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Abstract 
This project addresses the challenges of designing adaptive façade systems with ‘dynamic’ or ‘smart’ 
materials. Presented are a series of self-shading building tiles that apply the attributes of a class of polymers 
with shape memory characteristics. The smart material, adaptive, and reconfigurable tiles (SMART Tiles) are 
designed to wrinkle and reposition themselves in response to incoming solar radiation to shade building 
surfaces and lower thermal transmission. The workflow and design process of constructing physical models 
are discussed, including casting, shape programming, and tile prototyping. Stepping into the emergent field 
of building self-regulation with programmable matter, this project is part of the shift towards a built 
environment that adapts to subtle environmental fluctuations of temperature, light, humidity, and pressure via 
material properties. Equally important to the team is that the dynamic aspects of the SMART Tiles appeal to 
the imagination and viscerally (re)connect a building occupant to the environment.  
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1. Introduction
Henri Bergson’s ideas on matter, which includes “modifications, perturbations, changes in tension or energy 
– and nothing else,” [1] position us between abstraction and experience, and have served as a conceptual
guide for this work. The SMART Tile project described is rooted in the performative displacement of 
materials to give architecture new climatic and experiential prospects. The building façade is thus viewed as 
a self-organizing operable filter that responds to differences between interior and exterior environments. 
Most kinetic building envelopes are predominately mechanical, relying on an interconnected series of 
sensors, motors, and computational feedback loops to adjust interior conditions in response to climatic 
variations. Less studied are adaptive building technologies that reduce mechanical complexity by employing 
the programmable behavior of ‘smart,’ ‘responsive,’ or ‘dynamic’ materials. Among smart materials being 
developed, shape memory polymers (SMPs) have particularly useful properties for building technology. 
SMPs are programmable, exhibit variable stiffness, undergo extremely large deformation without fatigue 
damage, and require minimal actuation force to change shape. In building technology applications SMPs can 
morph to a number of preprogrammed shapes, effectively using smart material properties (i.e. material 
computation) to reduce system complexity by lowering reliance on external sensors, wiring, electronics, and 
digital computation.  

The goal of this proof-of-concept project is to develop smart material tiles for building envelopes that 
predictably change shape in response to heat and applied air pressure for self-shading facade applications. 
More specifically, the technology proposed is to be applied to an adaptive building skin that can change its 
geometric configuration to alternatively shade or absorb solar energy to control thermal transmission at the 
building envelope. A future speculative goal for the team is step beyond self-shading strategies and design 
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soft SMP actuators that optimally normalize photovoltaic arrays toward the sun. The SMART Tile project was 
inspired by current research on dynamic airplane wing design for in-flight wing profile changes to increase 
maneuverability and fuel efficiency [2]. 

The benefits of a more responsive architecture are reduced energy consumption and the psychological 
effects of human awareness of environmental variation. Buildings have long been designed to provide 
shelter and in the best cases, reinforce one’s connection to a place. Relatively recently, the quest for comfort 
via centralized heating, air conditioning, and the practice of hermetically sealing building envelopes, has 
physically and emotively separated inhabitants from the environment. In addition to constructing buildings 
that operate with less power, designing with dynamic or smart materials has the prospect to address the 
waning physical connection of building to place, and of building inhabitants psychological connection to 
nature.  

 

2. Dynamic material properties 
2.1 Shape memory effect 
The ability of a material to be deformed and then recover to its previous shape when subject to particular 
stimuli is known as the shape memory effect. First observed in alloys in the 1930’s this effect may be 
induced by light, heat, electricity, magnetism, or vibration. The shape memory effect was coined from the 
study of alloys where the most shape memory research has been conducted. Shape memory polymers differ 
from their alloy counterparts as they have lower density, exert less force upon recovery, and are able to 
undergo significantly higher strains. Until recently the effect was considered an exotic characteristic of a 
small class of materials, yet research is emerging demonstrating that shape memory effect is a relatively 
generic property of many materials [3]. Shape memory research is rapidly expanding as most synthetic and 
natural polymeric materials, including human hair [4] and even wood [5] exhibit some shape memory effect.  

