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Abstract 
In recent years, there has been an increasing interest in shape-changing smart materials in design fields. The ability to design respon-
sive architectures that adapt to different climatic conditions is, without doubt, an appealing idea. One area in which shape-changing 
materials are applied is in the design of building skins or envelopes. This paper presents a systematic review of the literature on the 
use of shape-changing materials in the development of active skin systems, identifying patterns in design and manufacturing strate-
gies. We also note the stage of development of the proposed designs and whether performance analysis was conducted to predict their 
behaviour. The results show that the most commonly used materials are SMA (Shape Memory Alloys) and wood-based bio-composites. 
Other shape-changing materials used for developing skin systems are, in order of popularity, thermo bimetals, electroactive polymers, 
composite bimetals, shape memory polymers, and hydrogels. The patterns identified among the studies are (1) design strategies: 
smart material as the skin, smart material as the actuator, combination with other non-responsive materials, responsive structures, 
geometric amplification; and (2) manufacturing strategies: bilayer systems and additive manufacturing.   Finally, while the argument 
for the development of responsive skin systems is often based on the idea of efficiency and improved performance, we found that few 
studies can predict the performance of such skin systems.
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1 INTRODUCTION

Living systems are complex and have feedback mechanisms that enable a response to environments 

for harvesting energy, managing resources, or survival. In the advanced functional materials, we 

can see some aspects of the responsivity of materials, particularly with the so-called smart or 

functional materials. Smart materials are characterised by having intrinsic sensors and actuators 

that allow them to sense a stimulus, respond to the stimulus in a controlled manner and return to 

their original state after the stimulus is removed (Ahmad, 1988). While these materials have long 

been in the research agendas of material scientists and engineers, only recently have they started to 

permeate the design field. 

Over the past decade, smart materials have become increasingly popular among designers. Smart 

materials can add functionality to the design of buildings, opening up a conceptual and practical 

framework for architects to design “truly environmentally responsive” architectural systems (Kretzer, 

2016). For instance, buildings could be designed with enhanced functionality to dynamically adjust 

to changing weather conditions, saving energy, and improving interior comfort. Furthermore, smart 

materials can potentially help to make buildings lighter and more efficient, replacing existing larger 

and more complex architectural systems (Addington, 2010). 

FIg. 1 Diagram characterising the behaviour of smart materials. Based on the Heckman Diagram

Shape-changing smart materials are particularly interesting for researchers in the design fields 

due to their potential to create responsive structures that adjust their configuration in response to 

a defined stimulus, constructing responsive architectural systems (Correa et al., 2015; Fiorito et al., 

2016; Wood, Vailati, Menges, & Rüggeberg, 2018). Furthermore, shape-changing materials could 
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potentially be incorporated into building envelopes to achieve improved performance through their 

actuation capabilities in response to shifting environmental conditions.  For this reason, there is 

a growing number of design-oriented studies that use shape-changing materials for developing, 

mostly, architectural skin systems. Coupled with advancements in computational design, digital 

fabrication, and simulation technologies, shape-changing materials that harvest energy from 

the environment are at the core of a new, material-oriented design approach for the design and 

manufacturing of responsive skin systems that do not require any additional energy source 

or mechanical control.

While this review focuses only on shape-changing materials, this represents only one group among 

different types of smart materials. To characterise the behaviour of smart materials, one can use the 

diagram shown in Fig. 1, which is based on the Heckman diagram and describes the relationship 

between material properties. In shape-changing smart materials, a stimulus causes a physical 

change such as strain, thereby causing the material to deform. As shown in Fig. 1, the stimulus 

can be water, a change in temperature, or an electric field, among others. Different shape-changing 

materials can be perceived in the diagram: electrostrictive and piezoelectric materials enable the 

quadratic and linear relationship between mechanical (strain) and applied electrical properties, while 

hydrophilic smart materials enable the relationship between chemical properties and mechanical 

properties, and so on.

The envelope is the system that controls energy exchange between the inside and outside of 

buildings, and it is known to have a great impact on the building’s energy efficiency  (Echenagucia 

et al., 2015). Not surprisingly then, façades and windows have been the most common targets for 

the implementation of smart material systems on buildings. Addington & Schodek (2012) identified 

several building requirements related to the building envelope kinetics that could be addressed 

with smart materials: control of solar radiation, control of conductive heat and interior heat, and 

conversion of ambient energy, among others. There is a growing body of literature of design-

oriented studies that propose how shape-changing materials can construct responsive building 

skins, focusing on such requirements. The terms building skin or architectural skin refer to a 

biologically inspired strategy for conceptualising the behaviour of a building envelope (Velikov & 

Thun, 2013), drawing upon concepts of transformation and adaptation, which are very common in 

living systems (Fig. 2).

FIg. 2 Transformation of a sunflower. Photograph by Elena Burns
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In the area of responsive building skins, Fiorito et al. (2016) discussed the use of three shape-

changing smart materials (Shape Memory Alloys, Shape Memory Polymers, and Shape Memory 

Hybrids) in issues related to comfort, and included the human factor in responsive shading devices. 

Another review by Juaristi et al. (2018) presented a qualitative analysis of promising materials for 

responsive façade systems. While several shape-changing materials were discussed (under ‘kinetic 

behaviour’), the review was not focused on shape-changing material. Furthermore, the review 

included technologies developed in other fields not yet applied to the design of building envelopes. 

This paper presents a systematic review of the literature on the use of shape-changing materials 

for developing active skin systems. The goal is to identify the most commonly used shape-changing 

materials in studies that include a design component, that is, studies that propose responsive 

architectural skin designs. In addition to identifying patterns in design and manufacturing 

strategies, we assessed the level of development of the proposed designs and indicated whether any 

performance analysis was conducted to predict the system’s behaviour.

