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Abstract:

 This review paper summarizes the recent research progress in the underlying mechanisms behind the shape memory effect (SME) and some newly discovered shape memory phenomena in polymeric materials. It is revealed that most polymeric materials, if not all, intrinsically have the thermo/chemo-responsive SME. It is demonstrated that a good understanding of the fundamentals behind various types of shape memory phenomena in polymeric materials is not only useful in design/synthesis of new polymeric shape memory materials (SMMs) with tailored performance, but also helpful in optimization of the existing ones, and thus remarkably widens the application field of polymeric SMMs.
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1. Introduction

Traditionally, the shape memory effect (SME) refers to the following interesting phenomenon, i.e., after being severely and quasi-plastically distorted, a material is able to recover its original shape at the presence of the right stimulus [1,2,3]. Figure 1 reveals the SME in three commonly used engineering polymers, namely, polytetrafluoroethylene (PFTE), polylactide (PLA) and ethylene-vinyl acetate (EVA).

Figure 1. Thermally induced SME in PTFE (I), PLA (II) and EVA (III). (II and III: reproduced with permission from [3]. Copyright 2012 Springer). (I) PTFE: (a) original shape; (b) after stretching at room temperature; and (c–d) after gradually heating to 340 °C in two steps (above the glass transition temperature and at the melting temperature). (II) PLA: (a) original shape; (b) after expansion at high temperatures; and (c) after heating for shape recovery. (III) EVA: (a) original star shape; (b) after expansion into circular shape at high temperatures; and (c) after heating for shape recovery.
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The SME is fundamentally different from another commonly observed phenomenon, namely, the shape change effect (SCE), in which a material returns its original shape either instantly or gradually when the applied stimulus is removed [4,5]. A typical example of the SCE is reversible elastic distortion when a piece of material is elastically distorted. Note that upon unloading, shape recovery might be either instantly or in the case of a viscous-elastic material, gradually in the SCE.

From an energy point of view, the difference between the SME and SCE is due to the magnitude of energy barrier between two states (marked as A and B in Figure 2), in which one is with, while the other is without, the presence of the right stimulus [3]. As illustrated in Figure 2, in the case of high energy barrier (H), additional driving force is required for shape recovery (i.e., the SME); while in the case of low energy barrier, the SCE can be realized either instantly or gradually (in the case of low energy barrier H′).

Figure 2. Shape memory effect (SME) and shape change effect (SCE). (Reproduced with permission from [3]. Copyright 2012 Springer).



[image: Polymers 05 01169 g002 1024]







As pointed out in [3], the SCE and SME may coexist in one material, i.e., a material may behave and thus be classified either as a shape change material (SCM) or as a shape memory material (SMM), dependent on the exact working condition/environment. For instance, loading within the elastic range of a piece polymer at low temperatures, the material is SCM; while loading to beyond its elastic range, the quasi-plastic deformation may be recovered upon heating or immersing into a particular chemical (without any apparent temperature variation), so that the material is SMM.

Although the term SME originally referred to the shape memory phenomenon observed in an AuCd alloy in the 1930s, heat shrinkable polymer and water shrinkable polymer actually have a much longer history that began even well before the coining of the term SME [5,6,7].

Currently, the SME in polymeric materials can essentially be triggered by four basic types of stimuli, namely temperature variation (thermo-responsive, including both cooling and heating either directly or indirectly); chemicals (chemo-responsive, including water, ethanol and pH change etc.); light (photo-responsive, without apparent temperature fluctuation); and, mechanical force (mechano-responsive, including impact and pressure) [2,3,4,5,8,9,10,11,12,13,14,15,16,17,18].

In the past decade, extensive and continuous research efforts have been devoted to developing new polymers with the SME and/or improving the existing ones for higher performance [14,19,20,21,22,23,24,25,26,27,28,29,30]. On the other hand, a few new shape memory phenomena have been discovered [31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47], which not only enhance the flexibility of the current shape memory technology, but also add in new dimensions for extended versatility and adoptability. Consequently, a number of novel concepts have been proposed for a range of engineering applications [45,48,49,50,51,52,53,54], in particular in the field of biomedical engineering as of the last couple of years [24,43,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70].

The purpose of this paper is to present a brief review about the underlying working mechanisms for various commonly observed shape memory phenomena in polymers. A good understanding of the fundamentals behind various types of shape memory phenomena in polymers is not only useful in design/synthesis of new polymeric SMMs with tailored performance and optimization of the existing ones, but also very helpful for modeling and simulation of their stimulus-responsive behaviors.

The outline of this paper is as follows. Section 2 discusses the basic working mechanisms behind the classic SME. Section 3 extends the discussion from the basic shape memory phenomenon to other shape memory phenomena recently discovered. Based on the background knowledge presented in Section 2 and Section 3, in Section 4, the design of new polymeric SMMs with required features and optimization of existing ones for tailored performance are presented. Some major conclusions are summarized in Section 5.



2. Working Mechanisms

There are many ways to achieve the SME in materials based on various working mechanisms. In Figure 3, a line-shaped indent is made on the top of an EVA-based melting glue droplet. After heating to above the melting temperature of the melting glue, the indent disappears and the droplet recovers its original shape. In this example, shape recovery is driven by surface tension when melting glue is heated to fully melt, which pulls the droplet surface back to the original spherical shape for energy minimization. As we can see, like many others, such a working mechanism is limited to some very special situations only.

