
Citation: Ornaghi, H.L., Jr.; Bianchi,

O. Temperature-Dependent

Shape-Memory Textiles: Physical

Principles and Applications. Textiles

2023, 3, 257–274. https://doi.org/

10.3390/textiles3020017

Academic Editors: Selestina Gorgieva

and Andrea Zille

Received: 13 April 2023

Revised: 5 June 2023

Accepted: 10 June 2023

Published: 13 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Review

Temperature-Dependent Shape-Memory Textiles: Physical
Principles and Applications
Heitor Luiz Ornaghi, Jr. 1,* and Otávio Bianchi 2

1 Mantova Indústria de Tubos Plásticos Ltd.a., Rua Isidoro Fadanelli, 194-B. Centenário,
Caxias do Sul 95045-137, RS, Brazil

2 Polymer Laboratory (LAPOL), Universidade Federal do Rio Grande do Sul (UFRGS), Av. Bento Gonçalves,
9500-Sector IV Building 43426, Porto Alegre 90010-150, RS, Brazil; otavio.bianchi@gmail.com

* Correspondence: ornaghijr.heitor@gmail.com

Abstract: Textiles have been pivotal to economies and social relationships throughout history. In
today’s world, there is an unprecedented demand for smart materials. The advent of smart textile
fabrics, crafted from high-quality, high-performance fibers, has enabled the incorporation of specific
functions into clothing and apparel brands. Notably, the rise of smart fabrics is evident in astronaut
suits designed to regulate temperature and control muscle vibrations. Moreover, the scope of
these products has expanded beyond everyday wear, encompassing fields such as medicine and
healthcare, ecology/environmental protection, and military and aerospace. This review explores the
recent advancements and challenges associated with intelligent fabrics, particularly temperature-
dependent shape-memory metamaterials. The potential for innovative smart textile materials to
enhance traditional fabrics’ overall functionality and utility is immense, especially in domains such
as medical devices, fashion, entertainment, and defense. Crucially, ensuring user comfort is a
primary consideration in these applications for promoting the widespread adoption of wearable
devices. Developing smart textile devices necessitates a multidisciplinary approach that combines
circuit design expertise, knowledge of smart materials, proficiency in microelectronics, and a deep
understanding of chemistry and textile production. The synergy across these diverse fields is vital to
unlocking the full potential of smart fabrics and enabling their broad implementation. By embracing
this comprehensive approach, we can pave the way for groundbreaking advances in smart textile
technology, driving innovation and progress in the field.

Keywords: smart fabrics; textiles; applications

1. Introduction

Different authors have extensively studied shape-memory materials (SMMs) [1–8].
They are called intelligent or smart materials due to their ability to respond dynamically to
external stimuli. These external stimuli can be temperature, pressure, humidity, or electric-
ity. If the material is responsive to different input stimuli and if this response is repeatable, it
can be considered a “very smart” material [9,10]. Figure 1 shows a schematic representation
of different shape-memory alloys used for various purposes such as automotive applica-
tions (sensors and actuators), aerospace applications (hydraulic lines, actuators, structural
connectors, and vibration dampers, among others), robotic applications (microactuators or
artificial muscles), and biomedical applications (high corrosion resistance, biocompatibility,
and non-magnetic functions, among others).

Shape-memory materials (SMMs) can recall their original shape after undergoing
deformation, making them highly responsive to stimuli. Specifically, these materials exhibit
significant structural changes beyond a specific transition temperature when considering
the temperature. This phenomenon is referred to as the thermally induced shape-memory
effect. In the case of SMMs, heating them triggers a restoration of their original structure
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once they have been permanently deformed. The shape-memory effect can be stimulated
by various physical factors such as environmental conditions, mechanical forces, magnetic
fields, and thermal changes.
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Figure 1. Some examples of smart-material alloys. The figure was taken with the kind permission of
reference [11]. In addition, the letter sizes were modified, aiming to better visualize the content.

Consequently, SMMs can be tailored to achieve desired characteristics, including pre-
defined shapes, positions, strains, stiffness levels, natural frequencies, damping properties,
frictional behaviors, and other static and dynamic material traits. This unique behavior
of shape-memory materials opens up exciting possibilities for their application in a wide
range of fields. By harnessing their stimuli-responsive nature, engineers and researchers
can develop innovative solutions that leverage the inherent capabilities of shape-memory
materials to create adaptive structures and functional devices [9–12].

Usually, shape-memory materials are developed for the biomedical and engineering
industries [10,12]. However, some studies can be found regarding their application in the
textile industry. An example is the t-shirt created by the Corpo Nove fashion house in
Florence. According to the developers, “even if the fabric is screwed up into a ball, pleated,
and creased, a blast from a hairdryer pops it back to its former shape”. The fibers contain
nitinol interspersed with nylon. The cost (USD 3750) and the only color available (metallic
gray) appeared to satisfy customers [13]. Another example is a membrane called Diaplex,
which is discussed in [14]. This product has two-layer lamination with 10–20,000 mm of
waterproofing and 10–30,000 g of moisture permeability. Its other excellent properties such
as its elasticity (200%), texture, durability, wind resistance, thermal insulation, and water
repellency were highlighted. Its activation point (which is freely settable) was 0 ◦C. At
lower temperatures, it has high thermal insulation, while at higher temperatures, it has a
higher vapor permeability.

Figure 2 shows some shape-memory polymers, gels, and ceramics. All of these smart
materials follow the same physical principle as the one applied to the shape-memory alloys.
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Figure 2. Some examples of smart-material polymers and gels. The figure was taken from the
internet [15] and with the kind permission of [16]. The austenite transformation to martensite was
based on reference [17]. The figures represent changes in the shape format by some external stimulus,
usually temperature at given time.

Despite its importance, its primary use for the textile industry is to enhance perfor-
mance and functionality, which increases the cost of the final product and limits the number
of customers interested. However, as with any other “new product”, the price can initially
be inaccessible for most customers, but it tends to normalize or at least be more accessible
to the users.
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The same fiber and fabric fabrication techniques can be used to manufacture shape-
memory polymer textiles for biomedical applications. In addition, spinning methods,
including electrospinning, wet spinning, melt spinning, weaving, weft knitting, sewing,
and embroidery, allow for the production of smart-textile fabrics [18,19].

2. Brief History

The concept of the memory effect in shape-memory materials can be traced back
to 1932, when Ölander first observed it in an Au47.5Cd alloy [20]. The author noted a
rubber-like behavior associated with the aging of martensite. According to Ölander, if the
material was deformed in the martensite state, it would recover its original shape upon
heating, indicating a reverse martensitic transformation. However, it was observed that the
material did not exhibit this effect upon cooling, failing to return to its initial state.

In 1950, the observation of martensites with twinned lamellar structures in different
alloys shed light on their distinct behavior during cooling. This resulted in less localized
work against the parent phase and a semi-coherent interface [21]. Subsequently, in 1951,
Chang and Read provided a crystallographic explanation for the rubber-like behavior of
martensite in AuCd [22]. They applied an external shearing force to banded martensite
from a single AuCd crystal, causing the twin layers to align in the same direction or the
opposite direction based on the applied shear. Upon heating, the deformation was found to
revert, which marked the origin of the shape-memory effect. Figure 3 provides a schematic
representation of the martensitic transformation under different conditions. These early
discoveries laid the foundation for understanding and further exploring the fascinating
properties of shape-memory materials, paving the way for advancements in the field.
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Figure 3. Martensitic representation under different conditions. The image was obtained with the
kind permission of [23].