2 SCOPE AND METHODOLOGY 

In this review, we present a systematic mapping of the literature, following the method described 

by Pickering and Byrne (2014). The material presented includes both quantitative and qualitative 

analyses. We use a quantitative analysis when surveying the shape-changing materials most 

used in skin systems and identifying the level of scientific development of such studies. We are 

applying a qualitative analysis in identifying design and manufacturing patterns in the literature, 

and when describing the kind of performance evaluation used to determine the efficiency of 

the proposed designs.

The first step in this review was the definition of keywords and databases. Keywords were defined 

after using iterative search in google Scholar to refine words and synonyms. The conditional AND 

was used to restrict the search area to studies involving building systems. The resulting keywords 

are shown in Table 1. The second part of this review aimed to identify studies that assessed the 

performance of responsive building skin systems, as shown in Table 1. These keywords were used 

to search in several databases – google Scholar, Web of Science, Science Direct, ProQuest, Sage 

Journals, Cumincad – to ensure the identification of a large number of studies. 

TABLE 1 Keywords and databases

KEYWORDS DATABASE

Part 1 „shape changing materials“ AND “buildings”
„shape changing materials“ AND “facades”
„shape changing materials“ AND “building envelope”
„smart materials“ AND “building envelope”
„responsive materials“ AND “skin system”
„responsive materials“ AND “building envelope”
„active materials“ AND “building envelope”
„climate responsive“ AND “building envelope”

google Scholar, Web of science, 
Science direct, ProQuest, Sage 
Journals, Cumincad

Part 2 „responsive materials“ AND “facade” AND „performance”
„smart materials“ AND “buildings” AND „performance“
„shape changing materials“ AND “buildings” AND „performance“.
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 2.1 RESEARCH QUESTIONS

The main goal was to establish state-of-the-art opportunities in the use of shape-changing materials 

for architectural skin systems. For this review, a skin system refers to the barrier that delimits the 

interior of the building, protecting it from adverse exterior conditions. As mentioned above, the use 

of the term denotes a biologically inspired approach to building envelopes. However, we use the term 

“skin system” instead of building envelope or façade because most studies are still in a prototype 

stage and therefore lack the level of development necessary for a building system. Furthermore, 

we use the term to include studies that do not present a solution for the entire envelope system, 

but for only some of its elements. We are also interested in studies where there is an intention 

to speculate on the form and structure of shape-changing skins, to identify if there are common 

design and materialisation strategies across the studies. This is addressed as the language of 

shape-changing architecture is an emerging one, and studies have yet to define a design language. 

Finally, we are also interested in the level of scientific development of the studies, and whether the 

performance of the proposed skin designs was assessed. The main reason for this interest is that 

the performance argument is often present in the discourse on the use of smart materials in the 

design and architecture fields. Consequently, the research debate for this review centred around the 

following questions: 

 – Which shape-changing materials have been used in research to develop architectural skin systems?

 – Are there any common design and manufacturing strategies?

 – Was the environmental performance of skin systems studied and, if so, how?

 2.2 INCLUSION CRITERIA

The studies reported in this review are both from peer-reviewed publications and academic 

dissertations. We decided to include dissertation documents due to the small number of studies 

published to date on the subject. On the other hand, we only focus on studies that involve the 

development of architectural skin systems, ranging from building façades such as exterior shading 

devices to prototypes of entire façade systems. We excluded other architectural elements such as 

interior furniture and self-assembled objects, among others. The functionality of an architectural 

skin system had to be, at least, suggested to be included in this review. 

It is also important to mention at this point that we only included studies that have a design 

component. In the studies, there is a design decision on the skin configuration, which derives from 

understanding the material properties. We also included studies that present only early-stage 

prototypes. That is to say that not all of the studies presented in this paper present fully developed 

designs of skin systems, but rather present different levels of development and are, to a certain 

extent, speculative as well as visionary.  
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3 RESULTS

 3.1 SHAPE-CHANgINg MATERIALS

We identified 44 different publications that report on research aimed at developing responsive 

architectural skins using shape-changing materials between 2007 and 2019. Some studies 

published in 2019 may not be included in this review because we conducted the review in that year. 

Table 2 lists existing studies on shape-changing skin systems grouped by types of materials. This 

classification was preferred over a stricter one because many researchers report testing different 

materials of the same type in a single study. For instance, Abdelmohsen et al. (2018) combined 

softwoods (fir) and hardwoods (beech) to construct hygroscopic actuators. 

TABLE 2 Shape-changing materials and their use in design research

MATERIALS REFERENCES

Shape Memory Alloy (Diniz, Branco, & Sales Dias, 2017); (Lignarolo, Lelieveld, & Teuffel, 2011); (Decker & Zarzycki, 2014); (Juaristi, 
Monge-barrio, Sánchez-ostiz, & gómez-acebo, 2018); (Hannequart, Peigney, Caron, Baverel, & Viglino, 2018); 
(Abdelmohsen, Massoud, & Elshafei, 2016);  (Jun et al., 2017); (Khoo et al., 2012);  (Khoo & Salim, 2013); (For-
mentini & Lenci, 2017); (Verma & Devadass, 2013); (Coelho & Maes, 2009); (Doumpioti, greenberg, & Karatzas, 
2010); (Mokhtar, Leung, & Chronis, 2017); (Pesenti, Masera, & Fiorito, 2018)

Shape Memory Polymer (Doumpioti, 2011); (Clifford et al., 2017); (Yoon, 2019)

Thermo Bimetal (Juaristi, gómez-Acebo, et al., 2018); (D. Sung, 2016a); (Adriaenssens et al., 2014); (Pasold & Worre Foged, 
2010)

Composite Bilayers (Worre Foged & Pasold, 2015); (Worre Foged, Pasold, & Pelosini, 2019); (El-Dabaa & Abdelmohsen, 2019); 
(Mazzucchelli, Alston, Brzezicki, & Doniacovo, 2018)

Electroactive Polymer (Kretzer & Rossi, 2012); (Shimul, 2017); (Kolodziej & Rak, 2013)

