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Abstract

Microrobots have the potential to revolutionize many aspects of medicine.
These untethered, wirelessly controlled and powered devices will make ex-
isting therapeutic and diagnostic procedures less invasive and will enable
new procedures never before possible. The aim of this review is threefold:
first, to provide a comprehensive survey of the technological state of the art
in medical microrobots; second, to explore the potential impact of medical
microrobots and inspire future research in this field; and third, to provide
a collection of valuable information and engineering tools for the design of
medical microrobots.
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1. INTRODUCTION

Minimally invasive procedures are linked with a variety of patient-oriented benefits ranging from
reduction of recovery time, medical complications, infection risks, and postoperative pain to in-
creased quality of care, including preventative care (1–4). These procedures have a long, successful
history, but the area has experienced two particularly significant advances in the past decade. The
first is the success of Intuitive Surgical’s da Vinci: a robotic, minimally invasive surgical system.
The second is the steadily increasing worldwide adoption of capsule endoscopy for gastrointestinal
(GI) diagnosis. Both of these developments illustrate the acceptance that a surgeon’s most impor-
tant skill is cognitive ability, whereas technical skills required for precision and dexterity can often
be delegated to appropriate technology (5). There is a sense that surgical microrobots “are just
around the corner” (6). At the small scales envisioned, microrobots have the potential to perform
tasks that are currently difficult or impossible, and they will undoubtedly lead to the development
of therapies not yet conceived. Although specific applications of microrobots are still in an early
concept stage, the direction in which the field is heading is rapidly solidifying.

In recent years, there has been significant progress in robot-assisted colonoscopy (7) and in
miniature robots for use in the GI tract. Motivated by the capsule endoscopes already in clinical
use, researchers have explored a number of technologies to expand the capabilities of these devices,
ranging from lab-on-a-chip devices equipped with pressure, pH, and temperature sensors to the
addition of legs and other mechanisms for controlled locomotion (see Reference 8 for a recent
review). The size of these devices approaches a few centimeters, capitalizing on the relatively large
size of the GI tract. However, if we were able to create microrobots with a maximum dimension of
only a few millimeters or less, additional locations in the human body would become available for
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DOF: degrees of
freedom

MEMS: microelec-
tromechanical
systems

wireless intervention, including the circulatory system, the urinary system, and the central nervous
system. Microrobots could navigate natural pathways, enabling intervention with minimal trauma.

As we scale robots down to the microscale, the fundamental physics governing the devices
remains the same, but the relative importance of physical effects changes (9, 10). Fluid viscosity
and surface effects such as electrostatics dominate over volumetric effects such as weight and
inertia, and the generation and storage of power becomes difficult. These challenges place strong
constraints on the development of medical microrobots. In traditional robotics, one generally
compartmentalizes aspects of robot design such as kinematics, power, and control. It is unlikely
that miniature devices that carry small electric motors and batteries can be effectively scaled to
submillimeter sizes. In the design of wireless microrobots, fabrication is fundamentally limited
by scaling issues, and power and control are often inextricably linked. This forces us to take
a different perspective on microrobot design than that found in traditional robotics. Engineers
must give up intuition gained from designing in the macroscale world and instead rely on analysis
and simulation in microrobot design. Even then, only experimental results will demonstrate the
efficacy of a given microrobot design, as the world experienced by the microrobot may be difficult
to model accurately.

The world of a medical microrobot consists of fluid-filled lumens (i.e., tubes) and cavities, as well
as soft tissues. Medical microrobots must be designed specifically to work in these environments,
but the relative changes in the size, geometry, and material properties of the environment within a
given procedure present design challenges. Consider, for example, a microrobot designed to work
in the urinary system. The microrobot would be inserted into the urethra and would travel along
this lumen to reach the bladder. If the goal is to reach a kidney, the microrobot must first navigate
the bladder, which appears as a relatively large open cavity to the microrobot. To reach the kidney,
the microrobot must enter the ureter, which is a lumen that enters the bladder at an oblique angle,
and then navigate to the kidney. Designing a single microrobot that is able to negotiate these
changing environments is not trivial. Fluid flow in the microrobot’s environment also presents a
significant design challenge. Consider a microrobot designed to work in the circulatory system.
In addition to dealing with varying blood-vessel diameter, the microrobot must compete against
the pulsating flow of blood, which is significant to a small, untethered device. Although designing
functional medical microrobots is challenging from an engineering perspective, the potential
rewards are vast. Wireless microrobots are an alternative to catheter-based approaches (11), but
they have fundamentally different engineering-design challenges. Tethered devices cannot act as
permanent or temporary implants, and their maneuverability is limited once they reach the site
of interest because some degrees of freedom (DOF) are no longer available for maneuverability.
Furthermore, many internal locations of the body are either inaccessible or hard to reach in a
tethered fashion.

In this review, we present the state of the art in medical microrobots and discuss potential
applications for these devices that are realistic for the near future. There exist surveys of the use
of robotics in surgery (12, 13), but this is the first to consider microrobots in medicine. We first
discuss potential microrobot functions, as well as locations in the body where microrobots are
likely to perform these functions. We then discuss the critical issue of wireless power and the
methods of transducing that power into locomotion. Finally, we discuss localization of in vivo
microrobots, which will be required for both feedback control and safety concerns.

We will not place emphasis on wireless microelectromechanical systems (MEMS) devices,
which tend to be either sensor or actuator oriented and have no locomotion capabilities (e.g.,
implants). An extensive discussion about BioMEMS can be found in Reference 14. Clearly, MEMS
devices have the potential to be incorporated into medical microrobots. We also will not discuss
medical nanorobots, which are significantly smaller than microrobots and typically envisioned as
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devices to target individual cells (15, 16). Many proposed nanorobots are more like pharmaceuticals
than machines, utilizing concepts from synthetic biology and requiring large numbers of them
to complete a task. Some researchers are pursuing electromechanical approaches to nanorobot
design, but they are still developing and characterizing the fundamental building blocks of future
nanorobotic devices and are not yet ready to fabricate a nanorobot capable of performing even a
simple medical task (17).

2. POTENTIAL IMPACT OF MEDICAL MICROROBOTS

2.1. Basic Functions

As the state of the art advances, we can imagine microrobots capable of carrying out complex
sequences of operations, potentially autonomously. However, true microrobots will likely carry
out relatively simple functions, in many cases supervised or directly teleoperated by a clinician. This
will be true in the near term because of the current state of the art in technology; also, the scaling of
physical effects will make the downscaling of certain technologies fundamentally infeasible. In the
following, we provide a classification of simple medical microrobot tasks (Figure 1). Certain tasks
require very simple structures, making them feasible near-term goals. As technology improves,
more complex microrobots can be created to address combinations of these simple tasks (25).

2.1.1. Targeted therapy. Microrobots can be used for the localized delivery of chemical and
biological substances, as well as various forms of energy. The following are some therapeutic uses
for microrobots:

� Targeted drug delivery can be used to simultaneously increase the concentration of drug
in a region of interest and reduce the risk of side effects in the rest of the body. The term
targeted drug delivery is sometimes used to refer to therapies that target specific cells or
genes, but we use the term here to refer to the targeting of a specific location in the body.

� Brachytherapy is the placement of a radioactive source, sometimes referred to as a radioactive
seed, near unwanted cells such as a tumor (26). The radiated energy results in death of the
cells close to the radioactive source.

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 1
Medical tasks for microrobots, including targeted therapy, material removal, controllable structures, and telemetry. (a) Targeted drug
delivery will enable increased effectiveness of therapies while minimizing side effects. This microrobot, for example, is docked to a
blood vessel as a proposed therapy for retinal vein occlusions (18). (b) Microrobots can aid in brachytherapy by carrying radioactive
seeds to destroy tumors. (c) Time-varying magnetic fields induce heating in a microrobot, which can be used for hyperthermia therapy
(19, 20). Image courtesy of Kazushi Ishiyama, Tohoku University. (d ) In vitro stem-cell research is progressing rapidly, and
microrobots can provide a method that applies these results in vivo. (e) Microrobots can perform ablation to remove unwanted tissue.
( f ) Microrobots can obtain tissue samples for biopsy, using mechanisms such as this device designed for a miniature endoscopic robot
(21). Image courtesy of Dong-il Cho, Seoul National University. ( g) Microrobots can act as support scaffolding for tissue-engineering
applications. This image shows a construct that consists of mineralized ingrowth into a polymer scaffolding (22). Image courtesy of
Arthur Sakellariou, Australian National University. (h) Microrobots can act as stents that can be used to keep passages open.
(i ) Microrobots can act as occlusions in cases where a passage needs to be blocked. Image courtesy of AGA Medical Corp.
( j ) Microrobots can carry or act as electrode implants in the brain. Image courtesy of Cyberkinetics Neurotechnology Systems, Inc.
(k) Microrobots can perform wireless remote sensing, such as this intraocular oxygen sensor whose luminescence is a function of oxygen
concentration (23). (l) A microrobot transmitting its own location is useful for localization, as well as for marking pathologies of
interest. In this proposed example, a microrobot equipped with a mechanical structure capable of vibrating at ultrasonic frequencies can
be localized in the body using receivers placed on the outside of the body (24).
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� Hyperthermia and thermoablation refer to the local delivery of heat energy to destroy
unwanted cells (27). Hyperthermia involves moderately raising temperature for extended
periods of time, typically to the range of 40–45◦C, to improve the effectiveness of other
therapies; thermoablation involves raising the temperature to the point of cell death,
which is typically above 50◦C (28). The most promising methods for wireless heat de-
livery include high-frequency magnetic fields (27) and ultrasonic-resonating mechanical
structures.

