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The hyper-intelligent features of the shape memory polymers (SMPs) effectively attract the attention of
researchers worldwide to translate their potential into a wide range of applications. SMPs possess
a unique capability to transform original or predefined shapes to a deformed temporary shape and vice
versa under the influence of stimuli for instance, water, temperature, light, pH, magnetic field, enzyme,
etc. The emergence of SMPs has created a prominent impact in the progress of tissue engineering, drug
delivery, designing biomedical devices, electrical/optical sensing, 4D printing, designing deployable
devices for spacecraft, wastewater treatment, smart fibres for textiles, etc. However, to translate such
smart materials for biomedical and material science applications, there is a continuous hunt of novel

polymer functional materials and methodologies to make biocompatible, biodegradable, and adaptable
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ability etc.) SMPs. The review presents a timely overview of synthesis and diverse applications of

DOI: 10.1039/d5ra043729 functional SMPs in biomedical and material science emphasizing on latest developments and future
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1. Introduction

Mother nature provides endless revelations to researchers to
develop innovative solutions to complex problems. Inspired by
natural phenomena like the movement of sunflowers towards
the Sun, and the opening and closing of the Venus flytrap to
catch insects, scientists have developed new synthetic materials
that are smart enough to change their structural behavior under
external stimuli. These discoveries help to overcome challenges
by mimicking living systems (i.e. structural and functional
alterations under specific stimulations) and advance (bio)
materials science and technology." In pursuit of that goal, the
evolution of shape memory polymers (SMPs) has been an
exciting and emerging area of polymer innovation. SMPs
possess a remarkable potential to memorize and regain their
actual shape under the influence of external triggers.> The
natural example of shape memory objects (similar to SMPs) was
demonstrated by (Fig. 1) the closing and opening of Mimosa
pudica (touch me not) leaves upon external stimulations (e.g.
touch). These remarkable properties make SMPs a versatile
candidate for diverse applications in biomedical and material
science applications. Furthermore, they can be programmed to
adopt multiple temporary shapes and are capable of returning
to their original shape under specific stimulus. This unique
ability is named as shape memory effect (SME), arising due to
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the combined influence of various polymers with distinct
chemical compositions under applied programming tech-
nology.>* The ability of a SMP material to retain a temporary
deformed shape is referred to as shape fixity. It is quantified by
the shape fixity ratio (Rf), which is the percentage of the
temporary shape retained. On the other hand, the ability of
a material to return to its original permanent shape, known as
shape recovery. It is estimated by the shape recovery ratio (R,),
which measures the permanent shape regained.®* Shape
memory cycles involving two distinct shapes are termed as dual-
shape effect. Further, shape memory polymers capable of
having multiple temporary shapes (i.e. memory of multiple
temporary shapes) are called multi SMPs. These multi SMPs
demonstrate huge advancements in programmability, as shape
switching occurs through distinct programming derived from
various functionalities of SMPs.

SMPs are further classified into one-way SMPs (1W SMP) and
two-way SMPs (2W-SMPs) based on their shape recovery
process. 1W SMPs are irreversible, as the shape switching
occurs in single cycle and requires reprogramming after every
cycle for persistent actuation. For example, thermo-responsive
polyurethane (PU) based SMPs, when heated above its transi-
tion temperature to attain temporary shape and cooled to retain
the deformed shape. Subsequently, reheating above its transi-
tion temperature, the PU-SMP recovers its permanent shape.
This kind of SMPs generally used for single/limited cycle
applications to avoid repeated reprogramming.* In contrast, 2W
SMPs are programmable to reversible repetitive shape switching
between two distinct shapes spontaneously.” For example,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(h) After ~270 seconds (g) After ~200 seconds
(same as original shape)
Fig. 1

View Article Online

RSC Advances

b W y 12_: .:;lzﬁm
(c) Completely closed (d) After ~80 seconds
(temporary shape)

(f) After ~140 seconds

Illustration of timely closing and opening reactions of Mimosa pudica (touch me not) leaves (highlighted by red circle) upon external

stimulation (touch) as a representative example of SMP in presence and absence of stimulus (images were captured by authors on 18th February
2025). Sequence of events: (a) no external touch (original shape); (b) closing gradually when touched (in presence of external stimulus); (c)
completely closed (temporary shape); (d) after ~80 seconds (started to open); (e) after ~110 seconds; (f) after ~140 seconds; (g) after ~200
seconds; (h) after ~270 seconds completely opened (same as original shape).

poly(N-isopropylacrylamide) is highly soluble in aqueous
medium below its lower critical solution temperature (LCST),
whereas above LCST (>32 °C) it forms aggregates due to phase
transition.® Depending on the stimulus, SMP can be divided
into various groups such as, thermo-responsive SMPs,” light-
responsive SMPs,® water-induced SMPs,” etc.

The execution of shape memory effect of SMPs is interlinked
with their architecture. The functions like cross-linking density
(chemical and physical), backbone flexibility and phase transi-
tion behaviour determine their ability of shape fixity, shape
recovery and transition temperature.' In addition to enhancing
mechanical strength, the cross-likers are also able to induce
various stimuli-responsive behaviours to SMPs and make them
a potential candidate for multifunctional applications.'® The
higher cross-linking densities helps in enhancing shape fixity;
however, it reduces shape recovery due to decrease in mobility
of linkers. However, low cross-linking densities enhance shape
recovery, but lack mechanical stability."* Although, this trend is
generally observed for various SMPs, the influence of cross-
linking density on shape fixity and recovery can vary depend-
ing on SMPs molecular architecture.” For instance, poly-
urethane (PU) based SMPs are composed of hard (e.g
hexamethylene diisocyanate) and soft (e.g. polycaprolactone)
segments. The hard segments determine the shape memory
stability and mechanical strength, whereas the soft segments
determine the transition temperature. It is found that by
incorporating cross-linkers like poly(propylene oxide), poly-
ethylene glycol diacrylate etc. with PU, the shape recovery
process of SMPs enhances by narrowing the transition
temperature range." Further, diels alder (DA) cross linkers also

© 2025 The Author(s). Published by the Royal Society of Chemistry

introduce thermal reversibility to the polymer, which can
reform or dissociate in response to temperature and serves as
self-healing SMPs, making them as a suitable composite for
advanced applications.™

SMPs have emerged as an interesting area for modern
researchers for past decades, although it flourished much
earlier. Vernon et al. invented the use of shape memory polymer
(specifically methacrylic ester resin) to develop dental materials
in the 1940s.*® Eventually, in the 1960s, the heat shrinkable
polyethylene (PEG) (e.g., films of tubing's), was discovered.'”
Thereafter, scientists gradually improved this field by inte-
grating academic research with industrial research by focusing
on its underlying mechanism of action and examining their
versatile applications in various fields of science and tech-
nology.'® The last 80 years' publication trend in shape memory
polymers is clearly indicating a steep rise in research activities
for continuous advancement of SMPs (Fig. 2). A few review
articles have been published on SMPs, but most of them
focused either on very specific application or behaviour based
on their structural aspect. For example, some reviews high-
lighted the molecular architecture of SMPs, while other reviews
emphasized mostly on particular biomedical applications such
as tissue engineering, drug delivery, stents and self-healing
devices, 4D printing for medical applications, and sparsely on
aerospace engineering and smart textiles applications.’®"7>*
Thus, the current existing literature is lacking in providing
a comprehensive overview about the multifunctional applica-
tions of SMP along with structure-property relationship on
a single platform. In contrast, this review accumulated diverse
applications of SMPs across various disciplines to illuminate

RSC Adv, 2025, 15, 31210-31229 | 31211


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04372g

View Article Online

Review

RSC Advances

(€2 "301) TCTOT
(T "321) 8T0T

(12 "321) 6T0T
(0£ "321) 020T

(69 '321) 9T0T

(89 '301) TTOT
(£9 “301) 6T0T

(€9 “321) £00T

(¥9 '301) 9T0T
(€9 '321) €T0T
(29 "321) 600T
(19 "301) £00T

(09 "321) £00T

(95 "301) ¥20T
(ss "301) TTOT
(¥s '301) TTOT

(€5 '301) 020T

(s '321) 020T
(s€ '3o1) €20T
(¥€ '321) TTOT

(€€ '321) TTOT
(z€ '321) 020T

(1€ "301) ¥TOT

SUIIPAWOI] PUE SOOI O
o1dels Sunyurys-Jjos

SOTUOII[d J[qBULIYS

90BJI91UT [BINAN
90BJI2UT [RINAON

90€JIAUI [BINAN
90BJIANUI [BINAN

S991A9P UOISN[IIQ

S991A9P UOISN[IIQO
S991A9P UOISN[IIQ
JUIIS IB[NOSBA

Jua3s Ie[noseA

Jua3s Ie[noseA

(190ued OIySeS) uroANT
(Adesoyy 190uEd-NIUR)
sunndojdessow-9/urdIqnIoXoq
(ewrooreSOIS0O UBWINY)
umpIqnioxoq

(Burreay punom) urweH

(3seqo1qy

oeIpIed uewny) urAwedey
(onssn unys)

urreay punom oruoIyD
(spunom joysung 1] spunom
onewnen) 3ulfeay punom
(uonoexyur TeIpIEOOAT)

yored oerpre)