Wood (Holstov, Farmer, & Bridgens, 2017); (El-Dabaa & Abdelmohsen, 2018); (Vailati, Bachtiar, Hass, Burgert, & Rüg-
geberg, 2018); (Augustin, 2018); (Reichert et al., 2015); (Holstov, Bridgens, & Farmer, 2015)(Correa & Menges, 
2017); (Correa et al., 2015); (Vazquez, gursoy, & Duarte, 2019); (Anis, 2019)

Hydrogel (Markopoulou, 2015) (Khoo & Shin, 2018)

As can be seen in Table 2, the largest group is of studies that use Shape Memory Alloys (SMA) for the 

development of skin systems. A SMA is an alloy that “remembers” its original shape; that is, after 

being deformed, it returns to its pre-deformed shape when heated. The commercial availability of 
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SMAs in the form of springs, as noted by Fiorito et al. (2016), might be one of the reasons for them 

being the most used shape-changing material. The simplicity of spring actuation, i.e., elastic springs 

designed to store mechanical energy and release it with compression or tension, might also be a 

reason for the use of these materials over others. Most studies use SMAs in the form of springs since 

the additive manufacturing of this material is in the early stages of development (Elahinia et al., 

2016). These studies also use electricity to heat the springs, seen in the work by Khoo, Salim, and 

Burry (2012),  since the activation temperature of SMAs can be over 200° Celsius. 

The next most researched material is wood. While not traditionally considered a “smart” material, it 

displays shape-changing behaviour in response to humidity. In the presence of water, wood shows 

anisotropic swelling, which is highly dependent on the direction of the wood fibres. Hygroscopic 

structures that represent pinecones can be assembled, and which open when dry and close under 

humid conditions. Mechanistically this relies on the bi-layered structure of the individual scales 

that change conformation when there is a variation in the environmental humidity (Reyssat & 

Mahadevan, 2009). By controlling the orientation of wood fibrils, it is possible to design shape-

changing architectures (Wood et al., 2018). Some of the selected studies use commercially available 

wood sheets, as seen in the work by Reichert et al. (2015). The availability of wood as an inexpensive 

material might be the reason for the material’s popularity. Furthermore, wood is the most widely 

used biological material for structural purposes, which makes it attractive for designers to take 

advantage of its natural response to humidity. Finally, wood and related cellulose materials (paper) is 

a material family well-known to designers and architects, which also favours its adoption. 

Other shape-changing materials that have been used for developing skin systems are thermo 

bimetals, electroactive polymers, composite bimetals, shape memory polymers, and hydrogels, in 

decreasing order of popularity or age. Thermo bimetals refer to a bilayer configuration where two 

metal layers that have different coefficients of thermal expansion are attached, causing it to bend 

in response to increased temperatures. Sung (2016b) has demonstrated the potential of thermo 

bimetals for developing responsive and aesthetically appealing architectural skins. The next category 

is the composite bilayers, where two or more different materials are used in a bilayer configuration, 

for example, Corten steel and polypropylene forming thermally active composites (Worre Foged & 

Pasold, 2015), and aluminium and beech bilayers (El-Dabaa & Abdelmohsen, 2019). Electroactive 

polymers are materials that demonstrate considerable strain when subjected to an applied electric 

field (see Heckman Diagram in Fig. 1). Like SMAs, shape memory polymers can remember their 

original configuration and return to it when heated. Finally, hydrogels are hydrophilic polymers that 

can hold large amounts of water in their three-dimensional structures, like the active adsorbing 

materials in diapers.

These five material categories are much less explored as building envelope materials than shape-

memory alloys and wood-based biocomposites. There are probably several reasons for this. In the 

case of shape-memory polymers, there are various studies in the area of additive manufacturing and 

self-assembled structures, as described in the review by Shin et al. (2017). The same can be said of 

hydrogels, which have also been studied as materials for self-assembled structures in 4D printing, 

for instance, in gladman et al. (2016). Issues of scalability might be preventing the incorporation 

of these two materials in large scale building applications. Nevertheless, with the overall increase 

of studies on smart materials in design fields, as shown in Table 1, one may expect more and 

more applications of these materials to emerge in the near future if cost benefits and scalable 

production can be achieved. 
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 3.2 PATTERNS IN DESIgN AND MANUFACTURINg 

Several shape-changing materials have been used in the development of architectural skin 

systems. What follows now is the identification of common design and manufacturing strategies 

across different studies. This section of the paper presents a qualitative analysis of the studies 

in this regard. Design strategies identify how the material is used within the system and how 

the transformation mechanics are established. After identifying design strategies, we move 

on to describe common manufacturing strategies. The main idea is not to describe design or 

manufacturing processes in detail, but rather to discuss the common points between these processes 

in shape-changing skin studies.

FIg. 3 Sense Envelope III. Copper and polypropylene are forming a thermally active composite. Design/fabrication by Isak Worre 
Foged and Anke Pasold.  Photograph by: Isak Worre Foged. 

Table 3 identifies five different design strategies used in developing shape-changing architectures. 

The first strategy refers to how the responsive material is used within the system. One common 

strategy is to use smart materials as the skin itself. In this approach, the entire skin is mostly made 

from the smart material, and the material is used as a planar actuator, as seen in the hygroscopic 

wood cladding system by Holstov et al. (2015). Furthermore, the material conditions the aesthetic 

nature of the built element, so parameters like texture, colour, and porosity become increasingly 

important, as seen in the work by Worre Foged and Anke Pasold shown in Fig. 3. The studies that 

present this approach rely on different materials: shape-memory polymers, thermo bimetals, 

electroactive polymers, and wood-based materials. These studies have in common that the 

material can come in the form of sheets. Thermo bimetals and wood projects are composed mostly 

of thin sheets of materials. In the case of shape-memory polymers, the final form is obtained by 

either casting (Clifford et al., 2017) or additive manufacturing (Yoon, 2019). Finally, in the case of 
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electroactive polymers, these are mostly used as planar actuators due to their significant planar 

deformations (Kretzer, 2016). 