Figure 3. Thermally induced shape recovery due to surface tension in an EVA-based melting glue droplet. (a) Original shape; (b) after indented for a line; and (c) after heating for shape recovery.
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2.1. Basic Working Mechanisms

Instead of exhausting efforts to have a complete list of every possible working mechanism in all real engineering practice, in this review paper, we will focus on the generic ones, which are applicable for a wide range of polymeric materials and their composites.

In this section, we take heating-induced SME as an example to reveal possible working mechanisms which can be easily implemented in most of polymers, if not all, and their composites.

Different from their metallic counterpart, namely shape memory alloys (SMAs), in which the reversible martensitic transition either induced thermo-mechanically or thermo-magneto-mechanically, is the driven mechanism [1,6,71,72,73]. In a general sense, the SME in polymeric materials is fundamentally based on a dual-component system, in which one component (segment or domain) is always elastic within the temperature range of our interest (for the thermo-responsive SME), while the other component (segment or domain) is able to reversibly change its stiffness (and also easily deform in a plastic manner in the low stiffness state) depending on if the right stimulus (heat in the case of thermo-responsive SME) is presented [2,4,10,49]. The glass transition and melting are the two most commonly utilized transitions in polymers for the thermo-responsive SME.

A typical SME cycle for a heating-responsive SMM includes two parts, namely programming and shape recovery [1,4,45,74,75]. As illustrated in Figure 4, in the first step “a”, a piece of SMM is strained to a maximum strain of εm at high or low temperatures. Subsequently, with or without the step of cooling back to room temperature, the SMM is unloaded (“b”), and a residual strain of εu is resulted at room temperature. Shape fixity ratio (Rf), which is normally defined as,

Figure 4. Illustration of a typical SME cycle in heating-responsive SMM.
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(1)




is one of the key parameters in characterizing the shape memory phenomenon of a SMM. This ends the programming process.


In the following shape recovery process, the material is heated (“c”) and the final remaining strain is εh. Shape recovery ratio (Rr), which is normally defined as,
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(2)




is another key parameter in the characterization of SMMs.
It should be pointed out that in some polymers, such as EVA, significant strain recovery may occur at low temperatures right after programming, largely due to the nature of high viscous-elasticity in these materials. Hereinafter, we ignore this effect and other minor factors, such as thermal expansion, in the discussion. Of course, time-related and rate-dependent effects, such as relaxation, creeping and strain rate effect, which are commonly observed in polymeric materials, can be included for a more precise investigation [76,77,78,79,80,81,82,83,84,85,86].

Regardless of the exact composite and synthesis method, according to [3], there are three basic working mechanisms for the heating-responsive SME in most—if not all—of the current polymeric materials: dual-state mechanism (DSM), dual-composite mechanism (DCM), and partial-transition mechanism (PTM). Refer to Figure 5 for schematic illustration of these three mechanisms.

Figure 5. Basic working mechanisms for the heating-responsive SME in polymeric materials. (I) Dual-state mechanism (DSM); (II) dual-component mechanism (DCM); (III) partial-transition mechanism (PTM). (a) Original sample at low temperatures; (b) upon heating and compressing; (c) after cooling and constraint removal; and (d) after heating for shape recovery. (Modified from [3]).
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2.1.1. Dual-State Mechanism (DSM) (Figure 5I)

Silicone is a typical example under this mechanism for the heating-induced SME [3]. Since the glass transition temperature (Tg) of silicone is normally well below 0 °C, at around room temperature, silicone is in the rubbery state and responds to external loading elastically in a rubber-like manner. If the distorted shape is maintained while cooling to below its glass transition range, since the micro-Brownian motion is frozen in the glass state, the distorted shape can be largely maintained even after the constraint is removed. Heating back to room temperature, silicone returns to its rubbery state and thus the micro-Brownian motion is reactivated, which drives silicone to recover its original shape.

Although most engineering polymers have their Tg above room temperature, so that they are in the glassy state, the aforementioned working mechanism for the thermally induced SME is still largely applicable.

Since the glass transition is a commonly observed phenomenon in most polymers, and therefore there are two states, namely the glassy state and rubbery state, in these polymers, heating-responsive SME may be considered as an intrinsic feature of almost all polymers and their composites. Good cross-linked net-points (including physical cross-linking, e.g., tangling, chemical cross-linking, and non-covalent interaction, etc.) are required to store elastic energy, which essentially provides the driving force for shape recovery [10].



2.1.2. Dual-Component Mechanism (DCM) (Figure 5II)

A lot of polymers, such as EVA and polyurethane (PU) [3,19,45,75,87], have a hard/soft segment structure, while some polymers and polymer hybrids/blends have an inclusion-matrix microstructure [4,7,88,89,90,91,92,93,94,95,96]. If the hard segment or matrix is elastic within the temperature range of our interest, and the soft segment or inclusion is able to significantly alter its stiffness when being heated by means of either the glass transition or melting, we are able to realize the heating-responsive SME in these polymers.

