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ABSTRACT

Soft robotic implants are a major upgrade in medical devices providing novel means for long-term drug administration
and tissue tracking. The eco-friendly biodegradable body-prosthetic will not only be compatible with the human body, but can
also mingle completely without inducing foreign-body responses and discomfort. Since these implants provide programmed and
localized drug delivery; hence the significance of these sutures could be found in administering the drugs at a specific site and
specific interval so as to diminish the side effects and improved therapeutic outcomes. Modern developments of soft robotics
implants have improved their design, performance, interaction with biological and other natural materials. Material
developments are becoming smarter, where responsive materials in the form of: smart materials, which can react to
environmental stimuli and adjust drug delivery rates immediately (and); etc. Moreover, the evolution of microfabrication and
nanotechnology also created high precision and less invasive devices, rendering more efficient and well-accepted to patients.
These implants are especially valuable for long-term afflictions like diabetes and cancer as they streamline the ongoing, precise
delivery of medications. They also have a crucial role in pain management and postoperative care, effectively providing
prolonged release of analgesics, and ultimately enhance patient comfort thus contributing to smoother recovery. For tissue
monitoring, implantable flexible soft robotic devices with integrated sensors and actuators are able to provide real-time data
collection and analysis for the continuous monitoring of vital physiological information, such as cardiovascular health, neural
activity, skin conditions (wound healing) etc. This is important, particularly for early detection of complications and receiving
timely interventions to optimize patient outcomes. In the future there are a number of intriguing applications that could be
developed with these soft robotic implants like personalized medicine and integration with other state-of-the-art medical
technologies. Further research and development should/hopefully will address outstanding challenges e.g. technical, regulatory
etc to allow more wide-ranging clinical application with consequent transformative impacts on healthcare. Finally, soft robotic
implants show great potential to improve drug delivery and tissue monitoring, with continuous development bringing the field
closer to better performing medical solutions.

Keywords- Wound Healing, Soft Robotics, Implantable Devices, Drug Delivery Systems, Tissue Monitoring, Biomedical
Engineering.

l. INTRODUCTION

kind to the body. Compared to conventional inflexible
implants where inflammation or migration could be

Soft Robotics ~ Disciplinary/Applicative ~
Developing medically invasive therapies using Aquatic
Soft Robotic Implants — True and perfect partners the
flexible physical state of soft robotics married to the very
specifics that medicine requires. They are made from
soft and biocompatible materials that have an equivalent
mechanical status of native tissue in such areas of the
body, therefore they do not cause pain or damage of any

problematic, this composite’s increased flexibility helps
improve the functional connection to adjacent tendons
and bone.

The key element which should be understood
regarding soft robotic implants is the fact that they are
designed to change the ways in which drugs can be
administered, as well as how tissues can be observed.
They can be used in drug delivery and programmed to
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release drugs in a slow and steady fashion over very long
time spans leaving the body in a state where the required
drug dosage levels are attained without undue and often
intrusive repeated administrations. As such, it is helpful
particularly for diseases that require contented insulin for
lacking healthy blood sugar levels, such as diabetes and
even in cancer, where particular medications must be
delivered in set sections to lessen negative impacts and
improve the treatment results.

In tissue monitoring, the soft robotic implants
connected with sensors will allow for this type of
monitoring of physiological parameters like heart rate,
blood pressure and even neural activities. This allows for
the identification of outliers and necessary medical
response which is very instrumental in preventing
adverse events or complications among the patients.
These implants have the capability to match the physical
property of BIO tissues as well as communicate with
them; thus, it becomes easy to track processes such as
wound healing and tissue regeneration.

In conclusion, soft robotic implants is an
innovative invention that gives a new direction in the
progression of medical devices with the likely hood of
improving the quality of the patients life. With enhanced
targeted drug delivery systems and a continuous, real-
time tracking of crucial parameters associated with
chronic diseases, the prospect of these implants breaks
new ground and enhances the standard of health care
delivery. [1]

1. HISTORICAL BACKGROUND
AND EVOLUTION

The development of soft robotic implants could
be linked with the development of the larger field of soft
robotics starting in this early millennium as researchers
were in pursuit of designing technologies that could
better interact with the environment. While typical
robots are of rigid structure produced from metallic and
plastic parts where one can easily identify the various
components, soft robots are produced from silicone,
gels, as well as elastomers in that they are flexible,
stretch, as well as deformable to achieve distinct forms.
On this basis, they are ideal for use in the medical field

since these structures require a gentle approach when
being dealt with.

The essence of soft robotic technologies was
first conceived when researchers started designing soft
grippers and actuators for precision tasks, which brought
forth the idea of utilizing the concept to create the
devices in question which are, of course, medical
devices. These are general improvements in own field
knowledges such us material science, micro fabrication
and biotechnology utilized in production of substantially
more elaborate soft robotic implants. Implantable
devices being developed today are technologies for
controlling the delivery of drug, as well as the
observation of the physiological state in real time, it has
evolved from the primary simple concept of flexible
implant devices. [2]

I11.  SCOPE AND PURPOSE OF THE
REVIEW

In the course of this review, the current state in
the utilisation of soft robotic implants to deliver drug as
well as in managing tissue health in the long-run will be
discussed in details. It tells about types of such implants:
design and materials, how they function, interaction with
the biological environment, and the things one can do
now with those implants at hand. In the framework of
further review, the author will describe visionary and
inventive benefits now associated with these devices
concerning case study case and technologies provided. It
will also examine what further developments or perhaps
discoveries are expected or could be made in the chosen
area of focus in the future.

