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Abstract—Shape memory polymers commonly referred
to as SMPs are polymeric smart materials that have the
ability to return from a deformed shape to their original
or permanent shape when induced by an external
stimulus. These external stimuli can be temperature
change, light, moisture, electric field or magnetic field.
This paper mainly focuses on the application, recent
advances and future of SMPs in biomedical field. The
broad overview of recent developments in SMPs shows
its greater applicability in tissue engineering, drug
delivery systems, regenerative medicine, orthopaedics,
minimally invasive surgery etc. Utilization of ghape
memory polymers in surgeries and medication makes
the procedures easier, quicker and accurate. The
recovery period and healing period is also less.

Index Terms—shape memory polymers, stimuli,
biomedical, drug delivery, tissue engineering, minimally
invasive surgery.

I. INTRODUCTION

SMPs are materials that can remember and return to a
predefined shape when triggered by an external
stimulus, such as temperature, light, or pH changes.
Unlike traditional polymers, SMPs undergo
reversible shape changes, making them suitable for
various applications. This unique property can be
used to develop materials that can adapt and respond
dynamically to environmental conditions. In recent
years, SMPs have gained significant attention in the
biomedical field due to their potential to
revolutionize medical devices, implants, and
therapeutic systems. Their ability to undergo
controlled shape transitions makes them ideal for
applications requiring adaptability and precision. The
integration of SMPs into biomedical applications
offers numerous advantages, including:

e Minimally Invasive Procedures: SMPs can
facilitate the development of devices that expand or
change shape only when inside the body, reducing
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the need for large incisions.

e Customizable Devices: Their shape-memory
properties allow for the design of implants and
scaffolds that can conform to complex anatomical
structures or change their function in response to
environmental stimuli.

+ Controlled Drug Release: SMP-based delivery
systems can be designed to release therapeutic agents
in a controlled and targeted manner.

Il. FUNDAMENTALS OF SHAPE MEMORY
POLYMERS

Shape Memory Effect

The Shape Memory Effect is the defining
characteristic of SMPs. It enables these materials to
return from a deformed, temporary shape to their
original, permanent shape. This effect relies on the
polymer's ability to undergo a reversible phase
transition.

Types Of Stimuli

SMPs can be classified based on the type of external
stimulus that induces the shape memory effect. The
primary stimuli are:

Thermal stimuli: The most common type of SMPs,
where heat is used to trigger the shape memory
effect. These polymers are designed to respond at
specific temperatures, making them suitable for
applications in the human body, where they can be
activated at body temperature.

Light stimuli: These SMPs contain photosensitive
groups, such as azobenzene or cinnamate, that
undergo reversible chemical reactions when exposed
to lights of specific wavelengths. This property
allows for precise control over the shape recovery
process using light.

Electrical stimuli: These SMPs that respond to
electrical fields or currents by heating up through
resistive heating.
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Magnetic stimuli: These SMPs contain magnetic
nanoparticles that generate heat when exposed to an
alternating magnetic field, triggering the shape
memory effect.

pH and Moisture Stimuli: Some SMPs are sensitive
to changes in pH or moisture levels. These polymers
can swell or contract in response to changes in their
environment, making them suitable for applications
in drug delivery or as sensors.
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Fig. 2: Types of external stimuli.
Mechanism Of Shape Memory Effect
The SME in polymers is primarily driven by the
molecular structure and the interactions between the
polymer chains. The process can be broken down into
several key stages:
Programming: The polymer is heated above its
transition temperature, making it flexible and
moldable. In this state, the polymer can be deformed
into a temporary shape.
Fixing: The deformed polymer is then cooled below
its transition temperature, fixing it into the temporary
shape.
Recovery: When the polymer is reheated above its
transition temperature, the polymer chains regain
mobility, allowing the material to return to its
original, permanent shape.
This cycle of programming, fixing, and recovery can
be repeated multiple times, depending on the
material's durability and the application requirements.

I1l. TYPES OF SHAPE MEMORY POLYMERS

Thermo-Responsive SMPs

These are the most widely studied and used type of
shape memory polymers. These SMPs undergo a
shape change when exposed to a specific
temperature, typically close to or above their glass
transition temperature or melting temperature.At
temperatures above Tg or Tm, the polymer chains
become mobile, allowing the material to be deformed
into a temporary shape. Upon cooling below Tg or
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Tm, the temporary shape is fixed.

