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ABSTRACT The rapid development of untethered micro/nanorobots enables them to be applied in biomed-
ical tasks, such as targeted delivery, localized diagnostics, and minimally invasive surgery. However, many
challenges remain before applying these tiny machines to perform therapeutics and intervention in a living
body. Among them, one critical issue is the integration of medical imaging systems with micro/nanorobotics
to acquire precise feedback in vivo. Ultrasound imaging, as one of the widely used mature imaging tech-
nologies, shows great potential for providing real-time feedback of micro/nanorobots in 2-D and 3-D space.
In this mini-review, the recent progress and challenges on the imaging and tracking of micro/nanorobots
using established medical ultrasound imaging technologies are surveyed and summarized. The limitations
together with future research opportunities in the real-time navigation of micro/nanorobots in vivo and their
collectives are discussed.

INDEX TERMS Medical micro/nanorobots, ultrasound imaging, in vivo tracking, collective behaviors, real-
time feedback control.

I. INTRODUCTION
Micro/nanorobots are untethered small-scale machines ca-
pable of navigating in a controlled manner through various
physiological environments by external power sources [1]–
[11], self-propulsion [12]–[17], and hybrid propulsion [18]–
[24]. Recent achievements on the fabrication, actuation, func-
tionalization provide more biocompatible and biodegrad-
able micro/nanorobots with diverse capabilities [25]–[29].
These micro- and nano-scale robots offer potential for di-
verse biomedical applications such as targeted delivery [30]–
[36], biosensing [37]–[41], micromanipulation [42]–[44], and
minimally invasive surgery [45]–[48]. Although most of
the proof-of-concept applications of micro/nanorobots were
demonstrated in vitro and ex vivo, recent studies have re-
ported that the controllable micro- /nano-agents can be ap-
plied in vivo via animal tests [49]–[52]. To translate the

micro/nanorobotics to clinical applications, one of the
indispensable challenge is in vivo imaging and tracking of
these tiny actuated machines [53], [54].

The effective actuation and visual servoing of micro/
nanorobots in a living body require real-time localization. To
date, a variety of imaging technologies have been explored for
localization of micro/nanorobots, including ultrasound (US)
imaging, fluorescent imaging (FI), magnetic resonance imag-
ing (MRI), computed tomography (CT), positron emission
tomography (PET), photoacoustic (PA) imaging and single-
photon emission computed tomography (SPECT). The posi-
tion feedback provided by these imaging systems has been
applied to close control loops and establish autonomous actu-
ation systems. Among these imaging technologies, US imag-
ing is a widely-used, well-established, radiation-free medical
imaging technique. It has been applied in clinical diagnostics,
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such as measuring of blood flow and monitoring the fetus
in uterus, in the field of pelvis, cardiology, ophthalmology,
and orthopedics [55]–[58]. It is based on the reflected acous-
tic waves that have interacted with the imaging objects and
their surrounding environments. Comparing to other medical
imaging technologies (e.g., MRI, CT), US imaging provides
high temporal resolution (fast imaging speed), which is es-
sential for acquiring real-time feedback of moving objects.
Autonomous control loop can be closed with US feedback
to perform real-time visual servoing of micro/nanorobots, tar-
geted delivery, and localized therapy. Moreover, the various
US imaging modes (e.g., B-mode, Doppler-mode) provide the
potential for applying micro/nanorobots to perform demanded
tasks in different environments.

US imaging relies on gradients of acoustic impedance,
thus the scale of an object should be larger than the sono-
graphic detection limit. One major challenge of using US
as the tracking tool is the small size of micro/nanorobots
(e.g., sub-millimeter scale). To achieve effective localization
and tracking, recent work on collective behaviors of active
matter inspires the researchers in introducing swarming mi-
cro/nanorobots to achieve imaging-guided delivery. A swarm
pattern is formed by gathering the building blocks together,
which is usually realized by inducing interactions between
these small-scale blocks [59]–[63]. Compared to the usage
of a single object, swarming patterns could enhance imag-
ing contrast by increasing the density of the building blocks
(micro/nanorobots), thus enabling deep-tissue imaging. The
integration of swarm control and US imaging systems will be
introduced in this mini-review.