The purpose of this paper is to help the
researchers, practitioners, and manufacturers involved in
medical device industries to understand the current and
the future potentialities of the soft robotic implants. This
review was useful in the critical detection of themes as
well as analysis of some of the recent findings in the
context of the work for enhancing improved as well as
innovative meanings in the overall patient experiences
and health in improved medical interventions. [3]

IV. OVERVIEW OF MATERIALS
USED IN SOFT ROBOTICS

Different flexible and compliant robotic
implants are built with various materials which can
provide such requisites in the medical filed as flexibility,
strength and performance. These are things like
elastomers, hydrogels, and others, the most recent of
which are shape memory polymers, all of which have
various usage possibilities due to the added option of
tweaking said properties as needed. Silicone and
polyurethane are used since they form elastic material
and are biocompatible; they complete their services
within different deformity cycles. Hydrogels are ideal
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for those smart materials that are deployed in application
requiring softness and tissue like constrain because these
are able to swell to a very large extent to enable them
absorb large amount of water. Smart polymers transform
irreversibly or reversibly in terms of their shape in
response to the signals which they perceive such as heat
or the change in the pH and they are useful in
applications such as drug delivery for which the
polymers must change shape dramatically and in a
coordinated manner over definite periods.

In the last few years, implementation of smart
material that can work by changing the properties when
subjected to some form of environment stimulus has
emerged. These are what is known as electrolastic
polymers where the geometric or dimensional change
occurs with help of electricity and magnetelastic
polymers which also change its shape depending on
presence of magnetic field. Use of such materials in
construction of soft robotic implants also enhances the
operation of the equipments via force feedback and
haptic control necessary in order to engage the living
tissue. [4]

V. BIOCOMPATIBLE AND
BIODEGRADABLE MATERIALS

Soft robotic implants being long term in human
body, need to be fabricated from materials, which are
completely non-toxic to the body often perhaps
degradable. Inert materials are not known to provoke an
immune response when put into the body, meaning that
the selected implant is able to perform its tasks with no
interference from the body’s defense mechanisms. Some
of the prevalent examples of biocompatible materials are
medical grade silicones, poly urethanes, and certain
grades of hydrogels only found to be safe for use in
medical applications.

While on the other hand biodegradable are
those that are-created to dissolve within the body after a
specified time. Hence, this property is highly applicable
for prosthetic implants which can be fixed temporarily
into the body without the need for surgery when they are
no longer required. Polylactic acid (PLA) polyglycolic
acid (PGA), and their copolymer are extensively utilized
biodegradable materials in soft robotics. These materials
disintegrate into harmless components that would be
harmlessly metabolized or else expelled from the body.

The incorporation of bio-compatibility and
biodegradability of the materials used in soft robotic
implants also provides the possibility of developing new
methodologies or molding the organic implants to be
safe for the patient and also self-adjusting to the body’s
physiology to avoid further surgery. [5]

Design and Materials of Soft Robotic Implants
Smart Materials and Their Properties

Smart materials are historically considered as
the most suitable for the development of soft robotic
implant technology due to their capacity to respond

actively to the stimuli received. The proposed materials

improve the performance of implants, provide them with

specific functions like stimulation of drug release and
monitoring of tissue activity.

Key types of smart materials used in soft
robotic implants include
1. Electroactive Polymers (EAPs): This means that

such materials alter their physical dimensions or
state when an electric field is present. They are
employed as actuators and sensors for soft robotic
implants; we can gain substantial control over the
actions and feedback.

2. Shape-Memory Alloys (SMAs) and Polymers
(SMPs): Some types of materials like SMA and
SMP can regain a pre-stipulated form once exposed
to particular stimuli such as variation in
temperatures. This property is needed in the
configuration such as in the drug delivery systems
that require to change shapes to release a drug.

3. Magnetoactive Polymers (MAPS): These materials
interact with magnetic fields making it feasible to
utilise wireless signals to control the motions of the
implant alongside its functioning. It is most
appropriate for prophylactic use and noninvasive
modifications after their implantation.

4. Hydrogels: Self swelling or shrinking hydrogels are
useful because of their ability to change their
effective size in response to pH, temperature or
other stimuli, making it possible to construct ‘soft
interface’ with tissue like compliance.

5. Piezoelectric Materials: These produce an electrical
response to mechanical stimulus and are utilized in
sensors in the stiffness of the soft robotic implants
that allow tracking of physical parameters in the
body.

These smart materials can be incorporated in
soft robotic implants to enable more complex operations
as well as tailored characteristics, which are vital in the
provision of tailored molecular and molecular-related
solutions. [6]

Design Principles and Fabrication Techniques

Finding skins that are strong enough to support
loads, flexible enough to mimic tissues, and functional
enough to interact with the surroundings are important
challenges in designing the soft robotic implants. The
following principles guide the design and fabrication of
these implants: The following principles guide the
design and fabrication of these implants:

1. Bioinspired Design: The conjecture is derived from

the ideas of using mostly organic forms and

functionalities like, for instance, the fluidity of a non-
spherical body like an octopus, or the adaptability of an
intra-organism tissue-human organ implant.

2. Modularity: It is possible to devise implants with

concentric layers, which can be fixed and replaced easily

when necessary. Customizability is another feature
inherent in the designs, as the system can be adjusted
either to meet the demands of a certain patient’s case and
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also the individual parts can be changed without
influencing the rest of the system.

3. Minimally Invasive Integration: It is essential for
implants to be designed with the least limitations as
possible either by the surgical procedures needed to
place the implants or to activate them. Techniques
namely microfabrication and soft lithography create
compact and easy to fold designs that may be inserted in
the body without causing much harm to tissues
neighboring the insertion point.

4. Biocompatibility and Safety: It is crucial to make
sure that all the materials that are utilized are bio-
compatible and do not trigger values that would lead to
an immune response. This entails most often the
assessment of the composites and the structure to ensure
they can withstand the test of time and or project
requirements.

5. Reliability and Longevity: Implants must not
degrade or fail over a period of years and must be able to
be used multiple times. This calls for effective and rigid
materials and what can be best referred to as
physiological designs.

Fabrication techniques for soft robotic implants
include:

1.3 D Printing: Complex geometries and material
combinations can be managed more effectively because
of the sophisticated 3D-printing technologies, resulting
in prosthetic implants that can be tailored according to
individual patient requirements.

2. Microfabrication: Microfabrication methods that
have been adapted from the production of
semiconductors including photolithography and etching
are applied to fabricate microstructures with high
miniaturisation, an essential element when incorporating
sensors and actuators in implants.

3. Soft Lithography: This technique is used to generate
tunable, nanometer detailed topographies and geometries
that are effective in constructing compliant robotic parts
that must mechanically interact with biological tissue.

