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Abstract

Micro robots, miniature robotic devices typically ranging from micrometers to a few millimeters in size,
hold immense potential in various fields, particularly healthcare. Their diminutive stature enables access to
intricate anatomical regions previously unreachable, facilitating targeted drug delivery, localized treatment,
and precise monitoring. These robots offer numerous advantages, including enhanced maneuverability,
reduced invasiveness, and minimized tissue damage. By navigating through complex biological environments,
micro robots can deliver therapies with unprecedented precision, improving treatment efficacy and patient

outcomes. Additionally, their small size allows for minimally invasive procedures, reducing recovery times
and enhancing patient comfort. Overall, micro robots represent a groundbreaking technological advancement
with the potential to revolutionize healthcare delivery and significantly benefit human well-being. Their small
size enables access to intricate anatomical regions for targeted drug delivery, localized treatment, and precise
monitoring. Despite challenges like size constraints and navigation complexities, innovative solutions and
interdisciplinary collaboration are driving their advancement in improving healthcare outcomes.
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1. Introduction scale. Typically, they possess dimensions on the order
of micrometers or millimeters and are crafted using
advanced microfabrication techniques [2]. Micro robots
deployed for internal navigation within the human
body are engineered with specific functionalities and
structures tailored for maneuvering through intricate
blood vessels [3]. Although the field of micro robots
is still in its nascent stages, researchers anticipate
numerous potential benefits from their application in
human physiology. One compelling application of these
micro swimmers is in targeted drug delivery. By affixing
drugs to the surface of these micro swimmers, they can
be directed precisely to targeted areas within the body
*Corresponding author. Email: ajm@jxust.edu.cn where their therapeutic effects are most needed [4].
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Micro robots represent groundbreaking technology,
particularly in healthcare, offering targeted therapies,
precise interventions, and the ability to navigate
within the body [1]. Among these, microscopic
swimming robots, also known as micro swimmers,
have demonstrated significant potential in medical
treatment. These tiny robotic devices, commonly
referred to as micro-robots or miniature robots, are
intricately designed to execute various tasks on a small
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Such precision targeting holds the promise of reducing
side effects associated with conventional treatments and
enhancing overall treatment efficacy.

The aim of this study is to provide a comprehensive
review of the current state of art and challenges in the
field of microrobots in healthcare. By examining the
design, development, and application of microrobots in
healthcare settings, we aim to highlight their potential
in revolutionizing healthcare practices and improving
patient outcomes. To ensure the reliability and accuracy
of our findings, we utilized proper scientific search
engines and databases to identify relevant studies and
select suitable journals for inclusion in this review. By
adopting a rigorous approach to the search process, we
aim to present a thorough and up-to-date overview of
the advancements, limitations, and future prospects of
microrobots in healthcare.

2. The Historical Evolution of Microrobots

The evolution of micro robots is a fascinating jour-
ney spanning several decades, characterized by notable
technological and robotic advancements [5, 6]. This
journey can be segmented into seven stages: Early
Concepts, Electromechanical Systems, Microelectrome-
chanical Systems (MEMS) and Nanotechnology, Biolog-
ically Inspired Designs, Medical and Biological Appli-
cations, Advancements in Control and Navigation, and
Integration with IoT and Wearable Technologies. Each
stage represents a significant milestone in the devel-
opment of micro robotics, showcasing innovation and
progress in various fields as its shown in Figure 1.

As the Figure 1 shown the history of micro robot
consist of seven stages as follows.

1. Early Concepts (1950s-1960s): The idea of minia-
turized robots, capable of performing tasks at a
microscopic scale, began to emerge in the 1950s
and 1960s. Early discussions and conceptualiza-
tions focused on the potential applications of tiny
machines for medical procedures and industrial
tasks [7].

2. Electromechanical Systems (1970s-1980s): Dur-
ing the 1970s and 1980s, researchers and engi-
neers started experimenting with electromechan-
ical systems that could mimic basic movements
and functions of larger robots. These systems
often relied on simple actuators and sensors,
paving the way for more sophisticated designs [8].

3. MEMS and Nanotechnology (1990s-2000s):
The advent of Microelectromechanical Systems
(MEMS) and advancements in nanotechnology
in the 1990s and 2000s revolutionized the field
of micro robotics. MEMS technology enabled
the fabrication of tiny components with precise

control over dimensions and functionality. This
era saw the development of micro sensors,
actuators, and integrated circuits essential for
micro robot design [9, 10].

. Biologically Inspired Designs (2000s-Present):

In the 2000s and beyond, micro robots began
to draw inspiration from biological systems,
leading to the emergence of bio-inspired robotics.
Researchers explored concepts such as swarm
robotics, where multiple tiny robots collaborate to
achieve complex tasks resembling behaviors seen
in nature, such as collective foraging or pattern
formation [11].

. Medical and Biological Applications (2000s-

Present): One of the significant areas of appli-
cation for micro robots is in medicine and
biology. Micro robots have been developed for
tasks like targeted drug delivery, minimally inva-
sive surgery, and exploratory procedures within
the human body. These robots often leverage
advanced materials and control mechanisms to
navigate intricate environments safely [12].

. Advancements in Control and Navigation

(2010s-Present): Recent vyears have seen
remarkable progress in control and navigation
systems for micro robots. Advanced algorithms,
including artificial intelligence and machine
learning, play a crucial role in enabling
autonomous and adaptive behavior in these
miniature machines. Additionally, improvements
in power sources and energy-efficient designs
have extended the operational capabilities of
micro robots [13].

