wires are heated was studied, 
namely through Newton’s law of heating and cooling, leading to the conclusion that the wires should 
heat quite rapidly in a warm environment. This was not verified in the climatic chamber and oven tests. 
No wire temperatures were registered in the light bulbs attempt. 
Since this prototype was conceived to act as an active facade system, there was no need to protect the 
wires from the outside environment. However, this led to a clear exposure of the wires to both 
environments, inside the box and outside. This explains the absence of displacements seen in all three 
attempts.   
 

5     NUMERICAL MODEL OF THE FACADE’S OUTER SKIN 
 

A numerical model of the facade’s outer skin of the presented prototype is conducted through a finite 
elements method program, SAP2000. Despite the complexity of the prototype's operating mechanism, 
the movement of the skin is quite simple. It is free to rotate in the upper and lower edges, and free to 
vertically move, being able to only bend to one side. A small initial deviation was also imposed to the 
model to avoid pure compression vertically. It was in these support conditions that the model was 
designed to compare the results obtained experimentally and theoretically. The material and its elastic 
properties were also introduced into the simulations. The “shell” type model has 392 finite elements 
whose stresses are particularly greater at half height. Two different approaches were set regarding the 
numerical model. The first compares the horizontal displacements of the model in its geometrical center 
experimentally and numerically. Secondly, strains in the Y-axis (bottom-up direction) are compared, also 
in both ways, in the 4 locations visible in Figure 11. The input of the model is the maximum vertical 
displacement caused during the heating, and therefore contraction of the wires. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 

Regarding the first mentioned approach, numerical results show a deviation of about 7 mm between the 
expected horizontal displacements and the experimentally recorded (Figure 12), which can be explained 
by two factors. Deflectometers are usually used to calculate displacements in beams. The needle of this 
equipment moves limitedly by a spring’s rigidity. Taking this factor into account, the spring acts like a 

Figure 11 - Stress diagram (syy) for total vertical displacement of 6.6 mm with the location of 4 strain gauges: 
CR(centre-right); CC(centre-centre); CD(centre-down) and DR(down-right) [N/mm2] 
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counter-force to the window’s prototype, explaining the constant deviation of the practical and numerical 
results. Moreover, after many preliminary tests, the window showed a permanent bend when starting 
the experimental tests. This affected the starting point of the main frame’s window, comparing to the flat 
starting configuration imposed in the numerical model. 
The comparison of the strains was only possible due to the use of Hooke’s law. Stresses taken by the 
program were converted into strains in order to compare with the values registered in the second phase 
of the active system facade experiments in the four locations seen in red in Figure 11. Results show a 
that the numerical values of the strains of the CC strain gauge were lower than the experimental values 
(except for the 50ºC gradual rise of temperature attempt) and that all the CR strains calculated by the 
program are considerably lower than the ones seen in the active facade experimental tests. Regarding 
the bottom strains (CD and DR), both numerical and experimental strains showed more similarity. Figure 
13 also shows that, for the central strain gauge (CC), the difference between experimental and numerical 
strains is quite significant at the 60ºC, 70ºC and 80ºC temperature cycles (theoretical values greater 
than experimental) and that both paces regarding the heating of the wire proved to be not meaningful. 

	
	

 

 
 
 
 
 
 
 
 

 
 

6     CONCLUSIONS 
 

The main aim of the present work is to develop an adaptive double skin facade prototype with shape 
memory alloys. The developed prototype resulted in a fully functional and original facade system that 
reacted to temperature change. A study was done regarding the influence of the temperature of the 
alloys on the active functioning mechanism of the openings of the outer skin of the prototype. 
The active facade system proved capable to work on a double skin facade. Although the openings were 
quite irregular, the electric heating of the alloys stood out as an effective way to activate the system. 
The same cannot be said concerning the passive facade system, where some experimental obstacles 
were found. Although the light bulbs tests proved to be more effective and simple to execute, the printed 
PLA plastic filament is not suited for the range of temperatures needed to trigger the contraction of the 
selected wires during experimental tests. In fact, filaments such as ABS may be more suited given the 
fact that they sustain higher temperatures without reaching the melting point, even though there are 
shape memory alloys with lower activation temperatures also available. In addition, the numerical model 
exposed some limitations concerning the measuring equipment used and the feasibility of this prototype, 
leading to some deviations between experimental and numerical values. Although the use of SMA’s in 
buildings may represent a huge low-energy solution, future research is needed to apply it to reality.  

Figure 12 – Variation of horizontal displacements 
throughout temperature cycles 

Figure 13 – Variation of strains (CC location) 
throughout temperature cycles 
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