The same crystallographic behavior was observed in 1953 by InTl [24], and in 1954,
the shape-memory effect was observed in CuZn [25]. In 1957, the shape-memory effect
was observed by Chen [26] in CuAlNi, while in 1958, the first shape-memory effect heat
engine was created when an AuCd crystal lifted a suspended weight by changing the
temperature [27]. Finally, in 1961, Muldawer and Feder [28] patented an AuAgCd alloy
with a shape-memory effect on an electrical switch for the first time. In the late 1950s,
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studies regarding NiTi were conducted. Due to its unique behavior, new crystallographic
processes were elaborated, and the Naval Ordnance Laboratory (NOL), after rigorous
and persistent studies, elaborated an engineering NiTi alloy called NITINOL (nickel plus
titanium plus NOL). The NOL group, headed by Buehler, and the team coined the term
shape memory. Much development and science have occurred since then. More details
about the origin of the shape-memory effect can be found in [24].

3. Physical Principles

Understanding the behavior of shape-memory textiles is essential for comprehending
the temperature-dependent shape changes in polymeric materials [28]. Unlike shape-
memory alloys (SMAs), shape-memory polymers (SMPs) significantly transition from a
rigid polymer state to a highly flexible one. This transformation can be repeated countless
times without polymer degradation as the material passes through its transition tempera-
ture. The “memory” of the original shape is derived from the stored mechanical energy
and the reconfiguration that occurs during the cooling stages of the polymer.

It is important to note that a single polymer chain alone cannot exhibit a shape-
memory effect as it is not an inherent property of the chain itself. Instead, the shape-
memory effect arises from combining the overall polymer structure, its morphology, and
the applied processing techniques. At a macroscopic level, a thermally induced shape-
memory effect is attributed to interconnected networks of polymer chains which define the
material’s permanent shape. These networks exhibit a thermal transition, such as a glass
transition or a crystallization point, within which the shape-memory effect is triggered. The
temporary shape can be stabilized through these transition regions, which are known as
switching segments. The ability to deform from the permanent form to the temporary shape
and recover the permanent body can be attributed to the entropy elasticity at the molecular
scale [4,28,29]. Figure 4 provides a schematic representation of the shape-memory effect in
polymers. By understanding the underlying mechanisms and properties of shape-memory
textiles, researchers and engineers can further develop and harness the unique capabilities
of shape-memory polymers for various applications in fields such as biomedical devices,
robotics, and smart textiles.

The transition can occur considering any of the following transitions: Tm or Tg. Melting
points (Tm) are preferred because their transition is sharper than glass transitions (as can
be visualized in Figure 5A), and so the temperature at which the shape recovery takes
place is better defined. Thus, a reasonable way to produce polymers with shape-memory
properties is through the preparation of networks containing crystallizable polymer chains.
The crystallinity can be due to crystalline polymer chains or side-chain crystallization. If
Tg is considered the transition temperature, some consideration must be taken regarding
the physical behavior of the polymer in the glassy and transition states. In the glassy
state, segmental movement does not exist. Only local motions can occur, and they do
not contribute to the backbone’s movement and, consequently, to changes in physical
behavior. If enough thermal energy is given to the backbone, the reptation movement
significantly dissipates the energy as heat [2,28]. Upon specific thermal activation, when
enough molecular mobility is considered, there is an increase in the free volume among
the polymeric chains in a short time interval, leading to an abrupt decay of the modulus
(approximately three to four orders of magnitude). Different conformational states can be
achieved without significant disentanglement for the same energy state in the elastomeric
plateau. Except for polymers with nematic isotropic transitions [30], most of the polymers
will be presented as disoriented amorphous chains, where the energy distribution is similar
(entropically favored). In the elastic state, when an external force is applied, the molecules
will stretch in the direction of the applied force. The entanglement of the chains prevents a
significant movement; consequently, the sample returns to its original state when the stress
is released. This kind of memory effect is promoted by recovering the polymer chains in
their original state. All chains tend to return to their original length but are sometimes
restricted by the viscous component and “new” entanglements [31–33].
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Figure 4. Two-way shape-memory effect in SMPs at the macroscopic level (a) and at the structural
level for: (b) semi-crystalline polymers, (c) liquid crystalline elastomers (LCEs), (d) multi-layered
polymer composites, and (e) interpenetrating polymers. The legend was maintained to be the same
as it was in the original study, and the image was taken under the common creative license term [28].
In addition, the picture and the letter size were modified, aiming to better visualize the content.
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Figure 5. (A) Specific volume vs. temperature representing Tg and Tm. (B) Difference in the molecular
motions before and after the glass transition temperature. (C) Example of local, segmental, and long-
range motion for an epoxy resin. Figure 5A was based on reference [31]. Figure 5B,C were based
on [34,35] and were used with the kind permission of the publisher. Figure 33c was slightly altered
for better visualization.
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The recovery effect is well-known in the rheology of polymers, as demonstrated in
Figure 6. According to the figure, as stress is applied to an undeformed polymer, the poly-
mer chains tend to align in the direction of the applied stress. If stress is removed and the
polymer is in the elastic regime, the “memory” generated returns the initial configuration.
In molecular terms, when stressed, the molecules gain specific stored energy, allowing
the chains to return to their initial state. However, in most cases, the viscous component
impedes the return in its totality, i.e., some small portions of different backbones “touch
each other”, which increases the local viscosity and, consequently, requires more energy
than the given stress would require to return to the original state. For polymers, this contact
is also known as the micro-Brownian motion, where an interdiffusion among the molecules
occurs. In addition, distinct conformational states can be available as the molecules can be
presented in different configurational states for the same energy level [36–38]. This “lack”
of energy does not occur in shape-memory polymers because their programmable memory
allows the chains to return to the original position without any significant “entanglement”
effect that dissipates some energy portion. Another exciting feature is that the memory
effect for SMPs appears to “memorize” some path for the amorphous chains while for
non-SMPs, the polymeric chains can attain distinct configurational states for the same
energy level, and for SMPs, only a limited number of configurational states are possible.
This would be why the material deforms and returns to the same original condition.
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Figure 6. The molecular motion under stress. Different colors were used to facilitate the visualiza-
tion.(A) represents the molecular chains without stress while (B) represents the molecules stretched
to the strain direction.

The working mechanism of shape-memory polymers relies on the specific type of
polymer employed, and these can be categorized as either thermoplastic or thermoset
polymers. Physical crosslinking occurs in the amorphous region of thermoplastic polymers,
and a similar mechanism occurs in semicrystalline block copolymers. On the other hand,
in thermoset polymers, the crosslinking is chemical, analogous to what is observed in
semicrystalline rubbers.

4. Manufacturing Processes and Treatments

The manufacturing processes for shape-memory textiles build upon traditional textile
production methods. Shape-memory textiles can be created using shape-memory fibers [39].
The fundamental principle involves modifying the shape-memory properties of the poly-
mer by adjusting the composition of the soft and hard components in the polymer’s main
backbone. Polyurethane (PU) is extensively utilized in this context due to its versatile prop-
erties, which are achieved by incorporating various monomers in different ratios [40–42].
Most of these manufacturing methods employ spinning techniques, where a polymer
solution is extruded through a spinneret under the influence of external forces, forming
stretched fibers that solidify through drying or solidification processes [43]. These methods
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include melt-spinning, electrospinning, wet spinning, ring spinning, and friction spinning.
Although the techniques may vary, the underlying principle remains the same: the polymer
solution or melt is transformed into yarn, which is subsequently used to produce textile
fabrics or nonwoven materials [44–50].