. Integration with IoT and Wearable Technologies

(2010s-Present): The integration of micro robots
with the Internet of Things (IoT) and wearable
technologies has opened up new possibilities
for applications in areas such as environmental
monitoring, disaster response, and personalized
healthcare. Micro robots can work in concert with
larger systems or operate independently as part of
distributed networks [14].
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Table 1. The microrobot application in Human diseases
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Figure 1. The micro robot history over the years

The historical evolution of micro robots reflects a
trajectory of innovation driven by interdisciplinary

Disease Micro Robot Application Ref  collaboration, technological breakthroughs, and a
Cancer Targeted drug ) delivery to cancerous [19] growing understanding of the potential impact of
:.umors' enhancing chemotherapy effec- these tiny yet powerful machines in various fields.The
iveness. . . o . .
Microrobots find applications in targeted drug deliver
Cardio- Navigation through blood vessels to [20] . ¢ app ars Tug very
. and minimally invasive surgery in biomedical settings,
vascular remove arterial plaque. . S . .
: L while also contributing to pollution monitoring and
Delivery of drugs within blood vessels. . . ¢ . ;
Neurological Treatment of brain tumors,aneurysms, [21] mlcr-o.—scale manipulation in e.nVIrO.nmental contexts.
Disorders and neurovascular diseases through drug Addl.tlonally, they play a role. n micro assembly ar.ld
delivery in brain regions. quality control processes within various industrial
Gastro- Diagnosis and treatment of gastrointesti- [22] sectors [15]. With respect to area of use , there are
intestinal nal diseases, including locating polyps some area and disease that micro robots can be applied.
Disorders Delivery of medication within the gas- Robotics in medicine encompasses targeted drug
trointestinal tract. delivery [16], surgery assistance [17], and diagnostic
Respiratory  Drug delivery to lung tissues in condi- [23] support [18] across various fields are shown in Table 1.
Diseases tions like lung cancer or pulmonary infec-
tions.
Aid in minimally invasive lung surgeries. X
Infectious Applications in identifying and eliminat-  [24] 3. Advamages and Dlsadvantages
Disease ing infectious agents within the body, aid- . . .
16 TIECHIONS a5E v Micro robots in healthcare excel in targeted drug
ing in viral infections. deli imally i . di di .
Diabetes Precise delivery of insulin to manage [25] ¢€'IVErY, MINIMally Nvasive SUrgery, disease diagnosis,
blood sugar levels. an.d monitoring, ta.rgeted imaging and therapy, apd
Autoimmune Delivery of immune-modulating medica- [26] MICIOSUIgery, offering precise treatments, proactive
Disorders tions directly to affected tissues. healthcare, and advancements in tissue engineering.
Genetic Delivery of gene-editing tools to specific [27] Micro robots offer customized treatment options,
Disorders cells or tissues for gene therapy to treat ensuring that healthcare interventions are tailored to
genetic disorders at their source. individual patient needs, leading to improved outcomes
Orthopedic ~ Maintenance of orthopedic implants such  [28] ~and enhanced precision in medical care [31]. The main
Conditions  as artificial joints or bone grafts, improv- advantage of these robots can be listed as follows.
ing long-term outcomes of procedures.
Eye Precise delivery of drugs or therapeutic [29] 1. Targeted Drug Delivery: Micro robots can be
Disorders agents to targeted regions within the eye, engineered to transport drugs or therapeutic
aiding in the treatment of retinal diseases. agents to specific locations within the body
Urological Targeted drug delivery or removal of [30] with precision. They can navigate through the
Disorders kidney stones and tumors in urological

conditions, reducing the need for invasive
procedures. 3
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Micro robot and human disease area of application
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Figure 2. Micro Robot and human disease area of application

bloodstream, cross biological barriers, and deliver
medications directly to diseased tissues or organs.
This targeted drug delivery can enhance the
effectiveness of treatments while minimizing side
effects [32].

2. Minimally Invasive Surgery: Micro robots have
the potential to revolutionize surgical procedures
by enabling minimally invasive interventions.
These tiny robots can be guided through small
incisions or natural orifices, allowing surgeons
to access delicate areas of the body that would
otherwise require more invasive techniques. They
can assist in tasks such as tissue repair, removal of
tumors, or precise suturing [33].

3. Disease Diagnosis and Monitoring: Micro robots
could be used as diagnostic tools, capable
of reaching inaccessible areas to gather tissue
samples, perform biopsies, or detect early signs
of diseases. Additionally, they can continuously
monitor various physiological parameters, such
as glucose levels or blood pressure, and transmit
real-time data to healthcare providers, enabling
personalized and proactive healthcare [34].

4. Targeted Imaging and Therapy: Micro robots
can be equipped with imaging capabilities, such
as tiny cameras or sensors, allowing them to
capture high-resolution images of specific areas
inside the body. These images can provide
valuable information for diagnosis or help guide
therapeutic interventions. Furthermore, Micro
robots can be used to deliver localized therapies,
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such as heat or light, directly to targeted tissues
for more precise and effective treatments [35].

