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ABSTRACT: Shape memory polymers (SMPs) are a class of aatiefrmable
materials that can switch between a temporary shapieh can be freely designed,
and their original shape. With their large deforomt low density, various
stimulation methods, good biocompatibility and othévantages, SMPs have become
widely accepted as smart materials. However, SM&ge hmany limitations and
weaknesses that are exposed in engineering apptisatFor this reason, the
significance of SMP composites (SMPCs) has beelyzsthin terms of four aspects:
reinforcement, innovation and improvement of dmyimethods, the creation of
specific deformations and the creation of multifiimrtal materials. We then introduce
the constitutive theory of SMPs and the post-bucknalysis of SMPCs. Afterwards,
we introduce the extensive applications of SMPCstha fields of aerospace,
biomedical equipment, self-finishing, deformablenalels and the 4D printing of
active origami structures, demonstrating theirigbiio undergo active driving and
deformation, their adaptiveness, their ease ofsprart and their rapid production
capacity, which fully demonstrate the unique adages of SMPs in solving
application problems. Finally, the advantages amshdvantages of SMPCs in
applications are summarized, and the prospectsnédar SMPCs and new SMPC
structures are described.

Keywords. shape memory polymer, shape memory polymer congasinstitutive
theory, stimulation, aerospace, 4D printing, origam



1. Introduction

The shape memory effect (SME) is a special mechhrpbenomenon
usually described by the shape memory cycle (SM@ure 1.1 shows a highly
common shape memory cycle. SMC represents the meahg@rocess that embodies
the shape memory effect of that kind of materiafj a more exact definition will be
explained later. The shape memory effect is comma@molymers, but most examples
are inferior. One class of polymers can providee#&nt shape memory effects and
they are predominantly used in shape memory applicatidhgey are called shape
memory polymers (SMPs). Shape memory polymers etreeadeformable materials
that undergo large deformations, first mentioned/bynon et al. in a dental patent in
1941 [1] . In the sixties, heat-shrinkable tubesersd the market [2][3]. Their
applications have drawn substantial research #tiracAs the seventies began, a
number of commercial companies developed their skhape memory polymers[4] .
Since the end of the last century, researchers bagen to systematically study
shape memory polymers. The principle of shape mgnmais been increasingly
elucidated, and diverse shape memory effects hase bbserved [5].
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Figure 1.1. Once flowers have opened for the day the material revert to its
original form again? This return can be achievedshgpe memory effects. (a) This
shape memory cycle consists of two hot stageshiaeiground) and two cold stages
(blue background), and the shape changes occungltine hot phase. First, the
original shape (straight) is heated and can besssljuby an external force into a
special shape (pentagonal). This shape can be &ftedcooling. This stage is called
the programming process, and the temporary shagaledd the programming shape.

When heated again, the material will return toottiginal shape and output a certain



recovery force. This stage is called the recoveogcgss. (b) Shape memory effect is
easy to understand by an analogy. A spring andescdapic rod with a lock are

connected in parallel. When locked, the springlmaistretched without external force.
Conversely, when unlocking, the spring restoresotiiginal length. We are about to
find that the spring (entropy-based elastic netywoskd the shape lock have
corresponding features in the polymer.

Taking the initiative to change shape is vitallcegsary for animals and
even other organisms. Compared to inorganic cesaamnd metal materials, polymer
materials show natural advantages such as lowesitgiehetter biological and organic
compatibility, and easier modification and procegsiAccordingly, shape memory
polymers are blossoming in radiant splendor infiblel of active polymers. Actively
moving materials can be effectively deformed inpghhy external stimulation [6]-[9].
Examples such as shape memory polymers, elecweagolymers [10][11],
photo-induced polymers[12] , and hydrogels[13][14dve been the subject of
substantial research. Actively moving materials aften categorized by response
behavior, and the differences in properties betwedferent actively moving
materials are significant.

Shape memory polymers are materials driven by eatestimuli that
actively switch between multiple shapes. Compareth wther materials, shape
memory polymers have the advantages of high stmesance [15], the ability to
undergo large deformations[2], a rich selectiondof’ing methods (including heat
3456 , light[7][8] , electricity[9-11] , magnetisd®?][13] wetting [14], and pH [16]),
excellent radiation resistance and good biocomihisg[th7] , which make them a
research hotspot in the field of actively movingienls.

At present, shape memory polymers have many apiplsain aerospace
[18], medicine [19]-[21], self-finishing smart tébets [22][23] and electronic devices
[24], and self-assembling structure[25]-[27]. Sfieciapplications, including
low-impact release mechanisms in the aerospacd, flarge spatial deployable
structures, shape memory polymer sutures, minimalmgsive surgical instruments
with good biocompatibility, the active deformatiar self-finishing of textiles,
electronic devices, and variable mandrels, whicfectéi¥ely solve the thorny
problems of the corresponding fields, show the tgawver of shape memory
polymers. The above applications involving compassivill be described in detail in

Section 5.



2. Basis of shape memory effect in polymers

In this section, the basic characteristics of shaymory polymers are
reviewed, and the topic of shape memory polymerpmmsites is not addressed. The
majority of this section is thus a classic topitiieth can be found in a standard shape
memory polymer review. Therefore, this section riefb More detailed description
can refer to the supplementary documents.

This section does not discuss an important propefrtye shape memory
polymer, the stimulation method. Because taking imiccount shape memory
polymers that used in engineering are commonly dasephase change. Unless the
composite material is made, the driving methoddarse. So please refer to the
relevant review of shape memory polymers [28], 8adtion 3.2.

Shape memory polymers can be divided into physioahding and
molecular / supramolecular switching through theclamism of switching, but also
through the shape memory effect classification: pghememory polymers can be
divided into one-way and two-way from directionglif the shape memory effect (So
far, two-way SME is reported only in shape memdlyya[29]-[31]), or divided into
dual SME and multi SME from the number of stablepss. There are many delicate
distinctions involved. Since our focus is on dubdFSbased physical bonding which
is convenient and mature for engineering applicatiove will not cover them in
detail in the text, please refer to the supplemgrdacument.

2.1 Process of shape memory effect in polymers

Therefore, the shape memory effect involves comgelve effects of
material and process. We then describe the primegdl phase transition shape
memory polymers, which allows us to quite accuyatiscribe the shape memory
cycle of polymers with a standard linear solid (lnSodel [32]-[34], as shown in
Figure 2.1 (a). The points on the correspondingsststrain-temperature curves for
each state are shown in Figure 2.1 (b). We deserivat programming, hot recovery,
no-load dual-SME. We identify the most obvious natbal characteristics of the
shape memory polymers. At high temperature, theynpet shows viscoelastic
behavior, while it shows general elastic behaviotoa temperature, which shows
that viscosity has a great dependence on temperater, the viscosity changes
between the maximum and a smaller measurable chluag the phase transition
process. This is the essence of the shape memfagt.eFirst, upon heating, the

viscosity of the dashpot is reduced to be barelgsueable, and creep occurs under an



external load to obtain a programmed shape. Whersliape is maintained by the
external force and the temperature is decreaseavlibk transition temperature range,
the viscosity of the dashpot increases greatly.nThehen the external force is
removed, apart from a small general elastic respadhe programmed shape stays the
same, and the shape creation process is now campléten heated again above the
transition temperature range, the viscosity of dashpot decreases, and the system
creeps back to its original properties. This dgdcm summarizes the main
mechanical processes of the shape memory effettit lm difficult to provide an
accurate description of the details of the procedsch makes improving the linear
viscoelastic model challenging. A new descriptitme(phase transition method) has
been proposed, and a more precise constitutiveytltédshape memory polymers will
be presented in Section 4.1.

The recovery process of the shape memory polynreexart a force to the
outside, so the shape memory polymer has a driziniify. But in this process, the
energy is stored through mechanical deformatioprograming process, while the
external stimulus is only used to open the swigt.we do not use the word "drive

method", which is prone to ambiguity, when talk afoihe stimulus later.
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Figure 2.1. A typical hot programming, hot recovemploaded dual-shape memory

cycle and the SLS model corresponding to the stheach stage. In this figure, the

blue dashpot indicates that the viscosity of thghgat is at its maximum (at room



temperature) and that the material has ordinargtieigy, while the red dashpot

indicates that the viscosity of the dashpot is lyameeasurable (at high temperature)
and that the material is highly elastic. Symboleledr A, the original shape; B, the
heated original shape; C, the original shape detounder external load into a
temporary shape; D, application of an external lmadchaintain the temporary shape
as the material cools; E, removal of the externatlland the occurrence of a small
ordinary elastic recovery, not substantially altgrthe temporary shape. A-B-C-D-E,
programming process; E-B-A, recovery process.

The above shape memory cycles (i.e., hot progragpmiot recovery,
dual-SME without load) are used to evaluate whether shape memory effect is
good or bad, which is usually achieved by descglsome representative parameters
of the shape memory cycle, namely, the fixatioe &td recovery rate. Through the
shape memory cycle diagram, they can be expresstdl@vs (considering only the

one-dimensional case):

Etem,t — Eori

Ry = "7 % 100%
Etem,0 — Eori
Etem,t — Erec

R, =M %€ % 100%
Etem,t — Eori

whereError! Reference source not found. is the strain at the last moment
before the external force is removdghror! Reference source not found. is the
strain at the moment of measuremdsityor! Reference source not found. is the
strain before the programming, aBdror! Refer ence source not found. is the strain
after the recovery. This is also true for each SM@ulti-SME.