Weaving, weft knitting, sewing, and embroidery are techniques that produce textile
fabrics for the integration of thin wires into the textile fabric. Dyer has produced dynamic
shape-memory textiles by inserting small-diameter wire shape-memory alloys [51]. In
this case, the integration occurs at the yarn level. Different studies have been reported in
the literature using NiTi wires on PU filaments [52], shape-memory alloys for protective
clothing [53], and SMA wires into knitted fabrics to enable new design aesthetics for
apparel [54].

Some finishing treatments and coatings include shape-memory polyurethane solutions
with high strength retention and zero formaldehyde content. The combination of this
solution with liquid ammonia and dimethyloldihydroxylethyleneurea was also successfully
studied [55]. Fabrics coated with shape-memory polymers can respond to temperatures
that are often warmer than ambient conditions, including laundering and raised body
temperatures during exercise, thus helping to better remove creases and wrinkles, with
no detrimental losses to their strength and durability. Other applications of SMP-treated
fabrics include windproof, waterproof, and breathable fabrics. If combined with shape-
memory alloys, other products such as trousers, leggings, jumpers, curtains, and blinds
can be obtained [31,56,57].

Some additive manufacturing processes for futuristic technologies are mainly based
on 4D printing [58]. When a 3D printing structure is modified into another system by
an external stimulus, it generates a 4D printing material. Both techniques are similar,
but 4D printing technology allows the production of more adaptable infrastructure in
the future, as in the medical field. Pieri [59] and Nadgorny et al. [60] demonstrated
several polymers and nanocomposites with distinct 3D responsive characteristics using
the materials’ fundamental properties, chemistries, and physics. Azam et al. [61] showed
self-folding capsules fabricated with a biodegradable PCL using lithography to produce
precision geometries such as shapes, sizes, and porosities. Two-dimensional templates
were created using the lithography of SU-8, a biocompatible, epoxy-based polymer, as well
as hinges made from PCL. Heat activated the PCL hinges to fold the capsule itself. They
encapsulated beads, chemical dyes, mammalian cells, and bacteria, demonstrating their
diversity for uses such as drug delivery, “micro-Petri dishes”, or even pseudo-vesicles or
lysosomes. Malachowski et al. [62] created heat-responsive drug-eluting devices comprised
of a multi-fingered gripper. The gripper successfully grabbed tissues and could be loaded
with drugs and dyes. The group then demonstrated the enhanced release of doxorubicin
compared to a control patch and released dye in a pig’s stomach. the experimental success
suggested to the authors that their technology could be used for sustained-release drug
delivery. Another biomedical aspect that has been demonstrated is use in medical devices.
A stent was developed and shown as a proof of concept by Bodaghi et al. [63] using a polyjet
printer and a UV-crosslinked liquid photopolymer that expanded upon heat exposure.
Ge et al. [64] created a stent using high-resolution micro-stereolithography and photo-
curable methyl methacrylate. Both authors used models to predict the stents’ behaviors.
Four-dimensional-printed SMPs have also been used to create cell scaffolds. Senatov
et al. [65] printed a PLA/HA scaffold, studied the effect of programming temperature on
stresses formed during compression deformation, and demonstrated MSC survival on a
3D printed scaffold. However, the shape-memory effect was not utilized during the cell
study. Hendrikson et al. [66] explained that 4D-printed SMP devices could be applied to
clinical scaffolds as long as the cells were attached and viable after recovering the sample.
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5. Shape-Memory Textiles

SMPs are the most commonly used materials for textiles and clothing compared
to shape-memory alloys. This is due to the ability to mold these related materials to
enable properties suitable for thermally insulating fabrics, breathable materials, shoes, and
finishing to avoid creases and shrinkage. The manufacturing processes include finishing,
coating, laminating, blending, and others.

Some polymers suitable for textile applications are presented in Table 1.

Table 1. Polymers used for textiles. The data in the table were obtained from [31].

Polymers
Physical Interactions

Transient Shape Original Shape

Polynonbornene entanglement Glassy state Chain
Polyurethane Glassy state Microcrystal

Polyethylene/nylon-6 graft copolymer Microcrystal Crosslinking

Styrene-1,4-butadiene block copolymer Microcrystal/glassy state of
poly(1,4-butadiene) Microcrystal/glassy state of polystyrene

Ethylene oxide-ethylene terephthalate
block copolymer Microcrystal of PEO Microcrystal of PET

Poly (methylene-1,3-cyclopentane)
polyethylene block copolymer Glassy state/microcrystal of PMCP Microcrystal of PE

The potential use of shape-memory polymers for textiles is attributed to their (i) functional
properties, (ii) property change due to phase transformation, and (iii) suitability for outdoor,
casual, and sportswear.

(i) Functional properties: It is well-known that some physical properties are significantly
altered when a polymer passes through Tg. The volume expansivity, for example,
has a constant slope below Tg and another constant (and higher) slope above Tg.
This occurs due to the fast increase in the main backbone in a short time interval,
increasing the free volume among the chains and, consequently, expanding this
volume. Water vapor permeability is a more specific application for textiles where
moisture is required at higher temperatures and avoided at lower temperatures. This
characteristic is excellent for sportswear, where the clothing detects a higher body
temperature and the coating responds accordingly, enabling the clothing to become
more comfortable. If the temperature drops, the heat is maintained inside by “closing”
the pores or approximating the fibers. The polymer must have the characteristics
required for such a purpose. For example, if the humidity level is the triggering
element, its potential use in hygiene products such as diapers, training pants, and
incontinence products is visualized.

(ii) Property changes due to phase transformation: Significant changes in some proper-
ties, such as elastic modulus and hardness, are directly related to crystal structure
changes at specific temperatures. Sutures are one application that exploits these
changes in temporary and permanent shapes. It is known that keyhole surgery is
complicated, and if a smart shape-memory suture that ties itself into a perfect knot is
applied, many drawbacks are eliminated. MenemoScience developed a self-knotting
suture where a slight body temperature increase was able to be detected. Moreover,
the suture could seal complex wounds where access was limited. Following this
principle, other applications are expected, such as its use in army uniforms, camping
materials, artificial leathers, temperature sensors, and artificial blood vessels, among
others.

(iii) Outdoor, casual, and sportswear: The change in physical properties when a material
goes through a transition temperature makes SMPs’ potential use in garments a valid
application, mainly for when such a textile creases. The original state would be
recovered by washing the textile at higher temperatures. In contrast, the original



Textiles 2023, 3 266

wrinkles would be retrieved by immersing the fabric in water. Following this principle,
multilayer fabrics for adaptable protective clothing or leisurewear features could be
developed. This would guarantee protection from wind and weather, dissipate
perspiration, and enable excellent stretch and recovery properties. In addition, the
fibers could respond to external stimuli in a predetermined manner, making them
valuable for sportswear.

Pearson et al. [67] conducted a comprehensive study on polyurethane composites
with alumina, aramid, and poly(p-phenylene-2,6-benzobisoxazole), focusing on thermal,
thermomechanical, and dynamic mechanical analyses. The results revealed a significant
reduction of 37% in the linear expansion coefficient and an impressive increase in the storage
modulus (97%) and thermal stability when incorporating 1 wt% of poly(p-phenylene-2,6-
benzobisoxazole) into the composite. Niue et al. [68] investigated the use of Zylon fibers
for structural reinforcement in high-field magnet coils exposed to visible light. Remarkably,
their findings demonstrated no loss of mechanical strength even after 8 years of exposure
to UV radiation. Peng et al. [69] developed a Zylon/epoxy composite and evaluated its
fatigue behavior under quasi-static tensile and tensile fatigue loads. The fatigue curves
exhibited distinct stages, which conventional distribution models successfully described.

