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Abstract 

The last decade has seen the rapid development of untethered mobile micro- and nanorobots 

able to navigate liquids by means of external power sources or by harvesting chemicals from 

their surrounding media. These tiny devices hold great promise for applications in the 

biomedical field including targeted drug delivery, localized diagnostics, microsurgery, cell 

stimulation. However, to translate small-scale robots from the laboratory to the clinic, many 

challenges remain. A major obstacle is the lack of imaging technologies that will allow for 

precise tracking of the devices in vivo. Here we review current progress, challenges, and 

future possibilities in the monitoring and tracking of biomedical micro- and nanomachines 

using established as well as less conventional imaging technologies. 
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1. Introduction

Small-scale robots are miniaturized tetherless machines capable of navigating through 

different fluid environments by harvesting fuels from their surroundings,[1] by external energy 

sources,[2] or powered by motile cells.[3] Advances in micro- and nanomanufacturing, 

manipulation engineering, surface chemistry and catalysis have led to a new generation of 

biomedical micro and nanomachines with unprecedented capabilities. To date, micro- and 

nanorobots have demonstrated the capability to perform several tasks in the biomedical arena, 

such as targeted drug delivery, localized biopsy, bioanalysis, cell sorting, detoxification, and 

target isolation.[4] While most early research using biomedical micro- and nanorobots has 

been realized in vitro, preliminary studies have recently demonstrated the potential of these 

machines in vivo.[5] Despite these achievements, existing micro- and nanorobotic platforms 

require that a number of issues are further addressed in order to achieve for clinical translation. 

Some aspects requiring significant development include the integration of multiple building 

blocks, machine-to-machine communication, control and actuation over machine swarms, 

enhanced biocompatibility and biodegradability, and compartmentalization. One of the most 

critical obstacles for the translation of small-scale robotics to relevant clinical applications is 

tracking and monitoring the devices inside the body. Three-dimensional visual servoing of 

micro- and nanomachines is key for in vivo applications such as micro- and nanosurgery or 

supply of drugs and radioactive seeds to affected tissue. Currently, this can be wirelessly 

accomplished by means of three-dimensional (3D) navigation approaches (i.e., 

electromagnetic fields, acoustic waves or light). However, to precisely control the motion and 

actuation of small biomedical devices in vivo, real-time 3D tracking control is necessary. 

Visual servoing of micro- and nanomachines requires a synergistic integration of several 

techniques such as imaging technology and image processing, control theory, and contrast-

agent functionalization, among others. Some conventional medical imaging techniques used 

for revealing the body internal organs and tissues have been tested to monitor the position of 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



4 

small-scale structures and devices. Nanotechnology and surface chemistry offers many 

options for the production of contrast agents, and it has already impacted the field of imaging 

technologies. However, it is not the aim of this review to cover research studies on small-scale 

particulate-based contrast agents. For these studies, the reader is referred to previous articles 

and reviews.[6] 

The present contribution reviews current progress, challenges and future possibilities in 

the visual monitoring of biomedical micro- and nanomachines using established and less 

conventional imaging technologies. 

2. Imaging Technologies for Micro- and Nanoswimmers

2.1 Optical Tracking for microrobot localization 

The vast majority of experimental realizations of micro and nanorobots  have occurred on 

the benchtop under well-defined experimental conditions. In such setups, the primary means 

of microrobot visualisation and localisation is through optical microscopy image capture and 

subsequent processing. The main challenges pertain to identifying multiple microdevices and 

independently tracking them, and extracting the full six degree-of-freedom pose of the device 

rather than only their planar coordinates. We note that particle tracking with optical 

microscopy is a very well researched topic with numerous contributions.[7] Therefore, we 

would like to constrain our focus on research that has been applied in the domain of micro- 

and nanorobots. 

Naturally, techniques for 2D and 3D microdevice tracking under optical microscopy rely 

on well calibrated imaging systems. Calibration of optical microscopes is an active research 

topic, with research contributions steadily updating the precision with which the image 

formation process is characterized. One of the early works in the domain[8] introduced a 

parametric model of the optical microscope and derived the projection model using a single 

calibration pattern images perpendicularly to the optical axis. More recently, Luo et al. 
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combined the Gauss lens model and projective camera model to perform parameter estimation 

by calibration patterns image at near parallel configurations.[9] Further, Ammi et al. used a 

virtual 3d calibration pattern which was created by moving the tip of a micromanipulator 

imaged with subpixel accuracy by an optical microscope.[10] All these and similar approaches 

generally do not tackle the issue of aberrations, apart from radial and/or tangential distortions 

that have well defined mathematical models. More detailed approaches, such as methods for 

comprehensive aberration correction developed by Stavis and coworkers, boost the 

confidence in the measurements extracted by using optical microscopy systems.[11] 

2.1.1 Techniques for 2D tracking 

Intensity-based trackers have been used in a variety of microrobotic applications and 

experiments, as microrobotic devices tend to be dark objects moving over a light or 

transparent background. Therefore, simple thresholding operations followed by 

morphological filters and connected component analysis have been shown robust in 

identifying multiple microdevices. Morphological filters like dilation and erosion achieve the 

removal of small blob/components that arise due to noise or workspace contamination. 

Connected component analysis then retrieves morphological characteristics of the segmented 

blobs (e.g. size, location, principle axes) – each connected component/blob represents a 

microdevice. Linking the extracted connected components through time allows the tracking of 

the microdevices (temporal segmentation). Using this technique, one could track artificial 

bacterial flagella and characterize their behavior.[12] The orientation of the flagella was given 

by post-processing the blobs by line fitting. Similar algorithms have been applied for tracking 

elliptical microrobots moving within eight-coil Magnetic Field Generators (MFG) 

commercialized by MagnetbotiX AG (www.magnebotix.com) including the Octomag,[13] 

Minimag,[14] and Nanomag.[15] Intensity-based tracking has also been employed to track 

microdevices in lapine eyes, in vivo.[16] (Figure 1 (a), (b)) These intensity-based algorithms 
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are also applicable for μBot,[17] “micro-rockets”,[18] and, generally, for any microdevice that is 

moving on a relatively bright substrate. 