It should be noted that the reduction in the fixatrate consists of two parts,
the general elastic shape recovery due to the rehuf\external loads at the end of
the program and the cold recovery after long-tetanage. Cold recovery is related to
the material and its storage conditions, such agpéeature, external force, and
chemical environment. The higher the temperatucethe greater the external forces
that tend toward the original shape, the more tgpabld recovery will occur
[28][35][36]. The chemical environment may alsogt¢yer a recovery, such as by
wetting [36]. The recovery rate is dependent on témaperature. Additional, the
fixation rate and recovery rate reflect the perfance of the material in a specific
shape memory cycle. Obviously, they are processyignt values, which are related

to strain, temperature, time and even strain rdie[3



2.2 Principle of shape memory effect in polymers

For further explanation from the perspective of esalar mechanics, the
shape memory effect in a shape memory polymer-bgissd transition is mainly due
to the two-phase structure of the polymer: thamtaty phase to maintain the original
shape of the macrostructure and the reversibleepbésoftening and hardening.
When the temperature is lower than the Tg rangesttape of the reversible phase
can be frozen; otherwise the entropic elasticityedr the polymer network to recover
to the initial state. The stationary phase enstaisthe network deformation is affine
without viscous flow due to external forces. In ge, physical crosslinking and
chemical crosslinking correspond to thermoplastiape memory polymers and
thermosetting shape memory polymers, respectivdlizen the Tg range of the
stationary phase is high, and softening and rdlaxato not occur in the temperature
range of use of the material, so the memory ofahginal shape can be ensured.
When the Tg range of the reversible phase is loftesing and hardening can easily
occur as the temperature changes, and the segfmmaterial has a high deformation
capacity at higher temperatures. When the temper&éudow, the polymer network is
in a low-energy state, the segment cannot rotawyfy and the polymer is generally
elastic at the macroscopic scale. When the temyergradually increases to the Tg
range, the segment rotation is unlocked, and thempolymer is highly elastic on the
macroscopic scale, with a high deformation capacdhen the temperature is
lowered again to below the Tg range, the segmees dot return to the low-entropy
state as the segment rotation locks, so the mhtdreavs a temporary shape on the
macroscopic scale. The origin of the shape memifegtedescribed above has been
supported by recent experiments [38]-[42].
2.3 Shape memory behavior under global view

Finally, it is emphasized that the above discusgmuses on the local
mechanical properties of shape memory polymers. glbbal shape of the shape
memory polymer is the result of the superpositidneach local deformation.
Therefore, because the temperature and stres#diiin can be designed in time and
space, the shape memory behavior of the globalestsaguite complex and rich, as
shown in Figure 2.2. In the case of an average shege memory polymer, when the
material is uniformly heated, the shape of all tikerent parts of the material is
restored together, that is, a one-step recovergess) when non-uniform heating

occurs, the recovery of the different parts ofriegterial is carried out separately, i.e.,



"pseudo multi-SME" [43]-[45]. (When a deformatiori the material is observed
whose macroscopic behavior resembles a kind ofeshagmory effect but does not
accord with all the stability requirements of theage memory effect, for example, if
its shape is dependent on the amount of stimulaivenuse the prefix "pseudo”.) The
shape-memory behavior will be further complicatdtew external constraints occur;
for example, "pseudo two-way SME" may appear [4H][4These complex shape
memory behaviors will create a series of smart shaemory polymer structures,
which will be described in Section 3.3.

Trip—-SME
A
' Dual-SME Y
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' i

Programming

Programming ‘

Uniform Recovery Uniform Recovery

Multi-step
Recovery
(Type 1)

Multi-step
Recovery

Stimulation 1 | Stimulation 2

Figure 2.2. Some cases of global deformation opshaemory polymers. In this
figure, different colors represent different teestates. The order of recovery can be
designed to take advantage of different transiteanperatures (or other stimuli) and
the material can be kept in a certain state ofl lsm@overy, thus enriching the shapes
of the shape memory polymer that can be fixed th®@sheet, the creation of complex
shape memory behavior has two basic ideas, natoebl,recovery in the direction of
thickness and local recovery in the direction ofgh or breadth.

3. Why use SMPCsinstead of SM Ps?

In general, the significance of composite materigds that several
components complement each other, result in syegrgir improve or enrich the
function of the matrix material. For shape memooyymers, composites are made
with two basic objectives, i.e., reinforcement afidding new and effective
stimulation methods. (For shape memory polymer asites, the stimulation can be
more precise and highly selective, so more soaistd shape memory behaviors can



be achieved, such as the example in Section 3t33ddition, multifunctional and
smart shape memory polymer materials are promiseggarch directions, with
abilities including self-healing[ 48]-[50] , drag dection[51] , and optical
properties[52]-[55] .

This section describes shape memory polymer corgspsivhich can be
used as a matrix, filler, or layer of compositesheN a shape memory polymer is
used as a matrix, the doping can consist of omeave of zero dimensions (particles),
one dimension (fibers and vessels) and two dimessftayers and films) of carbon
materials, polymers, metal and ceramic particlegjid or even gas, to achieve
reinforcement, novel stimulation methods, self-lmgabnd other functions. A shape
memory polymer can also be used as a functionet fit the form of fibers or the like
to form a multifunctional composite material. A weésigned composite structure
can achieve two-way recovery and other interesimdyuseful functions.

The study of shape memory polymer composites igedrby application,
according to the need to design the type and ptiomoof filler reasonably. Too much
filler will often reduce the thermal and mechanipabperties and lead to a lower
transition temperature. On the other hand, onlgnallsnumber of fillers can enhance
the shape memory effect; most fillers will redute tshape memory effect of a

polymer, as reflected in the fixation rate and ey rate.

Electricity

“Two way” SME

Magnetism
“Multi” SME

Light

Self Healing

Surface Structure
Solution/Water

Figure. 3.1 Why make shape memory polymer compssitReinforcing and
providing more stimuli are two basic purposes. Rdge there has been a new
purpose in making composites.
3.1 Reinforced SMPCs

Shape memory polymers are relatively recent contpiveshape memory
alloys (SMA). Shape memory polymers were first @sgd and noted in the
biomedical field for their polymer-based propertjg8]. In the field of engineering,
shape memory alloys were extensively studied inNa8y laboratories in the 1960s

[57]. Shape memory polymers have greater deformati@pacity, lower density,



lower production costs, richer properties and modifon methods, but because of
limitations of their stiffness, strength and driyiforces, they are difficult to use as
structural materials. Given the need for structumgth greater deformability and
lower weight, shape memory polymer composites agiining to be studied.

We identify the differences between shape memolynpers and shape
memory alloys. The shape memory effect of an SMAedes on a martensitic
transformation, i.e., martensite at low temperatmd austenite at high temperature
[58][59], which leads to a higher Young's modulushagh temperature[57] . The
shape memory effect of a shape memory polymerasdiametric opposite, which
allows the shape memory polymer to be programmedhmmuore easily than the
shape memory alloy. In addition, the deformatiortief lattice of a shape memory
alloy gives it clear superelasticity, as its restgrforce is less than the Young's
modulus [57], while the shape memory polymer hagh helasticity above the
transition temperature, and its restoring force amatlulus are similar. In terms of
their shape memory effect, a shape memory alloy damique two-way shape
memory effect[60]-[64] , while a shape memory pofyntan have a multi-shape
memory effect[65][66] . In terms of the stimulatiorethod, shape memory alloys can
be stimulated by heat or magnetism[67]-[70] , wisleape memory polymers have
very diverse stimulation methods, including hedgcticity, magnetism, light,
ultrasound, solvents, metal ions, pH and othersieldher, polymers can more easily
be used to produce composites to achieve bettgrefdres and richer functionality,
and this article will detail them.

A shape memory polymer is reinforced mainly to @ase the driving
force of the recovery process and to provide bet@mying capacity, which
correspond to a high elastic modulus and a gemdmatic modulus, respectively. In
general, the reinforcement filler improves these tindicators at the same time.
Reinforced shape memory polymer composites maintyude particle [71]-[74],
nanofiber [75][76], short fiber [77][78] and londp&r[79][80] reinforcement. Carbon
materials have been widely used in shape memorynpal composites because of
their good reinforcement, rich physical and cheinicaperties and good combination
with polymer-based materials. Examples include @amanotubes [71][74], graphene
[72][73], and carbon fiber [77-80]. Carbon mategiglan also form self-assembled
structures, such as carbon nanotube arrays [74]carisbn nanopaper[81][82] . In
addition to carbon materials, glass fiber[79][88lica [84][85], Kevlar fiber [79] and



spandex fiber also provide excellent reinforcemantl doping with metals such as Ni
has also been shown to provide reinforcement [GEherally, the filler has a better
reinforcing effect when it exhibits an ordered stawne. Usually, in shape memory
polymer composites, the reinforcing ability of Iefilger filler is greatest, followed by
that of short fibers and patrticles [86][87][88].

The tensile strain rate in the longitudinal direntiof the long fiber is
generally less than 2%, which restricts the terd@®rmation of the shape memory
polymer. However, when the material is bent, paithe system shows compressive
deformation, and the fiber may undergo great genomebnlinear deformation, i.e., a
post-buckling phenomenon, to achieve greater ladgial compression deformation
[89][90][91][92][93]. Compared to the traditionakinforcement method, the
theoretical basis of long fiber-reinforced soft taats different[94][95][96]. Based on
buckling and post-buckling, long-fiber shape mempolymer composites, which are
commonly used to integrate deformation and strectarone material, have been
applied in spatial deployable structures and acotsatsuch as spatial deployable
hingesgrror! Bookmark not defined.] , trusses[97] and antennas[98] .

In general, too much filler or filler with too strg a reinforcement effect
can also reduce the shape memory effect. In gentwal much or too strong
reinforcing materials tend to reduce the shape nngrability while enhancing the
mechanical properties of the polymer. After addithge reinforcing filler, the
reinforcing material in the temporary shape ishie €lastic deformation state. This is
a cold recovery process that reduces the fixatae.rOn the other hand, the
reinforcing filler can be prone to plastic yield alarge deformation, forming a
permanent plastic deformation and thereby reduttiagecovery rate. In addition, the
influence of doping on the glass transition tempgeais uncertain. For example,
doping with spherical nanopatrticles such as Ni pawill reduce the glass transition
temperature of epoxy-based shape memory polymeniile CNF/MWCNT doping
in styryl shape memory polymer has the oppositecgf®9] . Chen et al. incorporated
C60, carbon nanotubes and graphene into shape mgmlymers to test their shape
memory properties. The results showed that C60GM@ significantly increased the
recovery rate but had little effect on the shapmvery stress, while the graphene
reduced the material recovery rate but improved rdeovery stress [100]. It is

necessary to refer to the application requirementsalance the appropriate form and



proportion of filler.Ni et al. demonstrated that 10-20 wt% is the optimiiber weight
fraction with very low residual strain during cyclpading.

However, some fillers can perform dual functionspthb providing
reinforcement and increasing the shape memorytefsech fillers generally rely on
supramolecular systems. For example, cellulosek&hgsand graphene oxide are both
reinforcing materials and both interact with thdypmer network through hydrogen
bonds in a reversible supramolecular effect, fiximg programmed shape[101] [102].
In addition, the addition of self-organized nandigées, such as carbon black, to the
polymer[103] may also increase the fixation ratd eecovery rate of the material.

Table 3.1. Effect of doping in shape memory polysner

pure shape carbon black, CNT long carbon
memory epoxy fiber
polymers
Transition temperature | ~105° C slight  reduction constant
(slight rise in
polystyrene)
Modulus at normal | 2.8 GPa slight rise, <3.5significant
temperature GPa rise, >8 GPa
Modulus  at high | ~10 MPa slight rise, ~10 significant
temperature (recovery GPa rise, >3 GPa
force)
Limit strain >50% slight reduction significant
reduction
(mainly through
buckling)
Fixed rate and response | ~100% ~100% reduction,
rate difficult to
exceed 95%

3.2 Novel stimulation based SMPC

In addition to improving thermal and mechanicalgadies, shape memory
polymer composites are often responsible for piagichew stimulation methods for
the recovery process and programming process.eliwitie range of applications of

shape memory polymers, there is a demand for nematll triggers, such as in



aerospace structures and actuators and biomedmated. More accurate and
non-contact stimulation methods are important stepshe application of shape
memory polymers, including electrical, magnetiod @ptical responses. One solution
is to fabricate molecular switch shape memory pelgnbut it is difficult to design
such materials from scratch, their properties awpredictable, and their uses are
constrained by production costs and processes. sHwend solution is indirect
stimulation using a filler, which is effective arehsy to achieve by doping with
conductive materials, magnetically conductive maler or absorptive materials. In
addition, shape memory polymers can be stimulayesblvent, ultrasonic, etc.

