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Abstract

Scientists around the world have long aimed to produce miniature robots
that can be controlled inside the human body to aid doctors in identifying
and treating diseases. Such microrobots hold the potential to access hard-
to-reach areas of the body through the natural lumina. Wireless access has
the potential to overcome drawbacks of systemic therapy, as well as to en-
able completely new minimally invasive procedures. The aim of this review
is fourfold: first, to provide a collection of valuable anatomical and phys-
iological information on the target working environments together with
engineering tools for the design of medical microrobots; second, to pro-
vide a comprehensive updated survey of the technological state of the art in
relevant classes of medical microrobots; third, to analyze currently available
tracking and closed-loop control strategies compatible with the in-body en-
vironment; and fourth, to explore the challenges still in place, to steer and
inspire future research.
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INTRODUCTION

Miniature robots for diagnosis and treatment of diseases through wireless control inside the body
are becoming a reality. These miniaturized tools—in this article called microrobots—have overall
or feature sizes from millimeters down to micrometers. Microrobots hold the potential to access
hard-to-reach areas of the human body that would be otherwise inaccessible through traditional
interventional instruments. Furthermore, in light of their controllability, microrobots can use
body lumina as routes to reach specific target areas, both to overcome systemic therapy drawbacks
and to enable new procedures not possible before.

While microrobots have already proved promising in lab settings, a number of challenges still
need to be solved to bring such tiny machines into clinical practice. The results accomplished so
far, and the physics of scaling, have taught us that the science-fiction dream of simply shrinking
macroscale machines down to the microscale will not work (1). Instead, microroboticists must start
from an understanding of the physics of motion, interaction, and fabrication at the microscale
and utilize unique actuation and control strategies (e.g., those based on wireless actuation) to
develop a bottom-up microrobotics approach (2) (Figure 1). Along with small device size, minia-
ture intelligent systems designed according to this microrobotics approach are used in this article
to determine what is considered a microrobot.

This article analyzes a broad set of small-scale medical devices. Existing review articles focus
on either untethered submicrometer robots or on small-scale catheters/capsules/miniaturized sur-
gical tools employing smart actuation mechanisms. Nearly two decades of research in the field,
as well as fabrication and technological advancements, make it necessary to identify the concrete
challenges and to identify boundaryless opportunities to cope with such challenges toward in vivo
employment of medical microrobots.

This review article collects medical and technical principles intended to guide the next gen-
eration of medical microrobotics experts in the design of novel miniaturized therapeutic tools.
In attempting to keep boundaries flexible, the article aims at stimulating novel hybrid actuation
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Classes of medical microrobots. Microrobots can be classified on the basis of both their size and the approach followed in their
design—either miniaturization-driven (right) or using a bottom-up microrobotics approach (/eft). Abbreviations: GI, gastrointestinal;
US, ultrasound.

and localization approaches and to allow application and size-oriented design of novel tools across
different medical scenarios.

The aims of this article are fourfold: first, to provide a collection of anatomical and physio-
logical information on the target working environments together with engineering tools for the
design of medical microrobots; second, to provide a comprehensive updated survey of the tech-
nological state of the art in relevant classes of medical microrobots; third, to analyze currently
available tracking and closed-loop control strategies compatible with the in-body environment;
and fourth, to explore the challenges still in place, to steer and inspire future research.

MICROROBOTS IN THE BODY
Anatomy and Physiology of Key Application Areas

The application area determines several microrobot features such as size, mechanical properties,
force output, and fabrication materials. It also imposes specifications on the control strategies to
be employed, for example, depending on the distance of the target from the skin and on the body
region. Body lumina represent one of the likely routes for microrobot navigation. The circulatory
system consisting of arteries and veins, the gastrointestinal (GI) system, the airways, the urinary
ducts, the subarachnoid space in the nervous system, the eye, and the reproductive tract channel
are among the main possible paths to reach a multitude of body regions (Figure 2, Table 1).
Microrobots also could be eligible (at present or in the future) to dig into soft tissues or solid
tumors once they have reached the surface of the target organ (3, 4).

The circulatory system. The circulatory system is an intricate network of blood vessels that
enables the transportation of blood, oxygen, nutrients, hormones, and other essential substances
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EYE
t « Vitreous humor accessible with
9 a23G (0.573 mm) needle

NERVOUS SYSTEM

« Subarachnoid space: 11.8-18.0 mm
long with a 1.0-2.2-mm internal
diameter (at the narrowest point) CIRCULATORY SYSTEM

+ Blood-brain barrier: 500-Da cutoff, « Vessel diameter: 8 um-30 mm

2,000 kDa (20 nm) in case of
physically mediated opening

RESPIRATORY SYSTEM

+ Endothelium fenestrations: 60-400 nm

« Cardiac output: 5 L/min; blood speed:
1 mm/s-40 cm/s

+ Reynolds number: 0.002-3,000

+ Immune system activation

« Size: 0.8-8.0 mm in diameter
« Airflow velocity: 30-400 L/min

URINARY SYSTEM

GASTROINTESTINAL SYSTEM
« Diameters: 2-3 cm (esophagus), 1.8-2.5 cm
(small intestine), and 3.4-4.8 cm (large intestine)
« Peristalsis features: frequency of 0.05 Hz;
propagation velocity of 3.0-8.0 mm/s;
contraction force 17-27 g/cm
« Presence of villi and mucus

« Size: 250 mm long with an internal diameter of
2.8-3.0 mm (ureters); 500-mL capacity (bladder);
30-180 mm long with internal diameter of 3.25 mm
at its narrowest point (urethra) FEMALE REPRODUCTIVE TRACT

Figure 2

+ Size: length of 2.4-4.0 cm for a 2.5-cm diameter
(cervix); length of 12-14 cm for a 0.1-1.0-mm
diameter (fallopian tube)

+ Presence of mucosa

Overview of application areas eligible for microrobot-mediated interventions. For each area, key anatomical and physiological
specifications are provided to drive the development of the next generation of medical microrobots.
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throughout the body. The heart is the driver of the circulatory system, pumping blood through
rhythmic contraction and relaxation with a cardiac output of 5 L/min. Blood being pumped out
of the heart first enters the aorta, the largest artery of the body (diameter 25 mm, blood speed
40 cm/s). It then proceeds to divide into smaller arteries, then into arterioles, and eventually cap-
illaries (diameter 8 pm, blood speed below 1 mm/s), where oxygen transfer occurs. The capillaries
connect to venules, and the blood then travels back through the network of veins to the right
heart.

The Reynolds number of blood flow, which can be used to classify the flow physics regime,
ranges from approximately 3,000 to 0.0002, indicating a transition from turbulent flow in arteries
to laminar flow in capillaries.

Although having many properties (density, pH, surface tension) similar to water, blood’s vis-
cosity (3.5 x 107% Pa s) is three times higher than water, mainly due to the corpuscular nature
of the blood. Furthermore, a viscoelastic behavior of blood, induced by red blood cells, makes it
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Table 1 Key anatomical features in body regions relevant to the microrobotics field

Area

Length

Diameter(s)

Features relevant to microrobotics

Circulatory system

120,000 km

8 pm (capillaries),
25-30 mm (larger
arteries and veins)

Vessel endothelial fenestrations are in the range
of 60-400 nm (11)

Gastrointestinal (GI)
system

800 cm

2-3 cm (esophagus),
1.8-2.5 c¢m (small
intestine), 3.4—
4.8 cm (large
intestine) (5)

Most of the regions of the GI tract feature villi
(specific protruding structures) and a mucus
layer

Urinary system

250 mm (ureters);
30-40 mm (female)/
180 mm (male) (urethra)

2.8-3.0 mm (ureters),
3.25 mm (urethra at
narrowest point)

The ureter enters the bladder wall at an oblique
angle to prevent backflow of urine to the
kidneys

Subarachnoid space

11.8-18.0 mm (narrowest
segment) (12)

1.0-2.2 mm (internal
diameter at
narrowest point)

Canal occlusions are tolerable below 30%; a few
structures (between 1 and 3 mm, depending
on the population segment) are eligible for
navigation in the subarachnoid space (10)

Eye

NA

NA

The vitreous humor is an aqueous viscoelastic
gel typically removed (through vitrectomy) to
allow retinal access; the eye is transparent to
light; ocular injections with up to 23G
(0.573 nm) needles are acceptable (13)

Reproductive tract
(female)

2.4-4.0 cm (cervix), 10 cm
(extrauterine part of the
fallopian tube), 2-3 cm
(tubal isthmus)

2.5 cm (cervix),
0.1-1.0 mm (tubal
isthmus) (14, 15)

The mucosa typically has three to six primary
folds and is surrounded by a firm and thick
muscular wall

Respiratory system

Starts in upper respiratory
tract (nasal cavity to
larynx) and ends in lower
respiratory tract (lungs
down to alveoli)

0.8-8.0 mm (airways)

Airflow typically can be approximated to
laminar with some exceptions—e.g., in the
nose and the larynx—where turbulence
causes inhaled particles to be thrown out of
the airstream or contributes to the
production of sound, respectively

Abbreviation: NA, not applicable.

necessary to consider it as a non-Newtonian fluid. This is relevant when understanding the dy-
namics of a microrobot moving in the circulatory system. On top of that, blood is not transparent
to visible light, thus making traditional endoscopic visualization solutions impossible.

