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Abstract Based on the working mechanisms, a systematic
literature review is logically presented to reveal that the
thermo- and chemo- responsive shape memory effects
(SMEs) are not the special phenomena of some particular
polymers, but intrinsic features of most polymers (if not all).
Subsequently, referring to the most recent experimental
results and their theoretical origins, we reveal the fundamen-
tals on the optimization of the SME in polymers and the
approaches to design/synthesize polymeric materials with
tailored features.
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Introduction

According to the traditional definition, after being severely
and quasi-plastically distorted, shape memory polymers
(SMPs), as other shape memory materials (SMMs), are able
to recover their original shape at the presence of the right
stimulus, such as heat (thermo-responsive), light (photo-
responsive), chemical (including water, chemo-responsive)
[1=7]. This shape recovery phenomenon is known as the
shape memory effect (SME), which provides an alternative
approach for many designs that are difficult to achieve using
conventional materials/technologies, and thus according to
Toensmeier PA [8] reshaping product design. We have seen
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a variety of applications of SMPs, from surface patterning
(e.g., [9-13]) to medical applications [14—-18], from space
applications [19, 20] to active disassembly [21, 22].

In many occasions in the literature, the SME is discussed
together with another shape change phenomenon, i.e., shape
change effect (SCE). Different from the SME, in which a
material is able to virtually keep the quasi-plastic deforma-
tion forever, the SCE refers to a kind of elastic or supere-
lastic behavior in response to the right stimulus [7, 23]. For
instance, electro-active polymers (EAPs) and polarized pie-
zoelectrical materials (such as lead zirconate titanate, PZT)
are able to alter their shape spontancously when an electrical
voltage is applied and return to the original shape instantly
upon removal of the voltage. Furthermore, the amount of
displacement is about in proportional to the magnitude of
the applied voltage [24, 25]. Similarly, we may claim that
the elastic deformation in materials is essentially a kind of
SCE.

Fundamentally from energy point of view, the difference
between SCE and SME is due to the magnitude of energy
barrier between two states, in which one is under the right
stimulus, and the other is not. As shown in Fig. 1, if the energy
barrier between shape 4 and shape B is almost zero, upon
removal of the applied stimulus, the material is able to return
to its original position (the SCE). If the energy barrier is very
high (H), without additional driving force to overcome the
barrier, the material will maintain the deformed shape (the
SME). If the barrier is low (H’), the material may slowly
recover its original position. Viscous-elasticity is a typical
example of such. Sometimes, the SME may appear in a
gradual manner (typically in responding to light and chemical)
due to the nature of time consuming process in accumulating
enough driving energy or gradual penetration of the stimulus.

Depending on the exact situation, a material may have
the SME or the SCE. Hence, if we classify the exact type of
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Fig. 1 Shape memory effect (SME) and shape change effect (SCE)

material according to the composition/molecular structure, a
material may belong to both SMM and shape change mate-
rial (SCM). For example, at low temperatures, a shape
memory alloy (SMA) has the SME (and thus, belongs to
the family of SMM); on the other hand, at high temper-
atures, it behaves superelastically in responding to mechan-
ical loading, and hence is the SCE [26, 27]. SMPs actually
share this similarity as SMAs. Consequently, although the
focus of this paper is on the SME in polymers, we are not
able to totally avoid to mention the SCE.

In recent years, the expansion of the SMP family is rather
rapid [7, 28-33]. In addition to the continuous efforts in
developing new SMPs and modifying existing ones, excellent
SME has been observed in many conventional polymers [22,
34,35] and even bio-plastics [36]. It should be pointed out that
despite heat-shrink polymers and water-shrink polymers have
an extremely long history (maybe even well before the term of
SME has ever been coined), and technically speaking, they
should fall into the categories of thermo-responsive SMP and
chemo-responsive SMP, respectively, these polymers attract
only limited attention from current research community, al-
though there are a range of off-the-shelf products (in particular
for packaging) in the current market. Although not so often,
here and there in the literature we have seen statement directly
or indirectly mentioning that all polymers should have the
SME (most likely meant for the thermo-responsive SME, e.g.,
in a very recent publication by Mendez et al. [37]). Some early
experiments conducted on some commonly used engineering
polymers (e.g., in [38-51]) have indicated the shape change/
recovery phenomenon after annealing. Nevertheless, the exact
working mechanisms behind various shape memory features
in response to different stimuli and programming methods
(i.e., procedures to setup the temporary shape) have yet
seemingly to be well established.

Some of the previous efforts aimed to classify SMPs
according to their chemical/molecular structures and compo-
sitions (e.g., [1, 5, 52]). For instance, Beloshenko et al. [35]
proposed four types of thermo-responsive SMPs, namely
glassy polymer, crystallisable polymer (further divided into
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amorphous-crystalline homopolymer and copolymer), poly-
mer blend and filled polymer composite, and polymer gel.

As pointed out by Prof. M Irie in [26], all SMPs fall into
three categories according to the nature of stimulus, namely,
thermo-responsive SMP, chemo-responsive SMP and photo-
responsive SMP. It should be pointed out that almost by
default, thermo-responsive is traditionally meant for heating
only, even by means of applying many unconventional
heating techniques, e.g., inductive heating, joule heating,
light heating (within the whole light wavelength range, from
ultraviolent to infrared), ultrasonic/acoustic heating etc,
which seemingly help to expand the number of SMP cate-
gories [53—61]. Cooling for shape recovery is only achieved
very recently in a shape memory polymeric hybrid [23]. In
order to achieve true “light induced” shape recovery (i.e.,
without any heat involved), polymers should have a special
chemical structure which reacts to light by means of altering
the molecular structure [62, 63]. A recently developed poly-
mer which is able to disassemble by means of near infrared
irradiation [64] may provide a supplementary approach to
traditional triggering methods. Anyway, photo-responsive
SME is not a generic feature but limited to only some
particular polymers which need to be purposely designed/
synthesized in order to have such a function.

In this paper, based on the previous investigations
reported in the literature, we summarize the fundamental
mechanisms behind the thermo-responsive and chemo-
responsive shape recovery phenomena in polymers and
polymeric materials according to their working principles.
Section “Mechanisms behind thermally induced SME” dis-
cusses the basic working mechanisms for the thermally
induced SME. Section “Chemically induced SME” is about
chemically induced SME. With the mechanisms (from me-
chanical point of view) in mind, in Section “Fundamentals
and optimization of the SME”, the fundamentals behind the
key aspects of the SME are analyzed in order to achieve
optimized performance. Further discussions on some impor-
tant relevant issues in engineering practice (including
multiple-SME, temperature memory effect etc) are
presented in Section “Further discussions”. Finally, we
summarize major conclusions in Section “Conclusions”.

We need to bear in mind that although very high recov-
erable strain is one of the distinguished advantages of SMPs
when compared with other SMMs [23, 26, 65, 66], in some
engineering applications, a small recoverable strain is pre-
ferred. A typical example of such is wrinkling based surface
patterning atop polymers [13, 67], in which the required
recoverable strain is not more than a few percent. A larger
strain may actually cause cracking [68, 69]. A few percent
of recoverable strain is actually comparable to the maximum
recoverable strain of both copper and NiTi based SMAs in
cyclic actuation [65]. On the other hand, full shape recovery
may not be a must in all engineering applications, as long as
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the amount of recovery can meet the requirements of a
particular application. For instance, in packaging industry,
the concern is how much a polymer is able to shrink, but not
whether the recovery is 100 %.

Mechanisms behind thermally induced SME

For simplification, all time-dependent parameters are ig-
nored. We assume all processes and sub-processes are in-
stantly finished when the specified temperature and stress/
strain conditions are reached. Relaxation and creeping,
which are commonly observed in viscous materials, partic-
ularly in polymers, are not considered.

The heating induced SME in all polymeric materials can
be classified into three categories according to their basic
working mechanisms as illustrated in Fig. 2.

Dual-state mechanism (DSM)

Within the first category (Type I), assume that a glassy
polymer is heated to above its glass transition temperature

Fig. 2 Basic working
mechanisms for the SME in
polymeric materials. (I) Dual-

U

(Tg) (a) and then deformed in its rubbery state (b). Subse-
quently, the constraint is removed after it returns to its glassy
state (c). Technically speaking, this procedure is often called
as “programming” within the SMM community. After
programming, the polymer is heated into the rubbery state
and the SME can be observed (d). This is actually the
category of glassy polymer as mentioned in [35].

In the rubbery state, a polymer is easy to be deformed.
Upon cooling into the glassy state, the molecular motion is
frozen so that even after the applied constraint is removed,
the polymer largely maintains the distorted shape. Shape
recovery occurs only when the polymer is heated to the
rubbery state again so that the molecular motion is
reactivated. We can conclude that by utilizing the glass
transition, all elastomers are naturally SMP. Since there
are two phases (rubbery and glassy) in this mechanism,
we may call it dual-state mechanism (DSM). Among
many others, poly(methyl methacrylate) (PMMA) and
silicone (Fig. 3) are two typical examples belonging to
this category [34, 47].

As pointed out by Xie T [52], good cross-linked net-
points (including physical cross-linking, e.g., tangling,
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Fig.3 The SME in silicone. a Original shape; b cooled in liquid nitrogen (able to maintain this shape in liquid nitrogen as stand-alone); ¢ recovered

at room temperature

chemical cross-linking, and non-covalent interaction etc
[70-73]) is required to ensure a high shape recovery
ratio. We may consider that upon cooling to below T,,
the elastic energy in the distorted rubbery polymer is
stored as potential energy in the glassy polymer, which
provides the driving force for subsequent thermally
induced shape recovery.

Dual-component mechanism (DCM)

The SME in ethylene-vinyl acetate (EVA) has been reported
many years ago (e.g., in [74]). EVA is a typical copolymer in
which one segment is always highly elastic within the whole
working temperature range of our interest (elastic segment,
which has a relatively higher softening temperature), while the
other is able to reversibly change its stiffness from very soft at
high temperatures to hard at low temperatures (transition
segment, which has a relatively lower softening temperature).
After cooling, the EVA, which is expanded during heating to
above its transition temperature (the softening temperature of
the transition segment), is able to keep the new shape in a
larger diameter virtually forever, before being reheated again
to fully recover its original size (Fig. 4).

There are many other SMPs which have a similar dual-
segment system. A typical example is polyurethane (PU),
which might be the SMP that has been subjected to the most
intensive investigation (including modification) so far [29,
75-84]. According to Beloshenko et al. [35], these dual-
segment polymers belong to the category of crystallisable
polymers, which is the second category (II) in Fig. 2.

Fig. 4 Thermo-responsive SME in EVA. a After expansion; b after
heating for (full) shape recovery
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Materials under Category II are not limited to the ones
with a dual-segmented structure, but they include all poly-
meric materials, which have a dual-component system, i.e.,
two segments or two domains (illustrated as a matrix/inclu-
sion system in Fig. 2II). Again, one component is always
highly elastic (elastic component), while the other (transi-
tion component) has a reversible phase transition, which is
accompanied by a remarkable change in the stiffness during
thermal cycling. The possible phase transition in the transi-
tion component might be the glass transition, melting etc, as
long as the conditions of reversible and large stiffness
change are satisfied.