The stability and mechanical properties of shape-memory polymers (SMPs) are crucial
in their practical applications. The shape programming process involves several steps,
including shape deformation, shape fixing, and the release of external stress. Another
significant step is the deformation of the material under external stress accompanied by
heat, wherein the polymer is maintained at the desired temporary shape even at elevated
temperatures. Subsequently, the temperature is lowered while maintaining the external
stress, obtaining the temporary unaltered shape once the external stress is removed. SMPs
have found wide-ranging applications in areas such as 4D printing, aerospace engineering,
biomedical devices, flexible electronics, shape-memory alloys, and soft robotics. They
can respond to various external stimuli, including microwaves, chemicals, electricity,
magnetism, light radiation, and water [70].

6. Today’s Applications for Different Uses

Shape-shifting sutures were presented in a previous study [71]. These shape-memory
sutures knotted themselves when exposed to heat. This material allowed for the sealing
of hard-to-reach wounds. Figure 7 represents part of the study by the authors where the
self-tightening capability and knot security were verified by differences in pressure.

A new shape-memory material for smart textiles and medical textiles was developed
by Cera et al. [72]. The fabric used keratin, a fibrous protein in hair, nails, and shells,
extracted from Agora wool left over from textile manufacturing. The material was a bioin-
spired and hierarchically structured shape-memory material. Shape-memory polymeric
materials lack long-range molecular order, enabling more controlled and efficient actuation
mechanisms. According to the authors, “Here, we develop a hierarchically structured
keratin-based system with long-range molecular order and shape-memory properties in
response to hydration. We explore the metastable reconfiguration of the keratin secondary
structure, the transition from α-helix to β-sheet, as an actuation mechanism to design a
high-strength shape-memory material biocompatible and processable through fiber spin-
ning and three-dimensional (3D) printing. We extract keratin protofibrils from animal hair
and subject them to shear stress to induce their self-organization into a nematic phase,
which recapitulates the native hierarchical organization of the protein.” This self-assembly
process could be tuned to create materials with the desired anisotropic structuring and
responsiveness. The combination of bottom-up assembly and top-down manufacturing
would allow for the scalable fabrication of strong and hierarchically structured shape-
memory fibers and 3D-printed scaffolds with potential applications in bioengineering and
smart textiles. Figure 8 represents the study completed by the authors.
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Figure 7. Self-tightening capability and knot security of the S2 suture knot. (A) A prototype
(OD1.49 × L070 mm) was pressurized to 100% elongation and tied in a loose knot with both ends
fixed. The knot tightened when the input pressure was reduced. (B) Similar to A but with the pro-
totype OD0.8 × L100 mm, both ends were set free. (C) Stability of the tightened knots after 1 week.
The images were reused under a Creative Commons Attribution4.0 international license [71]. The
legends are identical to those used in the original study.
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Figure 8. The sequential images were obtained from [73]. (A) A material made from recycled wool
that acquired a distinct form when in contact with water, and (B) a filament made from stretched
keratin protein that, when sprayed with water, returned to its curled format. The filament above is a
reference for comparison purposes.
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Amaterrace [14] offers many textile products, including highly waterproof and breath-
able, lightweight, high-density fabrics. Diaplex, from Mitsubishi Corporation Fashion
Co., Ltd.). (Tokyo, Japan is an intelligent texture in which transition temperatures can be
controlled to monitor thermal insulation and vapor permeability. Figure 9 represents the
principle of the flexible barrier mechanism.
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Table 2. Thermally responsive textiles and their respective strategies and functions. The data were
obtained from [31].

Thermally Responsive Textiles Strategies and Functions

Shape-memory finishing

Dynamic aesthetic textiles
Finishing for wrinkle-free properties

Finishing for crease retention
Finishing for anti-shrinkage properties

Shape-memory fiber

Wet-spinning methods
Melt-spinning methods

Profiled fibers
Electroactive SMP fibers

Shape-memory fabrics

Spun SMP fibers
Low-pressure apparel

Biological safety textiles
Dynamic aesthetic fabrics

Temperature and moisture management fabrics

Two-way fabrics Two-way SMP textiles

Breathable fabrics Traditional breathable fabrics
Breathable fabrics with improved WVP

Damping fabrics Damping properties of SMPs
Damping properties of SMP fibers

Phase-change materials

Solid–solid PCMs
Chemical crosslinking PCMs

Thermoplastic PCMs
SMP fibers with phase-change effects

SMP nanofibers SMP nanofiber coated fabric
SMP nonwoven nanofiber

Shape-memory foams
SMP foam pillows

SMP foam mattresses
SMP insoles

Thermochromic textiles Liquid crystal type
Molecular rearrangement type

SMPs are used for a variety of products with distinct geometries and characteristics.

1. General and regenerative medicine: A medical stent is the flagship for SMPs’ biomed-
ical use, with enormous material use per year—more than 600,000 coronary stents are
implanted annually in the United States [74]. New developments in biomedical tex-
tiles for cardiovascular and endovascular applications are extremely innovative, with
complex and fully customizable geometries. These biomedical textiles are already be-
ing used for heart valve replacements, aortic arch reinforcement, stent graft covering,
carotid artery repair fabrics, tissue grafts, PAD (peripheral artery disease) treatments,
hypertension treatments, angioplasty balloon/reinforcement, distal/embolic protec-
tion, coronary bypass grafts, cardiovascular patches, vascular prostheses, branch
vessel filtration, and sewing rings for heart valves. Its main advantages include
lower invasiveness, a lower profile, controlled density and porosity, flexibility, shape
transformations, high tensile strength, biocompatibility, its inherent capabilities for
promoting the healing of cardiovascular tissue, radial reinforcement, and expan-
sion. These textiles can be formed via knitting, braiding, or weaving medical-grade
fibers [75]. Regarding regenerative medicine, SMPs are used for wound healing and
tissue regeneration [76]. Polyurethanes are an excellent choice due to their thermo-
mechanical, chemical, and shape-memory properties after implantation, and they
provide a reliable platform for controlled responses [77,78].
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2. Drug delivery: Incorporating microcapsules into textiles has been studied over the
years. Studies have shown that textiles that incorporate microcapsules containing
active principles with antimicrobial, cosmetic, or even drug characteristics, will enable
them to be released from the microcapsules and penetrate the skin upon contact,
unraveling many exciting applications. The main advantages include protection
from weather conditions, breathability, flexibility, comfort, and the expression of our
personality [79,80]. The main issue is how to design vernacularizing systems for
precise incorporation into the fabrics. For example, chemical affinity significantly
affects release behavior. Therefore, using textiles with two functionalities broadens
the range of applications, including diseases via skin-textile contact, which creates
advantages over the administration of the active substance.