The gastrointestinal system. The human GI tract is a series of multilayered, tubular organs that
extend from the oral cavity through the esophagus, the stomach, and the small and large intestines
and terminate at the anus. The esophagus and the intestine are collapsed muscular tubes (5), while
the stomach is a dilated and J-shaped organ with two openings (esophageal and duodenal) and five
major regions.

Each part of the GI tract has a distinct mechanism of motility. The food bolus is transferred to
the distal part of the stomach with the help of tonic contractions, which last from several minutes
to several hours. In the distal part of the stomach, peristaltic muscular contractions are initi-
ated by spontaneous electrical waves (5). These contraction waves feature a frequency of 2.83 +
0.35 min~! and a propagation velocity of 3.0-8.0 mm/s (6).

In the intestine, two motion patterns can be identified: segmentation and peristalsis. Segmen-
tation, reaching rates of up to 12 contractions/min in the duodenum, is intended for mixing and
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is caused by consecutive contraction and relaxation cycles. Peristalsis is the process of moving
chyme through the intestinal tract from the stomach to the colon by means of a series of mus-
cle contractions acting in a wave pattern (1-2 cm/min). Peristalsis results from circumferential
and longitudinal muscle contractions, with forces of 26.9 g/cm in the longitudinal direction and
17.2 g/cm in the circumferential direction (7, 8).

The respiratory system. The primary function of the respiratory system is to deliver oxygen to
and remove carbon dioxide from the blood. Air is delivered into the lungs through a series of
conducting airways that connect the external air to the alveoli where gas exchange with blood
takes place.

Breathing—also known as ventilation—is the movement of air across the conducting airways
between the atmosphere and the lungs. Air motion is caused by pressure gradients that are pro-
duced by contraction of the diaphragm and thoracic muscles. Under normal conditions, the
average adult takes 12 to 15 breaths (a full cycle of inhalation and exhalation) per minute. The
respiratory pump of the lungs is versatile, capable of increasing its output 25-fold, from a normal
resting level of approximately 6 L/min to 150 L/min in adults.

Other regions. Other possible body regions that may be accessible noninvasively through medical
microrobots are briefly described below.

The urinary system. The urinary system includes two kidneys, the bladder, two ureters, and the
urethra. The density and viscosity of urine are similar to those of water. The bladder is an elastic
muscular sac capable of holding 500 mL of urine. The connections from the kidneys to the bladder,
known as the ureters, enter the bladder at an oblique angle to prevent back flow of urine into the
kidneys.

The subarachnoid space. The subarachnoid space is a fluid-filled space in the brain and the spinal
cord, which together constitute the central nervous system. The cerebral ventricular system is
made up of four ventricles: two lateral (one in each cerebral hemisphere), one in the diencephalon,
and a fourth in the hindbrain. Inferiorly, it is continuous with the central canal of the spinal
cord. The subarachnoid space is filled with cerebrospinal fluid (9), through which brain access
by microrobots could be granted, thus overcoming the limitations and invasiveness associated
with craniotomy and skull-associated access procedures. Microrobots between 1-3 mm (depend-
ing on the population segment) could be safely navigated through the cerebral spinal fluid without
occluding more than 30% of the canal flow. Such access to the central nervous system proved safe
with endoscopes (10).

The eye. The eye contains two fluid chambers, namely, the aqueous humor—between the cornea
and iris—and the vitreous humor—between the lens and retina. The latter appears particularly
interesting as it allows access to the retina, a crucial yet hard-to-reach area of the eye.

The female reproductive tract. 'The female reproductive tract includes the vagina, the uterus, and
the fallopian tubes. The vagina allows for sexual intercourse and childbirth, and it is connected to
the uterus at the cervix. The uterus accommodates the embryo during pregnancy, which develops
into the fetus. The uterus also produces secretions that help the transit of sperm to the fallopian
tubes, where sperm fertilizes egg cells produced by the ovaries. The cervix allows access to the
fallopian tubes, which are particularly intriguing in the field of microrobotics for the applications
of assisted fertilization and zygote transfer.

lacovacci et al.



Biological Barriers

A primary biological barrier of the human body is the skin, which is typically incised during surgery
to access the internal organs; still other barriers are present inside the body, such as the mucus
layers in the GI and genitourinary tracts or the blood-brain barrier (BBB). To be effective in
medical applications, microrobots may need to be engineered with stealth capabilities that allow
them to evade the body’s immune systems and with the ability to overcome this range of biological
barriers. With realization of these capabilities, microrobots would offer a promising solution for
accessing previously inaccessible regions, both by navigating into the lumina and by crossing the
lumen wall. The role played by biological barriers may also vary on the basis of the pathological
state of the target region.

Immune system. Numerous microrobots operating at the microscale require meticulous consid-
eration of their interaction with the immune system. When microrobots are introduced into the
body, the immune system perceives them as foreign entities and initiates a response depending on
microrobot size, shape, surface properties, and materials used. The interaction between immune
cells and microrobots (if they are larger than 0.5 pm) can elicit various immune responses, such
as phagocytosis (16), where macrophages (a type of white blood cells) recognize and engulf the
microrobots for removal from the body. Macrophages exhibit the ability to execute phagocytosis
of larger foreign particles, even those with dimensions comparable to or larger than numerous
microrobots, typically from 10 to 100 wm in size (17). While the time for phagocytosis may vary
on the basis of microparticle size, composition, surface properties, and the immune response to
foreign material, it is essential to note that the process can take several minutes to hours (18, 19).
Microroboticists are currently developing stealth microrobots with surface modifications to pre-
vent labeling the microrobots for recognition by immune cells and actively suppress immune cell
recognition, to mitigate the immune reaction toward these particles (17).

The impact of a disease on the immune system varies depending on several factors, includ-
ing the specific disease type, its stage, the overall health status of the patient, and the chosen
therapy. Microrobots can trigger immune responses, potentially generating antibodies that limit
their effectiveness. In certain medical conditions, such as cancer, the phenomenon known as the
enhanced permeability and retention effect could become advantageous (20). This effect facili-
tates the accumulation of microparticles at the target site, primarily due to the presence of leaky
blood vessels in the affected area. However, the interplay between disease, the immune system,
and microrobots remains poorly understood, necessitating further research in this area. Under-
standing these variations is crucial for effective microrobot deployment in disease treatment and
management.

Mucus barriers. On the other hand, if microrobots have to cross a biological barrier protected
by a mucus layer, this layer should be deeply characterized and accounted for.

Mucus layer alterations can occur in pathological conditions, thus changing the requirements
for microrobots to work effectively. Mucus in the airways can undergo significant hypersecre-
tion and thickening in diseased conditions such as asthma (21). In the GI system, both thickening
and depletion could be witnessed when passing from cystic fibrosis (22) to ulcerative colitis (23), to
mention a few widespread pathological states. These variations should be taken into account in mi-
crorobot design as playing a pivotal role in microrobot locomotion across a duct and therapeutics
penetration across a cavity’s epithelium.