1 mm
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� Stem cells hold enormous potential for future therapies (e.g., regeneration of lost hearing
and sight). It is not yet clear how differentiated stem cells will be implanted and fostered in
vivo in a clinical setting. This may be a task well suited to microrobotic assistance.

2.1.2. Material removal. Microrobots can be used to remove material by mechanical means. If
the microrobot is relatively large, it may be possible to design specialized tools to accomplish the
task. However, for smaller microrobots, the microrobot itself will be the tool. The following are
two methods of material removal that can be performed by microrobots:

� Ablation is the removal of material from the surface of an object. In its simplest form, this
is accomplished by scraping. As we will show, microrobots may be particularly well suited
for utilizing rotary motion to perform ablation tasks, which would be useful, for example, in
the removal of fatty deposits from the internal walls of blood vessels. Another possibility is
ultrasound ablation, in which a microrobot uses a resonating mechanical structure to emit
ultrasonic pressure waves to destroy an object such as a kidney stone.

� Biopsy/excision can also be performed by microrobots. In the simplest case, the microrobot
retrieves a tissue sample and is removed from the body, and the analysis is conducted ex
vivo. If biopsy or excision is combined with remote-sensing technology, the sample can be
analyzed in situ.

2.1.3. Controllable structures. Microrobots can act as simple static structures whose positions
are controllable:

� Scaffolds act as cell support frames on which nerves can be regenerated, artificial organs
developed, and blood vessels regrown. The microrobot itself can act as the scaffold, or the
microrobot can deploy microscopic building blocks that act as scaffolding (29).

� Stents are structures that are used to keep passageways open. A typical example is the use of
a stent to keep blood flowing though a clogged vessel. The microrobot itself would serve as
the stent and would navigate and deploy in the location of interest.

� Occlusions can be introduced to intentionally block a passageway, either temporarily or
permanently. Microrobots can function as occlusions, for example, to clog a blood vessel
that nourishes a tumor.

� Implants/electrodes can be introduced by microrobots. A microrobot can act as a temporary
or permanent implant, such as an electrode for brain stimulation. The electrode may operate
wirelessly, or a wirelessly guided microrobot may tow a fine wire.

2.1.4. Telemetry. Microrobots can be used to transmit, from a specific location, information
that would otherwise be difficult or impossible to obtain. This information can be transduced
using a variety of methods (e.g., radio, visible light, ultrasound). Telemetry applications include
remote sensing and marking:

� Microrobots can perform remote sensing. For example, microrobots can transmit the time
history of a physical signal of interest (e.g., oxygen concentration) or transmit a simple binary
signal upon detecting the presence of an analyte of interest (e.g., cancer, blood).

� Marking and transmitting the microrobot’s position to the outside world can prove useful.
It can be used for microrobot localization, and when combined with remote sensing, it can
be used to localize unknown internal phenomena (e.g., bleeding). Marking requires not only
sensing and transmitting but also the ability of the microrobot to maintain its location at
the site.
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MRI: magnetic
resonance imaging

2.2. Application Areas

Once equipped with some basic functionalities and miniaturized to a size of a few millimeters or
less, microrobots have the potential to perform medical procedures throughout the body.

2.2.1. The circulatory system. The circulatory system consists of the heart and the vessels used
to carry blood around the body. Blood vessels consist mainly of four types of tissue: endothelium
(internal wall lining), elastic tissue (for pulsation damping), smooth muscle, and connective tissue.
The relative composition of a given vessel depends on its function and distance from the heart. As
the distance between the heart and a given blood vessel increases, the pressure pulsation resulting
from the beating heart becomes attenuated, reaching a limiting behavior of constant flow in the
capillaries.

Figure 2 shows the blood-flow velocity and Reynolds number as a function of vessel size.
The Reynolds number reported is that describing pipe flow. In addition to average values, the
maximum flow velocities and Reynolds numbers are also critical, reaching Re = 8500 in the aorta
and 1000 in the arteries (30). Blood consists largely of a watery fluid named plasma, in which red
and white blood cells measuring 5–10 μm and smaller platelets are suspended. Although blood
has many properties (density 1060 kg m−3, pH 7.38–7.42, surface tension 55–61 × 10−3 N m−1)
that are approximately the same as water, its apparent viscosity (3.5 × 10−3 Pa s) is three times
higher, primarily owing to suspended red blood cells (30, 31). The reported properties of blood
come from studies that treat it as a homogeneous fluid—an assumption that loses accuracy at the
microscale. Depending on its size, a microrobot could very well experience a working environment
closer to obstacle-filled plasma than “blood” as described by a homogeneous model.

Nearly every site of the body can be accessed by blood, so the circulatory system is arguably the
most important application area for wireless microrobots. Some of the most promising applications
for microrobots in the circulatory system include performing targeted drug delivery, removing
plaque (rotational atherectomy), destroying blood clots (thrombolysis), acting as stents to maintain
blood flow, acting as occlusions to intentionally starve a region of nutrition, and administering
therapy for aneurysms. Microrobots could also carry electrodes for electrophysiology.

The small-diameter capillary network makes unlikely the possibility of round-trip navigation
of the body, with the microrobot always moving with the flow. Consequently, a viable microrobot
is likely to require the ability to move against the flow. Martel and colleagues have configured a
clinical magnetic resonance imaging (MRI) system to control the movement of a magnetic bead
in the circulatory system (32) and have actually performed in vivo trials in the artery of a living
swine (33). They find that generating enough force to move against blood flow is challenging but
possible.

Aorta

25 mm
400 mm s–1

3000

Vena cava

30 mm
50–300 mm s–1

3000

Medium artery

4 mm
100–400 mm s–1

500

Vein

5 mm
3–50 mm s–1

150

Small arteriole

30 μm
1–100 mm s–1

0.7

Venule

20 μm
< 3 mm s–1

0.01

Capillary sphincter

35 μm

Capillary

8 μm
< 1 mm s–1

0.002

Heart

Figure 2
Schematic representation of the vessels of the cardiovascular system, with the inner diameter, average
blood-flow speed, and Reynolds number from Berger et al. (30).
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Figure 3
The central nervous system, consisting of the brain and spinal column, and the male urinary system.

2.2.2. The central nervous system. The central nervous system consists of the brain, the spinal
cord, and the cerebrospinal fluid in which both the brain and spine are bathed (Figure 3). The
fluid is colorless and has properties similar to water (relative viscosity 1.020–1.027, density 1.0032–
1.0048 kg m−3, pH 7.35–7.7, surface tension 60–63 × 10−6 N mm−1) (31, 34).

A recent experiment by Zaaroor et al. focused on the determination of the geometry and dimen-
sions of the spinal subarachnoid space to provide design constraints for endoscopic visualization
of the spinal canal (35). We can utilize their results to obtain design constraints for microrobots.
The subarachnoid space tends to be symmetrical on the left and right sides of the spinal cord, and
the anterior and posterior segments are highly asymmetrical. It may be difficult to access the ante-
rior space in practice. A microrobot designed to fit through a 2.5-mm channel could navigate the
side or posterior subarachnoid spaces in approximately 50% of the population, whereas a device
designed to fit through a 1.5-mm channel would fit in at least 85% of the population. Gaining
access to the ventricles of the brain from the spine is accomplished by passing through the cerebral
aqueduct, which is a lumen with a 1.0–2.2 mm internal diameter that is 11.8–18.0 mm long (36).