In [85], the SME has been demonstrated by blending two
special miscible PUs together, which do not have the hard/
transition-segment structure individually but have two dif-
ferent melting temperatures. Below the melting temperature
of the high melting temperature PU, one domain (the PU
with a higher melting temperature) keeps elastic while the
other (the PU with a lower melting temperature) is able to
soften upon heating.

This category (Type II) may be called as dual-component
mechanism (DCM). The working mechanism of DCM is as
follows. Take a dual-domain polymer as an example. Refer
to Fig. 2(II), in which the matrix is the elastic component
and the inclusion is the transition component. Upon heating
to above the transition temperature of the transition compo-
nent, the inclusions soften. A force is applied to deform the
material (illustrated by compression in Fig. 2II). While the
matrix deforms elastically upon loading, the inclusions flow
accordingly to accommodate the distortion. After cooling to
below the transition temperature, the inclusions freeze and
become hard. Upon removal of the constraint, the dis-
torted inclusions, which are hard now, prevent the ma-
trix from recovering its original shape. A residual strain
is observed and elastic energy is stored in the matrix.
This is the end of the programming process. Upon
subsequent heating to above the transition temperature
of the transition component, the inclusions soften again
and thus the matrix is able to elastically bounce back
and return to its original shape.

As we can see, many different versions can be developed
from this mechanism. Practically, additional component
may be included for the purpose of material modification.
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Many extensions have actually been implemented in prac-
tice even without explicitly spelling out this concept.

One extension of the DCM is polymer blend, in which
one polymer serves as the elastic component, while the other
is selected to have the required transition temperature (with-
in the required working temperature range). This type of
SMP is listed as one distinct type in [35] under the name of
polymer blend/filled polymer composite. According to
Beloshenko et al. [35], Prof. BK Kim might be the pioneer
in investigating the SME in polymer blends. In one of his
reported works, PU was blended with polyvinyl chloride
(PVC) [86]. A more recent example from the UK is acrylo-
nitrile butadiene styrene/polycarbonate (ABS/PC) blend,
which was developed for active disassembly of obsolete
mobile phones at the required temperature for recycling
[22].

As reported in [52], the SME has been examined in the
mixtures of an elastomeric ionomer and low molar mass
fatty acids and their salts [87], a non-woven fiber mat of a
non-crosslinked polycaprolactone [88], and a matrix of poly
(acrylic acid-co-methyl methacrylate) filled with cetyltrime-
thylammonium bromide [89].

These are extensions of the DCM, which might also be
classified under the concept of shape memory hybrid (SMH)
[66]. According to Huang et al. [66] and Sun et al. [23],
SMH is essentially based on the same concept as DCM, but
the components for selection are widened to include virtu-
ally any materials (including inorganic and metal/alloy, etc),
so that tailored features and functions can be easily
achieved. In addition, the interaction between the elastic

Fig. 5 The SME in silicone Y
blended with 30 % volume .-
fraction of paraftin wax (SEM f 12"
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uniaxial tension (in the vertical l\':‘. -
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component and transition component should be avoided or
at least minimized by means of materials selection and
processing selection. Consequently, the performance of the
resulted hybrid can be well predicted in the early design
stage. Fan et al. [90] demonstrated a few approaches to
design and fabricate water-responsive SMHs.

The DCM is clearly revealed in a silicone hybrid with
30 % volume fraction of paraffin wax in Fig. 5. As expected,
the micro-sized inclusions (paraffin wax) are deformed into
elliptical shape according to the distortion during program-
ming. Consequently, the temporary shape is able to be
largely maintained after the elliptical shaped wax inclusions
solidify. Upon heating again, the inclusions melt and recov-
er the original circular shape, so that the silicone matrix
eventually returns to the original shape.

It should be mentioned that a significant difference in the
Young’s modulus between the matrix and the inclusion may
cause de-bonding at the matrix-inclusion interface. As
revealed in Fig. 6a, upon stretching a silicone hybrid (loaded
with 30 % volume fraction of an EVA based melting glue) to
50 % strain, we can clearly see many micro-sized eye-
shaped features, in which the circular hard balls are melting
glue (with a Young’s modulus of 12 MPa). Each hard ball is
actually within an elliptical shaped hole. After unloading,
the elliptical shaped holes shrink but we still can see some
gaps (Fig. 6b). Since the silicone is rubber-like and has a
Young’s modulus which is over 10 times lower (1 MPa)
than that of melting glue, and the bonding stress between
silicone and melting glue is only about 0.025 MPa, although
the hybrid appears to be highly rubber-like with excellent
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Fig. 6 SEM images of a
silicone/melting glue hybrid. a
Stretched at room temperature
(along the horizontal direction);
b after unloading

elasticity upon cyclic stretching [23, 66], there is some
tiny residual strain after unloading due to these de-bonding
induced gaps.

Partial-transition mechanism (PTM)

Above two types of mechanisms have already been explic-
itly or implicitly spelled out in the literature in different
ways. All previous discussions about SMP classification
are actually limited to within these two mechanisms only,
although the exact chemical structures are often taken as the
reference to determine which category a polymer should
belong to. There is one type (III) which seemingly has never
been mentioned, despite some of the reported experiments
in the literature have actually implemented this mechanism,
at least to a certain sense.

In [52], the influence of programming temperature on the
recovery stress in constrained recovery (i.e., heating while
the programmed shape is fixed) is discussed based on the
experimental results. It is concluded that “Given its strong
dependence on the applied thermomechanical conditions,
recovery stress should not be considered as an intrinsic
SMP properties” [52]. According to Sun et al. [91], if the
influence of any time-dependent factors is ignored, the
recovery stress from the elastic component is a constant.
The additional contribution to the recovery stress is actually
from the hard part of the transition component, which does
not undergo the transition during programming. This hard
part may be elastically deformed together with the elastic
component during programming, so that this hard part
functions as the elastic component as well.

This mechanism (Type III), named partial-transition mech-
anism (PTM) in Fig. 2, is also applicable to achieve the SME.
As shown in Fig. 2(I1I), a polymer is partially heated so that a
part of it (inclusions) softens. Upon deforming the polymer,
the matrix (non-transition part, which is still elastic) is able to
elastically deform, while the softened inclusions, just like the
transition component in DCM, flow to accommodate the
shape change. After cooling and removal of the applied con-
straint, the polymer is not able to return to its original height
due to the constraint from the deformed inclusions (which are
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hard now). When being heated again to the previous heating
temperature (precisely following the previous heating proce-
dure), the inclusions soften again and thus, due to the elastic
recovery of the matrix, the SME is observed.

Practically, this mechanism may work along or together
with other two mechanisms. If working alone and the uti-
lized phase transition is melting, the issue of thermal control
becomes critical. Heating temperatures (both in program-
ming and in thermally induced shape recovery) need to be
carefully selected according to the precise transition
progress-temperature relationship, and well-controlled to
ensure high repeatability in terms of temperature distribu-
tion during thermal cycling. So called multiple-SME (will
be discussed in details in Section “Further discussions™) is a
typical example, which essentially applies this mechanism.

The feasibility to realize the SME by implementing PTM
is demonstrated in paraffin wax and melting glue (EVA
based) by means of indentation test in Fig. 7. The utilized
transition is melting in both materials. To avoid being con-
fused by melting induced flowing which may virtually cause
some-kind of shape recovery, an indentation-polishing-
heating (IPH) approach is adopted to examine the SME in
a convincing manner [10, 92, 93].

A 1 mm diameter steel ball is compressed slightly to
make an indent atop a material that is heated to a pre-
determined temperature. This temperature is selected from
within the melting temperature range of the material (refer to
the differential scanning calorimeter (DSC) results which
were conducted at a heating rate of 10 °C/min, and the exact
heating temperatures were marked in the DSC figures, bot-
tom row in Fig. 7). As we can see, for the paraffin wax, there
are two peaks in its DSC curve upon heating. The selected
temperature, 50 °C, is slightly over the starting point of the
second peak; while for the melting glue, 55 °C is about the
middle of the melting temperature range.

After cooling back to room temperature (about 22 °C)
followed by removing the steel ball, the indents are scanned
using a three-dimensional surface scanner (Taylor Hobson,
top row in Fig. 7). The paraffin wax sample is slightly
polished using a 1,200 grit sand paper till the indent just
disappears, while a sharp pen knife is used to largely remove
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Fig. 7 Thermo-responsive SME demonstrated in (a) paraffin wax; b melting glue and (¢) nylon. (1) After indentation; (2) after heating for shape

recovery; (3) comparison of cross-sections; (4) DSC curve during heating

the indent atop the melting glue sample (refer to cross-
sectional views in Fig. 7). After that, both samples are
heated in an oven at their previous indentation temperatures
for 5 min and being scanned again. We can see protrusions
appeared atop both samples, which demonstrated the SME
based on PTM.

It is obvious that the requirement for PTM is a dramatic
change in stiffness in a reversible transformation. The exact
shape memory performance depends on the applied strain
and the temperature in programming.

Enabling the thermally induced SME in polymers

By utilizing the above three mechanisms either individually
or in a combination manner, we can achieve the SME in
almost any polymers, if not all.

When considering a new material, in many occasions, we
may not have full knowledge about it, and/or the material
itself might be very much complicated, e.g., it might be a
mixture or a hybrid of many components (it is supposed to
be microscopically uniform, at least, relative to the dimen-
sion scale in an application). On the other hand, from real
engineering application point of view, the concern is more
about achieving the SME to meet the required shape

memory performance, without caring much about the exact
working mechanism. As such, from engineering application
point of view, an approach following PTM can be the start-
ing point to enable the SME in any polymers.

A piece of nylon was used to demonstrate the implemen-
tation procedure in real practice. Refer to Fig. 7c.

—  The first step is to conduct a DSC test to find out the
location of the transition temperature range. Glass transi-
tion, melting and other phase transition are possible can-
didates for consideration. For this nylon, its melting
temperature is in the range of 200 °C to 225 °C (Fig. 7c4).

—  The next step is to select the heating temperature (with-
in the transition range) for deformation (programming).
To avoid (or at least to minimize) the damage to the
elastic network, which reduces the shape recovery abil-
ity of the material, it is suggested to select a heating
temperature which corresponds to the lower half of the
transition range. Refer to Section “Fundamentals and
optimization of the SME” for further discussion about
this issue. Here, 210 °C is selected.

— Similar to the above mentioned two cases of paraffin
wax and melting glue, a 1 mm diameter steel ball is
used to make an indent atop nylon at 210 °C.

@ Springer
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—  After cooling back to room temperature, and removal of
the steel ball, an indent is formed atop the piece of
nylon.

— After heating to the previous heating temperature for
indentation, the indent becomes shallower.

Obviously, shape recovery in the above experiment is partial
only. The details on how to optimize the SME will be discussed
in Section “Fundamentals and optimization of the SME”.

