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Abstract— Nanorobotics is a revolutionary field in biomedical science, with enormous potential
in treatment, diagnosis, and services. This review synthesizes the information on the subject of
the current state of nanorobots having utilization in targeted drug delivery, cancer therapy,
biosensors, and tissue engineering. It also discusses the problems and trends closely associated
with the field, such as biocompatibility, targeting, control, and regulation. Such inventions, that
slowly develop materials science, artificial intelligence, and biomimicry progressively augur the
nanorobot’s elevating potential of personalizing medicine, and of extending its sphere of
influence besides health care. This review emphasizes the need for an interdisciplinary
approach to address the existing challenges that have to be solved to integrate nanorobots into
clinical practice.

Index Terms—Nanorobotics, Medical Technology, Personalised Medication Delivery, Precision
Medicine, Biocompatibility.

|. INTRODUCTION

Nanorobotics can be described as the control, ownership, and utilization of small appliances that measure
between one to a hundred nanometers and are meant to work at the molecular and cellular fractions of the human
body. These machines are made according to principles of nanotechnology which is the aggregation or
manipulation of materials or components at the molecular level and can incorporate theoretical and practical
components from fields that include physics, biology, chemistry, and engineering. Nanorobotics is a very new
advancement in medical engineering; it means the ability to control with great precision inside our body.
Compared to traditional conventional instruments and medicines, nanorobots are capable of circulating and
moving in the bloodstream, body tissues, or even into a cell which makes them engage in activities like the
delivery of medicines, physiological operations, diagnostics, or even surgery with a very high precision [1].
Nanorobotics, therefore has great potential in the medical field especially the diseases that cannot otherwise be
cured. For instance, one of the most potential applications of nanorobots may be in drug delivery.
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The nanorobot has to deliver a certain drug to a certain cell or tissue that it interacts with and does not affect
other cells or tissues like the cancerous ones. Such targeted delivery minimizes the side effects which are usually
common with treatments such as chemotherapy. In addition, it is possible to program nanorobots for particular
biomarkers. Therefore, they can be widely used in the early diagnostics of diseases. In this way, through learning
about their bodies, they can directly note any kind of unevenness in the onset which can help out in the treatment
of the condition and might, also, prevent other chronic diseases from aggravation [2]. Nanorobots can also help
in operations where the surgery is done with small incisions or during operations, where they can fix tissues,
clear blood vessels, or perform microscopic surgery within an organ. For instance, in cardiovascular therapies,
the nanobots can remove blood vessel blockages and narrowing in ways that do not involve complex surgeries,
thus cutting the healing time and possible complications from standard operations. For example, in regenerative
medicine, nanorobots could help deliver the growth factors or dispense cells in a particular pattern on a tissue
that needs healing and regenerating [3]. This paper aims to focus on the current state, development, and further
potential application of nanorobotics in the medical field. First and foremost, this paper seeks to identify the
basic concepts of nanorobotics, enumerate the benefits of its application in diagnostics and surgery, and finally,
scrutinize the technical limitations, ethical implications as well as legal concerns relevant to the development of
nanorobotics. Nanorobotics was defined and its impact on the future of the field of personalized medicine
particularly its ability to allow for targeted drug delivery, non-invasive techniques, and diagnostics. To the same
extent, the paper shall address the emerging trends and future developments in the field of nanorobotics and its
relevance in the delivery of health care in the future years.

Il. LITERATURE REVIEW

Freitas et al. [4] analyze the current state and prospects of nanomedicine and its impact on medicine. According
to the authors, nanomedicine is a practice of medicine that uses tools and knowledge at the nanoscale and
molecular level to predict, prevent, diagnose, and cure illnesses, and enhance the quality of life of people. As
stated by authors Freitas et al., important achievements are possible in the near term when nano-structured
materials and elementary nanodevices integrated with biological systems are already intervening in critical
healthcare problems.

Lenaghan et al. [5] describe the present-day issues hindering the creation of integrated structural/smart
nanorobotic systems for environmental sensing, cognition, actuation, navigation, and communication, with
special consideration given to potential medical uses for nanorobotics like cancer treatment, drug delivery,
diagnosis, surgery, and tissue regeneration. Chengzhi Hu et al. [6] discuss the type and design of Micro-robots
and nanorobots with emphasis on increased flexibility and the change from rigid materials. Borrowing from the
mechanisms of flexibility seen in microorganisms, the recent advancements in the field have led to the synthesis
of soft micro and nanoscale propulsion systems with miniatured traveling parts such as actuators, sensors, and
joints. Soft robots include materials softer than traditional metals and ceramics including polymers and these
robots have complex features such as adaptation in their movement as well as shape changes upon stimulus. Mi
Li et al. [7] discussed the most important developments in creating nanorobots a concept previously featured
only in science fiction due to the progress in chemistry, Material science, physics, and nanotechnology fields.
The authors describe many nanoscale robots and robotic nanomanipulators for biomedical applications,
including molecular machines, nanomotors, DNA nanorobots, and nanomanipulators of nano-objects. Jeonghyo
Kim et al. [8] present the latest developments in the upcoming generation of micro/nanorobots that are self-
governed and examine the most useful materials to add to them to improve their sophistication and versatility.
The review also provides an overview of five material categories—2D materials, MOFs, semiconductors,
polymers, and cells—that have platforms that have exhibited significant development over the last decade.