5. Microsurgery and Tissue Engineering: Micro
robots have the potential to aid in delicate micro-
surgeries, where their small size and precise con-
trol can be advantageous. They can assist in pro-
cedures involving delicate blood vessels, nerves,
or other tiny anatomical structures. Moreover,
Micro robots can be utilized in tissue engineering
approaches to assemble and manipulate cells or
bio-engineered constructs, enabling the develop-
ment of complex and functional tissue [36].

It’s important to note that while microrobots hold
significant promise in these areas, many challenges
remain to be addressed, including ensuring their safety,
biocompatibility, and effective control mechanisms.
Clinical trials and rigorous testing are necessary before
widespread adoption of microrobots in the treatment
of these diseases and conditions. Additionally, the
specific design and capabilities of microrobots may
vary depending on the intended medical application
[37]. Figure 2 shows the microrobot and human disease
area of applications that was mentioned in the table 1.
This paper focuses on their benefits, features, design,
materials, navigation methods, limitations, and control
mechanisms, aiming to understand their potential fully.

4. Type of Microbots

Micro robots come in various types, each designed for
specific applications and equipped with unique fea-
tures [38]. some common types of micro robots based
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on their design and functionality can be summarized
as Biological(biohybrid, cell-based, nanobiobots), Syn-
thetic (MEMS/NEMS, soft, swarm, bio-inspired), and
Functional(medical, environmental, industrial), and
hybrid (bio-synthetic). Used in medical, environmental,
and industrial fields, Offering precise tasks like drug
delivery and monitoring which is described as follows:

1. Biological Microrobots: These robots encompass
three main types: Biohybrid Robots, Cell-Based
Robots, and Nanobiobots. Biohybrid Robots
microrobots combine biological components, such
as cells or tissues, with synthetic materials [39].
They can exhibit behaviors similar to living
organisms and are often used in biomedical
applications, such as targeted drug delivery or
tissue engineering. Cell-Based Robots are built
using living cells, such as bacteria or mammalian
cells, integrated into a synthetic structure. They
can be programmed to perform tasks like
sensing chemicals or moving in response to

medical applications, these microrobots can nav-
igate through the body’s tissues, deliver drugs
to targeted locations, perform minimally invasive
surgeries, or assist in diagnostic procedures [47].
Environmental Microrobots Used for environ-
mental monitoring and remediation tasks, such
as detecting pollutants in water or soil, clean-
ing up microplastics, or exploring hazardous
environments [48] and Industrial Microrobots
Employed in manufacturing and industrial pro-
cesses, including micro assembly, quality control
inspections, and maintenance tasks in confined
spaces [49].

. Hybrid Microrobots: Combining biological and

synthetic elements to create hybrid micro-
robots [50] named as Bio-Synthetic Hybrids
with enhanced functionalities, such as self-repair
mechanisms, adaptive behaviors, or biocompati-
bility for medical applications [51].

external stimuli [40]. Nanobiobots are Nanoscale =~ Some of the current types of Micro robots used for
robots made from biological materials, such navigating inside the human body can be listed as

as DNA or proteins, capable of performing  bellow;

nanoscale operations like molecular assembly or
manipulation [41].

2. Synthetic Microrobots: This group comprises
four types of robots: MEMS and Nanoelec-
tromechanical Systems (NEMS) Robots, Soft
Robots, Swarm Robots, and Bio-Inspired Robots.
MEMS/NEMS Robots are fabricated using micro-
and nano-scale engineering techniques. They typ-
ically feature miniaturized actuators, sensors, and
control systems for precise manipulation and
sensing tasks [42]. Soft Robots are made from
flexible or compliant materials, allowing them
to deform or change shape for versatile locomo-
tion and manipulation. Soft robots are suitable
for applications requiring interactions with del-
icate environments or biological tissues. Micro
robots are designed to work in groups or swarms
named Swarm Robots, coordinating their actions
to achieve collective goals [43]. Swarm robotics
principles are inspired by behaviors observed in
natural systems, such as ant colonies or bird
flocks [44]. Bio-Inspired Robots as the group
inspired by biological organisms or structures,
such as insect-like robots for agile locomotion,
fish-inspired robots for underwater exploration,
or bird-inspired robots for aerial surveillance [45].

3. Functional Microrobots: The third category
encompasses Medical Microrobots, Environmen-
tal Microrobots, and Industrial Microrobots [46].
Medical Microrobots Designed specifically for

1. Flagellated Micro robots: These Micro robots

mimic the motion of bacterial flagella for propul-
sion. They have a helical or corkscrew-shaped
structure that enables efficient movement through
bodily fluids. Flagellated Micro robots offer good
maneuverability and can navigate complex envi-
ronments. However, their fabrication and control
can be challenging, and their potential for payload
delivery is still being explored [52].

. Acoustic Micro Robots: These Micro robots use

acoustic waves to generate propulsion and navi-
gate through fluids. They can be controlled exter-
nally using acoustic fields and offer potential for
targeted drug delivery and imaging applications.
Acoustic Micro robots have the advantage of being
non-invasive and can work in various bodily flu-
ids. However, their miniaturization and integra-
tion of sensors pose technical challenges [53].

. Nano Robots: Nanorobots are nanoscale robots

designed for precise manipulation at the cellular
or molecular level. They can perform tasks
such as drug delivery, imaging, or sensing.
Nanorobots offer high precision and the potential
for targeted therapy. However, their development
is still in the early stages, and challenges related
to manufacturing, control, and biocompatibility
need to be addressed [54].