The blood-brain barrier. The BBB serves as a protective shield, blocking harmful substances
from entering the brain through the bloodstream while still allowing essential nutrients and
molecules to pass. It plays a critical role in maintaining homeostasis within the brain by
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meticulously controlling the transfer of substances between the blood and brain tissue. The BBB
is composed of specialized endothelial cells that line the blood vessels in the brain, as well as sup-
portive cells such as astrocytes and pericytes. One of the significant challenges associated with the
BBB is its ability to limit the passage of therapeutic drugs into the brain.

The tight junctions between the endothelial cells create a physical barrier that limits the dif-
fusion of large molecules, including many drugs, from the bloodstream into the brain tissue. The
intricate nature of the brain and the challenges associated with accessing it present significant
obstacles to the study and treatment of brain diseases. Small molecules below 500 Da, including
polar substances (glucose, amino acids, organic ions, and nucleosides) and lipophilic compounds
(barbiturates, ethanol, and caffeine), can passively diffuse through the BBB (24). However, for
larger molecules approximately 2,000 kDa (~20 nm) in size, external stimulation such as high-
intensity focused ultrasound (HIFU) is required to facilitate their transport across the BBB (25).
While current microrobotics systems are still relatively large in terms of penetrating the BBB,
advancements can be made by designing them in such a way that drug-loaded microrobots, under
external stimulation, could temporarily open up the barrier and facilitate the transport of larger
drug molecules. It is important to note that the BBB can become more permeable or get damaged
in various neurodegenerative diseases and pathological conditions (26). Performing careful con-
trol experiments is essential for studying the opening of the diseased BBB using microrobots and
to ensure effective delivery of drugs.

ACTUATION MECHANISMS

The selection of a proper actuation mechanism for a microrobot must be performed while keeping
in mind the features of the working environment (presence of fluid, environmental forces to be
withstood, dimensional constraints, biological barriers) and the properties of the microrobot itself.
A primary challenge in microrobot actuation is how to find a proper compromise between minia-
turization, physical scaling laws, and production of a sufficient output force. Furthermore, despite
some traditional actuation strategies (e.g., pneumatic actuators or cable-driven mechanisms) be-
ing used successfully in miniaturized surgical tools (27, 28), the presence of cables and pipes limits
the number of degrees of freedom and make it challenging to get to certain hard-to-reach ar-
eas of the human body due to the presence of tethers (for actuation or powering). As shown in
Figure 3, in this review we focus on actuation mechanisms based on magnetic field, ultrasound
(US), and light, which allow the powering of untethered devices and represent a microrobotics
approach, as proposed in the Introduction.

a Magnetic field sources b ultrasound C Light

Permanent magnets

Figure 3

e 9 &9
e = ]

Electromagnets Ultrasound transducers Laser fibers  Light-patterning systems

Overview of the wireless actuation mechanisms effective in medical microrobotics: (#) magnetic fields, (b) ultrasound, and (¢) light. For
each method, common field sources examples are depicted.
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Magnetic Fields

An actuation method that has become widely used in microrobotics is the magnetic field (29).
Magnetic fields are one of the elective choices when one is willing to exert a force on or produce
navigation of small-scale objects within the body in a safe and highly controllable way. Here, we
present an overview of the basic physics principles behind magnetic actuations, the advantages
of using such a strategy, the platforms developed so far to implement magnetic control, and the
challenges still in place in magnetic actuation.

Overview and advantages. By placing magnetic material on board a microrobot for use inside
the body, a field generated from outside can exert forces and torques directly on the device with-
out onboard powering sources or cables and tethers. By controlling the current through a set
of electromagnets [or the pose (position and orientation) of a large external permanent magnet],
a magnetic microrobot can be controlled precisely and quickly. Soft (nonpermanent) magnetic
materials offer good biocompatibility and can be scaled down to the nanometer size, while hard
(permanent) magnet materials offer magnetic programmability, which can result in tunable so-
phisticated actuation of flexible or multilink microrobots. In the first case, an external magnetic
field produces the magnetization of the microrobot and the creation of a magnetic link intended
to produce force. In the latter, the internal magnet will be induced to align with the applied field in
three dimensions, like a compass needle, and will be pulled toward regions of high field strength.
Workspaces of a few to tens of centimeters can be easily achieved, while projecting fields over the
whole human body can be done only by moving magnets or by using very large source systems.
Magnetic fields at low frequency permeate air and bodily tissues in the same way, so modeling of
magnetic actuation is a tractable problem that translates readily from the lab to in vivo settings
(30).

Large collections of thousands to millions of micrometer-scale soft-magnetic particles can be
controlled as a cohesive swarm by a rotating magnetic field. The field rotation induces a fluidic
vortex pushing particles apart, where the magnetization of the particles holds the swarm together,
leading to a swarm whose size and shape can be modulated on demand by the field frequency,
magnitude, and other parameters. Such swarms can encapsulate cargoes and navigate through
extremely small openings and lumina (31).

Field generation. Magnetic fields are generated by permanent magnets or by electromagnetic
coils (Figure 34). Electromagnets allow for fast and conveniently controllable generation of mag-
netic fields. Electromagnets with tens to thousands of turns and coil currents up to tens of amperes
can induce magnetic fields over different areas of the human body. While machines such as clinical
magnetic resonance imaging (MRI) systems can generate several teslas of magnetic flux density
using superconducting magnets, electromagnets that can be quickly switched for robotic control
to generate fields of tens to hundreds of milliteslas and field gradients from tens to thousands
of milliteslas per meter. Special arrangements of electromagnets such as nested Helmholtz coils
can create uniform fields over a large area (while imposing severe geometric constraints on the
workspace) (32). Electromagnet systems for microrobotics consist of two to eight individual coils,
where more coils give more control over the components of the magnetic field to allow for full state
control of the actuated internal magnet (33). More open-workspace arrangements of coils possi-
bly combined with position control systems (e.g., linear stage or robotic arms) create nonuniform
field distributions but are more suitable for medical use (34, 35).

Fields can also be generated using large permanent magnets, typically made from NdFeB (a
rare earth materials alloy that is strong and nearly impervious to demagnetization). To control the
field, permanent magnets can be rotated in place (36) or translated and rotated with one (37) or
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two robotic arms (38). Permanent magnets to generate fields inside the human body have a typical
size of a few centimeters to tens of centimeters and a weight of several kilograms (39).

Challenges. Field generation systems for medical use typically create a nonuniform field distri-
bution. As a consequence, information on precise position and heading of onboard magnets is
typically required to exert a precise magnetic force and torque and reduce instability conditions.
This also requires precise calibration of the field over the operational space, which is nontrivial
but a solvable problem (40).

For many medical applications (especially at the submillimeter scale), achievable magnetic
forces are weaker than desired. This is especially true for areas deep within the body, as mag-
netic field magnitudes fall off very quickly with distance from the generation source (the field
is roughly proportional to 1/distance®). While in principle larger magnetic fields can always be
generated from larger magnets or driving electromagnets with more current, in practice a field
strength of tens of milliteslas is the limit for medical-scale systems due to heat generation in elec-
tromagnets, with several hundred milliteslas being an upper limit where most magnets become
demagnetized (41).

Ultrasound

In recentyears, US has emerged as a promising modality for the actuation of medical microrobots.
US demonstrates prospects for wirelessly navigating microrobots in medical applications, owing
to its capacity to safely penetrate deep into tissues and produce substantial propulsive forces. Here,
we present an overview of US-based microrobots, discussing their advantages and the challenges
they currently face.

Overview and advantages. US is a type of mechanical or longitudinal wave that travels through
a medium by inducing vibrations in the particles of the medium. US-activated microrobots are an
emerging technology that has primarily been studied in controlled 2D and 3D environments (42,
43). Acoustically activated microswimmers in the initial research phase are primarily influenced
by bulk acoustic streaming and a standing wave field, shaped by the boundaries of the resonating
acoustic chamber (44).