In many applications, a full shape recovery is not partic-
ularly required. Take a retractable stent for example. One of
the recent trends in the field of biomedical stents is so called
degradable stent, which can be eventually fully absorbed by
human body over time, which avoids the requirement for
another operation to remove it. Some bio-degradable poly-
mers, for instance, poly(vinyl alcohol) (PVA), polylactide
(PLA), poly(ethylene glycol) (PEG) and poly(D,L-lactide)
(PDLLA) etc, have been used for degradable stents in recent
years [94, 95]. However, in some occasions, due to for
instance, migration or severe infection, the degradable stents
have to be taken out immediately. Although we have seen
great efforts being devoted to developing bio-degradable
SMP for stents [96—101], it is actually more ideal to enable
the SME in existing biodegradable polymers, which have
already been approved for medical applications and are
readily commercially available, to avoid the tedious and
long procedure of a new round of application for approval
by medical authority. As shown in Fig. 8, a PLA spring
(representing a spiral stent) is programmed into a larger
diameter (Fig. 8b) and then twisted to fit into a catheter.
After reaching the targeted location (via minimally invasive
surgery), it is pushed out and automatically and elastically
expands. In the event that an immediate removal is required,
the PLA stent is heated slightly above the body temperature
so that it shrinks (Fig. 8c). Subsequently, it can be pulled
back into the catheter and removed from human body again
by means of minimally invasive surgery. Although the shape
recovery is not 100 %, those stents are still acceptable as
long as they can be fitted comfortably into a catheter again.

It should be pointed out that depending on the exact
polymer and its thermo-mechanical properties, the actual
programming procedure might be modified accordingly, just
like that in SMAs, which can be programmed either in high
temperature austenite phase or low temperature martensite
phase [26, 27]. For examples, ductile PU and PC may be
programmed in the glassy state (e.g., [29, 91]), while for

Fig. 8 Thermo-responsive
SME in a commercial PLA
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brittle polystyrene (PS) and PMMA, programming in the
glassy state is more likely only possible if the applied
loading is in compression (e.g., [13, 29]). However, for
ductile polymers, necking like non-uniform deformation
may occur in uniaxial tension, while for brittle polymers,
even stretching at temperatures slightly lower than the tran-
sition finish temperature may cause micro-scale fracture [91,
102]. In Rodriguez et al. [103], programming at low temper-
atures and then heating for shape recovery is named as the
“reversible plasticity SME” in order to distinguish it from
programming at high temperatures.

We may take note that the PTM is applicable to enable
the thermally induced SME in other types of materials as
well, such as metals and alloys, which are not within the
traditional SMM family. The requirement for PTM is a
dramatic change in stiffness in a reversible transformation.
The exact shape memory performance depends on the ap-
plied strain and the temperature in programming, and can be
tuned for optimized performance.

Chemically induced SME

A few SMPs which respond to water/moisture have been
developed (e.g., [37, 104—-108]). Recently, Kumpfer and
Rowan [63] have synthesized a covalently cross-linked
metallo-supramolecular polymer which can be activated
upon immersing into methanol.

The programming procedure for the chemo-responsive
SME is essentially the same as that in the thermo-
responsive SME as discussed above. However, instead of
heating to above the transition temperature to activate the
SME, the approach applied to trigger the chemo-responsive
SME is to soften/dissolve the transition component (Type II
in Fig. 2) or, as opposed to heating to activate the transition,
the transition temperature in pre-programmed polymers is
lowered instead (Types I and III in Fig. 2).

Softening

As shown in Fig. 9, two pieces of PU SMP wires (indicated
as original) are immersed into 22 °C water and ethanol,
respectively. The wire immersed in the water has a nominal
T, of 35 °C, while the other immersed in the ethanol has a
nominal T, of 55 °C. Both polymers (MM3520 and
MM5520) were bought from SMP Technologies, Inc.,

wWe

(c) Recovered shape

(b) Tempeorary shape
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Fig. 9 Chemo-responsive SME
in PU SMP. Top: in 22 °C water
(Tg: 35 °C); bottom: in 22 °C
ethanol (T,: 55 °C)

! (a1) Original (a2) 15 minin (a3) 25 minin (a4) 40 minin

(b1) Original

Japan. The one immersed in the water (Fig. 9a), although it
has a 20 °C lower T, than the other, takes about 40 min to
straighten; while the other immersed in ethanol (Fig. 9b)
reacts much faster (shape recovery finished within about
30 s only).

According to Yang etal. [109] and Huang et al. [110], upon
immersing into room temperature water (about 22 °C), the T,

water _ water water

N

(b2) 19 s in ethanol

(b3) 36 s in ethanol

of both MM3520 and MM5520 can be gradually reduced by
up to 30 °C due to the plasticizing effect of the absorbed
bound water on hydrogen bonding evidenced by the shift of
C=0 stretching and N-H stretching measured by Fourier
transform infrared (FTIR) spectroscopy as revealed in
Fig. 10 (for MM3520). Figure 10 also reveals similar shift in
C=0 stretching and N-H stretching in PU SMP (MM5520)

C=0 stretching

Methanol

Absorbance

240 hrs

Qhr

Wavenumber (em')

L
1600 1640 1680 1720 1760 1800

N-H stretching

Methanol

7

Ethanol

Absorbance

. . [ .
3000 3100 3200 3300 3400
Wavenumber (cmY)

3500 3600

Fig. 10 Shift in C=0 stretching (/eff) and N-H stretching (right) upon immersing into room temperature water (MM3520) and ethanol/methanol

(MM5520)
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after being immersed in ethanol and methanol. It is worth
taking note that upon immersion into methanol, this type of
PU SMP, which is thermo-plastic, quickly dissolves in it.

The influence of water absorption on T, can be quantita-
tively determined [111]. A typical example of MM3520 is
revealed in Fig. 11. It is obvious that with a longer immersion
time in water, T, reduces further (further evidenced by the
shift in C=0 stretching and N-H stretching in Fig. 10). Upon
gradually heating, the SMP becomes lighter but there is not
much change in T, at all, until it is heated above a certain
temperature. From then on, with further increase in tempera-
ture, the weight of SMP drops while T, increases continuous-
ly. It is found that the absorbed water actually includes two
parts, namely free water and bound water (Fig. 12). While free
water does not affect T, and can be removed upon heating to
below 120 °C, bound water has strong influence on T, and can
only be removed upon heating to over 120 °C. The latter
indicates that by heating to remove the absorbed water, the
SMP can return to its original state/condition (evidenced by
the experimental results reported in [109]).

The influence of water on T, can be utilized for water
activated SME, for programmed shape recovery by means
of introducing a gradient T, in a piece of SMP (further
discussed in Section “Multiple-SME”), or for reduction of
T, before applying a lower heating temperature for activa-
tion (chemically tuning T,, without altering the chemical
composition in synthesis).

In order to have enough stiffness in working conditions, the
transition temperature of a SMP should be higher than the
environmental temperature. A piece of PU SMP (MM5520) is
straightened first (Fig. 13a-b). Since its nominal T, is 55 °C, it
is strong enough to be inserted into a cluster of toad eggs at

room temperature (around 20 °C to 22 °C) without much
difficulty even without using any special tools (Fig. 13c).
After 7 days, its T, is expected to drop by as much as 30 °C
(maximum), which is still above the ambient temperature, so
that we only see some slight shape recovery as shown in
Fig. 13d. By heating to 37.5 °C, which is still within the safe
temperature range without worrying over the risk ofkilling the
toad eggs, we can see great shape recovery in the PU wire.
This experiment demonstrates that by selecting a right chem-
ical, one may tailor the transition temperature of a polymer.
This approach could be an alternative to the chemical compo-
sition tuning, which is a more popular practice at present, to
modify transition temperatures.

Various types of polystyrene (PS) have been used based on
their thermo-responsive SME, from traditional packaging to
surface patterning and micro-machining of microchannels [9,
11,13,92,93, 112, 113]. Lv et al. [114] has used dimethylfor-
mamide (DMF) to trigger the SME in PS SMP. In Fig. 14, a
piece of thermo-set PS (4.5 mm thick, from Cornerstone
Research Group, USA) was programmed by bending at
60 °C into the temporary shape. After being kept in room
temperature acetone for 16 h, it became straight again but
actually longer in length. This observation reveals a certain
level of swelling in chemically induced SME in this polymer.

If swelling is significant, eventually a thermo-plastic
polymer may be fully dissolved, while a thermo-set polymer
becomes a gel with a huge volume expansion. Since we can
almost always find a chemical to soften a polymer without
causing much volume change, we may claim that all poly-
mers are also naturally chemo-responsive.

For dual-component materials, we may select a chemical
which softens the transition component only. On the other

Fig. 11 T, vs. ratio of water to 45
SMP in weight %. Reproduced O 2hrs
with permission from American vV 12hrs
Institute of Physics [111] % 48 hrs
—_—
é 3% /\ 168 hrs
) O 240 hrs
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£
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Fig. 12 Ratio of water to SMP 5

in weight percentage vs.
immersion time. Reproduced
with permission from Elsevier
Ltd. [109]

Weight ratio of water to SMP (%)

W Total

A Free water
vy Bound water

hand, we can design a special dual-component material which
has a transition component that can be softened by a particular
chemical under its working environment. This is to design a
material with integrated both sensing and reaction functions.

Mechanical instability induced buckling
The thermo-responsive SME in poly(methyl methacrylate)

(PMMA) has been reported in the past, but only limited to
small strain range [47, 48]. In addition to thermally induced

50 100 150 200 250
Immersion time (hrs)

shape recovery, Harmon et al. [115] have reported methanol
induced shape recovery in PMMA, but again only within
small strain range. A recent study reveals a recoverable
strain in the order of 100 % in PMMA [34]. Unlike many
other polymers (such as the above mentioned PUs), after
immersing PMMA into ethanol, we can clearly see a line
which indicates the penetration/diffusion depth of ethanol
(Fig. 15). This line moves inward further with a prolonged
immersion time [34]. Hence, we can see two different T,s,
one for the part with ethanol and the other for the part

Fig. 13 a Original shape; b after straightening; ¢ after inserting into a cluster of toad eggs; d after seven days in room temperature water; e after

heating to 37.5 °C
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Fig. 14 Shape recovery in a
piece of pre-bent PS upon im-
mersing into acetone for 16 h

(b1) Deformed at
60°C (side-view)

without ethanol, instead of a gradually decreasing T, as in
PUs after being immersed in the water for a different periods
of time.

Within the large deformation regime, mechanical insta-
bility may turn to be an important issue. As shown in Fig. 16
(), a piece of PMMA (right part) is stretched at above its Ty,
so that after programming, the length of the right part of the
PMMA is more than doubled. Upon gradually heating,
instead of gradually shrinking back to the original dimen-
sions, at about 110 °C, which is around its T,, the sample
becomes curved. Upon further heating, the sample gradually
recovers its original shape. One may suspect that the cause
of curving at 110 °C is due to temperature gradient, which is
common in real practice, and thus the shape recovery is not
uniform. Since one side (surface) of the sample recovers
more than the other side (surface), the sample becomes
curved. In another experiment, at above the T, the sample
is stretched slightly and then bent during programming
before being immersed into room temperature ethanol
(Fig. 1611). As expected, the PMMA straightens and

Without ethanol

Fig. 15 Penetration line of ethanol in PMMA

@ Springer

(a) Original shape

| (b2) Deformed at 60°C (top-view)

(c) Recovered in acetone

shortens gradually and recovers its original shape after
120 h. In the last experiment, the sample is severely
stretched at above its T, before being placed inside room
temperature ethanol (Fig. 1611I). The sample curves first and
then shrinks, but fails to return to its original shape and
dimension, even after being heated inside 100 °C boiling
water for 10 s. About full shape recovery is observed after
being heated to 150 °C, which is well above its glass
transition temperature range.