TABLE 3 Design strategies

DESIgN STRATEgY FIgURE MATERIAL REFERENCE

Smart material as skin SMP (Clifford et al., 2017); (Yoon, 2019)

Thermo Bimetal (Sung, 2016a); (Adriaenssens et al., 2014); (Pasold & 
Worre Foged, 2010)

Composite bilayers (Worre Foged & Pasold, 2015); (Worre Foged et al., 2019); 
(El-Dabaa & Abdelmohsen, 2019); (Mazzucchelli et al., 
2018)

EAP (Kretzer & Rossi, 2012); (Shimul, 2017); (Kolodziej & Rak, 
2013)

Wood (Holstov et al., 2017) (El-Dabaa & Abdelmohsen, 2018) 
(Vailati et al., 2018) (Augustin, 2018) (Reichert et al., 2015) 
(Holstov et al., 2015) (Correa & Menges, 2017) (Correa et 
al., 2015); (Vazquez et al., 2019); (Anis, 2019)

Smart material as the 
actuator

SMA (Lignarolo et al., 2011); (Decker & Zarzycki, 2014); (Abdel-
mohsen et al., 2016);  (Jun et al., 2017); (Khoo et al., 2012);  
(Khoo & Salim, 2013); (Formentini & Lenci, 2017); (Verma 
& Devadass, 2013); (Coelho & Maes, 2009); (Doumpioti et 
al., 2010); (Mokhtar et al., 2017); (Pesenti et al., 2018)

Hidrogel (Markopoulou, 2015)

Combination responsive + 
non-responsive material

SMP, Thermo bimetal, EAP, 
Wood, SMA

(All)

Responsive structure (Kyu, Yin, & Tang, 2018)

Geometric amplification SMA (Pesenti, Masera, & Fiorito, 2015); (Pesenti et al., 2018)

SMP (Kyu et al., 2018); (Yoon, 2019) 
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A second design strategy uses the smart material merely as an actuator for another material 

acting as the skin. This strategy is used in all the examples found in the literature that use Shape 

Memory Alloys. In these studies, SMA springs are used to move other materials -such as metal 

panels (Formentini & Lenci, 2017) or aluminium louvres (grinham, Blabolil, & Haak, 2014), which 

give form to the responsive structure. This strategy can also potentially be used with other shape-

changing materials. An electroactive actuator can be used to move a wooden panel, for instance. 

The way SMAs are commercially available also conditions this design strategy. In this approach, 

the systems’ aesthetics is not conditioned by the SMA, but by the skins’ material qualities. Other 

materials that have been used in the same fashion are hydrogels, specifically, in the project by 

students detailed in Markopoulou (2015). The study presents a series of case studies using different 

smart materials, one being the development of a hygroscopic skin system using hydrogel joints that 

actuate a silicone panel. 

A third design strategy identified is related to a combination of shape-changing materials with other 

non-responsive or passive ones. Typically, in the design of an architectural skin system, there are 

dynamic and static parts. This is the case with most of the case studies, where there is an underlying 

frame that gives structure to the system. For instance, in the wood prototypes developed by Reichert 

et al. (2014), there is a wooden frame with square-shaped openings covered by planar sheets of 

plywood. Similarly, in the Bloom pavilion, detailed in Sung (2016) there is a metal structure covered 

by a large amount of thermo bimetal pieces. 

An alternative approach, the fourth design strategy in Table 3, relies on complex geometric 

transformations of entire structures, triggered by the actuation of the smart material. This is a 

less common strategy in the reviewed studies, probably due to the need to place these responsive 

systems within the broader context of a building envelope that has ribs, structure, and so on. 

Nevertheless, Kyu et al. (2018) present a responsive Kirigami structure as a shading device, where 

the entire geometry of the system changes when temperature changes activate the material.  

The fifth design strategy relies on the use of kirigami and origami-inspired geometries for 

amplifying the shape-change of smart materials. One challenge for incorporating shape-changing 

materials in building-scale applications is the limited actuation response that they present 

concerning the scale of application. Therefore, the use of kirigami and origami geometries with 

shape-changing materials offers a solution to this problem, combining different localized responses 

that result in an overall more significant shape-changing mechanism. Pesenti et al. (2018), for 

instance, explored the use of origami geometries to amplify the movement of SMA actuators in a 

responsive shading system. Similarly, Kiu et al. (2018) use kirigami geometries with thermo-active 

materials for shading devices. 

The ability to scale and to integrate hierarchical dynamic and static components into the desired 

envelope requires one to identify the most appropriate manufacturing strategies. Table 4 details two 

material manufacturing strategies identified across the selected studies. The first strategy relies 

on the use of additive manufacturing to construct responsive systems. In this category, toolpath 

design and printing settings condition how the material responds to the activation energy. This 

strategy has been widely used in research on 3d printing or additive manufacturing of soft materials 

(gladman et al., 2016; Truby & Lewis, 2016). Recently, these principles of additive manufacturing 

have been applied at an architectural scale for a dynamic shading device (Correa et al., 2015). 