In microrobotic applications that involve rapidly but controllably moving devices, 

background-subtraction (motion-based) localization has proven beneficial. A preliminary step 

of motion detection allows the estimation and subsequent removal of the background, 

therefore removing noise arising from image capture and workspace contamination. Magmite, 

a microrobot based on wireless resonant magnetic micro-actuators, was tracked using a 

combination of background subtraction and intensity-based tracking, wherein the first seconds 

of Magmite motion serves to separate the microdevice from the background.[19] 

Other approaches to microrobotic tracking involve colour-based probabilistic tracking, 

which are especially applicable in a medical context where intensity-based tracking and 

motion-based tracking underperform due to general motion of the anatomy, specular 

reflections, and lack of salient features that complicate the application of generic tracking 

algorithms. In [20], a level-set tracker was applied to identify and follow microrobots that 

move near the retina of phantom eyes. Manually segmented images that indicated the 

microdevice and the background were used to train the colour profiles of both the 

microdevice and the retinal background. Subsequently, the algorithms could identify the 

locations within the image that, based on their colour, were determined to belong to the 

microdevice rather than the retinal background. This algorithm was amenable to straight-

forward improvements by incorporating shape information, therefore, further limiting the 

effect that noise and similar-coloured-regions have on microrobot detection. 

2.1.2 Techniques for 3D tracking 

Building on the algorithms that achieve the detection and tracking of microdevices on 2D 

images, research has been conducted on extracting full 3D motion. In cases where a stereo-

microscope is employed, common approaches involving feature extraction (e.g. entire blob 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



7 

detection), left-to-right image feature matching and subsequent triangulation, can recover the 

3D location of the device. In practice, however, only a single image is relayed for image 

acquisition, making stereo-based 3D localisation impossible. In such cases, focus cues or 

CAD models of the object to be tracked are used to retrieve 3D information, even the full 3D 

pose (6 degrees-of-freedom) of the microdevice. 

Depth-from-focus/defocus retrieves the third spatial dimension through the examination of 

focus/defocus cues after the planar coordinates of the microdevice have been extracted.[21] 

The fundamental assumption is that defocus of a microdevice creates a “halo” that can be 

approximated as the convolution of a Gaussian-blur kernel with the ideal and sharp image of 

the microdevice. The size of the “halo” is related to the distance of the microdevice away 

from the in-focus plane. Therefore, depth-from-defocus algorithms estimate the size of the 

Gaussian-blur kernel, and, then, the depth of the device using thin-lens equations that relate 

the blur with the in-focus plane. Similarly, depth-from-focus is based on the assumption that 

in a calibrated optical system, the exact location of the in-focus plane is known. Therefore, if 

microdevices can be retained (or brought) in focus, their depth will be known. This approach 

is simpler to implement in practice, especially since most micromanipulation workspaces are 

equipped with motorised microscopes. Depth-from-focus, therefore, was used to retain a 

microdevice in focus and estimate its dept.[22] In a more complex imaging system involving 

non-linear optics, raytracing, and focus was used to estimate the depth of an intraocularly 

moving bead. [23] 

Full six degree-of-freedom localisation has seen limited applications in microdevice 

manipulation, primarily because most efforts in microrobots are focused on developing the 

microdevices, functionalising them, and conceiving micromanipulation systems. However, 

work from the intraocular microrobotics domain employs a CAD model of the microdevice to 

perform pose estimation. The CAD model of the microdevice is rotated and translated so that 

its virtual projection (using a camera calibration matrix) on the capture images matches the 
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microdevice detected in 2D.[24] The ambiguity of perspective projection is addressed using the 

metric model of the object of interest inspired by seminal work in computer vision.[25] 

2.2 Magnetic imaging 

2.2.1 Magnetic resonance imaging 

Magnetic resonance imaging (MRI) was developed during the 1970s-1980s as a medical 

imaging technique that enables the acquisition of images from biological tissue in a non-

invasive and precise manner due to excellent tissue contrast and spatial resolution. MRI is 

based on a phenomenon known as nuclear magnetic resonance (NMR), which utilizes strong 

magnetic fields in combination with radiofrequency (RF) electromagnetic waves and 

magnetic field gradients.[26] More specifically, NMR is based on the ability of atomic nuclei 

of interest to absorb and re-emit electromagnetic radiation when placed in the presence of a 

constant magnetic field. First, a strong magnetic field is used to align the magnetic nuclear 

spins; then, a perturbation to this alignment is induced by a RF pulse. By properly tuning the 

frequency of the electromagnetic pulse (which in turn depends on the strength of the applied 

magnetic field) the nuclear spins undergo a resonant absorption and subsequently relax, 

emitting energy that can be measured and processed in order to yield an NMR spectrum. In 

this way, important physical, chemical, electronic and structural information about molecules 

in a solution or in the solid state (their topology, dynamics and 3D structure, for example) can 

be obtained. In clinical MRI, hydrogen nuclei (protons) are those used for imaging since they 

exist abundantly in the human body, particularly in fat and water. By applying different types 

of RF pulses under the magnetic field, different contrasts can be generated based on the 

relaxation of protons at different locations. The magnetic field gradients are used to precisely 

locate the signal in the 3D space. MRI surpasses the versatility of other imaging techniques, 

such as X-ray fluoroscopy, in the sense that it can be used to readily acquire 3D images rather 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



9 

than 2D plane projections (as in the case of fluoroscopy), while also circumventing the 

consequences of ionizing radiation, which can cause DNA damage to living cells. 

The principle of MRI image generation relies on the application of a perfectly 

homogeneous magnetic field together with precisely controlled superimposed field gradients. 