Microrobots have the potential to dramatically affect cancer treatment in the central nervous
system. Neural prostheses and deep-brain stimulation are other promising applications for mi-
crorobots that are wirelessly guided to hard-to-reach sites. The microrobots may even remain as
implants. The brain’s delicate structures demand appropriate caution in any procedure, and the
impact of minimally invasive microrobotic procedures could be profound.

Conventional access to the brain is gained through a craniotomy, or a burr hole drilled through
the skull. However, samples of the cerebrospinal fluid are usually taken with a lumbar puncture
between the L3 and L4 vertebrae. Therefore, it may be possible to insert a microrobot at that
site and navigate to the brain for intervention, leaving the skull intact. This principle of using
percutaneous intraspinal navigation was recently applied in brain surgery through the use of
catheters (37).

A great deal of research has dealt with wireless manipulation of magnetic seeds in the brain
for the purpose of hyperthermia, and a number of prototype systems have been developed by a
collaboration between the University of Virginia and the University of Washington (38–41). This
research was accompanied by an experimental investigation of the forces required to move the
seed within the brain (42). Kósa et al. propose a swimming microrobot for endoscopic procedures
in the subarachnoid space of the spine (43). It is also possible that many of the tethered MEMS
devices designed for use in neurosurgery (44) could be incorporated into a wireless microrobot.

2.2.3. The urinary system and the prostate. The urinary tract includes two kidneys; the urinary
bladder; two ureters, which are lumens leading from the kidneys to the bladder; and the urethra,
which leads from the bladder to the exterior of the body. Urine has a density and viscosity similar
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to water (Figure 3). Each ureter is approximately 250 mm long with an internal diameter of
2.8–3 mm. The ureter enters the bladder’s wall at an oblique angle to prevent backflow of urine
to the kidneys. The bladder is an elastic muscular sac capable of holding 500 ml of urine. The
urethra is approximately 30–40 mm long in females, whereas in males it measures 180 mm (45,
46). At its narrowest point, the female urethra is 3.25 mm in diameter (47). The internal diameter
of the urethra can be induced from catheter size, available in the range of 3–34 Fr, with the
unit conversion 3 Fr = 1 mm. Adult males typically require catheters in the range of 8–22 Fr;
adult females, in the range of 8–18 Fr. These values can be used as a guideline for urinary-tract
microrobots. The prostate is a compound of glands that surround the urethra in men, located
inferior to the bladder. These glands are enclosed in a capsule measuring 20 × 40 × 30 mm3.

Microrobots have the potential to improve the treatment of kidney stones (nephrolitho-
tomy). Recently, a study was performed on the factors that affect blood loss during percutaneous
nephrolithotomy (PCNL) (48). Bleeding during PCNL results from injury to the renal vessels
and is the most common complication of percutaneous renal surgery. Optimal access to the stone
site has a direct effect on the outcome of the procedure. Multiple punctures of the kidney and per-
forations of the manifold that leads to the ureter (i.e., the renal pelvis) are associated with greater
blood loss. There are also complications associated with extracorporeal shock-wave lithotripsy,
including bleeding and infection (49). Edd et al. propose a microrobot that would swim up the
ureter to destroy kidney stones in a process whose potential benefits would include less overall
harm to the kidney and increased choice over the mechanism of stone destruction (50). It is also
possible that the tethered and implanted MEMS devices designed for use in urology (51) could
be incorporated into a wireless microrobot.

Another potential application for microrobots is in the treatment of prostate cancer. The
current clinical techniques for prostate therapy involve needle insertion through the perineum,
during which there is a significant risk of damage to the densely populated nerves nearby. An
alternative approach is to gain access to the prostate through the colon. The distance that the
needle must travel is smaller in this case, and the nerves are avoided, but complex maneuvers must
be performed as opposed to the straight path of the perineum approach, and perforation of the
colon increases the chance of infection. In either case, precise placement of a radioactive seed in
brachytherapy is difficult because the prostate deforms and moves owing to the force of the needle,
making the released location of the seed different from the planned location. A microrobot could
carry a radioactive seed to the tumor site without causing the bulk deformations in the prostate that
result from a needle. In addition, a microrobot could carry a single radioactive seed to a number
of tumor locations, stopping at each site long enough to give the appropriate dosage. Microrobots
also offer minimally invasive access to the prostate through the urethra. They could improve the
effectiveness of prostate procedures and reduce the chances of nerve damage.

2.2.4. The eye. The vitreous humor of the eye is a viscoelastic gel that consists mostly of water
(99%) but also contains hyaluronic acid and collagen fibrils that give it viscoelastic properties and
make it more of a soft tissue than a fluid. Many procedures start with a vitrectomy, in which the
vitreous is removed and replaced with a fluid similar to water or with an oil. In older adults, who
are most likely to require retinal procedures, the vitreous in the posterior of the eye may have
already been naturally replaced with a watery solution.

The retina is the location of the eye for which microrobots hold the greatest promise because
its health is critical for vision yet it is not easily accessible. Retinal microsurgery requires sensitive
manipulations that are constrained by the limits of human performance (52) and that require
forces below the threshold of human perception (53), making retinal procedures both difficult
and risky. In addition, current vitreoretinal surgical techniques typically require a vitrectomy to
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gain access to the retina. Microrobots provide an alternative approach to retinal procedures. The
appropriate entry/exit point for a microrobot is the durable pars plana. The microrobot must
navigate to the retina at the posterior pole of the eye. It may be possible to conduct microrobotic
procedures without first performing a vitrectomy because the small size of the microrobot will
mitigate traction on the retina compared with larger tools. Avoiding vitrectomy would reduce the
invasiveness of the procedure and potentially improve the health of the retina after the procedure
by allowing it to maintain a more natural state. Microrobots may also be useful even after a
vitrectomy because they have the potential to perform delicate tasks in a way that mitigates risk
to the retina compared with manual and other robot-assisted techniques. The most promising
applications of intraocular microrobots are therapies for retinal vein occlusions, detached retinas,
and epiretinal membranes, as well as the diagnosis of retinal health. Trocars as large as 23-gauge,
corresponding to a lumen diameter of 0.65 mm, can be used in the pars plana region with only
topical anesthesia and with no suture requirement (54); this size specification serves as a goal for
intraocular microrobots.

Yesin et al. propose a microrobot for intraocular procedures, controlled wirelessly with mag-
netic fields and tracked visually through the pupil (55). Ergeneman et al. propose an optical
oxygen sensor for diagnosis of retinal health based on luminescence quenching (23). Dogangil
et al. propose a method of targeted retinal drug delivery based on diffusion from a surface-coated
microrobot docked to a blood vessel with a microneedle (18). Ergeneman et al. make the argument
that functional surface coatings such as the oxygen-sensor and drug-delivery techniques described
above, as opposed to MEMS devices, are desirable for intraocular microrobots (56). Holligan
et al. propose controlling a group of magnetic particles collectively to act as a tamponading agent
in retinal therapy (57). However, such magnetic particles must be proven nontoxic to the highly
sensitive retina.

2.2.5. The ear. Microrobots have potential in the inner ear, which consists of the cochlea and
the semicircular canals. The smallest dimensions of both the scala tympani and the scala vestibuli
of the cochlea vary approximately linearly from ∼1 mm at the beginning of the scalae to ∼0.3 mm
at a depth of 37 mm (58). The smallest cross-section of the horizontal semicircular canal can be
approximated as an ellipse, whose major and minor axes are 0.37 and 0.27 mm, respectively (59).

Cochlear implants can restore hearing through the placement of electrodes into the scala
tympani to stimulate the cochlear nerve. However, there is still significant room for improvement
in sound quality with cochlear implants, and the current surgical procedures can cause a number
of complications, including trauma, infection, and even partial paralysis (60). It may be possible
to improve cochlear implant procedures with wireless microrobotic techniques.

There is also a great deal of stem-cell research aimed at the generation of the cochlear hair cells
that are responsible for natural hearing. However, the vast majority of this research is performed
in vitro, and how to grow new hair cells in vivo is still unclear (61). A microrobot may be the
appropriate vehicle to deliver the differentiated stem cells to their desired location.

2.2.6. The fetus. In a growing number of cases, open surgery on a growing fetus can prevent
death or lifelong impairments and malformations (62). Minimally invasive laparoscopic and robot-
assisted surgery is difficult in the case of fetal surgery because of the extra surface through which
the tool must pass (i.e., the wall of the uterus, in addition to the mother’s abdomen), which limits
the tool’s DOF. In addition, there is an increased risk of preterm labor when the tool is larger
than 2–3 mm (63). Microrobots may hold the key to the future of fetal surgery. Researchers have
proposed a number of procedures that could be performed by a microrobot that enters the uterus
through the cervix (62, 63). A microrobot could act as a temporary tracheal occlusion when the
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MTB: magnetotactic
bacteria

growth of the fetus’s lungs is pathological; it could perform ablation in cases of congenital cystic
adenomatoid malformation to prevent hydrops; and it could act in cases in which the urinary tract
of the fetus has an obstruction that must be cleared. A microrobot might even replace the needles
used in amniocentesis and cordocentesis.