In this mini-review, we summarize the recent progress on
the imaging and tracking of micro/nanorobots using estab-
lished medical US imaging technologies. Recent research ef-
forts in the design, actuation, and control of micro/nanorobots
under ultrasound guidance are reviewed. Beside the summary
of classic works in US-guided control of individual small-
scale robots, the design of swarming micro/nanorobots to-
wards in vivo US imaging-guided delivery are summarized.
Advantages and limitations of using individual microrobot
and swarming microrobots under different US imaging modes
are compared. The challenges in real-time navigation of mi-
cro/nanorobots in vivo and the integration between imaging
and control systems are listed and discussed. We end the
report with conclusions and some prospective directions.

II. ULTRASOUND IMAGING TECHNOLOGY FOR TRACKING
OF MICRO/NANOROBOTS
A. ACTUATED MICROROBOT UNDER ULTRASOUND
IMAGING GUIDANCE
One of the commonly-used imaging modes in both clinic and
research trials is the B-mode (brightness mode). The greyscale
images are acquired through transmission into objects of short
ultrasound pulses and recording of backscattered echoes. Be-
cause the attenuation and resolution increase with frequency,
there is an inherent trade-off between resolution and imaging

depth. High-frequency ultrasound waves (e.g., 10–15 MHz)
generate images with higher resolution, which can only be
used for objects located at a superficial level, such as mus-
culoskeletal imaging and thyroid. Low-frequency waves (e.g.,
2–5 MHz) are more suitable for an object located at a deeper
place, such as deep abdomen, obstetric and gynecological
imaging.

To date, several researchers have proposed strategies of us-
ing B-mode US feedback for localization of miniature robots.
Misra et al. demonstrated a wireless magnetic-based mo-
tion control of paramagnetic microparticles under US guid-
ance [64]. The microparticle has a diameter of 100 μm,
and it was actuated using magnetic field gradient. The US
images provided real-time position of the microparticles,
then the tracked position was applied in the implementation
of a proportional-derivative magnetic-based control system
(Fig. 1(A)). The system achieved point-to-point control of
the microparticles with an average position tracking error
of 48 ± 59 μm. As a comparison, such average position
tracking reached 21 ± 26 μm based on a microscopic sys-
tem. Using the US feedback-integrated control scheme, the
microparticles followed different planned trajectories with an
average velocity of 94–279 μm/s. To perform manipulation
tasks in tortuous environments where traditional microscope
cannot reach, Misra and co-workers demonstrated the real-
time navigation of a miniature soft gripper [65]. The hydrogel
thermal-responsive gripper exhibited fold-unfold transitions
by changing the temperature, and the diameter of the gripper
was changed from 2 mm to 5 mm. The embedded Fe2O3

provides the magnetism so that the gripper can be pulled
using magnetic field gradient. A real-time control system was
designed based on the feedback from US B-mode images.
The gripper was navigated along a sinusoidal planned path
at an average speed of 0.41 ± 0.14 mm/s, where the tracked
position from US images is compared with the reference posi-
tion (Fig. 1(B)). Experimental results showed that the average
positioning error is 0.48 ± 0.1 mm (∼ 12% of the body length
of the miniaturized gripper). Such path-following control has
been integrated with the ability of obstacle avoidance, where
the generated path could avoid virtual obstacles with a safe
distance. Moreover, this miniaturized gripper showed the abil-
ity to pick-and-place a microbead to a target position. Results
showed that the US feedback-based control system has an
average tracking error of 0.4 ± 0.13 mm without payload and
0.36 ± 0.05 mm when performing a transportation task with
a payload. The integration of US imaging and magnetic con-
trol system demonstrated the ability to control a miniaturized
robot to perform targeted delivery in situations where visual
feedback cannot be provided via cameras.