4. Molding and Casting: manual shaping techniques
remain popular for fabricating large volume simple
structures of soft robot implants more so when using
elastomers and hydrogels.

With the help of these design principles and
materials and structures fabrication techniques available
in _modern science, researchers, and engineers can
develop new soft robotic implants that will be more
functional, biocompatible, and comfortable for a patient.
[7]

Mechanisms of Action

It also describes different drug delivery systems
and mechanisms of drugs.Soft robotic implants are
transforming the way drugs are delivered due to its
enhanced delivery systems that create efficient methods
of medicine dispensation. Such systems can be broadly
divided into controlled drug delivery systems and target
and drug delivery techniques.

Controlled Release Systems

Cone shaped systems in soft robotic implants
allow the medications to be released at a calculated and
consistent rate for long periods, maintain constant
therapeutic concentrations, and reduce patient non-
adherence. Key mechanisms used in these systems
include: Key mechanisms used in these systems include:
1. Diffusion-Controlled Systems:

e Reservoir Systems: Permeability: Medicated
articles are constructed to contain drugs in a
reservoir and the drugs are released through a
surrounding membrane at a stated rate. It allows
proper diffusion of the drug while maintaining a
constant rate in this respect to regulate the delivery
process.

e Matrix Systems: The drugs are placed in a
polymer-based system. This happens as the drug
leaches out of a matrix or when it has been
dissolved by a matrix in which it has been
incorporated. Some adjustable parameters include:
The polymers from which the matrix material
consists and the method and timing of cross-linking
used to form the matrix structure all help to
determine the release rate of TGF-beta.

Reservoir device Matrix device

2. Degradation-Controlled Systems:

e Erodible Systems: Such systems employ polymers
with a biodegradable nature, and the pull apart in
time to release the drug. The degradation rate of the
polymer dictates the drug release rate where
changes to the properties of the polymer can be
adjusted to achieve optimal timing of releasing the
drug.

Time =0 Time=t
X Released drugs
(dissolved)

Eroded polymer

Pores formed by
dissolution and
diffusion of drug
polymer matrix aggregates

Drugs dispersed in Undegraded
polymer matrix

3. Stimuli-Responsive Systems:

e pH-Responsive Systems: These systems refer to
systems that release drugs depending on variations
in pH sensitivity making them ideal applications for
specific regions of the body possessing different pH
values like the stomach and the intestines.
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e Temperature-Responsive Systems: These release
drug in accordance to the change in temperature,
and ideal for use where heating of a certain area
unleashes drug release. [8]

Targeted Delivery Methods

Site specific delivery systems in the context of
drug delivery seeks to ensure that a specific drug
penetrates a target site with very little interaction with
the rest of the body thereby reducing side effects. Soft
robotic implants utilize various strategies for targeted
delivery, including:

1. Magnetically Guided Systems:

When the implants are capable of being
adorned with magnetic nanosphere, an external magnetic
force can be used to control the location of the
implanting devices. It affords this drug delivery system
an accuracy in the localization of the drug, thus
increasing the concentration thereof on the target region.
2. Micro- and Nano-Carriers:

e They can also be used to fold and deliver drugs
selectively to a desired location in the human body.
These carriers can be coupled with ligands or
antibodies to enhance the specificity of the drug’s
action such that it only accumulates in the defendant
cells.

3. Ultrasound-Triggered Systems:

e Some drugs can be set off by transmission of
frequencies in the form of ultrasonic waves from
soft robotics implants. External stimuli such as
waves impose mechanical pressure on the drug
containing compartments or transfer heat which in
turn causes the compartments to release the drug at
the desired site.

4.pH- and Enzyme-Responsive Systems:

e These systems get activated by the pH or enzyme
profile in the particular tissue or the site of the
disease. For instance, cancerous tissues can have
lower pH and higher enzyme activity than non-
cancerous tissues, which can be exploited to release
anticancer drugs specifically.

e Consequently, with the integration of such advanced
controlled release systems and novel targeted
delivery mechanisms, soft robotic implants may
enable effective, localized, repetitive, and long-
lasting drug delivery that can enhance the
effectiveness and safety of certain treatment
regimens. [9]

Tissue Monitoring Techniques

Soft robotic implants are versatile throughout
the monitoring phase as they mainly offer advances
approaches to continuous and real time monitoring of
tissue. These implants come with highly developed
sensors and actuators and functioning gathered and
analyzed data mechanism, thus offering a detailed
observation of the persons physiological condition.

VI. SENSORS AND ACTUATORS

Sensors:

1. Electrochemical Sensors:

A used to measure/monitor concentrations of
biochemical substances like glucose, lactate, and
oxygen. These sensors operate based on changes in the
electrochemical activity to pinpoint molecules that are of
interest, proven useful for monitoring diabetes and some
metabolic events.

2. Pressure Sensors:

The pressure variation sensors o These are used
to monitor pressure changes within the body, which is
vital in checking cardiac diseases, hypertension amongst
others. Almost always employed when implants are used
in blood vessels or cardiac tissue.

3. Optical Sensors:

e Normally used to refer to impluse such as oxygen
saturation and blood flow among other things using
light. Incorporating optical sensors in soft body-
embedding robotics can be used to offer non-contact
determination of tissue oxygen supply and usage,
which is crucial in identifying ischemic states.

4. Temperature Sensors:

e Track shifts in surface temperatures at various
locations within the body. These sensors are
significant in identifying news of inflammation or
infection besides regulating slight hyperthermia or
hypothermia treatments.

Actuators:

1. Electroactive Polymers (EAPS):

One of the interesting properties of materials
that are developed into actuators of EAP is that they
undergo change in shape or size when an electric field is
applied. They are applied in soft robotic implants to
achieve desired movements or changes in response to
signals from the outside environment, for instance
switching the position of a sensor or releasing a drug.