For simplicity, we may call the elastic matrix/segment the elastic component, while the inclusion/soft segment is considered to be the transition component. After programming either at high or low temperatures, the elastic component stores elastic energy. On the other hand, the plastically distorted and (re-)hardened transition component provides constraint to prevent shape recovery at low temperatures. Only reheating to soften the transition component can remove the constraint and, thus driven by the stored elastic energy in the elastic component, the polymer returns to its original shape.



2.1.3. Partial-Transition Mechanism (PTM) (Figure 5III)

Instead of having a complete transition, heating may stop at a temperature within the transition range. As such, when deformed, the un-softened portion may serve as the elastic component to store elastic energy, while the softened portion may behave as the transition component. Following this mechanism, instead of utilizing surface tension as in Figure 3, the heating-responsive SME can be realized in melting glue by means of heating for partially melting [3].

It should be pointed out that in real practice, depending on the exact material, above three mechanisms may be utilized individually or in a combined fashion.

Although rather unconventional, cooling is indeed the other possible approach under the category of thermo-responsive SME. However, the transition component should be able to soften upon cooling, which is not a commonly accessible feature in nature for us to utilize. So far, cooling-responsive SME has only been demonstrated by means of using tin (based on the phenomenon of tin disease) and poloxamer 407 (P407) as the transition component [5,11]. Figure 6I shows that P407 melts upon cooling to 4 °C and Figure 6II reveals the cooling-responsive SME in an elastic spong-P407 hybrid.

Figure 6. Melting of P407 upon cooling (I) and the cooling-responsive SME in an elastic sponge–P407 hybrid (II). (Reproduced with permission from [11]. Copyright 2012 Elsevier).
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2.2. Other Types of Stimuli

Other than temperature variation by means of either heating or cooling to soften the transition component, there are many other ways to release the stored elastic energy in the elastic component to drive the shape recovery.

The plasticizing effect is commonly observed in many polymers upon immersing into the right chemical. Since the plasticizing effect is able to effectively reduce the Tg, instead of heating over Tg to trigger the thermally induced SME, to reduce the Tg of a polymer to below room temperature by means of exposing to the right chemical for the plasticizing effect is an alternative for shape recovery [14,97,98,99,100]. Such a chemo-responsive SME is generic and applicable to all three working mechanisms presented in Figure 5.

In real implementation, according to the magnitude of volume expansion in polymers, there are three categories under the chemo-responsive SME, namely softening, swelling and dissolving [3].


2.2.1. Softening

As shown in Figure 7, a piece of PU wire which is 1 mm in diameter and has an initial Tg of 35 °C is pre-bent. After being immersed into room temperature water (about 22 °C), it gradually returns its original shape. There is no apparent volume expansion at all and according to Figure 8, in terms of weight percent, the absorbed water is less than 5%.

Figure 7. Water-responsive SME (shape recovery of PU polyurethane in room temperature water). (Reproduced with permission from [101]. Copyright 2005 American Institute of Physics).
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Figure 8. Tgversus ratio of water to shape memory polymer (SMP) in wt %. (Reproduced with permission from [101]. Copyright 2005 American Institute of Physics).
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Furthermore, Figure 8 reveals that the absorbed water has two parts, one part is free water which does not have significant effect on the Tg and can be removed upon heating to less than 120 °C, while the other part is bound water, which can reduce the Tg remarkably (up to 30 °C) and can only be removed upon heating to above 120 °C [20]. In addition to water, ethanol is another chemical which can trigger the chemo-responsive SME in PU, and in a much higher speed [102].





2.2.2. Swelling

As reported in [3], a piece of pre-deformed polystyrene (PS) is able to recover its original shape upon immersing into room temperature acetone for 16 h. However, after shape recovery, the PS sample becomes remarkably longer than before.

Such swelling-induced volume expansion is not always undesirable [13], and may be utilized as a novel manufacturing technique in some special applications. One such application is to produce microlens array atop poly(methyl methacrylate) (PMMA) as revealed in Figure 9. Instead of following tradition lens fabrication methods, we immerse a piece of 2-dimensional or 3-dimensional PMMA with an array of pre-indented micro indents atop into room temperature ethanol. After nine hours, an array of microlens is produced [103].

Figure 9. PMMA microlens arrays. (a) After indentation; (b) after immersion into room temperature ethanol; and (c) surface profiles at different stages during processing. (Reproduced with permission from [103]. Copyright 2011 The Optical Society (OSA)).
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2.2.3. Dissolving

The extreme case of softening is to remove the transition component by means of dissolving, so that the corresponding volume expansion reaches the maximum. In Figure 10, a hybrid ring is made of silicone filled with 70 vol % of sodium acetate trihydrate (CH3COONa∙3H2O). The original star-shaped ring is pre-expanded at the melting temperature of CH3COONa∙3H2O and then cooled back to room temperature (around 22 °C). Given the high volume percentage of CH3COONa∙3H2O in the hybrid, CH3COONa∙3H2O inclusions within silicone matrix are effectively connected, and hence the silicone matrix is virtually a kind of open-cell sponge. Upon immersing into room temperature water, CH3COONa∙3H2O gradually dissolves. Consequently, the silicone sponge gradually recovers its original star shape.