2.1.1 Temperature activated SMPs 

Temperature activated polyurethane polymers have a significant and reversible change in elastic modulus 
across its glass transition temperature (Tg), the temperature at which the material is able to be easily 
deformed and which it can recover to a preprogramed shape. The SMP used in this study is a thermally 
triggered polyurethane and holds a single permanent shape. Similar to shape memory alloys, the polymer 
works “one way,” and requires a bias force to deform the material to a deformed position. Once the glass 
temperature is reached, the polymer transitions to its ‘remembered’ shape. During this transition, the material 
softens and exerts little force. Once cooled, the material significantly increases in stiffness and will 
permanently hold this shape unless heated. If heated to its Tg, strain is released and the material will recover 
to its programmed form. This process can be repeated without material fatigue. For SMP’s, the glass 
transition temperature may be modified enabling the material to respond to a wide range of temperature 
variation. 

Thermally activated shape memory polymers have been chosen for this proof-of-concept study as they are 
by far the most studied and available SMP variant and are therefore better understood mechanically than 
other smart polymers.  It is noted that thermally activated polymers are not the ideal material for the 
application to be translated to the practical application of a building facade.  In particular, the energy cost of 
the activation of thermally activated SMP is inferior to other SMP types (e.g., light activation has been shown 
to require an order of magnitude less energy than thermal activated polymer [6]. However, all major 
contributions of the proposed work are expected to be applicable to other less-established SMP types (e.g., 
light or electrically responsive), which are predicted to be more feasible in practice, and will be a subject for 
future work.  Another prospect of overcoming the relatively high energy requirements of thermally activated 
SMPs is to target the Tg to specific latitudes and building types, and use energy from the sun to attain the 
Tg.  

2.2 Self-shading articulated surfaces 
2.2.1 Cacti and buildings  

Seemingly alien, cacti differ significantly from other flora. Upon closer inspection, cacti are highly adapted to 
their environment and their acclimatization to extreme environments is the source of their strange beauty. In 
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response to high solar insolation, cacti transformed their leaves to spines, and transferred the site of 
photosynthesis to their trunk in a remarkable effort to balance abundant sunlight with water loss through 
transpiration. As they shed their leaves, cacti evolved self-shading strategies along their trunk. These self-
shading undulating surfaces (Fig. 1) were studied to establish a baseline wrinkling pattern for the SMART 
Tile. Also shown in this figure, is a previous study of a static tile drawn from cacti wrinkling patterns [7]. 

 

 
Figure 1: Self-shading cactus skin with previous static tiles. The craft of building has from borrowed from natural sources. 
 

3. Prototyping 
3.1 Polymer forming 
3.1.1 Casting and printing 

The two methods of making the tiles are casting a two-part polyurethane polymer resin system and 3-d 
printing of polyurethane filament. Two-part resins and SMP filament are currently available from SMP 
Technologies, a spin-off of Mitsubishi Heavy Industry. The two-part system has a Tg of 25C and the filament 
system has a Tg of 55C. Memory is thermoset into the SMP through by both casting and printing. For 
example, if cast, this shape is the memory state. If printed, the printed shape is the memory state that the 
material will recover to. 

3.1.2 Cast composite tiles 

In order to gain control over the tile’s deformed state a second stiffer material was cast with the SMP (Fig. 2). 
The stiffer material is ABS plastic printed with a 3-d printer. The cast SMP is isotropic while the printed ABS 
can vary in directional stiffness depending on the patterning of the print. The resultant tile has variable 
stiffness as the SMP has a lower elastic modulus (especially when heated above the Tg) than the printed 
ABS.  
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Fig. 2 Variable stiffness composite tiles made from shape memory polymer and ABS plastic showing sequential 
actuation. The lower series of drawings indicate the deformed tile shape. 
 