2. Magnetoactive Polymers (MAPS):

It is integrating plastic actuators that respond to
magnetic fields to allow for wireless means of
controlling the functions of the implant. MAPs can
operate as the stimuli initiating movements or adjust
toward the stiffness of the implant to deliver different
kinds of therapy. [10]

Collection and Processing of Real-time Data
It is also vital in tissues monitoring with soft robotic
implants to have information gathering and analysis in
real time. This capability enables immediate recognition
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of alterations in the physiological health and early
medical attendions.
1. Wireless Communication:

Soft robotic implants integrate wireless
communication modules that relay information to other
devices in the user interface or specific medical devices
which include smart phones. With this wireless
connection, there are no need for cords or wires used to
transfer data hence providing music to the ears to the
comfort of the patients.

2. Data Processing Units:

There are embodiments where specific data
processing elements are integrated into implants to carry
out preliminary data filtering and analysis. These units
are useful in that they filter the information that is passed
across by removing unnecessary data information,
though they come in handy when dealing with large data
sets as received from a continuous monitoring process.

3. Machine Learning Algorithms:

With the use of such tools as machine learning,
complex data collected is analyzed. They are not only
able to identify these patterns, the probability of
developing certain illnesses and advice on the specific
parameters of the particular patient. The use of the
monitoring system through a machine learning model
improves the performance of the monitoring system in
terms of the level of accuracy.

4. Cloud-Based Platforms:

This information can be transferred to the cloud
technologies, where implants store and perform analyses
of data. These systems make the data available for the
healthcare professionals at a distance, helping them to
check up the patients online, fine-tune the dosages or
administer treatments, and tackle crises on the spot.
5. User Interfaces:

Versioned data visualization is created, so that
patients and healthcare personnel could easily
understand the gathered data. These interfaces provide
clear and alert information to the users, so that they can
easily identify their health situations and then execute
correct actions.

Through the use of state-of-the-art sensors and,
actuators, and receipt of data and analysis in real-time,
soft implantable robotics enable full spectrum and
constant  tracking  of  various  physiological
characteristics. This integration also advances the care of
chronic diseases, increases the level of patients’ quality
of life and introduces novelties in targeted medicine.
[11]

Integration with Biological Systems
Biocompatibility and Long-Term Stability

However, currently, there is a need to highlight
biocompatibility and appropriate long-term stability as
factors necessary for the effective application of soft
robotic implants in the human body. Biocompatibility
involves the specific capacity of a material to support the
intended utilisation without provoking adverse react
from the surrounding body tissue or the overall system.

Therefore, for soft robotic implants specifically, it is
necessary for the materials used to be biocompatible, so
that they do not elicit toxic, inflammatory, or
immunogenic reactions.

Biocompatible Materials:

 Silicone Elastomers: Commonly employed since
versatile, as well as possess a very stable chemistry and
do not not react with other components.

* Polyurethanes: High mechanical durability and good
biocompatibility; widely applicable for cardiovascular
applications.

* Hydrogels: Tender to touch and remarkably pliant thus
would provide the nearest match to natural tissue that
can in turn make them work well with long term
implants.

Long-Term Stability:

e Mechanical Durability: Tissues and substrates
exposed to the human body’s variabilities and constant
mechanical demands in particular for long periods must
be able to endure the pressure.

e Chemical Stability: They should not degrade and
should be able to retain their properties as they undergo
the necessary processes in the human body such as
exposure to different fluids and pH levels.

Recent technological improvements in the
materials technology area have given new polymers as
well as composites that exhibit improved bio-
compatibility in addition to rigidity and durability so that
the implantations stay optimally healthy and conducive
for longer periods of usage. [12]

Interaction with Human Tissues

Soft robotic implants interaction with the
human tissues is one of the vital factors of their
performance and uptake. In this case, success of
integration depends on how this implant will interact
mechanically to bones and how stable it will be in terms
of biology around it.

Mechanical Matching:

» The mechanical characters of any implants must match
the tissue it interacts with, for example in terms of
elasticity of the implants, flexibility of the tissues in
contact with the implants otherwise there may be
contractions such as discomfort, mechanical inaptitude,
and other related complications that precede implant
failure or tissue breakdown.

Surface Properties:

* Some of the common strategies for the modified
surface includes the coating with biocomaterials or
impregnation with bioactive species to facilitate tissue
incorporation and cell attachment on the implant.
Cellular Interactions:
* Cells can be programmed to attach, proliferate and
differentiate along the designed implant by embedding
micro-scale patterns or chemical signals into implants.
This is especially the case for implants referred to as
‘regenerative medicine’ implants or ‘tissue engineering’
implants. [13]
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Reducing Antibody Production as well as
Inflammation

Several questions and some of the significant
issues with implantable technologies include One of the
most significant problems when placing devices into the
body is immune response and inflammation. This is
because when such foreign materials are brought into the
body, the immune system is likely to mount a defense
against them and hence rejection and inflammation is not
unlikely.

Immune Evasion Strategies:

» Surface Coatings: The immune cells can also be
desensitized by applying on the implant surface anti-
inflammatory or immunomodulatory, that prevent the
recognition and response to the implanted object. They
may deliver Anti-inflammatory drug or molecules that
suppress the activation of immune cells.

* Hydrophilic Surfaces: Therefore, hydrophilic
interaction is more favorable than hydrophobic
interaction due to lower immune response of the cell to
hydrophilic materials. Scaling the implant surface
roughness could also reduce the amount of protein and
immune activation as a result of increased implant
hydrophilicity.

Anti-Inflammatory Materials:

* Including anti-inflammatory agents within the
construct of the implant can also help reduce
inflammation in the surrounding tissues since a certain
degree of inflammation is inevitable when tissues are cut
or pierced.

Encapsulation Methods:

* A covering of a thin layer of material that can prevent
it through immunological recognition can keep the
immune system from attacking the implant while at the
same time allowing for the transport of molecules that
are required by the implant through processes like
nutrient delivery and module delivery.