(unys resiop) 1reda1 anssn Jyos
(3s1q03S0 [BLIRATED)
Surreaurdus anssn auog

(Do $8) aamyeradway,
(Do 0£) san3eIadWay
pue (wu ogz 03 00¥) WSIT
(Do ££) 2amyeradway,
(Do 9€) 2amyerodway ‘1o3EM

(Do £€) a1nyerodwa) ‘royem
(Do £€) axmeraduray,

(wu 018) 1Y31] 195€] ‘T33BM

(Do £€) a1nyerodwd) ‘rayem
(Do £€) a1myeIadUIa],

(Do ££) aamyeIadway,
I91eM

(Do £€) srmyeradura,

(Do £€) aanyeradway,
proy onsudew 3uneuIal|y
prey onsudew Juneursy

(#'2) vd

(Do £€) aamyeradway,

(snaine snooosojhydess
Wolj dWAZUD §A) SwAzuyg

(Do £€) aamyeradwa,

(Do £€) aamyeradwa,
(Do £€) 2amyeIadWiag,

(Do 6€) a1meIadWiag,

SJUSWIE[Y PISeq-aUBYI2INA[OJ

93R[AI0RIP [OIPaUBXIY-9‘T YIIM JUD[UI] SSOId
o31apun a3e[AI10® [AUIOqOST puk B[AIde [AYIDN
(OIWLVId)

(sreUOqIED SUSIAYIOWIN-09-9p1IdE])A[od
(op1109413-00-apnoel-on.)Ajod

aejA1oeIp ([024[3

ud[AyI9)A[0d 9p1m T 1M PAUI[SSOID (VOdI)
e[A1oe [AuI0qost pue (VIA) 91e[A1oe [AI0N
SJINS dUeYIdINA[od

(vaL)

JuIwe[oURYISI) pue ‘(QIdH) SUTWRIPIUIAYID
(1Ado1dAxo1pAy-g)snrena- N NN‘N

‘(1aH) 2reuRAO0SIIP SUIAIoUEXOH

[9301pAY (VaDAd) 23eA1oeIp

(100413 ausajhyra)Ajod paxuUI[SSOId YIIM PIIROD
pus[q (VvO1d) (9p1[024[3-00-apnoe-1‘a)djod
IowAjodoo paseq (a1e]A108) IO

(10d) (suoroejoades-3)Ajod/(nd) soueyraindod
SWIy UBSOITYD

uo paxa[dwod (ap1xo aud[Ay1a)A[od pue [01994]D
s1owiA[od paseq aye[A1oeIowIpP

(100413 auajhyra)Ajod pue arejhioe [Aing-1..97
f0ODHEN

/(OIdH) aso[nyeojAyiow [AdoidAxoipAy

/(9dd) (109418 susidpa)4od/(v1d) proe
onoejdjod-(Dd1) xordwoo prdrjoydsoyd urjoaing
r0fa4/(dn9) surindoidesrow

-9-(x0d) uwiqnioxop-(nd) dueyrainiod
£0%g-A

/(x0a) umiqnioxop-(1Dd) (auoloejoides-3)A[od
[9301pAY (dAd) (duoprjorihdifura)Ajod

-(ap) 1op wmuenb uoqIed-yNa

(9ad/VT1d) 109413 audlAy3a Ajod
/(epnoel-1)fjod-(nd) seueypainiod pue (vo1d)
(op11094]3-00-apnoer-1‘a)fjod-(nd) saueyoINA[0od
(n(5d)

apndad proe orwreini3d Ajod-(nd) sueyaindod
(VDd) proe oirewnos-d-nd/(VA) proe
o1[IueA-Nd/(vd) proe o1niaj-(nd) aueyrainijod

2018/(INVd) autfiuedjod-(nd) aueyraInijod
(@od) s1eourdapop (01904134104

(DINL) @18UOQTRD

QuRIAown-09-(vT1ad) (pnoel-ra)sjod

Sunund gy

S921A9D [BOIpaWOlg

A1AT[0p 3NnIq

Surrsaurdua anssi,

[-301] 1ROX

sojdurexy

1numns jo sadA7,

SAINS Jo 2dAT,

suoneordde jo sadAT,

suoneoidde snoLeA 10} SINS dAISUOdSaJ-NWInRS paubisap Jo isI T alqel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd OT:9%:0T 9202/22/T U0 papeo|umod "0z fBqusides TO Uo pays!iand 801y sseooy usdo

© 2025 The Author(s). Published by the Royal Society of Chemistry

31212 | RSC Adv, 2025, 15, 31210-31229


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04372g

View Article Online
RSC Advances

Review

(€01 *321) STOT
(zoT "321) ¥T0T
(86 '321) ¥T0T

(26 "321) TTOT

(€6 “321) T20T
(6 "321) 0T0T
(€8 “301) 6T0T
(28 “301) 8T0T
(18 "321) TTOT
(08 “301) €207

(62 '321) €20T

(s '321) 9T0CT

(v£ "301) £T0T

suonen3al fewIay}
[enp 103 sotiqey SuIp[oy-J[as Ae

ouqej dune[ndar yeay aandepy
I97emd)SeM

ul suol , .34 Jo uonddRd
I9)emd)Sem Ul

suor . ny pue , qd jo uondiospy

‘270 syred soedsoroe

pue a[iqowoine 1] SOIUOIIIA
9[qIXa[} ‘SAOTAIP [EdIpa

ayeoriqe; 03 suonedrjdde renuslod

syeyqey aoeds arqedordaa

Je1daoeds ur eUUNUY
(SVSA-DAINS) waasAs

Keire 1e[os a[qIxapf 231sodwod
JowiAjod A1owowr adeys
s1o0jenjoe urpuaq a[qefodeq

10309[Ja1 d1j0qeIRd

SO110qOIOUBN

((ireq £11nq 090)
JuaId[[NJIdSsUTURONg ‘:5°9)
sadeys xo[dwoo jo unuud qy

amjeradway,
armeradwag,
(;_TIow €°0)
V1Ad JO J[es Wwnipos

REITVN

(Do 08) armyeraduray,

1431] paTerjul IeaN

(wru go8) uoneIpel paIelyul
Teau pue (Do 0ST) dInteradway,
(Do 6°0£) 2amyeradwiay,

(Do £°80T) 21myeradway,

(Do ¥'12) d1myeraduay,

(Do 02T) 2anyerodway,

(Do 59) aamyerodwiay,

(Do 59) srmyeIadwiay,

SOIMONI)S OIDTW PUB OIdBW 10
T p 2!
Do ST PUB Do 02) d1mperadwa],

(%011) aprx0 wnTueIN/(SINAJ) dUeXO[Is
[AyppowarpAjod yaim suIed Xewjood pue U030
(dDa) oprxoxad [Awnorp I9¥UI-SSOId (VAH)
(aye3008 [AUTA-00-0Ud[AYI0)A[0d pue sured uonon
(VAd) 1oyooTe [Autadjod

R (Vvd) p1oe o1jA1oedjod jo arnixiuu e jo [9301pAH
s[ejaw 0D pue UZ PIM (JOW) Jiom

ourely oruedio [erw-(yD) [9.30198 aso[n[[aD
(*HN-4dn)

surure y3m papuoq suourprwiiddoproin

/(Iax) 2yeueAo0S1Ip SUSAIAX-w

(z09¥4) ap1xo auayderd peonpal pazijeuonouny
-(nava) saueyiainijod paduI[SSOId 19P[E-S[AIA

PadIoJuUIal 2IqY UOGIED
uIsa1 dINS
paseq-aueyaini[od pue osuiqe; Axoda-uoqie)

aseyd aueryjainijod pue Axoda Arowaw adeys
SuIsa1 JINS paseq Axodg

sursal JNS paseq Axoda

pUE d1IqeJ I2qY UOGIEd d[qe[IeA. AJ[EIdIWITIO)
SAIAIS JOUNISIP 10 SISMUI[SSOId St (VINADIAA)
e[AroeylowIp (J024[3 auajAy1a)id pue

(vad) arefdroeyrowip aejdxoyyd vy jouaydsiq
{(VINaDdd) 21ejA1oepowip (J0oA[3 auajhya)Ajod
‘sS1oWo3I[0 [RUONOUNJIP 991U} PUE IP[ING
ureyd Ieaul| se (VINg) Ie[A1oeylowl [Azuag
10yentur ojoyd AN ©

se (0dvd) apxo aurydsoyd (jAozuaqAypowuLn
-9'%*g)s1q [Auayd pue 1UI[SSOIO B

se (Vandaa) arejA1oeip (02413 auajdyaa)iq

pue 1owouow e se (vg3) ae[dioe [Ang-1..07
SSaUNS

10 9J[AIOBIP [OUBYIOWIPIUBIIPO[IAILI} pUL
‘LT1qIxa[) 10] de[A1oeIp (J09AL3 aud[AyIa)Ajod
pue suoyorq UTBW SB 9)e[AIdE [AUIOQOS]

SaINIXA

jusunean
I91BMIISBA

asn a[qeAoayg

Zuureaurdua
doedsoray

['701] TROX

sordwrexyg

1nums jo sad4y,

SANS 30 2dAL,

suoneordde jo sadA£J,

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd OT:9%:0T 9202/22/T U0 papeo|umod "0z fBqusides TO Uo pays!iand 801y sseooy usdo