Normally, standing acoustic wave fields are generated within controlled experimental setups
with precisely defined boundary conditions. However, when transitioning to in vivo experimental
conditions, establishing a standing wave field becomes highly challenging due to the complex and
arbitrary 3D nature of areas of the body. As a result, there is a need to develop traveling-based
microrobots, as acoustic waves interact exclusively with microrobots without being constrained
by the boundary conditions of the workspace (45). Stable microbubbles, confined within hydrogel
containers (~10 to 200 pm), can oscillate when irradiated with US, generating thrust through
the combined effects of radiation and streaming forces (42, 43, 46, 47). While these systems can
generate relatively large propulsive forces (ranging from nano- to micronewtons), ensuring the
stability of the microbubbles and achieving precise navigation has proven to be extremely chal-
lenging. Therefore, researchers are actively developing new actuation mechanisms that depend
on stable oscillating polymeric appendages. For microrobot steering, magnetic materials are quite
straightforward to utilize (43, 48), as mentioned above. However, developing a US-based steer-
ing strategy will be crucial to develop a simple, robust, and compact manipulation approach (49).
Currently, there is growing enthusiasm for developing self-assembled US microrobots utilizing
clinically approved microbubbles (50, 51).

Field generation. US transducers utilize piezoelectric materials to generate traveling and stand-
ing sound fields (Figure 35). These piezoelectric elements, ranging from 0.5 to 3 cm in dimension,
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typically operate within a frequency range of 10 kHz to 10 MHz, generating pressure amplitudes
on the order of kilopascals. Typically, low-frequency US waves can penetrate deeper into the body
compared with high-frequency US waves. Lower-frequency US waves (0.5-3 MHz, used in ther-
apeutic US) have longer wavelengths and can travel further into tissues, making them suitable for
the active locomotion of microrobots within the body. The control and modulation of the elec-
tric field applied to the piezoelectric transducer are regulated by an electronic function generator,
enabling the generation of US with specific frequencies and patterns.

US manipulation systems have gained significant attention for in vivo treatments. Recent
advances have showcased the successful implementation of a HIFU transducer array to manip-
ulate millimeter-sized glass spheres in a pig urinary bladder (52) and to trap and manipulate
microbubbles in a mouse blood vessel within dorsal skin (53).

Challenges. Most locomotion experiments have been conducted in smaller animal models
with vasculatures located on skin surfaces. There is a need to develop transducers capable of
manipulating micron-sized objects at various depths within the living body.

Successful implementation of US-based microrobots in medical applications hinges on tackling
numerous challenges. When deploying microrobots in in vivo conditions, it is crucial to consider
specific US parameters, including attenuation and impedance mismatch. As US waves propagate
through a biological medium, they experience attenuation or decay, gradually weakening the US
signal as it travels deeper into the body. Furthermore, as US waves propagate through the body,
they encounter various interfaces and compositions with different acoustic properties, as the liv-
ing body is heterogeneous in material content. These interactions lead to partial transmission and
reflection of the US energy at the interface. When US encounters bones with microstructural
boundaries and pores, these interfaces and compositions cause the US waves to scatter in differ-
ent directions. Thus, transmitting sound waves through the skull and bones becomes difficult,
and predicting the sound field becomes challenging, making manipulation of US waves in these
areas difficult or unpredictable. Understanding and accounting for these factors are essential for
optimizing the performance and effectiveness of US-based microrobots in medical applications.

US directionality is another crucial aspect to consider. By incorporating microbubbles of dif-
ferent sizes in microrobot design, each with its unique resonance frequency, it becomes possible to
steer the microrobot in a specific direction (42). However, steering considerations are necessary
for nonresonant acoustic microrobots. In such cases, acoustic swimmers equipped with a phase
transducer array could emerge as an excellent alternative for steering and propulsion.

Light

Light (electromagnetic radiation of wavelength 10-1,100 nm) can be used as an energy source for
wireless actuation. Light is an extremely versatile energy source, as it can be tuned and optimized
in terms of wavelength, energy, and polarization with high spatial and temporal resolution (54).
Given these features, light has been proposed for untethered microrobot actuation. Here, we pro-
vide an overview of light-based actuation together with a description of actuation platforms and
open challenges.

Overview and advantages. Light delivers an energy amount that is proportional to its frequency.
At the same time, the delivered energy amount strongly depends on the properties of the prop-
agation medium (materials, type of interfaces, optical properties) and on the optical features
of the microrobot to be controlled. In this regard, most tissues are nontransparent to light, so
absorption/scattering phenomena should be taken into account to prevent tissue damage and to
ensure sufficient penetration depth. When the propagation medium is represented by biological
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tissue, light penetration depth is significantly reduced due to absorption and scattering phenomena
associated with chromophores and biological molecules.

Some regions of the electromagnetic spectrum, such as the near infrared (of wavelength 650—
1,350 nm) offer the opportunity of higher penetration depth due to the lower light absorption
associated with predominant molecules such as hemoglobin.

In optically driven microrobotics systems, the propulsion mechanism is typically based on the
movement or deformation of body parts. Light can be used either as a direct actuation medium
by inducing a state change in the actuator and task execution or by employing intermediate en-
ergy conversion methods to achieve actuation. Indeed, light can undergo transduction into heat
(photothermal effect), conversion into electric fields (photoelectric effect), or catalysis of chemical
reactions (photochemical effect) to induce changes in the constitutive microrobot materials. Di-
rect light-based manipulation leverages the forces arising from focusing light with high-intensity
gradients, as in optical tweezers (55). However, despite also allowing for 3D control, such meth-
ods suffer from extremely low output forces (in the piconewton range) and a limited compatibility
within the in vivo environment (56).

In the majority of cases, light-responsive microrobots consist of polymers combined with
metallic components to make them responsive to indirect light actuation mechanisms. Liquid-
crystalline elastomers are abundantly used as artificial muscles to develop light-responsive
microrobots due to their reversible large anisotropic deformation and relatively high output force
upon triggering by photochemical reactions or photothermal heating (57, 58). Hydrogels whose
polymeric chains are modified to endow them with light responsiveness are a valid alternative, as
well. When focusing on these two classes of optical materials, their interaction with body tissues,
as well as their capability of becoming biocompatible, buoyant, and suitable for 3D locomotion,
prove favorable (59).

Light-responsive microrobots typically feature a speed of motion below a few body lengths
per second due to the relatively slow response time of light-sensitive materials. They hold the
advantage of high spatial selectivity in activation (thanks to laser-focusing opportunities) but at
the cost of limited degrees of freedom unless complex 3D interreference patterns are generated.

Light sources. Optical actuation can take place over an even larger distance, with laser beams ca-
pable of traveling in a straight line if they are not disturbed by interface media, such as biological
tissues. Different types of light sources ranging from precise lasers—possibly with high power—to
simple lamps can be employed to trigger light-responsive materials and structures. These types of
stimulation equipment are in the several-centimeter scale, depending also on the output power,
generation technology, and requirements in terms of precision and selectivity. Light distribution
can be controlled both using laboratory-level devices, such as mirror scanners and digital mi-
cromirrors, and commercial digital strategies based on projectors to dynamically modulate the
light pattern in geometry and wavelength at high frequencies (over 30 Hz) (Figure 3c¢).

Challenges. Challenges associated with light actuation lie in the need to find a proper compro-
mise between safety, penetration depth, and the amount of transmitted light, to allow promotion
of an effective actuation. Indeed, when targeting medical applications, light interaction with tissue
should be considered both to prevent cellular damage and to allow sufficient penetration depth.
Although some windows can be identified, light actuation generally fails to get deep into the body.
One opportunity in this area is offered by using endoscopic and endovascular tools to bring light
closer to the target working site by means of optical and laser fibers.

Additional challenges associated with light-triggered actuation lie in the relatively low re-
sponse speed of light triggerable materials. Indeed, such materials require a significant structure
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rearrangement, which significantly prolongs the response time, especially when submillimetric or
millimetric structures are considered.

Hybrid Mechanisms

In traditional machines at the centimeter scale and above, mechanisms such as shafts, gears, and
cables connected to dc motors allow for force transduction between translation and rotation, as
well as force amplification. To scale down this approach, magnetic fields have begun to be used in
synergy with miniature transmission mechanisms. Such mechanisms have been created for mag-
netic microrobots from the millimeter scale (60, 61) to the micrometer scale (62) and have been
proposed to power end effectors such as microgrippers and cargo-release tools.

Millimeter-scale transmission mechanisms are being explored to increase the amount of force
from externally driven magnetic mechanisms from the micronewton to the newton level. Micro-
transmission mechanisms based on traditional gearsets (63) have been proposed for this purpose.
However, issues associated with friction must be taken into account. Nontraditional transmissions,
for example, those based on a driving magnet and twisted string actuators (64), have promise but
have yet to be applied at submillimeter scale. Such hybrid approaches have only begun to be ex-
plored, but there is still a great deal of potential to enhance the utility of any actuation method
with such mechanisms.