. Biohybrid Micro Robots: These Micro robots

combine biological components, such as living
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cells or tissues, with synthetic materials to cre-
ate hybrid systems. They can leverage biolog-
ical properties, such as self-propulsion or tar-
geting abilities, while benefiting from synthetic
control mechanisms. Biohybrid Micro robots offer
enhanced biocompatibility and potential for com-
plex tasks. However, their integration of biological
components and maintaining long-term function-
ality pose challenges [55].

5. Magnetic Micro Robot: These Micro robots are
propelled using external magnetic fields. They
are typically made of biocompatible materials
and can be guided through blood vessels with
precision. They offer good controllability and have
the potential for targeted drug delivery. However,
their payload carrying capacity is limited due to
their small size [56].

When comparing these Micro robots, it’s important
to consider factors such as propulsion mechanism,
controllability, payload capacity, biocompatibility, and
specific application requirements. Each type of micro
robot has its own strengths and limitations, and
ongoing research is focused on addressing these
challenges to enhance their capabilities and enable their
widespread use in various biomedical applications.

5. Key Features and Functions of Micro robots in
design

Micro robots in healthcare possess characteristics such
as small size for navigating blood vessels safely, diverse
propulsion methods like magnetic fields or biological-
inspired mechanisms, built-in sensors for environment
detection, precise steering and control mechanisms,
capability to carry payloads like drugs or imaging
agents for targeted delivery, bio compatibility through
the use of safe materials, and various power sources
including miniature batteries or energy harvesting from
the body’s environment [57]. The common design
aspect can be listed as bellow:

1. Size: Micro robots are typically on the scale
of micrometers or nanometers, allowing them
to navigate through small blood vessels without
causing obstruction or damage [57].

2. Propulsion: Micro robots employ various meth-
ods of propulsion to move within the blood-
stream. Some common propulsion mechanisms
include using magnetic fields, acoustic waves, or
biological-inspired mechanisms like flagella or
cilia [57].

3. Sensors: Micro robots often have built-in sensors
to detect and respond to their environment. These
sensors can include imaging sensors, chemical
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sensors, or other types of sensors that help the
micro robot navigate, detect specific locations, or
identify targets [57].

4. Steering and Control: Micro robots have mech-
anisms for steering and control, allowing them
to change direction and move precisely within
blood vessels. This can be achieved through the
use of external magnetic fields, microactuators, or
by manipulating the flow of fluids [57].

5. Payload and Delivery: Micro robots can carry
payloads such as drugs, nanoparticles, or imaging
agents. They are designed to deliver these pay-
loads to specific targets within the body, providing
targeted therapy or diagnostic capabilities [57].

6. Biocompatibility: Micro robots need to be
biocompatible to ensure they do not cause harm
or elicit an immune response when inside the
body. They are often made from biocompatible
materials to minimize adverse effects [57].

7. Power Source: Micro robots may require a
power source for their propulsion and operation.
This can be achieved using miniature batteries,
wireless energy transfer, or harvesting energy
from the surrounding environment, such as
utilizing blood flow or temperature gradients [57].

The exact structure and functionality of Micro robots
can vary depending on their intended application and
the specific engineering approach employed. micro
robots offer a paradigm shift in healthcare by com-
bining targeted delivery, precise interventions, and
remote capabilities, leading to more effective treat-
ments, improved patient experiences, and advance-
ments in medical research and innovation.

5.1. Design Considerations and steps for Micro
robots

Designing micro robots for internal navigation involves
addressing unique challenges and considering multiple
factors to ensure their efficacy and safety in intricate
anatomical environments [58]. This process encom-
passes four major parts of Shape and Structure, Naviga-
tion Sensors, Flexibility and Adaptability and Biocom-
patible Materials as follows:

* Shape and Structure: Micro robots designed
for navigating complex anatomical environments
must have streamlined shapes and structures
to minimize friction and obstruction. Their size
and form factor should allow them to maneuver
through narrow passages and tight spaces without
causing tissue damage [58].
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 Navigation Sensors: Integration of advanced 5.2. Materials Used in Micro Robot Construction
navigation sensors such as cameras, ultrasound,
magnetic sensors, or micro-MEMS gyroscopes
enables precise localization and mapping within
the body, facilitating accurate navigation through

intricate anatomical structures [58].

Various materials can be used in the construction of
Micro robots for navigating inside the human body. The
choice of material depends on factors such as biocom-
patibility, mechanical properties, functionality, and the
specific application of the micro robot. The selection of
materials depends on the specific requirements of the
micro robot, including its function, compatibility with
the human body, and desired physical properties [59].
some commonly used materials can be listed as follows:

* Flexibility and Adaptability: Micro robots may
require flexible or deformable structures to nav-
igate through dynamic anatomical environments
where structures can change shape or position.
Adaptive mechanisms, such as soft robotics or
shape-changing technologies, enhance the robot’s
ability to navigate diverse anatomical configura-
tions [58].

1. Biocompatible Polymers: Biocompatible
polymers, such as polyethylene glycol (PEG),
poly(lactic-co-glycolic ~ acid)  (PLGA), or
polydimethylsiloxane (PDMS), are often used

Biocompatible Materials: Materials used in
micro robot construction must be biocompatible
to ensure compatibility with biological systems
and minimize the risk of immune responses or
tissue damage. Biocompatible polymers, metals,
and biomaterials are commonly employed in

micro robot design [58].