US imaging-guided microrobots have also been investi-
gated toward medical applications. Recently, Khalil et al.
proposed the mechanical rubbing of blood clots using a US-
guided magnetic helical miniature robot ex vivo [66]. The
helical robot has the diameter and length of around 1 mm
× 8 mm. US feedback provided the position of the robot
in real time, which was used to control its motion toward
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FIGURE 1. Localization of an individual microrobot under B-mode US imaging. (A) Closed-loop control of a paramagnetic microparticle using US
feedback [64]. Reproduced with permission. Copyright 2014, IEEE. (B) Magnetic motion control and path planning of an untethered gripper. The gripper
was navigated along the planned path with (b1) obstacle-avoidance ability and (b2) thermally controlled deformation [65]. Reproduced with permission.
Copyright 2017, IEEE. (C) Closed-loop control of a helical millimeter-size robot for thrombolysis using US feedback [66]. Reproduced with permission.
Copyright 2017, IEEE. (D) US-guided locomotion of a soft miniature robot. The robot rolls within a tube embedded in an ex vivo chicken tissue [67].
Reproduced with permission. Springer Nature, 2018. (E) US tracking of an acoustically actuated microswimmer. (e1)–(e3) demonstrate three different
events of navigation [68]. Reproduced with permission. Copyright 2019, IEEE.

the blood clot. After reaching the clot region, thrombolysis
process was conducted via the mechanical rubbing between
the robot and the clot (Fig. 1(C)). Results showed that the
removal rate of mechanical rubbing (−0.56 ± 0.27 mm3/min)
is approximately three times faster than the dissolution rate of
pure chemical lysis (−0.17 ± 0.032 mm3/min) [73]. The rigid
structure of a microrobot may cause critical issues when per-
forming tasks in a living body, especially in a confined envi-
ronment. Soft robot offers more possibility to non-invasively
access narrowed, enclosed spaces [74]. In the work proposed
by Sitti and co-workers, a miniature soft robot with multi-
modal locomotion can be ex vivo visualized (Fig. 1(D)) [67].
The size of the robot is 3.7 mm × 185 μm × 1.5 mm
(Length × Height × Width). Further scaling down this minia-
ture robot could increase the possibility for medical applica-
tions. Besides the passive deformation, adaptive locomotion
of soft microrobot has also been proposed [75]. The structural
and magnetic properties of the microrobot with the dynamic
properties of the surrounding fluid leads to adaptive locomo-
tion. Recently, 4D printing technique shows great potential
for fabrication stimuli-responsive soft microrobot [76]–[79].
The microrobots fabricated by smart materials open a new
direction for US imaging-guided microrobotics. The imag-
ing contrast can be affected and even tuned by deforming
the structure of the microrobot, which benefits the tracking

algorithm in recognizing the microrobot from surrounding
environments. Moreover, the multi-stimuli response materials
offer microrobots the capabilities of biosensing and targeted
delivery [80], [81]. The changing of properties in tissues or
bio-fluids led to the deformation of a microrobot, which can
be detected by US imaging system.

To track a microrobot in multiple planes or three-
dimensional (3-D) space, multiple US probes can be applied
to acquire images from different focus planes. In a recent
work proposed by Chen et al., the position of a 2-D navigated
microrobot was tracked using two probes [68]. The 1-D US
array probe provides only a cross-sectional image along the
US beam direction (axial-lateral coordinates), therefore, two
US probes are used to complement each other for capturing
the full two-dimensional (2-D) motion of the microrobot that
moves along the bottom surface of the tank. This multiple-
probe approach demonstrated low tracking error and can be
applied to 3-D navigation of untethered objects [82].

B. ULTRASOUND IMAGING OF MICROROBOT WITH
BUBBLE-ENHANCED CONTRAST
Bubble-based contrast agents are widely used in clinic and
medical imaging systems. These contrast agents used for
bubble-enhanced US are microbubbles or gas-filled micropar-
ticles, typically with 1–8 μm in diameter [83]. Affected by
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FIGURE 2. Bubble-enhanced US imaging (contrast-enhanced US). (A) Magnetic control of a bubble-driven magnetic microrobot under US guidance [69].
Reproduced with permission. Copyright 2014, IEEE. (B) NSCs injected at the abscess margin (depicted in orange brackets) results in a discernable increase
in signal on contrast mode US (bottom panel, yellow arrowhead) [70]. Reproduced with permission. Copyright 2013, Elsevier. (C) In vitro US images of
DOX-CaCO3-MNPs in various pH environments [71]. Reproduced with permission. Copyright 2015, American Chemical Society. (D) Left: US images of gel
phantoms containing arg1 or arg2 before collapse, after collapse at 2.7 MPa and 4.7 MPa (109 cells ml−1), respectively. Right: US contrast within the
colon region of interest [72]. Reproduced with permission. Copyright 2018, Springer Nature.