MICROROBOT TRACKING IN VIVO

Reaching specific targets within the body to perform medical tasks calls for fine control, which in
turn requires information on microrobot position and activation state. Such closed-loop control
is a traditional method in robotics, while the unique challenge for microrobotics is that most
results accomplished so far in the field have been limited to the use of high-resolution optical
microscopy in a laboratory environment. Optical microscopy gives excellent visualization but is
a viable option only in highly superficial and transparent body areas, such as the eye. Tracking
of tools for the entire medical robotics and smart devices field is an ongoing challenge, where
inspiration on methods can come from what has been accomplished in these better-established
fields (65).

Optical tracking represents the gold standard for pose estimation of medical tools outside the
body, by employing a combination of markers mounted on the device and camera-based equip-
ment for detection (66). However, in the absence of a direct line of sight, such methods fail (67).
Sensor-based approaches such as electromagnetic tracking (68) can be used for tools out of the
line of sight in the body. However, space constraints and requirements for untethered solutions
limit the use of sensor-based tracking strategies in the medical microrobotics field. Image-based
tracking stands out as a valid alternative to sensor-based strategies.

The introduction and use of images in the medical arena date back to 1895 with the invention of
X-rays by the German physics professor Wilhelm Réntgen (69, 70). Since then, medical imaging
has significantly advanced with a tremendous impact on diagnosis and medical robotics. When
focusing on microrobotics, medical imaging methods will be critical to make the translation from
a lab setting to the bedside possible. The specific imaging requirements depend on the features of
each unique anatomical application area.

Medical imaging methods based on ultrasound, magnetic fields, light, ionizing radiation, or
combinations of these have been proposed to track and monitor microrobots in tissues (71). In
particular, US and magnetic field-based methods are being seen in the community as particularly
versatile for microrobot tracking and are widespread both in clinics and in the microrobotics field
(Figure 4).
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Selecting the imaging modality for a target biomedical application inherently requires a com-
promise between spatial and temporal resolution, penetration depth, safety, suitability for the
target region, possibility to include dedicated contrast/imaging agents in the microrobot structure,
and tracking precision.

Among all the aforementioned parameters, spatial and temporal resolution are of primary im-
portance in selecting the most appropriate method. More specifically, spatial resolution can be
defined as the minimal distance possible between two objects making them still distinguishable
and should be comparable with microrobot size (body length) and features. This allows the as-
signment of physical dimensions to pixels and, thus, the derivation of target object dimensions
and distances from the acquired images. Temporal resolution refers to the rate of data collection
and ultimately indicates the amount of time needed for acquisition of each successive image.

Several imaging strategies have been employed to track microrobots. Given that the choice
of the tracking method really depends on the target region, microrobot features, and tracking
specifications, identifying a general-purpose optimal modality is not feasible. In fact, one trend
in the state of the art is pursuing multimodal imaging and tracking strategies that combine the
advantages of several imaging methods, where each method may be the most suitable for each
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different phase of a procedure (e.g., preoperative planning, intraoperative tracking, and postop-
erative monitoring/verification). Some proposed strategies in this direction include multisource
computed tomography (CT) imaging for intravascular interventions (75); combining CT, US, and
MRI in chemoembolization procedures in pig liver (76); US and photoacoustic imaging in mice
bladder (77); and CT combined with US for aneurysm filling (78).

With this awareness in mind, we analyze two main imaging strategies that stand out as
particularly promising in different body regions.

Ultrasound-Based Imaging

US offers the opportunity of real-time imaging (at rates up to hundreds of frames per second) with
no harm to tissues, using equipment that is low cost, compact, and portable (79). US interaction
with tissues depends strongly on the pressure wave features (in particular, wave frequency) and on
the number and type of tissues/interfaces to be crossed. Higher-frequency US waves experience
higher attenuation in a medium due to increased wave interactions with the medium, resulting in
lower penetration depth. On the other hand, higher US frequencies lead to higher image spatial
resolution. High-frequency US waves (e.g., 12-15 MHz) allow for submillimeter resolution at
small depths (3—4 cm), whereas low-frequency US waves (e.g., 3-5 MHz) achieve millimeter-scale
resolution at high depth (20 cm).

There are multiple methods of processing ultrasound echo data into an image, with B-mode
being the most common technique. As seen in Figure 44, B-mode converts echo signal amplitude
at each point in space into a brightness level to create an image. At first glance, a B-mode image
looks like a picture of the anatomy, but echo amplitude depends multiply on US wave reflections,
transmission, and attenuation upon interaction with tissues. Thus, B-mode images can contain
many complex artifacts, rendering image interpretation a nuanced art. Image clarity depends sig-
nificantly on the direction from which an image is taken, interface layers, and probe contact with
the tissue, in addition to the properties of the target tissue/object.

Khalil et al. (80) demonstrated the feasibility of B-mode detection of in vitro micrometer-
sized (100-wm) magnetic microrobots. In recent years, B-mode tracking has been integrated
into robotic platforms, enabling closed-loop control of microrobots (81, 82), catheters (83), and
millimeter-sized swarms of magnetic microparticles for blood clot removal (84). Contrast and
pattern-matching techniques together with the definition of anatomy-based (e.g., within vessel
boundaries) reduced regions of interest allow for microrobot detection and tracking in tissues.
Because B-mode images can be complex to interpret, machine learning (ML) approaches using
deep learning are recently being deployed, which use example images to allow automatic real-time
microrobot detection (85, 86), tracking, and localization (87).

Despite the impressive speed and picture-like images created by the B-mode method, micro-
robots’ low echogenicity can hamper their visualization and differentiation from highly complex
soft tissues, especially when microrobots are moving close to a boundary (as in the case of micro-
robots moving in contact with vessel walls). To improve device contrast in B-mode images, ultra-
sound contrast agents such as air bubbles integrated on the device surface (88) can be exploited.

However, microrobot motion smaller than the US wavelength (in the 100-500-pm range for
typical imaging frequencies) will not be detectable in B-mode imaging. To cope with this challenge,
motion-based US imaging methods (Figure 45) can play a role and outperform with respect to
brightness-based B-mode imaging. These methods typically rely on the shift in frequency and
phase of the acoustic wave when scattered back by a moving object. US Doppler-mode imaging
uses such frequency-shift data to show the velocity of tissues/objects along with wave-propagation
direction and is widely employed in clinical practice for vascular screening. Since the early 2000s,
Doppler imaging has been used for tracking a catheter by detecting its vibrating tip (89, 90).
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Doppler imaging has been successfully employed to localize both single microrobots (91) and
swarms of microrobots (92, 93).

Recently, US acoustic phase analysis (US-APA) has been proposed to add selectivity to general-
purpose Doppler imaging. Indeed, by analyzing the phase shift of the backscattered acoustic waves
upon interaction with a moving object, information on the object displacement (even when the
displacement is smaller than the wavelength of the US wave) can be detected by looking at this
phase shift. US-APA relies on the processing of raw radiofrequency (RF) data through Fourier
analysis and selective motion filtering, aimed at identifying specific motion features of the mi-
crorobots and at rejecting physiological motions not associated with microrobot movements. As
compared with Doppler imaging, US-APA shows superior performance in complex, dynamic, and
echogenic environments (72). US-APA proved robust with respect to different imaging conditions
such as low-contrast or dynamic environments (e.g., microrobots, with dimensions ranging from
1,500 to 500 pm, in a phantom vessel with blood flow or tissue motion). Additionally, US-APA
was also exploited for closed-loop control in a visual servoing platform (94). By relying on the
analysis of raw RF data, it also shows a potential increase in spatial resolution [e.g., at 10 MHz,
B-mode resolution is equal to 150 wm, while RF data can resolve up to 38 pm (95)]. However, a
downside of US-APA is its low temporal resolution (a few frames per second) and its requirement
of a precise knowledge of microrobot motion features (94-96).