To adhere to the design process, the key design
considerations for micro robots in internal navigation
are outlined in the following Table 2.

Table 2. Design Steps considerations for Micro Robots in
internal Navigation's

Aspect Description

Design Factors include size, shape, materials, power

Consideration  source, locomotion mechanisms, and payload
capacity, tailored to the intended application
and operating environment.

Miniaturization Focuses on shrinking components using
microelectronics, microactuators, and
microsensors to achieve the small scale
required for navigating.

Materials Critical choice of biocompatible, lightweight,

Selection durable materials capable of withstanding
operating conditions.

Fabrication Techniques such as MEMS technology, 3D

Methods printing, microfluidics, and nanotechnology

enable precise manufacturing of microscale
components.

Integration of
components

Involves combining sensors, actuators, power
sources, and control systems into a compact
design, requiring careful engineering for
seamless operation and compatibility.

Testing and

Rigorous testing for functionality, reliability,

Validation durability, and safety, particularly crucial in
medical applications.
Scalability Considerations for mass production scalability

to meet demand for widespread deployment in
healthcare and other industries.

due to their compatibility with biological systems
and low toxicity [59].

. Magnetic Materials: Micro robots that are pro-

pelled using magnetic fields often incorpo-
rate magnetic materials, such as ferromagnetic
nanoparticles or magnetic alloys like nickel or
cobalt. These materials can respond to external
magnetic fields for controlled movement [59].

. Biodegradable Materials: In some cases, Micro

robots are designed to degrade or dissolve
inside the body after completing their tasks.
Biodegradable materials like magnesium alloys,
silk-based materials, or hydrogels are employed
to ensure the Micro robots do not leave any long-
term foreign bodies [59].

. Shape Memory Alloys: Shape memory alloys,

such as nitinol (a nickel-titanium alloy), have
unique properties that allow them to change
shape when exposed to heat or electrical currents.
These alloys can be used in Micro robots to
achieve reversible changes in shape for navigation
or manipulation [59].

. Nanoparticles: Micro robots may incorporate

nanoparticles, such as gold nanoparticles or
quantum dots, for imaging, drug delivery, or
sensing purposes. These nanoparticles can be
functionalized with specific ligands or molecules
to enhance targeting or therapeutic capabilities
[59].

. Hybrid Materials: Micro robots can be con-

structed using combinations of different materials
to leverage their individual properties. For exam-
ple, a micro robot may have a polymer body with
magnetic nanoparticles embedded for propulsion
[59].
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5.3. Sensing Feedback

Sensing methods are vital for micro robots, enabling
precise navigation, interaction with the environment,
and detection of biological markers or pollutants. They
facilitate tasks such as obstacle avoidance, surface
sensing, and environmental monitoring, enhancing the
robots’ adaptability and effectiveness [60]. Overall,
sensing methods play a crucial role in enabling the
functionality and autonomy of micro robots across
various applications. The sensing method consist of
Vision-Based Sensing , Tactile Sensing , Chemical
Sensing as follows.

1. Vision-Based Sensing: Utilizes cameras or
imaging sensors to capture visual information,
enabling micro robots to perceive their
surroundings and navigate based on visual
cues [60].

2. Tactile Sensing: Involves sensors that detect
touch or pressure, allowing micro robots to inter-
act with objects and surfaces, sense texture, and
detect obstacles or changes in the environment
[60].

3. Chemical Sensing: Incorporates sensors capable
of detecting chemical substances or biomarkers,
enabling micro robots to perform tasks such
as drug delivery, environmental monitoring, or
medical diagnostics [60].

By leveraging these sensing modalities, integrating
sensors for feedback control(Closed-Loop Control and
Sensor Fusion ) along with embracing advancements
in miniaturized sensing technologies, micro robots can
enhance their perception, navigation, manipulation,
and interaction capabilities in complex anatomical
environments and various application domains.

5.4. Micro Robots Navigation Techniques

These navigation techniques are continuously advanc-
ing with innovations in robotics, sensor technology,
and medical imaging, contributing to the development
of more sophisticated and capable micro robots for
biomedical applications [61, 62]. Navigation techniques
for micro robots inside the human body include mag-
netic guidance for precise control, wireless communica-
tion for feedback, optical tracking for visualization, and
sensor integration for environment awareness. These
methods enable accurate navigation, adaptability to
dynamic conditions, and enhanced safety during medi-
cal procedures. common navigation techniques used for
micro robots inside the human body can be listed below.

1. Magnetic Navigation: Magnetic navigation uti-
lizes external magnetic fields to guide and con-
trol micro robots within the body. These robots
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are typically equipped with magnetic components
that respond to changes in the magnetic field,
allowing for precise navigation along desired
paths. Magnetic navigation is especially useful in
scenarios where direct line-of-sight or physical
contact is limited, such as navigating through
blood vessels or reaching deep-seated tissues [63].

2. Wireless Communication and Feedback Con-
trol: Micro robots often rely on wireless com-
munication systems to receive instructions and
transmit feedback data. Feedback control mech-
anisms, such as closed-loop systems, enable real-
time adjustments in response to environmental
changes or navigational challenges. This ensures
accurate navigation and enhances the robot’s abil-
ity to adapt to dynamic conditions inside the body
(64].