We introduce a typical solution to novel stimulatioThe development
process and specific examples can be found inupglementary document.

3.2.1 Electric stimulation

Electric stimulation is the most convenient andcme of all kinds of
stimulation. The use of current-driven shape haslyred a great increase in the
applications of shape memory polymers. Because hefr trestricted electronic
structure and low conductivity, intrinsically coradive polymers have never been
reported. Conversely, polymers mixed with conductoave many advantages, such
as high efficiency, stability and ease of desighe Theat is fed into the polymer
through the current, enabling the endogenous 1faiti@covery process. Carbon
materials such as graphene, nanotube and nanafbeell as nanoscale granules of
metal can be used for the conductive doping ofpelg.

There are two issues that need to be addressed desegning an electrical
stimulation of shape memory polymer composites[9,28rst, the doped conductor
is formed into a conductive three-dimensional nekwstructure. For example, nickle
powder is formed to chain under magnetic field[1@][, or using carbon black to
connect short carbon fibers can increase the caoadoe by 100 times [104]. Second,
to make the doped conductor more uniformly and Ifirnmcorporated into the
polymer matrix,surfactant [105] and chemical modification are gale used. A
review of specific examples can be found in theptempentary document.

3.2.2 Magnetic and light stimulation

Magnetic driving and light driving are two of theost typical and practical
methods of non-contact stimulation and are extrgraaitable for applications such
as biological and medical instruments where stitraby direct contact is difficult.

These two means of driving have two further typesmproach, direct driving and



indirect driving (mainly heating). Light-reactivédnape memory polymers generally
involve reversible chemical bonds, such as theoagdition reaction of cinnamic
acid[7] [106][107]. However, the polymer itself do@ot have a magnetic heating
effect, and as a result, magnetic heat driving @ay be achieved indirectly. Other
methods of magnetic driving have never been regoMeagnetic drives are similar to
electric drives and also address the problem oindpgnd matrix connection.

Magnetic driving is a typical approach to stimwatwithout direct contact.
The principle is the indirect heating of shape mesmpolymers by doping with
magnetic materials, such as ferrite and soft magmeaterials. This heating method
is highly suitable for medical instruments suchimplanted shape memory polymer
supporters. In 2006, Lendlein et al. added magnednoscale particles to
poly(e-caprolactone) with shape memory effects and tlyerabde a new type of
shape memory polymer stimulated by an alternatiagmetic field12 . Further, this
method can be improved in a heating mode which sniragnetic induction heating
and direct heating[108]. Since the magnetic heangontrollable, the required for
ambient heating is tunable. In this way, the matezkhibits its apparent switching
temperature being varied. They also added magmetterials to shape memory
polymer systems with temperature memory effects abhthined shape memory
polymer nanoscale composites with magnetic memdfgcts [109]. Leng and
Smoukov et al. reported the magnetic driving obmposite thin membrane made of
Nafion and Fe304, with the controllable realizatafras many as four programmed
shapes13 . This magnetic driving was highly cotdbd¢. Even when the local
temperature exceeded 80°C, the surface temperatmained near the body
temperature (38-40°C), which offered great potémianedical applications.

To address the problem that doped materials sutheasiagnetic medium
ferrite oxide had obvious boundaries with the cosigo and were unevenly
distributed, modifications of the ferrite oxide fage and crosslinking it into the
composite network provided an effective solutioandlein et al. covered the surface
of magnetic particles with oligo(u-pentadecalacjonéOPDL), covalently
incorporating nanoscale metal granules into the pamite, thereby obtaining even
doping distributions, and achieved precise cordf@ two-segment shape effect and a
reversible shape memory effect through magnetlddj@10] . There are other ways

to combine. For more examples, see the supplenyesb@ument.



Light driving is splendid for enabling remote drigiand control. Reactions
can occur under different wavelengths of light defsleg on the doping, and light
from all wave bands has the potential to servetiasukation. Table 3.2 lists some
examples. For a brief introduction to the followirexamples, please see the

supplemental documentation.

Table 3.2. Doping absorption and the correspondiage band and wavelength

Doping Absorption  Absor ption wavelength reference
band
Freeradical reaction network | UV ~302 nm [111]
Gold nanoparticles/nanorods | Visible ~532 nm [ 112 -
-[116]

Carbon material Radar Various (Broad [117][118]
absorption) [119]

Ferrite Radar Various (Narrow|[120]
absorption)

Water IR ~1.9um [121]

Yb(TTA)3Phen and | IR 980 and 808 nm [122]

Nd(TTA)3Phen

Free Radical

Covalent Bond

Reaction Network

Microwave/Radar wave

Gold Nanoparticles Carbon Nanomaterials
and Nanorods and Ferrite

Infrared light and microwaves have good penetraibitity, which makes
them suitable for the driving of shape memory paynbiomedical instruments.
Electromagnetic waves in this wave band mainly poedheat effects, and therefore
the essential prerequisite for using infrared lightl microwaves is to establish a
wave-absorbing material. These materials are alemuéntly researched as
wave-absorbing materials for radar. The wave-alisgragents of wave-absorbing
materials mainly act through resistance, an elech@dium or a magnetic medium.

Resistance forms include simulated circuit damp=agyon materials, metal powders,



silicon carbide, and other conductive materialsecilc medium forms include
barium titanate, conductive polymer materials atietiomaterials with high dielectric
constants. Magnetic medium forms include ferrigrbonyl iron, soft alloy magnets
and other materials with self-resonance and hysteless. Other reviews present
more detailed discussions of microwave-absorbingterads[115][116]. Shape
recovery by wave-absorbing agents such as nanosadb®n materials [117][118],
silicon carbide[123] , nanoscale ferrite materib®§]] , water [121] and rare earth
organic complexes 122 have been reported. Magme#idium materials such as
ferrite have the best wave-absorbing ability, & tomposition boundary remains
obvious because they are metal, and they decreasbdrmomechanical ability of the
shape memory polymer to undergo large deformatiohaking the reverse
consideration, carbon materials, such as carbontubes, carbon black, and carbon
fibers have a wide absorption range. Additionalhgir combination with polymer
bases enhances the dynamic properties of shape mgrolymers to some extent,
which gives them abundant applications as waverabspfillers.

3.2.3 Wetting stimulation

Additionally, solvents can serve as a method aihgkating the shape
recovery process. The doped solutions reportedritee dhape memory polymers
include a shape memory polymer with a glass statestormation and a hydrogen
bond-locked shape memory polymer. For a shape mepaymer with a glass state
transformation, the essence of solution drivingl&sticization. As moisture increases,
the polymer chain parts are softened gradually,thedemperature of the glass state
transformation decreases because of the swellifegtednd the polarization effect.
For most plastics such as epoxy resin, phenyletieyénd other engineering plastics,
the speed at which solvents permeate them is wemyet. In 2014, Leng et al.
reported an epoxy resin shape memory polymer depgdSDS that could undergo
moisture driving [124].

On the other hand, the shape memory effect canrdmer] from scratch
using composites. Qi et al. made a nanoscale polgimeoval and oxidized graphite,
which adopted temporary shapes upon heating anerwedt controlled shape
recovery in moisture[101] . The switch phase of tBhape memory polymer was
based on hydrogen bonds, and both heating andtwwiveould destroy hydrogen
bonds, unfreezing the macromolecular chain paxedfat the surface of the oxidized

graphene and allowing shape recovery. Zhu et dedudanoscale cellulose whiskers



to elastic thermoplastic polyurethane, and the riztsystem showed shape memory
effects with similar principles to the previous exae[102] . Zhang et al. designed a
novel shape memory polymer composite that adheoes tlayer of cellulose
nanocrystal-supported carbon black (CB@CNC) inRblemicrometer skeleton [125],
which is equivalent to introducing a shape lockisTéan be achieved by heating,
moisture and various other means of stimulatiorthinthree instances above, Poval
and polyurethane themselves are entropic elastwonlks, but they did not show
shape memory effects. After the addition of nanless#ructures that could form
hydrogen bonds, the system was frozen, and it hagesmemory effects at that time,
which illustrates the origin of shape memory effect some extent.

3.3 Creating SMPCswith novel shape memory behaviors

As described at the beginning of this paper, thegpshmemory effect is a
process-dependent phenomenon that depends on wdhetmodynamic processes,
especially the spatiotemporal distribution of tenapgre and external force. In the
absence of load, this diverse deformation process e attributed to the zonal
recovery of the material. The recovery of its globhape goes through several
specific temporary shapes, and sometimes theseotanypshapes can even remain
stable. Phenomenologically, this example seemsteummmarized as a multi-SME,
but it must be noted that according to the debnitof a multi-SME, there must be
some temporary shape in the recovery process Hratins stable at a certain
temperature. In this well-designed recovery procéss shape is sensitive to the
temporal and spatial distribution of heating, so eadl it pseudo multi-SME. The
most common method is to achieve non-uniform hgaturing the recovery progress,
which will be described for two typical representas. First, for pre-stretched
(uniaxial or biaxial) shape memory polymer shele¢sting one surface will cause the
material to appear warped, resulting in a warpirfgtlee sheet. Second, for
pre-programmed (including stretching and bendirgpe memory polymer strips,
different portions of the strip are heated to aehieontrolled and segmented shape
recovery.

For the creation of a specific temperature spatiptaal distribution, the
simplest approach is partitioned heating[126]-[128lowever, partitioned heating is
difficult to control, so it is not easy to use. Té#@re, it is important to introduce an
accurate heating mechanism, and the previouslyridescshape memory polymer

composite, which is indirectly heated, again derraimss its utility. When these



dopants exhibit a particular distribution, suchdesribution at a surface or only in a
certain area, they are heated in a fixed way. Dickeé al. stained a biaxial
pre-stretched transparent shape memory polymernn&hbDinks) with dye at a
specific location. When the polymer was heateddyt| the black portion was heated
first, the painted portion unilaterally contractesd the sheet showed curvature45 .
This kind of bending is designable, so this methmah create the required
three-dimensional origami structure. When heatethéun, the material will be fully
recovered, showing a smaller planar shape. Thigpgtteen analyzed the effects of the
power, intensity, width and shape of the laser usedhe folding [129]. Further, the
group used different colors to dye different pat&l then used different colors of
light for stimulation, thus achieving a selectiesponse that facilitates the creation of
more complex shapes [130] (Figure 3.2(a)). Xie letreported a segmented shape
memory polymer composite strip constructed seqakytby ferrite doping and
undoped and carbon nanotube doping. Ferrite is etlediy low-frequency
electromagnetic waves, while carbon nanotubes aated by high-frequency
electromagnetic waves. The undoped portion islfiralcovered by heating, resulting
in four different shapes [43] (Figure 3.2(b)). Idd#&ion, through a similar
construction process, segmentation by light and heatrol is also reported[131]
(Figure 3.2(c)). Guo et al. deposited carbon ndregion the shape memory polymer
film and described the local recovery and contesponse rates, depending on the
location and number of layers deposited[132] .