In general, the materials for smart medical textiles are divided into (i) smart dyes
(including chromism, photochromism, and thermochromism) and (ii) nanofibers (using
nanotechnology in medical textiles and the posterior fabrication of fabrics). Other appli-
cations for smart textiles for medical treatments are active textile dressings for wound
healing, smart textiles for infection control management, drug-releasing textiles, designing
ultra-personalized embodied smart textile services for wellbeing, and light-emitting fabrics
for photodynamic therapy. Textile-based sensors for health monitoring are also a focus of
study, helping customers to sleep (textiles with integrated sleep-monitoring sensors) and
monitoring pregnancy conditions (textile-integrated electronics for ambulatory pregnancy
monitoring) [81]. In the case of the smart fabric bellyband, the primary use is to monitor
uterine activity and assess fetal wellbeing by using a wearable battery-less, wireless sensor
on a high-mobility and comfortable bellyband.

Narayana et al. [82] developed stress-memory polymeric filaments for compression
therapy, considering changes at the filament level. Chen et al. [83] synthesized shape-
memory polyurethane using isonicotinamide (BINA) as a moisture absorption agent. A
fast recovery speed was observed when it was immersed in a specific relative humidity
for a short time period. Chen and co-authors [84] developed electrically actuated ankle-
foot orthoses (AFOs) with shape-memory textile composites. The authors used acrylic
copolymers with embedded electrochemical fabrics, which were triggered under uniform
heat. According to the authors, the programmable property could be repeated at least
20 times, with stable shape fixity and recovery.

The main drawbacks of SMPs over their counterparts are their low recovery stress, their
lower recovery speed and response time, and the possibility of a longer, more achievable
lifecycle [85]. The main advantages of shape-memory fabrics over commercial products are
their high mechanical performances, high power-to-weight ratios, large deformations, large
actuation forces, high damping capacities, high-frequency responses, high-wear resistance
capabilities, high corrosion and chemical resistance capabilities, low operation voltages,
high specific strengths, excellent compactness, and excellent lightness. On the other hand,
their main disadvantages include their low energy efficiency, complex thermomechanical
behaviors, expensive materials, temperature-dependent effects, poor fatigue properties,
and low operational speeds [86].

7. Future Research

Several prospects and gaps can be identified for future research on shape-memory
polymers (SMPs). While the shape-memory effects have been demonstrated in the litera-
ture, achieving precise control over shape-recovery behaviors, particularly concerning the
intermediate shape during recovery, remains challenging. Most studies have focused on
the initial and final stages of the shape-memory process, leaving the intermediate shape
less explored. To address this, developing multiple SMPs with a single transition phase can
enable more precise control. Additionally, research on nonreversible and athermal chemical
reactions holds promise for exploring new shape-memory phenomena. One recommended
direction for future research is the synthesis and reinforcement of two-way SMPs which
have the potential to recover stress levels comparable to those of shape-memory alloys.
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However, it should be noted that the mechanical strength of these materials is often not as
high as that of conventional composites, and efforts must be made to address this limitation.

With the rapid advancements in products, technology, and science, it is expected
that SMPs with improved functionality and portability will emerge. Furthermore, using
controllable and deformable SMPs can pave the way for a new generation of soft stimuli-
responsive materials, offering innovative solutions to scientific challenges. In summary,
future research endeavors should focus on achieving precise control over shape recovery
behaviors, exploring new shape-memory phenomena through nonreversible and ather-
mal chemical reactions, developing two-way SMPs with enhanced mechanical strength,
and advancing the functionality and portability of SMPs to address scientific challenges
effectively.

8. Conclusions

Shape-memory polymers (SMPs) hold immense potential for utilization in the textile
industry. One of the key advantages of SMPs is their ability to respond uniquely to dif-
ferent stimuli, allowing them to maintain their properties under varying and changeable
circumstances. However, significant efforts are still required to maximize their performance
and minimize their costs, ensuring competitiveness in the market. In addition, a critical
challenge is the limited number of extensively studied products that can be applied without
causing failure. Therefore, future developments are necessary to explore the potential of
SMPs under different and simultaneous stimuli. Considerable efforts are being dedicated
to using modern polymer chemistry and biomaterial science methods to develop smart
materials with tailored properties, particularly for medical applications. These advance-
ments can potentially assist surgeons in performing minimally invasive procedures and
contribute to patients’ recoveries and healthcare cost reductions. Furthermore, SMPs can
find applications in various industries by enabling the restoration of their original shapes
through the application of appropriate external stimuli. Moreover, it is anticipated that
future research will focus on investigating different stimuli beyond heat.

In conclusion, SMPs offer significant advantages for the textile industry, and further
research and development efforts are required to enhance their performance and reduce
costs. The medical field benefits from tailored SMPs that assist in minimally invasive
procedures and aid in patient recovery. Additionally, SMPs hold potential for diverse
industrial applications where they can return to their original shape in response to specific
external stimuli. The exploration of alternative types of stimuli will further broaden the
scope of SMP applications.

Author Contributions: Conceptualization, formal analysis, writing—original draft preparation, and
writing—review and editing, H.L.O.J. and O.B.; visualization and supervision: H.L.O.J. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. El Feninat, F.; Laroche, G.; Fiset, M.; Mantovani, D. Shape memory materials for biomedical applications. Adv. Eng. Mat. 2002, 4,

91–104. [CrossRef]
2. Lendlein, A.; Kelch, S. Shape-memory polymers. Angew. Chem. 2002, 41, 2034–2057. [CrossRef]
3. Alteheld, A.; Feng, Y.; Kelch, S.; Lendlein, A. Biodegradable, amorphous copolyester-urethane networks having shape-memory

properties. Angw. Chem. 2005, 44, 1188–1192. [CrossRef] [PubMed]

https://doi.org/10.1002/1527-2648(200203)4:3&lt;91::AID-ADEM91&gt;3.0.CO;2-B
https://doi.org/10.1002/1521-3773(20020617)41:12&lt;2034::AID-ANIE2034&gt;3.0.CO;2-M
https://doi.org/10.1002/anie.200461360
https://www.ncbi.nlm.nih.gov/pubmed/15654685


Textiles 2023, 3 272

4. Behl, M.; Zotzmann, J.; Schroeter, M.; Lendlein, A. Biodegradable Shape-Memory Polymers. In Handbook of Biodegradable Polymers:
Isolation, Synthesis, Characterization and Applications; Wiley, Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2011.
[CrossRef]

5. Du, Z.; Zeng, X.; Liu, Q.; Schuh, C.; Gan, C. Superelasticity in micro-scale shape memory ceramic particles. Acta Mater. 2017, 123,
255–263. [CrossRef]

6. Yu, H.; Hassani-Gangaraj, M.; Du, Z.; Gan, C.; Schuh, C. Granular shape memory ceramic packings. Acta Mater. 2017, 132,
455–466. [CrossRef]

7. Zhao, X.; Lai, A.; Schuh, C. Shape memory zirconia foams through ice templating. Scr. Mater. 2017, 135, 50–53. [CrossRef]
8. Kabir, H.; Gong, J.; Watanabe, Y.; Makino, M.; Furukawa, H. The Applications of Shape Memory gel as a Smart Material. In

Proceedings of the 12th Asia Pacific Physics Conference (APPC12), Nakuhari, Japan, March 2014; Volume 1. [CrossRef]
9. Schartz, M. Smart Materials Handbook, 1st ed.; CRC Presss: Boca Raton, FL, USA, 2008; p. 504. [CrossRef]
10. Yu, X.; Cheng, H.; Zhang, M.; Zhao, Y.; Qu, L.; Shi, G. Graphene-based smart materials. Nat. Rev. Mater. 2017, 2, 17046. [CrossRef]
11. Jani, J.; Leary, M.; Subic, A.; Gibson, M. A review of shape memory alloy research, applications and opportunities. Mat. Des. 2014,

56, 1078–1113. [CrossRef]
12. Huang, W.; Ding, Z.; Wang, C.; Wei, J.; Zhao, P. Shape memory materials. Mater. Today Commun. 2010, 13, 54–61. [CrossRef]
13. Smart Shirt Rolls up its Sleeves. Available online: http://news.bbc.co.uk/2/hi/europe/1458231.stm (accessed on 17 March 2023).
14. Amaterrace. Available online: http://www.amaterrace.com/product/dl_2.html (accessed on 16 March 2023).
15. 4D Printing a Shape Memory Polymer. Available online: https://www.sculpteo.com/blog/2018/01/09/4d-printing-a-shape-

memory-polymer/ (accessed on 15 March 2023).
16. Kaneko, D.; Gong, J.; Osada, Y. Polymer gels as soft and wet thermomechanical systems–an approach to artificial muscles. J. Mat.