Magnetic Field-Based Methods

Magnetic field-based imaging techniques rely on the application of an external magnetic field
gradient to excite the atoms contained in the imaging target. They typically employ complex
equipment including several electromagnets and associated powering and cooling apparatuses.
Atom excitation is typically associated with a change in the magnetic moment and detected by re-
ceiving coils through induced flowing currents. Different excitation principles can be put in place
to perform magnetic field-based imaging (97, 98). MRI is based on the nuclear magnetic imaging
principle and refers to hydrogen atoms excitation (Figure 4c). As such, it is a structural imaging
method, allowing at the same time retrieval of microrobot position and anatomical information.
On the other hand, magnetic particle imaging (MPI) relies on the excitation of magnetic materials
and does not allow the derivation of anatomical features.

MRI is widely employed in clinical practice. The technique features spatial resolutions as small
as 500 pm of the voxel side but at the cost of long acquisition times—and, thus, reduced temporal
resolution (up to minutes)—especially when 3D imaging is performed. Given that it is based on
material and tissue composition, MRI can leverage the use of contrast agents based on iron oxide
to enhance the detectability of certain anatomical structures or tools (e.g., microrobots).

The first studies also revealed one of the main advantages associated with MRI-based track-
ing, namely, the possibility of using the same apparatus for both actuation and tracking. While
these two phases cannot be done simultaneously, time-sequenced alternation between imaging and
tracking can make real-time tracking and closed-loop control possible (albeit at a slower speed).

Recent work proposed a 1D projection-based approach aimed at fast tracking of submillimet-
ric (~300-pwm) microrobots. The method has been demonstrated both in vitro and ex vivo with
tracking accuracies of several body lengths (73). Furthermore, the integration of deep learning
strategies was investigated to enable 3D tracking from 2D MRI slices, thus enabling an increase
in microrobot detection frequency (up to 1 Hz) (99). Interesting trends also focus on novel func-
tionalization strategies aimed at enhancing MRI visualization of subresolution structures (100).

MPI provides an estimation of magnetic material distribution in the workspace by exploiting
the superposition of time-varying and static magnetic fields to create a field-free region within the
workspace whose position determines the magnetic materials’ response to excitation fields and the
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possibility of mapping their distribution (Figure 4d). Similar to MRI, MPI scanners have been
employed at the same time for tracking and navigation control (101). At present, MPI features res-
olutions of 1 mm to a few millimeters and temporal resolution strongly related to the workspace
dimension. For example, the commercial Bruker preclinical MPI scanner features a speed of
46 volumes/s (102). Furthermore, typical MPI equipment features small workspaces or perfor-
mance deterioration when the workspace is scaled up (103).

MPT has a demonstrated ability to use magnetic fields for various purposes such as nanoparti-
cle tracking and control. Moreover, the high temporal resolution makes it suitable for real-time
control. On the other hand, the poor spatial resolution of MPI hampers the tracking of
micrometer-scale devices. One recent work successfully used MPI to control navigation and to
track a 3-mm helical microrobot in a vascular phantom for aneurism treatment. This method had
a tracking error of approximately 0.25 body lengths (74).

MICROROBOTS FOR BIOMEDICINE

Microrobots have been proposed extensively for performing medical tasks ranging from minimally
invasive surgery to targeted drug delivery and health monitoring. As overviewed in the previous
sections, energy delivery, actuation, and tracking strategies allowing untethered locomotion and
task activation for microrobot-based therapy in clinical practice have been investigated. Given
their noninvasive dexterity, microrobots hold the promise to overcome biological barriers and
technological bottlenecks seen with traditional interventional tools and therapeutical strategies.
Targeted drug delivery stands out as a relatively simple task (in particular due to the low precision
needed and the reduced force output requirements) and, thus, represents the most-investigated,
near-term, and promising application scenario for microrobots. In this area, microrobots can pro-
duce significant advancements over the low efficiency of nanomedicine-based and traditional drug
administration strategies (104). In the following sections, the main results accomplished when us-
ing microrobots as tools to perform medical tasks in the circulatory system, the GI tract, and other
relevant body regions are reviewed.

Microrobots for the Vascular System

Miniaturized robots navigating within the vasculature under physiological flow conditions show
great potential for treating a number of diseases. In particular, microrobots have the potential to
revolutionize traditional systemic therapies through precision-focused methods that administer
treatments to particular lesions, enhancing intervention effectiveness for ailments including but
not limited to stroke, peripheral artery disease, abdominal aortic aneurysm, carotid artery disease,
pulmonary embolism, atherosclerosis, and cancer.

Our 3D vascular networks include large arteries with high flow velocities and pulsatile flow, and
microrobots must demonstrate the ability to propel themselves under such conditions and navi-
gate the intricate vasculature. Previous research has primarily focused on controlling microrobot
trajectories within microchannels and confined spaces, with most studies attempting manipulation
under static conditions (52, 105, 106). Recent investigations have explored microrobot capabilities
under externally controlled flow conditions, showing that navigation tends to be impeded as flow
rate increases (107). This limitation arises from the drag force, when encountering physiological
flow rates up to several centimeters per second. As a result, most engineered microrobots cannot
withstand the drag force and are swept away. Addressing the challenge posed by physiological flow
is crucial to unlock the full potential of microrobots for medical applications.

To enable propulsion against flow, researchers have drawn inspiration from the intelligent
techniques observed in natural swimmers and have taken advantage of boundary conditions (108,
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109). In a purely physical approach, biomimetic colloidal particles can get near a boundary, such
as a vessel wall, and move upstream under acoustic or magnetic fields, either singly or in com-
bination. For instance, one recent work (Figure 54) achieved upstream motion along a vessel
with acoustomagnetically activated, self-assembling microrobots (110, 111). Other works demon-
strated upstream manipulation of magnetically guided Janus particles, effectively utilizing their
antibody-mediated targeting capabilities to deliver drugs selectively into specific tumor sites (107).
Upstream navigation of magnetic microrollers on diverse 3D surface topographies that mimic
biological microtopographies are shown in Figure 56 (112).

However, despite the promise of these studies, there remain challenges to be addressed such as
slow propulsion velocities and precise control against physiological flow rates. Recently, showcases
of upstream and cross-stream propulsion of ultrasonically activated self-assembled microbubbles
have been made within a physiological environment and against a flow rate of 16.7 cm/s (50, 113)
(Figure 5¢).

To achieve successful deployment of microrobots in the vasculature, the devices must be con-
structed from materials and structures that can withstand the cyclic stresses induced by pulsatile
flow and operate reliably without structural failures. Furthermore, the microrobots must be de-
signed to avoid damaging the vessels’ endothelium during navigation. Additionally, the propulsion
system should be able to adapt to varying conditions; in particular, changes in flow velocity and
direction during different phases of the cardiac cycle may affect microrobot propulsion and ma-
neuverability. The presence of vascular diseases such as atherosclerosis and aneurysms, which are
known to alter flow characteristics and cause disturbed flow patterns, presents further challenges
to the effective operation of vascular microrobots.

In addition to manipulating microrobots, there is a surging interest in manipulating micro-
catheters within the vascular network, which can grant access to intricate and hard-to-reach
anatomical regions within the body. In particular, 3D-manipulated microcatheters have emerged
as innovative tools in medical applications, offering precise, flexible, and accurate navigation ca-
pabilities for minimally invasive therapeutic procedures, while overcoming the bottlenecks of
wireless tools design. Current approaches to steering and manipulating microcatheters in 3D en-
vironments have primarily utilized magnetic fields. In one study, a mechanism for flow-driven ad-
vancement and magnetic steering of flexible microcatheters was shown first in bifurcated channels,
and then its efficacy was validated within ex vivo rabbit ears (114). In another study, a magnetic mi-
crocatheter that employed a cylindrical bar magnet connected to a robotic arm for precise maneu-
vering achieved real-time 3D navigation in conjunction with X-ray fluoroscopy. This system was
able to effectively navigate complex pathways in both in vitro tests using neurovascular phantoms
and in vivo evaluations in a porcine brachial artery (115), as shown in Figure 5d. Researchers are
continuously exploring innovative strategies for the development of microcatheters. A multifunc-
tional microcatheter made by rolling flexible polymeric films containing integrated electronics is
intended to provide drug delivery, micromanipulation, tracking, and navigation capabilities with
feedback-driven control using a magnetic sensor (116), as shown in Figure 5e. A submillimeter-
diameter endovascular microcatheter was made steerable by incorporating soft-bodied hydraulic
actuators at the distal tip. The capability of this microcatheter to navigate through vessels
and implant embolization coils in cerebral vessels was demonstrated in a live porcine model
(117), as shown in Figure 5f. One design integrated three metallic wires into a microfiber, en-
abling precise control of the fiber’s movement in 3D space by adjusting the length of each wire
(118).