3.1.3 Varible thickness tiles 

A second series of prototypes were made via 3-d printing with SMP filament. Tiles were constructed of 
uniform thickness and variable thickness. In the variable thickness tiles, thicker regions transferring heat at 
different rates than thinner regions, forming a variable stiffness sample composed of a single material. Figure 
3 is an initial attempt to gain control of the deformed shape of a variable thickness tile that was subject to 
consistent low air pressure and even heating. The tile exhibits greater deformation in areas of least material 
thickness. 

 

 
 
 
 
 
 
 
 
 
 

 
Figure 3 Variable thickness tile. Shaded region 1/16” thicker than base thickness. Topo lines show amount of 
deformation. A variable thickness printed SMP tile is shown to the right. 
 

3.2 Workflow 
The workflow is to cast or print SMP tiles, fit the tiles to the test jig, and then deform the tile with applied heat 
and pressure. Removal of heat causes the tile SMP to cool, pressure is then released, and the tile retains the 
deformed shape. Photogrammetry is then used to digitize the deformed shape for measurement and sent to 
the morphology team to validate the computational design techniques. The mesh is also used for input to 
solar analysis software to determine shading potential of the tile over time. Preliminary solar analysis was 
performed in Diva for Phoenix, AZ, noon, summer solstice, and facing south (Figure 4). 
 
 

     
Figure 4 SMP tile after subject to uniform heating and uniform pressure, photogrammetry surface, digital reconstruction. 
Diva solar insolation analysis (Phoenix, AZ, south-facing, summer solstice, 12-2 pm) of digital reconstruction. 
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3.2.1 Test jig and sample testing 

A test jig was designed to clamp the SMP tile in place and have an entry point for pneumatic actuation. 
Figure 5 shows an assembly diagram of a test jig with a composite sample in place. The jig is airtight and 
pressurized to .3 kpa (.05 psi) then the SMP sample is heated, via a heat gun, to just above its Tg. At this 
point the material becomes highly deformable, requiring little air pressure for deformation. Once in the 
deformed state, the heat is removed and when cooled below the Tg, the shape is held. If the deformed tile is 
heated above the Tg, it returns to its initial (cast) shape. An area for future research is to target how the 
material is heated, and then with air pressure constant, a variety of morphologies can be attained from a 
single tile. Testing of composite ABS/SMP samples shows the expected deformed shape (Figure 6). 

 
Figure 5: Test jig assembly with composite hard plastic / shape memory polymer sample. 
 

                  
 

Figure 6: Images of deformed SMP in the test jig. Air pressure is let in through the back of the jig. The first image has a 
cast uniform thickness SMP sheet, the second is a composite tile composed of a printed ABS mask (white) cast within a 
AMP sheet. Drawing showing multiple tile assembly. 
 

3.3 SMART Tile Panel System 
3.3.1 Façade system 

The tiles are proposed to form a façade system (Figure 7,9) that applies the shape memory effect of the 
polymer to reduce building envelope thermal transfer in hot/arid climates. The system is dynamic and 
designed to continually adjust to local solar incidence with a single means of actuation (consistent low air 
pressure) and perhaps a single tile. The variation in shape is related to how the tile absorbs heat. For 
instance in Figure 8, tile deformation is directly related to heat transfer on the tile surface. The same tile 
could take numerous forms throughout the day and continually adjust itself to solar angles. 
 

a

b b

a
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One of the principles guiding this study is that increased surface area can provide shade and also aid in the 
dissipation of heat on a building façade. Another is that further exploration will allow the tile to potentially 
collect light, and if desirable, transfer heat to the building interior during the winter months.  
 
 

 
 
Figure 7: Rainscreen assembly composed of shape memory polymer tiles. 
 
 

              
 
Figure 8: Thermal image (elevation view) showing the relationship between heat distribution and deformed shape 
(oblique view) for a printed SMP tile.  
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Figure 9: 16 tile test showing explorations in controlling deformation (lower two rows are composite tiles, upper right 
quadrant show experiments with fritting to localize thermal transfer, upper left quadrant shows variable thickness tiles. 
The figure to the right shows fritting pattern with air inlet for tile actuation. 