Chem. 2002, 12, 2169–2177. [CrossRef]
17. Lai, A.; Du, Z.; Gan, C.; Schuh, C. Shape memory and superelastic ceramics at small scales. Science 2013, 341, 1505–1508. [CrossRef]
18. Ornaghi, H.L., Jr.; Neves, R.M.; Monticeli, F.M.; Dall Agnol, L. Smart fabric textiles: Recent advances and challenges. Textiles 2022,

2, 582–605. [CrossRef]
19. Uddin, F. Textile Manufacturing Processes, 1st ed.; BoD–Books on Demand: Norderstedt, Germany, 2019; p. 98. [CrossRef]
20. Ölander, A. An electrochemical investigation of solid cadmium-gold alloys. J. Am. Chem. Soc. 1932, 54, 3819–3833. [CrossRef]
21. Bowles, J.; Barrett, C.; Guttman, L. Crystallography of cubic0tetragonal transformation in the indium-thallium system. JOM 1950,

2, 1478–1485. [CrossRef]
22. Chang, L.; Read, T. Plastic deformation and diffusionless phase changes in metals–the gold-cadmium beta phase. JOM 1951, 3,

47–52. [CrossRef]
23. Fu, C.; Sealy, M.; Guo, Y.; Wei, X. Austenite-martensite phase transformation of biomedical Nitinol by ball burnishing. J. Mater.

Process. Technol. 2014, 214, 3122–3130. [CrossRef]
24. Wayman, C.; Harrison, J. The origins of the shape memory effect. JOM 1989, 41, 26–28. [CrossRef]
25. Genevray, A. Martensitic Transformation in Muntz Metal. MIT Thesis, Massachusetts Institute of Technology, Cambridge, MA,

USA, May 1953.
26. Chen, C. Some characteristics of the martensite transformation. JOM 1957, 9, 1202–1203. [CrossRef]
27. Hornbogen, E.; Wassermann, G. Über den Einfluß von Spannungen und das Auftreten von Umwandlungsplastizität bei der

Beta1-Beta”-Umwandlung des Messings. Int. J. Mater. Res. 1956, 47, 470614. [CrossRef]
28. Dayyoub, T.; Maksimkin, A.; Filippova, O.; Tcherdyntsev, V.; Telyshev, D. Shape memory polymers as smart materials: A review.

Polymers 2022, 14, 3511. [CrossRef]
29. Mu, T.; Liu, L.; Lan, X.; Liu, Y.; Leng, J. Shape memory polymers for composites. Compos. Sci. Technol. 2018, 160, 169–198.

[CrossRef]
30. Pujolle-Robic, C.; Noirez, L. Observation of shear-induced nematic-isotropic transition in side-chain liquid crystal polymers.

Nature 2001, 409, 167–171. [CrossRef] [PubMed]
31. Hu, J. Shape Memory Polymers and Textiles; Elsevier: Amsterdam, The Netherlands, 2007; p. 306. ISBN 978-1-84569-306-0.
32. Ferry, J.; Myers, H. Viscoelastic properties of polymers. J. Electrochem. Soc. 1961, 108, 142C. [CrossRef]
33. Thermal Properties of Polymers. Available online: https://textilestudycenter.com/thermal-properties-of-polymers (accessed on

1 March 2023).
34. Elder, R.; Andzelm, J.; Sirk, T. A molecular simulation study of the glass-transition of crosslinked poly(dicyclopentadiene)

networks. Chem. Phys. Lett. 2015, 637, 103–109. [CrossRef]
35. Reyes, L.; Zhang, J.; Dao, B.; Nguyen, D.; Varley, R. Subtle variations in the structure of crosslinked epoxy networks and the

impact upon mechanical and thermal properties. J. Appl. Polym. Sci. 2020, 137, 48874. [CrossRef]
36. Ito, S.; Oki, S.; Sato, N.; Yamamoto, M. Micro-Brownian motion of polymer segments in a monolayer at the air-water interface: A

time-resolved study of intralayer energy transfer. Macromolecules 1996, 29, 724–729. [CrossRef]
37. Roland, C.; Santangelo, P.; Ngai, K. The application of the energy landscape model to polymers. J. Chem. Phys. 1999, 111, 5593.

[CrossRef]
38. Sunthar, P. Rheology of complex liquids. In Polymer Rheology; Springer: New York, NY, USA, 2010; pp. 171–191. [CrossRef]
39. Salaris, V.; Leonés, A.; Lopez, D.; Kenny, J.M.; Peponi, L. Shape-memory materials via electrospinning: A review. Polymers 2022,

15, 995. [CrossRef]

https://doi.org/10.1002/9783527635818.ch8
https://doi.org/10.1016/j.actamat.2016.10.047
https://doi.org/10.1016/j.actamat.2017.04.057
https://doi.org/10.1016/j.scriptamat.2017.03.032
https://doi.org/10.7566/JPSCP.1.012048
https://doi.org/10.1201/9781420043730
https://doi.org/10.1038/natrevmats.2017.46
https://doi.org/10.1016/j.matdes.2013.11.084
https://doi.org/10.1016/S1369-7021(10)70128-0
http://news.bbc.co.uk/2/hi/europe/1458231.stm
http://www.amaterrace.com/product/dl_2.html
https://www.sculpteo.com/blog/2018/01/09/4d-printing-a-shape-memory-polymer/
https://www.sculpteo.com/blog/2018/01/09/4d-printing-a-shape-memory-polymer/
https://doi.org/10.1039/B109981G
https://doi.org/10.1126/science.1239745
https://doi.org/10.3390/textiles2040034
https://doi.org/10.5772/intechopen.82131
https://doi.org/10.1021/ja01349a004
https://doi.org/10.1007/BF03399176
https://doi.org/10.1007/BF03398954
https://doi.org/10.1016/j.jmatprotec.2014.07.019
https://doi.org/10.1007/BF03220327
https://doi.org/10.1007/BF03398289
https://doi.org/10.1515/ijmr-1956-470614
https://doi.org/10.3390/polym14173511
https://doi.org/10.1016/j.compscitech.2018.03.018
https://doi.org/10.1038/35051537
https://www.ncbi.nlm.nih.gov/pubmed/11196635
https://doi.org/10.1149/1.2428174
https://textilestudycenter.com/thermal-properties-of-polymers
https://doi.org/10.1016/j.cplett.2015.07.058
https://doi.org/10.1002/app.48874
https://doi.org/10.1021/ma9464276
https://doi.org/10.1063/1.479861
https://doi.org/10.1007/978-1-4419-6494-6_8
https://doi.org/10.3390/polym14050995