If magnetic objects are introduced in the body, e.g., untethered micro- and nanorobots, their 

magnetic susceptibility causes important artifacts, i.e., distortions, in the resulting images. [27] 

An additional challenge is the minimization of image acquisition delays for real-time 

applications, as reported by O. Felfoul et al. [28] A. Ferreira and collaborators [29] showed that 

with a thorough understanding of the process of MRI artifact formation from a magnetic 

object, one can engineer image-processing algorithms that allow for precisely positioning 

magnetic materials in MRI scans (Figure 1 (c)). In this way, MRI offers a unique integrated 

environment platform for the tracking and navigation of ferromagnetic devices, such as 

magnetic carriers for targeted drug delivery, implantable biosensors, and even surgical 

microtools. [28-29] Observability of microagents in MRI is limited by spatial resolution of 

existing medical scanners. However, navigable magnetic microswimmers much smaller than a 

single MRI voxel (500 µm for clinical scanners) can be synthesized in order to exhibit a 

magnetic signature much larger than the microswimmer itself.[30] 

MRI for in vivo tracking magnetic helical microrobots inside rodent stomachs has been 

recently exploited by Zhang and co-workers.[31] The micromachines were fabricated by 

coating Spirulina, microalgae with a helical shape, with magnetite films. Figure 1 (d) shows 

swarms of helical microrobots inside the stomach of rats. The same authors successfully 

demonstrated that these microrobots can also be imaged in vivo in the subcutaneous tissue and 

in the intraperitoneal cavity of mice (see the section “Fluorescence imaging”). 

MRI can also be employed as a means to wirelessly guide and manipulate magnetic 

micro- and nano-objects inside the body, taking advantage of the magnetic field gradients 

typically utilized for the imaging purposes, as recently reported by K. Belharet et al., [32] Kosa 
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et al.,[33] and S. Martel et al. [34] This is appealing since the complete system benefits from the 

hardware (three orthogonal coils are assembled to generate precise magnetic field gradients in 

clinical MRI) and software scanner facilities already available in many hospitals. By using 

MRI for both tracking and propulsion of untethered micro- and nanorobotic platforms,[35] one 

can engineer a computer-controlled close-loop navigation system [36] that may create 

opportunities for new therapies, such as micro-surgery at remote locations within the body 

with little trauma to healthy tissue or targeted drug delivery. 

While this is exciting, the approach faces various challenges [32] including the following: 

(i) different magnetic field gradients are needed for imaging and guiding purposes, hence a

time-dependent multiplexed sequence is necessary, (ii) pulsatile flows that vary in waveform, 

amplitude and frequency exist in the different vessels and this variation must be taken into 

account, (iii) magnetic field gradients in conventional MRI devices are limited in amplitude, 

(iv) delays between image processing and actuation, which can result in unstable navigation

control, should be minimized using appropriate algorithms, (v) overheating in MRI due to 

radiofrequency resonance heating,[37] that can pose limitations in the duty cycle, should be 

avoided; (vi) while MRI systems can resolve features down to 100 m, the acquisition time is 

on the order of seconds, which challenges the traceability of micro- and nanomachines; 

furthermore, resolution significantly degrades when imaging speed increases. 

Multi-imaging modalities such as combining X-ray with MRI can also be considered. The 

main problem caused by motion artifacts degrading navigation control can be improved by 

combining X-ray platforms including computer-tomography (CT) for real-time tracking error 

regulation.[38] Progress in MRI research has been tremendous in recent years, feedback control 

units have been significantly improved, and MRI has become one of the most appealing 

methods not only for medical imaging but also as means for targeted minimally invasive 

therapies.[39] 

2.2.2 Magnetic particle imaging 
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Magnetic particle imaging (MPI) is an emerging imaging technique that can directly 

visualize the position and concentration of superparamagnetic nanoparticles (SPMNPs). It 

was first conceived in 2001 and proposed by Gleich and Weizenecker in 2005 at the Philips 

Research Laboratory in Hamburg, Germany.[40] SPMNPs exhibit a nonlinear magnetization 

curve. When an alternating magnetic field is applied on the SPMNPs, the modulation of the 

magnetization causes an induction of an electric signal that can be received by 

electromagnetic pickup coils. Such a signal can only be generated by SPMNPs, as biological 

tissue is diamagnetic and it does not generate any interfering signal. Compared with MRI, 

which usually needs a field of several tesla to excite the protons, the MPI usually just requires 

a few tens of millitesla because the SPMNPs has 108 times higher magnetization and 104 

times faster relaxation.[41] These characteristics lead to a superb spatial resolution (up to 1mm) 

as well as high acquisition rates of up to 40 volumes per second.[40b, 42] 

Currently, commercially available MPI systems are designed for research in small animals 

such as mice and rats. The main technical challenge is how to upscale the system to human-

size by considering both the frequency and the amplitude of the oscillating magnetic fields 

that are used for the signal generation.[40c]  As MPI is a relatively new imaging technique, we 

could not find any work reporting the use of this technique for imaging micro- and nanorobots. 

Nevertheless, we can foresee the potential of MPI as a powerful tool for in-vivo tracking of 

micro- and nanorobots. 

2.3 X-ray imaging 

X-ray imaging exploits the differential absorption or scattering of X-ray beams passing

through the human body in order to reveal its internal structures. The most common 

techniques include computed tomography (CT), radiography, and fluoroscopy. Among them, 

fluoroscopy is the most promising approach to perform tracking of small-scale swimmers as it 

allows real-time acquisition of images up to 30 fps. 
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Fluoroscopy, also known as fluoroservoing, is a dynamic real-time imaging method 

employed in diagnostics as well as in therapies involving the implantation of stents or 

pacemakers, or the use of catheters. In the vast majority of cases, iodine-based contrast agents 

are used to enhance the contrast of the region of interest (i.e. vessel, parts of the 

gastrointestinal track). Pioneering studies using X-ray fluoroscopy in medical robotics include 

needle-based treatments by Navab et al. and Loser et al.,[43] in which fluoroscopy was 

employed to control the orientation of needles. For more details on this research, we refer the 

reader to the review paper by Patel and co-workers.[44] As fluoroscopy can distinguish 

between materials that differ in density by less than 1%, this technique is also useful to track 

metallic structures. However, little work exists regarding the use of fluoroscopy for 

monitoring the activity of micro- and nanorobots. Park’s group proposed a magnetic 

millirobot for therapies addressing chronic total occlusions.[45] The device consisted of a 

neodymium-iron-boron magnet with a length of 10 mm and a diameter of 1 mm. An 

electromagnetic system was used to guide the microrobot through the aorta of a living rabbit, 

while the tracking was performed using X-rays. Figure 2 (a) shows a sequence of X-ray 

images showing a microrobot travelling against the blood flow from the kidney branch to the 

aortic branch. The same group recently reported a therapeutic intravascular magnetic 

microrobot, which is maneuvered using an electromagnetic system consisting of a 

combination of Helmholtz, Maxwell, rotational saddle and gradient saddle coils.[46] 