the pressure of US waves, microbubbles undergo volume os-
cillations. They vibrate, resonate, and reemit sound, resulting
in the detectable backscattered US signal. The signal can be
orders of magnitude stronger than the backscatter of blood,
tissues, and organs. This is due to the high acoustic impedance
mismatch between gases and blood or soft tissue [84].

Bubble-driven microjets, as one of the chemical-driven mi-
crorobots, exhibit motion via thrust force generated by chemi-
cal fuel [85], [86]. A typical bubble-driven device use H2O2 as
the chemical fuel and Pt as the catalyst. Propulsion is achieved
due to the catalysis of H2O2 by the platinum component of the
microrobot, resulting in the ejection of oxygen microbubbles
from one of its ends [87]. The generated microbubbles en-
able the position tracking of the microrobot indirectly. Such
method has been proposed by Sanchez et al., where the micro-
robot was tracked indirectly by employing the strong US con-
trast of the ejected microbubbles (Fig. 2(A)) [69]. The length
and diameter of the microrobot are around 50 μm and 10 μm.
Objects with such small size are hard to be directly tracked
using typical clinic US system. However, by applying this
indirect tracking method, the microrobot was closed-loop con-
trolled to follow two trajectories (diamond shape and figure-
eight shape) with an average velocity of 156 ± 35.1 μm/s and
tracking error of 250.7 ± 164.7 μm. Much deeper and more
meticulous work on US detection of microrobots-produced
microbubble was proposed by Olson et al. [70]. These

microrobots were designed for the detection of H2O2, and
the influence of concentration of H2O2 to the microrobots
were experimentally investigated. Results showed that the mi-
crobubble production signal can be detected when the micro-
robots were injected in abscesses, indicating that the elevated
levels of H2O2 are required (Fig. 2(B)). These in vivo exper-
iments showed the potential for biomedicine and biosensing
applications by integration microrobotic technique and medi-
cal imaging.

In recent years, theranostic nanoparticles, which integrate
imaging and therapeutic functionalities, have shown their ef-
fectiveness for imaging-guided tumor treatment. For exam-
ple, doxorubicin-loaded calcium carbonate hybrid nanopar-
ticles (DOX-CaCO3-MNPs) produced carbon dioxide (CO2)
microbubbles at the PH value of tumor acid [71]. Under
US imaging, the generated microbubbles were sufficient for
echogenic reflectivity. Taking advantage of the multilayer de-
sign, the tumor cells were detected and DOX was released
to achieve antitumor therapeutic activity (Fig. 2(C)). The
fabricated poly(lactic-co-glycolic acid) (PLGA) nanocapsules
(perfluorohexane (PFH)@PLGA/Fe3O4) can be used to in-
crease the local tumor temperature by absorbing the NIR
energy and enhance the bimodal US contrast. By absorb-
ing NIR irradiation, the produced microbubbles were used
as the US contrast agent [88]. The proposed approaches in-
spire the design and imaging of microrobot. By improving
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the structure and materials of a microrobot, it can be further
used for therapeutic applications with real-time US imaging
feedback. Besides the artificial micro- /nano-agents, biohybrid
micro- /nano system provides a more complex functionality
with biocompatibility [89]. Acoustic reporter genes (ARGs)
were recently introduced, which are genetic constructs that
allow bacterial gene expression to be visualized in vivo using
US [72], [90]. These constructs are based on gas vesicles, a
unique class of gas-filled protein nanostructures that have the
size similar to microbubbles and are capable of enhancing US
contrast. Shapiro and co-workers demonstrated that the US
imaging of such genetically engineered reporter variants can
be tuned by breaking the nanostructure using US wave pres-
sure. The in vivo experiments demonstrated that the microor-
ganisms with ARGs were imaged at a resolution of less than
100 μm (Fig. 2(D)). Such genetic approach has the potential
to be integrated with micro/nanorobot technology. Combining
the controllability of microrobot and the deep US imaging of
the ARGs-modified microorganisms, a hybrid microrobot has
the potential to be applied in hard-to-reach and deep-tissue
environments with promising actuation and imaging ability.