(‘ProD)

To19eL

RSC Adv, 2025, 15, 31210-31229 | 31213

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04372g

Open Access Article. Published on 01 September 2025. Downloaded on 1/22/2026 10:46:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

70000
172}
£ 60000
2
S 50000
=
=
= 40000
2
.
S 30000
S
-5
2 20000
g
2 10000
127 500 2120
0 I
1946-1955  1956-1965 1966-1975

|

1976-1985

View Article Online

Review

59300
56200
19800

1996-2005  2006-2015  2016-2025

13100

1986-1995

Years Range

Fig. 2 Publication trends in "shape memory polymer” research. Data from google scholar database searches using keywords: “shape memory
polymer”. Bar heights represent publication counts for each decade, with totals displayed above each bar. Data analysis conducted on June 9th,

2025.

their potential. Further, progress of such an emerging dynamic
cross-disciplinary research area always needs to be addressed in
a timely manner. Thus, the review provides an insight about
fundamentals of SMPs and their distinct applications over the
past decades across a range of disciplines, e.g. innovative
solutions for biomedical research (including tissue engi-
neering, drug delivery and biomedical devices), smart materials
for 4D printing, building next generation spacecraft, solution to
environmental problems and fabricating smart textiles (Table
1). Additionally, inclusion of perspective on future challenges
and opportunities will offer the readers about the potential of
SMPs to be a transformative material from scratch.

2. Applications of shape memory
polymers
2.1 Applications in tissue engineering

Tissue engineering is fundamental to address challenges like
tissue damage and organ failure. The traditional treatments
methods like organ transplantation have several limitations
such as shortage of organ donors, complex healing process and
immune rejection.>**® To overcome these limitations, scientists
have developed smart polymeric materials, which are stimuli
responsive and biocompatible.>® To further improve the effi-
ciency of polymeric materials, SMPs having prominent
mechanical properties and precise pore size, in addition to its
shape recovery properties were introduced. Thus, these
advanced SMPs can be engineered to create scaffolds that
promote cell attachment, growth and tissue regeneration at
specific tissue sites.”® Further, SMP-based scaffolds compressed
into temporary shape for delivery through a catheter. Once they
reach the target site, a specific stimulus is used to trigger them
to recover their original shape and provides necessary
mechanical strength for cell attachment and tissue growth.*
Therefore, these materials were utilized for various applications
like cardiac repair, bone defect healing, wound healing, soft
tissue regeneration etc.>’*° In this section, we have highlighted
crucial applications of SMPs in tissue engineering.

31214 | RSC Adv, 2025, 15, 31210-31229

Bao et al. established a novel fibrous scaffold from SMPs for
bone tissue engineering. This fibrous SMP scaffold comprises
biodegradable  poly(p,i-lactide-co-trimethylene  carbonate)
(PDLLA-co-TMC) fabricated via electrospinning.** The studies
demonstrated, the composite ratio of DLLA and TMC mono-
mers can be specifically adjusted to 5:5,7:3, 8:2 and 9:1 in
PDLLA-co-TMC copolymer to enable fine tuning of glass tran-
sition temperature (T,) (19.2 °C to 44.2 °C) for switching shape
recovery. Microscopic studies confirmed that the PDLLA-co-
TMC fibres (both in 2D and 3D forms) exhibited outstanding
shape memory attributes with Rf and R, over 98% and 94%
respectively. PDLLA-co-TMC SMPs were found to regain their
original shape within ~10 s at 39 °C. The bone formation ability
was examined by growing rat calvarial osteoblast on fibrous
SMP-scaffolds. After 7 days proliferation, in vitro studies
resulting, an excellent osteoblast adhesion, proliferation and
enhanced biomineralization (such as alkaline phosphatase
expression and hydroxyapatite like mineral deposition) making
SMP-scaffolds an efficient material for bone repair and regen-
eration applications.

Ramaraju et al. developed an advanced biodegradable shape
memory elastomer (SMEs) with degradation properties for soft
tissue repair.*” The biodegradable SME, polyglycerol dodeca-
noate (PGD) utilized in this study, was synthesized by reacting
glycerol and dodecanedioic acid at 120 °C under nitrogen
conditions for 24 h, subsequently placed under vacuum for
72 h. The polymer poured in silicon moulds to produce speci-
mens with thickness around 2 mm, for that the moulds were
preserved in hot air oven for 48 h at 120 °C, 72 h at 120 °C and
48 h at 130 °C for low cure (IPGD), medium cure (mPGD) and
high cure (hPGD) respectively with increasing cross-linking
densities. Transition temperature was quantified by differen-
tial scanning calorimetry (DSC), indicated the decrease in
temperature for hPGD (34.6 £+ 0.5) when compared to IPGD
(39.3 £ 0.2) and mPGD (36.9 + 0.8), due to increase in cross-
linking density. In vitro studies were conducted to estimate
hydrolytic degradation of PGD in 20 mL of 0.1 mM NaOH over
18 weeks at 37 °C. hPGD demonstrated faster degradation than
mPGD and IPGD with near-linear mass loss and significant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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degradation observed at 8 and 18 weeks. In vivo studies con-
ducted on mice, by placing a patch on dorsal skin demonstrated
controlled degradation predominantly by surface erosion. As
a result of degradation at the body temperature, the polymers'
stiffness increased, making PDG a promising material for
implants in minimally invasive soft tissue repair applications.

It's very important to protect the heart from post-operation
infections as it may lose tissue extracellular matrix (ECM),
which leads to heart failure. So, Feng et al. developed an effi-
cient electrospinning submicron fiber cardiac patch to repro-
duce myocardium ECM and enhance conductive signal
transmission for effective myocardial infarction (MI) therapy.*
The cardiac patch was made using shape memory materials,
comprised of polyurethane (PU), polyaniline (PANI) and silicon
oxide (SiO,). This submicron fiber patch's diameter was in the
range of 433.58 to 497.84 nm and thickness of 0.12 to 0.16 mm
to effectively stimulate ECM (Fig. 3). These fiber patches
exhibited thermo-responsive behavior with strength of
0.11 MPa young's modulus, and elastic degradation around
~106-145% strain, which enhanced mechanical strength to
withstand periodic cycles of heart beating. They have studied
signal transduction in pig heart slices with patches and evalu-
ated the efficiency of self-adhesion patch on the surface of
human neck, finger and wrist. These studies demonstrated
morphological stability, conductivity, elasticity for engineering
submicron fiber cardiac patches for promising myocardial
infraction therapy.

The uncontrolled blood loss and microbial infections in
wounds became the leading cause of several traumas related
mortalities in the prehospital period. To master this crucial
hurdle, Du et al. developed modern SMP foams with antimi-
crobial and antioxidant properties specifically for wound heal-
ing.** Phenolic acids (PAs) like, ferulic acid (FA), vanillic acid
(VA) and p-coumaric acid (PCA) were incorporated into poly-
urethane (composed of N,N,N', N'-tetrakis (2-hydroxypropyl)
ethylenediamine (HPED) and hexamethylene diisocyanate
(HDI) as backbone). The stable FA, VA and PCA foams were
synthesized by reacting isocyanate of HDI at 50 °C for 48 h and

control foam was synthesized without these acids, to
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demonstrate functionality of SMP foams with and without PAs.
Phenolic acids-based foams showed uniform morphologies
with pore size in the range of 1000 to 1500 nm with enhanced
cross-linking. The shape memory of SMP foams examined in
wet and dry conditions. These foams were able to recover their
shapes at 37 °C within 2 minutes. However, their dry glass
transition temperature (Ty) is around 55 °C, which makes them
stable in secondary(deformed) shape and help them to store at
this temperature. The PA-SMP demonstrated notable antioxi-
dant properties by scavenging around 20% hydrogen peroxide
and outstanding antimicrobial properties by reducing bacterial
colony count in comparison to their respective control foam. All
PA-SMP foams not only had greater than 80% cytocompatibility,
but also exhibited enhanced platelet attachment and non-
hemolytic properties when compared to silver-based controls.
This advanced method offers promising results in reducing
mortalities by enhancing wound healing, diminishing infec-
tions and controlling bleeding effectively.

Ramezani et al. developed an innovative bacterial protease
responsive SMPs based on polyurethane (PU) for chronic wound
healing.*® Due to the incorporation of polyglutamic acid peptide
in PU-based SMPs (PU-Pep) actually triggered to change the
shape in presence of bacterial protease. To inhibit the biofilm
formation and kill surrounding bacteria, natural anti-
microbials (for instance, ferulic acid, cinnamic acid, p-couma-
ric acid) and antibiotic drug (like chloramphenicol) were
incorporated in PU-Pep. Synthesized SMPs impregnated with
anti-microbials and antibiotic drug showed high shape fixity
and shape recovery in range of 74-88% and 93-95% respectively
and transition temperature above 60 °C. Shape changing
properties of various synthesized PU-Pep SMPs were analysed
after a proper incubation with bacteria and mammalian cells,
which exhibited shape recovery within 24 h in presence of V8
enzyme originated from staphylococcus aureus (S. aureus). The
shape changing ability of PU-Pep-antimicrobials SMPs allowed
the release of the antimicrobials from SMPs, prevented the bi-
ofilm formation on the surface of the samples leading to the
reduced tissue damage and aids in chronic wound healing
process.