Locomotion and hammering tests in blood vessels were realized in vivo with mini-pig animal 

models. The microrobot consisted of a 10-mm-long neodymium iron-boron cylinder with a 

diameter of 1 mm and pointed ends. An X-ray fluoroscope was used to track the position and 

movements of the magnetic microrobot. Figure 2 (b) shows a superposed X-ray image 

sequence of an in vivo experiment of the proposed microrobot propelling and hammering in 

the abdominal aorta of a mini-pig. Kim and co-workers have recently developed a bi-planar 

X-ray imaging system for real-time position recognition of magnetic microdevices.[47]
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However, the system was only evaluated using a phantom. Figure 2 (c) shows the proposed 

biplanar X-ray imaging setup integrated in an electromagnetic system. Recently, Nelson and 

co-workers proposed a method for tracking magnetically guided catheters in three dimensions 

with a single rotating C-Arm fluoroscope.[48] A comparable level of position accuracy as in 

biplanar fluoroscopy can be reached with this method. Additionally, the space required by the 

imaging system in the operating room can be minimized using this approach. 

  CT is an X-ray imaging technique that exploits the tomographic reconstruction of body 

cross-sectional X-ray images obtained from different angles. CT can also be combined with 

other imaging techniques such as positron emission tomography (PET),[49] or single photon 

emission computed tomography (SPECT).[50] An interesting approach for tracking 

microrobots was recently explored by Sanchez and co-workers, which demonstrated that CT 

combined with PET can be used to track a swarm of catalytic micromotors.[51] PET is an 

imaging technique, which is based on the detection of gamma rays that are emitted when a  

positron released by the radionuclide collides with an electron of the surrounding matter (i.e. 

body tissue). The group of Sanchez evaluated this technique to track the motion of catalytic 

tubular microswimmers in a phantom. The microswimmers comprised a poly-(3,4-

ethylenedioxythiophene) (PEDOT) outer layer, and an inner layer of platinum. The last layer 

serves as the catalyst for the decomposition of hydrogen peroxide in the inner cavity of the 

tubular structures. As a result of the decomposition of H2O2, oxygen bubbles are formed and 

ultimately impart momentum to the structures, leading to their propulsion.  The PEDOT layer 

was coated with evaporated gold, which allowed for the chemisorption of the radiotracer 

iodine-124 (124I). Figure 3 shows the optical, SEM and STEM images of the micromotors, a 

scheme showing their functionalization with 124I, and PET-CT images of a swarm of catalytic 

microswimmers moving through a phantom channel obtained at different time ranges. 

While X-ray imaging has been employed for tracking miniaturized robotic devices, this 

technique has not been sufficiently investigated for monitoring micro- and nanoswimmers 
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most probably due to its low spatial resolution. Focal spot sizes in fluoroscopic tubes can be 

as small as 0.3 mm. Nevertheless, current developments in nanoparticulate-based contrast 

agents will impact research in micro- and nanorobotics. Additionally, the incorporation of 

high-speed cameras together with advanced computer-controlled tracking systems will 

facilitate the tracking of small devices without limiting their motion capabilities.[52] 

2.4 Ultrasound imaging 

Ultrasound (US) or ultrasonic imaging is a noninvasive, versatile and well-established 

technique that is regularly used in medical settings. This technique is based on the reflected 

acoustic waves that have interacted with body tissues.[53] When ultrasonic waves encounter an 

interface between two mediums with different acoustic properties, the waves are partially 

scattered, partially reflected or absorbed. The more different the acoustic properties of two 

interfacing tissues are, the higher the intensity of the reflected acoustic waves is.  Compared 

to other imaging techniques such as magnetic resonance imaging (MRI), fluoroscopy, 

computed tomography (CT), and positron emission tomography (PET), ultrasound combines 

high temporal (real-time control) and spatial resolution with minimum adverse health effects 

and at a lower cost. However, there are numerous drawbacks associated with US, such as 

operator inter-variability, limited scanned area of the patient, low signal-to-noise ratio, 

and strong scattering from bones and air pockets. US-based imaging techniques can be 

partially overcome through passive localization (passive mode), in which an ultrasonic signal 

of a very specific pattern is generated by a microrobot.[54] 

Ultrasound imaging systems operate at frequencies between 1 and 100 MHz and provide a 

spatial resolution of a millimetre to micrometers.  Ultrasound is a particularly attractive since 

the method is used to penetrate the human body for scanning at different depths applying 

various frequencies. For example, a 1 MHz ultrasound penetrates the body to 4 cm in muscle 

and 15 cm in fat, respectively.  US offers opportunities to visualize human tissue and provide 
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visual feedback for microrobot control when injected into a living body. Recently, ultrasound 

active mode tracking has been proposed and demonstrated in biomedical micromachines such 

as the paramagnetic particles,[55] magnetotactic bacteria,[56] self-propelled microjets,[57] and 

bio-inspired magnetosperm[58] in living tissue. Though, the spatial resolution of the US is 

acceptable, there are uncertainties associated with the position of microrobots. The 

positioning error arises due to the inaccuracy of the US-based visual feedback, which is 

provided by the tracking algorithm. Additionally, accurate position estimation of the 

microrobot is compromised due to imaging artifacts, the presence of “disturbance” objects, 

and weak contrast with the image background. 