Such an undertaking means that researchers and
developers of soft robotic implants for medical
applications can improve the safety, efficiency, and
durability of the implants through well-planned
interactivity with the human tissues, and by avoiding
triggers that lead to immunity and inflammation in the
body. [14]

VIl. CASE STUDIES AND
APPLICATIONS

Drug Delivery Applications

Yielding also pointed out that soft robotic
implantation has a high probability in the area of drug
delivery, particularly diseases that are with long-term
such as diabetes and cancer, pain and postoperative
treatment.
Chronic Disease Management
Diabetes: The implantation of soft robotics for diabetes
is revolutionizing the conception of treatment with
precision and constancy of insulin injection. They can

also mimic a pancreas because it will be able to detect
very high levels of glucose and will release insulin in a
ratio of 1:1. This approach helps in maintaining the ideal
glucose levels in the blood which is very crucial since it
shields the body against other complications linked to
diabetes including heart diseases and nerve damage. [15]
Cancer: Soft robotic implants can also be useful in
oncology, as it prescribes the delivery of chemotherapy
agents to the cancerous tissue only. This is a directed
way of handling the diseases and it minimizes incidental
toxicities experienced in the body as it delivers more
concentrations of the molecules or radiations to the
cancerous cells as compared to healthy cells. This way,
an implant providing the chemical in question can
release a constant and long-term supply of the drug; it
will improve the benefit/cost equation and help mitigate
any discomfort from the patient. [16]

According to research findings in the literature,
pain is reported to be among the more frequent
symptoms that patients experience during postoperative
phases.

Self- healing and soft robotic systems are also
effective particularly in the administration of analgesics
and generally the improvement of the post-operative care
through drug delivery.

e Pain Management: Self-healing materials can be
convenient to employ soft robotic implants in conditions
like delivering analgesic drug to the site of pain for
example. That being said, the technology enables
modulation of these pain pathways and therefore
reducing the opioid dose needed systematically hence
reducing the side effects on a patient, particularly after
or during surgery.

« Postoperative Care: After special surgeries where
robots can be implanted with some crucial substances
like antibiotics or even anti-inflammatory substances can
be released to the particular area that has been operated
on. This is because; such selective drug delivery reduces
instances of getting infected, reduces inflammation, and
speeds up the rate of healing, hence; improvements in
the post-operational outcomes. [17]

Soft robotic implants is another major
advancement in the treatment of the patient because it
can deliver medicine directly to the specific body part of
the patient removing the other part of the body while
avoiding side effects to other organs as well as reduce
pains experienced in chronic diseases, post-operative
care among them juggling of treatment results in better
outcome of the patient since the dosage of the medicine
applied is increased while side effects and complications
thereof are minimized. Future research in this line is
expected to build up on the novel techniques of
employing soft robotic implants to draw more hospital
practice.

Tissue Monitoring Applications

Sof tissue robots that have embedded analytic
sensors and Functional actuators are well advantageous
in monitoring of retarded vigorous signs in a real-time
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manner for enhancing health care delivery especially on
essential delicate organs such as cardiovascular system,
neurological system, and for wound healing.
Cardiovascular Monitoring

Soft  robotic  implants  designed  for
cardiovascular monitoring provide continuous and
accurate measurements of essential parameters such as:

e Blood Pressure: It revealed to them that through
implants they are capable of monitoring bodily pressure
in real time that is essential in the lives of those with
high blood pressure issues and Cardiovascular diseases.

* Heart Rate Variability: Thus, monitoring of Hrv is
useful to identify the components of autonomic nervous
system and to prognosis cardiovascular events.

* Arterial Stiffness: Arterial stiffness can be assessed to
diagnose and describe the development of early
atherosclerotic lesions; the assessment can also allow for
the measurement of the efficiency of the cardiovascular
system. [18]

Neural Activity Monitoring

Soft robotic implants for neural activity
monitoring are designed to:Soft robotic implants
developed for recording neural activity are intended to:

e Monitor Brain Activity: They can both
monitor activity in the brain, such as the neural signals,
or provide signals to a certain area of the brain that will
assist in the diagnosis as well as cure of some diseases
such as epilepsy, or Parkinson’s.

* Peripheral Nervous System Monitoring:
Electromyography is reliable when assessing the
viability of nerves, as well as for diagnosing Diseases
that involves the peripheral nerves. [19]

In this issue, we present articles that focus on
specific areas including immunology, regenerative
medicine and wound healing.

Soft robotic implants equipped with sensors can
monitor parameters critical for wound healing and tissue
regeneration, including Soft robotic implants that are
embedded with sensors are capable of tracking vital
factors that are noteworthy to evaluating the wound
healing and tissue regeneration protocols including:

* Temperature: A basic advantage of using
symptomology is that one is able to record the
temperature changes of the areas surrounding the wound
in order to diagnose an infection as well as monitor the
healing progress of the wounds.

 pH Levels: It is rather difficult to speak about the fact
that constant monitoring of the tissue pH in the wound
accelerates and also helps to determine the most optimal
approach to the problem.

* Oxygenation: Additional to the non-invasive imaging,
indicators of tissue oxygen availability can be utilized
for the assessment of tissue health and making
therapeutic intervention that may increase oxygen supply
options.

New potential possibilities in health care
provided by advanced sensors are as follows: that
cardiovascular process can be monitored to an extremely

high degree; that neuro processes can be watched
simultaneously; or that the phases of wound healing can
be observed. They expect that these implants will be able
to improve the patient’s treatment constantly and
effectively monitor the primary life signs which should
help defining various health issues and contribute to the
improvement of the treatment procedures in several
fields of medicine. Further work on this front that is,
more research done in this area will assist improve on
the type, size and function of the soft robotic implants
already in use by the clinicians. [20]

Technological Advancements

Thesis I1: Novel and Creative Processes: Technologies in
the formation of microstructures & nanotechnology
Recent advancements in  microfabrication and
nanotechnology have significantly enhanced the
capabilities and functionalities of soft robotic implants:

e Miniaturization: Printed electronics such as
photolithography and soft lithography technologies such
as photolithography and soft lithography technology can
be used to create miniaturized substructures of the
implants. It also permits the fabrication of dense systems
that may be incorporated and introduced without
significantly disrupting the average human lifestyle as
they blend with living cells.

e Nanoparticle Drug Delivery Systems: Thus it has
justified its relevance whereby nanotechnology in
pharmacy can also develop drug nanoparticles that
would encapsulate the drug and release it in a slow rate.
These nanoparticles can be dissolved in the soft robotic
implants thus reaching the specific organs that would
enable drug delivery that is more therapeutically superior
with minimum side effects.