TABLE |. TECHNIQUES USED IN NANOROBOTICS

Sr. | Techniques Description Benefits Challenges Use Case
No
1. Top-Down Uses photolithography or electron- | High precision in | Expensive, time- | Semiconductor
Lithography beam lithography to  carve | creating complex | consuming, and | nanodevices  for
[9] nanostructures from larger | nanoscale structures. limited to rigid | medical
materials. structures. diagnostics.
2. | Bottom-Up Builds nanostructures atom-by- | Enables complex, | Difficult to control | DNA  nanorobots
Assembly[10] | atom or molecule-by-molecule | functional nanostructures | and achieve | for targeted cancer
through self-assembly processes. with unique properties. uniformity at large | drug delivery.
scales.
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3. Magnetic Nanorobots are guided by external | Remote control, non- | Requires an external | Targeted drug
Nanoparticles | magnetic fields using magnetic | invasive, precise | magnetic setup, | delivery in blood
[11] nanoparticles for propulsion and | movement. limited in complex | vessels.
control. environments.
4. Chemical Propels nanorobots using chemical | Simple to implement, | Fuel toxicity, limited | Drug delivery in
Propulsion reactions, such as bubbles | and can operate in | control over | blood vessels or
[12] generated from fuel breakdown. biological environments. | movement, low | tissues.
efficiency.
5. Bio-Hybrid Combines biological components | High biocompatibility, | Control and | Drug delivery to
Systems [13] | like bacteria or cells with synthetic | mimics natural systems. integration of | tumor sites.
nanostructures for hybrid biological elements
functionality. is difficult.
6. Microfluidics | Uses microchannels and fluid | Accurate control in fluid | Complex fabrication, | Controlled drug
[14] dynamics to control and move | environments, mimics | limited to fluid- | delivery and
nanorobots in liquid environments. body conditions. based environments. | diagnostics in the
bloodstream.

I11. TYPES OF NANOROBOTS

Nanorobots are of different types and are designed to meet various challenges in the healthcare and medicine

sectors in the newly developing field of nanorobotics. These are microscopic devices that use nanotechnology

and applications for work such as drug delivery, diagnostic work, and even the repair of tissues. Thus, as the
researchers do not stand still, various nomenclatures of nanorobots including drug depot systems, surgical
assistants, DNA nanobots, and bio-hybrid constructs are already on the horizon of future medical care, improved
patient management, and the providence of personalized medicine.

TABLE Il. VARIOUS TYPES OF NANOROBOTS

Sr. Type of Description Benefits Challenges Example
No Nanorobot
1. Drug Nanobots are designed to | Targeted drug | Navigation through the | BIND-014: A
Delivery deliver drugs directly to | delivery, reduced side | bloodstream, nanoparticle for
Nanobots targeted cells or tissues, | effects, and precision | controlling the release | delivering docetaxel to
[14] minimizing side effects. in treatment. of drugs. cancer cells.
2. Surgical Nanorobots are used for | Minimally invasive, | Precision control, | Microbivore  Nanobot:
Nanorobots minimally invasive | precise tissue | avoiding unintended | Designed to assist in
[15] surgeries, capable of | manipulation, faster | damage to surrounding | microsurgery for
repairing tissues or | recovery. tissues. clearing arterial
removing blockages at the blockages.
cellular level.
3. Diagnostic Nanorobots are capable of | Early disease | Sensitivity, specificity | Magneto-aerotactic
Nanobots detecting molecular changes | detection, real-time | in detecting disease | Bacteria Nanorobots:
[16] in the body to diagnose | monitoring, and | biomarkers. Used for  detecting
diseases early. reduced need for cancerous tumors in
invasive biopsies. early stages.
4. Bio-Hybrid Nanorobots integrated with | Bio-inspired designs, | Integration with | Sperm-Driven Nanobots:
Nanobots biological cells or | natural propulsion | synthetic =~ materials, | Used for targeted drug
[17] microorganisms, allowing | mechanisms, maintaining delivery in reproductive
them to perform complex | biocompatibility. functionality in the | systems.
tasks like locomotion and body.
sensing.
5. Tissue Repair | Nanorobots are designed to | Enhanced tissue | Ensuring Nanoshell Robots: Used
Nanobots promote tissue regeneration | repair, the potential for | biocompatibility, for repairing damaged
[18] by interacting with | faster wound healing. promoting controlled | nerve tissues.
biological systems. tissue growth.