Common  thermo-responsive ~ SMPs include
polyurethane, polystyrene, polycaprolactone, and
polyethylene. These are extensively used in medical
devices such as stents, orthopedic implants, and
tissue engineering scaffolds.

Photo-Responsive SMPs

These are engineered to change shape in response to
light, typically ultraviolet (UV) or visible light. These
polymers contain photosensitive chromophores that
undergo a reversible photochemical reaction upon
exposure to light, leading to a change in the
polymer's structure and a subsequent shape
transformation. Photo-responsive SMPs rely on the
incorporation of photosensitive groups such as
azobenzene, cinnamate, or spiropyran into the
polymer backbone. These groups undergo a reversible
isomerization or crosslinking reaction when exposed
to specific wavelengths of light, driving the shape
memory effect. Polymers such as polymethyl
methacrylate (PMMA) and polyurethanes can be
functionalized with photosensitive groups to create
photo-responsive SMPs.

Electro-Responsive SMPs

These respond to electrical stimuli, either through
resistive heating or electroactive mechanisms. In
resistive heating-based SMPs, an electric current is
passed through the polymer, generating heat due to
the material's inherent resistance, which raises the
temperature above the transition threshold and
triggers the shape memory effect. Electroactive
SMPs, on the other hand, undergo a shape change
directly in response to an electric field, without the
need for heating.

Conductive polymers such as polyaniline (PANI) and
polyethylene oxide (PEO) are used to create electro-
responsive SMPs. Electro-responsive  SMPs are
particularly useful in medical devices where direct
electrical control is advantageous, such as in
implantable devices, micro-actuators, and sensors.
Magneto-Responsive SMPs

Magneto-responsive SMPs incorporate magnetic
nanoparticles into the polymer matrix, enabling
them to respond to magnetic fields. When exposed to
an alternating magnetic field, the magnetic
nanoparticles within the SMP generate heat through
magnetic hysteresis losses or induction, raising the
temperature of the polymer and triggering the shape
memory effect.
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Polymers like polycaprolactone or polyurethanes
combined with magnetic nanoparticles such as iron
oxide (Fe304) or cobalt ferrite are commonly used.
pH and Moisture-Responsive SMPs

SMPs that respond to changes in pH or moisture
levels are gaining interest, particularly in biomedical
applications where environmental responsiveness is
crucial. pH-responsive SMPs contain functional
groups that ionize or de-ionize in response to changes
in the pH, altering the polymer’s structure and
inducing a shape change. Moisture-responsive SMPs
absorb water, leading to swelling and subsequent
shape recovery due to the interaction of water
molecules with the polymer chains.

Hydrogels and polymers with carboxyl or amino
groups such as polyacrylic acid and chitosan, are
often used for pH-responsive SMPs. For moisture-
responsive  SMPs, hydrophilic  polymers like
polyvinyl alcohol or polyethylene glycol are
commonly utilized.

IV. BIOMEDICAL APPLICATIONS OF SHAPE
MEMORY POLYMERS

Tissue Engineering Scaffolds

Shape Memory Polymers have become increasingly
important in the field of tissue engineering due to
their unique ability to change shape in response to
environmental stimuli. SMPs can be used to create
scaffolds that initially have a compact, easy-to-
implant form. Once implanted, these scaffolds
expand or change shape to fit the target tissue site
perfectly, providing structural support as new tissue
grows. This adaptability can be particularly beneficial
in cases where the tissue defect is irregular in shape
or size.

Fig. 4: Bone Tissue Engineering
Applications: SMP-based scaffolds are used for
regeneration of various tissues, including bone,
cartilage, blood vessels, and skin.

Minimally Invasive Surgical Devices
SMPs are highly valuable in the design of minimally
invasive surgical devices, where their shape memory

IJIRT 173774

properties allow for the development of tools that can
be inserted in a compact form and then expanded or
activated inside the body. In minimally invasive
procedures, SMP-based devices can be inserted
through small incisions or natural orifices, reducing
the trauma and recovery time associated with
traditional open surgeries. Once inside the body,
these devices can change shape in response to body
temperature or other stimuli to perform their intended
function.
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Fig. 5: SMP used for stitches after surgery for
enhanced healing.
Applications: SMPs are used in a variety of
minimally invasive devices, including stents for
cardiovascular procedures, embolic coils for treating
aneurysms, and surgical clips for closing wounds.
Common examples include self-expanding stents and
SMP-based sutures.
Drug Delivery Systems
SMPs have shown great promise in the development
of advanced drug delivery systems that can provide
controlled, site-specific release of therapeutic agents.
SMP-based drug delivery systems can be designed to
release drugs which response to specific triggers, such
as temperature, pH, or light. This capability allows
for the timed release of medication at the target site,
improving the efficacy of the treatment and reducing
side effects.
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Fig. 6: Mechanism of drug release into the body.
Applications: SMPs are used in various drug
delivery applications, including chemotherapy, where
targeted delivery of anticancer drugs can reduce
damage to healthy tissues, and in the treatment of
chronic diseases, where controlled release of
medication can maintain therapeutic levels over
extended periods.