« Biofunctionalization: The NIH promoting the use of
nanotechnology therefore consists in using biomolecules
and nanostructures on the surface of implanting
materials and in encouraging interaction with other
biological structures.

This is because biofunctionalization strengthens
the physical properties of the soft robotic implants in
vivo to perform with superior efficiency and reliability.
[21]

Wireless Communication and Power Supply is
another category that has experienced an evolution in
recent times due to advance in the area of technology.
Soft robotic implants benefit significantly from advances
in  wireless communication and power supply
technologies:

* Wireless Data Transmission: Anything that is hard-
wired can be made wireless through the use of bluetooth
and RFID devises in transferring the information from
the implants to other devises. This capability allows
patient treatment by indwelling cardiovascular telemetry,
for continuous monitoring of the beat, blood pressure,
and other vital signs and for the control of implant
functions without a wire connection.

e Wireless Power Transfer: Through inductive
coupling and electromagnetic resonance, it becomes
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possible to establish WPT to the implants without
charging them or plugging them into a power source
from time to time. From the above knowledge the
following findings were detected; this innovation
increases the durability of the implant and its feasibility
and also cushions the patients from the irritation and
even infections they may occasion by surgery
operations.

* Energy Harvesting: One of the categories of devices
that can be placed inside the human body to harvest
energy: the devices that are equipped with solar cells or
energy converting elements such as piezoelectric
material/ thermoelectric generators that can absorb
energy from the body movement or heat. this self-
sufficiency capability also sharpens the functional
duration of implants, it also tries to reduce dependence
on other powers sources which are foreign. [22]
A Dbrief overview of Machine Learning, a subset of Al, to
advance health care determinations for individual
patients.

Machine learning (ML) and artificial
intelligence  (Al) are revolutionizing personalized
medicine through their ability to analyze vast amounts of
data and derive actionable insights:

* Data Analytics: Stemming from the APPS paradigm,
highly developed pH-responsive soft Robots like
endoscopic Robots can decode physiological monitoring
data and parameters of the mentioned specific patient
through integrated ML algorithms based on the FP. It is
useful in determining such diseases that may compound
as well as in determining the treatment that is essential in
order to achieve the best results for every patient in
regards to their present diseases.

* Decision Support Systems: Healthcare practitioners
can then be assisted by decision support systems,
otherwise automated by artificial intelligence in data
analysis from monitoring to coming up with clinical
decisions. They can, therefore, emphasize developing
issues, propose that changes be made to the management
strategies, and warn the caring professionals of emergent
states in real time.

* Patient Monitoring and Management: While using
the ML models, one can quantify the patient state, watch
for changes and even possible degradation, as well as
contemplate the data this one or another model received
and make a prognosis on the base of such models’
practice. This is a proactive idea in defining the
particular care that patients need and providing them
with the most efficient approaches to their situation. [23]
Advances in micro fabrication and nanotechnology,
wireless technology and energy transfer, and artificial
intelligence and machine learning are the real game
changers for enhancing the fabrication and
implementation of the soft robotic implants. Every of the
stated innovations is enhancing the precision, rate, and
flexibility of implants in medication, liberalizing its
integration with customized medications boosting the
client success rate of its therapies throughout various

areas of medication. Further advancement and
employment of such technologies in the subsequent
studies will lead to novel functionality and employment
of soft robotic implants in field of practice.

VIll. CHALLENGES AND
LIMITATIONS

Three technical challenges involved in design
and manufacturing were identified to frame the context
of investigation:

e Material Selection: Choosing materials that are
biocompatible and can also be mechanically capable of
meeting the various tests that are presented by the human
body is fairly Stage. The structure and mechanics of the
material  should not alter, possess different
characteristics, or be unsuitable for the physiological
environment surrounding the body part and should not
elicit or contribute to any pathological alteration upon
contact with mechanical stress.

* Integration of Components: The integration of the
sensors, actuators, and power source into small scale
implants may be difficult to work out since they used to
be designed to function as required and can have long
life expectancy. The miniaturization of the overall set of
components continues to remain difficult without
compromising the efficiency factor this remains a key
challenge unfolds to technologists.

* Mechanical Stability: This brings out one of the major
demerits of how challenging it is to ensure that shown
soft robotic implants do not compromise their structures
and functionalities as they are used within extended
intervals of time in relatively dynamic biological
environments. It has to be easily coat and it should not
affect the use of the implant in anyway and also hold up
to physical stress like bending stretching etc [24]
Regulatory and Ethical Considerations

Soft robotic implants are subject to stringent
regulatory requirements and ethical considerations: Soft
Robotic Implants focal point the retreat and involve
various levels of regulations & ethical connotations such
as:

* Regulatory Approval: As is the case with some other
nations, Certification of medical devices or approval to
sell them in the United States for instance by the Food
and Drug Administration means that a certain device has
been subjected to rigorous tests to meet formal
requirements on safety and reliability. The creation of
soft robotic implants is a complex procedure and as is
the case with most integration of various kinds of
technologies, the authorization of such implants might
be slowed down.

* Privacy and Data Security: Several patients do not
accept usage of implants that gather individual
information and transfer them through the internet out of
concern regarding privacy violation and data theft.
Confidentiality is paramount as regards the handling of
patient information and ensuring that everyone with ill-
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intent does not get access to the patient’s details; this is
through ensuring secure channels are maintained within
the communication processes of the patients’ data.

« Ethical Use of Technology: Solicit moral issues like
consent in the people who undergo implantations,
adverse effects that come with the invasive methods, the
social impact of creating enhanced human capabilities
using technology. [25]

Compliance and safety of the patients are some
of the significant issues that are vital to address in the
cases related to the application of soft robotic implants:

* Invasive Procedures: Lap demands come with some
level of risks after the implantation procedure touching
on areas such as infection, tissue inflammation, and
surgery complications among others. The risks involved
are the same and thus there are new methods which
manufactures are developing to reduce patient risks.

* Long-term Reliability: It is very essential that any
type of soft robotic implant has functionality and the
ability to always maintain the biocompatibility for years
of use. When machinery fails or has a malfunction, it
may cause un-desirable consequences where sometimes
additional processes unwanted by the patient are
performed.

