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Introduction

Shape memory alloys (SMAs) are emerging as transformative materials across
various technological domains, particularly in robotics and hiomedical engineer-
ing, due to their remarkable capacity to revert to their original form after deforma-
tion when stimulated, typically by heat. Their integration into robotic systems as
actuators is revolutionizing the field by offering a superior power-to-weight ratio,
silent operation, and the ability to mimic biological movements, leading to more
agile and adaptable robots [1].

In the realm of robotics, specific research has focused on the application of nickel-
titanium (NiTi) shape memory alloys for the creation of novel robotic grippers.
These grippers are designed to achieve precise and compliant grasping of delicate
objects by leveraging the thermomechanical behavior of NiTi wires and springs,
enabling adaptive robotic hands that conform to object geometries and minimize
damage during manipulation [2].

Biomedical applications are significantly benefiting from the unique properties of
SMAs. Investigations into self-actuating and self-healing biomedical implants de-
tail the fabrication of NiTi-based devices that deploy or conform to specific anatom-
ical shapes at body temperature. This innovation holds promise for smart pros-
thetics and scaffolds that can adapt to physiological changes, offering enhanced
integration and functionality compared to conventional rigid implants [3].

Advancements in robotic endoscopes are also being driven by SMA technology.
The integration of SMA wires into flexible robotic endoscopes allows for precise
and controlled bending of the endoscope tip, improving maneuverability within
complex anatomical pathways. Research in this area addresses the challenges
of miniaturizing SMA actuators for minimally invasive procedures and highlights
the importance of fatigue resistance for repeated use [4].

Personalized orthotic devices are another area where SMAs are making strides.
Specifically, NiTi wires are being engineered to exhibit controlled shape recov-
ery at oral temperatures, enabling the gentle and continuous application of force
to correct misaligned teeth. This approach promises a more comfortable and ef-
ficient orthodontic treatment alternative to traditional braces, potentially reducing
treatment duration and improving patient compliance [5].

Micro-robotics are being enhanced through the integration of shape memory al-
loy springs for improved locomotion. Designs for bio-inspired micro-robots utilize
SMA springs to generate undulating movements, mimicking aquatic locomotion.
This research explores the precise control required for these micro-actuators and
their potential for untethered operation in confined spaces, such as within the hu-
man body for targeted interventions [6].

In the field of surgical robotics, SMA wires are being utilized as actuators in novel
instruments designed for precise force and displacement control during delicate
tissue manipulation in minimally invasive surgery. The modeling of SMA behavior
and its integration into feedback control systems are crucial for ensuring safe and
effective surgical procedures, paving the way for more dexterous and less invasive
surgical tools [7].

Smart vascular stents represent a significant biomedical application of function-
alized shape memory alloys. NiTi stents are being developed for delivery in a
compacted state, expanding radially at body temperature to open occluded arter-
ies. Key considerations include biocompatibility, long-term mechanical stability,
and controlled deployment, with the potential to reduce restenosis and improve
patient recovery [8].

The application of shape memory alloy films in micro-electro-mechanical systems
(MEMS) for robotic applications is also a growing area of research. The fabrica-
tion of thin SMA films enables their use as micro-actuators for generating precise
movements in micro-robots, facilitating the creation of highly integrated and minia-
turized robotic systems for tasks like micro-assembly or cellular manipulation [9].

Furthermore, shape memory alloys are being reviewed for their broad hiomedical
applications, including drug delivery systems and artificial muscles. Their bio-
compatibility, tunable properties, and actuation capabilities make them ideal for
smart medical devices, with ongoing progress in developing SMA-based platforms
for controlled therapeutic release and for mimicking biological muscle function in
prosthetics and rehabilitation [10].

Description

Shape memory alloys (SMAs) are fundamentally altering robotics and biomedical
devices by providing a unique ability to recover their original shape after deforma-
tion when subjected to a specific stimulus, typically heat. In robotics, SMAs are
increasingly being integrated as actuators, offering significant advantages such
as a high power-to-weight ratio, silent operation, and the capability for biomimetic
movement, which enables the development of more agile and adaptable robotic
systems [1].

A notable development in robotic manipulation involves the use of nickel-titanium
(NiTi) shape memory alloys in the design of novel robotic grippers. This research
concentrates on creating SMA-based actuators capable of precise and compliant
grasping of delicate objects. By thoroughly understanding the thermomechanical
behavior of NiTi wires and springs, researchers have demonstrated the potential
for constructing adaptive robotic hands that can conform to diverse object geome-
tries, thereby mitigating the risk of damage during manipulation, which is crucial
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for handling fragile materials in industrial automation and assistive robotics [2].