Cardiovascular Devices

Cardiovascular applications are one of the most
significant areas where SMPs have made an impact,
particularly in the design of stents, vascular grafts,
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and heart valves.
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Fig. 7: SMP stent
Applications: SMP-based cardiovascular devices are
used in the treatment of coronary artery disease, heart
valve disorders, and peripheral artery disease. Their
ability to expand and conform to the body's anatomy
makes them ideal for these applications.
Wound Healing and Tissue Repair
SMPs are also being explored for use in wound
healing and tissue repair, where their shape- changing
properties can be harnessed to promote healing and
tissue regeneration. SMP-based materials can be
applied to wounds in a compact form, where they
then expand to cover the wound site completely,
providing a protective barrier that promotes healing.
SMPs are used in wound dressings, tissue adhesives,
and scaffolds for tissue repair.
Orthopedic Implants
SMPs have shown potential in the development of
orthopedic implants, where their ability to change
shape can improve the fit and function of the
implants. SMP-based orthopedic implants can be
inserted in a compact form and then expanded to fit
the bone structure perfectly. This adaptability can
reduce the risk of implant loosening and improve
long-term outcomes.SMPs are used in bone fixation
devices, joint replacements, and spinal implants.

V. CHALLENGES AND LIMITATIONS OF SHAPE
MEMORY POLYMERS IN BIOMEDICAL
APPLICATIONS

Biocompatibility

One of the primary concerns with using SMPs in
biomedical applications is their biocompatibility,
how well the material interacts with the body without
causing adverse effects. Synthetic SMPs may trigger
inflammatory responses, immune reactions, or cell
damage, especially in long-term implants. This can
limit their use in sensitive applications, such as
cardiovascular devices or tissue engineering
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scaffolds.

Researchers  have  developed SMPs  from
biodegradable materials like PLA, PGA, and PCL,
which break down into non-toxic byproducts that the
body can absorb over time.

Mechanical Properties

The mechanical properties of SMPs, such as strength,
elasticity, and durability, are critical to their
effectiveness in biomedical applications. SMPs can
sometimes exhibit insufficient mechanical strength,
making  them  unsuitable  for  load-bearing
applications, like bone implants or cardiovascular
stents. They may also suffer from poor fatigue
resistance, leading to material failure after repeated
use.

Enhancing the mechanical properties of the SMPs by
incorporating reinforcing agents, such as carbon
nanotubes, graphene, or silica nanoparticles which
improve the stiffness, strength, and durability of
SMPs.

Controlled Shape Recovery

While SMPs are known for their ability to return to a
predetermined shape when triggered by a stimulus,
controlling this shape recovery process can be
complex. The rate and precision of shape recovery
can vary depending on the environmental conditions.
Inconsistent shape recovery can lead to device
malfunction or ineffective treatment.

Advances in multi-stimuli responsive SMPs, which
respond to more than one trigger, allow for more
precise control over the shape recovery process.
Manufacturing and Processing

The manufacturing and processing of SMPs for
medical applications pose significant challenges,
particularly when it comes to creating complex
shapes or ensuring high precision. SMPs can be
challenging to process due to their sensitivity to
temperature and other environmental factors.
Advances in additive manufacturing have enabled the
precise fabrication of SMP-based devices with
complex geometries. This method allows for the
customization of implants or scaffolds to match
patient-specific anatomy, improving the effectiveness
of the treatment.

Cost and Accessibility

The cost of developing and producing SMPs for
biomedical applications can be high, which can limit
their accessibility and widespread adoption.The
specialized materials and processes required to create

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 1529



© March 2025 | IJIRT | Volume 11 Issue 10 | ISSN: 2349-6002

high-performance SMPs contribute to their high cost.
This can be a barrier to their use in healthcare
settings, particularly in resource-limited
environments.

Research is ongoing to develop more cost-effective
SMPs by using cheaper raw materials or simplifying
the manufacturing process.

