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a  b  s  t  r  a  c  t

Shape  memory  polymers  (SMPs),  as a  class  of  programmable  stimuli-responsive  shape
changing  polymers,  are  attracting  increasing  attention  from  the  standpoint  of  both  fun-
damental  research  and  technological  innovations.  Following  a brief  introduction  of the
conventional  shape  memory  effect  (SME),  progress  in  new  shape  memory  enabling  mech-
anisms and  triggering  methods,  variations  of  in  shape  memory  forms  (shape  memory
surfaces,  hydrogels,  and  microparticles),  new  shape  memory  behavior  (multi-SME  and  two-
way-SME),  and  novel  fabrication  methods  are  reviewed.  Progress  in  thermomechanical
modeling  of  SMPs  is also  presented.
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1. Introduction

Active shape change in response to environment condi-
tions is commonplace in nature [1]. In fact, this property is
essential for the survival of animals and even some plants.
Among numerous interesting examples are sunflowers that
move with the sun to maximize light exposure, the open-
ing and closing of Venus flytrap to capture preys, and the
microscopic shape changes in the skin layers of cattlefish
that enables its macroscopic color change.

Polymer materials, in their early days, were mostly
studied for use as static structural parts. In the modern
days, however, advanced polymer materials that exhibit
special functions in response to external conditions have
attracted more and more attention. Such behavior is similar
to the biological intelligence observed in nature. Accord-
ingly, such polymers are also called smart polymers, or
in a more scientific term, stimuli-responsive polymers.
Whereas macroscopic changes in polymer functions are
often accompanied by chain conformational changes (i.e.,
shape changes at the molecular scale), stimuli-responsive
shape changing polymers (SCPs) commonly refer to those
for which shape changes are either macroscopic or at
least visible under microscopes. Examples of stimuli-
responsive SCPs are numerous, ranging from the well
known swelling/deswelling of hydrogels [2] to the intrigu-
ing reversible surface morphological changes of liquid
crystalline elastomers (LCEs) [3]. Of importance here is that,
for the preceding two examples, after the materials are fab-
ricated, the shape change can only occur between a fixed
number of equilibrium shapes (often two). That is, their
shape shifting cannot be manipulated externally after fab-
rication, a non-programmable shape changing behavior.

In contrast, shape memory polymers (SMPs) are a
class of stimuli-responsive SCPs for which shape shift-
ing behavior can be programmed. This is the single most
important feature that distinguishes SMPs from other
stimuli-responsive SCPs. Specifically, a typical SMP  can
be programmed to fix one temporary shape and subse-
quently recover to its permanent shape upon stimulation
(typically heating), as illustrated in Fig. 1a. Here, the
temporary shape is usually defined by the applied force
during the shape fixing step. Accordingly, this step is
also called a programming step. Since the shape mem-
ory cycle in Fig. 1a involved a total of two shapes (one
temporary and one permanent), the associated behavior
is called a dual-shape memory effect (dual-SME), repre-
senting the simplest and most well known behavior for
SMPs.

From a molecular structure standpoint, the dual-SME
is enabled by the combination of a reversible switching
mechanism and a network structure [4]. Thus, the simplest
(and very common) polymer systems, such as a crosslinked
(chemically or physically) amorphous (or crystalline) poly-
mer  would exhibit such a behavior [5–10]. Indeed, the
dual-SME has been known for quite a long time and
is the basis of numerous technological innovations. Best
known examples of commercial applications include heat-
shrinkable tubes used in cable industry, heat-shrinkable
labels used for packaging, and shrink-dink toys. Other
high value-added applications, mostly in the biomedi-
cal [11–15] and aerospace fields [16–18], are also being
actively explored. The vast potential to enable technologi-
cal innovations highly relevant for the human society (e.g.,
health) has been the driving force for active research on
SMPs.
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