3. POWERING MICROROBOTS

For a technical discussion on the design of wireless microrobots, we must begin with power. With
microrobots, even more so than with traditional robots, we must be acutely aware of the methods
available to store, harvest, and transmit power, and we must acknowledge the strict limitations
that power consideration will put on any practical design. Without addressing power from the
beginning, it is difficult to transition from prototypes to fully miniaturized wireless devices.

3.1. Onboard and Scavenged Power

Batteries offer an inexpensive power source, but because the total deliverable energy scales with
volume, they are not promising. Rechargeable thin-film batteries are a type of battery possibly
suitable for microrobotic applications. Thin-film batteries differ from traditional batteries in that
they are fabricated through the use of semiconductor technologies. These planar fabrication
processes enable the use of arbitrarily shaped batteries with thicknesses less than 50 μm. This
allows design for optimal use of space.

MEMS-based power generators are of interest because they provide higher energy densities
than traditional generators and batteries (64). Several research groups have presented transducers
to convert various types of energy into electrical energy. Many make use of onboard chemical fuels,
and others harvest mechanical energy from the environment in the form of vibrations. The Seebeck
effect, in which a temperature gradient develops a voltage differential, makes thermal harvesting
another potential option (65, 66). Developing a thermal gradient would require the microrobot
to contain a hot source, which could be induced wirelessly through electromagnetic methods as
discussed previously (see Section 2.1.1) or which could be generated by a hot radioactive source.

A desirable approach for powering medical microrobots would be to harvest chemical energy
directly from the environment. Biofuel cells operate at low temperatures (∼20–40◦C) and in envi-
ronments where the pH is almost neutral (67); these conditions resemble those of a healthy adult.
Exploiting glucose and oxygen found in blood, an in vivo microrobot could be powered. (Extensive
reviews of the state of the art in biofuel cells are available in References 67 and 68.) Muscle cells
can also be used as simple actuators and have been utilized to actuate fabricated structures such as
micropillars (69), cantilevers and legged microrobots (70), and other microdevices (71).

Instead of engineering the locomotion subsystem for the microrobot, researchers can directly
utilize microorganisms that are able to swim. Martel and colleagues (72) recently demonstrated
that a clinical MRI system can be used to localize and control a swarm of magnetotactic bacteria
(MTB). The individual propulsive force generated from a single bacterium was found to exceed
4 pN, resulting in no-load swimming speeds exceeding 200 μm s−1. Various strategies are proposed
to functionalize the MTB, including attaching nanoparticles to the MTB, loading the inside of
individual MTB, pushing or pulling an attached micro-object with one or more MTB, or using a
swarm of MTB to move an unattached object. The method used to control the MTB (although
not to power them) is similar to that discussed in Section 4.4. Challenging issues such as control
of the orientation of bacterial adhesion to a desired object and generation of sufficient forces must
still be addressed.
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3.2. Transmitted Power

An alternative approach is to design little or no power storage or generation into the microrobot
and to instead wirelessly transmit power to the device. This is most easily done through the
use of magnetic fields. In one method, time-varying magnetic fields are used to induce currents,
creating a wireless method for electricity generation. In another, quasi-static and low-frequency
magnetic fields are used to apply forces and torques directly to magnetic materials. The human
body is “transparent” to magnetic fields (73, 74), which means that the magnetic permeability of
the human body is approximately the same as that of an air vacuum, so there are no significant
interactions of tissue with low-frequency magnetic fields as opposed to electric fields.

3.2.1. Induction. The basic principle of transmitting electrical power with magnetic fields is
based on Faraday’s law of induction. When current is flowing in a circuit (primary), a magnetic
field is generated in its surroundings. An effective voltage source develops in any nearby circuit
(secondary) given by

V 2 = −d�21

dt
, �21 =

∫
S2

�B21 · d �S2, (1)

where �B21 is the magnetic flux density at the secondary generated by the primary, and �21 is its
flux through the secondary (75). The flux density is linearly related to current in the primary. The
developed voltage results only from the time-varying component of the primary current, which in
practice is sinusoidal, and the geometry that determines the flux �21 crossing the secondary surface
S2. Equation 1 simplifies to V 2 = M · di1/dt, where i1 is the current of the primary inductor
and M is the mutual inductance between the two coils, entirely dependent on geometry (distance
between the coils, angular and radial misalignment, and so on). For maximum power transfer
between the two circuits, they must be tuned to resonate at the same operating frequency (76).

One can increase the induced voltage by increasing the frequency of the primary current or
its amplitude, or by modifying the geometry of the circuit arrangement. Increasing the primary
current amplitude generates a stronger field, but there is an upper limit on the field strength
dictated by safety regulations (27, 77). Increasing the area of the secondary circuit or bringing it
closer to the primary results in an increased flux (M increases).

Many mesoscale devices already incorporate this principle (76, 78, 79). Large coils outside the
body generate a varying field that is captured by small coils embedded in capsules. However, at
the microscale, the challenge is in the design of the receiver coils because they are constrained
by planar microfabrication processes. Additionally, the efficiency of voltage rectification on the
receiver side becomes increasingly important as the device scales down because the developed
voltage amplitude decreases as well.

3.2.2. Magnetic force and torque. Rather than generate electricity with magnetic fields, we can
apply forces and torques directly to magnetic materials. The force �F in Newtons (N) and torque
�T in Newton meters (N m) developed on a magnetic material are given by

�F =
∫

V
( �M · ∇) �Bd V ≈ ( �D · ∇) �B (2)

and

�T =
∫

V
�r × ( �M · ∇ �B)d V +

∫
V

�M × �Bd V ≈ �D × �B, (3)

where �B is the flux density of the applied magnetic field in Tesla (T), �M is the magnetization
of the material in Amps per meter (A m−1), and the integration is carried out over the material’s
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volume V in cubic meters (m3) (80). It is also possible to describe the applied magnetic field �H
in Amps per meter (A m−1), where �B = μ0 �H and μ0 = 4π × 10−7 T m A−1 is the permeability
of free space. When the geometry of the magnetic material is small relative to the spatial changes
in the applied magnetic field—which is realistic for wireless medical microrobots being powered
by externally generated magnetic fields—the magnetic field can be modeled as uniform across the
small microrobot. In addition, the magnetization of the material, which generally varies across
the body, can be modeled as constant throughout the body with a value equal to the average
magnetization. It is also often convenient to think of the total dipole moment �D of a magnetic
body, which is simply the product of the volume of material and the average magnetization, leading
to the approximations in Equations 2 and 3. The strength of the magnetic force and torque is
directly proportional to the strength of the applied field, the magnetization of the material, and
the volume of material.

Ferromagnetic materials can generally be classified as either soft or hard. All have a value of
magnetic saturation, which is the maximum possible magnetization of the material. All exhibit
hysteretic behavior. The magnetization of soft-magnetic materials is highly dependent on the
instantaneous applied field, and they tend to return to their nonmagnetized state when the applied
field is removed. Ideal soft-magnetic materials have negligible hysteresis. Significant hysteresis is
exhibited by hard-magnetic materials, which retain much of their magnetization once magnetized,
independent of the current applied field. The magnetization remaining when the applied field is
removed is known as the remanence Mr. The applied field required to demagnetize the material is
known as the coercivity Hc. Ideal hard-magnetic materials, which are used for permanent magnets,
have a high coercivity, and high remanence makes for strong permanent magnets.

Every magnetic body has geometric effects that make its magnetic properties differ along
different directions within the body. This is known as shape anisotropy. Demagnetizing fields
tend to weaken magnetization, and demagnetizing fields are largest along short directions of the
body. A long direction in a body is thus termed an easy axis because it is a relatively easy direction
in which to magnetize the material. In soft-magnetic bodies, magnetic torque tends to align an
easy axis with the applied field. Other types of anisotropy exist, such as crystalline anisotropy, but
these are typically dominated by shape effects, even at the scale of medical microrobots.