Recently, Misra’s group demonstrated wireless motion control of magnetic particles using 

an ultrasound feedback system.[55] The particles were manipulated using magnetic field 

gradients along an S-curve. The position of the microparticles was first determined from the 

ultrasound images. The calibration of tracking of microparticles was validated using a 

calibrated microscopic system. Finally, the feedback provided by the US system was used to 

implement a proportional-derivative magnetic-based control system. Using this approach, the 

authors achieved point-to-point control of the microparticles with an average position tracking 

error and average speed of 48 mm/s and 191 mm/s, respectively. In another study, Misra and 

co-workers determined the position of the self-propelled microjet using a pulse-echo approach 

with a brightness-mode (B-mode) US display.[59] The microjets were magnetically steered 

using two air-core coils capable of generating magnetic torques within a plane. The binary 

image analysis provided accurate control of the microjets that is moving at an average 

velocity of 156±35.1 μm/s and an average tracking error of 250.7±164.7 μm.[57] More recent 

work from the same group use feedback extracted from ultrasound images to realize wireless 

magnetic motion control of a hydrogel-based gripper (Figure 4 (a)).[60] 

The localization of a wireless microrobot can also be accomplished in passive US mode if 

the microrobot acts as an emitter [61] by incorporating an ultrasound transducer (e.g. a 
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cantilever) in the microrobot architecture. In such a case, the signal emitted by the transducer 

can be tracked through the body by placing multiple receiver antennas around the patient. In 

principle, since the ultrasonic signals only need to travel through the media once, this 

approach offers twice the penetration depth than the active mode. Probst, Flückiger et al. 

showed the manufacturing of a hybrid acoustic microrobotic transmitter by means of 

microfabrication (photolithography, electrodeposition, selective etching) and robotic 

microassembly.[62] The transmistters consisted of two gold architectures separated by a 

polymeric spacer: (a) a bottom gold layer containing a magnetic micropart in the center; and 

(b) a gold structure comprising two beam springs, which were used to hold a magnetic

microstructure in the center (Figure 4 (b)). By applying an oscillating magnetic field, the 

unthethered resonator exhibited a wireless acoustic emission in the range of kHz. The passive 

US mode was also exploited in antibody conjugated magnetic nanoparticles for tumor 

localization. Following nanoparticle injection and their aggregation at the tumor site, a 

harmonic magnetic field of tens of kHz was applied to vibrate the MNP–tumor complex and 

generate acoustic waves detectable on the patient’s surface by an acoustic sensor.[63] Through 

this approach, information on tumor presence a few cm deep under the tissue surface was 

achieved. An algorithm was later developed by the same authors to localize the tumor in 3-D 

in real time.[64] The fabrication and controlled navigation of nanorobots with an onboard 

ultrasound transducer will likely deeply be exploited in the immediate future. 

Recent examples in the literature demonstrate the versatility of US in providing 

locomotion. For example, the fabrication and performance of US-propelled magnetically-

guided Au-Ni-Au magnetic nanowires were recently shown by Wang’s group.[65] In this work, 

ultrasound waves were produced by an external piezoelectric transducer. The motion of the 

nanomotors was visualized optically using a CCD camera. Following the same approach, the 

authors employed US signals to control the movement of bubble-propelled chemically 

powered PEDOT/Ni/Pt micromotors.[66] Recently, Ahmed and coworkers developed a hybrid 
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acousto-magnetic soft microrobot consisting of a microbubble trapped in a superparamagnetic 

polymer composite.[67] The trapped microbubble enables propulsion in an external acoustic 

field, and the magnetic particles allow controlled motion in a magnetic field. The authors used 

this method to manipulate the swimmer along a path to write “ETH”. This approach can be 

used to maneuver swimmers in a three-dimensional environment. Stavis and co-workers 

measured the microvortical flows around gold nanorods propelled by ultrasound in water 

using polystyrene nanoparticles as optical tracers. Their results presented an important step 

towards understanding the hydrodynamics of the interaction between ultrasound stimulated 

particles and biological media.[68] The combination of US for both propulsion and tracking is 

an obvious next step. 

2.5 Fluorescence imaging 

Among the various strategies employed to track synthetic micro- and nanoswimmers, 

fluorescence imaging is the most preferred approach for rapid and real-time in vitro 

investigations. New advances made in the design of fluorophore moieties and easy 

functionalization of the surface of micro- and nanoswimmers are assets that have further aided 

the prevalence of fluorescence microscopy in this particular research field. Likewise, 

important advances in nanofabrication strategies and the increasing number of materials used 

to design novel self-propelled micro- and nanostructures have aided a number of synthetic 

routes employed to append a large variety of fluorescent and biomolecular dyes on their 

surface. Precise monitoring of the spatial location and motion of micro- and nanoswimmers is 

necessary to address practical and real-life applications in complex biological conditions, such 

as targeted drug delivery or diagnostic applications at specific locations inside the human 

body. In this section, we give a comprehensive review of the most recent strategies being used 

to derivatize and visualize the motion (and position) of micro- and nanoswimmers in different 

surroundings. Tailored chemical design of the surface of self-propelled structures can 
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facilitate specific binding events and, hence, can lead to custom functionalization for specific 

tasks and applications. 