The main principle is that responsiveness and hierarchical structure can be programmed into the 

objects through printing path designs that cause anisotropic behaviours, which leads to shape-

change when activated. 
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TABLE 4 Manufacturing strategies

FABRICATION STRATEgY FIgURE MATERIAL REFERENCE

Additive manufacturing SMP (Clifford et al., 2017); (Yoon, 2019)

Wood (Correa & Menges, 2017); (Correa et al., 2015); (Vazquez 
et al., 2019)

Bilayer Wood (Holstov et al., 2017) (El-Dabaa & Abdelmohsen, 2018) 
(Vailati et al., 2018)(Holstov et al., 2015); (Anis, 2019)

Composite bilayers (Worre Foged & Pasold, 2015); (Worre Foged et al., 2019); 
(El-Dabaa & Abdelmohsen, 2019); (Mazzucchelli et al., 
2018)

Thermo bimetal (D. Sung, 2016a); (Adriaenssens et al., 2014); (Pasold & 
Worre Foged, 2010); 

The studies in this category used additive manufacturing with shape-memory polymer materials 

(SMP) and wood-based biocomposites. Recently, Yoon (2019) proposed a design and manufacturing 

workflow of a responsive building using commercially available SMP filaments. Through iterative 

tests, adequate printing settings were found to achieve a suitable shape-transformation of the 

polymers. In a series of studies, researchers used both commercially available wood filaments and 

fabricated their own for creating responsive architectural prototypes (Correa & Menges, 2017; Correa 

et al., 2015). One of the advantages of this approach is that additive manufacturing allows for creating 

functionally graded composites. This advantage is demonstrated in Correa & Menges (2017), where 

a multi-material strategy was adopted to create a 3d printed prototype that combines responsive 

and non-responsive materials. The second advantage of 3D printing responsive structures is the 

ability to materialise complex geometries and patterns. Fig. 4 shows how, by designing the toolpath 

orientation and using active layers (AL) and constraint layers (CL), one can embed responsiveness 

into materials with 3d printing. Nonetheless, one possible limitation of this approach stems from 

difficulties in scaling-up the prototypes to an architectural scale. 

The second manufacturing strategy is the use of the bilayer principle for programming 

responsiveness into structures. In a bilayer configuration, two layers of materials with differential 

thermal expansion or swelling response are tightly bound together, and thus tend to curve when 

activated by heat or humidity, respectively. The activation energy depends on the material: in the 

case of wood bilayers, two layers of wood present different swelling responses to water or humidity; 

in thermo bimetals, two layers of metal strips with different thermal expansion coefficients tend 

to curve when heated. This strategy has been used in wood (Dylan Wood, Correa, Krieg, & Menges, 

2016), bimetallic strips (Sung, 2008), and composites bilayers (Worre Foged & Pasold, 2015). Fig. 

4 shows some possible configuration of bilayer structures. Case A represents two wood veneer 

sheets put together while arranging the fibre orientation of each layer - an example of this approach 

can be seen in the work by Vailati et al. (2018). Case B illustrates the use of wood veneer and metal 

sheets, as seen in the bilayer shape-changing prototypes by El-Dabaa & Abdelmohsen, (2019). Case 

C presents the use of metal layers with different thermal expansion coefficients, present in work by 

the DOSU architectural studio (https://www.dosu-arch.com/). Finally, case D is the use of a bilayer 

configuration combined with other smart materials or systems, seen in the study by Mazzucchelli et 

al. (2018), where the researchers combine a hygroscopic bilayer system with thin-film solar cells.  
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FIg. 4 Manufacturing principles

Research on developing responsive skin systems using wood has relied on both additive 

manufacturing and bilayer strategies. Nevertheless, with this review, we identified that most of the 

studies found in the literature use wood sheets and bilayer strategies. The commercial availability of 

wood sheets most likely makes it the preferred choice. However, wood-based filaments have become 

increasingly available from multiple vendors, varying he percentage of wood fibres in a polymer 

matrix. For instance, Laywood filament has 40% wt. of wood fibres. Furthermore, filament extruder 

DIY kits have also become available, which could represent an opportunity for more research into the 

use of 3D printed wood to create responsive structures.

It is also important to note that the strategies just described are not mutually exclusive. 3D printing 

can also be used to construct responsive structures in a bilayer configuration, as shown in Fig. 4. 

By designing tool-paths with varying printing directions, or different materials being deposited on 

subsequent layers, a 3D-printed bilayer structure will also tend to curve when activated. The use of 

bilayer principles with additive manufacturing can be seen in the work of Correa & Menges (2017). 

The identified manufacturing strategies are mainly used to create planar actuators. Bilayer 

constructs have been used for creating actuators for some time now, with thermo-bimetals 

being among the most widely known and utilised smart materials (Kretzer, 2016). On the other 

hand, additive manufacturing has allowed for the fast development of soft materials for several 

applications such as actuators and soft robotics, among others. This strategy has just recently 

permeated design practice to create shape-changing architectures. Other smart materials are 

already commercially available as actuators. Shape memory alloys, for instance, are available 

as spring actuators and therefore do not require a specific manufacturing strategy, such as 

those described above. 
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TABLE 5 Levels of development (I)

(A) LEVEL 1:  CONCEPT DESIgN (B) LEVEL 2:  PROTOTYPE

Formentini and Lenci (2017) Kretzer and Rossi (2012)

(C) LEVEL 3: LARgE-SCALE TEST (D) LEVEL 4:  ENVIRONMENTAL PERFORMANCE ANALYSIS

Sung (2016) Reichert et. al (2014)

(A) Conceptual design of a responsive façade using SMA. Reprinted from Automation in Construction, Formentini, M., & Lenci, S. An innovative 
building envelope (kinetic façade) with Shape Memory Alloys used as actuators and sensors , p. 220-231, Copyright (2017), with permission from 
Elsevier.  
(B) Shapeshift. Credits: INSTITUTE: Chair for CAAD, ETH Zürich. TEAM: Edyta Augustynowicz, Sofia georgakopoulou, Dino Rossi, Stefanie Sixt. 
SUPERVISION Manuel Kretzer SUPPORT Christa Jordi, gabor Kovaks   
(C) Bloom pavilion.Image credits: Brandon Shigeta  
(D) Long term performance test of a hygromorphic skin system. Reprinted from CAD Computer Aided Design, 60, Reichert, S., Menges, A., & Correa, 
D. Meteorosensitive architecture: Biomimetic building skins based on materially embedded and hygroscopically enabled responsiveness, p. 50–69, 
Copyright (2014), with permission from Elsevier.
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 3.3 LEVELS OF DEVELOPMENT

This section describes the levels of development of shape-changing architectural skin systems. Four 

different levels were identified, as illustrated in Table 5. Level 1, the conceptual level, corresponds 

to studies in which there is a design concept developed for a responsive skin system. Level 2 is the 

prototype level, in which physical prototypes are constructed and used to develop and refine concepts 

and design of the skins. Level 3 corresponds to a larger scale test, in which mock-ups are built after 

initial prototypes in an attempt to scale up the system to an architectural scale. Finally, on Level 4, 

researchers consider the environmental performance of the proposed skins to verify how much they 

improve the functionality of buildings. Environmental performance can be verified from different 

viewpoints, from wind studies to daylight analysis. This section identifies studies that addressed 

environmental performance in some way, followed by a discussion on the subject.