3.3.2 Issues and considerations 

The team is gaining competency in casting and printing SMPs, and experience in deforming the material with 
heat and air pressure. Many questions have arisen during this study regarding the relationships between 
solar insolation, material thickness, and thermal transfer in regards to control of tile deformation. A significant 
concern is designing methods of thermal control to allow the tile to recover to its initial state. Other 
considerations include energy harvesting and embedding photovoltaic cells into the polymer that can be 
continually normalized to solar angles. The team also plans to consider adding attributes to the tile, and by 
extension exterior building surfaces, that include wind pressure distribution and water channelling.  
 

4. Conclusions 
Responsive materials are being extensively researched in the sciences and becoming more commonly and 
economically available to the architect and designer. As responsive materials are better understood and 
applied, nuanced relationships will emerge between the built and natural environments. This project is part of 
an ongoing attempt to produce an adaptive building surface that is attuned to climatic change through the 
properties of smart materials. The SMART Tile façade is a non-linear self-regulating system that responds to 
multiple solar insolation states rather than a single optimized state. As temperature increases, so does the 
articulated surface of the façade, dynamically providing shading in balance with light and temperature. By 
enabling a building façade to dynamically vary its surface topography, we may both lower energy 
consumption and contribute to the emergent field of responsive building technologies driven primarily by the 
behaviour of smart materials. This area of architectural inquiry draws from the dynamic, soft, and pliant 
adaptive approaches found in nature. In this sense, the proposed building façade is an instrument that helps 
to adjust our attitude towards compliance and exchange between the built and natural environment.  
 
5. Acknowledgements 
Thanks to Alyssa Parr and Jesse Chin for solar analysis, Craig Kimball for knowledge of three-dimensional 
printing, Jay Miley for assistance with mechatronics, and Prof. Kelle Brooks for design insight. 
 
This project is supported by the National Science Foundation, Structural and Architectural Engineering and 
Materials, Award number 1536721 and the American Institute of Architects Upjohn Research Initiative 
Award. 
 
 
  

ADVANCED BUILDING SKINS     |     177



 
 

6. Reference 
[1] Bergson, H., Matter and Memory, London; George Allen and Unwin Ltd.; New York: The Macmillan 

Company, 1911, pp. 266. 

[2] Beblo, R., "Characterization and Modeling of Light Activated Shape Memory Polymer," University of 
Pittsburgh, 2010. 

[3] Huang, W.M., et al., “Shaping tissue with shape memory materials”, Advanced Drug Delivery Reviews, 
2013. 65(4): p. 515-535. 

[4] Huang, W.M., et al., “Thermo/chemo-responsive shape memory effect in polymers: a sketch of 
working mechanisms, fundamentals and optimization”, Journal of Polymer Research, 2012. 19(9): p. 
9952. 

[5] Menges, A., Reichert, S., “Material Capacity: Embedded Responsiveness, Architectural Design”, Vol. 
82 No. 2, Wiley Academy, London, 2012, pp. 52-59. 

[6] Yu, K. Yin, W., Sun, S., Liu, Y., and Leng, J.,  "Design and analysis of morphing wing based on SMP 
composite", The 16th International Symposium on: Smart Structures and Materials & Nondestructive 
Evaluation and Health Monitoring, 2009, pp. 72900S-72900S-8. 

[7] Laver, J., High Performance Building Enveloped”, Master’s Thesis, University of Arizona, 2008. 