Figure 10. Shape recovery in a silicone hybrid ring filled with 70 vol % of CH3COONa∙3H2O upon immersing into room temperature water. (Reproduced with permission from [104]. Copyright 2013 Elsevier). (a0) Original shape; (a1) after pre-expansion; (a2-a5) after immersing into room temperature water.
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Although in the thermally induced SME, temperature variation within a piece of polymer can be minimized by means of slowly heating/cooling to maintain virtually constant temperature distribution within the whole piece of a material, the penetration nature in the chemo-responsive SME causes intrinsic un-uniformity within a piece of polymer, which may result in an unexpected response during shape recovery.

As reported in [3], unlike that of water penetrating into PU, the boundary between the ethanol penetrated part and un-penetrated part in PMMA is rather narrow, only a couple of μm. PMMA microlens array presented in Figure 9 is achievable also due to the influence of pre-compression at room temperature so that the material right underneath the indents has a much higher ethanol penetration speed than the rest of the un-indented part. Consequently, the indented part swells significantly well before the rest and, hence, the microlens array is produced [103].

Figure 11 presents a piece of PMMA which is pre-stretched at high temperatures before immersing into room temperature ethanol. The PMMA actually curves before it finally returns to its original shape.

Figure 11. Buckling of PMMA. (a) Original shape; (b) after pre-stretching at high temperatures; and (c) after immersing into room temperature ethanol for a few hours.
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The underlying mechanism behind the unexpected curving phenomenon in pre-stretched PMMA is schematically illustrated in Figure 12 [105]. The penetration of ethanol from the outside surface inward causes a gradually increased compression force in the pre-stretched PMMA within its cross-section along its axial direction. When the compression force reaches a critical point, the piece of PMMA buckles. After a prolonged period of immersion, ethanol penetrates throughout the whole PMMA, and the PMMA recovers its original shape and becomes straight again.

Figure 12. Illustration of underlying mechanism. (a) Original amorphous PMMA; (b) uniaxial stretching at high temperatures; (c) cooling and unloading; (d) ethanol penetrating and outer layer softening; (e) buckling at a critical penetration depth; and (f) final shape after recovery. Area in red is with ethanol. (Reproduced with permission from [105]. Copyright 2011 American Institute of Physics).
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As discussed earlier, the thermally and chemically induced shape recovery is generic and applicable to almost all polymers. Therefore, we may conclude that both thermo (heating) and chemo-responsive SMEs are an intrinsic feature of almost all polymeric materials, although the exact magnitude in shape recovery varies from material to material.

On the contrary, the photo-responsive and mechano-responsive SMEs need special transition components which can react to light or mechanical loading by means of softening. Hence, the photo-responsive and mechano-responsive SMEs are not commonly achievable in polymers.



Figure 13 presents an example of the mechano-responsive SME in an elastic sponge-cupric sulfate pentahydrate (CuSO4∙5H2O) hybrid [88]. The elastic sponge is pre-compressed in its length direction (horizontal direction in Figure 13) and then soaked in hot supersaturated CuSO4∙5H2O/water solution. After cooling to let CuSO4∙5H2O crystallize within the pores, we obtain a piece of elastic sponge–CuSO4∙5H2O hybrid, which has been programmed, but in an unconventional way. When being hammered in the vertical direction, the impact smashes CuSO4∙5H2O crystals and thus the elastic sponge is able to recover its original shape by means of extending in the horizontal direction. Since CuSO4∙5H2O is able to quickly dissolve in water, this elastic sponge–CuSO4∙5H2O hybrid is also water-responsive [21].

Figure 13. Impact-induced shape recovery in an elastic sponge–CuSO4∙5H2O hybrid. (a) After programming; and (b) after being hammered in the vertical direction [88].
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We may safely conclude that, in general, most polymers are able to respond to more than one stimulus, i.e., essentially most polymers intrinsically have the multiple stimuli-responsive SME. The nature of multiple stimuli-responsive SME in polymers provides users options for the most effective approach to trigger shape recovery in a real engineering application.





3. Advanced Shape Memory Phenomena

The research progress in recent years has widely expanded the traditional definition of SME. A few advanced shape memory phenomena have been discovered in polymers, which add new dimensions to the applications.


3.1. Multiple-SME (Shape Memory Effect)

Traditionally, SMMs are only able to switch between two shapes: one is the original shape, which is permanent, and the other is the temporary shape, which requires a programming process to fix it. It is ideal to have one or more intermediate shapes between the temporary shape and the original shape, the so-called multiple-SME (or triple-SME, if there is only one intermediate shape), for more complicated motion generation.

In some situations, multiple shapes during shape recovery can be observed due to some special mechanisms. As revealed in Figure 14, a piece of PU spiral spring is immersed into room temperature ethanol. The spring contracts after 7 s of immersion and then starts to expand 17 s later. The internal stress generated during the fabrication of the spiral spring is found to be the reason for such contraction-expansion phenomenon [102].