Alternatively, microbubbles can also be produced by us-
ing acoustic-driven microrobot. Ahmed et al. designed a hy-
brid acousto-magnetic soft microrobot consisting of a mi-
crobubble trapped in a superparamagnetic polymer compos-
ite [91]. The soft microrobot contains microcavities at the
center of its body. The microcavity supports an air bubble
trap, and the trapped microbubble enables propulsion in an
external acoustic field. Moreover, acoustically powered mi-
crorobots showed swimming on three-dimensional boundaries
with single-particle manipulation ability [17]. These micro-
robots do not need special chemical environments to produce
microbubbles, showing a great potential for applications in
varied environments. The combination of US for both propul-
sion and bubble-enhanced imaging shows great research op-
portunity, whereas challenge remains in the integration of
control and imaging systems.

C. ULTRASOUND IMAGING OF SWARMING
MICRO/NANOROBOTS
One major challenge of using US imaging to track micro-
robots is the trade-off between the microrobot size and imag-
ing depth. A large (cm/mm scale) microrobot provides better
imaging contrast and drug-loading ability when performing
targeted delivery interventions. However, a large-size micro-
robot limits the application in confined environments, and
may cause a critical damage to surrounding tissues. To tackle
these issues, a collective of micro/nanorobots shows great po-
tential to be applied in an imaging-guided system. The inter-
actions between building blocks yield various dynamic pattern
(e.g., stars [97], disks [98], rings [99], and carpets [100]),
which showed controlled assembly and pattern transforma-
tion under external energy inputs [101]–[103]. The usage of
swarming microrobots for the enhancement of US contrast
has shown promising and effective applications. Wang et al.

demonstrated the US imaging of a paramagnetic nanoparticle-
based microswarm [92]. Under a rotating magnetic field,
nanoparticle chains were formed and the hydrodynamic in-
teraction among them yielded a region with a high area den-
sity of nanoparticles (4–5 μg/mm2). The backscattered waves
were significantly affected by the orientation of the chains
inside the microswarm (Fig. 3(A)). The backscattered US
waves were increased to the maximum value if the chains
were perpendicular to the wave propagation direction (α =
0◦), which yields the highest contrast. Whereas the contrast
decreased by increasing α, where the contrast reached the
minimum value when α = 90◦. Therefore, the imaging con-
trast showed a periodic change in an actuation cycle, which
is the major difference compared to the imaging of an indi-
vidual microrobot. Such dynamic contrast can be exploited
in image processing to improve the signal-to-noise ratio. For
example, the image differencing-based processing will elimi-
nate static noise signals and provides a better US contrast for
the microswarm, which has been used for real-time feedback
control ex vivo [93] and proof-of-concept study of imaging-
guided thrombolysis [104]. Moreover, the imaging contrast
can be enhanced due to the high area density of nanoparticles
(Fig. 3(B)). Compare to loosely distributed nanoparticles, the
microswarm is able to be localized in deep-tissue site. From
clinical aspects, the therapeutic dose of nanoparticles can be
further reduced by utilizing this swarming behavior to avoid
dose-related toxicity.