On the other hand, shape memory behavior will bthén complicated if
we consider external constraints. We review somaabde applications that have
been reported. It is worth noting that unlike tleeload case, an ingeniously designed
external constraint can achieve stable temporaapesh Light-induced shrinkage is
an important means of introducing these constrathet will enrich the number of
temporary shapes for opaque polymers with photstinbsng or photo-isomerous.
[133][134]. Constraints can of course also be ohiced by additional construction
features, such as a laminate. Felton et al. reph@rteeries of shape memory polymer
origami structures [26][135][136]. Both sides ofetlpre-stretched shape memory
polymer are constrained by a film that is only kbedrld, and a notch is formed in the
portion to be folded. This topic will be explainieddetail in Section 5.3.

In addition, a specially designed laminate can keduto fabricate a

two-way deformation actuator whose two-way deforarats facilitated by the great



changes in the modulus of the shape memory polylugng the process of phase
transition. Note that the two-way deformation ig poogrammable. We introduce
several representative designs. In 2010, Hu dtrsi.proposed the idea of two-way
bending laminates and laminated polystyrene withpghmemory polyurethane,
which was equivalent to adding a temperature-deg@ncbnstraint to the surface of a
uniaxially pre-stretched shape memory polymer spEg{137] (Figure 3.2(d)). Imai
designed a new two-layer structure, including onéwm layers of shape memory
polymer and composite aluminum to achieve eledtuicaving [138]. Zhang et al.
also achieved two-way bending with an electroacgog/mer and a shape memory
polymer. The curvature was also calculated and figdriby finite element
simulation[139] (Figure 3.2(e)). Leng et al. usddpe memory polymer attached to
an electroactive polymer and achieved a degreereddbm for programmable
two-way deformation by the double control of hegtamd voltage47 . However, these
methods can only achieve two-way bending, limitgdHe design of the special drive.
Achieving designs with more complex two-way driveustures remains our future
direction.

Recognizing that shape memory behavior is procegertent, we can
design richer deformation processes for shape memolymers. Considering the
design of the heating conditions and external caimdts can greatly broaden the
imagination space of smart shape memory polymeictsires. Because of the high
potential for the design of smart structures andteshperature and confinement
distribution in space and time, although shape nmgrbehavior design is rich, even
endless, its design and application to date halyeexposed the tip of the iceberg and

await further development.
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Figure 3.2. List of several ways to create novedpgh memory behaviors using
dual-SME. (a-c) Pseudo multi-SME. (d,e) Pseudo way-SME. (a) Different forms
dyed with light. (b,c) Different doping. (d) Lami®apolystyrene with SMP. (e)
laminate SMP with EAP. [43][46][130][131][139]
3.4 Multifunctional material systems based on SMPCs

Reinforcement and the search for new effective igation methods are

two basic goals of shape memory polymer compoditeaddition, the filler can also
confer new functions on the shape memory polymessulting in novel

multifunctional composites. Multifunctional matdsaand structures are highly
compact due to the integration of different materiar devices and have the



advantages of saving weight and space, simplifgingctural design and broadening
the application scope of the materials [140].

Inspired by biology, researchers began to studyrtsmeaterials and
structures, that is, multifunctional material sys¢e that integrate perception,
processing and feedback. When external stimuli sagtelectricity are applied as
input, shape memory polymer composites can proitessa into heat, as described
above, and output the feedback form as shape recoMeerefore, electric-stimulated
shape memory polymer composites can be considerad materials.

In the following review, we consider the shape mgneffect as a single
function and focus on shape memory polymer comeesitith additional functions.
As a composite is still a polymer material, the enial or phase transition process will
have many properties and functions, such as ingijlinsulation, refractive index,
and thermal expansion and change. These propem&ésnherent, but in general,
inherent properties do not attract our interestweler, in addition to these
phenomena, the properties of artificially designpbdase transitions are also
significant, such as changes in color[141] , petia[142] and transparency [143].

As with phase transition properties, most of thepprties of composites are
ordinary. However, the design of multifunctionalngmosite systems often exploits
such properties. Typical examples include selfihgamaterials, soft electronics,
material health monitoring, energy collection ananagement, and radar absorption.
Because of the excellent properties of the shapmane polymer itself and its
working environment, self-healing properties are tmost noticeable, the most
compelling and the most extensively studied, anerefiore, self-healing shape
memory polymers and composites are reviewed first.

3.4.1 Self-healing SMPCs

Self-healing is a classic biological concept. Evanimal and plant has
excellent self-healing ability to resist variousspible injuries from the living
environment. Similarly, materials are faced witle tinreats of fatigue damage and
accidental damage, such as impact, bending, singtcklectric shock or chemical
corrosion. Damage to traditional materials is iemsible, which increases cost and
also introduces many hidden problems. Thereford;hsaling materials are of
continuous research interest, and materials sucboasrete [144][145], polymers
[146][147] and ceramics[148][149] are extensivaludied. Polymer systems

(especially soft polymers) have inherent self-hmgpkdvantages, i.e., there are long



segments that can be moved and modified, so foellahsaling polymer, two
concepts are essential: first, the polymers achievarosslinking through their own
physical and chemical properties[150] , and secdad)age repair can be achieved
by doping with a healing agent[151] . Polymer namoposites are a common
approach and either provide healing agents thranighocapsules or microtubules or
introduce a framework to provide an external fdie can bring the fracture surface
back into contact.

A large number of reviews have summarized the jpies and examples of
self-healing [152][153]so this article only desesbthe principles and several
examples related to shape memory polymers.

Shape memory polymers have a close relationship self-healing
polymers, which is manifested in the shared requars of the shape memory effect
and self-healing ability. The intersection of tintbehavioral principles is shown in
Figure 3.3. A shape memory polymer undergoes eela&formation in its work
process and often plays the role of a structuraena in applications, which makes
damage to the shape memory polymer more proballgh® other hand, the shape
memory polymer has the inherent advantage of salfitng without an external force,
i.e., the shape can be recovered after injury,thedractured surface will recombine,
allowing the material to achieve adhesion of theimebwithout external force after a
limited degree of damage. This ability solves th®bjem that the traditional
self-healing process requires external force banpdimd thus offers high potential for
engineering applications. In summary, the shape ongmmnd self-healing effects are
promoted by similar properties, and the developneésielf-healing polymers with a
shape memory effect is highly attractive.

Bending, stretching,
Impact, shear, ...

= .
Heat, Light, lon, ... : = Air, Mixing, ...
! =~ !
Physical diffusion \ Single microcapsule
Reversible covalent bond ‘ Multiple microcapsules
Supramolecular network Other forms

Figure 3.3. Self-healing of shape memory polymsosirces of damage, self-healing

stimulation and principles and assistance by shagmory polymer properties.



For a given polymer, the healing of cracks involwes phases. First, the
surfaces of the cracks must remain in contact we#ich other[154] and form
adhesions between the surfaces by physical or claémprocesses, which can be
provided by the material or by added healing chatsicDue to their intrinsic
well-behaved shape memory effects, non-destructiseage to shape memory
polymers (where the effect on undamaged parts earerglly be regarded as a
process of cold programming) can often be recovbsethe intrinsic shape recovery
properties in the first phase. We now introducestheond phase.

Self-healing can be achieved by the polymer itselfich has already been
addressed by many summaries [146-148] and will iseudsed only briefly here.
Generally, self-healing is based on a reversiblgsighl effect, that is, expansion
occurring near a crack, or on reversible bondduding reversible covalent bonds
[155][156], ionic bonds[157] , metal coordinate Hefi58] [159] and supramolecular
interactions[160][161] .

Self-healing materials operating by this kind ofnpiple often require
triggering conditions, such as heating, to prontb&quick expansion of the contact
surface or to trigger chemical reactions. It isemairthy that the reversible bonds
available for self-healing effects are similar b tones in shape memory polymers
based on reversible bonds, which enables many lohdshape memory polymers
based on reversible bonds to exhibit self-healifglita Below, Table 3.4
summarizes whether various kinds of photochemicadciples can be applied to
self-healing or shape memory effects. As illusttapgeviously, the principles of
shape memory polymer composites stimulated by nethods are similar to those of
this kind of light-stimulated self-healing matersaistem [112][162].

Table 3.4. Summary of different reversible intei@ts as well as their applicability to

self-healing and shape memory/change

Reversible Interaction Sf-healing Shape memory/change
Covalent crosslinking Yes Yes

|somerization No Yes

Metathesis Yes No

Metal coordination | Yes Yes

crosslinking




Hydrogen bonding crosslinking | Yes Yes
Salt crosslinking Yes Yes
Heat* ‘ Yes Yes
*Heat includes diffusion and phase transition

Self-healing materials that rely on physical expamsare generally soft
thermoplastic materials or poorly crosslinked rubbeaterials whose chain parts
exhibit good expansion ability. In real applicaspnmany thermosetting shape
memory polymers with high crosslinking density foancomplex solid network using
chemical crosslinking. The interaction between soefaces after they are broken
apart is relatively weak, and the speed of expansfahe chain parts is low, which
hinders self-healing. Therefore, the use of adleesigents that are not part of the
material itself is a promising idea. Through thas@nable design of the expansion of
the adhesive agent, artificial healing could bengfarmed into self-healing of the
material system.

Next, we discuss the effect of shape memory polgnar self-healing
properties, i.e., the spontaneous completion of dpkcing process. This can be
achieved by a shape memory polymer matrix or bypsh@emory polymer fiber
doping. A large number of molecular switch shapemowy polymers have been
previously reported to be self-healing, such aslddder reaction-based shape
memory polymers [163] and thermoplastic shape mgnpotymers . For general
thermosetting shape memory polymers, self-repaighbgities can be obtained by
doping with a thermoplastic polymer such as PClo ktial. reported the addition of
a PCL-based shape memory polymer fiber with elgpirming to epoxy resin to
obtain a self-healing shape memory polymer come¢4g].

Depending on the actual application conditions,pshanemory-assisted
self-healing (SMASH) and close-then-heal (CTH)[5@re two kinds automatic
splicing in self-healing polymers. The differenceteeen these two methods is
mainly whether the shape memory part is programipefbrenand. SMASH is
simpler to create than CTH, but CTH has a widegeaaf applicability. The shape
memory polymer is effective (close to 100%) whenamabient load is applied, and
therefore, the SMASH method can be used. On therdtand, when there is an
external load, the shape memory polymer has dlffian completing recovery, so the
CTH method is very effective[146] . The basic psxef CTH is shown in Figure 3.4.

When a shape memory polymer matrix is used, thpeshhthe polymers will recover



to the original shape when there is no external scamt. Therefore, the
preprogrammed shape memory polymer base requiresxi@nnal constraint upon

recovery. A fabric ] or grid can provide extergampression constraints to achieve

#

(@) Cured SMP foam (b) Canfined {c) After programming (d) Cracking by

splicing.

dispersed with programming (above {temporary shape for impact (below
thermoplastic particles Tgs and below T,,) working) (below T,,) Tas)
(below T..)
L

- &+

(h) Molecule (g} Sclid thermoplastic  (f) Molten thermoplastic (e) Confined shape

entanglement at crack  wedge in crack (below filling in crack recovery to narrow

interface Tes) (above Tg,) crack opening (above
T,= and below T,,)
B sMPbasedfoam @ Thermoplastic particle (. SMP molecule (. Thermoplastic molecule

Tg=: Glass transition temperature of the SMP based foam;
Ty Glass transition temperature for amorphous thermoplastic particle or melting temperature for
semi-crystalline thermoplastic particle.