3. Optical Tracking and Imaging: Optical tracking
methods, including cameras or optical sensors, are
employed to track the position and movement of
micro robots. Imaging techniques such as fluo-
rescence imaging or endoscopic imaging provide
real-time visual feedback, allowing operators to
monitor the robot’s location and trajectory during
navigation. Optical tracking is particularly useful
for procedures requiring precise localization and
visualization, such as tissue targeting or organ
exploration [65].

4. Ultrasound Guidance: Ultrasound technology
is utilized to provide guidance and imaging
for micro robots operating inside the body.
Ultrasound waves can penetrate tissues, allowing
for non-invasive visualization of anatomical
structures and the robot’s position relative to
surrounding tissues. Ultrasound guidance is
valuable for navigating through organs or cavities
where direct visibility is limited, enhancing the
robot’s navigational accuracy and safety [65].

5. Sensor-Based Navigation: Micro robots often
integrate various sensors, such as proximity sen-
SOrs, pressure sensors, or environmental sensors,
to gather information about their surroundings.
Sensor data is processed to generate navigation
commands, detect obstacles, or adjust the robot’s
trajectory in real time. Sensor-based navigation
enhances the robot’s ability to navigate complex
and dynamic environments while avoiding colli-
sions or hazards [65].

These navigation techniques are continuously advanc-
ing with innovations in robotics, sensor technology,
and medical imaging, contributing to the develop-
ment of more sophisticated and capable micro robots
for biomedical applications. These considerations are
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crucial for developing Micro robots that can navigate
through the complex network of blood vessels, deliver

payloads, and perform specific tasks with precision.

Table 3. Micro robot Navigation Technique principle along merit

and demerit

Technique  Principle Advantages  Disadvantages
Magnetic Controls Precise Limited
Guidance Movement Control, range of
Non movement
Invasive
Wireless Wireless Real  time Limited
Communi- signals for adjustments range
cation control and
feedback
Optical Visual Real time limited in
Tracking tracking visualiza- certain envi-
and imaging tion, precise ronments
techniques localization
Sensor Integrates Adaptability Data
Integration  sensors to dynamic processing
for envi- conditions complexity
ronmental
awareness

5.5. Micro Robots Control Methods

Micro robots controlling methods inside the human
body [66] can be summarized as follows:

1. Magnetic Control: Magnetic control using exter-
nal magnetic fields offers precise control and
guidance for Micro robots. It allows for targeted
navigation through blood vessels. Magnetic con-
trol is particularly beneficial when the micro
robot needs to be steered with high accuracy to
specific locations. However, it requires the micro
robot to be within the range of the external mag-
netic field source, which may limit its mobility
and effective range [66].

2. On-board Actuation: This method involves incor-
porating on-board actuation mechanisms, such
as synthetic flagella, within the micro robot
itself. On-board actuation provides autonomous
propulsion and maneuverability, allowing the
micro robot to navigate through bodily fluids. It
offers more freedom of movement compared to
externally controlled Micro robots. However, the
complexity of fabricating and controlling the on-
board actuation mechanisms can be a challenge
[66].

3. Acoustic Control: Acoustic control uses external
acoustic fields to manipulate and guide Micro
robots. It offers non-invasive control and can
work in various bodily fluids. Acoustic control

D EA

is advantageous when precise control is not
required, and a larger area can be influenced by
the acoustic field. However, miniaturization and
integration of acoustic control systems can be
technically challenging [66].

4. External Control for Nanorobots: Nanorobots
can be externally controlled using various meth-
ods such as magnetic fields, ultrasound, or light.
External control provides versatility and enables
precise manipulation of nanorobots. It allows
for flexible control strategies and facilitates tar-
geted delivery and manipulation at the cellular
or molecular level. However, the challenge lies
in developing reliable and scalable methods for
external control at the nanoscale [66].

5. Biohybrid Control: Biohybrid Micro robots com-
bine biological and synthetic control mechanisms.
This approach leverages the unique properties
of biological components for autonomous con-
trol while incorporating synthetic control mecha-
nisms for additional functionality. Biohybrid con-
trol can offer enhanced adaptability and respon-
siveness. However, designing and fabricating bio-
hybrid Micro robots are complex processes that
require expertise in both biological and synthetic
systems [67].

The general comparison of the controlling methods
are shown in Table 4.

6. Discussion and Conclusion

The need for micro robots stems from their ability
to improve precision, efficiency, safety, and innova-
tion across various industries, making them indispens-
able tools in modern technological advancements [68].
Micro robots can help in healthcare for surgeries and
drug delivery, in manufacturing for precise assembly,
and in environmental monitoring for pollution detec-
tion. Regarding the used materials in micro robot ,The
Table 5 provides a comprehensive overview, including
the material types commonly used in micro robot devel-
opment. it’s important to note that the specific materials
utilized can vary depending on the micro-bot’s design,
application, and technological advancements [69, 70].
A The shape and structure considerations listed in
the table highlight important aspects of micro robot
design for efficient navigation and interaction within
the human body.The road map for the micro robots
are shown in figure 3. The figure completely describes
the whole pattern of micro robots starting from type,
applications, design, navigation methods, controlling
methods, materials that can be used and finally sensing
and feedback.
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Table 4. A general comparison of the controlling methods and

their suitability for different scenarios

Type Method Advantages Disadvantages
Magnetic External mag-  Precise Limited range of
netic fields Control control
and guidance
Flagellated On-board Autonomous Complexity
actuation propulsion in  fabrication
mechanism and maneu- and control of
verability the flagellated
structures.
Acoustic VExternal Non-invasive ~ Challenges in
acoustic fields ~ control using miniaturization
external and integration
acoustic fields  of acoustic
control system
Nano External con- Various Development
Robots trol or Inter- external and of reliable
nal biological internal and scalable
control control methods for
methods external and
depending on internal control.
the  specific
design
Biohybrid = Combination  Integration Complex design
biological and of biological and fabrication
Synthetic properties processes  for
control with synthetic  integrating
mechanism control biological
mechanism and  synthetic
components.