Guided by US imaging, the circular-pattern microswarm
has been applied in bio-fluids. Bio-fluids contain complex
components, in which the viscosity, ionic strengths, and mesh-
like structures influence the generation and locomotion of
the microswarm. Yu and co-workers demonstrated the strong
fluidic forces generated by the rotating microswarm were
capable of pushing and twisting the meshes in vitreous hu-
mor (Fig. 3(C)). The microswarm was generated, navigated
to follow a right-angled path and localized using B-mode
US feedback. Ex vivo experiments showed swarming gen-
eration and navigated locomotion in bovine eyeballs, where
initial position of the microswarm was located by observ-
ing the syringe needle for injection (Fig. 3(D)). It is noted
that the volume of the nanoparticle suspension injected into
the bovine eyeball was approximately 0.2 mL, which is a
small value compared with the volume of the vitreous humor
(∼5 mL). The rotating microswarm also showed locomo-
tion at a speed ∼50 μm/s in blood (Fig. 3(E)). These ex
vivo demonstrations validated the effective application of
nanoparticle-based microswarm in various bio-environments,
in which the high US contrast enables the real-time imaging
and tracking of the microswarm. In addition to the gathering
of a microswarm, the area density of nanoparticles is able
to be tuned by applying dynamic disassembly fields [95].
The spreading of nanoparticles decreases the area density
of nanoparticles in the swarm region, resulting in a weak
imaging contrast consequent (Fig. 3(F)). Such process also
demonstrated the reconfigurable feature of the microswarm.
Compared to the relatively weak interactions between helical
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FIGURE 3. US imaging and tracking of magnetic nanoparticle collectives with the diameter of nanoparticles ranging from 100–500 nm. (A) US imaging of
magnetic nanoparticle chains under static magnetic fields. The angle between the US wave propagation direction and the long axis of chains was
adjusted [92]. (B) US imaging of the Region of Interest (ROI) before and after forming a microswarm [93]. (A,B) Reproduced with permission. Copyright
2018, IEEE. (C, D, E) Generation and actuation of a vortex-like microswarm in (C) bovine vitreous humor, (D) bovine eyeballs, and (E) blood of mice [94].
(C, D, E) Reproduced with permission. Springer Nature, 2019. (F) Gathering and disassembly of magnetic nanoparticle clusters on a flat surface [95].
Reproduced with permission. Copyright 2019, IEEE. (G) Disassembly and spreading of magnetic nanoparticle clusters on the surface of a swine bladder
ex vivo [96]. Reproduced with permission. Copyright 2019, Elsevier.

microrobots [49], the gathering level can be controlled based
on the strong interaction between the nanoparticles (e.g.,
magnetic and hydrodynamic interactions). To further enlarge
the application range, US image-guided collective behaviors,
such as the gathering and spreading of magnetic nanoparticles,
has been performed on uneven surfaces [96]. The disassem-
bly/spreading and gathering process on the surface of a swine
bladder ex vivo has been demonstrated (Fig. 3(G1)). During
actuation, the orientation of nanoparticle chains followed the
applied field, i.e., the angle between US wave propagation
direction and the particle chains is time-dependent. Therefore,
the amount of scattered US waves changes, resulting in a
periodic changing of US contrast (Fig. 3(G2)). Thus, the back-
ground noise signals were eliminated by image differencing-
based processing, and the coverage area was tracked in real-
time (the yellow ellipse in Fig. 3(G1)). This approach shows
the potential for in vivo targeted delivery applications, such as
targeted energy delivery (e.g., magnetic hyperthermia). A mi-
croswarm pattern has been navigated to the desired location,

and the coverage area (area density) was adjusted to satisfy
the requirement of both dose (energy density) and region of
influence [108]. Such disassembly-regathering behavior can
also be induced using acoustic waves [109], which showed
a great potential of integrating US for both actuation and
imaging of a collective of tiny objects.

Besides US imaging, swarming micro/nanorobots also ben-
efit other imaging systems, such as MRI [110], PA imag-
ing [49], [50], and PET/CT [111]. Unlike the usage of a cen-
timeter or millimeter-scale robot, the generated microswarm
is capable of disassembly and regathering to perform coop-
erative motion. The building blocks can be injected into a
confined environment, navigated to the desired location and
regathered again to perform demanded diagnostics under var-
ied imaging system.