PU/PANI/SiO2 /
Sub-micron Fibers -

b

Fig. 3 Representation of submicron cardiac patch for myocardial infraction therapy (reproduced from ref. 33 with permission from ACS

Publications, copyright 2021).
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2.2 Applications in drug delivery

Drug delivery is an important strategy for administering thera-
peutics to effectively target specific sites in the body by mini-
mizing the toxicity.*® The aim of this strategy is to improve
therapeutic efficacy by overcoming the challenges such as, poor
aqueous solubility, non-specific target, low circulation time in
the body of therapeutic agents.’” Over the years, the drug
delivery systems transformed tremendously owing to the
evolution of smart stimuli-responsive polymer materials in
combination with nanomedicine approach.*®* The stimuli-
responsive systems release drugs by exposure to external trig-
gers (e.g. temperature, light, magnetic field etc.), which offers
a precise control over release of drug at specific location and
time.**"* For that, significant stimuli-responsive materials were
developed for efficient delivery of various hydrophobic and
hydrophilic therapeutic agents (like drugs and nucleic acids),
utilizing various biodegradable amphiphilic polymers.**** The
capability of SMPs to deform and reform their shapes in
response to external stimuli is an added advantage to monitor
the frequent dosing at tumor sites for elongated time.>* Thus,
SMPs are designed to temporarily adopt a deformed shape for
systematic circulation, once exposed to tumor microenviron-
ment it recovers its original shape for controlled release of
therapeutic drugs. Further, SMPs can be designed with
programmable drug loading and release profiles, which facili-
tates, on demand and personalized treatment strategies.> So,
these materials appear to be very prominent in drug delivery
applications against cancer, inflammatory diseases etc..*>** In
this section, we have emphasized important studies on targeted
drug delivery using SMPs.

It's important to develop SMPs, which are capable of loading
drugs to enhance their therapeutic activity for various applica-
tions. For example, Bil et al. developed an advanced SMPs using
shape memory, polyurethane composed of biodegradable
polyols for self-fitting grafts as a promising drug delivery
system.”> Two polyurethanes (PU)-based shape memory poly-
mers namely, PU-poly(p,L-lactide-co-glycolide) (PU-PLGA) and
PU-poly(i-lactide)/polyethylene glycol (PU-PLLA/PEG)
prepared using ring opening polymerization (ROP). The shape
fixity (R¢) and shape recovery (R,) of PU-PLGA/Rap were 96% and
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99%, whereas R¢ and R, for PU-PLLA/PEG/Rap were 91% and
98% respectively. Transition temperatures (Tans) Of the both
SMPs were close to physiological temperature due to their
composition. Further, the excellent shape memory features,
facilitated the incorporation of anticancer drug rapamycin
(Rap). In vitro studies of Rap entrapped SMPs demonstrated
79% and 93% of drug release from PU-PLLA/PEG and PU-PLGA
respectively for 40 days in PBS solution. In vitro studies with
human cardiac fibroblast (HCF) cell lines concluded that PU-
PLGA/Rap and PU-PLLA/PEG/Rap delivery systems efficiently
inhibited cell growth.

Nayak et al. developed a novel shape memory hydrogel with
poly(vinylpyrrolidone) (PVP), deoxyribonucleic acid (DNA)
conjugated with carbon quantum dot (CD) for potential
biomedical applications.* CD facilitated the cross-linking with
PVP and DNA to enhance their mechanical strength, and also
helped to introduce outstanding photophysical properties to
DNA-CD-PVP hydrogel (Fig. 4). Additionally, the hydrogel was
capable of sustained delivery of hemin (used to treat blood
disorders like porphyria). The drug release was enhanced at pH
7.4 (97% of hemin was released over 16 days), as the cross-
linking density decreased at the physiological pH. CD in
hydrogel exhibited antimicrobial activity by generating reactive
oxygen species (ROS) upon irradiation with visible light. DNA-
CD-PVP hydrogel exhibited ~80% biocompatibility when
tested on human fibroblast cells.

SMPs has been successfully developed as an efficient drug
carrier in treatment of bone cancer. For example, Ouchi et al.
reported a shape memory balloon (SMB) to strengthen post-
operative chemotherapy and efficient bone cement injection
for osteosarcoma.>® SMB is fabricated with cross-linked poly(e-
caprolactone) (PCL), incorporated with doxorubicin (DOX) and
heat generating y-Fe,O; magnetic nanoparticles (MNPs). The
mechanical properties and crosslinking density of SMB were
altered by changing the molecular weight of PCL. The transition
temperature of SMB was reported close to ~40 °C leading to
400% shape expansion, which facilitated the injection of bone
cement without any leakage. It was found that SMB temporarily
memorized its expanded shape at 37 °C allowing the sustained
release. Upon exposer to an alternating magnetic field SMB

S. aureus killing

Fig. 4 Representation of conjugation of carbon quantum dot (CD) with DNA and polymer nano material with incorporated hemin and its shape
memory properties and drug release kinetics of hemin (reproduced from ref. 53 with permission from ACS Publications, copyright 2020).
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demonstrated switchable heating-cooling and thereby released
DOX for over 4 weeks, exhibited an elongated effect at tumor
site. In vitro cytotoxic experiments illustrated that, drug release
with heat generation from SMB killed ~99% of human osteo-
sarcoma cells.

Vakil et al. reported a novel material for dual drug delivery
from a single scaffold with precise delivery profiles.>> Poly-
urethane was synthesized using hexamethylene diisocyanate
(HDI) as backbone, while polypropylene glycol (PPG) and tri-
ethylene glycol (TEG) provided flexibility and hydroxypropyl
ethylenediamine (HPED) served as cross linker. Fe;O, magnetic
nanoparticles (MNPs) were incorporated into PU to enable
magnetic responsiveness. The SMP was further loaded with
drugs or model drug (fluorescent dye), such as, 6-mercaptopu-
rine (6 MP), doxorubicin (DOX) and rhodamine B (Rhod).
Applying an alternating magnetic field, MNPs generated heat,
which triggered the shape change in SMP and simultaneously
drug release. The studies found that cross-linked polymers
trapped drugs more effectively than linear polymers, as the
cross-linked polymers showed a slower release rate of the drug.
These SMPs exhibited cytocompatibility more than 75% for over
72 hours. This novel approach for dual drug delivery minimized
side effects and enhanced therapeutic efficacy.

Luteolin has the potential to treat gastric cancer, however its
applications were confined by poor aqueous solubility. Zhou
et al. developed a systematic method for Luteolin incorporated
SMPs for gastroretentive drug delivery systems (GRDDS), which
enhanced its aqueous solubility, sustained release, biocom-
patibility, and in vivo circulation time.*® Luteolin phospholipid
complex (LPC) was synthesized and incorporated into polylactic
acid (PLA) and poly(ethylene glycol) (PEG) based SMPs (PLA/
PEG). Among all the prepared SMP films LPC-PLA/PEG (7:3)
demonstrated outstanding effectiveness in drug release. Shape
recovery analysis of PLA/PEG (7 : 3) SMPs at 50 °C (T, of LPC-
PLA/PEG) and 37 °C (Human body temperature) demon-
strated 90% and 60% shape recovery respectively within 60 s.
Pharmacokinetic studies indicated 354% enhancement of
bioavailability in rats when compared to free luteolin. In vitro
testing of SMPs on SGC-7901 cells demonstrated that the cell
proliferation was inhibited by around 89%. In conclusion this
study overcame various limitations associated with luteolin and
designed a well-organized method for GRDDS.

2.3 Applications in biomedical devices

SMP-based biomedical devices are highly advantageous in
comparison to traditional metal-based devices. Its adaptive
ability helps to complement the surrounding tissues. Moreover,
development of biocompatible and biodegradable SMPs
allowed researchers to test such smart materials in the prepa-
ration of biomedical devices such as vascular stents, occlusion
devices, scaffolds for tissue repairing, clot removal devices,
surgery suture for wound closure, etc..>”

2.3.1 Vascular stents. Vascular stents play a significant role
to treat coronary artery diseases. In comparison to metallic
stents, SMP based stents are more flexible. They recovers to
their original shape after being deformed, which helps in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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preventing the collapse of small blood vessels.”” Moreover, they
require minimally invasive surgery to implant them in blood
vessels as their size can be reduced to the size of the catheter
needed for delivery. Further, they offer high controlled deploy-
ment at physiological temperature.®® Considering all these
advantages, SMPs are being tested in vascular stents, as the
activation temperature for these SMPs is maintained around
body temperature. Peripheral vasculature embolization devices
(to block or reduce blood flow in specific blood vessels inten-
tionally) incorporating this novel SMP-technology have become
a reality and commercially available.”®* In this case series, the
real time data was collected in the form of post market registry,
initial clinical experience to validate these novel devices.

Yakacki et al. reported programmable SMPs which can be
stored in a catheter, where photo co-polymerization of tert-butyl
acrylate and poly(ethylene glycol) dimethacrylate was per-
formed to the form thermomechanical responsive SMPs.* The
fastest recovery of the stent was observed in 10 s for 40 wt%
crosslinked stents with a T, around 52 °C, in contrast slowest
recovery time was observed in 10 min for 10 wt% crosslinked
stents with a T, around 55 °C.