Figure 14. Morphing in a pre-stretched PU spring after immersing into room temperature ethanol. (a) No significant shape change in the first 7 s; (b–f) contraction for 8 s; and (f–j) expansion for 4 s. (Reproduced with permission from [102]. Copyright 2012 Elsevier).
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Another approach to achieve the multiple-SME is to have a gradient transition temperature [32,106]. In Figure 15, utilizing the influence of water on the Tg of the PU (as revealed in Figure 8), by means of immersing different segments of a piece of PU wire into water for different periods of time, three different segments (top, middle and bottom) have been assigned with different Tgs. Consequently, after being programmed into a “Z” shape and then immersed into room temperature water, water-induced shape recovery appears in a step by step fashion [101]. The concept of polymeric composite, in which two or more layers of polymers with different transition temperatures, provides an alternative to achieve the multiple-SME [32].

Figure 15. The triple-SME in a PU wire upon immersing into room temperature water. (Reproduced with permission from [101]. Copyright 2005 American Institute of Physics).
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By means of having two transition components with different transition temperatures, instead of having only one as in most of previous studies, in 2006, Professor Lendlein’s group demonstrated a convenient approach to achieve the triple-SME [107]. In 2010, Dr. Xie demonstrated that a polymer with a broad transition temperature range can be programmed to have more than one intermediate shape [108]. Subsequently, the underlying mechanism was revealed [109]. It was proved that the multiple-SME is an intrinsic feature of polymers and that the triple-SME can be easily achieved in most polymers by programming based on only one transition [19]. A step-by-step softening/frozen procedure during heating/cooling is the fundamental reason behind the multiple-SME.

Following these concepts, the triple-SME has been realized in a number of polymer systems [54,110,111,112,113,114,115,116,117]. Although in theory, we can achieve an infinite number of intermediate shapes [109,118], the significance of the SME in each intermediate shape is reduced with the increase of the number of the intermediate shapes.

Although one-step programming has been proposed to achieve the triple-SME in [119], it is only applicable to realize some simple one directional format of motions, such as step by step contraction or extension, and is lack of the flexibility in control of the magnitude in each recovery step. Fundamentally, the triple-SME after one-step programming requires two transitions during stimulus-induced shape recovery. PTFE is a good example to demonstrate one-step programming for the triple-SME (Figure 1I). After being severely pre-stretched at room temperature (Figure 1Ib), upon heating to above its glass transition temperature, it partially recovers some residual strain (Figure 1Ic). Full shape recovery is achievable when it is further heated to its melting temperature (Figure 1Id).

A standard programming process for the multiple-SME includes more than one step. In each step, one temporary shape is fixed. As such for the triple-SME, in which there are two temporary shapes, we need to program twice, one for the intermediate shape, and the other for the final temporary shape.

Figure 16 reveals the triple-SME in a silicone–paraffin wax (PW) hybrid, in which the volume fraction of PW is 30% [88]. The programming procedure is as following:

Figure 16. Triple-SME in silicone–paraffin wax (PW) hybrid. (a) From twisted-bent shape to twisted shape upon immersion into 45 °C water; and (b) from twisted shape to original straight shape upon immersion into 65 °C water [88].
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	-

	The hybrid is heated to 65 °C and then twisted.



	-

	After cooling to 40 °C with the twisted shape maintained, it is bent.



	-

	Subsequently, it is cooled to 15 °C and the constraint is removed.







In the shape recovery process, upon immersing into 45 °C water, it is straightened (Figure 16a). Further heating by means of immersing into 65 °C water, the hybrid is untwisted and thus fully recovers its original shape (Figure 16b).



3.2. Temperature Memory Effect

The temperature memory effect (TME) was originally discovered in shape memory alloys (SMAs), although a few different terms have been used since this phenomenon was first reported in 1993 [120,121]. Originally, the TME refers to the ability of a material to remember the maximum heating temperature in a previous single or cyclic heating process and to reveal this maximum temperature in a later heating process, most likely by means of examining the heat flow versus heating temperature results from a differential scanning calorimeter (DSC) test [122,123].

It is likely that the TME in polymers was first reported in [124]. Contrary to SMAs, it is the programming temperature that is meant to be memorized, and the test to reveal the TME is constrained recovery, i.e., a piece of programmed polymer is heated with the shape fixed. It was reported that the temperature corresponding to the measured maximum stress in the polymer during heating is always slightly lower than the programming temperature [108,124]. Figure 17 presents the experimental results of the TME in an EVA-based melting glue and paraffin wax. It is clear that the TME is another intrinsic feature of polymers [109], but there are many factors which may affect the TME. Among others, the exact shape of the DSC curve (e.g., single peak or multiple peaks in transition), the coefficient of thermal expansion before and after transition, and the Young’s moduli before and after transition are the most influential ones. Consequently, the temperature which corresponds to the maximum stress during heating may be higher or lower than the actual programming temperature.

Figure 17. Evolution of recovery stress against heating temperature in melting glue (a); and paraffin wax (b), which are pre-programmed at different temperatures. Inset: DSC result (heat flow versus temperature) in heating process. (Reproduced with permission from [3]. Copyright 2012 Springer).
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As is similar in SMAs, the aforementioned TME is not ostensibly useful in real engineering applications. However, recent study reveals that in the case of shape recovery without applying any constraint (free recovery), the maximum shape recovery occurs at around the programming temperature, i.e., a significant shape recovery occurs when the material is heated to the programming temperature, or to slightly above the programming temperature (refer to Figure 18). This new form of the TME provides a simple way to fine-tune the transition temperature to be within a very sharp temperature range [125,126].