D. ULTRASOUND DOPPLER IMAGING IN MICROROBOTICS
The fundamental mechanism of the Doppler mode is the
Doppler effect, which shows how the frequency of emitted
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FIGURE 4. US Doppler imaging in microrobotics. (A) US image of a fresh chicken breast tissue (A1) before and (A2) after injecting hairbots suspension.
Color Doppler images showed the speed of the moving hairbots [105]. Reproduced with permission. Copyright 2019, Elsevier. (B) Color Doppler imaging
(1, 6, and 11 days after injection) of the nanoshell that injected intratumorally into VX2 tumor-bearing rabbits [106]. Reproduced with permission.
Copyright 2015, Wiley. (C) Two-dimensional US images taken from volumetric sweeps of steerable needles inserted into liver ex vivo: (C1) B-mode US
image; (C2) power Doppler US image captured during needle vibration. (C3) shows the segmentation of needle using Doppler feedback [107].
Reproduced with permission. Copyright 2014, IEEE.

waves changes with the velocity of the emitter (US probe) or
observer (RBCs). A typical clinical application is the quick
measurement of blood flow by detecting the motion of red
blood cells (RBCs) [112]. RBCs scatter weak US echoes that
can be detected by US probes, the temporal shifts observed
in consecutive RBC echoes allow detection of the displace-
ment of RBCs and derivation of a Doppler signal proportional
to RBC velocity. To date, two Doppler imaging modes are
widely used in clinics: color Doppler and power Doppler,
which display the velocity and the energy of RBC echoes
in vascular system, respectively. Doppler modes are different
from the typical B-mode US imaging, which relies on the
amplitude of the backscattered US waves. Therefore, Doppler
US is a powerful tool to track microrobots in dynamic envi-
ronments, such as blood vascular system.

Recently, Sitti and co-works proposed hairbots that showed
potential as ultrasonography contrast agents [105]. The hair-
bot was produced using hair as the materials. Superparamag-
netic iron oxide nanoparticles were loaded into the hairbots
to acquire the responsive to magnetic fields and gradients.
The hollow medullary space in the hair provides the possi-
bility of using hairbots as US contrast agents. In the color
Doppler mode, the moving hairbots (diameter: ∼50 μm) were
imaged as dots, where the displayed color depends on the
speed of their movement (Fig. 4(A)). In standard B-mode,
the hairbots also can be detected. However, the color marked
in the Doppler mode separated the hairbots from background
tissues. Such color signal can be applied to benefit the fol-
lowing tracking algorithm. Down to nanoscale, functional-
ized nanoparticles were used as Doppler agents under ex-
ternal stimuli. Among them, the perfluoropentane (PFP) gas-
filled silica nanoshells have been demonstrated as long-lived
US contrast agents. These agents were typically synthesized
by encapsulating a perfluorocarbon gas within a lipid or
polymeric shell to produce elastic microbubbles in the range

1–6 μm in diameter. When insonated, these microbubbles
oscillate to produce signals at harmonic frequencies and break
or collapse into smaller bubbles to produce a broadband sig-
nal [113]. As proposed by Liberman et al., the hollow silica
nanoshells can be detected in vivo using color Doppler imag-
ing with great lifetimes over than 11 days (Fig. 4(B)) [106].
Such functionalized nano-agents can be integrated with the
micro/nanorobotics technology to acquire controllable navi-
gation under real-time US Doppler feedback.

Besides the untethered system, recent studies on the
Doppler imaging of tethered system showed inspiring results.
Vibrating solid objects have been used to produce recogniz-
able Doppler signals in tissue [114]. This concept has been
applied to localize straight needles [115], needle tips [116],
and instruments in cardiac interventions [117], [118]. Oka-
mura and co-workers demonstrated that high-frequency vi-
brated needle can be real-time steered under the feedback
of 3-D power Doppler imaging [107]. The Doppler response
around the needle was produced by vibrating the needle,
where a 3-D Doppler image was obtained by sweeping the
2-D scanning plane. The needle shape was reconstructed
based on the fit through the centroids of the Doppler data
in each image (Fig. 4(C)). The proposed method expanded
the Doppler signal from the blood vascular system. For un-
tethered microrobots, the similar mechanism can be applied
to introduce Doppler signals in tissues. For example, the
vibration of magnetic agents can be introduced using os-
cillating magnetic fields [119]. These studies indicate that
US Doppler imaging detects not only the microrobot it-
self, but also the affected region by an actuated microrobot
(e.g., surrounding tissues, surrounding RBCs). The integra-
tion of US Doppler and micro/nanorobotic technology has
great potential in medical diagnosis to accurately track and
real-time control objects that the typical B-mode hard to
provide.
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TABLE 1. Summary and Comparison of US Imaging-Guided Micro/Nanorobots for in Vivo Applications