 Patient Acceptance: Implantation depends upon the
number of advantages over a regular technique or system
as well as its comfort and acceptance by the patient as
well as the staff. While handled information that is
safety, potency and possible ramifications for the use of
implants are equally as important for the more
generalized usage of implants within practice. [26]

Despite many challenges targeting health care
issues, soft robotic implant face quite several technique,
legal, ethical, and security questions. To move further
ahead, the said challenges can be defeated by studying
these aspects in detail and integrating the theory and
practice in designing and manufacturing the soft robotic
implants according to the fine line of regulations while
being ethical throughout the practices to make the
specific field advanced and improve the results and
survival rates of the patients with such artificial
implants.

IX. FUTURE DIRECTIONS

It is a good opportunity to develop personalized
and precision medicine that can cure or indeed manage
diseases in their early stages and with higher probability.
The future of soft robotic implants holds immense
potential for advancing personalized and precision
medicine: Future development of soft robotic implants is
expected to bring significant benefits to modern
healthcare practices as well as to personalized and
precision medicine.

* Personalized Treatment Strategies: Incorporating
biosensors and artificial intelligence analytics in soft and
flexible mater, biosensors, and Al analytical information
pertaining to the patients can be captured and processed

in real-time when the implants are administered with
such materials. This capability implies the flexibility of
treatment by varying the recommended treatment plan in
relation to the given physiological reaction and disease
path in a patient.
* Precision Drug Delivery: Nanotechnology alongside
with a method of how it interacts with implant to allow
delivery of medication to a specific site of interest like
tissue or organ. It also indicates how to decrease the
chance of developing side effects that are inherent to the
system and how to improve the efficiency of the
treatment process, which paves the way to the rendre
prescription of drugs tailored to the nature of a particular
patient’s illness.
» Genomic and Biomarker Integration: An integration
of genomic data and biomarker analysis with the
implants the new method in soft robotic implantation is
effective to advance the examination of personalized
medicine in the future. So, through genetic implant, the
design of implants will show that a certain disease is
likely to develop and hence implants will aid in early
disease diagnosis and treatment to be carried out.
Integration of the proposed technology with other
medical equipments

Soft robotic implants are poised to integrate
seamlessly with other medical technologies, enhancing
their capabilities and applications: Soft robotic implants
are designed to be compatible with other technologies in
medicine, thus promising to elevate these technologies’
performance and the fields in which they can be used:
* Robot-Assisted Surgery: It is of great feasibility
where soft robotic implants add onto the robotic surgical
systems in as providing an improvement on effectivity
and safety in operations. Some of the uses could include
controlling the tissue as a tool for reshaping, a means of
delivering operative site targeted drugs and the
monitoring of the patient’s response all at once.
* IoMT (Internet of Medical Things): Smart Implants
with 1oMT platforms make the perpetual presence and
reporting to the doctor’s chambers possible”. This
connectivity enhances patients care, ensures timely
interventional, and provides capacity by mean of
telemedicine especially to various regions of rural.
+ Biomedical Imaging: Soft robotic implants that exist
within human tissue possess an inherent capability of
directly interfacing with MRI and CT scanners to create
such topographical maps. As a result of this integration,
implants can be placed accurately, and the anatomical
and histological reactions to increase understanding of
treatment regimes may be assessed.
Picking up Current and Future Trend Area

Future research in soft robotic implants is likely
to focus on several emerging trends and innovative
applications
* Bioinspired Design: Biomedical uses of soft robotics
promise enhanced treatment solutions, and in this
application area, biomimetic concepts are used to design
soft robotic implants. These designs have the goal of
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replicating natural kinematics, dynamics, flexibility and
biomorphic form, in order to enhance the metaphysical
performance and integration of the implant body.

e Smart Materials and Sensors: The future or Third
Generation implants are the ones that will be embedded
with smart materials like shape memory alloys, self-
healing polymers, among others; will enable the
implants to adapt in regard to changes in the
physiological and mechanical loads. New introductions
will place advanced sensors for biomarker identification
as well as context to diagnose.

* Regenerative Medicine: Soft robotic implants are
relatively a new category of implant and a promising
area of research with one of the most relevant uses being
the use in assisting the tissue grafting as well as the
healing process. Active proteins, construction materials
and sensors that track tissue microenvironment are
periodically applied in order to for tissue repair as well
as functional recovery of implants.

* Ethical and Societal Implications:

There are several ethic points that are going to
appear; the confidentiality of the patient, the right of the
patient to choose, and the availability from the issue of
equity in the distribution of the implant technologies. A
few more of social acceptance, rules, policies, and
policies towards innovate in medical robots will decide
the advancement of the area of soft robotic implants.

Considering the advancement revealed in the
existing study, the outlook for soft robotic implants is
positive and soon, further areas of interest will be given
in the following works: Conducting more contacts with
patients who had severe TBI, searching for comfortable
compatible technologies with soft robotic implantary
use, researching new directions for future studies, and
more objectives will be briefly briefly outlined below.
Understanding these opportunities and overcoming
deficiencies of present days, soft robotic implants could
alter significantly further prospects of the health care
services and can give positive impact to patients to
further advance the medical science in the decades
ahead. [27]

X. CONCLUSION

Thus the field of soft robotic implants is said to
be an exciting frontier in the field of health care that
marks an exciting era of advances in medical practice in
as much as implementation of innovation and merging
with other technologies. A realm for personalized and
precision medicines seems plausible as reported that
implants are capable of capturing real-time patient data;
introducing precise therapy; and recalculating the
treatment plan depending on response that a particular
patient has given to the approached treatment.
Compatibility and inter-operability with other medical
technologies including robotic surgery and biomedical
imaging augments the expansiveness and efficacy of soft
robotic implants for various applications in medicine. In

the future, fundamentals of the design, the concept of
smart material, and regenerative medicine offer
expectations of more sophisticated mechanical
performance and the biological compatibility of the
implant. Legal factors such as patient confidentiality and
rights to access to adequate treatment pose crucial
ethical concerns in medical robotics for patient safety.
Looking to the future as the scholarly inquiry expands,
further specific developments of the novel design,
engineering, and biomaterial aspects of soft robotic
implants will be crucial to optimize patients’ health and
global transformation of the delivery of healthcare.
Through cooperation with biomedical engineering
experts, surgeons, and agency, the future promises
miraculous uses of soft robotic implants for increasing
patients’ quality of life and setting new standards in
addressing numerous diseases in the years to come.