Figure 18. Illustration of shape recovery ratio/transition fraction against heating temperature. The designated 1 is programmed at T1 and 2 is programmed at T2. Subscript S stands for small deformation and subscript L stands for large deformation. (Modified from [3]).
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A close view of Figure 18 further reveals the strong influence of the exact magnitude of the programming strain on the significance of the TME, in particular at low programming temperatures [3]. This phenomenon can be explained as follows. When a large programming strain is applied, both the low softening temperature portion of the transition component and a part of the high softening temperature portion of the transition component are plastically distorted. As such, in the subsequent shape recovery process, heating to the programming temperature is only able to soften the low softening temperature portion of the transition component. For more shape recovery, further heating is required to soften the plastically distorted, high softening temperature portion of the transition component.



3.3. Reversible Motion

According to the traditional theory, the softening nature of polymers in heating-induced SME prevents the possibility of having reversible motion upon thermal cycling, except in some specially designed polymeric composites and some liquid crystals [47]. However, in recent years, reversible motion during thermal cycling has actually been reported in a couple of polymers [29,33,34,127].

Since an external force (by means of either applying an external load directly or bonded to/connected with a piece of elastic component, which essentially serves as an elastic spring) is always applied in these polymers to automatically reset the temporary shape in each cycle [128,129], according to the definition in [73], it is the mechanical two-way SME. Similar to that in SMAs, the material two-way SME, in which a piece of free-standing material is able to switch between two shapes during thermal cycling, is theoretically achievable (by means of introducing an elastic stress field at micro-scale into a polymer), but has yet been realized in real practice.

It should be pointed out that:


	-

	Strictly speaking, the reversible motion upon thermal cycling is actually the SCE.



	-

	A special mechanism to achieve softening during cooling upon loading is required. Right now, the fundamentals are still under construction [130]. As such, unlike the aforementioned multiple-SME and TME, reversible motion is not a generic shape memory phenomenon in polymers.



	-

	Particular attention should be paid to distinguish it from the thermal mismatch-induced reversible motion.








4. Design of Polymeric Materials and Optimization

In recent years, we have seen great efforts in developing new polymers and improving existing ones for tailored shape memory features, improved performance and/or new functions [14,29,34,37,52,55,79,131,132,133,134,135,136,137,138,139,140,141,142,143,144,145]. On the other hand, the SME has been discovery in many other materials beyond the traditional polymers, such as starch, maize flour and even nails [3,146]. Figure 19 reveals the water-responsive SME in a string of cocoon silk. Shape recovery is finished within 10–20 s. Since protein and even DNA are essentially polymer, it is no surprise to observe the SME in these materials.

Figure 19. Water-responsive SME in cocoon silk. (a) Scanning electron microscope image of a string of commercial silk. Each piece of silk is about 10 μm. The scale bar is 100 μm; (b) after being programmed into spiral spring shape; and (c) after immersing into room temperature water for shape recovery.
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Despite these solid advancements, we cannot always easily obtain a polymeric material with the exact shape memory feature and other required properties for a particular application. Traditional synthesis techniques require not only strong chemical/polymer knowledge, but also many runs of trial and error. With the aforementioned working mechanisms in mind, we can comfortably follow simple approaches, which are accessible to even non-experts, to work out their own polymeric SMMs with the required performance or to optimize existing ones for tailored features.


4.1. Design of Polymeric Materials

Figure 20 reveals the thermo-responsive SME in a hybrid which is designed based on the working mechanism of DCM, in which a highly elastic sponge is selected as the elastic component (matrix) and a paraffin wax with the required activation temperature (melting temperature) as the transition component (inclusion).

Figure 20. The SME in an elastic sponge–PW hybrid. The sample is pure sponge for comparison. (a) After programming (being compressed above the melting temperature of PW); (b) after heating to above the melting temperature of PW; and (c) high elasticity in the sponge (right sample).
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The procedure to prepare the sponge–PW hybrid is as follows. After heating to above the melting temperature of the PW, the sponge is soaked into the liquid form of PW and compressed a few times to absorb as much PW as possible. Programming is done by means of compressing the hybrid and then cooling it to below the melting temperature of PW (Figure 20a, left sample). Upon heating to above the melting temperature of PW, the sponge regains its original height (Figure 20b, left sample). It is obvious that the shape memory properties of this hybrid, such as, shape fixity ratio, shape recovery ratio (in free recovery) and recovery force (in constrained recovery), are determined by the selected sponge and PW and thus can be tailored. In addition, since the interaction between the elastic matrix and transition inclusion is minimized, the activation temperature of the hybrid for shape recovery can be pre-determined.

The silicone (matrix)–water (inclusion) hybrid, as shown in Figure 21, is able to achieve an activation temperature of ±0 °C. This is another example to reveal the flexibility of the hybrid concept in SMM design.

Figure 21. Silicone–water hybrid with a sharp transition temperature of ±0 °C. (a) After programming; and (b) after recovery. (Reproduced with permission from [5]. Copyright 2012 Elsevier).
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By means of selecting a paraffin wax that is brittle at room temperature as the material for inclusion, Figure 22 demonstrates the impact-induced SME in a silicone–PW hybrid.