III. SUMMARY AND PERSPECTIVES
Untethered micro/nanorobots have been developed to perform
demanded biomedical tasks: from targeted delivery, biosens-
ing to minimally invasive surgery and biopsy. In the hard-
to-reach place of a living body, they have demonstrated the
ability to perform diagnostics and intervention that tethered
instruments are hard to achieve. The challenge of in vivo
imaging remains crucial to allow doctors and medical prac-
titioners to real-time track these small-scale agents in dy-
namic and complex environments. Therefore, the integration
of micro/nanorobotics and medical imaging technologies is
urgently required to precisely control these tiny machines
under the feedback of imaging system [120].

In this mini-review, we focus on the imaging and tracking
of US imaging-guided micro/nanorobots. The advantages and
limitations of US imaging-guided micro/nanorobots for in
vivo applications using different imaging modes are summa-
rized in Table 1. Currently, the B-mode imaging is widely used
for imaging robots ranging from centimeter to hundreds of
micrometer. However, the usage of a centimeter-/millimeter-
scale robot limits the applications in confined, narrowed lu-
men (e.g., blood vascular system,bile duct), whereas track-
ing a micrometer-scale microrobot challenges the resolution
of US imaging. Deformable soft microrobots fabricated by
smart, soft materials (e.g., stimuli-responsive hydrogel) are
able to affect imaging contrast by structural changing, which
can be recognized from static contrast of environment (e.g.,
tissue). Microbubble, as a widely-used imaging contrast agent
in clinic, shows a promising function when integrating with
microrobots. Microrobots with bubble-enhanced contrast have
been applied to improve the signal-to-noise ratio. However,
the bubble-driven microrobot requires special working en-
vironments or actuation methods. US imaging of swarm-
ing micro/nanorobots exhibits controllable and dynamic con-
trast. Although microswarm requires superior swarm control

schemes (e.g., pattern navigation), the gathering ability offers
them the adaptability to narrowed environments with com-
plex bio-mechanical forces (e.g., pulsating blood flow, body
motion). Besides the B-mode imaging, US Doppler imag-
ing provides a new approach for imaging micro/nanorobots.
Various Doppler image modes are able to be applied with
adjustable sensitivity, and the fast imaging speed is suit-
able for tracking robots in dynamic environments. Unlike
B-mode imaging, Doppler signal highlights not only the mi-
cro/nanorobots themselves but also the affected region by the
actuated robots. Therefore, the feedback provided by Doppler
signal can be treated as an indirect imaging and tracking
approach. Swarming micro/nanorobots also offer great possi-
bility in enlarging the affected region. The assembled pattern
may affect the surrounding environment that an individual
microrobot is hard to perform. The integration of swarming
micro/nanorobots with Doppler imaging feedback is worth
investigation, especially in a region that B-mode imaging
fails to provide enough contrast for tracking the moving
micro-/nano-agents.

In the future, the major challenges on applying micro/
nanorobots to in vivo environments remains in the integration
of US imaging system and real-time control system (Fig. 5).
The design of micro/nanorobots should satisfy both imaging
and application requirements, and actuation methods must be
harmless to the living body, such as magnetic actuation at
suitable field strengths. Different US imaging modes should
be selected according to the specific microrobot or swarm-
ing micro/nanorobots, task, and application scenario. The US
feedback-based control scheme should take the internal bio-
mechanical forces and external disturbances into consider-
ation. Swarm control will further improve both the adapt-
ability of micro/nanorobots to the surrounding environments
and the effectiveness of imaging/tracking. Although real-
time formation and navigation of collective micro/nanorobots
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FIGURE 5. Challenges of real-time imaging and tracking of US imaging-guided micro/nanorobots towards in vivo biomedical applications.

under 3-D US feedback remain challenge, it is a promising
approach to conduct targeted delivery tasks. Efforts also be
dedicated to the development of feasible testing phantom be-
fore conducting in vivo trials.
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