The comparison between the shows Each naviga-
tion technique operates based on its specific princi-
ple, offering distinct advantages and disadvantages.
Magnetic Guidance relies on external magnetic fields
for movement control, providing precise control while
being non-invasive. Wireless Communication utilizes
wireless signals, enabling real-time adjustments and
adaptability, yet is susceptible to signal interference and
limited in range. Optical Tracking relies on visual tech-
niques for real-time visualization and precise localiza-
tion but requires line-of-sight and may be restricted in
certain environments. Sensor Integration incorporates
sensors for environmental awareness, offering adapt-
ability to dynamic conditions but facing challenges
such as sensor calibration and data processing com-
plexity. The accuracy of each technique varies based
on factors such as environmental conditions and sensor
capabilities. Micro robots used to navigate inside the
human body face several limitations and difficulties.
Some of the key challenges can be listed as follows;

The controlling methods mentioned in the Table 6
highlight the different approaches used to navigate
and control Micro robots inside the human body. Each
method has its own advantages and challenges, and

D EA

the choice of controlling method depends on factors
such as the specific application, micro robot design,
and desired level of control precision. Ongoing research
aims to improve the effectiveness and versatility of
controlling methods for Micro robots, enabling them
to perform complex tasks with greater accuracy and
efficiency. Determining the "best" controlling method
for Micro robots used for navigating inside the
human body depends on various factors, including
the specific application, desired level of control,
and the micro robot’s design constraints. Different
controlling methods offer unique advantages and have
their own limitations. It’s important to note that the
choice of controlling method depends on the specific
requirements and constraints of the application.
Researchers are continuously exploring and developing
new controlling methods and techniques to improve the
capabilities and control precision of Micro robots for
biomedical applications.

* Size and Scale(challenge:Limited Space and
Constrained Movements ): Creating Micro robots
small enough to navigate through the intricate
network of blood vessels can be challenging.
Fabricating and manipulating components at the
micro or nanoscale requires advanced manufac-
turing techniques and precision engineering. The
human body’s internal spaces impose constraints
on micro robot movement, limiting their range
of motion and maneuverability. As the Solution
Designing micro robots with compact yet efficient
locomotion mechanisms, such as micro-wheels,
micro-treads, or soft actuators, allows for effective
movement in confined spaces while maintaining
maneuverability.

* Power and Energy( challenge: Power Supply and
Endurance): Providing power to Micro robots
is a significant challenge. Miniaturized power
sources with sufficient capacity for sustained
operation are limited. Energy-efficient propulsion
mechanisms and strategies for energy harvesting
from the body’s environment are being explored.
Micro robots require adequate power sources
that can sustain prolonged operation inside the
body without compromising performance. As the
Solution Integrating miniaturized power sources,
such as micro-batteries, fuel cells, or wireless
power transfer systems, along with energy-
efficient design strategies and power management
techniques, ensures sustained operation and
endurance of micro robots.

* Biocompatibility (challenge: Biocompatibility
and Safety): Ensuring the biocompatibility of
Micro robots is crucial. They must not trigger an
immune response or cause harm to surrounding
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Figure 3. Micro Robot Road-map

tissues. Selecting suitable materials and surface
modifications to minimize adverse reactions is
a complex task. Ensuring that micro robots are
biocompatible and pose minimal risk to biological
tissues and organs is critical for their safe deploy-
ment in medical applications. As the Solution
Conducting thorough biocompatibility testing,
using non-toxic and bioresorbable materials, and
implementing fail-safe mechanisms to prevent
unintended interactions with the body’s physio-
logical processes mitigate risks and enhance the
safety of micro robots.

Navigation and Control (challenge:Navigation
in Fluidic Environments ) Navigating through
the complex and dynamic environment of blood
vessels presents significant challenges. Micro
robots need precise control and maneuverabil-
ity to avoid obstacles and reach the desired tar-
gets. Developing effective control strategies and
autonomous navigation algorithms is a complex
task.Fluid-filled anatomical structures pose chal-
lenges for micro robots, affecting their stabil-
ity and control during navigation. As the Solu-
tion Implementing control algorithms and feed-
back systems that compensate for fluid dynam-
ics, along with designing specialized coatings or
surfaces to minimize drag and enhance stability,

improves micro robot performance in fluidic envi-
ronments.

Communication and Localization: Micro robots
often need to transmit data or receive instructions
for navigation and operation. Establishing reliable
communication within the body is challenging
due to signal attenuation and interference.
Additionally, localizing the Micro robots within
the body with high precision is a difficult task.

Payload Delivery and Release: Releasing
payloads, such as drugs or nanoparticles, at
specific targets requires precise control and
timing. Ensuring controlled release mechanisms
that respond to specific triggers or stimuli is a
significant challenge.