Figure 3.4. Schematic of self-healing progresshapse memory polymer-based smart
foam, showing an example of close-then-heal (CT50}

In addition, CTH can be extended to other matrié®sping other active
materials can also be the driving force for fragtjoints, including shape memory
alloys [164][165], artificial muscles[166] , andagie memory polymers [167]-[171].
Shape memory alloy doping was the first to be repbf164][165]. Shape memory
polymers have better compatibility with polymer-edscomposites than SMAs but
have less driving force and require more stretchifigere are several reports on
self-healing stimulated by doping with shape menpmolymer short fibers[167-171] .
Li et al. have predicted the mechanics of CTH bdimrg pre-programmed shape
memory polymer short fibers [172][173].

3.4.2 SMPC Surfaces

The development of shape memory polymer surfacesnisattractive
direction. Surface microstructure has been a topigreat concern in recent years.
The concept is biomimetic, that is, the nature pinehomena of biological or natural

nanomaterials, devices and processes are derigad domplex surface interactions



and physical and chemical properties[174][175] eSeéh microstructures greatly
expand the specific surface of the materials, dmedstructure even reaches photon
size, thus achieving special mechanical and oppoaperties that are geometrically
related, i.e., geometric deformation will produc@raperty change. Shape memory
polymers have the basic property of variable gepmdiased on which a large
number of surface microstructure materials withalae properties will be generated.
The variable properties caused by geometric defoomacan be divided into two
categories, affine deformation and non-affine defation. Please note that the
criteria are local. The former is mainly based emston or compression, which leads
to tuning properties[176] , while the latter is &édson the creation or erasure, of
surface microstructure, which leads to propertieat teither exist or disappear
[52][176][ 177 ]. Superficial hydrophobicity[ 178 ] ,luid drag reduction [51],
transparency[179] and one- or two-dimensional @higt structures [177][178] can
be achieved by creating surface microstructureshape memory polymers such as
waves, bumps, tree protrusions, and column arrays.

When another material is attached to the surfadhepolymer, such as a
metal film, main surface microstructure is madetloé film, the shape memory
polymer is mainly provided geometric deformatioratthieve the change of the film.
Some novel properties can be achieved by compositeieh is difficult for pure
polymers. Leng et al. aluminized a shape memoryrmpet surface with artificial
cracks to achieve tunable hydrophobicity [180]. Tgrecess is shown in Figure
3.5(A). In the original shape, a hydrophobic alummmfilm completely covers the
polymer surface. When the polymer substrate istcéteel, the aluminum film is
separated by the presence of cracks and is inguifito cover the whole surface.
Therefore, the hydrophilic polymer matrix is expsend the contact angle is
significantly increased. Figure 3.5(B) shows somidence of this phenomenon using

microstructures.
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Polymer surface microstructures have three basithads of creation:
top-down creation, bottom-up creation and the cowaon of the two. In the past, the
top-down approach has dominated, that is, microgiras have been obtained by
macroscopic treatment of the polymer surface, oholgy lithography, imprinting, and
the like. With the aid of the shape memory effdxittom-up creation is possible,
mainly by buckling of the film or lines on the palgr substrate.

Buckling is a long-studied structural stability plem. In past practice,
buckling has been avoided because it severely degrine load carrying capacity of
the structure. In recent years, this view has bgwanging. This strongly avoided
phenomenon has unique energy and geometric chasticee and with the rise of
smart structures in sensors, energy collection,pitagn drivers and high-deformation
structures, the subject has gained wide attenfibe.use of shape memory polymers
can effectively produce buckling of a film or line facilitate the creation of surface
microstructures, such as one-dimensional sinusaolaligated surfaces[54] or more
complex two-dimensional structures [55] (Figure)3Bhis is an important case of
buckling mechanics, which will be followed by a a@i&td introduction to its theory

and creation method.
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4. The Mechanics of SMPsand SMPCs

As mentioned earlier, the shape memory effect @lgmer mechanical
behavior. With the principle of shape memory efi@gblained, increasing numbers of
people are aware of the universality of this eff@ntce it is recognized that the shape
memory effect is to a considerable extent a propesperty, the description of the
mechanical behavior becomes very urgent. Theresigrgficant differences in the
shape memory behavior of polymers with respect ifterdnt programming and
recovery processes, which are manifested in th&ranhbess of the temporary shape,
the length of the recovery time and the differemtrfs of damage to the material.

For the calculations required in the applicatioeldj it is necessary to
supplement the constitutive relation of the shamanry polymer. In addition, for
specific structures, special simplification is reqd for use. In this section, we first
discuss the constitutive model of pure shape menpmtymers. The mechanical
performance of shape memory polymers in a typicaps memory cycle is presented
in the Introduction, so we will not repeat the dgdon here. A suitable constitutive
theory of shape memory polymers should successtlgscribe the shape memory
cycle but, of course, is not limited to this. Thedrling of shape memory polymers
includes thermodynamic testing and mathematicatrgeson. Although the testing
process is important, in the application of the glpthe conclusion is even more
important. Therefore, this paper introduces sevedistitutive models for shape
memory polymers, including the viscoelastic modwl the phase transition model.



Compared with the research on constitutive modélshape memory
polymer, the modeling of shape memory polymer casitps began much later, with
little research on their mechanics. Except forwa $pecial structures, such as beams
[181]-[185] or sheets[186]-[188] , shape memoryypwr composites are poorly or
even incompletely modeled, especially for dynanmmedgctions, which are difficult.
For the further application of extension, it is emgto establish models for accurately
describing geometrical and mechanical behavior famdthe dynamic analysis of
shape memory polymer composites. It is hoped tlg field can receive
corresponding attention.

4.1 Constitutive theory for shape memory polymers

The modeling began much later than the discoveshape memory effects.
In the 1990s, Tobushi et al. first modeled the shhapmory behavior of polyurethane
[189] using a four-element model that adds a redidieformed element into a
standard linear solid model, describing the oneettisional mechanical behavior of
the shape memory polymer with incomplete recovEuyther, a non-linear correction
can be made to the model [32]. Chen et al. propdkeduse of dual Maxwell
elements in parallel to describe this incomplespoase [190]. Now, the viscoelastic
model has been extended to 3D[191]-[194] . In 2D&ni et al. first proposed a
three-dimensional constitutive model [194], whichggests that the elasticity is
mainly generated by entropy or cohesion and givasgehanical explanation of the
stress-strain-temperature variation, but the detilthe process are not sufficiently
accurate. In 2008, Nguyen and Qi et al. proposeeva theory that describes the
behavior of shape memory more accurately, taking account the effects of
incorporating structure and stress relaxation fitvd perspective of the molecular
mechanism[195] . In 2011, Chen and Nguyen develdpedprevious model and
proposed a more complex description of the molecwmeachanism[196] . In 2013,
this group used multiple discrete relaxation preesso describe stress relaxation to
study the effect of deformation temperature andsyay aging on the shape memory
behavior of amorphous networks[197] . In anotherkyonultiple relaxation times
were considered[193][198], that is, multiple Maxwelements were included to
account for the time and temperature dependentlyeohape memory effect. Some
typical component models are listed in Table 4.ke Tinite element modeling of

shape memory polymer structures has also been gedd®99].



Table 4.1. Several multi-component models of slhmpmory polymers
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Model diagram
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Another modeling approach, which was first usedhape memory alloys,
is based on the phase transition process[200] .p@oed with metal, which has a
clear phase boundary, the physical and chemicgbepties of polymers change
gradually, so the polymer phase transition is atretly fuzzy concept but does
indeed occur in the shape memory cycle as a phemdowcal description, which
allows us to use this modeling approach. Accordinthe discussion of Section 2.3,
we know that the process of shape memory polymerssa the glass transition

temperature range can be described by the propaftfanction of the frozen phase

(Error! Reference source not found.). As shown in Figure 4.1.
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found.). By this way, the process of shape memory polgmeeross the glass
transition temperature range can be described.|diger segments are softer, and
generally easier to unlock from the frozen phade black parts are also segments,
their status is not investigated, but can be camnsii similarly.

In 2006, Liu et al. first introduced the phase siian method for the shape
memory behavior of polymers [201]. It is maintairtbdt the shape memory polymers
are a two-phase mixture near the transition tendpeyaThe strain is composed of
mechanical strain and thermal strain, and the mmechkstrain is composed of
storage strain and elastic strain. Using the coitgorethod, the shape memory
polymer is described at different temperatures, thet model is only suitable for
one-dimensional small-strain processes. In 200&nG# al. considered large strain
and extended the model to 3D [202][203]. In 200&¢ et al. introduced parameters
related to heating rate and hysteresis into theawgnl model to describe the complex
shape memory behavior[204] .

On the other hand, three-phase models have alsodmeloped to avoid
the introduction of stored strain and to providmare accurate description of shape
memory behavior. In 2008, Qi et al. proposed a etpiease model of the
three-dimensional finite strain, which divides tlgéass phase in the traditional
two-phase model into the original glass phase hedrbzen glass phase[205] . This

model provides a better prediction of shape menpalymer properties during the



cooling process. In 2010, Kim et al. developedradiphase model (a hard segment,
an active segment and a frozen soft segment) basdte microstructure variation
principle [206]. The stress and strain relationshop each phase are mathematically
described using a three-element viscoelasticityatgo and two Mooney-Rivlin
hyperelastic equations to more accurately desdhleshape memory behavior of
polyurethane.

Table 4.2 lists a number of expressions for frozelume fractions that
introduce parameters to fit the shape memory behakiut these parameters do not
have strong physical significance, that is, theyndd obviously correspond to the
known properties of the material. Li et al. propbsephysical model in 2016 [207].
But this area still needs to continue to study, emeecurate and universal model to be
developed. Finding the physical explanation ofibhkime fraction distribution is an
important challenge for the future development lid phase transition metholh
addition, phase transitions are also related t@rothechanical conditions, such as
stress [208]and strain rates[209].

Table 4.2. Frozen phase volume fraction functiommp@sed in the existing literature.
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Reference Frozen phase volume fraction function
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4.2 Post-Buckling Analysis of SMPC

Driven by applications, surface-adhered thin filros wires, layered

Li et al. (2016)207]

composite materials and fiber-doped shape memdmpmew composites have drawn
attention for use in substitution structures anddriving bi-functional materials.
Shape memory polymers doped with long fibers andrdso (thin films) must be

explained by bending theory because of the propérigrge deformations.