REFERENCES

[1] Whitesides, G. M. (2018). Soft Robotics: An
Emerging Paradigm. Annual Review of
Biomedical Engineering, 20, 85-102.

[2] Rus, D., & Tolley, M. T. (2015). Design,
fabrication and control of soft robots. Nature,
521(7553), 467-475.

[3] Trimmer, B. (2013). A journal of soft robotics:
Why now? Soft Robotics, 1(1), 1-4.

[4] Kim, S., Laschi, C., & Trimmer, B. (2013). Soft
robotics: A bioinspired evolution in robotics.
Trends in Biotechnology, 31(5), 287-294.

[5] Guo, B.,, & Ma, P. X. (2014). Synthetic
biodegradable functional polymers for tissue
engineering: A brief review. Science and
Technology of Advanced Materials, 15(1),
014101.

[6] Mirvakili, S. M., & Hunter, I. W. (2018).
Artificial muscles: Mechanisms, applications,
and challenges. Advanced Materials, 30(6),
1704407.

[7 Dargahi, J., Najarian, S., & Jalili, N. (2010).
Introduction to tactile sensing and display
technologies and applications. In Tactile
Sensing and Display Technology for Minimally
Invasive Surgery (pp. 1-36). Springer, Boston,
MA.

[8] Siepmann, J., & Siepmann, F. (2008).
Mathematical modeling of drug delivery.
International  Journal of Pharmaceutics,
364(2), 328-343.

[9] Allen, T. M., & Cullis, P. R. (2004). Drug
delivery systems: Entering the mainstream.
Science, 303(5665), 1818-1822.

[10] Jeong, J. W., Yeo, W. H., Akhtar, A., Norton, J.
J. S, Kwack, Y. J, Li, S., ... & Rogers, J. A.
(2013). Materials and optimized designs for
human-machine interfaces via epidermal

emr 1 his work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Journal for Research in Applied Sciences
and Biotechnology

WWW.jrash.com

ISSN: 2583-4053

Volume-3 Issue-4 || August 2024 || PP. 28-39

https://doi.org/10.55544/jrasb.3.4.5

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

electronics. Advanced Materials, 25(47), 6839-
6846.

Gao, W., Emaminejad, S., Nyein, H. Y. Y.,
Challa, S., Chen, K., Peck, A,, ... & Javey, A.
(2016). Fully integrated wearable sensor arrays
for multiplexed in situ perspiration analysis.
Nature, 529(7587), 509-514.

Ratner, B. D. (2001). Biomaterials science: An
introduction to materials in medicine. Academic
Press.

Engler, A. J., Sen, S., Sweeney, H. L., &
Discher, D. E. (2006). Matrix elasticity directs
stem cell lineage specification. Cell, 126(4),
677-689.

Anderson, J. M., Rodriguez, A., & Chang, D. T.
(2008). Foreign body reaction to biomaterials.
Seminars in Immunology, 20(2), 86-100.

Censi, R., & Esposito, S. (2014). Drug delivery
for diabetes management: From traditional
therapies to advanced technologies. Medical
Devices: Evidence and Research, 7, 361-372.

. Blanco, E., Shen, H., & Ferrari, M. (2015).
Principles of  nanoparticle  design  for
overcoming biological barriers to drug delivery.
Nature Biotechnology, 33(9), 941-951.

Li, J., Mooney, D. J., & Designing hydrogels
for controlled drug delivery. Nature Reviews
Materials, 16(6), 579-592.

Choi, J., Cho, H. R, Kim, J., Lee, J. Y., Choi,
H., Hong, N. .. & Kim, D. H. (2020).
Mechano-acoustic sensing of physiological
processes and body motions via a soft wireless
device placed at the suprasternal notch. Nature
Biomedical Engineering, 4(2), 148-158.

Kim, T. I., McCall, J. G., Jung, Y. H., Huang,
X., Siuda, E. R,, Li, Y., ... & Bruchas, M. R.
(2013). Injectable, cellular-scale optoelectronics
with applications for wireless optogenetics.
Science, 340(6129), 211-216.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Khan, F., Tanaka, M., Ahmad, S. R, &
Morimoto, Y. (2017). Design strategies for
tissue regeneration and repair using implantable
devices. Advanced Healthcare Materials, 6(5),
1601089.

Jain, R. K., & Stylianopoulos, T. (2010).
Delivering nanomedicine to solid tumors.
Nature Reviews Clinical Oncology, 7(11), 653-
664.

Dagdeviren, C., Yang, B. D, Su, Y., Tran, P.
L., Joe, P., Anderson, E., ... & Rogers, J. A.
(2014). Conformal piezoelectric  energy
harvesting and storage from motions of the
heart, lung, and diaphragm. Proceedings of the
National Academy of Sciences, 111(5), 1927-
1932,

Obermeyer, Z., & Emanuel, E. J. (2016).
Predicting the future - Big data, machine
learning, and clinical medicine. New England
Journal of Medicine, 375(13), 1216-1219.
Laschi, C., & Cianchetti, M. (2014). Soft
robotics: New perspectives for robot bodyware
and control. Frontiers in Bioengineering and
Biotechnology, 2, 3

Gogia, S., & Ramesh, S. V. (2019). Regulatory
requirements for medical devices: A review.
Medical Devices: Evidence and Research, 12,
87-98.

Mendoza, M., Gongalves, F. C., & Stroeken, J.
(2021). Patient compliance in the use of
medical devices for chronic diseases: A review.
Journal of Clinical Engineering, 46(1), 1-11.
Shademan, A., Decker, R. S., & Opfermann, J.
D. (2016). Current and emerging trends in the
application of soft robotics in medicine.
Current Opinion in Biomedical Engineering, 1,
15-22.

emr 1 his work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