TABLE 6 Levels of development (II)

MATERIAL CONCEPT PROTOTYPE LARgE-SCALE TEST ENVIRONMENTAL PERFOR-
MANCE ANALYSIS

SMA (Diniz et al., 2017); (Lignarolo et 
al., 2011); (Decker & Zarzycki, 
2014); (Juaristi et al., 2018); 
(Hannequart et al., 2018); (Ab-
delmohsen et al., 2016);  (Jun 
et al., 2017); (Khoo et al., 2012);  
(Khoo & Salim, 2013); (For-
mentini & Lenci, 2017); (Verma 
& Devadass, 2013); (Coelho & 
Maes, 2009); (Doumpioti et al., 
2010); (Mokhtar et al., 2017); 
(Pesenti et al., 2018)

(Diniz et al., 2017); (Decker & 
Zarzycki, 2014); (Hannequart 
et al., 2018); (Abdelmohsen 
et al., 2016); (Jun et al., 2017); 
(grinham et al., 2014); (Khoo 
& Salim, 2013); (Formentini 
& Lenci, 2017); (Verma & 
Devadass, 2013); (Coelho & 
Maes, 2009)

(grinham et al., 2014); (Khoo 
& Salim, 2013); (Formentini & 
Lenci, 2017);

(Lignarolo et al., 2011); (Verma 
& Devadass, 2013); (Pesenti et 
al., 2018)

SMP (Doumpioti, 2011); (Clifford et 
al., 2017); (Yoon, 2019)

(Doumpioti, 2011); (Clifford et 
al., 2017); (Yoon, 2019)

(Yoon, 2019)

Thermo 
Bimetal

(Juaristi, gómez-Acebo, et al., 
2018); (Sung, 2016a); (Adri-
aenssens et al., 2014); (Pasold 
& Worre Foged, 2010)

(Sung, 2016a); (Adriaenssens et 
al., 2014); 

(Sung, 2016a); (Sung, 2016a); 

Composite
Bilayers

(Worre Foged et al., 2019); 
(Mazzucchelli et al., 2018); 
(Worre Foged & Pasold, 2015)

(Worre Foged et al., 2019); (El-
Dabaa & Abdelmohsen, 2019)

(Worre Foged et al., 2019); 
(Worre Foged & Pasold, 2015)

EAP (Kretzer & Rossi, 2012); 
(Shimul, 2017); (Kolodziej & 
Rak, 2013)

(Kretzer & Rossi, 2012); 
(Shimul, 2017)

(Kolodziej & Rak, 2013)

Wood (Holstov et al., 2017) (El-Dabaa 
& Abdelmohsen, 2018); (Vailati 
et al., 2018); (Augustin, 2018); 
(Reichert et al., 2015); (Holstov 
et al., 2015); (Correa & Menges, 
2017); (Correa et al., 2015); 
(Anis, 2019)

(Holstov et al., 2017) (El-Dabaa 
& Abdelmohsen, 2018); (Vailati 
et al., 2018); (Augustin, 2018); 
(Reichert et al., 2015); (Holstov 
et al., 2015); (Correa & Menges, 
2017); (Correa et al., 2015); 
(Vazquez et al., 2019); (Anis, 
2019) 

(Holstov et al., 2017); (Reichert 
et al., 2015); (Holstov et al., 
2015); (Anis, 2019)

(Augustin, 2018); (Reichert et 
al., 2015)

Hydrogel (Markopoulou, 2015) (Khoo & 
Shin, 2018)

(Markopoulou, 2015) (Khoo & 
Shin, 2018)
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Table 6 identifies the development level of the various studies, which are grouped by material. 

Not surprisingly, most of the studies are at the conceptual and prototype levels. Large-scale tests 

were conducted only in a few studies. One key publication describes what is probably the first full-

scale application of a Shape Memory Alloy (Nitinol) on a shading screen device, in the context of 

the 2013 Solar Decathlon competition (grinham et al., 2014). The study reports on several full-scale 

prototypes and on the construction and testing of a selected design during the competition. Other 

large-scale tests include the use of an SMA system for responsive skin for visual communications 

purposes (Khoo & Salim, 2013). Finally, a building envelope system was developed with SMA 

actuators, for a ventilated façade that opens up during summer months and closes down during 

winter months (Formentini & Lenci, 2017). 

FIg. 5 Bloom, by DOSU Studio Architecture. Photograph by Brandon Shigeta.

Other materials that were used in large-scale tests are thermo bimetals and wood. Among the 

studies using thermo bimetals, the work of Sung (2016) is probably the most developed example 

of a responsive architectural skin system utilising this material. The Bloom pavilion, shown in Fig. 

5, was designed for shading, ventilation, and lighting, using 9000 pieces of thermo bimetals, and 

demonstrates the potential of a responsive system that utilises this material. Worre Foged & Pasold 

(2015) also reported on the construction of full-scale prototypes of 600 x 1200 mm that were designed 

to be mounted on glazed facades, (Fig. 3). Large-scale tests were also conducted using wood. In a 

seminal study, Reichert et al. (2014) provide a summary of five years of research into developing 

responsive architectural systems using wood veneer, showing a series of prototypes constructed at 

various scales and two full-scale constructions. Another example of large scale testing can be seen 

in the work of Holstov et al. (2015), which presents large-scale prototypes for hygroscopic panels and 

a responsive umbrella. In a second study, Holstov et al. (2017) study the applicability for wood-based 

responsive systems for external architectural applications by constructing full-scale prototypes 
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and conducting one-year outdoor durability tests, which showed that the panels had a consistent 

hygroscopic behaviour.