Single carbon fiber SMP matrix
Figure 4.2. A typical post-buckling phenomenon:g&ncarbon fiber in the shape

memory polymer buckling, showing a similar sine wéorm. [214]

Bending refers to the phenomenon that when thetsihel loses stability,
that is, when loading reaches some threshold, ttlietare will suddenly switch to
another neutral balance. This is a problem of arecstability that was discovered
long ago and has been researched for centurie$. [P&oretical studies in this field
are highly mature, dating back to the 18th centudyen Euler et al. researched the
stability of rods under compression. However, begdanalysis in geometry and
mechanics, specifically post-bending theory, hasnb& widespread focus in recent
decades and has become the common focus of subjetisling applied math,
biology, material science, mechanics, physics argineering[216] . Early studies on
bending mainly sought to avoid bending in the eegimg of architectural structures.
On the other hand, in recent decades, scientists twand numerous fantastic cases



of bending in nature. The extensive geometric ae&tion can achieve new functions
[217]-[219], such as the bending of thin beams aieklls in stretchable
electronics[220][221] , complex 3-dimensional stawes [222][223], materials with
negative Poisson ratio[ 224 ]-[226] and adjustableuatic super materials
[227][228]. Furthermore, the changes in surfaceaiure produced by wrinkling and
folding, facial chemistry[229] , wetting [230], e of cohesion [231] and resistance
can be controlled. With the increase in researasypng smart structures, bending is
a common focus because of its unique energetiqganthetric properties, which are
useful in applications related to energy (sucheassars, energy collection, damping
accessories and drivers) and in the field of stmest that undergo large deformations.

There are multiple cases in which elasticity losebility [232]-[240]. In
addition to compression, stretching can also caelasticity to lose stability to
establish a backward-bending shape. At presentit stractures consisting of shape
memory polymers mainly use the compression bendliridpers or boards. This essay
mainly discusses the conditions of bending the @®bmetric properties of
backward-bending, which have broad applicationsha design of driving devices
and in establishing structures using shape memugyrers.

A thin membrane with surfaces consisting of largéadmnation material
will be compressed as the matrix is compressed tlamelasticity will lose stability
when the reaction reaches a certain extent, whiahifests as corrugation of the
surface. However, this structure strengthens sma@@ory polymers and does not
sacrifice their applications in structures thateng large deformations. On the other
hand, nanoscale surface corrugation structuresimibduce new properties to the
material, such as photon structures, anti-draglurdd, and super-hydrophobicity
[241]. Traditionally, this surface structure wasiaved by top-down methods, such
as photoetching and impression. These methodsedaigvely comprehensive, but
they require complex machines and are expensiveveMer, using bottom-up
methods could produce this surface structure efiity and precisely[54] [242]-[246].
The corrugation and thickness of thin membranesreleged to dynamic properties
such as the shearing modulus, and thus this meshnighly designable. Huang et al.
reported the bending of semi-conductor membranepesiodically attached silicon
boards [223][247]-[251]. In addition, when the bimrwere warped during
compression, nanowires and tubes were fixed tdgaed boards. In the work of

Huang and Zhang et al, this method has undergonmemuws theoretical



studies[252]-[255] , which had significant and daagpplications in many fields of
science, including biomedical devices, MEMS systamd memory storage systems.

When a thin membrane is compressed on a single i&psrforms like a
sinusoidal wave in the backward-bending phase. gdér®ormance on two axes is
more complicated and can take the form of a chesdba hexagon, a “Y” and
various other shapes. In addition, the shear faitse influences the shape. Shape
memory polymers have special advantages in estatgjighis kind of surface shape,
such as unloaded long-term storage and controlitdpee recovery. It is obvious that
shape memory polymers have particularly high paéembr application among all
kinds of smart structures that use active deformmnaderials.

There have been many studies on the bending dysamhitough surfaces
on thin membranes of soft substrates and on badkbemding shapes[219] [256]-
-[259]. In 2012, Chen et al. examined the corrugatof coating films of shape
memory polymers and used viscoelastic models amgbtinciple of lowest energy to
analyze the backward-bending shape of surfacesraposite polymers[260] . After
experiments examining the influences of the progmarg and the membrane
thickness on the wavelength and amplitude of catiog, the theory gave good
predictions within a wavelength range of 930 nnbtem. Leng et al. analyzed the
influence of the curvature and thickness of the tmame on backward-bending
shapes for shape memory polymers with their susfateengthened by metal films
and subjected to large deformations, and they aedlyhe surface bending by the
finite-variable method [261]. Furthermore, this gpoanalyzed the dynamics of
one-way fiber-strengthened shape memory polymerpogite materials after local
bending[262] . As shown in the figure, the horizdrgections under curved bending
can be classified into non-bending stretching, hending compression and bending
compression sections, which are characterized dyttical position of bending, the
position of the neutral surface and the half-wangle of optical fibers. Additionally,
the critical curvature of bending, critical posritiof bending, position of the neutral
surface, wavelength of the fiber bending, amplituafe the fiber bending and
macroscopic reactions of the structure were catedla

It should be noted that bending could occur onlyhin films. For thicker
laminates or a larger modulus, the overwhelmingisgé shear force prevents the
bending of the fibers or boards. The materials appe bend as a whole, which

departs from the research focus on bending. Howévese cases are still of interest,



since they can be used for origami structures aank Horight futures in rapid
production and self-loading. The dynamic theorenasralatively simple and will not
be introduced here, whereas the details of apmitatill be introduced in Section
5.3.

5. Applications of SMPCs

Applications have always been the focus of studiasshape memory
polymers and their composites. During the 1960apshmemory polymers gained
their first large-scale applications, namely, tise wf PE thermal contraction tubes
[263][264], which now are made from nylon [265] polystyrene [266] materials.
Thermal contraction tubes have good flame retamlamsulation and temperature
tolerance properties and have been widely useasimated joint protection, harnesses
and erosion prevention, as well as having broadicgtipns in electrical work. This
was the most meaningful large-scale applicatioshaipe memory polymers and thus
attracted scientific research attention. Since ,tstudies of shape memory polymers
have undergone rapid development.

To develop applications in which shape memory pelgrare central, we
need to know the properties of shape memory polgntérst, we consider two-phase
shape memory polymers, which have abundant usefybepties and have been
researched most thoroughly. The essential infoonatis that they exhibit
single-direction recovery, that is, in an unloadextovery process, unless we
reprogram them, shape memory polymers can transbognfrom temporary shapes
to their original shapes. Even though heating beostimulations during the recovery
process are highly designable, their one-way dyodmehavior still greatly limits
their applications. As a result, we consider ushgpe memory polymers and their
composites only in structures with mainly one-wa&fodmations. One major type of
such applications aims at solving transportatiosbfgms by enabling transportation
in a convenient shape and recovery to shapes nded&dctions at specified times,
as in the case of spatially expanding structure amdimally invasive surgical
instruments. Another significant application of gba memory polymers is
self-arrangement, in which the operation conditipesform cold programming. In
this case, shape recovery can be utilized to stuments and structures recover from
plastic deformations accumulated during use, thteneling their lifespans.

Additionally, shape memory polymers are a typela$tc-adhesive elastic

material, that is, they show normal elasticity with stimulation and show adhesive



elasticity under stimulation, which must be takatoiconsideration in engineering
applications. As shape memory polymers are macrecotdr materials, their
programming and recovery are both creeping prosgsshich makes their shape
memory behaviors time-consuming. On the one hdralré¢action time gives smart
structures based on shape memory polymers the noyapfelow impulse, but on the
other hand, it limits applications involving quickactions.

Shape memory polymers are limited to their loweerttodynamic
properties and single stimulation mode, so makidg@pe memory polymer
composites are extremely valuable. In the aerosfpaltk shape memory polymers
have a tendency to replace shape memory alloysnandoorate structural materials
with their light weight, high deformability and Hidixation rate. Through composite
fiber materials, the hardness, hardness ratioyveFgdorces and other thermodynamic
properties could be greatly enhanced while maimtgithe above advantages. In the
field of biomedical instruments, shape memory paysnare mainly used in
appliances, brackets and occluders. Shape memdygneosmart structures applied
inside the body, such as minimally invasive surgiestruments, require methods of
stimulation without direct contact, which are oftealized by the indirect heating of
doping materials. Furthermore, shape memory polgneauld be used to make
substrates, sensors, energy gathering devices ahelsctronic accessories. Shape
memory polymer composite materials also have spealae for applications in the
fields of smart fabrics, 4D printing, etc.

5.1 Applicationsin aerospace and aviation

Because of their stable single-deformation abiktyape memory materials
have attracted broad attention in all kinds of apase expansion structures and in
driving machine-based locking-release structureth Wimited deformation times.
Early studies of variant structures, mainly usif@me memory alloys to provide
driving forces, included a series of applications spatially expanding hinges
[267][268] and variant structures in aircrafts [2$871]. Their relatively large
density (6~8 g/cm3) made it difficult to use shapemory alloys as structural
materials, and they were necessarily accompaniemth®r light materials in the form
of wires or boards, which increased the difficutif design and introduced the
inconvenience of choosing the accompanying strattaaterials. On the other hand,

the shape memory effects of the shape memory altbgsnselves were not



satisfactory. Therefore, shape memory polymers rheca rising star in solving
problems.

By comparing the properties of fiber-strengtheniealpe memory polymers
to those of shape memory alloys, we directly oladindeas of the necessary
differences in application design. Because of tve mass, high toughness and large
deformation of polymer-based shape memory commsitey could be made into
matrices of large expansion structures (such aectefe antennas [98]), which
achieved the combination of driving devices andcttiral materials.

In our previous review, the use of shape memorymets in the aerospace
and aerospace fields has been exhaustively analyzéuis article, we further clarify
the design principles, and introduced some tymagpallications, especially large-scale
expansion of the structure.

The environment in space is much worse than thathén atmosphere.
Polymers and other organic materials will be mageesely eroded than metal or
ceramic materials by atomic oxygen and ultravicéetiation and will be subjected to
extreme temperature differences, which will leadldes of mass of polymers,
reduction in their dynamic properties, or even clatgploss of function [272]-[276].
As a result, shape memory polymers must be cayeldlected and tested for
applications in space. For shape memory polymdrsset tests should not only
consider conventional factors such as losses irs mad changes in components and
modulus but also the loss of the shape memorytwabitihas now been proven that
epoxy resin-based and cyanate ester-based shap@ryngrolymers have good
tolerance of the outer-space environment. Furthezmuoecause of their outstanding
thermodynamic properties (especially the tolerantehigh and low temperature
cycling) and stable chemical properties, polyimiidesed shape memory polymers
have been identified as ideal candidates for fupplications of shape memory
polymers in space. Similarly, fillers with good spatolerance such as carbon
material and glass fiber must be chosen when makimgpe memory polymer
composites. When doping with materials with actoleemical properties, such as
healing agents, special design considerations acessary to prevent these active

properties from being influenced by space radiation
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Figure 5.1. (a) Modular shape memory polymer contpapace deployment truss. A

variety of trusses can be easily produced by tm$.[87] (b,c) Large deployable

shape memory polymer composite structure . (b)atafile antennas based on
SMPC-based reflector substrate. [ 277 ](c) Expandagpace accommodation.
[278](d,e) Application of shape memory polymers ammposites in morphing

aircraft. (d) Morphing aircraft with foldable wing$he skin of the deformable part is
made of SMP. [279][280](e) Steel wire springs areorporated into the SMP to
provide the dual functions of strengthening andihgd281]

5.2 Biomedical devices based on SMPCs

Shape memory polymers have been of interest tantfdical field from the
beginning, which can be dated back to the fourttade of the last century when
Vernon et al. first introduced shape memory polysnera dentistry patent. Compared
with metal materials, polymers offer suitable remgv force as well as good
biological adaptability. Many shape memory polymatso have the ability to be
decomposed in the body, such as polyurethane [p8Bjcaprolactone [17] polyether
urethane[12] and polylactic acid[283][284]. On tlher hand, by making
composite materials, the driving methods of shapenary polymers can be enriched.
Among them, light driving (especially microwave)damagnetic driving offer the
ability of remote driving, whose principles and eydes have already been
introduced in Section 3.2 and will not be restafEldese two properties give shape
memory polymer composites excellent potential fee in medical instruments used
inside the body. Shape memory polymers and themmposite materials have been
used in many biomedical instruments, as describetthe reports of prototypes and
experiments. Their uses include thrombus clearsrggical sutures, intravascular
stents, aneurysm occluders and orthodontic fixers.