Figure 22. Impact-induced shape recovery in silicone–PW hybrid. (a) original shape; (b) after programming; and (c) after being hammered [88].
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Instead of being triggered by impact, the quasi-mechano-responsive SME is achieved by gently tapping once at a local point of a piece of silicone–PW–CH3COONa∙3H2O hybrid as shown in Figure 23a1. As mentioned previously, silicone–PW hybrid is a multiple-stimuli-responsive SMM (including heating-responsive). Utilizing the latent heat generated during crystallization of CH3COONa∙3H2O, the silicone–PW–CH3COONa∙3H2O hybrid is able to self-heat for shape recovery Figure 23b. Note that the initialization of crystallization in room temperature liquid CH3COONa∙3H2O can be triggered by a gentle disturbance, such as tapping once at a local point of the hybrid.

Figure 23. Optical (a) and infrared (b) snapshots of shape recovery sequence in a piece of silicone–PW–CH3COONa∙3H2O hybrid triggered by gently tapping once at a local point as shown in (a1). The unit of temperature bar in (b) is °C [88].
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Limited success has been reported in achieving highly elastic polymers (at both above and below the transition temperature) together with the excellent SME [147]. Same as in [147], utilizing the high elasticity of Sylgard (silicone rubber), by mixing with an EVA-based melting glue, not only excellent SME and high elasticity (even better than silicone rubber itself) from low to high temperatures, but also instant and repeatable thermal-assistant healing have been realized in the hybrid [89]. Figure 24 reveals excellent rubber-like response in stretching the hybrid with and without programming.

Figure 24. Rubber-like response in cyclic uniaxial tension with (right sample)/without (left sample) programming (bending). (Reproduced with permission from [2]. Copyright 2010 Elsevier).
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The feature of high elasticity at around room temperature extends the application area of polymeric SMMs. For instance, based on the change in shape/morphology or color of a piece of plastic label before and after shape recovery [52,143], we can verify the authenticity of the product, as demonstrate in Figure 25 (in a real application, most likely it should be in the opposite way, i.e., heating to reveal a particular surface pattern from an initial flat surface feature or another surface pattern). However, most of the current polymeric SMMs lack the flexibility at around room temperature, so that large distortion must be avoided in these polymeric shape memory anti-counterfeit labels.

Figure 25. Polymeric anti-counterfeit label. (a) Before heating; and (b) after heating using a lighter.
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The aforementioned rubber-like SMM does not have such a problem at all. As presented in Figure 26, the label made of this hybrid is able to hold not only its original shape, but also the programmed surface morphology, after being severely bent, and thus widens the application field of the SME-based anti-counterfeit labels.

Figure 26. Rubber-like polymeric anti-counterfeit label. (a) After impressing using a coin at high temperatures; (b) in bending; (c) after severe bending; and (d) after heating for shape recovery.
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As discussed earlier, thus far reversible motion generation is only achieved in some particular polymers, in which a special mechanism to achieve softening during cooling upon loading is required. Utilizing some common physical phenomena, we can design a polymeric hybrid for reversible motion upon thermal cycling. In Figure 27, a piece of silicone–PW–glass fiber (GF) hybrid beam moves up and down against a piece of thin metallic elastic beam during thermal cycling. The volume fractions of paraffin wax and glass fiber are 29% and 1%, respectively. Significant volume expansion in paraffin wax strengthens the hybrid during heating (so that pushing the elastic beam down) and the glass fiber limits the free thermal expansion of a hybrid in all directions and thus improves the increase in stiffness of the hybrid.

Figure 27. Reversible motion in silicone–PW–GF hybrid beam upon thermal cycling against a thin elastic beam. (Modified from [2]. Copyright 2010 Elsevier).
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Immersing a piece of hydrogel into room temperature water, its volume is expected to expand significantly. This is the well-known swelling phenomenon, which is essentially the SCE. Instead of immersing into water, Figure 28 reveals that the hydrogel can recover its original shape (without apparent swelling) if the moisture level of the environment is high enough. Furthermore, heating is another approach for shape recovery in this hydrogel, so that this hydrogel is both heating and moisture- responsive [104].

Figure 28. Moisture-responsive SME in a hydrogel. Right sample (without shape change) is for comparison. (a) Left two samples were compressed at high temperatures; (b) left sample largely recovers its original shape after 18.5 h at 25 °C and humidity 54%; and (c) no apparent shape change in the left sample after 18.5 h at 25 °C and humidity 35%. (Reproduced with permission from [104]. Copyright 2013 Elsevier).
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Utilizing the SCE and SME in this hydrogel, in particular great volume expansion during swelling, we can obtain a polyethylene glycol (PEG)–hydrogel hybrid. PEG is water soluble, very brittle and fragile, and has very poor SME. By dropping hydrogel inside PEG water solution for a couple of hours and then drying it to get rid of redundant water, a piece of PEG–hydrogel hybrid with only 2.5 wt % of hydrogel is obtained. The hybrid is stiff and sturdy, and has excellent thermo-responsive SME as shown in Figure 29.

Figure 29. Thermo-responsive SME in PEG–hydrogel hybrid. (a) Original shape; (b) after programming; and (c) after heating for shape recovery. (Reproduced with permission from [104]. Copyright 2013 Elsevier).