 

 

 

 

 

178     |     Conference Proceedings of the 12th Conference of Advanced Building Skins


	Cover
	Copyright
	Content
	Special Thanks
	adv1
	A1_Thomas_Kinzl
	A1a_Aleksandar_Zeljic
	A1b_Kristofer_Leese
	A1c_Kais_Al-Rawi
	adv2
	A2_Michael_Stein
	A2a_Matt_King
	A2b_James_O'Callaghan
	Glass Challenges – Past, Present, and Future
	1.  Introduction
	2.  Size Mattered
	3.  Embracing Glass Development
	4.  Recent Glass Developments – Thin Glass
	5.  Now Energy Governs
	6.  Conclusion

	A2c_Wolfgang_Kessling
	adv3
	A3_Maged_Guerguis
	A3_Moritz_Mungenast
	adv4
	A4_Omar_Renteria
	A4_Philipp_Molter
	A4b_Manuela_Crespi
	A4c_Arash_Soleimani
	A4d_Lenka_Kormanikova
	adv5
	A5_Dale_Clifford
	A5a_Ben_ Bridgens
	A5b_Maria_Gavira
	adv6
	A6_Brad_Wilkins
	A6a_Larry_Bellamy
	A6b_Matthew_Fineout
	A6c_Joerg_Ruegemer
	A6d_Rania_Labib
	A6e_Karim_Allana
	A6f_Kengo_Kawasaki
	A6g_Massimiliano_Nastri
	A6h_Tomasz_Krotowski
	adv7
	A7_Giuseppe_Losco
	A7a_Francesca_Olivieri new
	A7b_Nuno_Simõe
	A7c_Sergio_Altomonte
	A7d_Monica_Rossi-Schwarzenbeck
	A7e_Federica_Ottone
	adv8
	B1_Jure_Erzen
	B1a_Ian_Miller
	B1b_Martin_Boesiger
	B1c_Minjung_Bae
	adv9
	B2_Imre_Kocsis
	B2a_Judit_T_Kiss
	B2b_Balazs_Kocsi
	B2c_János_Szendre
	B2d_Robert_Sztanyi
	adv10
	B3_Florian_Maehl
	B3a_MARGHERITA_FINAMORE
	B3b_Chiara_Passoni
	B3c Ferrante (2)
	B3d_Davide_Ventura
	adv11
	B4_Valeria_Postorino
	B4a_Daniel_Sanz_Pont
	B4b Roisin Hyde
	B4c_Elizabeth_Gilligan
	B4d_Ruth_Morrow
	B4e_Francesco_Giancola
	adv12
	B5_Estelle_Cruz
	adv13
	B6_Jakub-Curpek
	B6a_Alvaro_de-Gracia
	B6b_Martin_Zalesak
	B6c_Lorenzo_Olivieri
	B6d_Romeu_Vicente
	B6e_Ricardo_Almeida
	adv14
	B7_Lorenz_Ratke
	adv15
	C1_Federico_Rossi
	C1a_Ronil_Rabari
	C1b_Ferdinand_Oswald
	C1c_Nuguzhinov
	C2_Monika_Rychtarikova
	C2a_Maywald_Carl
	C2b_Minger_Wu
	C2c_Steve_Lewis
	C2d_Giacomo_Di_Ruocco
	C3a_Patrycja_Bosowski-Schönberg
	C3b_Katja_Bernert
	C4_Jalal_Semaan
	C4a_Andreas_ Hammer
	C4b_Phetcharin_Phongphetkul
	C4c_Matilde_Tavanti
	C5_Lucia_Mankova
	C5a_Nelly_Moenssens
	C5b_Vitaliya_Mokhava
	C5c_Mili_Kyropoulou
	1. Introduction
	2. Background
	2.1 Sustainability for Hospitals and Daylight in a healthcare facility
	Daylight is not regulated by any enforced law or code. However, architecture has addressed its effect throughout history as both the primary means of providing light to perform tasks, as well as its immaterial effects over aesthetics and ability to ad...
	2.2 Benchmarking and computational design

	3. The case studies
	3.1 Case Study 1: CHI St. Luke’s, Baylor Saint Luke’s Medical Center, Houston, TX
	3.1.1 Design Question
	3.1.2 Vertical fins optimization
	3.1.3 Performance evaluation of generated design
	The generated design as developed after optimization is finally tested on solar incidence on the glass as well as on sDA and ASE in the space. The direct incidence solar radiation from March to September is decreased by 54% compared to the baseline ge...

