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ABSTRACT
Shape-memory polymers (SMPs) are an emerging class of “smart materials” that have dual-shape
capability. They are able to undergo significant deformation when exposed to an external stimulus
such as heat or light. SMPs have been widely investigated within the biomedicine and aerospace
industries; however, their potential has yet to be explored within an architectural framework.
The research presented in this paper begins an investigation into the morphological behavior of
SMPs toward a deployable, adaptive architecture. The structure’s ease of assembly, compact storage, transportability and configurable properties offer promising applications in emergency and
disaster relief shelters, lightweight recreational structures and a variety of other applications in the
temporary construction and aerospace industry.
This paper explores the use of SMPs through the development of a dynamic actuator that links a
series of interconnected panels creating overall form to a self-standing structure. The shape-shifting behavior of the SMP allows the dynamic actuator to become flexible when storage and transportability are required. Alternatively, when exposed to the appropriate temperature range, the
actuator is capable of returning to its memorized state for on-site deployment. Through a series of
prototypes, this paper will provide a fundamental understanding of the SMP’s thermo-mechanical
properties toward deployable, adaptive architecture.
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INTRODUCTION
Shape-memory polymers (SMPs) are an emerging class of smart
materials that have shape-shifting capabilities. They are able to
undergo significant deformation when exposed to an external
stimulus such as heat, light or electricity. Due to their self-actuating properties, SMPs can begin to minimize the dependence
on motorized operations in order to achieve similar kinetic
functions. Their intrinsic properties and material behavior have
resulted in a wide range of applications within the packaging,
electronics and textile industries, as well as highly sophisticated
applications currently being developed in biomedicine and aerospace. Examples include smart fabrics, heat-shrinkable tubes for
electronics and films for packaging, self-deployable reflectors in
spacecrafts (Figure 1), self-disassembling mobile phones, intelligent medical devices and implants for minimally invasive surgery
(Lendlein and Kelch 2002: 2035).

2 Time series photographs that show the recovery of a shape-memory tube

In comparison to other smart materials such as shape-memory
alloys (SMAs) and electro-active polymers (EAPs), SMPs possess
several advantages. They are lightweight and allow substantially
higher elongations. They have a high capacity for elastic deformation (up to 200 per cent in most cases), a much lower cost and
a broad range of application temperatures which can be tailored
and programmed in order to respond to light, heat, moisture, as
well as electric and magnetic fields.
SMPs are capable of transformation from a temporary to a
memorized shape when exposed to an external stimulus. This
is known as the shape-memory effect (Huang and Yang 2012).
As illustrated in Figure 4.1 and Figure 4.2, the SMP is heated
until it reaches its melt temperature and is formed through extrusion or injection-molding processes. Once cooled below its
Tg (glass transition/shape recovery temperature), it reaches its

4 . 1 Elastic modulus/temperature. Image created by author, based on original
illustration by SMP Technologies Inc.
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3 Mechanical properties for SMP and SMA

4.2 Shape-memory effect
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memorized shape. The SMP approaches its elastic state when
heated over its Tg, at which time it can be deformed and constrained into its temporary shape. The constraint is removed
once it is cooled below its Tg. Note that the hardening of the
SMP is the result of the reorientation of the polyurethane molecular chains that induce crystallization (Huang and Yang 2012).
The temporary shape holds permanently until it is heated once
again above its Tg, returning the SMP to its initial shape. This
process can be repeated indefinitely with a different temporary
shape at each cycle.
This shape-memory effect has been widely investigated and
developed within the biomedicine and aerospace industries.
However, the potential of SMPs has yet to be explored within an
architectural framework. The research presented in this paper
begins an investigation into the morphological behavior of SMPs

6 Development of aluminum molds

toward a deployable, adaptable architecture, through the development of a dynamic actuator that links a series of interconnected panels creating overall form to a self-standing structure.

DEPLOYABLE/ ADAPTABLE STRUCTURES
Deployable structures consist of prefabricated assemblies capable of transforming from a closed, compact configuration to
an open, deployable state. The structure’s ease of assembly,
compact storage, reusability, transportability and configurable
properties offer promising applications in emergency and disaster-relief shelters, lightweight recreational structures and a variety of other applications both within the temporary construction
and aerospace industry.
The use of deployable structures dates back to ancient times,
when nomadic tribes moved around seasonally in search of better grazing land for their herds. Limited means of transportation,
7 Activating the SMP (steps one to three)

8 . 1 Expansion sequence: (a) memorized shape, (b) temporary shape, (c) returns
to memorized shape
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8.2 Expansion sequence of the SMP when heated for shape recovery (386 seconds)
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9 . 1 Contraction sequence: (a) memorized shape, (b) temporary shape, (c) returns
to memorized shape