Textiles 2023, 3 273

40. Zhu, Y.; Hu, J.L.; Yeung, L.-Y.; Liu, Y.; Ji, F.L.; Yeung, K.W. Development of shape memory polyurethane fiber with complete
shape recoverability. Smart Mater. Struct. 2006, 15, 1385. [CrossRef]

41. Singhal, P.; Small, W.; Cosgriff-Hernandez, E.; Maitland, D.J.; Wilson, T.S. Low density biodegradable shape memory polyurethane
foams for embolic biomedical applications. Acta Biomater. 2014, 10, 67–76. [CrossRef] [PubMed]

42. Zhao, T.T.; Yu, R.; Li, X.P.; Cheng, B.; Zhang, Y.; Yang, X.; Zhao, X.J.; Zhao, Y.L.; Huang, W. 4D printing of shape memory
polyurethane via stereolithography. Eur. Polym. J. 2018, 101, 120–126. [CrossRef]

43. Hufenus, R.; Yan, Y.; Dauner, M.; Kikutani, T. Melt-spun fibers for textile applications. Materials 2020, 13, 4298. [CrossRef]
44. Meng, Y.H.; Hu, J.L.; Zhu, Y.; Lu, J.; Liu, Y. Polycaprolactone-based shape memory segmented polyurethane fiber. J. Appl. Polym.

Sci. 2007, 106, 2515–2523. [CrossRef]
45. Meng, Y.H.; Hu, J.L.; Zhu, Y.; Lu, J.; Liu, Y. Morphology, phase separation, thermal and mechanical property differences of shape

memory fibres prepared by different spinning methods. Smart Mater. Struct. 2007, 16, 1192. [CrossRef]
46. Meng, Q.H.; Hu, J.L.; Yeung, L.Y.; Hu, Y. The influence of heat treatment on the properties of shape memory fibers. II. Tensile

properties, dimensional stability, recovery force relaxation, and thermomechanical cyclic properties. J. Appl. Polym. Sci. 2009, 111,
1156–1164. [CrossRef]

47. Kumar, B.; Hu, J.L.; Pan, N. Smart medical stocking using memory polymer for chronic venous disorders. Biomaterials 2016, 75,
174–181. [CrossRef]

48. Kumar, B.; Hu, J.L.; Pan, N. Memory bandage for functional compression management for venous ulcers. Fibers 2016, 4, 10.
[CrossRef]

49. Kumar, B. Shape memory textiles for functional compression management. Veins Lymphat. 2017, 6, 162–172. [CrossRef]
50. Jing, L.; Hu, J.L. Study on the properties of core spun yarn and fabrics of shape memory polyurethane. Fibres Text. East. Eur. 2010,

18, 39–42.
51. Dyer, P. Integration of small diameter wire form SMA for the creation of dynamic shape memory textiles. Adv. Sci. Technol. 2012,

80, 53–58. [CrossRef]
52. Vili, Y.Y.F.C. Investigating smart textiles based on shape memory materials. Text. Res. J. 2007, 77, 290–300. [CrossRef]
53. Wang, L.; Lu, Y.; He, J. On the effectiveness of temperature-responsive protective fabric incorporated with shape memory alloy

(SMA) under radiant heat exposure. Cloth. Text. Res. J. 2019, 38, 212–224. [CrossRef]
54. Winchester, R.C.C.; Stylios, G.K. Designing knitted apparel by engineering the attributes of shape memory alloy. Int. J. Choth. Sci.

Technol. 2003, 15, 359–366. [CrossRef]
55. Hu, J. Shape memory finishing treatments for smart textiles. Book Adv. Shape Mem. Polym. 2013, 146, 259–280. [CrossRef]
56. Smith, W.C. Smart Textile Coatings and Laminates; Woodhead Publishing Series in Textiles: Cambridge, UK, 2010; ISBN 978-1-84569-379-4.
57. Stylios, G.K.; Wan, T. Shape memory training for smart fabrics. Trans. Inst. Meas. Control 2007, 29, 321–336. [CrossRef]
58. Patadiya, J.; Gawande, A.; Joshi, G.; Kandasubramanian, B. Additive manufacturing of shape memory polymer composites for

futuristic technology. Ind. Eng. Chem. Res. 2021, 60, 15885–15912. [CrossRef]
59. Pieri, K. 4D Printing Shape Memory Polymers for Biomedical Applications. Ph.D. Thesis, Syracuse University, Syracuse, NY,

USA, 2020. Available online: https://surface.syr.edu/etd/1256 (accessed on 1 May 2023).
60. Nadgorny, M.; Ameli, A. Functional polymers and nanocomposites for 3D printing of smart structures and devices. ACS Appl.

Mater. Interfaces 2018, 10, 17489–17507. [CrossRef]
61. Azam, A.; Laflin, K.E.; Jamal, M.; Fernandes, R.; Gracias, D.H. Self-folding micropatterned polymeric matrices. Biomed Microdevices

2011, 13, 51–58. [CrossRef]
62. Malachowski, K.; Breger, J.; Kwag, H.R.; Wang, M.O.; Fisher, J.P.; Selaru, F.M.; Gracias, D.H. Stimuli-responsive theragrippers for

chemomechanical controlled release. Angew. Chem. Int. Ed. 2014, 28, 8045–8049. [CrossRef]
63. Bodaghi, M.; Damanpack, A.R.; Liao, W.H. Self-expanding/shrinking structures by 4D printing. Smart Mater. Struct. 2016,

25, 105034. [CrossRef]
64. Ge, Q.; Sakhaei, A.H.; Lee, H.; Dunn, C.K.; Fang, N.X.; Dunn, M.L. Multimaterial 4D printing with tailorable shape memory

polymers. Sci. Rep. 2016, 6, 31110. [CrossRef]
65. Senatov, F.S.; Zadorozhnyy, M.Y.; Niaza, K.; Medvedev, V.V.; Kaloshkin, S.D.; Anisimova, N.Y.; Kiselevsky, M.V.; Tang, K.-C.

Shape memory effect in 3D-printed scaffolds for self-fitting implants. Eur. Polym. J. 2017, 93, 222–231. [CrossRef]
66. Hendrikson, W.J.; Rouwkema, J.; Clementi, F.; van Blitterswijk, C.A.; Farè, S.; Moroni, L. Towards 4D printed scaffolds for tissue

engineering: Exploiting 3D shape memory polymers to deliver time-controlled stimulus on cultured cells. Biofabrication 2017,
9, 031001. [CrossRef]

67. Pearson, A.; Naguib, H.E. Novel polyurethane elastomeric composites reinforced with alumina, aramid, and poly(p-phenylene-
2,6-benzobisoxazole) short fibers, development, and characterization of the thermal and dynamic mechanical properties. Compos.
B Eng. 2017, 122, 192–201. [CrossRef]

68. Niu, R.; Han, K.; Walsh, R.P.; Buchholz, K.; Goddard, R.E.; Besara, T.; Siegrist, T.M. Aging effect of Zylon. IEEE Trans. Appl.
SuperConductivity 2018, 28, 1–4. [CrossRef]

69. Peng, T.; Wang, S.; Huang, Y.D.; Jiang, F.; Sun, Q.Q.; Li, L.; Xiao, H. Study of the fatigue behaviour of unidirectional zylon/epoxy
composite used in pulsed magnets. IEEE Trans. Appl. SuperConductivity 2020, 99, 1. [CrossRef]