Long-Term Stability

The long-term stability of SMPs in the body is
critical for their success in biomedical applications,
particularly for implants or devices that are intended
to remain in place for extended periods. Over time,
SMPs can degrade, lose their shape memory
properties, or undergo unwanted changes in their
mechanical properties. This can lead to device failure
or the need for replacement surgeries. To improve
stability, researchers are developing SMPs with
enhanced resistance to degradation and fatigue.

V1. RECENT ADVANCES IN SMPs
TECHNOLOGY

Major Breakthroughs

Recent studies have developed SMPs with enhanced
biocompatible coatings, which improve interaction
with biological tissues and reduce the risk of adverse
reactions. These coatings are often based on natural
polymers or bioactive molecules, such as peptides
and growth factors, which promote cell attachment
and tissue integration. Advances in biodegradable
SMPs have been significant focusing on materials
that degrade in the body without leaving harmful
residues. These SMPs are increasingly used in
temporary implants and drug delivery systems,
ensuring that the material is safely absorbed by the
body after fulfilling its function.

The incorporation of nanoparticles, such as carbon
nanotubes, graphene, and silica, into SMP matrices
has led to enhanced mechanical strength and
durability. These nanocomposites exhibit superior
properties, such as increased toughness, elasticity,
and resistance to wear. A major breakthrough in the
field of SMPs is the development of 4D printing
technology. This technique allows for the creation of
SMP-based structures that can change shape over
time in response to environmental stimuli.

Research has led to the creation of SMPs that respond
to multiple stimuli, such as temperature, light, and
magnetic fields. These multi-responsive SMPs offer
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greater control and precision in medical applications,
enabling complex, sequential responses that are
particularly useful in drug delivery systems and
minimally invasive surgical tools.

New Materials and Composites

SMP-Based Hydrogels: SMP-based hydrogels
havebeen developed for applications in soft tissue
engineering and wound healing. These hydrogels
combine the shape memory properties of SMPs with
the high-water content and flexibility of hydrogels,
making them ideal for mimicking the mechanical
properties of soft tissues. Recent innovations include
hydrogels that can change their shape or swell in
response to specific stimuli, such as changes in pH or
temperature. These smart hydrogels are being
explored for use in controlled drug release and as
dynamic scaffolds in tissue engineering.
Biodegradable SMP Blends: Researchers have been
focusing on blending SMPs with biodegradable
polymers to create materials that offer the shape
memory effect while also being resorbable in the
body. These blends are particularly promising for
temporary medical devices, such as sutures and
stents, which need to function for a limited time
before being absorbed by the body. Advances in
polymer chemistry have enabled the customization of
SMPs at the molecular level, allowing for the fine-
tuning of their degradation rates, mechanical
properties, and responsiveness to stimuli. This
customization is crucial for developing patient-
specific implants and devices.

Innovative Applications

Patient-Specific Implants: The integration of 3D
printing with SMP technology has allowed for the
creation of patient-specific implants that can be
tailored to fit the exact anatomical structure of a
patient. These implants are not only customizable in
shape but can also be designed to change shape in
response to the body's conditions, ensuring a perfect
fit over time.

Advanced Drug Delivery Systems: SMP-Based
Microcapsules made from SMPs can be designed to
release drugs in response to specific triggers, such as
body temperature or pH changes. This allows for
highly controlled drug delivery, where the drug is
released only when and where it is needed,
minimizing side effects and improving therapeutic
outcomes.
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VII. CONCLUSION

SMPs have evolved from simple thermo-responsive
materials to complex, multi-responsive systems with
significant potential in the biomedical field. Recent
advances, including the  development  of
biodegradable SMPs, nanocomposites, and 4D
printing technology, have expanded their applications
in medicine. SMPs ability to respond to various
stimuli, such as temperature, light, and magnetic
fields, makes them highly versatile. They are being
increasingly used in applications ranging from tissue
engineering and drug delivery systems to orthopedic
implants and  cardiovascular  devices. The
customization of SMPs, through advancements in
polymer chemistry, has allowed for the creation of
patient-specific medical devices, enhancing the
effectiveness of treatments and reducing recovery
times. Despite the significant progress, challenges
such as ensuring long-term  biocompatibility,
addressing mechanical limitations, and meeting
regulatory standards remain. However, ongoing
research and innovation are addressing these
challenges, particularly with the development of new
SMP materials and composites that offer improved
performance and safety.
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