In [34], the fundamental reason for curving of PMMA
upon heating and immersing into ethanol is explained as the
mechanical instability induced buckling. Derived from the
Euler buckling condition for columns, and after ignoring the
influence of swelling, the buckling condition for pre-
stretched PMMA upon immersing into ethanol is obtained.
It is concluded that with a higher pre-strain, buckling occurs
earlier. This is confirmed by the experimental results
reported in [34]. It is also revealed that when other condi-
tions are the same, buckling starts earlier in a longer sample.

We also notice significant swelling in a long pre-stretched
PMMA, which prevents full shape recovery of PMMA by
means of immersing into ethanol only. This is due to the pre-
strain/stress-enhanced swelling [115, 116]. It is found that
heating to release the absorbed ethanol (this is particularly
effective at high temperatures, e.g. at above T, in terms of a
shortened heating time) is a practical approach to achieve
full shape recovery. Additionally, when we compare the
experimental results of Fig. 16(I) and (III), it is clear that
swelling ratio is affected by the magnitude of pre-strain.

Mechanical instability in the thermally induced SME
may be minimized (if not avoided) by maintaining high
uniformity in temperature distribution. However, in the case
of chemically induced SME, given the non-uniformity
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(a) After stretching
(b) 50°C

(c) 100°C

(d) 110°C
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(d) After heating in boiling water
a) After heating above 150°C
(I (111

Fig. 16 Shape recovery in PMMA by heating (I), immersing into ethanol (II), and immersing into ethanol followed by heating (III)

nature of chemical penetration/diffusion, it might be diffi-
cult to eliminate mechanical instability. The fundamental
solution is to design the configuration of a polymer element
to avoid the conditions which may cause mechanical
instability.

Dissolving

Instead of softening, in dual-component materials, shape
recovery may be induced by removing the transition com-
ponent, so that the elastic component can freely release the
elastic energy stored during programming.

Figure 17 is SEM image showing the dispersion of sodi-
um acetate trihydrate (50 vol.%) within a silicone matrix.
Apart from large aggregations, we can see small sodium
acetate trihydrate particles which essentially serve as micro
channels to bridge these aggregations. It is well known that
sodium acetate trihydrate is highly dissolvable in water and
has a melting temperature at about 60 °C. On the other hand,
silicone is chemically and physically stable from —20 °C to
120 °C.

As shown in Fig. 18, a hybrid ring with circular shape,
which is made of silicone and sodium acetate trihydrate, is
programmed at above 60 °C into a star shape. After being
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18ku

Fig. 17 Typical SEM image showing the dispersion of sodium acetate
trihydrate (at 50 vol.%) within silicone. Reproduced with permission
from Budapest University of Technology and Economics [90]

immersed into room temperature water, the ring gradually
recovers its original circular shape. The actual recovery
speed can be controlled by varying the volume fraction of
sodium acetate trihydrate.

Sodium acetate trihydrate, which is stiffer (as compared
with silicone) but much more brittle, belongs to inorganic
crystal. Highly water dissolvable polymers, such as PEG,
can be used to replace sodium acetate trihydrate, so that the
resulted material is biocompatible and still being responsive
to water. Acetone is able to quickly dissolve PU, so that
acetone may be used as the stimulus for a dual-component
material, in which PU is the transition component, while the
elastic component should be inactive to acetone. There are
many combinations, which are possible to meet the require-
ments on the exact chemical stimulus, strength, recovery
speed and recoverable strain etc.

Recovery speed

In the thermo-responsive SME in polymers, the recovery
speed is mainly dominated by the speed of heating, although
thermal conductivity, latent heat (if applicable), specific

Fig. 18 Shape recovery in a
silicone hybrid ring filled with
50 vol.% of sodium acetate
trihydrate upon immersing into
room temperature water.
Reproduced with permission
from Budapest University of
Technology and Economics
[90]

Original
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heat, heat transfer (conduction, convection and maybe radi-
ation) etc should play certain roles, depending on the exact
setup.

According to Petrovic et al. [117], the interaction
parameter, y, between solvent (chemical) and polymer
may be determined by

2= (6, —6)*Vi/RT (1)

where ; and §, are solubility parameters of solvent and
polymer, V; is the molar volume of solvent, R is gas
constant, and 7 is absolute temperature. As we can see,
given a fixed temperature, x increases with the increase
in difference of solubility parameter between solvent
and polymer, and the increase of molar volume of
solvent.

Depending on the exact situation, there are at the most
three diffusion speeds which are influential in governing the
shape recovery speed in chemo-responsive SME, namely
the diffusion speed of solvent in elastic component, the
diffusion speed of solvent in transition component, and the
diffusion speed of transition component in solvent surround-
ing the polymer sample (only for dissolving case). In the
case of dual-state material, there is only one speed, i.e., the
diffusion speed of solvent in polymer.

It is possible to design a dual-component material, in which
a solvent has swept throughout the entire elastic component
while the interaction with the transition component is still well
lagged behind. As shown in Fig. 15, in some materials, there
might be a clearly visible penetration line.

The topic of the recovery speed in chemo-responsive
SME in polymers is essentially similar to that in controlled
drug release, which has attracted great attention in recent
years (e.g., [118—123]).

Unconventional stimuli

So far the development in chemo-responsive polymers is
seemingly limited to utilizing chemicals for softening

\
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actually by physical meaning, e.g., plasticizing (with negli-
gible volume expansion), swelling (with limited volume
expansion. Gel will be discussed in Section “SME in gel,
protein and DNA”) and dissolving (with infinite volume
expansion). In addition to degradation which is applicable
to all degradable materials including polymers, it should be
possible to soften the transition component by other means,
such as chemical decomposition and bio-reaction.

An interesting area to explore within the topic of chemo-
responsive SME is to utilize those polymers developed from
microorganisms and plants etc., known as bio-plastics, rather
than fossil-fuel plastics which are derived from petroleum
(e.g., [124-126]). Bio-plastics are naturally biocompatible
and most likely easy in biodegradation. Decomposition by
bacteria can be an alternative to soften/remove the transition
component [127]. Furthermore, enzyme may be used to de-
compose protein based bio-plastics [ 128] (the SME in proteins
will be discussed in Section “SME in gel, protein and DNA”).

Fundamentals and optimization of the SME

Instead of discussing chemical composition tuning which is
very much dependent on the individual type of polymer, we
investigate the generic principles in the optimization of the
SME from the aspects of mechanics and mechanism design.
Here, thermo-responsive SME is taken as an example in the
discussion. Chemo-responsive SME may be discussed in a
similar way [129].

From the mechanical function point of view, cross-linked
net-points and switch segments in DSM, which were point-
ed out by Xie T [52] as the two structural requirements for
the SME, are roughly corresponding to the elastic compo-
nent and transition component in DCM and PTM, respec-
tively. Consequently, the SME in polymers under all three
working mechanisms can be integrated and discussed under
one single umbrella, i.e., a material system, which consists

Fig. 19 Representative unit of
a dual-component polymer. a
Free-standing at above the
transition temperature; b

of an elastic component (may be simplified as matrix in the
discussion) and a transition component (may be considered
as inclusions).

It is obvious that the elastic component with good elasticity
(to avoid permanent distortion, which is supposed to be irre-
coverable), and the transition component which relatively
easily being “plastically” distorted (and the residual deforma-
tion can be largely maintained) are two apparent conditions.
By closely examining the behavior of this matrix/inclusion
system, we should be able to work out some generic conclu-
sions, which may serve as the principles to follow in the
design/synthesis and optimization of individual materials.

Fundamentals and optimization of the key parameters
which are influential on the shape memory performance
are discussed individually in this section.

Again, for simplicity, time-dependent parameters and
phenomena are ignored and we also omit the influence of
thermal expansion. The following discussion is essentially
based on engineering strain and engineering stress.

Shape fixity ratio

Shape fixity ratio is a measure of the ability of a SMM to
keep the shape change after programming. There are two
commonly applied testing approaches to determine the
shape fixity ratio of a SMM. One is bending test by mea-
suring the remaining bending angle against the applied
maximum bending angle in programming, the other is uni-
axial tension or compression test by calculating the ratio
between the remaining strain after programming and the
maximum strain applied in programming [74, 130—134].

We consider a representative unit of a dual-component
polymer as shown in Fig. 19a, in which the elastic compo-
nent (represented by a spring) is in parallel to the transition
component. By examining the response of this unit, the
performance of the whole piece of the material can be
revealed.

stretching at above the transi-
tion temperature; ¢ after cooling
and removing the applied
constraint
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As the first step, we discuss the case of programming at
above the transition temperature (i.e., the basic program-
ming procedure as illustrated in Fig. 2II) but by means of
unaxial tension.

To further simplify the situation, we assume the transition
occurs within a very narrow temperature range, so that we
only need to consider two temperatures, one is above the
transition temperature (high temperature), and the other is
below the transition temperature (low temperature). The
mechanical behaviors of the elastic component and transi-
tion component at high and low temperatures are illustrated
in Fig. 20. Note that since uniaxial tension is applied in the
programming, the elastic component is always in tension.
We assume it is always linear elastic (Young’s modulus: E?;
cross-sectional area: A°). For the transition component,
above the transition temperature, it is easy to flow. We
assume it is perfect plasticity with a yield stress of o/,.
However, after programming, it is in compression below
the transition temperature to maintain the remaining strain
against the stretched elastic component. The Young’s mod-
ulus of the transition component is £', the cross-sectional
area is A, and the yield stress in compression is a;,.

Refer to Fig. 19. After being stretched to a maximum
strain of €, (marked as a in Fig. 20 along c—axis) at above
the transition temperature, the material is cooled to below
the transition temperature. After the constraint is removed,
the residual strain, €, (marked as b in Fig. 20 along e—axis),
may be expressed as,

 A(Bz, — o)

ey = — 4/ 2
b AeEe +A1Et ( )
O [c¢
\
ofl
L
c? Transition
S
< ‘ (high temperature)
E// |
5 /|
Ol e — —
b [a e
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f 42 -
E
ol
Transition y

(low temperature)
Fig. 20 Illustration of stress vs. strain relationships of the elastic

component and transition components at above and below the transi-
tion temperature
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To maximize €, in Eq. (2) for better shape retaining
means that €,—¢,, which requires that,
- 0! is minimized and A°E° < A'E' (Condition 1)
We ignore the possible Bauschinger effect due to reversion
in loading direction in the transition component in this study.