Microrobots and microcatheters used in biomedicine must be designed to interact precisely
with cells and biomolecules while minimizing adverse effects. Biocompatible coatings and surface
modifications are necessary to optimize microrobot surface properties to help reduce unwanted
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Microrobots and microcatheters for use in the vascular system. (#) Biological microswimmers, such as spermatozoa and bacteria,
skillfully leverage no-slip boundary conditions to move upstream along walls. Drawing inspiration from this natural phenomenon,
researchers developed acoustomagnetic microrobots that first self-assemble in a rotating magnetic field, then upon application of an
acoustic field swiftly move toward the wall and then upstream (111). (b)) Magnetic single and doublet Janus particles demonstrate
navigation and upstream manipulation capabilities on diverse 3D surface topographies. Panel adapted from Reference 112 (CC BY 4.0).
(¢) Manipulation of acoustically activated self-assembled microrobots in the mouse brain vasculature. Panel adapted from Reference 113
(CC BY 4.0). (d) The experimental setup of a magnetic microcatheter, which includes a cylindrical magnet connected to a robotic arm
for precise manipulation and real-time 3D X-ray fluoroscopy for guidance. The image sequence demonstrates the navigation of the
microcatheter in a brain aneurysm. Panel adapted with permission from Reference 115. (¢) A multifunctional microcatheter was
developed by rolling flexible polymeric films containing integrated electronics, aimed at providing drug delivery, micromanipulation,
tracking, and navigation capabilities with feedback-driven control using a magnetic sensor. Panel adapted from Reference 116

(CC BY 4.0). (f) A soft-bodied hydraulic actuator is incorporated at the distal tip of an endovascular microcatheter. Panel adapted with
permission from Reference 117. Abbreviations: GND, ground; ISAC, immune-stimulating antibody conjugate; PDMS,
polydimethylsiloxane; SS, source supply; V, voltage.
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interactions with blood components, lowering the risk of immune adverse reactions, clotting, and
inflammation.

Microrobots for the Gastrointestinal Tract

The GI system contains difficult-to-reach segments and includes barriers (e.g., in terms of drug
absorption) that motivate the development of microrobots intended for the GI tract. Given the
discomfort and pain associated with traditional endoscopic procedures, endoscopic capsule robots
were proposed more than 20 years ago as untethered tools to perform diagnostic examinations in
the GI tract (119). While endoscopic capsule robots are not in the scope of this review, capsule
robots, as well as instrumented endoscopes, have the tremendous merit of having provided a wide
awareness and a wide set of specifications on how microrobots for operation in tubular organs
should be designed.

The GI system features a low immune response compared with the vascular system, but
physical (mucus layer) and chemical (absorption across the mucosa) barriers make targeted drug
delivery, biopsy, and other interventional tasks challenging without highly controllable small-scale
devices.

The complexity of the GI system in terms of its path-winding nature, the presence of villi
and mucus, and the distance from the body surface (where external control field sources could
be placed) make locomotion and target reaching in specific segments of this region challenging.
Recent efforts have been directed toward strategies for enhanced magnetic locomotion across the
GI tract.

Film-like, magnetic, soft microrobots capable of multimodal locomotion have been proposed
and optimized to cope with navigation in this challenging environment. A porous, silica-doped,
soft magnetic microrobot was proposed for improving locomotion across nonideal environments
in the presence of peristalsis-like disturbances. Optimized adhesion properties and higher me-
chanical stability were pursued to this aim (120). Mucoadhesive coatings (121) (Figure 64) and
peeling-and-loading microneedle-based mechanisms (122) have been implemented on board film-
like, magnetic, soft milliscale robots to enhance the robots’ capability to climb and move along
complex, wet surfaces, as well as along ex vivo porcine intestine tissue.

Given the size of the GI system, both milliscale robots and swarms of micrometer-scale robots
have been proposed for a variety of applications including targeted drug delivery, gastric bleed-
ing treatment, biopsy, sensing, and physical therapy (i.e., mediated by electrical and thermal
stimulation).

The motivation to perform targeted drug delivery in the GI system arises from the rapid degra-
dation of biomacromolecules and poor absorption in the GI tract, which limits the efficacy of
oral administration of several classes of drugs. Developing oral delivery systems that are able to
reach specific locations and allow for efficient drug absorption across the GI mucosa is an oppor-
tunity for which microrobotics solutions are being proposed. Inspired by the leopard tortoise’s
ability to passively reorient, researchers have developed a self-orienting millimeter-scale robot
that s able to magnetically reach a target location and deploy drug-loaded microneedles for gastric
macromolecules delivery across the mucosa (123). Other interesting works combine an anchor-
ing mechanism and a drug-release system activated synchronously by a rotating magnetic field to
withstand peristalsis while ensuring targeted delivery of therapeutics (124). Microrobot swarms
based on magnetized pollen typhae (20 pm each) proved efficient in stimulating endogenous blood
coagulation pathways to treat gastric bleeding in living mice (125) (Figure 6b).

Recently, quadruped, soft, thin-film microrobots able to achieve multiple controllable locomo-
tion modes under oscillating magnetic fields proved efficient in pick-and-place tasks in complex
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Microrobots in the GI system. The complexity of the GI system in terms of its path-winding nature, the presence of villi and mucus,
and the distance from the body surface make locomotion and target reaching in specific segments of this region challenging. To cope
with this challenge while performing medical tasks, several approaches have been proposed, and paradigmatic examples are shown here.
() Strategies for enhanced locomotion based on a mucoadhesive coating placed over magnetic soft microrobots. Panel adapted from
Reference 121 (CC BY 4.0). (/) Magnetized PT-based microrobot swarm for gastric bleeding treatment. Panel adapted with permission
from Reference 125. (¢) A quadruped, soft, thin-film microrobot able to achieve multiple controllable locomotion modes and eligible for
biopsy in the GI system. Panel adapted from Reference 126 (CC BY 4.0). () Magnetic field-based tissue properties sensor for GI tract
diagnostic investigations. Panel adapted from Reference 127 (CC BY 4.0). (¢) A battery-free and deformable electronic esophageal stent
for lower esophageal sphincter stimulation through electromagnetic coupling. Panel adapted from Reference 128 (CC BY 4.0). () A
magnetic microrobot swarm for flexible deployment and laser-mediated photothermal therapy. Panel adapted with permission from
Reference 130 (CC BY 4.0). Abbreviations: EGaln, eutectic gallium-indium; GI, gastrointestinal; NP, nanoparticle; PT, pollen typhae.
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stomach-like environments, paving the way to magnetic microrobot-based biopsy in the GI system
(126), as seen in Figure 6¢.

Magnetic soft microrobots have also been proposed for performing diagnostic tasks by ex-
ploiting their change in magnetic response. By controlling robot-tissue interaction using external
magnetic fields, visualized by medical X-ray or US imaging, tissue properties can be derived
precisely from the robot shape and magnetic fields (127), as seen in Figure 6d.

Wireless energy transfer to microrobots operating in the GI system can serve to activate loco-
motion and drug delivery, as in the aforementioned cases. However, additional energy transduction
mechanisms can occur on board, to perform both electrical stimulation and hyperthermia. A
battery-free and deformable electronic esophageal stent was proposed for noninvasive wireless
stimulation of the lower esophageal sphincter. The compliant stent consists of an elastic receiver
antenna filled with liquid metal. Electromagnetic coupling with an external antenna allows current
flow across the stent and sphincter stimulation through dedicated anchoring needles (128), seen
in Figure 6e. Metallic structures on board film-based milliscale robots and microrobot swarms
were employed for tissue hyperthermia. In the first case, a pangolin-inspired, bilayered soft robot
was proposed. When triggered with RF fields, heating greater than 70°C at large distances over
5 cm within a short period of time (less than 30 s) could be achieved by exploiting both Joule
heating and hysteresis losses (129). A microrobot swarming strategy was proposed to organize
microscale magnetic microrobots into millimeter-height cilia-like structures, endowing the micro-
robot swarms with more powerful capabilities to pass obstacles and achieve flexible deployment,
as well as laser-mediated photothermal therapy (130), as seen in Figure 6f.