Regarding environmental performance analysis, Table 6 shows that very few studies conducted 

environmental performance analysis of any type. For instance, within studies using SMAs, only 

four studies out of sixteen included detailed simulation studies for predicting the performance 

of the designed responsive systems.  In this category, we identified studies that performed either 

a simulation study or a test with a full-scale prototype where the environmental performance 

was predicted or assessed. This includes simulation studies for how the sunlight will affect the 

architectural skin, and simulation studies of how wind, daylight, and temperature will affect 

the interior spaces protected by such skins. Considering that these materials change shape in 

response to the environment, we believe that it is essential to use simulation tools to see how the 

transformation mechanisms of the proposed skins will impact the building’s performance.  

 3.4 ASSESSINg PERFORMANCE: SIMULATION AND TESTINg

The previous section of this paper described the scientific maturity of the research for the 

development of responsive architectural skin systems using shape-changing smart materials. 

Overall, most of the studies are at the conceptual and prototype stage. This section will discuss 

the different types of environmental performance analysis conducted in this area of research to 

date. The aim is to identify how the performance of the proposed skin systems was evaluated. 

A summary of the studies performed is shown in Table 7, including the considered variables 

and the main findings. 

TABLE 7 Performance evaluation of building skins

TYPE OF STUDY VARIABLES RESULTS SUMMARY

Natural Ventilation Augustin (2018): wind speed 4 m/s, Design settings 
include the proposed screen design, enclosed area. 

Visualisation of internal flows.

Wind pressure and velocity 
fields

Lignarolo et al. (2011): tested Roughness of façade in 
different design iterations, obtained wind velocity fields. 

Proved that roughness of the façade affects the wind flow 
field. Types of façade iterations tested in CFD studies are 
after that conceptualised with SMA adaptive system. 

Daylight Verma & Devadass (2013): 
2 different locations, types of actuators, skin design, date, 
and time of the simulation.

Daylight factors with the proposed roof  decrease to 
around 20-22%, on a specific hour/day.

Pesenti et al., (2018): Standard reference room for testing, 
210 origami-inspired designs tested, percentage of 
contractions. 

The authors found optimised solutions with multi-criteria 
optimisation. They concluded that optimal designs for the 
day, month, and year are not the same.

Radiation and Thermal 
Analysis 

Yoon (2019): 5 distinct design configurations made with 
SMP. 

Selected promising designs from differentials of radia-
tion simulations between open and closed positions but 
failed to verify impacts on shading devices between open 
and closed positions on thermal analysis. 

Mokhtar et al. (2017): 9 different investigated geometries. 
4 SMAs used per design.

 Performed radiation studies to inform the design of a 
SMA morphing envelope. 
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Natural ventilation studies: Augustin (2018) used CFD simulation studies to visualise the internal 

wind flows and study how the system would interact with the environment. A single design solution 

was tested, having as variables wind velocity and pressure. 

Pressure and velocity fields: Lignarolo et al. (2011) explore the use of a dynamic system to enhance 

air-flow in high-rise buildings. In this study, computational fluid dynamic (CFD) simulations inform 

the design of an adaptive façade system using SMA, testing wind pressure and velocity fields. 

The researchers argue that since façade roughness affects the aerodynamics of the building, and 

the wind load is always changing, an SMA adaptive system could be used to improve the building’s 

performance to wind loads.  

Daylight studies: The study by Verma & Devadass (2013) investigates the use of SMA in developing 

responsive building skins. The authors first use optimisation algorithms to find the actuator design 

that has the most extensive actuation range. The second set of studies analyses how a proposed 

adaptive skin design used both as roof and screen change daylight and solar radiation metrics on 

two defined case studies in two different locations. In another study, Pasold & Worre Foged (2010) 

perform daylight analysis to optimise the geometric configuration of their prototypes. Pesenti et al. 

(2018) perform daylight simulation studies as part of a performance-based form-finding framework 

for the design of shading devices. The authors assess daylight glare probability, useful daylight 

illuminance, daylight autonomy, and total energy consumption as targets in optimisation studies to 

find the best configurations. The study was conducted with a simple rectangular test room with a 

large opening on the front, and daily, monthly, and yearly values were obtained to find the optimal 

origami configuration for the responsive system.  

Thermal analysis and radiation: A recent study by Yoon (2019) perform thermal analysis and 

radiation studies as a means to evaluate the performance of prototypes and compare the system’s 

performance in open and closed positions. The main idea is to use this analysis to select the 

prototypes for further development in the next stages of the study. In this case, as in others 

mentioned above, simulation studies are an integral part of the design process of responsive skin 

systems. In the work of Sung (2016), solar radiation studies are performed to inform the design of 

geometries in the Bloom Pavilion. Finally, in the work of Mokhtar et al. 2017, solar radiation studies 

predict the behaviour of SMA responsive structures.

Other studies assessing the environmental performance of responsive architectural skins include 

CFD simulations for predicting interior temperature (Kolodziej & Rak, 2013) and long term durability 

studies (Reichert et al., 2015) As mentioned in the previous section, not many studies tested the 

environmental performance of developed skin systems. Even fewer studies utilise performance 

criteria as a form-finding strategy to optimise design solutions. Since this area is an emerging 

field in architecture and design, there is still room for the development of simulation strategies and 

performance-based frameworks to aid the design of responsive skins.
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 3.5 DISCUSSION

This section summarises the main findings of the review and discusses the 

implications of such findings:

Shape-changing materials for responsive architectures 

The review on shape-changing materials for architectural skin systems indicated that the most 

commonly used materials are SMA and wood-based bio-composites. This is most likely because 

of the commercial availability of such materials, which makes them accessible to the architectural 

design research community at large. The lack of commercial availability limits the scope of 

application of such materials: designers and researchers have to rely on materials that were either 

developed for other purposes or that have limited properties (Kretzer, 2014). The technological 

transfer of smart materials from different fields such as material science and engineering to 

architecture and design is, therefore, one of the challenges in the development of skin systems. 