2.5.1 Surface chemical functionalization of self-propelled micro- and nanostructures 

The surface chemistry of micro- and nanoswimmers is based on the materials used in their 

fabrication. In most reported research, carboxylic acids or amine groups present on the surface 

of self-propelled structures are used as reactive sites to anchor fluorescent moieties and 

biomolecule-based dyes. As shown in Figure 5, surfaces with carboxylic acid termination 

groups can be chemically modified to amine-coated surfaces following a synthetic route that 

starts with the reaction of 1-ethyl-3-(dimethylaminopropyl)carbodiimide (EDC) with the 

carboxylic acid groups, followed by a reaction with N-hydroxysuccinimide (NHS).[69] 

Diamine-based moieties can be used in a subsequent reaction step to definitely achieve amine-

derivatized substrates (Figure 5 (a)i). On the other hand, amine-coated substrates can easily be 

converted to carboxylic acid activated surfaces with succinic anhydride (SA), see Figure 5 

(b).[70] In addition, both carboxylic and amine-coated substrates can append moieties bearing 

amine groups following the reaction routes shown in Figure 5 (a)ii and Figure 5 (b)i, 

respectively. Other synthetic routes can also be considered to functionalize carboxylic acid 

coated surfaces with amine containing ligands, which require, for example, the formation of 

corresponding acyl chloride.[71] 

Molecules or surfaces bearing amine groups can be covalently linked to ligands (or 

surfaces) containing isothiocyanate (Figure 5 (c)) [72] or hydroxide groups once the amines are 

modified with succinimidyl iodoacetate (SIA), see Figure 5 (d)i). In this case, ligands bearing 

sulfhydryl groups can also be anchored to amine-coated surfaces following the same reaction 

mechanism (Figure 5 (d)ii ). 

Strategies use to coat the surface of self-propelled micro- and nanostructures such as 

sputtering of metallic thin films or layer-by-layer deposition approaches employing oppositely 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



19 

charged polymers [73] have also been reported in order to create functionalized surfaces that 

can target and append organic and biomolecular fluorophores. Metals such as gold, for 

example, can be easily coated with thiolated molecules bearing carboxylic acid and amine 

groups employing self-assembled monolayer (SAM) chemistry (Figure 5 (e)),[74] whereas 

other metals such as titanium must be anodized to generate an oxide layer that can further be 

coated with silane molecules or ligands containing isothiocyanates, see Figure 5 (f)i and 

Figure 5(f)ii, respectively.[75] Silica coatings are also widespread in the field where 

functionalization with silane moieties incorporating carboxylic or amine groups is 

straightforward after surface hydrolyzation.[76] It should be noted that the derivatization of 

gold, titanium and silica with amine or carboxylic acid groups eases further functionalization 

strategies with other moieties following the reaction routes presented in Figure 5 (a) - (d). 

Recently, bioorthogonal chemistry has been widely adopted to label biochemical reactions 

in biologically relevant environment, especially in living systems. Bioorthogonal reactant 

pairs are molecular groups that are mutually reactive but do not cross-react or interact with 

biological functionalities or reactions in a cell. The reaction between the reactant pair is 

highly specific and fast, and their products are stable and nontoxic. Besides, the bioorthogonal 

chemical reactions usually take place at relatively mild conditions, e.g. in water at room 

temperature.  Due to these advantages, the biorthogonal chemical reactions are promising for 

efficient and site-specific surface modification. For example, the Staudinger-inspired reaction 

between azides and phosphines to yield amide linkages developed by Bertozzi and coworkers 

is now a classic among bioorthogonal processes.[77] To date, numerous bioorthogonal reactant 

pairs have been discovered. For more information on bioorthogonal chemistry, the readers are 

referred to some reviews in this field.[78] 

2.5.2 Mobile micro- and nanostructures functionalized with fluorophores 
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Recently, Maier et al. have presented a bio-labelling strategy to track the motion of 

magnetically propelled DNA-based microstructures by chemically tagging some of the 

constituent DNA strands with a cyanine dye (Cy3) on their 5′ ends.[79] Cy3 is a fluorescent 

molecule frequently used to chemically label nucleic acids and has an excitation wavelength 

located at around 550 nm and an emission peak at 570 nm (Figure 6 (a)). In this work, Cy3-

DNA strand fluorophores located on the surface of spherical magnetic beads (approx. 1 μm in 

diameter) facilitated a thorough characterization of the motion style of these self-propelled 

hybrid structures. With the use of fluorescence microscopy, the authors concluded that the 

DNA fragments anchored on the surface of the magnetic beads were responsible for the 

movement. They demonstrated that the DNA fragments operated as flagella bundles when 

external rotating magnetic fields were applied (Figure 6 (b)). Clearly, this biomolecular 

fluorophore labeling strategy not only enabled the visualization of the movement of the hybrid 

particles in in vitro experiments but also confirmed that these structures resemble the motion 

of self-propelling flagellated bacteria found in nature (Figure 6 (c)). Recently, Hoop et al. 

developed a smart multifunctional drug delivery nanoplatform for targeting cancer cells that 

was bio-labeled.[80] In this work, the nanomachine consisted of a magnetic tube with a pH-

responsive chitosan hydrogel in its inner cavity. The outside of the tube was coated with gold 

and fluorescein isothiocyanate (FITC, Figure 6 (d)) labeled thiol-ssDNA, a biological marker, 

was conjugated on its surface by thiol–gold click chemistry (Figure 5 (e)), which enabled 

traceability under a fluorescent microscope (Figure 6 (e) and (f)). 

Other researchers have also shown that surface functionalization of micro- and 

nanoswimmers with fluorescent active moieties not only enables monitoring of their motion 

but also new and rapid analytic methods. In this context, ultrasound driven nanowires 

functionalized with biomolecular fluorophores (dye-labelled single-stranded DNA) have, for 

example, been used to screen cancer cells in vitro.[81] In this study, graphene-oxide (GO) 

coated nanoswimmers were used to quench the fluorescence signal of dye-labeled DNA 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



21 

strands that can recover their fluorescence upon hybridization with targeted biomolecules 

present inside cancer cells. This work [82] and related studies are summarized somewhere 

else,[83] clearly indicate that fluorescence imaging can be used to advance a new generation of 

untethered micro- and nanosensors that can provide real-time analytical information through 

specific recognition events at the molecular level. However, a great number, if not all, of these 

analytical methods based on fluorescently labelled self-propelled micro- and nanostructures 

are performed in vitro and conventional fluorophore moieties are being used. Common 

fluorophore molecules—even though a variety of tuneable absorption and emission 

wavelengths are available—have low brightness and poor visualization is achieved in vivo. 