Microrobots in Other Regions

In light of their potential dexterity and capability to execute precise tasks, microrobots have also
been proposed for operation in regions beyond the vasculature and GI tract, where additional
functionalities, such as delivery of cells or embryos, have been demonstrated.

Brain. In the brain, microrobots are being explored for targeted drug and cell delivery through
the vasculature or within the cerebral spinal fluid at the micrometer scale. Future treatments such
as stem cell therapy would require placement of cells in precise areas of damaged tissue, which can
be done noninvasively with targeted precision using microrobots (131). Brain tissue is significantly
softer than other tissues in the body, thus representing an opportunity for microrobots, which may
not be able to exert sufficient forces to manipulate or cut other tissues. Endoscopic approaches
to neurosurgery are not used commonly due in part to the size and dexterity of available tools.
Remotely powered and controlled robots at the millimeter scale are being explored for minimally
invasive neurosurgery using magnetic actuation (132), with the potential to scale to hundreds-of-
micrometer sizes. One challenge in the brain is that US does not penetrate through the skull easily,
so other imaging solutions such as endoscopic cameras for surgery or fluoroscopy for wireless
guidance would be required.

Eye. Developing microrobots for operating in the eye has been a priority since the beginning
of medical microrobotics (133), and microrobots have been reported both for microsurgical and
drug delivery tasks. A swarm of helical submicrometer propellers featuring a liquid coating to
minimize adhesion on a vitreous biopolymeric network was proposed for intravitreal delivery
of therapeutic agents. Clinical optical coherence tomography and magnetic actuation were used
to monitor and control the movement of the propellers and confirm their arrival on the retina
near the optic disk (3). Recently, an untethered, shape memory alloy—based, 65-pum-long micro-
robot responsive to laser-induced propulsion through optothermal and optical trapping effects
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was proposed for intraocular surgery (134). Magnetic navigation was also employed to perform in-
traocular injections through a flexible magnetic microcannula. Remarkably, real-time tracking and
semiautomatic placement of the cannula were demonstrated toward the definition of more
standardized microrobot-based interventional procedures (135).

Lungs. The narrow airways of the bronchial tubes and lungs are difficult to access for nonsurgical
diagnosis of lung cancer by nodule biopsy. Flexible bronchoscopes can bend to navigate the larger
first stages of bronchial tubes under fluoroscopic guidance, but to access the deepest locations
within the lungs a smaller flexible instrument or an untethered solution is required. The com-
mercial Monarch™ (Johnson & Johnson) and Ton (Intuitive Surgical) bronchoscopy robots are
smaller in size at 3.5-4.2 mm, but an even smaller size is required for this procedure. Magnetically
guided microrobotic catheters of approximately 2 mm in width can fully conform to the airway
anatomy and access the majority of the airways (136).

Bladder. The bladder can be accessed readily by catheterization, with potential microrobotics
treatments for ailments such as kidney stone breakup using a steerable microrobot within the
kidney (137). Swarms of microrobots have been shown to move on ex vivo bladder tissue (138).
Robotic devices at the centimeter scale have been shown to be able to help control bladder voiding

(139).

Reproductive tract. Infertility affects tens of millions of couples, with many treatments such as in
vitro fertilization and intracytoplasmic sperm injection requiring the egg to be fertilized outside
the body before being reimplanted in the uterus. Microrobots are being explored for reproductive
assistance directly in the female reproductive tract. Microrobots carrying sperm cells are being
explored to guide fertilization directly to the egg within the uterus to address low sperm mobility
(140) and for embryo implantation within the fallopian tube after in vitro fertilization (141). Under
US guidance, swimming microrobots can be navigated after injection into the uterus and have
been shown to function in microfluidic environments.

OPEN CHALLENGES AND CONCLUSIONS

In this review, we summarize medical and technical principles intended to guide the next gen-
eration of medical microrobotics experts in the design of novel miniaturized therapeutic tools.
In doing so, recent relevant advancements, both from a technological and application-oriented
perspective, are presented for different classes of medical microrobots. The application area
determines several microrobots features, such as size, mechanical properties, force output, func-
tionalization, and composition, but also the choice of the actuation and tracking strategies to be
put in place for controlled target reaching and task execution.

The past few years have witnessed tremendous advancements in the field of medical micro-
robotics with the first in vivo demonstrations in large animals. These works represent a milestone
by demonstrating that microrobots performing medical tasks in the body can become a reality
and go beyond science fiction. Despite encouraging advancements and potentialities, we can still
identify a set of issues and challenges that must be faced to pave the way of medical microrobots
to the bedside.

Microrobots need to be better engineered to cope with biological barriers and ensure their
safety. The choice of the constitutive materials is crucial in this context. Eligible materials must be
biocompatible and/or biodegradable, cause no immune system response, and be functional (i.e.,
allowing for drug loading and optimized response to external control fields). The long-term fate
of microrobots and their constitutive components should be assessed while looking for either full
degradability (142), long-term residence in the body as in the case of implants, or strategies to
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retrieve them upon task execution. Devising suitable retrieval strategies also copes with the need
to address potential microrobot failures during task execution. In this regard, a proper compromise
between degradation, component lifetime/clearance, and retrieval should be devised to guarantee
thatsafety, yet notincreasing invasiveness, is put into place for failure handling (143). Furthermore,
open avenues to be investigated deal with sterilization and biological assessment toward future
regulatory approval.

The structure of microrobots should also be further engineered to better support their func-
tionality. Recent works have unveiled the possibility of using microrobots as smart responsive
stents, tools for optimized embolization, and surgical tools. Developing new strategies for exert-
ing higher forces with microrobotics tools is now required to go beyond simple targeted drug
delivery.

In addition to a more efficient and biocompatible structure, microrobots need better control.
This applies particularly to less-mature technologies such those based on US. The field of US-
controlled robotics is a relatively new area; as a result, control and automation using this feedback
modality are not yet well developed in comparison with magnetic and other robotic systems. The
practical application of US-controlled microrobots is currently limited by the lack of robust au-
tomation and control systems. To fully integrate US technology into medical settings, it is crucial
to invest in the development of advanced control strategies allowing manipulation and navigation
in 3D spaces within the living body. The development of novel control strategies is strictly bound
to the inclusion of real-time high-resolution tracking strategies (144) in the control loop toward
closed-loop control and task automation.

A primary challenge for implementing meaningful ML solutions to microrobotics problems
is now in generating realistic large datasets, so efforts to publish and describe such datasets will
be instrumental (145). Published datasets for common experimental platforms have allowed ML
solutions to advance atan astonishing rate in other fields, and the microrobotics community should
consider where common platforms could be used widely to benefit similarly. A major development
and employment of open platforms (e.g., the Robot Operating System for robotics, GitHub for
software and data sharing, and using imaging equipment that allows access to raw data) will be
crucial in this regard. Other robotic communities, such as researchers in continuum robotics, are
moving in this direction with highly successful results (https://www.opencontinuumrobotics.
com/).

Moving to the next steps in terms of technological and applicational maturity toward clinical
use also calls for testing and performance evaluation benchmarks (e.g., in areas of tracking/control
accuracy assessment and magnetic field generation system characterization). Open platforms could
be used to benchmark feedback or control approaches.

Last but not least, a larger involvement of medical doctors in the microrobot design and eval-
uation process will be crucial in the future. At the same time, training of clinicians will be a key
step to make them interested in and fully able to utilize microrobotics tools. Such training will
help in pushing the current technological boundaries (e.g., those associated with medical imaging
methods employment) and in supporting clinicians’ awareness and acceptance/adoption of new
technologies. Indeed, some lessons can be learned from robotic surgery and telemedicine, where
clinician training is part of the design and assessment process for novel devices and helps support
new technology adoption in clinical practice (146).

A joint interdisciplinary effort will be fundamental for moving microrobots to the bedside and
producing a clinical impact in some selected applications. Preliminary in vivo validations have
proved that there is room for bringing microrobots to the clinic—we should together exploit this
positive moment to identify procedures in which microrobots can play a pivotal role and make a
societal and healthcare impact.
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