70. Xia, Y.; He, Y.; Zhang, F.; Liu, Y.; Leng, J. A review of shape memory polymers and composites: Mechanisms, materials, and
applications. Adv. Mater. 2020, 33, 2000713. [CrossRef]

https://doi.org/10.1088/0964-1726/15/5/027
https://doi.org/10.1016/j.actbio.2013.09.027
https://www.ncbi.nlm.nih.gov/pubmed/24090987
https://doi.org/10.1016/j.eurpolymj.2018.02.021
https://doi.org/10.3390/ma13194298
https://doi.org/10.1002/app.26764
https://doi.org/10.1088/0964-1726/16/4/030
https://doi.org/10.1002/app.29165
https://doi.org/10.1016/j.biomaterials.2015.10.032
https://doi.org/10.3390/fib4010010
https://doi.org/10.4081/vl.2017.6633
https://doi.org/10.4028/www.scientific.net/AST.80.53
https://doi.org/10.1177/0040517507078794
https://doi.org/10.1177/0887302X19892095
https://doi.org/10.1108/09556220310492624
https://doi.org/10.1533/9780857098542.259
https://doi.org/10.1177/0142331207069479
https://doi.org/10.1021/acs.iecr.1c03083
https://surface.syr.edu/etd/1256
https://doi.org/10.1021/acsami.8b01786
https://doi.org/10.1007/s10544-010-9470-x
https://doi.org/10.1002/anie.201311047
https://doi.org/10.1088/0964-1726/25/10/105034
https://doi.org/10.1038/srep31110
https://doi.org/10.1016/j.eurpolymj.2017.06.011
https://doi.org/10.1088/1758-5090/aa8114
https://doi.org/10.1016/j.compositesb.2017.04.017
https://doi.org/10.1109/TASC.2017.2783362
https://doi.org/10.1109/TASC.2020.2976946
https://doi.org/10.1002/adma.202000713


Textiles 2023, 3 274

71. Phan, P.; Hoang, T.; Thai, M.; Low, H.; Davies, J.; Lovell, N.; Do, T. Smart surgical sutures using soft artificial muscles. Sci. Rep.
2021, 11, 22420. [CrossRef] [PubMed]

72. Cera, L.; Gonzalez, G.; Liu, Q.; Choi, S.; Chantre, C.; Lee, J.; Gabardi, R.; Choi, M.; Shin, K.; Parker, K. A bioinspired and
hierarchically structured shape-memory material. Nat. Mat. 2021, 20, 242–249. [CrossRef]

73. Wool-like Material Can Remember and Change Shape. Available online: https://www.youtube.com/watch?v=ngmQwnR79Fs
(accessed on 1 March 2023).

74. Drhuva, S.S.; Parzynski, C.S.; Gamble, G.M.; Curtis, J.P.; Desai, N.R.; Yeh, R.W.; Masoudi, F.A.; Kuntz, R.; Shaw, R.E.; Marinac-
Dabic, D.; et al. Attribution of adverse events following coronary stent placement identified using administrative claims data. J.
Am. Hear. Assoc. 2020, 9, e013606. [CrossRef]

75. Biomedical Textiles for Cardiovascular and Endovascular Applications. Available online: https://www.cortlandbiomedical.com/
textile-solutions-cardiovascular-applications/ (accessed on 1 May 2023).

76. Tatu, R.; Oria, M.; Pulliam, S.; Signey, L.; Rao, M.B.; Peiro, J.L.; Lin, C.-Y. Using poly(l-lactic acid) and poly(ε-caprolactone) blends
to fabricate self-expanding, watertight and biodegradable surgical patches for potential fetoscopic myelomeningocele repair. J.
Biomed. Mater. Res. Part B Appl. Biomater. 2019, 107, 295–305. [CrossRef]

77. Ramezani, M.; Monroe, M.B.B. Biostable segmented thermoplastic polyurethane shape memory polymers for smart biomedical
applications. ACS Appl. Polym. Mater. 2022, 4, 1956–1965. [CrossRef]

78. Calvo-Correas, T.; Shirole, A.; Crippa, F.; Fink, A.; Weder, C.; Corcuera, M.A.; Eceiza, A. Biocompatible thermo- and magneto-
responsive shape-memory polyurethane bionanocomposites. Mater. Sci. Eng. C 2019, 97, 658–668. [CrossRef]

79. Textile-Embedded Microcapsules: The Future of Drug Delivery. Available online: https://researchoutreach.org/articles/textile-
embedded-microcapsules-future-drug-delivery/ (accessed on 1 May 2023).

80. Arias, M.K.L.; Coderch, L.; Marti, M.; Alonso, C.; Carmona, O.G.; Carmona, C.G.; Maesta, F. Vehiculation of active principles as a
way to create smart and biofunctional textiles. Materials 2018, 11, 2152. [CrossRef]

81. van Langenhove, L. Advances in Smart Medical Textiles, Treatments, and Health Monitoring; Woodhead Publishing Series in Textiles:
Cambridge, UK, 2016; ISBN 978-1-78242-4000-0.

82. Narayana, H.; Hu, J.; Kumar, B.; Shang, S.; Han, J.; Liu, P.; Lin, T.; Ji, F.; Zhu, Y. Stress-memory polymeric filaments for advanced
compression therapy. J. Mater. Chem. B 2017, 5, 1905. [CrossRef] [PubMed]

83. Chen, S.; Hu, J.; Yuen, C.-W.; Chan, L. Novel moisture-sensitive shape memory polyurethanes containing pyridine moieties.
Polymer 2009, 50, 4424. [CrossRef]

84. Chen, J.; Hu, J.; Leung, A.K.L.; Chen, C.; Zhang, J.; Zhang, Y.; Zhu, Y.; Han, J. Shape memory ankle-foot orthoses. ACS Appl.
Mater. Interfaces 2018, 10, 32941–32965. [CrossRef]

85. Rousseau, I.A. Challenges of shape memory polymers: A review of the progress toward overcoming SMP’s limitations. Polym.
Eng. Sci. 2008, 48, 2075–2089. [CrossRef]

86. Shape Memory Textiles. Available online: https://www.textileengineers.org/shape-memory-textile/ (accessed on 1 May 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41598-021-01910-2
https://www.ncbi.nlm.nih.gov/pubmed/34789808
https://doi.org/10.1038/s41563-020-0789-2
https://www.youtube.com/watch?v=ngmQwnR79Fs
https://doi.org/10.1161/JAHA.119.013606
https://www.cortlandbiomedical.com/textile-solutions-cardiovascular-applications/
https://www.cortlandbiomedical.com/textile-solutions-cardiovascular-applications/
https://doi.org/10.1002/jbm.b.34121
https://doi.org/10.1021/acsapm.1c01808
https://doi.org/10.1016/j.msec.2018.12.074
https://researchoutreach.org/articles/textile-embedded-microcapsules-future-drug-delivery/
https://researchoutreach.org/articles/textile-embedded-microcapsules-future-drug-delivery/
https://doi.org/10.3390/ma11112152
https://doi.org/10.1039/C6TB03354G
https://www.ncbi.nlm.nih.gov/pubmed/32263944
https://doi.org/10.1016/j.polymer.2009.07.031
https://doi.org/10.1021/acsami.8b08851
https://doi.org/10.1002/pen.21213
https://www.textileengineers.org/shape-memory-textile/

	Introduction 
	Brief History 
	Physical Principles 
	Manufacturing Processes and Treatments 
	Shape-Memory Textiles 
	Today’s Applications for Different Uses 
	Future Research 
	Conclusions 
	References