Therefore, to avoid yielding of the transition component in
compression, which reduces shape fixity ratio, we need to have,

Ele, — o' ..
SOl <t (Condition IT)
1+ fepe

Although Conditions I and II are derived based on some
simplifications and assumptions, they provide guidelines in
materials selection for the elastic and transition components
and the requirement on geometrical dimensions (volume
ratio. Refer to Section “Volume fraction of transition
component” for further discussion).

The above discussion is based on the assumption that
programming is conducted at high temperatures (transition
component is fully softened). Programming at lower tem-
peratures should require a higher stress to reach the same
maximum strain, while the resultant residual strain is less
due to higher elastic recovery [91].

Figure 21a reveals the maximum compressive stress in
programming vs. the programming temperature curves of a
commercial biodegradable polymer (BIOCOM® DPEF9910
multi-degradable resin, from NAFT Asia Biodegradable
Plastics Corp., Singapore). Two maximum strains were ap-
plied, namely 5 % and 10 %. The selected temperatures for
programming are around the melting transition. It is con-
firmed that with an increase in programming temperature,
the maximum compressive stress decreases monotonically
at both maximum strains. In Fig. 21b, the shape fixity ratio
vs. programming temperature relationships are shown. A
quasi-linear relationship is observed between the shape fix-
ity ratio and programming temperature at both 5 % and
10 % strains. It reveals that a higher maximum program-
ming strain results in a higher shape fixity ratio. The shape
recovery behavior of this polymer will be discussed in
Section “Shape recovery ratio and multiple-transition”.

In another set of experiments, polyether ether ketone
(PEEK) thin films with a thickness of 0.1 mm were uniax-
ially stretched to different maximum strains at room tem-
perature at a strain rate of 0.1 %/s. DSC result (Fig. 22a)
reveals that there are two transitions in this thermo-plastic
PEEK, one is glass transition at around 145 °C, and the
other is melting transition at above 300 °C. It is noticed that
this thin film PEEK becomes warped when heated to above
300 °C. The shape fixity ratio vs. the maximum pre-strain
relationships are shown in Fig. 22b. Apparently, a higher
programming strain results in a higher shape fixity ratio.
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Fig. 21 Programming a commercial biodegradable polymer at differ-
ent temperatures by uniaxial compression to maximum strains of 5 %
and 10 %. a Maximum compressive stress vs. programming

Thermally induced SME (Fig. 22¢) will be discussed in
Section “Shape recovery progress”.

In fact, both the biodegradable polymer and PEEK film
mentioned above are not able to fully recover their original
shape upon heating. Hence, it is necessary to know the strain
limit in programming.

Maximum strain in programming

SMPs with a very high recoverable strain have been devel-
oped (e.g., [135, 136]). By means of exquisite control over
crosslinking density in a SMP, it is found that increased cross-
link density leads to a decrease in the maximum strain to
failure [137]. In this section, we discuss the strain limit in
programming at above the transition temperature, since this is
the case that the strain in programming and hence, the SME
can be maximized. Another reason is due to the complex
interaction between the elastic and transition components
upon distortion at low temperatures, which causes the diffi-
culties to derive a simple model for all kinds of situations.

What recently reported by Feldkamp and Rousseau [138]
in an epoxy SMP shows that a higher fracture strain can be
achieved by deforming at a lower programming tempera-
ture. However, in general, depending on the nature of a
polymer, programming at lower temperatures may have a
higher chance to deteriorate the SME by means of micro
fracture or brittle fracture, or lower shape fixity ratio and
reduced shape recovery (e.g., [91, 102]).

Consider an ideal situation as illustrated in Fig. 23, in
which an elastic foam/network is fully filled with a transition
component. We use this simplified two dimensional model to
investigate strain limit based on pure geometrical analysis.

Assume that at high temperatures (above the transition
temperature) the transition component is able to flow easily
but non-compressible. Consider a unit cell, which is sub-
jected to a point load which is applied in the vertical

(b)

70% ¢

60% F

50%

40% p

30%

20% f

Shape Fixity Ratio

10% |

25 35 45 55 65 75 85

Temperature( ° C)

temperature relationships; b shape fixity ratio vs. programming tem-
perature relationships. Embedded grey curves are DSC results at a
heating/cooling rate of 10 °C/min

direction (Y) as shown in Fig. 23. Upon compressing, the
condition that the transition component can easily flow but
is non-compressible requires,

(1—g) x(1+&)=1 (3)

where ¢, and ¢, are the resulted strains in the horizontal (X)
and vertical (Y) directions, respectively. The elastic compo-
nent should elastically deform (uniaxial extension) accord-
ingly to ensure that there is not any volume change in the
transition component, i.e.,

(1—2)" + (1 +2)? = v2(1 +¢,)? (4)

where ¢; is the elastic strain in the elastic component.
Subsequently, we have €, and ¢, in terms of ¢, as,

1/2
V2 2 1
ee=—1(1—-¢,) +— 5
L 2 ( )/) (l—é‘y)z ()
and
1
sle_ayfl (6)

Figure 24 plots the variation of €; and ¢, in terms of ¢,.
Since the elastic component should be loaded within its
elastic range to ensure full shape recovery, based on the
maximum elastic strain of the elastic component, we can
predict the strain limit in programming. Figure 24 is plotted
for the situation of unaxial compression. By re-plotting it as
€, against €,, we can determine the case of uniaxial tension.
Other loading situations (and even in three-dimensional
cases) can be estimated in a similar way.

Of course, the above discussion is for the estimation to
catch the fundamentals, since the real situation is much
more complicated. However, we can easily conclude that a
higher programming strain (and consequently higher
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Fig. 22 The SME in a 0.1 mm (a)
thick PEEK film. a DSC result 2 = . . . . . . .
(at a heating/cooling rate of 10 °
C/min). Insets: zoom-in views
of the glass transition in heat- 15F 4 ]
ing/cooling; b relationships of 0.28 .y
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Fig. 23 Illustration of an
elastic foam/network fully filled
with transition component
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recoverable strain) is achievable by using an elastic compo-
nent with a higher elastic strain limit. For the purpose of
reinforcement of a polymer as a structural material at its
normal working conditions, we should load hard fillers only
within the transition component in order to minimize the
deterioration in the SME. In order to have a high actuation
stress at above the transition temperature, we need to en-
hance the elastic modulus of the elastic component.

In addition, from Fig. 23 we may see that by utilizing the
elasticity of the elastic network (yet softened transition
component), the SME based on PTM can be realized. How-
ever, the exact achievable shape recovery ratio is very much
dependent on the flexibility of the elastic network, and thus
the programming temperature should be carefully selected.

Volume fraction of transition component

In the case that the SME is based on DCM or PTM, the
volume fraction of the transition component/part directly or
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1

indirectly determines the flexibility of the elastic component/
part and thus the shape fixity ratio and the shape recovery
ratio, etc. Hence, we need to know the upper limit of the
volume fraction of the transition component/part. For PTM,
the volume fraction of the transition part can be roughly
determined by the programming temperature. Certainly, tem-
perature distribution is a key factor to ensure good SME.
Hence, we must have the temperature variation within the
material to be as small as possible.

Microscopically, the upper limit of the volume fraction of
the transition component determines the continuity and den-
sity of the elastic network, which if being destroyed, reduces
the shape recovery ratio. Transition component (inclusions)
in a closed-cell form within an elastic component (matrix) is
better than the transition component in an open-cell form in
terms of preventing long distance flow of the transition
component, which may cause damage to the elastic network
at some weaker points, or may not be able to perfectly flow
back during shape recovery (thus preventing full shape
recovery).

In this section, from pure geometrical point of view, we
consider the upper limit of the volume fraction of the tran-
sition component. Four ideal configurations are considered
in Fig. 25a—d to represent well separated and uniformly
distributed transition inclusions within a unit cell of elastic
component (matrix). We may convert them into a standard
equivalent morphology for easy comparison as shown in
Fig. 25. Here, 2t stands for the minimal distance between
two inclusions and D is the dimension of the unit cell.

In Fig. 25 (bottom), the relationships between volume
fraction of inclusion vs. t/D are shown together for all four
configurations. It is obvious that in all cases, at about
30 vol.% of inclusion, t/D approaches about 1/10, which
indicates that the gap between inclusions is small so that
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Fig. 25 Relationships between
volume fraction of transition
component vs. t/D
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practically, we expect to see a number of open-cells. As
such, the upper limit of the volume fraction of the transition
component/part should be around 30 to 40 %.

The influence of the volume fraction of the transition
component on the shape fixity ratio in silicone/paraffin
wax (S/PW) hybrids (S-PWx, where x indicates the volume
fraction of PW, ranging from 15 % to 40 %) programmed at
above the transition temperature (melting temperature of
PW) to different maximum compressive strains is presented
in Fig. 26. This type of hybrid is selected as it has a very

Fig. 26 a Shape fixity ratio vs.
volume fraction of PW
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clear dual-domain structure (refer to Fig. 5 for its typical
micro morphology), in which there is clearly no interaction
between silicone and PW.

What presented in Fig. 26a is the shape fixity ratio vs. the
volume fraction of PW curves at different maximum
programming strains, from 5 % to 50 %. For easy visuali-
zation in comparison, in Fig. 26b, the results were re-plotted
in terms of the shape fixity ratio against the maximum
compressive strain. It is clear that with more PW content
in a hybrid, shape fixity ratio increases monotonically. This
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trend of increase is more significant at higher programming
strains. It is also interesting to take note that the shape fixity
ratio is actually higher at a smaller maximum programming
strain in all samples. Surprisingly, this finding is consistent
throughout all experiments, which may be due to that the
applied load in programming is uniaxial compression, and
engineering strain is applied in the analysis.

When comparing Fig. 22b (PEEK film in uniaxial ten-
sion) with Fig. 26b (S/PW hybrid in uniaxial compression),
it is clear that the trend of shape fixity ratio vs. pre-strain
curve may vary from one material to another.

Shape recovery progress

In a few recent investigations, it is both theoretically and
experimentally proved that the programming temperature
does have strong influence on the shape recovery progress
upon heating [30, 52, 91, 139]. If the programming temper-
ature is within the transition temperature range, in the sub-
sequent heating process for shape recovery, a large portion
of shape recovery occurs upon heating to around the previ-
ous programming temperature. By examining the instant
strain recovery rate, Xie et al. [30] found that the maximum
recovery rate is achieved at about the previous programming
temperature. The underlying theory behind this phenome-
non is schematically revealed by Sun et al. [91], which is
actually based on the assumption of small programming
strain (but not explicitly spelt out over there). Therefore, it
is not able to match different types of shape recovery vs.
heating temperature relationships in thermally induced re-
covery tests, in which the samples are programmed at dif-
ferent temperatures and to different maximum programming
strains.