Understanding the fields required for wireless control of permanent magnets is relatively
straightforward because the magnetization of the material can be accurately modeled as constant
and rigidly attached to the body. The magnetization of soft-magnetic bodies is more complicated.
However, accurate analytical models of magnetic force and torque, appropriate for real-time con-
trol of microrobots, now exist for soft-magnetic, axially symmetric bodies (e.g., beads, ellipsoids,
cylinders) (81) and for soft-magnetic bodies assembled from thin planar components (82). Soft-
magnetic materials are easier to microfabricate than permanent magnets, making them desirable
in microrobot design. However, in cases where the applied field is too weak to saturate the soft-
magnetic material, microrobots that incorporate permanent magnets may prove more effective.

The magnetic field generated by a magnetic dipole is dependent on the geometry of the body.
However, an analytical model named the point-dipole model serves to model the field of a magnetic
body:

�H ( �P ) = 1
4π | �P |3

(
3( �D · �P ) �P

| �P |2 − �D
)

. (4)

�P is the vector from the point dipole to the position of interest in meters (m), and �D is the magnetic
dipole moment in Amp meters squared (A m2). The magnetic field of a sphere can be perfectly
modeled with a point-dipole model, and the fields of other geometries approach that of a point
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RF: radio frequency

dipole at increasing distance from the magnetic body. The strength of the magnetic field decreases
as ∼ | �P |−3, which imposes a significant limitation in projecting strong magnetic fields.

A current-carrying loop is also a magnetic dipole. The dipole moment of a closed current-
carrying loop is equal to the product of the current and the area of the loop. For a circular loop of
radius r and current i, the dipole moment is simply | �D| = π ir2, with the direction of �D pointed
along the axis of the loop and defined by the direction of current flow using the right-hand rule
(80). The dipole moment �D will attempt to align with an external magnetic field as in Equation 3.

3.2.3. Safety of magnetic fields. The greatest threat posed by high-static fields is nearby ferro-
magnetic objects acting as projectiles (27). The nonexperimental recommended maximum field
strength for MRI procedures is 4 T under medical supervision. Time-varying fields are associated
with induced electric fields related to d | �B|/dt, the rate of change of the field strength, and the
highest risk is cardiac fibrillation resulting from nerve stimulation. The recommended maximum
rate change (in Tesla per second) for controlled operation is given by

d | �B|
dt

= 20
(

1 + 0.36
τ

)
, (5)

where τ is the period (in milliseconds) of the monotonically increasing or decreasing gradient
(27). For normal operation, the above value should be reduced by 20%. Typical spatial gradient
maximum values for whole-body MRI equipment currently reach 10–50 mT m−1 with a switching
time of 0.1–1 ms. Radio frequency (RF) coils are related to heat absorption, and the main concern is
increase in body temperature. The recommendations are given in terms of the specific absorption
rate (SAR). For normal operation and an averaging period of 6 min, the maximum recommended
whole-body SAR is 2 W kg−1, whereas for the head (averaged over any 10 g of matter) the local
recommended SAR is 10 W kg−1. In any case, the 10-s short-term SAR level should not exceed 3
times the corresponding recommendation (27).

4. MICROROBOT LOCOMOTION

For microrobots to locomote within the body, power must be transduced into motion. Locomotion
methods of medical microrobots must be designed with their working environment in mind; that
is, they must be designed to work in fluid-filled lumens and cavities and in soft tissues. Microrobot
locomotion must also utilize methods that are scale appropriate.

It is well known that swimming at the microscale requires techniques that differ greatly from
those used by macroscale swimmers such as fish and humans (9). To understand this phenomenon,
we turn to the Navier-Stokes equations, which, when combined with boundary conditions, com-
pletely define a fluid’s flow. For a fluid with constant density ρ and constant viscosity η, the
Navier-Stokes equations are given by a single vector equation, which can be nondimensionalized
in space and time by the magnitude of the free-stream velocity V and some characteristic length
L: (

ρVL
η

)
d �V
dt

= −∇ p + ∇2 �V ⇒ Re = ρVL
η

. (6)

�V is the velocity vector field and p is the hydrodynamic pressure scalar field, which have both been
nondimensionalized as in Reference 83. From this equation, we discover the Reynolds number
(Re), the dimensionless quantity that embodies the interaction between a fluid’s inertia and its
viscosity. At low Re, we are in a world that is either very viscous, very slow, or very small. A
microrobot’s world is dominated by low velocities and small scales. Low-Re flow around a body is
termed creeping flow, or Stokes flow. We no longer see a transition to turbulence, even behind
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bluff bodies. At low Re, the role of time becomes negligible in Equation 6; the flow pattern does
not change appreciably whether it is slow or fast, and the flow is nearly reversible. Consequently,
reciprocal motion (i.e., body motion that simply goes back and forth between two configurations)
results in negligible net movement (9).

In contrast to high-Re flows, in low-Re flows the presence of any wall becomes increasingly
important. For flows where Re < 1, the wall effect on a moving body can be neglected only if
s · Re > 20L, where L is the same characteristic length used in Equation 6 and s is the distance
of the body from the closest wall (84). It is easy to see that at low Re, a wall that is many body
lengths away can affect the swimming of a microrobot compared with how it would swim in open
fluid. The assumption of open fluid is typically assumed in published analytical models of low-Re
swimming, but there are some methods that compensate for the presence of walls.

We can turn to nature for inspiration for possible microrobot swimming methods. Microor-
ganisms have evolved a variety of mechanisms to swim at low Re, none of which are found in
macroscale swimmers (84). Bacteria use a molecular motor to turn the base of a flagellum that
deforms into a helical shape. Eukaryotic cells have flagella that are active organelles with the
ability to create rotating movements and traveling waves. Some microorganisms swim using cilia,
which are active organelles that are held perpendicular to the flow during the power stroke and
parallel to the flow during the recovery stroke, with many cilia being used simultaneously. All
these swimming methods capitalize on the same phenomenon: Each element along the length of
the flagellum slices through the fluid at an oblique angle, and it is the difference between parallel
and perpendicular fluid drag with respect to this small cylindrical element, integrated along the
length of the flagellum, that results in net propulsion. To date, no microrobot propulsion scheme
has mimicked the behavior of cilia. However, schemes have emulated the behavior of bacterial
and eukaryotic flagella; these are discussed in detail below.

4.1. Helical Propulsion

Inspired by bacterial flagella, a number of microswimmer designs use some form of helical propeller
for locomotion. The method that most closely resembles a bacteria in function uses a rotary motor
to turn a passive flagellum (Figure 4a). However, miniaturizing such a motor-driven system is
difficult. The generation of torque using external magnetic fields has proven to be a successful
method for helical propulsion in a number of studies, including at the microscale. Figure 4b

demonstrates how a rotating magnetic field can be used to control a magnetic helical propeller.
This method has been experimentally demonstrated using permanent-magnetic (85, 86) and soft-
magnetic materials (87, 88) in a wide range of sizes.

Regardless of the method used to apply torque, there are options in the fabrication of the helical
propeller. The propeller can be made rigid—possibilities range from a simple wire formed into
a helix (85) to a multilayer strip that self-forms into a helix because of internal stresses (87, 88).
The efficacy of the propellers is insensitive to the helix cross-section (9). With rigid propellers,
the direction of microrobot motion can be reversed simply by reversing the rotation direction.
That is, rigid propellers are capable of both pushing and pulling a body.

The propeller may also be compliant and have a helical geometry only dynamically. A simple
fiber, after crossing some threshold of torsion, will experience a bifurcation that results in the fiber
twisting up into a helical geometry, which is maintained until the torsion is removed. This method
will result in swimming that is less controllable than swimming with a rigid helical propeller. With
the exception of some short-term tumbling motions similar to actual bacterial swimming, the
compliant helical propeller can only push the body, and consequently, reversing course is more
difficult than doing so with a rigid propeller. However, this type of compliant propeller opens up
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Figure 4
Helical propulsion. (a) A rotary actuator turns the propeller with respect to the microrobot body. As the
propeller rotates, the body counterrotates. (b) The propeller is rigidly attached to the microrobot body,
which is rotated by a magnetic field B. N and S indicate the north and south poles of the magnetic body.
(c) Helical propulsion to crawl through lumens or tissue, based on Reference 89. Magnetic fields are used to
rotate the rigid microrobot body. (d ) The magnetic screw-type microrobot of Reference 90 running through
bovine meat. Image courtesy of Kazushi Ishiyama, Tohoku University. (e) The soft-magnetic helical
microswimmer of Reference 88.

additional possibilities in microrobot design, such as the use of long strips of drug that will twist up
into a helical shape, allowing the payload of the microrobot itself to act as the helical propeller (91).

Helical propulsion also provides an effective method to move through lumens through a strategy
that is closer to crawling than swimming (89). As shown in Figure 4c, by pressing against the walls
of a deformable lumen, the microrobot moves much like a bolt moves through a threaded nut.
If the lumen wall is slippery, the helix will slip obliquely, but the microrobot will still advance,
although more slowly, in a manner analogous to helical-propeller swimming (92).