Buckley et al. made original flower-shaped and atgtl ball-shaped

operation instruments using SMP and SMP foam widgmetic doping, which could



be controllably expanded in the body through magrtving[285] (Figure 5.2(a)).

Small et al. wrapped a layer of shape memory potyareund fiber to achieve
IR-stimulated shape recovery [286]. These indirddving methods laid the

foundations for the use of shape memory polymersnfovivo surgical instruments.

Ali et al. used a double-sided Cu-coated polyimide produce a magnetically
stimulated shape memory polymer drug release mesrhamased on simple heating
stimulation [287].

Lendlein et al. reported a surgical suture madshafppe memory polymers,
whose temperature of transformation was near beapérature[17] . Experiments on
animals illustrated that the suture underwent shapevery when the temperature
rose to 41°C, closing the surgical incisions. Waehal. developed a new concept of
stents using shape memory polymers[20] . This stenld be inflated to eliminate the
problem that traditional metal stents limited trensportation of medicine by making
vessels narrower. Shandas developed a porous stk further minimized the
necessary size of the transformation and providedenience for minimally invasive
cardiovascular operations[288] . Lendlein et aporéed a ureter stent made of
decomposable shape memory polymers, which couldigeairectional dosing and
decomposition [21]. This group also designed activeal dosing structure made of
shape memory polymers, whose shape recovery cauledlized by single-step or
multi-step methods and which achieved the predietedlease of an effective loading
of 90% or more in 80 days [289][290]. Cho et abduced shape memory polymer
floss for orthodontics using polyurethane base shagmory polymer by melt
spinning. The balance recovery force was approxnd&0 gf, which was sufficient
to correct unadjusted teeth in orthodontic test81]2 Yakacki et al. reported a
decomposable shape memory polymer with a modulisghsas 23.0 MPa and used
it to make soft tissue repair materials [292].

Hampikan et al. made aneurysm coils from shape memolymers to
replace traditional platinum coils, eliminating amgsm re-opening caused by
biological inertia[293] (Figure 5.2(b)). The taluta filler is compounded in a shape
memory polymer, increasing the X-ray impermeabhilityereby obtaining an X-ray
image of the tantalum filled SMP coil. Through teenulation experiment, it is
proved that the response of the coil does not tatfex blood flow. Maitland et al.
designed a medical stent to increase the visibdity<-ray or magnetic resonance

(MR) imaging by doping with iron nanoparticles od Ghelates[294]. Metcalfe et al.



reported a polyurethane-based foam occluder, whids proven by animal
experiments to occlude aneurysms effectively [28Be majority of aneurysm necks
were sealed by the formation of a thick new intenembrane on the surface of foam
bubbles. Small et al. designed a new embolizatiarctire made of stents and foam
[295]. Both parts consisted of shape memory polgmand the structure was used to
address and cure more difficult wide-necked anensy$laitland made a new kind of
aneurysm embolization structure using an inflat&@MP foam [296][297]. Platinum
coils or a deployable alloy stent was used for arade, and the SMP foam could be
inflated to over one hundred times its originalwrok (Figure 5.2(c)). Hernandez et al.
have designed a new hemostatic device made of shap®ry foam that can rapidly
fill wounds to achieve hemostasis and sterilizatibhe device expansion force is

very small and will not cause secondary damagbkamiound[298] (Figure 5.2(d)).
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Figure 5.2. Biomedical devices based on SMPCs. Rawer-shaped surgical
instruments made of SMPC with magnetic doping Afii@urysm coils based on shape
memory polymers without platinum coils. (c) Aneuryembolization structure based
on inflatable SMP foam, which can expand more tlarhundred times. (d)
Hemostatic device based on shape memory foam #ratrapidly fill a wound to
achieve hemostasis and sterilization. [285][293]208]

5.3 Two types of enlightening applications: smart textiles, microelectronics

In addition to the particular focus on the aerospand biomedical fields,
shape memory polymers could also be applied tadiguch as material shaping,
smart fabrics, sensors, energy collecting deviaed,soft electronic device substrates,
among others.

For complicated structures, especially for shafiegt composite material
structures, the making of dabbers is a challengadifionally, there are two solutions:
multi-piece metal mandrels and water-soluble mdadiéhe former can ensure good
precision and repeatability, but the design, préidac installation and uninstallation
are expensive. The latter are seriously limitedabose of disposability and hazardous
residues. At this time, shape memory polymers hmeme a candidate for solving
the problem. Compared with alloys, shape memorymets and their composite
materials have greater deformation ability, whichkes it easier to produce more



complex structures. The CRG company used shape rgepodymers to produce
bottle-shaped and S-shaped air duct structures,sevidabbers could be used
repeatedly and were easy to knock out, and offeteds for making complex bent
structures[299]-[301] . Leng et al. further desidrehape memory polymer dabbers
using the dynamics of composite materials [302][3@#nite variable analysis and
illustrative experiments showed that shape memarlynper dabbers had good
deformation and repeatability. However, the tramsftion temperature of shape
memory polymers, which has been researched somewbiadughly, still presents
difficulties when applied to materials that requinigher temperatures for shaping.
The choice of materials is a further direction fesearch on shape memory polymer
dabbers.

Shape memory materials have the property of seiHing, that is, the
fatigue and injury introduced in the use of shapemmry material devices or by
various complex physical or chemical factors in waking environment, especially
the material deformation caused by external forcas,be regarded to some extent as
programming processes of the shape memory matefiails means that the materials
could be recovered to their original shapes untierutations such as heating, or as
the saying goes, “the phoenix reaches nirvanaiaed from the ashes”. This property
has been applied to the smart fabrics field angetbhealing devices. Shape memory
polymer fibers can be obtained by moist spinnin@4]3 melt spinning [305] or
electric spinning [306]-[308] to make textiles amwoven fabrics. The main reason
for wrinkling in textiles is the lack of adjustment hydrogen bonds. By making
textiles from shape memory polymers, wrinkles cobkl automatically removed
through stimulations such as heating[22][309]. Faitnore, self-finishing insoles and
pillows could be made using shape memory polymamf¢22][309], Some examples

are shown in Figure 5.3.



NeckPro pillow

Figure 5.3. ltems made of shape memory polymelisws and insoles.[22]

Kim et al. reported a new kind of triboelectric ngenerator (TENG), with
a frictional electric layer made of shape memorjympers [24]. A diagram and a
photo of the structure are shown in Figure 5.4eAfts pyramid structure is worn
down by long-term use, shape memory effects collddvahe devices to regain their
original properties, extending the lifespans of fhENGs. This approach is an
effective way to extend the lifespans of electrariecnechanic devices.

—> Acrylic (substrate)

> Al (electrode)

Shape memory polymer
~ Al (electrode)

(b)

Figure 5.4. Shape memory polymer-based self-healibgelectric nanogenerator. (a)

Schematic of the PU-TENG structure. (b) PU pyrapattern on the PU triboelectric
layer.[24]



In addition, shape memory polymers are used in stdttronics. Soft
electronics is a field focused on biological elentc techniques. Traditional hard
electronic devices cannot adjust to complex and Bimiogical surfaces, and soft
electronic devices exhibit better properties andsealower discomfort in use
[309-[311]. Compared to normal soft electronic dewgi, there is a benefit to using
shape memory polymers. That is, their hardnesshageable. When heated, the
shape memory polymer is in a soft and programmstalee, which could allow the
adjustment of its properties or its self-finishifhen the temperature is reduced to
room temperature, it enters a tough and stable,stdtich can stabilize its properties
and offer structural supports. Voit et al. madeirBahsional stimulation electrodes
using shape memory polymer substrates whose hardwesd change by over 100
times for automatic adaptation to the geometrigselan the bodies of creatures [312].
Animal experiments proved that this electrode ¢ifety avoided inconsistency
between biological and non-biological surfaces |3This group further made crystal
tubes with organic thin membranes using shape merpotymers through full
photolithography [313]. This system exhibited ele® electric properties and
reliability and retained its function after 100 ®& of softening and bending. Leng et
al. incorporated gold electrodes into shape menpotymers. Experiments showed
that the resistance was an exponential functionhefreactance. These structures
could be used to make adjustable resistors or sefi3®d4]. In addition, Luo et al.
reported that resistors containing carbon nanotalbesshape memory polyurethane
composite material showed sensitivity to water déimdgs could be used to make
moisture sensors [315]. Furthermore, this group lioed surface layers of shape
memory polyurethane with silver nanoscale wire (MgNand observed that the
resistance of the composite materials was sensitvéemperature, enabling the
construction of soft temperature sensors[316] .nghet al. used layer-by-layer (LBL)
techniques to make a new type of super capacuan fnulti-walled carbon nanotubes
and shape memory polymers, which provided exceimetchability, shape memory
capacity and energy storage properties [317]. Kippkt al., using wearable
biologically consistent shape memory polymers asssates, developed a green
electroluminescent phosphorous organic diode, winad excellent lighting and
self-finishing ability[318] .



5.4 A potential share: 4D printing and origami

Shape memory polymers also have some status innsedlation fields.
Macroscopic independent installation is a concatit strong prospects. This creative
thought not only is highly interesting but also Wwbueduce storage space and
transportation, and its low cost and fast productmgive it great potential for
development. The changes in shape of most shapemelymers are permanent
and stable. Even though they lose the ability tdopen repeated driving, this property
also makes them irreplaceable structural matetias achieve permanent shapes in
independent installation. Using convenient, quiokl éarge-scale handling methods,
simple structures could be processed into complitathapes. One idea is 4D
printing.

4D printing is an improvement of 3D printing, intikecing time into printed
matter. And the change involves not only shape pthugr properties tuning. They are
all design directions (e.g. optics property). Ttlignge is also active, so 4D printing
is actually the printing of smart materials contagntime-dependent.4D printing has
gradually become a hot point, just recently, Indéional Journal of Precision
Engineering and Manufacturing-Green Technology [39 published a monograph
of 4D printing, which includes more than 6 articesout 4D printing review, so this
paper will not repeatedly introduce in detail.