IV. HISTORICAL EVOLUTION OF NANOROBOTS

This timeline encapsulates the significant milestones in the evolution of nanorobots, showcasing the rapid
advancements in nanotechnology over the past several decades. The journey begins in 1959 with Richard
Feynman’s groundbreaking vision, where he introduced the concept of manipulating atoms and molecules,

thereby laying the foundational principles of nanotechnology. In 1986, Eric Drexler proposed the concept of
molecular assemblers, machines capable of constructing complex structures at the atomic level, which opened up

new avenues for research and development in the field. Fast forward to 1998, when Nadrian Seeman developed
DNA-based nanorobots, utilizing DNA strands to perform basic mechanical tasks, a pivotal step in
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demonstrating the practical applications of biological components in engineering. The timeline progresses to
2007, highlighting Robert Freitas’s introduction of respirocytes—artificial red blood cells designed to enhance
human respiratory and circulatory systems, showcasing the potential of nanorobots in medical applications. In
2012, the emergence of DNA origami robots marked another significant breakthrough, with researchers
engineering DNA structures to fold into specific shapes capable of carrying and delivering molecular payloads.
This innovation further demonstrated the versatility and functionality of DNA-based nanotechnology. The year
2015 saw the development of magnetic nanobots, which could be controlled within living organisms, illustrating
the potential for minimally invasive surgical procedures and targeted therapies. Finally, in 2018, the deployment
of cancer-targeting nanorobots highlighted a practical application of this technology in oncology, aiming to
target and inhibit the growth of cancerous tumors by disrupting their blood supply. This timeline not only
emphasizes the progression of nanotechnology but also underscores the interdisciplinary nature of the field,
merging insights from physics, chemistry, biology, and engineering to create innovative solutions for complex
medical challenges.

V. CHALLENGES AND LIMITATIONS

Even though future nanorobots have explored so many possibilities in the medical field, it is necessary to try and
expose some disadvantages and limitations to the use of nanorobots. Some of these technical challenges include
biocompatibility to avoid immune responses, targeting issues to enhance the delivery of the treatment as well as
control and ability to maneuver in a biosystem. However, three major challenges for nanorobots remain
manufacturing scalability, approval from the authorities, and incorporating nanorobots into living organisms.
Other factors that influence the adoption of this technology are the questions of data management, cost,
accessibility, and public concern. Including these challenges, the potential of using nanorobots in healthcare can
be fully achieved.

TABLE Ill. CHALLENGES AND LIMITATIONS

Sr. | Challenge Impact on Development Potential Solutions

No

1. Biocompatibility Risk of rejection or harmful reactions, | Use of biocompatible materials, and extensive
limiting use. testing.

2. Precision Targeting Ineffectiveness in treatment, potential side | Advanced targeting mechanisms, and real-time
effects. imaging techniques.

3. Control and Navigation | Difficulty in achieving desired therapeutic | Development of advanced propulsion systems and
outcomes. control algorithms.

4. Scalability High costs and technical challenges in | Investment in scalable manufacturing techniques
manufacturing. and automation.

5. Regulatory Approval Delays in clinical trials and market entry. Collaboration with regulatory bodies for clear

guidelines.
6. Integration with | Risk of malfunction or reduced effectiveness. | Research on biological compatibility and adaptive
Biological Systems functionalities.

7. Cost and Accessibility Inequitable access to advanced medical | Efforts to reduce costs through innovation and

treatments. funding.

V1. CONCLUSION

Thus, the authors would like to state that nanorobots can be seen as one of the most promising instruments for
the further progression of medicine. This means that in comparison to traditional treatments, nanorobots can
improve the performance of the therapies, simultaneously tracking and controlling biological processes and
altering therapy to meet the needs of the patient. But this shall only be possible with collaborative measures to
tackle the numerous hitches that are currently likely to slow down or even derail efforts at the achievement of
this potential. In this context, the development of nanorobotics is a promising field since innovation in materials
science, integration of modern technologies as well as approaches to patient benefit can eliminate existing
problems. In the future, the appropriate application of nanorobots to the medical field can bring breakthroughs in
the development of precision medicine and advance the medical industry.
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