There is another magnetically driven helical-propulsion strategy that is similar but distinct
from the helical-propeller swimming mechanism described above. A screw-shaped microrobot—
modeled on either a wood screw or a corkscrew, with embedded magnetic material—can be driven
wirelessly through tissue as shown in Figure 4d. These screw-shaped microrobots represent
a viable option for moving through soft tissues. Whereas the helical propeller of a swimming
microrobot slices through fluid obliquely, the helix of a screw-type robot moves through tissue as
a wood screw or a corkscrew would. Consequently, a screw-type microrobot that performs one
complete revolution as it moves through tissue advances by exactly one pitch of the helix, whereas a
helical swimmer must perform multiple revolutions to advance by one pitch length. It has also been
demonstrated that screw-shaped microrobots can swim through fluid. The swimming principle is
comparable with that of the helical-propeller swimmers described above.

For any of the above implementations of rigid helical propellers, some common behaviors
emerge. Let us consider swimming along the axis of the helix. At low Re, the external nonfluidic
force f and nonfluidic torque τ that act on a helical swimmer are linearly related to its linear and
rotational velocities v and ω by a symmetric matrix (9):[

v

ω

]
=

[
a b
b c

] [
f
τ

]
. (7)
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Figure 5
(a) Qualitative behavior of helical-propeller swimming, with applied torque as the control variable.
Parameters are defined in Equation 7. This representation is particularly useful when considering helical
propellers driven by rotational rotary actuators (e.g., motors). (b) Qualitative behavior of helical-propeller
swimming, with rotational frequency as the control variable. Parameters are defined in Equation 8. Sign
convention is defined in the inset image of the swimmer, whose two arrows show which way positive
movements are defined. This representation is particularly useful when considering helical propellers driven
by applied magnetic fields.

The matrix coefficients have been explicitly calculated for cases in which the flagellum is rigidly
attached to the body (93) and in which the body counterrotates with respect to the flagellum (94).
In the case of a motor-driven flagellum, the fundamental control input is the torque τ , and the
nonfluidic applied force f can be thought of as the second input. Figure 5a shows how swimming
velocity, both forward and rotational, are affected by τ and f, and how the maximum torque
generation limits the overall swimming performance.

In the case of magnetically applied torques, the rotation frequency of the magnetic field is
the fundamental control input. The microrobot rotates in sync with the applied field, nearly
instantaneously reaching an equilibrium phase shift such that the magnetic torque perfectly
counterbalances the fluidic drag torque. It is more instructive in this case to rearrange the
linear equations with the nonfluidic applied force f and rotational velocity ω as the input
variables:

[
v

τ

]
=

[
A B

−B C

] [
f
ω

]
. (8)

Equations 7 and 8 are related by A = a − b2/c , B = b/c , and C = 1/c . Figure 5b shows the
behavior observed with this type of swimming. The forward velocity grows linearly with frequency
until a “step-out” frequency is reached. Beyond this step-out frequency, the available magnetic
torque is no longer sufficient to keep the microrobot rotating in sync with the applied field, and
a drastic decrease of the swimming velocity is observed. This behavior has been demonstrated
experimentally at a number of scales.
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Side view

Top view

a b

Figure 6
Traveling-wave propulsion with distributed actuation. (a) Piezoelectric bilayer actuators create local bending
(43). (b) Current-carrying coils create local torques that attempt to align the coils with an applied magnetic
field (95).

4.2. Traveling-Wave Propulsion

Inspired by eukaryotic flagella, a number of microswimmer designs attempt to create a traveling
wave to generate propulsion. Traveling waves provide an effective means of propulsion at low
Re and are even more efficient than helical propellers, assuming equal actuation efficiency (94).
However, implementing a true traveling-wave propeller at the microscale is difficult. Creating
the type of distributed actuation seen in eukaryotic flagella is difficult in terms of fabrication,
power, and control. Some methods create traveling waves without distributed actuation, making
microfabrication and wireless control more feasible, but the swimming efficiency is reduced.

One method to construct a traveling-wave propeller involves distributed piezoelectric actuators
(43). Each individual actuator comprises a bilayer. When one layer is put in tension and the other
is put in compression, the result is local bending of the actuator (Figure 6a). As the number of
piezoelectric actuators is increased, the behavior of the propeller approaches continuous actuation,
and the ability to implement more complicated waveforms increases, but only two actuators are
required to implement a simple traveling wave. One can control the direction of motion by
controlling the actuation sequence of the actuators; thus the propeller can both push and pull
an attached body, and reversing the swimming direction is simple. However, this type of design
presents challenges in downscaling, both in terms of power generation and wireless control.

Another proposed method of distributed actuation takes a hybrid approach that makes use
of both electrical power and a strong, static applied magnetic field (95). The method works by
distributing electrically conducting coils along the length of the propeller (Figure 6b). The flow
of current through an individual coil induces a magnetic moment that attempts to align the coil
axis with the applied magnetic field. When the current flowing through the coils is controlled
independently, a traveling wave is created. Again, the propeller can both push and pull an attached
microrobot body. One desirable property of this type of propulsion for wireless locomotion is that
an increase in the strength of the applied magnetic field allows an equal decrease in the required
electrical current flowing through the coils to generate the same local magnetic moments. Thus,
increasing the strength of the static magnetic field would allow a greater portion of the propulsive
power to be transmitted wirelessly. This propulsion scheme has the potential to be powered by a
clinical MRI system, which is discussed further in Section 4.4.

As previously mentioned, creating traveling-wave propellers with distributed actuation is diffi-
cult at the microscale, especially considering power. However, there are methods that can mimic
some of the desirable properties of eukaryotic flagella with the use of only a single actuator. The
use of an elastic tail (also termed a flexible oar) requires only a single actuator at one end, but
the efficiency of a traveling wave created with an elastic tail will fall short of that created with
distributed actuation. In general, a propeller that is too short and rigid will result in reduced net
propulsion because the oscillating movement is essentially reciprocal. If the propeller is too long
and flexible, there is reduced net movement because of an increase in drag relative to propulsion.
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Figure 7
Traveling-wave propulsion with an elastic tail. (a) An internal actuator oscillates the tail with respect to the
microrobot’s body. (b) Nondimensional propulsive force F versus Sp for stationary, sinusoidally driven
elastic tails. Image courtesy of Tony S. Yu, Massachusetts Institute of Technology, based on Reference 96.
(c) Utilization of oscillating magnetic fields to actuate the tail. B represents the applied field. (d ) Numerical
simulations of an elastic tail being driven by a pure sinusoidal torque at one end, showing dimensionless
velocity normalized by dimensionless torque versus Sp (93).

For elastic-tail swimmers, the actuator induces a wave that then travels away from the actuator,
such that the propeller always pushes on the attached body.

In one conception of elastic-tail propulsion, an onboard actuator oscillates the proximal end
of the propeller with respect to the microrobot’s body, as shown in Figure 7a. This type of actu-
ation has been analytically considered in detail but has not yet been implemented in a microscale
prototype. Yu et al. explore the propulsive force of an elastic tail being driven with a sinusoidal
angle of φ = φ0 sin(ωt) with the position of the proximal end fixed (96). They find that elastic tails
have an optimal length/stiffness/frequency combination, termed an optimal floppiness, which is
quantified by the dimensionless Sperm number Sp = l (|ω|ξ⊥/κ)1/4, where l is the length of the
tail, κ is the bending stiffness, and ξ⊥ is the drag coefficient for flow perpendicular to the tail. They
report an optimal value of Sp = 2.1, and they also find excellent agreement between theoretical,
numerical, and experimental results. The dimensionless force F is shown as a function of Sp in
Figure 7b, where the dimensionless force is given by

F = f

[
1

φ2
0

(
ξ⊥ − ξ‖

) (
ξ⊥

κ|ω|
)1/2

]
, (9)

where f is the propulsive force and ξ ‖ is the drag coefficient for flow parallel to the tail. The insets
show the qualitative shape of the optimal and suboptimal waveforms; note the suboptimality of
the waveforms depicted in Figure 7a. Lauga numerically considers the case of free swimming
(97). He reports optimal Sperm numbers in the range Sp = 2.5–3.3, depending on the shape of
the microrobot body and the choice of the optimality metric. He also reports on the optimal tail
length for a given body size; for a spherical body of radius r, the optimal length is in the range
2.7r–5.6r. In the case of free swimming, the body counterrotates, analogous to the mechanism
shown in Figure 4a.