4D prints have unique or even irreplaceable adegstan many fields. For
example, through the rational design shapes of adié application, efficiency of
production and transportation can be improved. Aeoexample is the production of
soft drive components, 4D print product can be udieectly without the need to
introduce complex mechanical components [27][32Z00]3

Magdassi et al. pioneered 3D printing of shape mgnpmlymers [27]
(Figure 5.5(a)), and Lewicki et al. achieved 3Dnprig of shape memory composites
[321] (Figure 5.5(b)). Choong et al used stereofitaphy apparatus (SLA) and
modified two-component shape memory polymer to tpaintruncated twenty face
body frame. Cut it off and flatten it, they get eefty recovery result, [212], which
makes the practitioner feel confident (Figure H¥.(Leng et al. achieved the 3D
printing of polymers with excellent shape memoriyligbby the direct-write printing
of UV crosslinking poly(lactic acid)-based inks @abwith ferrite to achieve remote
control of the shape change [322] (Figure 5.5(c)).
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Initial shape Temporary shape  Recovery shape

3D printed complex structure
heated and deformed into 2 shapes

(d)
Figure 5.5. 3D printing product of shape memoryypwrs and composites. (a) 3D

printing of the Eiffel Tower based on shape menmwlymers, with meticulous detalil
and outstanding ability to recover. (b) SMPC 3Dnping based on ESBO and



BFDGE, with carbon nanofibers (CNFs) added asréll®o tailor the mechanical
properties and Tg while inducing electrical condutt. The scale bar is @m. (c) 3D
printing of SMPC doped with ferrite to achieve raeoontrol of the shape change. (d)
Twenty truncated printing surface created by stéhegraphy apparatus (SLA)
showed good shape memory properties under botimgurt flattening and flattening
cases.[320-[323]

Paper art is a kind of paper processing, or mos¢radtly, is the processing
of the plane, so that the plane will get structuegond the plane: Origami makes the
structure develop from two dimensions to three disnens, and kirigami increases
the degree of freedom of plane. So paper art caaioea 3D printing process.

Traditional origami needs to be folded manuallypwing the material to
yield at creases. It's a passive origami, it muwstdone step by step. And more
importantly, it can't be printed. When a programhaahaterial or composite system
is used, origami becomes active, and becomes dingrimleformation material.
(Active completion does not mean that it shoulddome by one step, and active
folding step by step can create complex structsgsh as riveting [26].) When
printing deformable materials are introduced, anigahas shown new vitality in the
field of rapid flexible manufacturing. We can sdaat origami is such a simple and
practical 4D printing method.

For 4D printing, the concept of active origami fats has been reported,
which is the idea of producing 3-dimensional stuues from a 2-dimensional sheet.
Quite complicated functional structures and micopsc structures have been made.
Qi et al. incorporated shape memory polymer fibets elastic polymer substrates,
whose curvature was controlled by adjusting thectesece of the stretching
[25][324]-[329]. Now the structure can realize cdexp structure, such as Miura
origami and delicate origami [330]. Using this lcagiea, a series of 4D printing
structures were designed. Inspired by pop-up strastin MEMS [331]-[333], Felton
et al. made multi-layer composite boards usinggtretched shape memory polymers
and created a series of origami structures [26][B38] whose sizes reached as low
as microscale [136]. We are looking forward to thevelopment and maturity of

self-installation.



A _— Rigid Panals 5
Original shape at Tu ‘u Deformed shape at T

PAC laminate

Pure Matrix Material Stretch

Unlua‘\
—_—

Temporary shape at Tu Deformed shape at TH

/

1 01100

Y

<
Wl 03 1834
L NN

PAC la m'ina

W o d | Jr!!‘ - -
o L
10 mm \4:11111 L 4
(c)

Figure 5.6. Origami is achieved by laminating anF8B4 (a) Schematics of a PAC
hinge and programming progress. In essence, thiknfpis also a loaded shape
memory cycle produced by stretching at high tentpeea. After the external load is
released, the hinge is bent to the designed areglause of the competition between
the base material and the shape memory materiakruddrd, the hinge can be
reheated and reused. (b) Creation of a movablet todwed on origami. The figure

shows the robot at each stage of assembly, thrednich are self-folding. (c) A boat



is made by a similar method, and its size is as ksvthe millimeter level.
[327][26][136]

Lewis et al. inspired by the plant, designed a tprgh method through
cellulose-based hydrogel composite [335]. In défdrlocations, the proportion of
cellulose in the axial and normal orientation iedent, so water swelling capacity is
different. In this way, the flat print can be desg to swell into the corresponding
shape (Figure 5.7 (a)). Unlike above origami, tire¢-dimensional building obtained
in this case is a non-developable surface. ZhaoXaedet al. also used the global
deformation to design a 4D print based on swellildgia [336], which utilizes
ultraviolet light for different exposure time, aNong the hydrogels to achieve
different cross-linking conditions, thereby champirthe swell equilibria. The
technology exposes the plane simultaneously, ngelorely on one-dimensional print
head. Further, the group replaced the hydrogel vgitlape memory polymer
(hydrophobic lauryl acrylate (LA) was used as thenomer, 1,6-hexanediol
diacrylate (HDDA) as the cross-linker), and swelleda wax (Figure 5.7 Db)).
Benefited from the shape memory effect, which itamled by the shape that can be

fixed while the hydrogel cannot. Shape memory perémce is excellent, the fixation

rate of up to 100% and recovery rate of up to 95%.




Figure 5.7. (a)Several shapes inspired by the @atighid on the right are printed by
hydrogel composite with cellulose and swollen inevaThe scale is 5mm.(b) Tulip,
printed with shape memory polymer. From left tohtigare permanent shape,
temporary shape and shape of recovery. Which byl and dark blue corresponding
to 2 seconds and 4 seconds of exposure, respgciiled scale is 1cm. [335][336]

The above methods can be designed by program atéoul and
manufactured by programmatic printing. Their prddac is convenient and fast.
Therefore, we have reason to believe that thiscggbr will lead to a revolution in
production techniques.
6. Conclusion and Outlook

It is not appropriate to discuss shape memory petgmvithout discussing
shape memory effect, so | hope that increasing eusntf people will be able to learn
about the shape memory effect as a general phemonadpolymer mechanics that
occurs through the material learning of shape mgmolymers, i.e., it is determined
by the properties of the material and the extefaetiors together. This concept can
guide their design, especially in cases of acte®munation behavior. We distinguish
and classify shape memory polymers and shape mebatrgvior mainly because of
different focuses in materials science and enginger

Shape memory polymers and their composites ardlemtemart materials
with outstanding properties and rich functionalilyhe development of composite
materials (SMPCs) has greatly expanded the furalitgnand application range of
shape memory polymers. In this paper, the flounghof SMPC materials has been
reviewed from the perspective of material functeord application. Doping has been
found to overcome the defects of shape memory palgmincluding the minor
restoring force and the limited stimulation methoahkich enables the application of

SMPCs in many fields from aerospace to biomedicine.

While appreciating these developments, we must a@ddress many
daunting challenges:

1. Although we have seen a wealth of developmesasdnvolving shape
memory behavior, the shape memory polymer is esdigntimited by the great
shortcoming of its own one-way deformation. Thepghanemory effect must be
extended to two-way or combined with other actiedodmnation principles, or shape

memory polymers will be trapped in a small applmatarea, such as deployable



structures. We have seen that composites have swade initial progress in solving
this problem (See the Section 3.3 "Creating SMP@h wovel shape memory
behavior"), and it is important to examine how caosife concepts can achieve
greater freedom or even full two-way recovery.

2. The electric driving of SMPCs is the stimulatioethod with the greatest
potential in application, and its research is afmomost abundant. Despite substantial
encouraging progress, we must admit that electneng) is still in the experimental
stage. Its reliability is not high enough, and tost is relatively high. Currently, we
still use paste or buried resistance film for gleat heating, as we lack reports on the
electrically stimulated devices and structures gisine shape memory polymer
nanocomposites. How to produce electrically stirmda&SMPCs with high reliability
and low cost is still the challenge we face.

3. We see in Section 3.1, "Reinforced SMPCs", thanhost cases, when
SMPs are changed to SMPCs, we can obtain bettehanmal properties, but the
shape memory effect will be reduced, mainly reféldcin the fixation rate and the
recovery rate. Especially for long-fiber-reinforcelthpe memory polymer composites,
the most promising SMPC in engineering, a stroberfiwill lead to a substantial
decline in the fixation rate and recovery rategardase in the transition temperature,
and the development of non-negligible creep dustggage. This situation is often
difficult to solve with limited strain. However, ficient stiffness is vital to the
application of shape memory polymers in the fididliives. Therefore, a solution to
this problem is essential for engineering applaatiof SMPCs.

In addition to these long and arduous challenges, have seen some
opportunities whose research is still in its infgreuch as the following:

1. The shape memory polymer itself and its auxilself-healing have great
attraction in abundant multifunctional shape menmoaterials, but it is still a young
research direction. Although there have been mardies of principle, today, due to
the limitations of mechanical properties, cost, &m@ling effects, the progress of
self-healing is still in the experimental stage, the self-healing route in use in
practical engineering applications remains long.atidition, other multifunctional
materials and composites, including combinationshef shape memory effect with
soft electronics, material health monitoring, eryecgllection and management, and
radar-absorbing materials, have unique applicatiamselectronic technology,

aerospace, defense and so on. They offer promfigiage directions.



2. The use of shape memory polymers to create straaiures remains an
area to be developed, particularly for the creatddrmicrostructures inside shape
memory polymers, as well as the incorporation pblymer basis or polymer doping
into new functional materials. Shape memory polgneave the ability to deform
from the nanoscale to the macroscopic scale, soomiaterials designed with shape
memory polymers will have tunable properties. lniadn, shape memory polymer
composites are unique in creating microstructusash as by the use of composite
filler materials as sacrificial components, andtbg creation of microstructures by
buckling. 3D printing techniques for shape memorplymers and their
particle-doping composites have been studied. Thign important method for
creating complex 3D structures, and the multi-congmd printing of SMPC can be
used to produce novel functional materials.

3. For engineering applications, not only do shaymory polymers and
their composites provide an alternative to shapenamg alloys, which have been
extensively designed and used in the past, butthksio large deformability allows
SMPs or SMPCs to fabricate structural materialsnfiarge deformable structures
that were unimaginable in the past, such as pambaflection antenna. We should
note that the greatest advantage of shape memomers is not the replacement of
the bending mechanism in traditional structurethaetr benefits in curve and surface
structures. We should break the constraints ofttoaal design ideas to design more
ingenious and flexible structures and applications.

In recent years, shape memory polymers and theesin@mory effect have
become increasingly familiar to materials scieststd have attracted their research
interest. SMP and SMPC research has undergone aapiceven explosive growth.
We have reason to believe it will soon be even magerous.
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