Consequently, a multidisciplinary approach for developing architectural skin systems is needed 

in order to explore the use of other innovative materials that were not mentioned in this review, 

such as electroactive materials. The need for such an interdisciplinary approach has already 

been identified in the literature on smart materials: Kretzer (2018) argues for a framework that 

enhances interdisciplinary exchange and collaboration when educating designers on the use 

of smart materials. 

Design strategies

This review has identified several design patterns, including the use of the smart material as the 

skin itself – as a planar actuator – and the use of the smart material as the actuator to move another 

material that acts as the skin. The strategy of using shape-changing materials as the skin itself 

has the advantage of creating more room for design innovation, by orchestrating the parameters 

of the skin geometry, the actuation mechanism, and the possibilities that the material presents. 

For instance, wood veneers could be used to construct responsive skins that display a unique 

folding angle according to daylight requirements by changing only the orientation of the wood 

fibres. The strategy of using the shape-changing materials as actuators has the advantage of being 

able to automate existing building mechanisms. For instance, existing designs of shading devices 

could be automated with SMA actuators. Future research could use these two approaches to develop 

responsive architectural skin systems. 

Manufacturing strategies 

This paper has identified two recurrent manufacturing strategies: the use of bilayer composites and 

additive manufacturing. The studies using bilayer composites are, in general, more developed than 

those that use 3d printing as the main strategy. Research into bilayer skins could, therefore, move 

on to the evaluation level by assessing the performance and durability of the prototypes. Scaling-up 

dynamic systems is not typically an issue in bilayer structures, as opposed to 3d printed structures, 

which tend to have scale limitations. The issue of scale can be addressed in future research on 3d 

printed responsive skin systems. On the other hand, additive manufacturing has the potential to 

build more complex designs by varying textures, porosity, and geometries. This potential could be 
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further explored in future research through the systematic exploration of design alternatives that 

could be fabricated using additive manufacturing.

Level of development of responsive skins

Most of the studies reviewed in this paper are on the first prescriptive level of development. 

In other words, design concepts and prototypes have been developed and proposed as alternative 

models to static architecture solutions. Considering that research on shape-changing materials for 

architectural skin systems is in its early stages, it is only natural that most studies are at this stage.

Shape-changing materials and building performance

The review identified that few studies have conducted environmental performance analysis of the 

proposed shape-changing skin systems. We argue that assessing the performance of architectural 

skin systems should be an integral part of the research agenda on responsive skin systems using 

shape-changing materials. One of the main arguments for the use of smart materials is that 

they could potentially be used to construct responsive systems that improve the environmental 

performance of buildings. For instance, Kretzer (2014) argues that architecture needs to become 

more responsive to “face unprecedented societal and environmental challenges” (p. 463) and that 

smart materials can help achieve this goal. The efficiency argument is present in most studies that 

develop skin systems, for example, Holstov et al. (2015) argues for the development of “sustainable 

design strategies” (p. 571) using materials with hygroscopic properties. Similarly, it is argued that 

the implementation of adaptive systems that present a real-time automated response to changing 

environmental conditions can improve buildings’ energy efficiency (Holstov et al., 2017). In short, this 

paper postulates that, considering the argument for the use of shape-changing materials to develop 

building skins is based on achieving improved efficiency, it is essential to assess how and to what 

extent building performance is improved.

4 CONCLUSION

This paper presents a systematic review of the literature on the use of shape-changing materials for 

the development of responsive skin systems. It is important to note that the review did not discuss 

the limitations of using shape-changing materials for responsive skin systems. This is because most 

of the studies are very experimental and in the early stages, therefore there are several limitations 

inherent to each material, for example: mechanical degradation of wood, scalability issues, cost, 

life cycle analysis, legal frameworks for implementing them in the building industry, etc. Such 

limitations can be addressed in future studies as the field becomes further developed, and there are 

more executed examples of shape-changing architectural skins.

The first part of the paper identified the shape-changing materials used in the design of such 

systems, showing that there has been an increasing number of studies in the area. Shape-

changing materials in building skins is a relatively new area of inquiry and, therefore, the most 

commonly used materials are those that are commercially available, such as wood veneer and SMA 

actuators. Other less used shape-changing materials include thermo bimetals, composite bimetals, 

electroactive polymers, shape memory polymers, and hydrogels. We argue that a multidisciplinary 
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research approach can achieve the technological transfer of these and other innovative materials 

into architectural research.

The next part of the paper identified underlying patterns in the literature on responsive skins: (1) 

design strategies: smart material as the skin, smart material as the actuator, combination with other 

non-responsive materials, responsive structures, geometric amplification; and (2) manufacturing 

strategies: bilayer systems and additive manufacturing. The characterisation of these patterns 

allowed us to identify gaps in the literature. For instance, few studies propose complex geometrical 

transformations of entire structures that are completely responsive. Future research could combine 

the use of kirigami and origami geometries and shape-changing materials in developing complex 

material transformations for skin systems. Another aim in identifying design and manufacturing 

strategies was to start the task of describing the language of designing architectural skins with 

smart materials. This characterisation of the shape-change architectural design language will help 

formalise and guide future studies in the area.  

Finally, we also identified the level of scientific maturity of the proposed designs and identified 

whether any performance analysis was conducted. While the argument for the development of 

responsive skin systems is based on the idea of efficiency and improved performance, we found that 

few studies predict the performance of such skin systems. We identified that most of the studies are 

in a prescriptive stage, where systems are proposed rather than tested. The testing and validation of 

such systems with, for instance, simulation methods, would be a fruitful area for future work. 
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