It is also possible to power and control an elastic tail wirelessly with magnetic fields. A field can
be used to generate a torque on magnetic material that is rigidly embedded in the microrobot’s
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Figure 8
The microscopic artificial swimmer of Reference 100. (a) A chain of paramagnetic beads attached to one
another by DNA can be used as a traveling-wave propeller to pull an attached body. The shape of the chain
is influenced by an applied magnetic field. (b) Experimental motion sequence of such a propeller pulling a
red blood cell. Image courtesy of Rémi Dreyfus, New York University.

body (98, 99). A time-varying oscillating field causes the body to fluctuate, which induces a wave
motion in the tail as depicted in Figure 7c. The mean orientation of the oscillating field dictates
the swimming direction of the microrobot. Figure 7d shows that numerical results for this type
of swimming predict optimal swimming at similar Sp values (93). Rather than rigidly connect the
magnetic material to the microrobot’s body, one can instead construct an onboard actuator, based
on the scheme shown in Figure 7a, using this type of magnetic method.

A final type of traveling-wave propulsion, which has already been demonstrated at the mi-
croscale, combines elements from distributed actuation and elastic tails. A chain of paramagnetic
beads attached to one another by DNA form an artificial flagellum that is responsive to applied
magnetic fields (100). This propeller can be attached to a desired payload, which in the original
work was a red blood cell but can also be a microrobot body (Figure 8). The beads tend to align
to an externally applied magnetic field, and oscillating the field induces a wave motion in the chain
of beads. The direction of movement is such that the propeller always pulls the attached body,
as the wave travels from the distal end of the propeller toward the body. Other researchers have
provided additional analysis of this swimming method (101–103). It is the relatively large drag of
the attached payload that creates the nonreversing propeller movement responsible for the net
movement of the body. Without an attached body, the propeller has negligible net movement.
However, it has been shown that a defect in one of the elastic connections between the beads can
lead to net movement of the propeller, even without an attached body.

4.3. Pulling with Magnetic Field Gradients

We have shown how magnetic fields can be used to help mimic swimming methods of microorgan-
isms without the need for any onboard actuation. Magnetic fields also provide us with an actuation
method that is impossible for autonomous microorganisms and that consequently has no direct
analogy in nature: wireless pulling through the use of field gradients. Magnetic fields have been
used to apply forces and torques on magnetic objects in medical applications for quite some time
(104).

Controlled magnetic fields can be generated in a variety of ways. The first method uses elec-
tromagnets that are simultaneously position and current controlled. In a study by Grady et al.
(39), a permanent-magnet seed was controlled in vivo in a canine brain through a single position-
controlled electromagnetic coil. In Yesin et al. (55), the uniform field of a pair of electromagnetic
coils is superimposed with the gradient field developed by a second pair of coils. The two coil
pairs, which are rigidly connected, are position controlled to manipulate a magnetic microrobot. A
second method uses stationary current-controlled electromagnets. In Meeker et al. (41), three or-
thogonal pairs of coils are used in a “helmet” configuration to control magnetic fields throughout
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a human head, as a stated improvement to the design in Grady et al. (39). However, this helmet
design allows only partial control because full torque and force control is not possible owing to
singularities in the workspace. It has also been shown that the electromagnetic coils in a clinical
MRI system can be used to position ferromagnetic beads (32), and in vivo animal experiments
have already been performed (33). A third method uses position-controlled permanent magnets.
This is the method used by the Stereotaxis Niobe Magnetic Navigation System, which is used to
steer magnetic-tip catheters (105).

Analytical models for the magnetic force and torque on soft-magnetic axially symmetric bodies
and assembled-MEMS bodies are provided in References 81 and 82, respectively. An advantage
of soft-magnetic assembled-MEMS microrobots, which consist of a set of electroplated planar
components that are assembled after microfabrication, over simpler soft-magnetic beads is their
ability to easily become magnetized because of strong shape anisotropy. An assembled-MEMS
microrobot of the type built in studies by Yesin et al. and Nagy et al. (55, 82) will reach magnetic
saturation in an applied field that is only a small fraction of the strength of the field needed to satu-
rate a spherical bead made of the same material. This makes wireless control of assembled-MEMS
devices more feasible than that of beads over long distances. An additional benefit of assembled-
MEMS microrobots over beads is the ability to incorporate additional MEMS functionality into
the components. However, the relatively small quantity of soft-magnetic material contained in an
assembled-MEMS microrobot, compared with a solid geometry with the same overall footprint,
makes applying magnetic force relatively more difficult.

A group of nanoparticles can also be controlled much as a single microrobot can be controlled.
This group may provide increased ability to deform in order to avoid obstacles and move through
a small opening—and even to penetrate into and move through tissue (106, 107).

Because pulling with magnetic field gradients has no analogy in microorganisms, it is rea-
sonable to conjecture that it might provide a more effective means of wireless propulsion than
anything that could evolve through natural selection. However, it has been theoretically shown
(93) that microrobots that swim with magnetically driven helical propulsion or magnetically driven
elastic-tail propulsion are more promising for medical applications compared with pulling on the
microrobot directly with magnetic field gradients as the microrobot’s size is decreased for two
key reasons. First, although maximum speed and force generation both decrease as the size of
the microrobot is reduced, the decreases are more rapid with field-gradient pulling. Second, it is
easier to project magnetic fields over large distances than it is to project field gradients; recall from
Equation 4 that the field decays with distance from its source as ∼| �P |−3, and a spatial derivative
of the field results in a field gradient that decays as ∼| �P |−4.

4.4. The Clinical Magnetic Resonance Imaging System

As we consider magnetic control of medical microrobots, it is natural to turn our attention to
clinical MRI systems. These powerful magnetic systems already exist in many clinical settings, and
utilizing them for microrobot control with few modifications would eliminate the need for custom
hardware and increase the likelihood of clinical acceptance of the new microrobotic technology.
In addition, being primarily an imaging tool, the MRI system already provides a potential method
for localization.

A clinical MRI system has the ability to generate large magnetic fields, but its construction puts
limits on the types of microrobot control that are possible. Let us briefly consider the construction
(108). The system creates a strong uniform field aligned with its bore that is constant during
operation, with typical field strengths of 1.5 T or stronger. We refer to the bore direction as the z
direction (Figure 9). Because the field is aligned with the bore, the magnitude of the magnetic field
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Figure 9
Schematic of the clinical magnetic resonance imaging system and its typical configuration of gradient coils.
Uniform axial gradients are generated by a pair of Maxwell coils operating with current ia. Uniform
transverse gradients on the z-y plane are generated by double-saddle coils, commonly known as Golay coils,
operating with current it . Another pair of Golay coils rotated by 90◦ about the z axis (not shown) generates
transverse gradients in the z-x plane.

is equal to the component of the field along the z axis: Bz = | �B|. The MRI system also contains
three sets of coils for the generation of gradients in the field; the fields of these coils superimpose
with the strong uniform field. The field contributions of the gradient coils do not change the
direction of the magnetic field; instead, they change the magnitude of the field throughout the
workspace. This allows us to think of the gradients as simple scalar derivatives: ∂ Bz/∂x, ∂ Bz/∂y ,
and ∂ Bz/∂z. These three gradients can be changed independently and relatively quickly. Finally,
RF coils are utilized to drive proton spin to resonance to read out the received signal during
relaxation. The design requirements for RF coils vary with the objective of the MRI screening.
Surface RF coils are widely used mainly as receiver coils because of their high sensitivity, but the
penetration depth they can reach is low.

One potential use of an MRI system for microrobot control utilizes the strong bore field
combined with the gradient coils to implement the gradient-pulling method described in Section
4.3. Wireless propulsion of soft-magnetic beads has been demonstrated (32), and experiments in
a living swine have already been conducted (33). Regardless of whether the microrobot contains
a permanent magnet or soft-magnetic material, the strong field along the bore will align the
microrobot’s magnetization with the z axis. Because we cannot control the direction of the field—
we can control only the magnitude—the MRI system limits us to applications in which we can
accept this constant alignment. This limits applications to three cases: a permanent magnet whose
dipole is always aligned with the bore, a soft-magnetic body whose long (easy) dimension is always
aligned with the bore, or soft-magnetic spheres. If any of these three cases is acceptable, the applied
force can be controlled directly using the three current-controlled field gradients

�F = | �D| ·
(

∂ Bz

∂x
,
∂ Bz

∂y
,
∂ Bz

∂z

)
, (10)

where the dipole strength | �D| of the microrobot can be considered constant.
Even with the large fields inside an MRI system, overcoming fluid drag in the bloodstream

proved difficult. This difficulty arises from the fact that the gradient coils, which are fundamental to
gradient-pulling methods, are not nearly as strong as the primary bore field. It has been suggested
that the microrobot shape could be optimized to reduce fluid drag relative to magnetic forces,
but a simple sphere has only ∼10% higher fluid drag than the optimal shape, so focusing on this
aspect of the design is not likely to yield significant improvements (109).