The integration of SMAs into biomedical devices is exemplified by investigations
into self-actuating and self-healing implants. This work specifically details the fab-
rication and characterization of NiTi-based devices engineered to deploy or adapt
to specific anatomical shapes upon reaching body temperature. The research
highlights the significant potential for creating smart prosthetics and scaffolds that
can dynamically adjust to changing physiological conditions, leading to improved
integration and superior functionality compared to traditional rigid implants, with a
strong emphasis on biocompatibility and long-term performance within a biological
environment [3].

In the field of minimally invasive medical procedures, SMA technology is enhanc-
ing robotic endoscopes. This paper focuses on the integration of shape memory
alloy wires into flexible robotic endoscopes, demonstrating how these SMA ac-
tuators can provide highly precise and controlled bending of the endoscope tip.
This capability significantly improves maneuverability within complex anatomical
pathways. The research also addresses the challenges associated with miniatur-
izing SMA actuators for minimally invasive applications and underscores the criti-
cal importance of fatigue resistance for ensuring reliable, repeated use, ultimately
promising to enhance diagnostic accuracy and reduce patient discomfort [4].

The development of personalized orthotic devices, particularly for orthodontic treat-
ment, is another area benefiting from SMA innovation. Researchers have en-
gineered NiTi wires that exhibit controlled shape recovery at oral temperatures,
allowing for the gentle and continuous application of force to correct misaligned
teeth. This SMA-based approach offers a more comfortable and efficient alterna-
tive to traditional braces, with the potential to reduce treatment time and improve
patient compliance. The article provides detailed insights into the material selec-
tion and manufacturing processes essential for creating these custom-fit devices
[5].

Micro-robotics are seeing enhanced locomotion capabilities through the integra-
tion of shape memory alloy springs. This research presents designs for bio-
inspired micro-robots that employ SMA springs to generate undulating movements,
effectively mimicking aquatic locomotion. The paper delves into the precise con-
trol mechanisms required for these micro-actuators and explores their potential for
untethered operation in confined environments, such as within the human body for
applications like targeted drug delivery or in-vivo diagnostics [6].

Within the domain of surgical robotics, SMA wires are being employed as actua-
tors in innovative instruments designed for high-precision force and displacement
control in delicate tissue manipulation during minimally invasive surgery. The au-
thors present a detailed model of SMA behavior and its implementation within a
feedback control system to guarantee the safety and effectiveness of surgical pro-
cedures. This advancement holds the potential to create more dexterous and less
invasive surgical tools, significantly improving surgical outcomes [7].

Smart vascular stents represent a critical application of functionalized shape mem-
ory alloys in cardiovascular medicine. This research focuses on developing NiTi
stents that can be delivered in a compacted state and subsequently expand radi-
ally at body temperature to open occluded arteries. The study critically discusses
the essential aspects of biocompatibility, long-term mechanical stability, and con-
trolled deployment. The potential for these 'smart’ stents to effectively reduce
restenosis rates and improve overall patient recovery is a key finding [8].

The application of shape memory alloy films is being explored for the development
of micro-electro-mechanical systems (MEMS) specifically for robotic applications.
The authors detail the fabrication processes for thin SMA films and their utilization
as micro-actuators to generate precise movements in micro-robots. This research
highlights the significant potential for creating highly integrated and miniaturized
robotic systems capable of executing complex tasks at the micro-scale, such as in
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micro-assembly or targeted cellular manipulation [9].

Finally, a comprehensive review of shape memory alloys for biomedical applica-
tions underscores their utility in drug delivery systems and artificial muscles. The
authors highlight SMAs’ advantages, including biocompatibility, tunable proper-
ties, and actuation capabilities, which are crucial for the development of smart
medical devices. The review covers recent advancements in creating SMA-hased
platforms for controlled therapeutic release and for effectively mimicking biological
muscle function in prosthetics and rehabilitation devices [10].

Conclusion

Shape memory alloys (SMAs), particularly nickel-titanium (NiTi), are revolutioniz-
ing robotics and biomedical applications due to their unique shape-recovery prop-
erties. In robotics, SMAs serve as actuators, enabling more agile and adaptable
systems with high power-to-weight ratios. They are used in novel robotic grip-
pers for precise manipulation of delicate objects and in micro-robotics for loco-
motion. For biomedical purposes, SMAs are crucial in self-actuating implants,
smart prosthetics, and self-healing devices that adapt to physiological conditions.
They enhance minimally invasive surgical instruments and flexible endoscopes by
providing precise control and maneuverability. Furthermore, SMAs are utilized in
personalized orthodontic appliances for efficient tooth movement and in smart vas-
cular stents for cardiovascular interventions. Their application extends to MEMS
for micro-actuation in micro-robots and in drug delivery systems. The biocompat-
ibility, tunable properties, and actuation capabilities of SMAs make them highly
valuable for advanced medical devices.
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