[image: Polymers 05 01169 g029 1024]









Above examples demonstrate the flexibility and versatility to design a hybrid with tailored shape memory and other features.



4.2. Optimization

Instead of following the tradition approaches, such as varying chemical composition, loading with fillers for reinforcement, altering synthesis process and heat/chemical treatment, etc. [4,7,9,10,25,37,43,139,148,149], based on the principles of the above discussed working mechanisms, the performance of existing materials can be optimized by means of controlling the processing parameters in programming [113,126,150].

Figure 30 illustrates the influence of the programming temperature on shape fixity ratio (Rf) and shape recovery ratio (Rr). Here, Ts and Tf are the transition start and finish temperatures, respectively; Tp and Th are the programming temperature and heating temperature for shape recovery, respectively. The grey solid line represents the general trend for Rf, provided that the following programming conditions are applied,

Figure 30. Trends of shape fixity ratio (Rf)/shape recovery ratio (Rr) against programming temperature.
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	-

	The maximum programming strain is a constant;



	-

	Unloading in programming is always conducted after cooling the material to below Ts.







As we can see, with the increase of Tp, Rf increases monotonically.

For an ideal polymer with the perfect SME (with the capability for 100% shape recovery), upon heating to Tp, Rr follows the dashed black line, i.e., Rr increases with the increase of Tp. However, according to [3] (also refer to Figure 18), the exact trend depends on the applied strain. Upon further heating to over Tf, 100% shape recovery is expected.

Please bear in mind that if we select a proper temperature and maximum strain in programming, we can dramatically narrow the transition temperature range for significant shape recovery.

In the case of imperfect SME, upon heating to Tp, Rr follows the dashed black line, i.e., Rr increases with the increase of Tp, in the low temperature range, and then follows the dash-dotted black line, i.e., Rr decreases with the increase of Tp, in the high temperature range. The reason for decrease in the high temperature range is due to the non-recoverable strain developed in the elastic component. Upon further heating to above Tf, Rr follows the dotted black line, so that Rr decreases with the increase of Tp.

The above discussion is based on the working mechanisms presented in Section 2.1, and has been experimentally verified [3].

Note that if the elastic component itself or a part of the elastic component is indeed a SMM, more recovery and even full recovery may be achieved upon further heating. As reported in [3] (and revealed in Figure 1I), polytetrafluoroethylene (PTEF) is a good example to demonstrate this phenomenon. The triple-SME programmed in one step is actually another example of such a phenomenon [119].

In the case of constrained recovery, recovery stress, in particular the maximum recovery stress during heating, is of our interest. According to the working mechanisms discussed previously, in particular the principle of PTM, it is possible to adjust the maximum recovery stress by means of optimizing the programming temperature [3]. Figure 31 reveals the evolution of the recovery stress of two pieces of polymethylmethacrylate (PMMA) samples upon gradually heating. These two samples were programmed at two temperatures, namely 105 and 110 °C, both are within the glass transition temperature range. As we can see, the maximum recovery stress in the sample programmed at 105 °C is about twice as high as that in the sample programmed at 110 °C.

Figure 31. Evolution of recovery stress in PMMA upon heating. (a) Recovery stress versus heating temperature curve; and (b) DSC curve during heating (heating rate: 10 °C/min). Samples were pre-stretched to a maximum strain of 100% at a strain rate of 0.001 s−1 at 105 and 110 °C, respectively. (Modified from [3]).
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The SME has been used for anti-counterfeit application, and products are now available in the market. However, switching between two shapes may not be enough to prevent any attempt for duplication. Through optimizing the programming parameters, the multiple-SME can greatly enhance the security level by means of having one or more intermediate shapes/features upon gradually heating.

As revealed in Figure 32a, a piece of PS, which has been programmed for the triple-SME, shows the same surface feature (but mirror image) as one side of a Singapore cent coin at room temperature. After being heated to 80 °C, the surface feature (also mirror image) of the other side of the coin emerges, Figure 32b. After further heating inside boiling water, the initial surface feature disappears while the second feature occupies the sample surface, Figure 32c. Using a lighter to heat the sample further, the sample surface becomes flat and featureless, Figure 32d. The intermediate image, which only appears within a pre-determined temperature range, serves as a kind of water mark to enhance the difficulty for duplication.

Figure 32. Demonstration of the step-by-step recovery in PS. (a) After programming; (b) after heating to about 80 °C; (c) after heating by boiling water; and (d) after further heating using a lighter.
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5. Conclusions

This review paper summarizes the very recent progress in the study of the underlying mechanisms behind the SME and some newly discovered shape memory phenomena in polymers. Taking heating-responsive SME as an example, three generic working mechanisms are presented. In addition, three categories of the chemo-responsive SME are discussed in terms of volume expansion. Other types of stimuli are briefly addressed. It is revealed that most polymers, if not all, are naturally thermo(heating)/chemo-responsive SMM. As we can see, a good understanding of the fundamentals behind various types of shape memory phenomena in polymers is not only useful in design/synthesis of new polymeric SMMs with tailored performance, but is also helpful in optimization of the existing ones, and thus remarkably widens the application field of polymeric SMMs.
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