In Fig. 27, we assume the evolution of transition fraction
upon heating follows the solid grey line. The transition start
and finish points are denoted by T and Ty, respectively. If a
polymer is programmed at high temperatures which are
within T and T, but close toward Ty, the transition fraction
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Fig. 27 Shape recovery ratio and transition fraction against heating
temperature curves. Ag and Ap: recovery ratio upon heating to the
programming temperature. Subscripts S and L denote small strain and
large strain, respectively

is high and thus the softened transition component, which is
relatively easy to flow, is in dominant. As such, whether it is
a small or large programming strain, the targeted maximum
programming strain, supposed to be within the strain limit,
can be comfortably accommodated without evolving much
quasi-plastic distortion in the non-softened portion of the
transition component. Consequently, the shape recovery
ratio vs. heating temperature curves for large programming
strain (2, dark solid line in Fig. 27) and small programming
strain (2g, dark dotted line in Fig. 27) are about the same. In
addition, we can see that by heating to the previous
programming temperature, the original shape can be largely
recovered.

For lower programming temperature cases, the evolution of
shape recovery upon heating is programming strain depen-
dent. For a small programming strain, the required deforma-
tion during programming can be largely accommodated by
means of flowing of the softened portion of the transition
component, elastic distortion in the elastic component, and
elastic deformation (plus some slight quasi-plastic deforma-
tion) of the non-softened portion of the transition component.
Consequently, the original shape can be largely recovered by
heating to the programming temperature (1g, dark dashed line
in Fig. 27). At high programming strains, the non-softened
portion of the transition component may be quasi-plastically
distorted. Therefore, upon heating for recovery, shape recov-
ery at around the programming temperature is remarkable, but
is still partial. Further heating is required for further recovery
in a gradual manner (1, dark dash-dotted line in Fig. 27).

We need to bear this in mind that in many applications,
such as programmed active disassembly of obsolete electri-
cal devices, in which we should program the parts, which
are expected to drop out at lower temperatures, to lower
strain only to ensure well controllable recovery in a more
precise manner [140].

Now consider the influence of maximum strain on sam-
ples programmed at low temperatures. What reported in
Fig. 22c¢ is the evolution of shape recovery ratio upon heat-
ing to 300 °C, which is in its early melting stage (Fig. 22a),
in four PEEK thin films pre-stretched to different maximum
strains at room temperature. Remarkable shape recovery is
observed upon heating from 130 °C to 165 °C, which is
about its glass transition range (refer to the bottom inset in
Fig. 22a). Shape recovery is over 50 % at 165 °C in all
samples.

It is concluded that this PEEK thin film is not able to
achieve full shape recovery (even after being heated to 300 °©
C and it turns warped). At 130 °C, all samples have already
had over 10 % shape recovery, which might be the result of
relaxation. Even shape recovery is partial, all shape recovery
ratio vs. heating temperature curves up to 165 °C are virtu-
ally about the same. This is more or less expected, just like
in those experiments, in which programming is conducted at
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high temperatures (above transition range) (e.g., [109]).
Since the transition component is distorted more or less
uniformly, the recovery sequence should largely follow the
transition fraction vs. heating temperature curve (solid grey
line in Fig. 27) for any maximum strains in programming.

Further shape recovery is observed, but only slightly and
gradually, upon gradually heating to 300 °C. More recovery
is found in the less stretched sample.

Shape recovery ratio and multiple-transition

In the case of SMMs with perfect SME, following the above
discussion in Section “Shape recovery progress”, we can see
that the shape recovery ratio upon heating to the previous
programming temperature also depends on the maximum
programming strain (Refer to Fig. 27). In the case of small
programming strain, the shape recovery ratio vs. tempera-
ture (standing for both the programming temperature and
heating temperature for shape recovery, as they are the
same) relationships should follow the dashed grey line
(As), while for a large programming strain, it should be
closer to the dotted grey line (Ar). We expect to see com-
plete or very close to 100 % shape recovery upon heating to
or above the transition finish temperature. In the following
discussion, our focus is on incomplete shape recovery.

To be more generic, our experiments were conducted
using commercially available engineering polymers, which
we do not have full knowledge of their exact chemical
compositions. The applied standard programming procedure
includes three steps: deforming at a specified temperature,
cooling and then unloading. Again, we assume time-
dependent parameters are negligible.

The SME in the biodegradable polymer presented in
Fig. 21 was investigated. In the first step, the programmed
samples were heated to their individual programming tem-
peratures for 30 min. The resulted shape recovery ratios (as
shown in Fig. 28) reveal that shape recovery in all samples
is always incomplete. The general trend is also different
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Fig. 28 Shape recovery ratio (recovered upon heating to the program-
ming temperature and then to 80 °C) as a function of programming
temperature at two different maximum programming strains (in uniax-
ial compression)

@ Springer

from that mentioned in Fig. 27. More interestingly, the
maximum shape recovery ratio occurs at about 60 °C, which
is coincident with the peak transition temperature as shown
in the DSC curve in Fig. 21.

As previously discussed, a substantial amount of incom-
plete shape recovery, in particular at high programming/heat-
ing temperatures, indicates a significant amount of plastic
deformation in the elastic component and/or non-reversible
flow in the transition component. This is further confirmed
by two more observations from Fig. 28, namely the higher
the maximum programming strain is, the lesser the shape
recovery ratio is; and the higher the programming temperature
is, the lesser the shape recovery ratio is in the temperature
regime close to the transition finish temperature. Previous
discussions on the maximum strain in programming
(Section “Maximum strain in programming”) and volume
fraction of transition component (Section “Volume fraction of
transition component”) provide the basic underlying mech-
anisms to explain the reasons behind this phenomenon.

A more obvious way to verify plastic deformation, if any,
after programming, is to check the final shape recovery ratio
after heating to above the transition range. In the second
step, all samples were further heated to 80 °C, and the shape
recovery ratios were recalculated and added into Fig. 28.
The observed trend is different from the silicone-PW sam-
ples (Fig. 26), in which full shape recovery is always ob-
served after heating to above the melting temperature of PW.
In this biodegradable polymer, we can see a substantial
amount of increase in shape recovery ratio in 5 % pre-
strained samples programmed at temperatures lower than
about 70 °C (note that this trend is almost identical to that
reported in [141] (Fig. 5), in which the reported relationship
is between the shape recovery ratio and the weight fraction
of the transition component. From mechanism point of view,
the weight fraction of the transition component and
programming temperature are equivalent), while for 10 %
strain cases, remarkable increase in shape recovery ratio
only occurs in samples with a programming temperature
lower than about 55 °C. Referring to Fig. 21b, we may
conclude that the exact residual strain (rather than the max-
imum programming strain) should play an active role to
influence the final shape recovery after heating to 80 °C.
The strong interaction between the elastic and transition
components during programming at low temperatures
reduces the shape fixity ratio, but actually helps to reach a
higher shape recovery ratio.

As revealed in Fig. 22c, the PEEK films are able to have
some slight further shape recovery upon further heating
before warped at near its melting temperature. The less
stretched sample is able to recover more. The final shape
recovery ratio is over 75 % in the sample with a maximum
pre-strain of 8.2 % (about 15 % increase upon further heat-
ing from 160 °C to 300 °C), while for the sample pre-
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stretched to 33.33 %, the final shape recovery ratio is about
60 % (the increase upon further heating from 160 °C to
300 °C is only around 5 %). It seems that there is a possi-
bility to reach even higher recovery by further heating over
another transition range, provided that the polymer is still
able to keep its shape.

In another set of experiments, a polytetrafluoroethylene
(PTFE) ring (from Woer Heat-shrinkable Materials Co.,
Ltd., Shenzhen, China) was tested for its SME. DSC result
of this polymer is shown in Fig. 29, in which we can see a
clear melting transition at over 300 °C. However, melting
and solidification emerge at two slightly different tempera-
ture ranges, which indicates the nature of hysteresis in this
polymer in this transition. A close-look reveals that the
temperature range for glass transition is from about 100 °C
to 120 °C (Fig. 29, insets). It should be pointed out that the
PTFE is still intact even after being heated to 340 °C, which
is over the melting temperature range.

A similar set of SME tests (as conducted in the above
mentioned biodegradable polymer in Fig. 28) were carried
out on the PTFE rings (refer to Fig. 30b for the dimensions
of the ring sample). They were programmed at three differ-
ent temperatures (all within the glass transition range). But
instead of uniaxial compression, they were expanded to a
maximum expansion of 50 %. Figure 30a reveals a similar
trend in the shape recovery ratio vs. programming temper-
ature relationships as that in Fig. 28 (upon heating to the
programming temperature).

In a further test on the same type of PTFE ring, we in-
creased the amount of expansion to 80 % and the program-
ming temperature to 120 °C. After heating to 120 °C for shape
recovery, the measured shape recovery ratio was 37 %, which
is lower than all the previously obtained ratios (refer to
Fig. 30a). Seemingly more plastic deformation was developed
in this ring. However, upon heating gradually to 340 °C,
which is over the melting transition range of this polymer,
eventually, 100 % shape recovery was achieved. Same shape
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Fig. 29 DSC result of PTFE (conducted at a heating/cooling rate of
10 °C/min). Inset: zoom-in views of the glass transition range upon
heating and cooling
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Fig. 30 Evolution of shape recovery ratio against heating temperature
in a PTFE ring (80 % maximum expansion at 120 °C in programming).
a Shape recovery ratio vs. programming temperature relationships
upon heating to the programming temperature (50 % maximum expan-
sion in programming). b Photographs of the PTFE ring before testing

recovery ratio trend (i.e., full recovery upon gradually heating
to 340 °C) was observed in all tested rings under all program-
ming conditions. In addition, this phenomenon (i.e., further
heating to reach full recovery) was also observed in another
set of experiments carried out on 0.1 mm thick PTFE films.

It is clear that for PTFE, the non-recoverable deformation
upon heating to over the glass transition temperature range is
actually fully recoverable by means of further heating to above
the melting transition temperature. It seems that within the
glass transition range, the transition component (T))-elastic
component (E;) system is able to achieve higher shape recov-
ery ratio, only if the applied strain is small. Under high
programming strains, E; is further decomposed into two parts,
namely elastic component (E,) and transition component (T5).
Heating to soften T is not good enough for full shape recov-
ery. Only by heating to above the softening temperature of T,
full shape recovery can be obtained. The above mentioned
observation that at 340 °C, which is above the melting tem-
perature range, the PTFE is still intact is a good evidence to
prove the existence of E,.

Further discussions

Normally, it is not easy to introduce a new material into an
industry, particularly in the field of biomedical engineering.
Using existing material is a short-cut to avoid many diffi-
culties and to shorten the journey of R&D. A couple of
examples are presented here to demonstrate how to utilize
the SME in engineering polymers for new functions.
PETG, glycol-modified polyethylene terephthalate, is a
copolyester and transparent. It has high stiffness, hardness,
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and toughness as well as good impact strength. PETG is a
commonly used material for transparency. Instead of using
PU as reported in Huang et al. [29], PETG sheet, which is
available off the shelf in almost any stationery shops, can be
used as refreshable Braille paper for people with vision
problem to easily remove any typographical errors by means
of thermally induced shape recovery and retype just like
writing with a pencil and eraser (Fig. 31).