Therefore, for in vivo applications, aspects such as tissue autofluorescence and photon 

attenuation are major hurdles that must be overcome before deep-tissue studies can be 

conducted with functional self-propelled micro- and nanostructures. 

2.5.3 In vivo tracking of mobile micro- and nanostructures functionalized with fluorophores 

Conventional organic and biomolecular fluorophores can only be used for direct 

visualization experiments, a result that excludes these moieties from practical in vivo 

applications.[84] Consequently, particular attention should be given to the functionalization of 

self-propelled micro- and nanostructures with probes that can respond to wavelengths above 

600 nm, i.e. in the near-infrared region (NIR) of the electromagnetic spectrum (600–900 nm) 

where tissue absorption is low and autofluorescence is negligible.[85] Indeed, NIR dyes can 

generate visible emission upon excitation with a laser source operating in the near-infrared 

region (NIR), which facilitates in deep-tissue optical imaging.[86] 

Accordingly, the need for biocompatible labelling systems to track in vivo motion of self-

propelled micro- and nanostructures has encouraged new roadmaps for in vivo fluorescence 

imaging in the near-infrared (NIR) spectral range. For example, this has been the focus of a 

recent work by Nelson and co-workers, where labelling of wirelessly controlled magnetic 
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microswimmers with a helical shape, known as artificial bacterial flagella (ABFs), has been 

demonstrated with a near-infrared (NIR) probe (NIR-797) (Figure 7 (a)).[87] It should be 

noted here that the number of NIR-797 molecules on the surface of ABFs was low in these 

investigations because the reactivity of the isothiocyanate group present in the NIR 

fluorophore with the hydroxyl groups on the hydrolysed titanium surface of ABFs is 

conformationally hindered (Figure 7 (b)). The yield of NIR-797 molecules on final structures 

was calculated to be around 5%. The reaction used in this study is also summarized in Figure 

5 (f, ii). ABF translational motion was achieved through body rotation in the presence of an 

external rotating magnetic field (Figure 7 (c)). With this functionalization strategy, the authors 

demonstrated, for the first time, in vivo tracking of magnetically controlled ABFs in the 

peritoneal cavity of a mouse (Figure 7 (d, e)). The functionalized ABFs could be precisely 

moved, monitored in real time, and their motion could be quantified employing weak rotating 

magnetic fields (<10 mT). The velocity determined for the functionalized ABFs in in vivo 

studies was moderate and slower than the speed measured in in vitro experiments, which 

could be explained, among other factors, to the increased viscosity of the fluid present inside 

the intraperitoneal cavity. 

In this study NIR 797, an isothiocyanate dye, proved to be efficient for in vivo imaging of 

self-propelled structures. Nonetheless, it should be considered that the absorption and 

emission peaks of NIR 797 are located at around 795 nm and 814 nm, respectively. These 

wavelengths, as previously indicated, are transparent to tissue chromophores but the Stokes 

shift between the excitation and emission spectra is less than 30 nm. This important overlap of 

the excitation and emission spectra of NIR 797 can, therefore, cause severe problems for 

deep-tissue optical imaging.[88] It is for this reason that new imaging modalities for deep-

tissue imaging must be considered. A possible landmark in the field could be to develop 

multi-modal self-propelled micro- and nanostructures through the incorporation of different 

active moieties operating with other imaging technologies (e.g. radioactive agents). For 
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example, Zhang and co-workers used magnetite-coated Spirulina-based microswimmers, 

which not only could be tracked using MRI due to the intrinsic MRI contrast of magnetite, but 

also with fluorescence.[31] Figure 8 shows fluorescence-based in vivo imaging of the 

swimmers in the subcutaneous tissue and the intraperitoneal cavity of nude mice. 

Indeed, novel imaging scenarios such as photoacoustic (PA) imaging could also be 

combined and explored in this field of research.[89] 

3. Conclusions and perspectives

While much progress has been made in developing synthetic micro- and 

nanoswimmers,[90] the lack of in vivo imaging approaches is currently impeding the 

translation of these devices into clinical applications.[91] Besides, in vivo environments are 

complex heterogeneous and dynamic systems, abundant in biomechanical forces (i.e.: body 

motion, lung expansion, heart beating, blood flow).[92] The precise locomotion of micro- and 

nanoswimmers in such dynamic and complex environment, and consequently, their tracking 

will be very challenging.[93] Therefore, efforts must be directed toward developing new 

imaging tools for self-propelled micro- and nanostructures that would allow for precise 

control of their localization and orientation in biologically relevant environments. This will 

open countless applications in medicine including targeted loading, transporting, biomedical 

imaging, tissue diagnosis, and drug delivery at specific areas of the human body with 

currently restricted accessibility. 

The advantages and limitations of each imaging modality are summarized in Table 1. It 

can be seen that there is no “one-for-all” imaging technique. Magnetic- and X-ray based 

imaging techniques have a large penetration depth in biological tissues. However, both of 

them require high-cost instrumentation and suffer from limited spatial resolution. Besides, X-

ray may also cause damage to biological tissues due to potential ionization. MRI is more 

biocompatible, but the real-time MRI imaging is still challenging. Ultrasound and optical 
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imaging method including fluorescence-based optical tracking are relatively safe, and have 

high resolution, but the penetration depth of human tissue is low, which limits their 

application in certain circumstances. Microrobots with the size of a few mm or a swarm of 

nanorobots with similar swarm size should be relatively easy for imaging and tracking with 

the above-mentioned techniques. However, for tracking a single small-scale robot, an 

effective way for imaging and tracking with high resolution remains undeveloped. In all, 

different imaging techniques should be selected according to the specific imaging requirement, 

type of microrobots, and specific disease and situation of the patient. As suggested in [91], a 

combination of technologies such as multispectral optoacoustic tomography seems the most 

promising path to move micro- and nanorobots in our bodies. Meanwhile, improvement in the 

resolution of the imaging techniques and enhancement in the contrast of the micro- and 

nanorobots to distinguish them with the surrounding environments should also be taken into 

consideration in the future. 
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Figure 1. (a) A rabbit with the eye of interest placed centrally in the OctoMag workspace. (b) 

A microrobot (gold) inside the vitreous of a live rabbit is rotated by an applied magnetic field 

(black arrow). Adapted from [16] with permission. (c) MRI-based navigation and tracking of a 

propulsion sequence implemented in a clinical MRI system. Adapted from [29a] with 

permission. (d) T2-weighted cross-sectional MR imaging of magnetized S. platensis (MSP) 

swarms inside rats. MSP swarm subject to actuation and steering (with a rotating magnetic 

field) of different time periods (5 min and 12 min, respectively) before MR imaging across 

the rat’s stomach. Adapted from [31] with permission. Copyright AAAS. 
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Figure 2. (a) The microrobot going upstream against the blood pressure in the rabbit aorta. 