Chen et al. synthesized a biodegradable stent with shape
memory property blending glycerol and poly(ethylene oxide) on
chitosan films.®* After blending, the compressive strength of the
polymeric stent was increased in comparison to metallic stent.
This polymeric stent can withstand up to 30% deformation
whereas the marketed metallic stents withstand deformations
only up to 10%. Under stimulation of water, the temporary
crimped shape converted into fully expanded permanent shape.
The polymeric stent recovery time was around 150 s in aqueous
medium. In vivo studies confirmed that the implanted stent
remained intact. However, no thrombus formation was
observed in stent-implanted vessels.

Ajili et al. reported shape memory polymers using a blend of
polyurethrane (PU) and polycaprolactone (PCL) polymers with
different ratios, which exhibited shape recovery at body
temperature.®* The crystallinity-induced shape memory effect,
incorporated the elastic memory in a vascular stent, with
alterations in composition and crystallisation conditions, the
recovery temperature was attained near the body temperature.
For biological applications, the SMP blend (PU/PCL (70/30))
with recovery temperature near body temperature was investi-
gated. In vitro studies with human bone marrow stroma cells
(hBMSCs cells) demonstrated effective cell adhesion within 3 h
and formed dense monolayer after 7 days on SMP blend surface,
indicating excellent biocompatibility for the vascular stenting
applications.

2.3.2 Occlusion devices. Occlusion devices are medical
equipment used to close off certain parts of the heart or blood
vessels to treat conditions like congenital heart defects and
atrial fibrillation (an irregular and rapid heartbeat). It is used to
treat these disease conditions instead of open-heart surgery or
lifelong medication. Recently, there is a trend to make occlu-
sion devices using biodegradable SMP materials, which can be
more customizable and biocompatible than traditional
devices.®® Moreover, the unique property of infiltration of
cellular components in SMP foams facilitates to achieve the
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large part of the volume occlusion which is difficult to attain
using metallic devices.”” SMP foams fills a void which helps in
occlusion. Due to the porous structure of SMP foams, they
create a tortuous route for blood to pass through providing
multiple sites for recirculation. Moreover, they are easy to
implant and rapidly recover their volume after implantation.®**

Xiao et al. reported a thermo-viscoelastic model, where they
studied the temperature dependent relaxation behaviour of the
polymers in presence of low concentrations of water.®® They
synthesized (meth)acrylate-based copolymer network composed
of methyl acrylate (MA), methyl methacrylate (MMA), and
poly(ethylene glycol) dimethacrylate (PEGDMA) (MA-MMA-
PEGDMA) in 5:4:1 mass ratio respectively. Studies confirmed
that water can be used as stimulus, as it diffuses into the MA-
MMA-PEGDMA polymer-matrix resulting in the lowering of
glass transition temperature. Shape memory behaviour was
proven by the full shape recovery of MA-MMA-PEGDMA poly-
mer in 15 min at 50 °C. However, it took 8 hours to get back its
original shape at 25 °C and 4 hours at 30 °C.

Wong et al. designed a biodegradable water-responsive
radiopaque shape memory embolization, where they used
a blend of poly(pi-lactide-co-glycolide) (PLGA) and radiopaque
filler, followed by further coating with crosslinked poly(ethylene
glycol) diacrylate (PEGDA) hydrogel.** After getting exposed to
body fluid at body temperature, the hydrogel exhibited swelling
leading to complete mechanical occlusion. With increase in
PEG content in the polymer matrix the glass transition
temperature decreased from 42 °C to 36 °C. This filament was
found to be very efficient as it recovered its original shape at 37 ©
C, in presence of water, within 100 s. In vivo studies on rabbits
confirmed that the embolic device can be delivered via a 4F
Berenstein catheter into various arteries under general anaes-
thesia. The initial exposure to body fluid triggered shape
recovery, leading to full occlusion within 30 to 120 seconds.
Fluoroscopic imaging demonstrated clear visibility of the device
due to its radiopaque core.

Small et al. fabricated stent-foam device based on SMPs
consisting of N,N,N',N'-tetrakis(2-hydroxypropyl) ethylene-
diamine (HPED), hexamethylene diisocyanate (HDI), and tri-
ethanolamine (TEA).*® They were able to attain complete shape
expansion at 23 °C under water stimulus within several seconds.
The control of deployment was achieved by incorporating epo-
light 4121 a laser absorbing dye, which was activated at 810 nm.
The foam has a density of 0.020 g cm > with 98.4% volumetric
void fraction. Differential scanning calorimeter (DSC) studies
confirmed that T, of this foam is near about 40 °C. The
preliminary in vitro studies (inflammation, thrombogenesis,
platelet and neutrophil activation) suggested that this SMP was
unlikely to stimulate any negative response.

Rodriguez et al. reported a polyurethrane based SMP foam
and embedded into porcine vein pouch aneurysm model.*®
These materials are easily delivered to the site of action using
a catheter due to their flexibility to compression. In vitro and in
vivo studies confirmed their biocompatibility, which was sup-
ported by complete endothelial cap at the base and pathological
results of the aneurysm. Initial thrombus formation in the foam
indicated rapid blood interaction. After 30 days, mild
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inflammation and partial tissue connectivity's were observed,
and by 90 days' dense connective tissue was observed with
minimal inflammation. These studies confirmed that the
polyurethrane based SMP foam can demonstrate better healing
process than bare metal coils in aneurysm occlusion.

2.3.3 Neural interfaces. In recent days, advanced treatment
of peripheral and autonomic nerves to cure chronic diseases
have been proposed. Further investigations have been carried
forward with animal cells to find out various treatment
methods. Regeneration of the nerves is challenging for the
medicos when the peripheral nervous systems are damaged by
any accidents and natural disasters. The diameter of nerves is
a few hundred um. Hence, it is difficult to target such small
nerves.®” Thus, stable, biocompatible and implantable neural
interfaces are in high demand. Modern SMP-based research
may provide a solution to overcome these major difficulties due
to their shape-changing features. These SMPs can be engi-
neered to be rigid materials for easy implantation into soft
brain tissues, once successfully implanted SMPs triggered by
stimulus to soften and recover the shape, which nearly matches
with the characteristics of neural tissues.®®

Zhang et al. fabricated a 3D twining electrode, where they
combined a stretchable mesh serpentine wire onto an adapt-
able shape memory substrate.”” The twining electrode was
fabricated by integrating polyimide (PI) film onto synthesized
polyurethane based SMP. They used 2D stiff twining electrodes
that were temporarily flattened but later grown into nerves
which formed 3D flexible neural interfaces at 37 °C to promote
the integration with the nerves (Fig. 5). The polyimide (PI) film
was reshaped into helical structure during heating at high
temperature which facilitated the recovery of the twining elec-
trode. Thus, at 37 °C the flattened electrode self-climbed onto
the nerves and recovered its actual helical configuration to
make contact with the nerves. It was used in the treatment of
nerve injury caused by mechanical and geometrical mismatches
and exhibited excellent potential for the electrical neural
stimulation.

Ware et al. developed a biocompatible thermo and water-
sensitive SMP based thin film flexible cortical recording
probe, which was fabricated using transfer-by-polymerization
method to provide high mechanical and chemical interactions
between SMPs and electrode, with least roughness.®® Methyl
acrylate and isobornyl acrylate crosslinked with PEG diacrylate
were undergone copolymerization with varying concentrations.
Methacrylate polymers contributed to better adhesion between
electrodes and polymers. Studies were done by implanting 8 Au
recording electrodes and a large ground electrode in the cortex
of a laboratory rat.

Chen et al. reported a smart nerve conduit (SNC) based on
SMPs.* Different ratios of co-monomers were tested for poly-
merization to develop the polymeric network. Variation in co-
monomer ratios lead to the variation in shape recovery time.
Different polymeric networks with weight ratios of monomers
rac-lactide:glycolide of PLGA (e.g. PLGA-60/40, PLGA-40/60, and
PLGA-20/80) were synthesized. In the presence of water, the
recovery rate of SNC reached up to 90% after 7 h and attained
stability at 36 °C. This relatively slow recovery rate helped to
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(A) Pictorial representation of twining electrodes used for peripheral nervous system (PNS); (B and C) self-climbing of SMPs on nerves at 37

°C; (D) representative deformation of the twining plants; (E) design of SMP based twining electrode with Au/Ti and polyimide films; (F) temporary
flattened shape of twining electrode; (G) original/ recovered shape of twining electrode (reproduced from ref. 67 with permission from science

advances, copyright 2019).

fulfil the requirements in tissue engineering. Cell culture
studies were conducted in Schwann cells, which confirmed that
poly(rac-lactide-co-glycolide) copolymers demonstrated satis-
factory biocompatibility with negligible cytotoxicity.

Wang et al reported a poly(lactide-co-trimethylene
carbonate) (PLATMC) SMP-based multichannel nerve guidance
conduit for peripheral nerve regeneration.”” Co-monomers,
lactic acid (LA) and trimethylene carbonate (TMC) with
different ratios (90:10, 70:30, and 50: 50) are fabricated into
nanofibers. The T, of SMP-nanofiber-based mat was ~31.62 °C.
Further, T, was also found to increase with the increase in LA
content in the SMP. It attained a planar temporary structure for
cell loading and though under physiological temp (37 °C) it
attained a permanent tubular structure. PLATMC displayed
good biocompatibility and nerve regeneration potential when
studied with a rat having sciatic nerve defect. The conduit
provided a favourable microenvironment to assist the process of
angiogenesis and vascularization.