Safety and Ethical Considerations: Micro robots
are still in the early stages of development,
and their safety and ethical implications need
to be thoroughly studied. Assessing potential
risks, ensuring patient safety, and addressing
ethical concerns are essential aspects of their
deployment.
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Table 5. Overall Micro robots design consideration

Aspect Description Materials Advantages Disadvantages
Size and scale = Micro Robots are designed  Biocompatible Polymers, Ability to access narrow Manufacturing challenges
to be small enough to nav- Magnetic Materials, and intricate blood ves- at micro or nanoscale.

igate through blood ves-

Biodegradable Materials,

sels.

sels. Shape Memory Alloys,
Nanoparticles
Power System  Micro Robots required Miniature Batteries, Potential for energy har- Limited capacity of minia-
a power source for Wireless energy transfer, vesting from the body’s turized power sources
sustained operations. Energy harvesting  environment.
technologies
Bio compati- Micro Robots must be Biocompatible Polymers, Compatibility with  Ensuring complete
bility compatible to avoid harm  Biodegradable Materials, biological systems and biocompatibility and
and immune responses Surface Modifications reduced toxicity. minimizing adverse
reactions.
Navigation Micro Robots needs pre- Magnetic materials, Compatibility to navigate Developing effective
Control cise control and maneu- Micro-actuators, = Shape through complex and control strategies and
verability for navigations =~ memory alloys, Control dynamic blood vessels autonomous navigation
Systems environment. algorithm
Communication Micro Robots may require ~ Wireless communication Potential for communica- Signal attenuation and
communication for data technologies, Nanoscale tion within the body for interference  challenges
transmission and instruc-  Sensors, Signal  coordination and control within the body.
tions Implications Systems
Payload Micro Robots can carry Biocompatible polymers, Targeted delivery of Ensuring control and
payloads for targeted ther- nanoparticles drugs, nanoparticles or timely release mechanism
apy images. imaging agents at specific targets.
Safety Ethics Consideration regarding - Through evaluation of Comprehensive
the safety and ethical potential risks and ethical assessment and
implications of micro-bot concerns addressing  of  safety
technology and ethical considerations
Validation Rigorous testing, valida- - Ensuring safety, efficacy, Meeting regulatory
Regulations tion, and regulatory and reliability through requirements can be
rigorous testing time  consuming and
complex

Table 6. Micro robot Type performance and aspect comparison.Precision(Pr), Accuracy(Acc), Moderate(M) ,High(H)

Type Principle Part Advantages Disadvantages Pr Acc
Flagellated = Mimics bacterial flagella ~ Helical Good maneuverability, Fabrication and control M M
structure complex navigation challenges, payload
limitations
Acoustic Uses acoustic waves Acoustic com- Non-invasive, potential for =~ Miniaturization and sen- M H
ponents targeted drug delivery and  sor integration challenges
imaging
Nanorobots Precise manipulation at Nanoscale High precision, potential Early-stage development, H H
cellular/molecular levels components for targeted therapy manufacturing challenges,
biocompatibility concerns
Biohybrid Combines biological and Biological and Enhanced biocompat- Integration challenges, H M
synthetic components synthetic mate-  ibility, = complex  task long-term  functionality
rials capabilities maintenance
Magnetic Propelled by external Magnetic com- Precise navigationinblood Limited payload capacity H H

magnetic fields

ponents

vessels, controllability

due to size constraints

* Validation and Regulatory Hurdles:
Micro robots can be used in clinical applica-
tions, rigorous testing, validation, and regula-
tory approvals are necessary. Meeting the require-

Before

advancements

ments set by regulatory bodies for safety, effi-

gmm' A gcan be a complex and time-
) EA[ ’

robotics,

Despite these challenges, ongoing research and
in nanotechnology,
biomedicine continue to push the boundaries of micro
robot development. Collaboration among researchers

and
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from various fields is crucial in addressing these
limitations and overcoming the difficulties associated
with micro robot technology.As the ongoing research
Several cutting-edge projects worldwide focus on
microrobots for targeted drug delivery, minimally
invasive surgery, and navigating through the human
body. These projects include initiatives like MAGMIR,
M3, STIFF-FLOP, NRL’s micro robotics research,
MICRO ROBOT, nanorobotics for drug delivery, micro
swimmers for biomedical applications, and smart
micro/nanorobots for healthcare, showcasing the
diverse applications and advancements in this field.
These are shown in Table 7.

Several ongoing research projects shown in table 7
are pushing the boundaries of medical robotics, each
with distinct focuses and objectives. The MAGMIR
project, led by the University of Houston, delves into
the realm of magnetic microrobots engineered for
targeted drug delivery and minimally invasive surgical
procedures. These microrobots are designed to respond
to external magnetic fields, offering precise control and
maneuverability within the body. Meanwhile, the M3
initiative at the Wyss Institute for Biologically Inspired
Engineering at Harvard University is pioneering the
development of micro and mobile medical robots.
These tiny robots are envisioned to navigate through
the human body, facilitating procedures such as
clearing blocked arteries with unprecedented precision.
In Europe, the STIFF-FLOP project, backed by the
European Union, focuses on soft and flexible robotics
tailored for minimally invasive surgeries. By creating
robots capable of traversing confined spaces within
the body, STIFF-FLOP aims to revolutionize surgical
techniques, potentially minimizing patient trauma and
expediting recovery. These projects represent concerted
efforts to harness the potential of micro robotics in
advancing healthcare delivery and improving patient
outcomes.
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