The yellow dotted line marks the micro robot. Reproduced from [45]. Copyright IEEE. (b) In 

vivo experiment of microrobot in blood vessel of live mini-pig: locomotion and tunneling 

performances. Reproduced from [46b]. Copyright Springer. (c) Bi-plane X-ray imaging system 

integrated in EMA system. Reproduced from [47]. Copyright IEEE. 
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Figure 3. Characterization of the Au-micromotors through (a) optical imaging, (b) SEM 

imaging, (c) STEM imaging and (d) TEMEDXS mapping of Au (red) and Pt (yellow) using a 

TEM copper grid (enlarging part of the micromotor surface framed by the red rectangle in c). 

(e) Schematic illustration of labeling of Au-micromotors with 124I. (f) PET-CT imaging of

Au-micromotors corresponding to frame 1 (acquired in the time range 0 min < t < 1 min) and 

frame 7 (10 min < t < 15 min). Phantom 1 was filled with SDS solution; phantom 2 with 

SDS/H2O2. Trajectories followed to obtain radioactivity profiles are shown as a white dotted 

line. Adapted from [51]. Copyright American Chemical Society.  
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Figure 4. (a) Magnetic closed-loop motion control of a soft miniaturized gripper using US 

feedback. Reproduced from [60]. Copyright IEEE. (b) Digital image of the micro-fabricated 

wireless acoustic emitter and its schematic design. Adapted from [62a]. Copyright Elsevier. 
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Figure 5. Synthetic routes used to derivatize and functionalize carboxylic acid (a) and amine 

coated surfaces (b). Derivatization of amine coated surfaces with ligands (or surfaces) bearing 

isothiocyanate (c) or hydroxyl and sulfhydryl groups (d). Schematic illustration showing the 

strategies used for the functionalization of gold (e) and titanium (f) surfaces. 
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Figure 6. (a) Chemical structure of Cy3, and in (b) fluorescence microscopy images of the 

magnetically propelled DNA-based microstructures. In (c) superimposed fluorescence 

micrographs showing the motion of these hybrid structures. Adapted from [79]. Copyright 

American Chemical Society. (d) Chemical structure of FITC. (e) and (f) Optical and 

fluorescence microscopy images of functionalized nanotubes with a FITC tagged ssDNA. 

Adapted from [80]. Copyright Royal Chemical Society. 
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Figure 7. (a) Chemical structure of NIR-797. (b) Schematic drawing of the functionalization 

of ABFs with NIR-797.  (c) Optical micrographs showing the controlled movement of ABFs 

in vitro and under rotating magnetic fields. (d) The infrared fluorescent image of the ABFs in 

a mouse. (e) Infrared fluorescent images showing a swarm of ABFs swimming under the 

actuation of a rotating magnetic field. Adapted from [87] with permission. Copyright Wiley. 
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Figure 8. Fluorescence-based in vivo imaging of MSP. (a) Fluorescence of 100 µl of MSP 

with varied concentrations in the subcutaneous tissue of nude Balb/c athymic mice at three 

residence times. The residence time is 0 min unless otherwise specified. (b) Fluorescence of 

300 µl of MSP in the intraperitoneal cavity at various residence times. Adapted from [31] with 

permission. Copyright AAAS. 
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Table 1. Comparison of imaging modalities for tracking micro- and nanorobots 

Advantages Limitations 

Optical 

Tracking 

Real time observation; 

Simple equipment, low cost; 

High spatial resolution 

3-D localization of microrobots is hard;

Easily interfered by noise or workspace

contamination;

Can only be used in transparent

microenvironment such as vitreous humor in

eyes

MRI Magnetic field is biocompatible non-

ionizing radiation; 

Excellent tissue contrast; 

3-D localization ability;

Not only used for imaging but also

used to manipulate microrobots

Magnetic materials will cause artifacts; 

Real time acquisition is challenging; 

High cost 

Low spatial resolution; 

MPI Magnetic field is biocompatible non-

ionizing radiation; 

3-D localization ability;

High spatial resolution;

Fast scanning speed

Limited to superparamagnetic nanoparticles; 

Only small machines for research and pre-

clinical applications; 

X-ray

Fluoroscopy

Fluoroscopy is real-time imaging; 

High sensitivity; Fluoroscopy can 

distinguish materials with density 

difference less than 1%; 

Large penetration depth of human 

body; 

Low spatial resolution; 

Ionizing radiation 

X-ray

Computed

Tomography

Large penetration depth of human 

body; 

Low spatial resolution; 

Ionizing radiation; 

Slow scanning speed 

Ultrasound Real time imaging; 

Low cost; 

Minimum adverse health effects; 

Not only used for imaging but also 

used for the manipulation of micro- 

and nanorobots 

Low signal-to-noise ratio; 

Strong scattering from bones and air pockets; 

Limited scanning area of the patient; 

Limited penetration depth in human body (~ 

a few cm); 

Low special resolution in commercial 

instruments; 

Fluorescence Planar resolution is high; 

Sensitivity is high; 

Real time imaging; 

3-D localization of microrobots is hard;

Image depth is shallow;

Usually requires extra surface modification

of microstructures;

Limited penetration depth in human body (~

a few cm);
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