2.4 Applications in 4D printing

Combining shape shifting materials and 3D printing have
evolved into a new generation called 4D printing. 4D printing
adds the fourth dimension (i.e. time) to 3D printing.”* In other
words, 4D printing is an advanced 3D printing technique that
creates objects, capable of altering their shape, size, colour
gradually in response to external triggers.”* Thus, 4D printing
made it easy for digital manufacturing of the complex shapes
into smart devices. Various materials like, hydrogel resins,
active polymers, or live tissues have been thoroughly investi-
gated as 4D printable smart materials, which are programmed
to change their shape in response to environmental factors like

© 2025 The Author(s). Published by the Royal Society of Chemistry

light, temperature, pressure, humidity, etc..”> For the develop-
ment of such 4D printable smart materials, SMPs have been
emerged or exploited to bring a smarter approach in their
applications.””® This section emphasized the crucial develop-
ments that led to the emergence of 4D printable smart
materials.

Zhang et al. described a simple digital 4D printing strategy
for combining multi SMPs in a single material construct. It
provided readily tuneable shape memory characteristics, pro-
grammed by light exposure and activated by heating during
shape recovery.” Isobornyl acrylate (IBOA) and methyl acrylate
(MA) underwent cross linking with 1,6-hexanediol diacrylate
(HDDA) in the presence of photo initiator bis(2,4,6-
trimethylbenzoyl)-phenylphosphineoxide to form the polymer.
The co-monomers (IBOA:MA) with molar ratios of 0.71 and
0.62, attained the T, at 36-39 °C and 30 °C respectively. More-
over, the bending angle of the resulting polymer beam
decreased linearly with increased light exposure time. For
example, polymers showed 50° and 0° (i.e. non-bending state)
bending angle after 14 s and 30 s respectively. Both the SMPs
exhibited 100% shape fixity upon light exposure and demon-
strated 97.2% to 100% shape recovery respectively under
thermal stimulation at 70 °C. These digital SMP can provide
nanophotonic behaviour and lead to the deployment of next
generation shrinkable electronics.

Triple SMPs (SMP having ability to memorize three shapes)
have unique characteristic features to memorize two temporary
shapes and recovers to their permanent shape in response to
external stimulus. Bodaghi et al. reported triple SMPs using 4D
printing by incorporating hot-cold programming processes.””
The polyurethane SMP film with diameter 1.75 mm, exhibited
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T, around 55 °C, excellent shape adaptivity with self-shrinking
capabilities. The SMPs in glassy phase demonstrated elasto-
plastic behaviour at 23 °C, and rubber-like hyper-elasticity at
85 °C. Furthermore, to evaluate the biological relevance, a self-
shrinking staple using this SMP was designed and inserted into
simulated tissue. At 37 °C, initial recovery of the film was started
by gradually closing the gaps like wounds.

Spiegel et al. reported a SMP ink system, which was capable
of 4D printing at both macroscale and microscale.” Digital light
processing (DLP) and direct laser writing (DLW) were the
appropriate 3D printing techniques to develop such macro and
micro systems respectively. SMP was composed of mono-
functional isobornyl acrylate as main backbone and crosslinker
poly(ethylene  glycol)  diacrylate for flexibility, tri-
cyclodecanedimethanol diacrylate for stiffness. 4D printed
macro and micro structures showed T, around 70 °C and 25 °C
respectively. DLP printed macro structure demonstrated excel-
lent shape fixity (98%) and shape recovery (97%) ratios (Fig. 6).
However, due to small dimensions of DLW printed micro
structure, the observation of shape changes with the naked eye
was quite challenging. Thus, an optical micro scope with
a heating stage was utilized to study, shape changes in micro
structures. The results demonstrated faster and complete shape
recovery in a double platform micro structure, when heated
above its T,. Further investigations were made by designing
a box-like 4D printed microstructures, which demonstrated
potential to trap and release the microspheres under thermal
stimulation.

Choong et al. reported a dual-component phase switching
mechanism-based photopolymer using stereolithography 3D
printing technique.” SMP was composed of tert-butyl acrylate
(tBA) monomer as main polymer backbone with di(ethylene
glycol) diacrylate (DEGDA) as crosslinker (10, 20, 30, 40 and
50 wt%) and phenyl bis(2,4,6-trimethylbenzoyl) phosphine
oxide (BAPO) (0.5, 1, 2, 3, 4 and 5 wt%) as a UV photo initiator.
SMP exhibited tunable T, depending on DEGDA content. For
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instance, with 10 wt% of crosslinker SMP showed T, ~53.9 °C,
and gradually increase in every 10 wt% of crosslinker, T, was
increased by around 5 °C. SLA printed SMPs with 10 wt% of
DEGBA and 2 wt% of photo-initiator, demonstrated tensile
strength of 20.2 MPa and 0.3 MPa at 25 °C and 65 °C respec-
tively. This decrease in tensile strength was due to trans-
formation of SMP from glassy to rubbery state. The SLA-printed
SMPs demonstrated outstanding Ry and R, ~95% and 100%
respectively. Furthermore, it was able to retain 22 thermo-
mechanical cycles, which indicated its high durability. A
complex buckminsterfullerene (C60 bulky ball) was 4D printed
using this SMP, which demonstrated rapid shape recovery
within 11 s in water at 65 °C.

Ge et al. reported multimaterial high resolution 4D printing
strategy using projection micro stereolithography (PuSL).”> SMP
resin was fabricated with photocurable methacrylate-based
monomer; benzyl methacrylate (BMA) as linear chain
builders. Three difunctional oligomers, namely poly(ethylene
glycol) dimethacrylate (PEGDMA), bisphenol A ethoxylate di-
methacrylate (BPA) and di(ethylene glycol) dimethacrylate
(DEGDMA) were used as crosslinkers for the formation of three
distinct SMP resins. A decreasing trend in T, was observed with
increase in molecular weight of crosslinker, which resulted in
higher stretchability of the copolymer. The copolymer network
with BMA and PEGDMA demonstrated high shape fixity and
shape recovery ratios (>90%), T, ~65 °C.

2.5 Applications in aerospace engineering

Spaceflights with high resolution and communication capa-
bility are in increased demand for further progress of space
technology.” Utilization of SMPs in space engineering has
evolved significantly in recent times due to their flexibility, high
storage ratio, high frequency and low surface density, which
responds to environmental (hostile space environment) stimuli
such as temperature or pressure. SMPs can be deformed into
temporary shape, which significantly reduces payload for

recovered

Fig. 6 Shape switching behaviour of multi SMP using 4D printing technology: (A) double platform (B) infinity ring (C) rectangular frame
(reproduced from ref. 73 with permission from advanced functional materials, copyright 2022).
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launching, upon exposure to stimulus it recovers to original
shape.”” SMPs can be designed to be reversible systems
according to the requirement of mission. These SMPs are effi-
cient replacement for complex mechanical systems, as it
reduces weight and chance of failure.”*”® For example, scien-
tists are developing deployable space reflectors to improve
carrying capacity, interior space and surface precision.”?*" SMP
are used to build antenna and space habitats to enhance the
functionality in space technology.***

Space reflectors are universally employed in various space-
craft equipment'’s (e.g. antennas, telescopes, sensing cameras).
Traditional deployable reflectors are composed of heavy,
complex mechanical architecture for precise opening and
closing. Hence, these systems suffer from thermal mismatch
issues, as mechanical systems and reflective systems have
different coefficients of thermal expansion (CTE). This signifi-
cantly affects its precision and accuracy, during temperature
fluctuations in space. Therefore, reflectors are integrated with
SMPs not only to achieve low surface density, but also to
enhance storage ratio and frequency. Ming et al. fabricated
a parabolic reflector using carbon fiber fabric and epoxy based
SMP resins with T, series of around 100 °C.” Using finite
element analysis, three folding patterns were compared and
finally the six-petal folding pattern was recognized as optimal. It
demonstrated an average shape fixation ratio of 95.30%,
average shape recovery ratio of 99.37%. The reflector recovered
its initial state in around 100 s when the temperature reached
up to 120 °C. Thus, these parabolic reflectors demonstrated
excellent reliability in laboratory conditions.

Deployable structures require actuators with elevated
recovery force to undergo significant volume changes and ach-
ieve compact storage for spacecraft. Traditionally, electric
motors have been used due to their strong driving force and
precise operation. However, their heavy weight and mechanical
complexity present challenges. SMPs are considered as prom-
ising alternative owing to their light weight for simple actuating
process along with their ability to change shape without
requiring additional actuators. In this context, Kang et al.
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fabricated a bending actuator using sandwich structured shape
memory polymer composite (SMPC).?** SMPC bending actuators
were fabricated to achieve unique features like, multiple neural
axis (MNA) skins and a deployable core (Fig. 7). The MNA skins
were composed of alternating soft and hard layers. The soft
layer was fabricated using a composition of poly-
dimethylsiloxane and ethoxylated polyethylenimine. The hard
layer was composed of a carbon fabric impregnated on epoxy-
based SMP resin with 3:1 weight ratio of resin and curing
agent. The enhanced shear strain in soft layer reduced the axial
strain and consequently enhanced the deformability of SMPC.
Therefore, deployment started once the SMPC reached its T,
(48.4 °C), and initiated the shape recovery process, which was
gradually stabilized at 71.4 °C. This SMPC demonstrated high-
est width along with normalized recovery moment (~51.2 N m
m ') and smallest bending radius (~15 mm).