Another potential use of an MRI system for microrobot control utilizes the strong bore field
combined with the RF coils. In Section 4.2 we introduced a traveling-wave propulsion method
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that uses coils distributed along the length of a propeller, each of which attempt to align with an
applied magnetic field when carrying current. Kósa et al. (95) proposed that the RF coils of an
MRI system could be used to wirelessly power the electronics onboard the microrobot, which in
turn would supply the current to the individual coils. The coils would then attempt to align with
the strong MRI bore field, and a wave motion would be induced through control. This scheme is
still in the conceptual phase.

5. LOCALIZING MICROROBOTS

Various localization methods have been proposed to localize and track a microrobot inside the
human body. Spatial resolution is an important factor in the determination of the microrobot’s
position. This resolution is indicative of position and/or orientation error, so the resolution is
preferably in the submillimeter range for our microrobots, which span a few millimeters at most.
Noise- and artifact-robust methods are preferred. The maximum rate at which the position esti-
mation can be updated is also an important factor for real-time control.

5.1. Vision

The only location where the circulatory system is observable from the outside of the body is
the retina of the eye. This makes imaging and localizing intraocular microrobots possible through
simple components such as microscopes and cameras combined with image-processing techniques.
However, the complicated optics of the human eye make accurate localization difficult. One
proposed method for tracking an intraocular microrobot uses a purposely defocused view acquired
from a single microscope (110). However, this method does not properly account for the optics
of the eye. A custom single-aspheric-lens ophthalmoscope has proven better for the generation of
wide-field-of-view focused images and for localization (111). Detecting and segmenting a metallic
microrobot from the retinal background can be accomplished using color-space techniques (112).

5.2. Electromagnetic and Magnetic

The underlying principle in electromagnetic tracking is the use of a pair of devices: One acts as
a field generator, and the other acts as a sensor (113, 114). The generator emits a low-frequency
electromagnetic field that induces a voltage on the pick-up coils of the sensor. Because this voltage
is a function of distance and orientation, localization is possible.

The accuracy of these systems depends on the presence of other objects. Material properties,
shape, size, and position of these objects relative to the field generator or sensor are important
factors that need to be considered (115). The frequency used for localization is also important
because it has been shown that nearby materials affect accuracy in a unique manner (116).

It is often the case that the sensor is embedded in the device to be tracked, thus increasing
the complexity of the design. Therefore, for wireless medical microrobots, magnetic tracking is
an alternative methodology. A magnet is encapsulated in the device to be tracked, and an array
of external magnetoresistive sensors are used to measure the magnet’s field (117). The implicit
assumption is that the magnet behaves as a magnetic point dipole, so its field in space is given
by Equation 4. The assumption is valid when the measurement is performed at a large distance
compared with the body length of the magnet. In the case of a magnetic sphere, Equation 4 is
exact.

Magnetic tracking is a promising technique when there are line-of-sight problems, because
the human body is transparent to static and low-frequency magnetic fields. However, solving the
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CT: computed
tomography

PET: positron
emission tomography

inverse problem—i.e., finding the position by measuring the field—is not trivial (118) because of
the nonlinear nature of Equation 4. To minimize the effect of background noise, calibration is
usually required before the actual implementation of the tracking algorithm (117).

5.3. Magnetic Resonance Imaging

We have already shown in Section 4.4 how a clinical MRI system can be utilized to provide
microrobots with locomotion capabilities. The same equipment can be used for localization.
Groups of nanoparticles were localized in an MRI system in Kalambur et al. (107), and swarms of
magnetotactic bacteria were localized as single objects in Martel et al. (72). The spatial resolution
of the MRI system is similar to that of the early multislice computed tomography (CT) system
(119), reaching 0.25 mm × 0.25 mm × 1.5 mm in a 3.0-T MRI machine (120). In the same work,
an isotropic resolution of 0.57 mm was achieved, but the scan time was 25 s, which is probably
too long for microrobotic applications. These values are in accordance with Azmi & Schulder
(121), where the mean error of a 3.0-T MRI machine is less than 1.0 mm. The main drawback
of MRI localization is that the choice of material for fabrication of the microrobot is limited
(122). Ferromagnetic objects cause image artifacts that are sometimes larger than the object to
be localized, even though information contained in spatial gradients can overcome this limitation
(123).

5.4. Computed Tomography and Fluoroscopy

During a CT scan, the patient is placed between an X-ray source and a detector array, which
records the attenuated X-ray beam as it passes through the patient’s body (119, 124). A set of
projected X-ray images gathered from various viewpoints is used to reconstruct the interior of
the patient. CT scans offer very good low-contrast resolution and are capable of reconstructing
the final image in 3D. Pixel resolution can reach 0.8 mm for a 512 × 512 pixel matrix (125), and
more recently an isotropic pixel size of 0.195 mm was achieved (126). However, when compared
with similar technologies, higher doses of radiation must be employed. Additionally, because of
the underlying process of image reconstruction based on radiation attenuation, CT scans are not
well suited for imaging regions of soft tissue surrounded by large volumes of high-density material
such as bone.

Fluoroscopy also uses an X-ray source and a fluorescent receiver. High-resolution 2D radio-
graphic images can reach ∼100-μm pixel resolution (127). Here as well, there is concern about
the radiation dosage the patient receives.

5.5. Ultrasound

For localization in soft tissue—compared with endoscopy, MRI, CT, and positron emission to-
mography (PET)—only ultrasound combines good resolution, minimal adverse health effects,
high speed, safety, adequate frame rates (up to 100 frames per second) (128), and low cost (129,
130). In addition, there are several situations in which only ultrasound is adequate (24). The ma-
jor drawbacks of ultrasound are related to low signal-to-noise ratio and the presence of strong
wave reflectors such as bones and air pockets. These may produce artifacts in ultrasound images
or shield an ultrasound signal. Furthermore, the statistical analysis of reflected sound waves in
pulse-echo imaging tends to produce noise or speckle because of the low signal-to-noise ratio of
ultrasonic images (129, 131). The disadvantages of ultrasonic imaging may be partially overcome
through passive localization techniques, based on transmission ultrasound (132). In localization
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applications, frequencies up to 3 MHz are reasonable, resulting in a resolution of ∼500 μm and a
penetration depth of 150–200 mm (130).

The localization of a wireless medical microrobot can be accomplished with a microrobot
that acts as an emitter by carrying an ultrasound transducer onboard. A cantilever or any other
mechanical structure can act as such, vibrating at its resonant frequency. The emitted signal is
measured by a set of receivers placed on the surface of the patient’s body. Through the use of MRI
data gathered offline, localization accuracy can be greatly improved (24).

5.6. Infrared and Emitted Radiation

Using infrared (IR) radiation to track a microrobot requires that it occupy a higher temperature
state than the surrounding body tissue. This is difficult to achieve because the microrobot’s small
volume leads to almost instantaneous thermal equilibrium with its environment. If the micro-
robot can maintain a higher temperature, perhaps by breaking down glucose or by carrying a hot
radioactive source, then IR localization becomes possible.

PET involves the injection of a short-lived radioactive source inside the body, linked with a
metabolically active molecule. As the source decays, it emits a positron, whose subsequent interac-
tion with electrons produces detectable gamma rays. Primarily, PET is used for tumor localization
(133). It is possible that the same radioactive isotopes used in PET could be incorporated into a
wireless microrobot. In the specific case of brachytherapy, the radioactive seed can additionally
be used for localization.

Single markers can be detected, but a minimum of three fiducial markers is necessary if both
location and orientation are to be determined correctly (133). The general resolution is ∼4–10 mm,
although with known marker geometry, this can be improved to the submillimeter range.

6. CONCLUSIONS

Minimally invasive techniques reduce postoperative pain, hospitalization duration, patient recov-
ery time, infection risks, and overall cost, increasing the quality of care. Microrobots can serve as a
near-term goal for wireless biomedical applications, and their design will be based on the task they
need to accomplish and the type of environment in which they will operate. Initially, microrobots
will perform simple tasks; as technology advances, we will be able to design and fabricate more
complicated devices that perform sophisticated tasks, such as targeted drug delivery and in situ
biopsy sampling and characterization. Developing this technology requires that we address issues
such as localization and power, always keeping in mind that microrobots will be utilized in vivo.
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