Due to its convenience, in particular in minimally inva-
sive surgery, surgical stapler has become a widely used tool
to replace (at least partially) surgical suture. Biodegradable
staples are preferred so that the staples disappear after a few
months, and thus a second operation to remove the staples
becomes unnecessary. However, unlike sutures which are
able to be tightened to close the wound, staples are lacking
in this tightening function. Hence, as normally suggested, a
wound should be closed using a forceps before firing a
surgical stapler. After programming a commercial PLA
based staple, which is biodegradable, as revealed in
Fig. 32, the staple has the ability to close the wound auto-
matically by means of the thermally induced SME. Unlike
SMAs [65], the force generated by the SME in polymers is
normally only a few MPa or less [29, 66, 109], which is
compatible to human tissue, and also adjustable. The prob-
lem of over-stressing, which may prevent good blood circu-
lation and cause damage to tissue, can be avoided. In
addition, at present, different sized staples are required for
tissue with different thicknesses. The shape recovery ability
in polymer staples can be utilized to effectively reduce the
number of staple sizes to one only.

Fig. 31 PETG refreshable
Braille paper. a After
indentation (three-dimensional
view); b after heating to 75 °C
for shape recovery; ¢
comparison of cross-sections
(black line: after indentation;
grey line: after recovery)

EVA is biocompatible and has excellent elasticity. Tradi-
tionally, EVA is used for drug delivery devices in biomedical
engineering applications. A temporary stent (such as for the
treatment of prostate cancer) made of EVA in a flower-shape
(Fig. 33a), may be eluted with drug, can be expanded into a
big circular shape (Fig. 33b) and then elastically deployed at
the required location. Drug is able to be released gradually to
prevent infection, thrombosis or other problems. After the
period of treatment is over, the EVA stent is heated and it
shrinks back into its original flower-shape (Fig. 33c¢), so that
one can easily remove it. As an alternative, as proposed in
[90], we may use the drug as the transition component. After
the drug is released, the stent shrinks automatically.

The SME in polymers is applicable not only to devices
for actuation or controllable motion generation, but also as
an advanced manufacturing technology. The thermo-
responsive SME and chemo-responsive SME can be used
either individually or together.

The SME has been applied for instant micro patterning
atop a PS SMP over a large area in a cost-effective manner
(Fig. 34a). Microlens array, which is required in many appli-
cations, for instance, in a recently emerging field of light field
microscopy to achieve, so called “Shoot first, focus later”
[142], can be produced atop PMMA, which is a conventional
optical polymer, utilizing the SME. One step further, Fig. 34b
presents a microlens array atop a cylindrical PMMA lens,
which is to mimic “insect eyes” for a very large field-of-
view and effectively tracking motion of objects [143, 144].

As mentioned above, for some polymers, we may chemi-
cally tailor their transition temperatures to around the required
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Fig. 32 The SME in a commercial biodegradable PLA based staple.
Left: after programming; right: after heating

temperature range which is required in a particular applica-
tion, and then by means of selecting the programming tem-
perature to fine-tune the shape recovery temperature. This
could be an alternative to chemical composition tuning to
modify the transition temperatures (e.g., [145, 146]).

Some major issues on the fundamentals and optimization
of the shape memory performance have been discussed in
details in Section ‘“Fundamentals and optimization of the
SME”. This section focuses on the concerns in the actual
implementation.

Influence of processing and pre-heat treatment

Some commercial engineering polymers are processed in
such a way that they may be sensitive to further heat treat-
ment. For instance, thin PMMA sheets may contract a few
percent upon annealing; while for PMMA rods, heating to
around their melting temperature may induce bubbles all
over the material. In addition, pre-heat treatment may alter
the transition(s). As shown in Fig. 35, in the first heating
process, we can see two transitions, one is glass transition
and the other is melting transition. However, in the follow-
up second heating process, there is no melting trough and
the glass transition temperature range is also lower. Conse-
quently we need to determine the programming parameters
according to the exact conditions of a polymer.
Theoretically, programming can be carried out during
either heating process or cooling process. As discussed
in Sections “Volume fraction of transition component”,
“Shape recovery progress” and “Shape recovery ratio
and multiple-transition”, the key factor, which affects the

Fig. 33 EVA stent. a Original st ¥ €t
shape; b after programming; ¢ ' |
after shape recovery

SME, is the volume fraction of the softened part of the
transition component. Hysteresis can be found in many poly-
mers (e.g., in Fig. 29 in a PTFE during melting). We need to
pay attention to all these factors in the determination of the
processing/programming procedure and parameters.

Multiple-SME

Instead of returning to the original shape directly (called as
the dual-SME, since there are only two stable shapes in-
volved, namely the temporary shape, i.c., the shape after
programming, and the original shape, i.e., the permanent
shape), it is a great advantage if we can have one or more
stable intermediate shapes between the temporary shape and
the original shape, so called the triple-SME (with one inter-
mediate) and multiple-SME (with multiple intermediate
shapes), so that we can program a polymer to work as a
machine, i.e. “The material is the machine” [147].

One possible approach is to introduce a gradient transi-
tion temperature [111, 148]. As shown in Fig. 36, a piece of
PU SMP wire is able to recover its original straight shape in
two steps upon immersing into room temperature water
(chemo-responsive SME). Since the top half of the wire
has been immersed into the water to reduce the Ty, this part
straightens first.

If there are two transitions in a polymer, which have remark-
ably different transition temperature ranges, we may stretch the
polymer at either high or low temperatures for programming,.
Subsequently, upon heating we may see two significant con-
traction events. Each of them corresponds to one transition
temperature range. This programming approach is simple, but
only applicable when the modes of both shape recovery are the
same (e.g., all in tension or contraction), and lacks flexibility to
control the magnitude in each shape recovery event [149].

A more practical approach so that the shape recovery can
follow any prescribed sequence and in any mode/magnitude,
is to program in a step-by-step manner. Previous experiments
showing the multiple-SME require the SMPs to have two or
more transitions, so that each transition corresponds to one
shape [150—154]. In the case of the triple-SME, in addition to
synthesize/modify a polymer with two transition components,
which have two well separated different transition temper-
atures, the glass transition and melting transition are naturally
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Fig. 34 Cost-effective surface patterning over a large area using laser for thermally induced shape recovery (a) and compound microlens array (insect
eyes) fabrication using both thermally and chemically induced shape recovery (b). a is reproduced with permission from IOP Publishing [93]

available for many polymers to utilize. An extreme situation is
to have a bilayered structure with different transition temper-
ature in each layer [155, 156].

What Xie T [157] has demonstrated is to achieve the
multiple-SME in a polymer within one single transition,
which has a wider transition temperature range. If we program
a polymer step by step at a few different temperatures (within
the temperature range of a transition) during cooling, the
transition component is hardened in a step-by-step manner
as well. Consequently, upon gradually heating, shape recovery
in the polymer appears to be step-by-step accordingly, but
following a reverse order as that in programming [158].

Since the glass transition temperature range of most poly-
mers is over 20 °C, the glass transition should be good enough
for at least the triple-SME (e.g., one programming temperature
is above Ty, one is below T,, as shown in Fig. 37).

Ideally, if the transformation progress in both heating and
cooling follows a same particular function against temperature,
the programming temperature(s) and heating temperature(s)
have a clear one to one relationship, i.e., a shape distortion
fixed at a particular temperature is going to be recovered by
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Fig. 35 DSC curves of a PMMA in two continuous thermal cycles at a

constant heating/cooling rate of 5 °C/min. Black line: first cycle; grey
line: second cycle
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heating to this temperature again. However, according to
Fig. 27, we need to ensure that during programming, the
distortion in the subsequent step(s) should not destroy the
previously programmed shape(s). Hence, the magnitudes of
the applied distortion in a series of programming steps upon
cooling are suggested to follow a decreasing order. In some
occasions, we may heat slightly above the corresponding
programming temperature to have better shape recovery in this
heating step (Fig. 38).

As a particular case, a piece of silicone beam filled with
paraffin wax is able to bend downward and then upward
upon immersing into hot water (with a constant temperature)
[66]. Of course, the down-and-up motion is due to gradual
temperature increase.

The triple-SME may be used in both deployment and
retraction of polymer stents, all by means of minimally
invasive surgery [29, 159]. Heating to about the same tem-
perature twice for both deployment and retraction can be
realized based on, for instance, moisture-induced T, reduc-
tion [29] (refer to Fig. 13 for a typical example of moisture
induced T, reduction in PU SMP).

Temperature memory effect (TME)

The term of temperature memory effect (TME) is seemingly
new to the SMP community. To researchers within the field

Fig. 36 The triple-SME in a PU SMP wire upon immersing into room
temperature water. Reproduced with permission from American Insti-
tute of Physics [111]
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(a) Original shape

(b1) After twisted at 150 °C

(b2) After bent at 110 °C

Fig. 37 Triple-SME in PMMA. a Original shape; b programming during step-by-step cooling; ¢ shape recovery during step-by-step heating

of SMAs, the metallic counterpart of SMPs, the TME (or in
some other different names in early days) is a phenomenon
which has been subjected to intensive investigation for a
few decades [160—162]. It refers to the ability of a material
to reveal the previous maximum heating temperature(s)
(provided it is within the phase transformation temperature
range) in the following heating process. In the case of
multiple heating cycles, if the maximum heating temper-
atures in thermal cycling follow a decreasing order, in the
last heating process, all the previous maximum heating
temperatures can be spotted from, for example the result of
DSC test [163]. Now, the TME is considered to be a generic
phenomenon in many SMAs in various types of phase
transformations. Although still lacking in experimental ob-
servation to provide direct and un-doubtable evidence, dif-
ferent martensite variants produced during thermal cycling,

(a) Original shape (b) At 60°C, twist

which undergo transition in a step-by-step manner upon
heating, are believed to be the reason, which has been
indirectly proved by the result of DSC test [164].

Probably, [165] is the first paper explicitly revealing the
TME in a polymeric material, followed by [157] in which
Nafion, which also have a wide transition temperature range
as the polymeric material tested in [165], is the polymer
subjected to investigation. Since then the TME in SMPs
started to attract great attention [30, 139], and its fundamen-
tal mechanism has been sketched in [158] (a revised version
is reported in [29]).

Although the TME in SMPs is normally observed in so
called constrained recovery test (i.e., heating for shape re-
covery with the programmed shape fixed, which is opposite
to free recovery test in which constraint is fully removed
before heating), which is a different type of experiment as

(c) At 40°C,

bend and then

cool to room \
temperature )

RO

L i!II_Hl_Hi'Fl:llllitI‘I!llui

Fig. 38 Triple-SME in PU. In (d), the sample is heated to 45 °C (instead of 40 °C in (c))
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Fig. 39 The TME in PMMA. 25

o
w

Samples were pre-stretched

to 100 % at a strain rate of
0.001/s at 105 °C and 110 °C,
respectively. Inset: DSC curve
during heating (heating rate:
10 °C/min)

Recovery Stress (MPa)

/—

60 80 100 120 140 160
Temperature (°C)
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compared with the one normally used in SMAs, the under-
lying mechanisms for the TMEs in both SMPs and SMAs
actually share a common feature. They are all due to step-
by-step transition [158, 164]. Hence, referring to Fig. 27, it
is not a surprise to see that upon gradually heating, the
maximum shape recovery speed (i.e., derivative of recovery
ratio with respect to temperature) may be observed at around
the previous programming temperature in free recovery test
[30]. On the other hand, it is obvious that the multiple-TME
can be observed in a polymer after being programmed for
the multiple-SME, since basically both phenomena have the
same mechanism origin.