Luo et al. reported shape memory polymer foam (SMPF),
synthesized using SMP based epoxy resin and polyurethrane.**
This SMPF demonstrated high storage modulus (2.835 x 10” at
25 °C) and high compression ratio (sample with 40 mm height
compressed to 10 mm at 110 °C). DSC studies confirmed that
the T, value for SMPF was around 108.7 °C. The SMPF
demonstrated outstanding R (~99%), and R, (~95%) ratios.
The polymer recovered to its initial state in 60 s through heat
transfer from electro-thermal film. On 05th Jan 2020, this SMPF
was successfully equipped in SMPC-flexible solar array system
(SMPC-FSAS), carried by SJ-20 geostationary satellite and
successfully deployed in orbit.

Dao et al. designed and fabricated a carbon fibre fabric
reinforced SMP composite hinge.*> Dynamic mechanical ana-
lyser confirmed the T, value of the SMP was 70.9 °C. The key
concept involved integration of carbon-epoxy resin with SMPs
resin. In this process, the epoxy resin remains in a B-stage (a
partially cured epoxy system incorporating a low-reactivity
curing agent) after curing, which enhanced both stiffness and
shape recovery ratio. Thus, SMP composite was proven to be
a suitable candidate to make an antenna for spacecraft.

Multiple neutral
axes skin

Deformability
& recovery moment
Increase

SMPC
PDMS/PEIE

Fig. 7 Schematic representation of sandwich structured SMPC bending actuators and their mechanism (reproduced from ref. 80 with

permission from ACS Publications, copyright 2023).
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Deployable space habitats are an important part of space
research. They have several advantages, such as being light-
weight to reduce launch cost, protecting from radiation,
expanding the interior space once deployed etc. Generally, they
are smartly designed to be folded during launch of the space-
craft for efficient storage, followed by the expansion of the
structure to create habitable environments in space. Herath
et al. reported carbon fibre reinforced SMP composites activated
by NIR radiation and thermal stimuli for deployable space
habitats.®® These were fabricated on earth, compressed and
packed for transport in a spacecraft, and then deployed in outer
space to restore their original shape. The SMPC demonstrated
100% shape fixity and 98% shape recovery. Upon stimulation
with heated air (150 °C) and NIR (808 nm), it regained its initial
shape within 15 s and 50 s respectively. Further improvements
were required for this SMPC to be used as efficient deployable
space habitats.

2.6 Environmental remedies

Polymer waste is a big concern for the environment, particularly
synthetic and non-biodegradable polymers. To overcome this,
researchers are trying to develop methods to recycle polymeric
waste and convert them into some valuable products.®***® In this
aspect, SMPs waste can also be recycled to reduce any harmful
effect on the environment. In addition to this, SMPs are highly
useful in detecting some toxic metals present in water, where
the traditional methods are inefficient to detect the toxic
metals, pesticides present in water.*”*® Attributed to these
features, SMPs play an important role in protecting the
environment.

2.6.1 Recyclable SMPs. SMPs can be recycled by various
methods. However, the challenge is to retain their specific
properties like shape fixity, shape recovery, cross-linking ability
etc., even after repeated recycling. Recycling SMPs leads to
reducing the cost of raw materials to synthesize SMPs and the
environmental impact of polymer waste. These recyclable
materials have potential applications in fabricating medical
devices, flexible electronics for wearable, automobiles, aero-
space parts etc., highlighting the significance of recycled
SMPs.***' In this section, we have highlighted prominent
studies focused on recyclable SMPs.

Du et al. reported a novel polyurethane based SMPs with self-
healing (SH) and recycling capabilities.”” Herein, SMPs were
composed of diels-alder crosslinked polyurethane (DAPU)
integrated with reduced graphene oxide (FRGOs). FRGOs was
prepared first by oxidation of graphite to graphene oxide then
reduced with hydrazine and functionalized with 2,4-toluene
diisocyanate (TDI). DAPU was prepared using poly(-
tetramethylene ether) glycol (PTMG), polyhydroxyalkanoate
(PHA), 2,4-toluene diisocyanate (TDI), chain extender N-(2,3-
dihydroxypropyl)-maleimide (DHMI) and furan terminated
hexamethylene diisocyanate trimer (THDI-FA) as cross linker.
DAPU and FRGOs stirred mechanically at 70 °C for 3 h to
prepare the composites. DAPU composites containing 1, 2 and
3% wt of FRGOs were named as DAPU-FRGO1, DAPU-FRGO2
and DAPU-FRGO3 respectively. Among them DAPU-FRGO2
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exhibited enhanced mechanical and thermal stability due to
outstanding thermo-reversibility of DAPU and photo-thermal
effect of FRGOs. DAPU-FRGO2 exhibited ~92% and ~94%
shape fixity and shape recovery respectively within 10 s under
near infrared (NIR) light. To test the recyclability DAPU-FRGO2
was chopped into tiny segments and placed under 20 Mpa
pressure and irradiated with NIR light for 10 min. Notably 82—
96% mechanical properties of DAPU-FRGO2 were recovered.

Zhang et al. reported a temperature responsive SMP, capable
of recycling multiple times, had long life and greater thermo-
mechanical stability.” The shape memory supramolecular
polyurea (SMSP) was composed of m-xylylene diisocyanate
(XDI), ureidopyrimidinone (UPy). SMSP-UPy formed hydrogen
bonding and had magnificent shape fixity around 99.5% and
shape recovery around 92.7%. It was found that SMSP-UPy film
revived its original shape by heating it around 80 °C for 20 s. To
test the recycling ability of SMSP-UPy was chopped into tiny
segments and hot pressed at 150 °C under 2.5 MPa for 10 min.
Even after recycling for 7 times, SMSP-UPy retained its
mechanical properties without much decline.

2.6.2 Wastewater treatment. SMPs are utilized to treat
waste water, where it can adsorb the toxic metals present in
water. At present many studies are focusing on developing
a prominent SMPs, capable of exhibiting fast and accurate
results in detecting heavy metal ions present in waste water®°°
For example, SMP based composites are functionalized with
various chemical functional groups to efficiently accumulate or
bind with heavy metal ions or some toxic pollutants present in
the water, followed by the recovery of its actual shape by
exposing to temperature, various solvent systems, pH etc.®”*® In
this section, we have highlighted important studies focused on
SMPs for waste water treatment.

Wang et al. reported a shape memory elastic cellulose aero-
gel (CA) with metal organic frame work (MOF) for adsorption of
metal ions in waste water.?” The aerogel (TPA) was synthesised
by blending 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO)
oxidized-cellulose nanofibers (TOCN) with polyvinyl alcohol
(PVA) and citric acid as cross linker. TPA aerogel was soaked in
methanol solution, containing Zn (NOj),-6H,0 or Co
(NO3),-6H,0 for 10 min, followed by addition of 2-methyl-
imidazole to get zeolitic imidazolate framework-8 (ZIF-8) and
zeolitic imidazolate framework-67 (ZIF-67) on aerogel, forming
TPAZ-8 and TPAZ-67 respectively. These MOF-aerogels have low
density (9.8-11.2 mg cm ), high porosity (~99%) and exhibited
shape recovery, up to 80% strain recovery within 1.5 s under-
water. The adsorption capabilities of TPAZ-8 were 54.78 mg g~ '
for Cu®" and 105.21 mg g~ for Pb>", whereas in case of TPAZ-67,
70.53 mg g ' for Cu®" and 123 mg g~ for Pb>". These results
demonstrated TPAZ-67 had good adsorption capacity,
compared to TPAZ-8.

Li et al. reported an easy and economic method for detection
of Fe** ions using a shape memory hydrogel.”® The hydrogel was
prepared by using poly acrylic acid (PAA) and poly vinyl alcohol
(PVA). The permanent and temporary shape of PAA/PVA
hydrogel was due to hydrogen bonding and coordination of
metal ions with the carboxyl group respectively. The deformed
shape of hydrogel was reverted by immersing it in aqueous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 Schematic representation of detection of Fe>* ions in water using shape memory hydrogel (reproduced from ref. 98 with permission from

ACS Publications, copyright 2024).

solution having 0.3 mol per L sodium salt of ethylene diamine
tetra acetic acid (EDTA). Hydrophilicity and swelling behavior of
hydrogel depended on pH, e.g. at pH < 7 carboxyl groups in
hydrogel were protonated; at pH = 7, they gradually deproto-
nated and at pH > 7 coordination with Na" occurred. The PAA/
PVA hydrogel became denser after immersion in water.
However, pore size became smaller once hydrogel was
immersed in wastewater containing Fe** ion. Shape memory
effect with other metal ions such as, Cu®", Cr**, AI’*, Na*, Mg*",
K', Ca**, Mn**, Co®", Ni**, and Zn>" was studied along with Fe’**
ion. The results demonstrated the highest shape fixity ratio
around 90% for Fe** ion and for other metals shape fixity ratio
was around 20%. It was noted that with increase in Fe’" ion
concentration the shape fixity ratio increased and acted as
a portable Fe** ion concentration detector (Fig. 8). PAA/PVA
hydrogel was placed in Fe** ion solution and measured the
angle of PAA/PVA hydrogel with laser protractor and the smart
terminal detected three various concentrations of Fe’" ions (e.g.
0.053, 0.016 and 0.004 mol L "). This method of detection was
highly helpful to detect Fe*" ions in wastewater without any
complex instrumentation.