9.2 Contraction sequence of the SMP when heated for shape recovery
(434 seconds)

and the restricted construction materials and equipment of each
time and region provided the design parameters for these first
examples of deployable structures. Examples such as the teepees of North America (Figure 5), yurts of Mongolia, nomad shelters of Iran and the Berber tents of the African desert all share
commonalities in their light and compact structures (Gantes 2001).
Most of these structures were made of linear wood members
covered with rigid and/or flexible fabric, capable of being carried
by animals and erected directly in the field. Depending on the
size and complexity of the structures, deployment ranged from
quick and simple, to complex and time-consuming, especially for
those in harsh climate conditions.
Modern-day examples of deployable structures, such as Chuck
Hoberman’s expanding spheres and Santiago Calatrava’s Burke
Brise Soleil, require the use of complex hardware and mechanized
actuators (hydraulic, pneumatic and/or electric) to achieve the
desired actuation. Over time, these systems can become prone to
failure due to the mechanical nature of their components. Issues
around reliability, longevity as well as high implementation and
energy costs are reasons that often discourage the pursuit of
such systems. The introduction of smart materials with kinetic capabilities embedded within their molecular structure can begin to
minimize the dependence on hard mechanical operations in order
to achieve similar performative functions.

MATERIAL RESEARCH AND PROCESS:
INITIAL TESTS
The investigation into the behavior of the SMP was conducted
using a polyurethane shape-memory polymer acquired from SMP
Technologies. This thermo-responsive material has a nominal Tg
of 25°C, which represents the temperature required to actuate the
SMP. According to SMP Technologies, the Tg can be tailored to
application needs. The raw SMP material is manufactured in pellet
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10 SolidWorks™ animation sequence exploring the kinetic properties of
folded patterns
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form and must be injection molded in order to be shaped into
its permanent position. The processing guidelines suggested by
SMP Technologies were followed throughout.

TOOLING
Aluminum molds were developed in order to test the kinetic
behavior of the SMP (Figure 6). The mold consisted of two main
parts: the cavity and the core. The core formed the main internal
surfaces of the module whereas the cavity formed the external
surfaces. This two-plate mold is separated via a parting line designed to minimize any undercuts that would potentially hinder or
prevent easy part removal. Several tooling features were tested
throughout the mold-making process including sprue locations,
gates and snap-fit elements.
1 1 Interconnected panel with snap-fit design application

ACTIVATION
Several prototypes were developed to investigate the morphological behavior of the SMPs. The study focused on two separate
transformation attributes: contraction and expansion. Using injection-molding processes, the SMP modules were formed into their
permanent shape. The SMP was then deformed at a temperature
above its glass transition (150°F) and fixed into its temporary
shape where it was cooled at 43°F. This process is illustrated in
Figure 7. Upon heating the module above its Tg, the module returns to its original permanent shape due to the thermally induced
shape-memory effect (Figures 8.1 to 9.2).

OPPORTUNITIES FOR LIGHTWEIGHT
DEPLOYABLE STRUCTURES
The research described in this paper was inspired by a body
of work centered on rigid shell structures, mobile habitats and
self-deployable assemblies. In a recent paper presented at the
1 2 Dynamic actuator in memorized “closed” shape

52nd Annual Symposium of IASS, authors Andreas Falk and Peter
von Buelow presented an explorative study on the applications of
folded plate structures (Falk and von Buelow 2011). They discussed
the adaptable and foldable functions with lightweight structures
and their associated morphological principles. Similar to origami
patterns, these structures require a presence of mechanisms: a
combination of bar and node systems and light surface elements
used for quick and efficient transport and deployability. This could
be obtained by fixing the base points to the foundation and/or
locking the hinges thus relying on hard mechanical actuators or
components to achieve this transformation.
The investigation presented in this paper begins to address the intrinsic properties of shape-memory polymers as a natural, non-mechanical
catalyst in the deployment of flexible and lightweight structures. Due
to its embedded kinetic properties, the SMP would serve as a dynamic
actuator connecting a series of light surface elements and undergoing
a morphological transformation upon the application of an external

1 3 Dynamic actuator and interconnected panel
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stimulus. Two applications are currently being investigated:
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• Deployability: The first application begins to assess the
feasibility of the dynamic actuator’s capacity for deployment
without any external force or mechanical assistance which
requires an investigation into the mechanical properties of
the SMP and more specifically, a quantitative analysis on the
amount of force required from the actuator to successfully
displace a panel element during its recovery sequence (that
is, the transition from an elastic to a glass state).
• Adaptability: The second application focuses less on
instant deployability than on the actuator’s morphological
behavior toward configurable and adaptable systems. The
thermo-responsive properties of this material would allow the
actuator to become flexible when heated above its Tg thus
allowing the structure to be positioned into a desired shape.
Upon cooling below its Tg, the SMP would enter its glass

14 Final deployed condition upon successful activation of the SMP

state (solid state) to allow the structure to achieve its desired
locked position. Panels could be removed or inserted for
added functionality. In addition, the Tg could be programmed
to meet specific climatic requirements.