In a standard constrained recovery test, a programmed
polymer is fully unloaded before being heated with the
temporary shape fixed. We can observe a force/stress peak
upon gradually heating. This peak is normally very close to
the previous programming temperature, i.e., it is seemingly
that the polymer is able to memorize the previous heating

Fig. 40 The TME in (a)
melting glue and (b) paraffin 0.40

80 100 120 140 160
Temperature (°C)

temperature, provided that the programming temperature is
within the transition temperature range (e.g., in Fig. 39).
This is where the term “temperature memory effect” comes
from.

Apparently, apart from the testing conditions, e.g., pre-
cise thermal control (heating/cooling rate, temperature uni-
formity, etc), pre-stress etc, material’s own properties, e.g.,
thermal expansion coefficient, softening procedure, and
thermo-mechanical behaviors during transition, also play
an important role on the exact location of the peak
temperature.

In addition to the SME as presented in Fig. 7, Fig. 40
reveals the TME in melting glue and paraffin wax (again,
based on the melting transitions in both materials). The
programming temperatures are indicated. Since there are
two peaks (one minor peak followed by a major peak upon
heating) in paraffin wax, the recovery stress vs. heating
temperature curves are more complicated as compared with

I
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Fig. 41 Thermal expansion coefficient vs. temperature relationship of
paraffin wax upon heating at a very slow speed

those of melting glue. Additionally, paraffin wax expands
significantly upon heating (Fig. 41) and it melts into water-
like liquid form at high temperatures. Therefore, unlike
melting glue, which is still relatively highly viscous even
it is fully melted, the stress peaks in paraffin wax
programmed at different temperatures do not always occur
at a temperature, which has a fixed temperature difference
compared to the programming temperature.

As shown in [91], by optimizing the programming tem-
perature, the maximum stress (together with other key per-
formance parameters) in the TME (and the SME) can be
adjusted. This adjustable maximum recovery stress is based
on the mechanism which utilizes the hard portion of transi-
tion component (which does not go through the transition
during programming) as the reinforcement to the elastic

(a1) Original shape

(a2) Sideview

component, so that more elastic energy is stored in the
polymer. Consequently, a recovery stress, which is higher
than what the elastic component alone can provide, is ob-
served. Before reaching the maximum stress, upon heating,
the elastic energy stored in the polymer is released, so that
the recovery stress increases continuously. After reaching
the maximum stress, the hard portion of the transition com-
ponent starts to soften (and thus collapses, which only
happens at around the previous programming temperature),
and therefore, the recovery stress starts to drop. As we can
see, essentially this is due to the PTM.

SME in gel, protein and DNA

Polymer gels are able to dramatically change their volume in
response to the change of an external factor, such as solvent,
temperature, electrical field and light etc [121, 166—-171]. As
such, as demonstrated in Fig. 42, a silicone strip with hydro-
gel embedded in one side (only a part within the whole
length of the silicone strip) is able to bend significantly
upon immersing into room temperature water, and then to
return to its original straight shape by means of drying. In
addition, Fig. 43 reveals the feasibility to achieve wetting
for shrinkage in a straw with a spherical hydrogel embedded
inside [172]. The swelling of the hydrogel causes the length
of the straw (with cuts) to decrease. Essentially, the SCE is
utilized in the above applications.

Probably the first reported experiment to reveal the ther-
mally induced SME in hydrogels was in [173]. As men-
tioned in [174], that copolymer gel, which does not show the
SME in dry state, is able to have the thermo-responsive
SME after being wetted in the water. However, according

(b1) Immersed in water

(c) Dried

Fig. 42 Water induced SCE in a silicone strip with hydrogel embedded in part of it. a Original straight shape; b bending upon immersing into room

temperature water; ¢ shape recovery after drying
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(a) (b)

Fig. 43 Swelling of a spherical hydrogel inside a straw (with some
local cuts). a Half-way wetted; b fully wetted. Reproduced with per-
mission from VSP, an imprint of Brill [172]

to Fig. 44, a spherical hydrogel (Fig. 44a), which has been
pre-compressed at high temperatures, is able to instantly and
fully recover its original shape upon heating (Fig. 44b). On
the other hand, pre-compressed hydrogels (being com-
pressed at both high and low temperatures) are also able to
gradually recover their spherical shape when placed inside
an environment with a humidity level of 54 % (Fig. 44c),
while inside an environment with 35 % humidity they fail to
show any shape recovery at all even after 4 months
(Fig. 44d). Previously, pseudo-elasticity has been observed
in double network gels. Partial fracture of one network is
believed to be the cause of this phenomenon [175], known
as the Mullins effect [176]. However, we found that in
partially wetted gels (by means of leaving them inside a
chamber with high humidity level, e.g., 54 %), in which no
obvious swelling was observed, they were able to viscous-
elastically recover their original shape without any apparent
damage at all.

In [35], along with glassy polymers, crystallisable poly-
mers, polymer blends and filled polymer composites, poly-
mer gels are regarded as an independent category, in which
the formation of crystalline aggregates between the side
chains is considered as the fundamental mechanism behind

Fig. 44 Thermo- and moisture-
responsive SME in a hydrogel

@ Springer

the SME. Above experiments reported in Fig. 44 reveal that
there is nothing special in the polymer gels at all. Like
ordinary polymers, they have both the thermo- and chemo-
responsive features, in which the crosslinked polymer net-
work serves perfectly as the elastic component.

In recent years, environment-sensitive gels have found
many applications in biomedical devices and drug delivery
[118, 119, 122, 123, 177]. In addition, degradable SMPs
have been investigated for controlled drug release [18,
99-101, 178]. PEG is a water soluble polyether compound
with many applications, in particular for medicine (e.g., in
[179-181]). However, it is normally very much brittle and
fragile, so that it is difficult to achieve apparent SME with a
high recoverable strain. In Fig. 45, a hydrogel was placed
inside PEG water solution and then dried to get rid of
redundant water. The resultant hydrogel/PEG hybrid (wt%
of PEG is 97.5 %) is stiff and has excellent SME, since the
hydrogel serves both as the network to reduce the brittleness
of PEG and as the elastic component for the SME. As the
content of hydrogel is only 2.5 wt.%, this experiment suc-
cessfully demonstrates an alternative approach to modify the
mechanical and shape memory properties of PEG.

As reported, potato starch, which is carbohydrate
[Cin(H10O5),] produced by all green plants as a way to store
energy, is both thermo-responsive and moisture-responsive
[36]; maize flour also has excellent shape recovery capabil-
ity upon heating [182].

Our recently obtained experimental results reveal ex-
cellent thermo-/moisture- responsive SME in human
nail, which is made of translucent keratin (fibrous struc-
tural protein), a product of amino acids, which are also
key elements of hair, horn, wool and silk etc (Fig. 46).
It is not a surprise since protein and even DNA are
essentially polymers as well, and therefore, they are
harmless SMPs to environment. Excellent biocompatible
and even biodegradable features make them suitable for
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Fig. 45 Thermally induced
SME in a hydrogel/PEG hybrid.
a Original shape; b after being
compressed at 100 °C; b after
heating to 100 °C for shape
recovery

many biomedical applications. One possible application
is for the development of DNA based SMP, which is
based on DNA folding/unfolding for surgery inside cells
or targeted drug release.

Durability/stability

For simplification, in the above discussion, all time depen-
dent parameters are ignored. It is well known that polymers
are viscous and most of them are prone to stress induced
relaxation and creeping. Hence, the durability/stability of
the SME in polymers has turned out to be a major concern
in many real engineering applications.

Although still very much limited, experimental investi-
gation on the durability/stability of the SME of some poly-
mers (including some engineering polymers) have been
reported in the literature [22, 35, 183—-189]. According to
Hussein and Harrison [22], excellent shape recovery (over
90 % shape recovery) has been observed in polyethylene
terephthalate (PET), ABS, PC, and their blends (ABS/PC)
even after an elapsed time of two years after being
programmed. This sounds promising, but needs further ex-
tension in the testing time in order for real engineering
applications of engineering polymers for active disassembly
of obsolete electrical devices.

It is expected that by means of careful selection of mate-
rials/processing method and design, the durability of the
SME should be about the same as the durability of the
original materials. In fact, the concept of dual-domain mech-
anism may provide an easy solution to estimate the durabil-
ity/stability of the SME in a polymer based on the durability/
stability of individual domain material.

Fig. 46 The SME in a human
nail. a Upon heating inside

65 °C hot chamber
(thermo-responsive); b

upon immersing into 22 °C
water (chemo-responsive)

Original

_d.‘._
il
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1 (o) 1 1 O 1 1 (0] 1

Design and programming polymeric materials with tailored
features

Novel SMPs with some special functions have been devel-
oped. A very interesting example of such is the SMP
reported in [190], which has the built-in threshold tempera-
ture sensing function by means of color change during the
process of the thermally induced shape recovery.

The dual-component concept (DCM) can be extended into
the design of polymeric materials with tailored features. For
instance, based on a similar working principle as the Mullins
effect [176], pressure-responsive SMMs has been developed
[23]. By introducing a transition component, which softens
upon cooling (for example, Poloxamer 407 [191]), cooling-
responsive SMMs can be made and the SME can be even
achieved at around human body temperature [192]. A melting
adhesive material can be used as the transition component to
achieve thermal-assisted self-healing for simultaneous shape
and strength recovery, which is beyond the healing of
scratches on the top surface of a polymer by means of shape
recovery only [23, 66, 103, 193]. As an extreme case, if water
is used as the transition component, we will then be able to
achieve a very sharp transition range in a SMM (at +0 °C)
[23]. On the other hand, as an extension of the concept of the
multiple-SME, we can achieve tailored transition temperature
within the specified range by programming.

We may develop polymers with a few different transition
components, which are responsive to different chemicals or
different types of stimuli (e.g., heat, chemical or light), so that
each recovery motion can be controlled independently. Re-
mote controlled multi-shape polymer nanocomposites with
selective radiofrequency actuations have been invented [154].

me w6 me me m

(a)

10 mins

15 mins 30 mins

(b)
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Conclusions

As we can see, polymers (including their composites/
hybrids and other non-conventional polymers, such as pro-
tein and DNA etc) are intrinsically with the thermo- and
chemo- responsive SME. As such, the SME should essen-
tially be a material property, just like density and specific
heat, of all polymers. Hence, without introducing any new
material (and even without any material modification), uti-
lizing the thermo- responsive SME and chemo- responsive
SME of an existing polymer, either individually or com-
bined together, we can come out with many approaches to
reshape device/product design and to develop new fabrica-
tion techniques.

On the other hand, in addition to blending and varying
chemical composites and/or synthesis process, the SME of a
given polymer can be optimized by means of selecting the
right programming parameters only.

Based on the fundamental mechanical mechanisms of the
SME, we can also design and develop new polymeric
SMMs with tailored features and performance.
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