	3.2 Case Study 2: Children’s Hospital, Kuwait
	3.2.1 Design question
	3.2.2 Concept Design Intent and Shading Structure Geometry
	3.2.3 Plot of trends of geometric parameters
	3.2.4 System evaluation for unified performance
	3.2.5 Patient room example: HDR (High Dynamic Range)


	4. Discussion
	5. Acknowledgements
	6. References
	---------------------------------------------------------------------------------------------------------------------------------
	Copyright


	C5d_Katja_Malovrh_Rebec
	C5e_Hendrik_Voll
	C5f_Anton_Hendrix
	C6_Eoin_McLean
	C6a_Marina_Aburas
	C6b_Eloïse_Sok
	C7_Stephan_Hofer
	C7a_Christoph_Geyer
	C7b_Camilla_Mantovani
	C7c_Michael Martinez
	C7d_Youngsub An
	C7e Francis Serruys
	D1_Theodore_Sawruk
	D1a_Michael_Crosbie
	D1b_Timothy_Adekunle
	D1c_Michael_Adaji - new
	D2_Ralph_Roesling
	D2b_Mohannad_Bayoumi
	D2c_Atiyeh_Hoseini
	D2d_Agung_Murti_Nugroho
	D2e_Bin_Su
	D2_Jason_Hegenauer
	D3_Ezio_Arlati
	D3a_Alvaro_Ruiz-Pardo
	D3b_Jacopo_Montali
	D3c_Suin_Lee
	D4_Rodrigo_Velasco
	D4a_Nicola_Lolli
	D4b_Giuseppe_Ardito
	D4c_Peter_Juras
	D5_Giovanni_Zemella
	D5a_Joyce_Chan
	D5b_Monika_Hall
	D5c_Alfonso_E_Hernandez
	D5d_Gabriela_Celani
	D5e_Isha Anand
	D6_Thomas_Winterstetter
	D6a_Steve_Burroughs
	D6b_Wissam_Wahbeh
	Building skins, parametric design tools and BIM platforms
	1. Introduction
	2. Methods of parametric design
	2.1 Object-based parametric modelling within BIM platforms
	2.2 The parametric approach within conceptual design environment
	2.3 The visual programming

	3. Algorithmic modelling tools and BIM platforms
	4. Conclusions
	5. References

	D7_Feng_Yang
	D7a_Hooman_Parhizkar
	D7b_Gabriel_Pérez
	E1a_Philippa_Boyd
	E1b_Jennifer_Adami
	E1c Dieter Geyer
	E2a_Daniel_Attoye
	E2b_Anna_ Fedorova
	E2c_Stephen_Lau
	E2d_Miroslav_Cekon
	E2e_Abbas_Rahmani
	E3a_Han-Li
	E3b_Timo_Carl
	E3c_Marco_Lovati
	E4_Anna_ Colley
	E4_Gabriele_Eder
	E4_Teodosio_del_Cano
	E5a_Lenneke_Slooff
	E5b_John_van_Roosmalen
	E6a_Enrico_Sergio_Mazzucchelli
	E6b_Fabio_Giucastro
	E6c_Matthias_Schoft
	E6d_Jonathan_Lehmann
	E7_Marco_Lovati
	E7_Wiep_Folkerts
	F1a_Goncalo_Correia_Lopes
	F1b_Silvia_Giammetta
	F1c_Jessica_Webster
	F1d_Fabian_Ochs
	F1e_Xingxing_Zhang
	F2a_Maximilian_Schlehlein
	F2b_Heiko_Seen
	F2c Hansueli Schmid
	F3a_Manfred_Starlinger
	F3b_Stefan_Krause
	F3c_Moritz_Zwahlen
	F3d_Tobias_Henzler
	F3e_Margareta_Schwarz
	F3f_Alexander_Pick
	ad16