2.7 Applications in textiles

The natural, synthetic, and blended fibres are used to fabricate
various textiles to serve multiple purposes. Generally, these
fibres are composed of cellulose polymer, polyamide, polyester,
nylon etc.*® Additionally, these fibres can be also moulded into
smart materials by incorporating various cross-linkers such as
imine/amine bond, PVA, cyclic anhydrides etc.'® Further,
scientists are trying to fabricate shape memory fibres to design
novel SMP based textiles for various applications including,
clothing, thermal insulator, bandages, masks, etc.*** This
section highlighted the latest developments of SMP based
fabrics, portraying the significance of SMP for the growth of
textile industry to meet evolving human needs.

The massive energy consumption by systems used for indoor
temperature controlling through air conditioners (heating/
cooling) to maintain a comfortable atmosphere was a critical
issue as it leads to greenhouse gas emission. To address these

© 2025 The Author(s). Published by the Royal Society of Chemistry

challenges, Zou et al. developed a novel smart textile with
reversible gap modulation and unidirectional moisture trans-
port to regulate the temperature of human skin.'””> The SMP
textile fabric was composed of thermos-responsive poly(-
ethylene-co-vinyl acetate) (EVA) as polymer backbone with di-
cumyl peroxide (DCP) as cross-linker. Cotton yarns with varying
thickness and cross-linked EVA were employed to design the
SMP-based smart textile. The cross-linked EVA fibres allowed
the fabrics to undergo shape switching in response to temper-
ature. With the rise in temperature, the textile exhibited shape
recovery leading to the opening of gaps, which eventually
enhanced the permeability of air and moisture to release heat
and sweat. Sequentially, cooling led to closing the gaps to
maintain warmth conditions. The modulated fabric exhibited
high R and R, around 95% and 98% respectively, with an
enhanced air (443.5 to 461.7 mm s ') and moisture perme-
ability (1761.8 to 2021.5 g d~* m™?) than that of the cotton
fabric. Further, 1% wt sodium methyl silicate was used to create
one side hydrophobic layer for unidirectional moisture perme-
ability (index around 193.2). The hydrophobically coated SMP-
based textiles showed a good heat conductivity (0.089 W m ™"
K™ ') along with enhanced air permeability (1600.5-1963.8 g d
m™?). Thus, the SMP-based cloths could be good replacement
for air conditioners leading to reduced carbon emission.
Zhang et al. developed a novel 3D self-folding fabric capable
for dual mode thermal regulation aiming to serve as personal
comforting fabric in varying weather conditions.’® The fabric
was designed using cotton and coolmax yarns using weft knit-
ting to induce spontaneous folding. Then the fabric was coated
with polydimethyl siloxane (PDMS)/titanium oxide (TiO,) in
THF solution for two times to obtain optimal reflectance and
softness. In warming mode, the modulated fabric demonstrated
a 3D folded structure that traps air between the folds, resulted
in enhanced insulation and thermal resistance up to 0.0627 m?>
K~' W'. However, in cooling mode the fabric stretched to
obtain a 2D flattened structure resulting 93.5% and 89.5%
enhancement of infrared (IR) emissivity (8-13 pm) and solar
reflectance respectively due to the exposed PDMS/TiO, coating
(Fig. 9). This 2D flattened structure helped to reduce the
temperature of the body up to 4.3-4.9 °C under sunlight. The
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Fig. 9 Schematic representation of dual mode fabric response in warming and cooling condition (reproduced from ref. 103 with permission

from Springer Nature, copyright 2025).

fabric demonstrated reliable air permeability (22.44 mL s cm ™ 2),
water absorption (387.89%), water evaporation rates (1.182 g
h™"), durability (over 1000 cycles) and stability after multiple
washes. Hence, this dual 3D and 2D structured fabric served as
adaptable wearable garments to withstand distinct environ-
mental conditions.

3. Conclusion and future
perspectives

In conclusion, SMPs are smart, eminent, and programmable
stimuli responsive polymeric materials, capable of memorizing
multiple shapes and recovers to their initial shape under
specific stimulation. There is always a need to synthesize
economical, non-hazardous and biodegradable SMPs, which
eventually facilitates diverse applications in various fields. In
this review, we have summarized synthetic procedures and
applications of SMPs for the development of various biomedical
devices and biocompatible micro robots using 4D printing.
Furthermore, we have discussed their prominence in drug
delivery, tissue engineering and waste management. Addition-
ally, we have emphasized, SMPs significance in developing
various smart fabrics and deployable devices for spacecraft to
enhance their functionality in the space environment. The
existing reviews on SMPs mostly focus on specific areas of
application. Unlike that, this article provides thorough insight

31224 | RSC Adv, 2025, 15, 31210-31229

on versatility and multidisciplinary potential of SMPs across
various fields of science and technology.

In our perspective, new age SMPs can be further developed
into much smarter materials, so that they illuminate a path to
overcome the modern-day challenges. At present, mostly single
stimuli like temperature, water, and light are frequently
employed in switching their shapes. However, these stimuli
may not be suitable for all the applications. To overcome this,
the development of multi stimuli-responsive and multi-
functional SMPs are essential. Extensive research is progress-
ing to develop an effective enzymatic or extra cellular matrix
triggered SMPs to specifically target affected tissues. SMPs
should be designed to overcome limitations such as loss of
shape memory due to humidity, UV light exposure or any other
external factors. Furthermore, designing a biodegradable
material to complement the tissue regeneration timeline is
essential to develop the personalized tissue implants for
cardiac, bone tissue and other tissue specific constructs. The
drug delivery with SMPs can significantly enhance its potential
by incorporating nanotechnology. At present SMPs are mostly
utilized to deliver one therapeutic drug agent. However, they
have potential to load and deliver multiple drugs (and diag-
nostic molecules) sequentially. Hence, they can be suitable
materials for combination therapy or theranostics. The limita-
tions such as, sudden collapse of the stents, stent thrombosis,
post implant immunogenic reactions and pathogenic bacterial
biofilm formation with regard to traditional biomedical devices

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can be overturned by improving mechanical and functional
properties of multimodal SMPs by fabricating polymer compo-
sition. This strategy involving multimodal SMPs will improve
the effectiveness of stents for long term usage. Further, at
present many SMPs utilized for 4D printing have high T, or lack
biodegradability (like epoxy resins), which limits its application
in biological systems. To overcome these challenges SMPs
should be designed with low T (25-40 °C), which enable them
to be activated under physiologically relevant conditions.
Furthermore, biodegradable and biocompatible polymeric
materials should be incorporated in preparing SMPs, which will
be crucial for biological studies. These advancements can
potentially lead to design more efficient 4D printed materials
for applications like nanorobotics, deployable devices, tissue
scaffold and biomedical implants etc. Apart from biomedical
applications, the properties of SMPs like shape memory and
self-healing are also effective in designing the light weight
deployable devices and repairing minor damages in the space-
crafts in response to external stimuli. SMPs can be designed to
have a broad range of T, (e.g. —150 °C to +150 °C) to sustain the
thermal conditions in space. However, incorporation of multi
stimuli responsiveness will provide precise control over shape
transformations. To enhance the longevity in space, photo-
resistant SMPs can be designed to withstand prolonged expo-
sure to UV radiation and cosmic rays. This in turn will enhance
spacecraft's performance. These advancements will lead to the
development of innovative self-deploying systems, like unfold-
ing in response to external stimuli, soft robotic grippers for
sample collection, surface exploration etc. Additionally, SMPs
have the advantage of recyclability and can be designed in such
a way, even after repeated recycling they should be capable of
retaining their mechanical properties. However, due to their
complex structure and high cross-linking densities recycling is
quite difficult and requires new age technology to reduce the
degradation after recycling. In regard to wastewater treatment,
SMPs are in early stage of research, but exhibiting significant
capabilities to be smart, compatible devices to detect the
multiple hazardous elements in water, even in remote areas. In
future SMPs could be incorporated into portable water testing
devices that serve as smart detecting and filtration systems,
enabling quick detection and removal of pollutants. SMP-based
textiles are assumed to play crucial role in developing next
generation smart and adaptive wearables. For example, SMPs
can be used to design smart garments for medical uses, adap-
tive protecting suits for astronauts, fire fighter and electricians.
Further, SMPs based smart fabrics can be used to design
specialized uniforms, that protects soldiers from harsh envi-
ronmental conditions like extremely high or low temperature
and sudden weather changes. The cost effective SMP-based
garments could be well accepted for public use in daily life.
These advancements will contribute to protect the environment
and human health. Therefore, development of such smarter
and versatile materials would revolutionize human lives for
upcoming decades.
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