PHYSICAL BEHAVIOR MODELING
SolidWorks™, a parametric design tool, was used throughout the
process to explore the kinetic properties of folded geometry due
to its extensive simulation and design validation capabilities (Figure
10). The software was useful in investigating assembly logics as

well as overall notions behind collective intelligence in hopes of
minimizing the degree of mechanical operation and harnessing
the material properties of SMPs to produce transformation. The
development of an interconnected system that begins to investigate component-to-component relationships will be instrumental
in the overall success of the design. Each node will have a degree
of influence on its neighbor, thus contributing to the transforma-

15 Development of aluminum molds: (a) panel (b) dynamic actuator

tion of the system as a whole.

PROTOTYPE DEVELOPMENT: DYNAMIC
ACTUATOR AND INTERCONNECTED PANEL
A physical prototype of the dynamic actuator and interconnected
panel was developed in order to gain insight on the morphological
properties of the shape-memory polymer. The actuator and panel
elements were designed concurrently in order to meet the following criteria: (a) to allow for a snap-fit design application and (b) to
produce a system that would return to its final deployed condition
upon successful activation of the SMP (Figure 14). The actuator
mold was milled from off a one-inch aluminum block (Figure 15)
and formed into its memorized “closed” shape via injection-molding processes (Figure 16). The panel was made from a polypropylene (PP) polymer (Figure 17), which was selected for its low density
and high stiffness attributes, which facilitated the SMP’s ability to
actuate the module. Once formed, the SMP actuator was heated

16 Dynamic actuator—memorized “closed” state
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above its Tg and constrained into an open configuration where it
was cooled and fastened to the polygonal panel to form the assembly. This process was repeated for all three actuators and their
corresponding panel. Upon heating, the actuators were successful in returning to their memorized shape, forcing the panels into a
closed configuration (Figure 19.1 and 19.2). Further investigation into
the cross-sectional properties of the actuator will be required in
order to identify the factors contributing to its recovery strength.

CONCLUSION AND FUTURE WORK
This research investigates the thermo-mechanical behavior of
an emerging class of polymers as an alternative approach to
traditional mechanical methods of actuation. More specifically, it
begins to examine the morphological behavior of SMPs toward
1 7 Polypropylene (PP) injection-molded panel.

deployable, adaptive architecture through the development of a
dynamic actuator that connects a series of interconnected panels giving overall form to a self-standing structure. The studies
presented in this paper, although in their early stages, begin to
reveal the potential implications of shape-changing materials
within the praxis of architecture.
Additional research examining the thermo-mechanical properties
of shape-memory polymers will be conducted in order to gain
further insight into their material behavior. This research will be
developed in several phases. The first set of studies will expand
upon the current experiments presented in this paper by introducing panel elements with higher densities in order to fully understand the limits of the SMP’s ability to actuate during its recovery
stage. The second phase will focus on the development of a
volumetric module that would serve as both envelope and structure, providing increased strength and stability. The SMP would
act once again as the dynamic actuator, allowing for flexibility in

1 8 Polypropylene (PP) panel and SMP actuator in memorized position.

1 9 . 1 Shape recovery: (a) memorized shape, (b) temporary shape, (c) returns
to memorized shape.

127

BEITES

19.2 Upon heating, the SMP actuator returns to its memorized shape (shape
recovery) forcing the panels into a closed configuration (734 seconds).
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the assembly; however, a deeper investigation will be conducted
to identify the thermal resistivity, yield strength and fracture toughness of the SMP. The third phase focuses on strategies pertaining
to the enhancement of the SMP. Conductive powders will be embedded into the material in order to precisely control its activation
by passing electrical current. Carbon fibers will also be introduced
to develop a reinforced SMP composite with enhanced material
strength and stiffness properties. Once again, these studies will
produce a series of prototypes providing a fundamental understanding of the shape-memory effect, its morphological behavior
and the multi-functional properties of this emerging class of polymers toward a deployable, adaptive architecture.

20 Closed assembly (actuator in memorized “closed” state).
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22 Thermal image of the SMP during its solid state.

INTERACTIVE

ACADIA 2013 ADAPTIVE ARCHITECTURE

128

